Organometallic and related metal-containing dendrimers
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Reports of the synthesis of new dendrimers containing organo-
metallic fragments have increased dramatically over the past
few years and examples of dendrimers containing many
different metals are now known. This article highlights some of
the the ways in which transition metals and their ligand systems
have been incorporated into the growing number of dendrimers.
Some structural details and properties of metal-containing
dendrimers are described, and their applications are also
discussed. The cover illustration shows Table Mountain, South
Africa and a fourth generation ruthenium dendritic wedge.

Introduction

Nature has the ability to manipulate and control the structures of
moleculesin three dimensions. The rising demand for materials
with improved and novel properties has now changed the
emphasis in polymer research to new classes of materials with
highly controlled molecular architectures.2.2 New families of
highly branched three-dimensional molecules, termed den-
drimers, arborals or starburst polymers, have recently been
prepared and have sparked great interest. Several review articles
have appeared recently. One of the driving forces in the study
of these highly branched macromolecules has been the
anticipation that these new materials will have fundamentally
different properties when compared to more traditional linear
polymers. While the majority of dendrimers prepared so far
have been purely organic in nature, there is growing interest in
the synthesis of dendrimers containing transition metals. The
metal centres can be incorporated at the core, throughout the
structure, or at the periphery of a dendrimer and may give
compounds with novel or unusual properties. Such compounds
are new materials and may have important applications,
including uses as molecular devices, as antennas for harvesting
light or as catalysts. Exploration of the synthesis, properties,
structures and applications of these new materials is both
challenging and exciting. Over the past six years, we have
developed a methodology for synthesizing dendrimers contain-
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ing covalent metal—carbon sigma bonds. To date, we have
concentrated on compounds containing Ru—C and Fe-C bonds
but we are currently investigating the synthesis of many other
organometallic systems. In the following pages, we describe
some of our work along with that of others in the field.
Dendrimers are discussed according to the mode of bonding
between the metal and dendrimer.

Dendrimers with M—C ¢ bonds

Thefirst transition metal alkyl compound was prepared by Pope
and Peachey in 19073 and today alkyl compounds of nearly
every transition metal are known.# A driving force for this
development has been in part due to the important applications
of the akyl species in catalytic reactions of industrial im-
portance, for example titanium and zirconium catalysts for the
polymerization of alkenes, as well as cobalt and rhodium
catalysts in hydroformylation and hydrogenation reactions.>
Our research group has worked on transition metal alkyl and
functionalized akyl compounds for many years.4 From our
studies on haloalkyl compounds,® we have developed methods
for the preparation of organometallic dendrimers containing
metal—carbon sigma bonds.” We applied the convergent
methodology developed by Hawker and Fréchet2 and used
3,5-dihydroxybenzyl acohol as the monomer unit.” The
advantage of using the convergent approach isthat it allowsfor
precise control over the number and placement of functional
groups at the surface of the final dendrimer. The reactions are
carried out in a stepwise fashion and the dendritic wedges were
isolated, purified and characterized after each step. Since the
products are al highly soluble, in spite of the large number of
metals present, the reactions could be monitored by NMR
spectroscopy, so that defects in branching of the wedges could
be detected prior to complexation with a core molecule. Our
first attempts to build dendrimers were with functionalized iron
complexes of the type Cp(CO),Fe(CH,)3Br.6 Although the
reaction with 3,5-dihydroxybenzyl a cohol yielded the expected
binulcear complex (see Scheme 1), conversion of the benzyl
acohol to the benzyl bromide gave a low yield, which we
attributed to the instability of the iron-alkyl bond of the benzyl
bromide. Iron dendrimers containing Cp (Cp = 5-CsHs) acyl
and Cp* (Cp* = n5-CsMes) monomer units have since been
prepared and will be reported in further publications.8

We explored the reactions of Cp(CO),RuR derivatives, e.g.
Cp(CO)2RuU(CH,)sRU(CO),Cp or Cp(CO)2RUR (R = alkyl)
with PPhz and showed that no reaction occurred in refluxing
THF over 25 h, forcing conditions (refluxing xylene, 140 °C)
being necessary to get the reaction to go at al.® This suggested
to us that the ligand system around the meta in these
Cp(CO)2RUR derivatives was both thermodynamically stable
and kinetically relatively inert. It was for this reason that we
turned our attention to building up organometallic dendrimers
with ruthenium—carbon sigma bonds. Thus, the reaction of
3,5-dihydroxybenzyl alcohol with Cp(CO),Ru(CH,)sBr was
investigated and we obtained the expected benzyl alcohol (see
Scheme 1). This and higher generation dendritic wedges could
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Scheme 1 Reagents and conditions: i, 3,5-dihydroxybenzyl alcohol,
K>COs, 18-crown-6, reflux, acetone, 48 h.

be converted to the corresponding benzyl bromides in good
yield (see Scheme 2).7 These ruthenium-based dendritic wedges
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Scheme 2 Reagents and conditions: ii, CBry4, PPhs, room temp., 20 min.

were sufficiently stable to withstand the vigorous conditions
required for their synthesis and thus it was possible to build up
large dendritic wedges, and organometallic dendrimers, con-
taining Ru—C sigma bonds. For these ruthenium complexes, the
reactions of the organometallic wedges behaved similarly to the
analogous organic reactions, athough the yields tended to be
dightly lower. The ruthenium dendrimers described above are
highly solublein common polar organic solvents and have been
characterized by conventional spectroscopic (NMR, IR, MS)

2 Chem. Commun., 1999, 1-8

and analytical techniques.” Since the first publication in 1993,
our group has made organometallic dendrimers of high purity
up to the fourth generation containing 48 metal atoms and with
amolecular mass of over 18 000.7

We have thus shown that with the correct choice of metal and
ligand system, it is possible to build up very large organome-
tallic molecules. We are currently working on dendrimers of a
range of other metals, including those containing iron, cobalt,
rhenium, chromium and tungsten, as well as investigating the
properties and applications of some of these dendrimers.10

It has been shown that oxidative addition of primary alkyl or
benzyl halides, RX to [PtMex(NN)] gives [PtXMeR(NN)]
(where NN represents a diimine ligand such as 2,2’-bipyridine)
and these complexes can be prepared in essentially quantitative
yields.11 The oxidative addition reactions occur in high yield
but the ability to grow large oligomers is limited since the
solubility decreases with chain length. This strategy was
adapted to prepare star-shaped multinuclear organoplatinum
complexes.12 The oxidative addition reactions occur with a
colour change from orange—red of platinum(ur) to the pale
yellow of platinum(iv) and hence the reactions were easily
monitored by visible spectroscopy.12 The reaction cycles were
repeated until NMR spectroscopy showed that the products
contained defects. The limit to growth appears to occur after
formation of the Pty4 dendrimer, shown in Fig. 1. Growth
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Fig. 1 The pae yellow Pt;4 dendrimer.11 Reprinted with permission from
Organometallics, 1996, 15, 43, copyright (1996) American Chemical
Society.

beyond this to give the Pty dendrimer failed.1* The limit to
growth can be understood in terms of steric hindrance. The
synthesis of larger platinum dendrimers was achieved by
modification of the ligand. The key reagent for thiswork is the
tetrafunctional core, 1,2,4,5-tetrakis(bromomethyl)benzene
which could react with four organoplatinum(ir) centres by
oxidative addition of the C-Br bonds. In this approach, larger
fragments are built first and then coupled to a polyfunctional
core.2 The solubility of the complexes was enhanced by the
addition of the tert-butyl groups and the solubility of the
products was found to increase with increased branching.
Recent work of the Puddephatt group has focussed on
multinuclear organopalladium complexes and heterobimetallic
palladium—platinum complexes. The authors wanted to see if



the oxidative addition reactions used previously could be
employed. They found that incorporation of palladium in the
structures is limited by the tendency of organopalladium(iv)
complexes to undergo reductive elimination or akyl halide
transfer reactions. Some model complexes have been sucess-
fully synthesized.13

A sucessful route to multinuclear platinum complexes
involves oxidative addition of an akyl halide to platinum(ir)
providing the branching step, while ligand substitution by the
bipyridine group provides a means of regenerating a reactive
platinum(i) centre for the next growth cycle.13

Dendrimers with M—C &t bonds
Ferrocene-based dendrimers

The majority of iron dendrimers reported to date have involved
ferrocene derivatives. Perhaps the most obvious reason for this
is that ferrocene chemistry is well established and documented
and the compounds are stable. The construction of well defined
dendrimers possessing redox-active organometallic unitslinked
together in close proximity, so that there can be electronic
communication between the metal sites in the dendritic
structure, isachallenging target.24 The dendrimer shown in Fig.
2 isthe first example of an organometallic molecule to display
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Fig. 2 A second generation silicon based dendrimer with ferrocenyl surface
groups.4 Reprinted with permission from J. Am. Chem. Soc., 1997, 119,
7613, copyright (1997) American Chemical Society.

electronic interaction between the transition metal atomsin the
dendritic structure.14

Polymers containing ferrocene units are useful as redox
catalystsfor the modification of electrodes, and as biosensors.1s
[FeCp(arene)]* can serve as an excellent starting core for
dendrimers since polyalkylation, polyallylation and poly-
benzylation of polymethyl arenes leads to various topol ogies.15
The reaction of [FeCp(CsMes)]PFs With excess base and an
alkyl halide results in selective hexasubstitution [egn. (1)].

KOR' (R = H, Bu)

[FeCp(CsMeg)]PFg [FeCp{ Cs(CH2R)e} 1PFe

)
Cyclic voltammetry experiments showed that al six ferrocene
units are electrochemically equivalent. The central cationic unit
showed no influence on the oxidation process as the six outer
ferrocene groups were oxidized at the same potential. The
CpFe*-induced hexaferrocenylalkylation of C¢Mes opens the
route to isolable mixed-valence star-shaped molecules with
independent redox centres and leads to a fully reversible six-

RI (R = ferrocenylalkyl)

electron redox system which may be useful for multielectron
redox catalysis.15> The multinuclear compounds have dendritic
cores with organometallic surface groups.

One may aso think of dendrimers as multisite guests for
chemical interactions of any nature due to the regular placement
of repeating residues on the dendrimer surface.16 Ferrocenyl-
functionalized amino dendrimers have been shown to include
well known molecular hosts, specifically the cyclodextrins. The
dendrimer serves as a three-dimensional template to organize
the cyclodextrin receptors at the periphery of the dendritic
structure, giving rise to large supramolecular assemblies. 16 The
number of ferrocene units that can be included by the bulky
cyclodextrin host is limited by the steric congestion on the
surface of the dendrimer.

Fig. 3 shows the first heterometallic dendrimer containing
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Fig. 3 A heterometallic dendrimer containing six platinum and twelve
ferrocenyl centres.1” Reprinted with permission from Inorg. Chem., 1997,
36, 2314, copyright (1997) American Chemical Society.

different transition metals in different layers.1” This dendrimer
features platinum(iv) units arranged in a concentric fashion
around a central organic unit, with ferrocenyl groups as the
surface functional groups. In this approach, dendritic arms
containing one platinum and two ferrocenyl moieties were built
first and then attached to a polyfunctional core via a convergent
synthesis (Fig. 3).17 The inclusion of redox-active centres into
the dendrimers alows their composition to be determined by
cyclic voltammetry. This alternative method of characterization
may prove useful for other redox-active dendrimers.

Until recently, molecular recognition using dendrimer-based
sensorswas unknown. Some amido-ferrocenyl dendrimers have
been synthesized and have been shown to be excellent redox
sensors for the recognition of small inorganic anions such as
Cl—, NO3z~ and HSO,4~ (Fig. 4).18 Cyclic voltamograms of
these ferrocenyl dendrimers all show a single anodic reversible
wave, indicating that al the iron(mr)/iron(ir) redox centres are
independent and equivalent.18 The dendrimers ability to sense
and recogni ze the anions by cyclic voltammetry as the dendritic
generation increases was found to be maximum for the
generation (18 ferrocene groups) preceeding steric surface
saturation (36 ferrocene groups). As the dendritic generation
becomes higher, the ferrocenyl termini of the different dendritic
branches become closer to one another, making the surface hole
for the penetration of the anion smaller. Since the anions are
small, the greatest effect and selectivity isfound for the highest
generation that is soluble becauseit formsthe best open cavities.
In comparison, endoreceptors also favour anion inclusion with
open cavities where size compatibility is important.18

One potential rolefor adendrimer isas an encapsulating shell
around small molecules within it, or around the core of the
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Fig. 4 An amidoferrocenyl dendrimer which acts as a redox sensor for the
recognition of small inorganic anions.18 Reprinted with permission from J.
Am. Chem. Soc., 1997, 119, 2588, copyright (1997) American Chemical
Society.

dendrimer itself. Dendritic encapsulation offers a means of
preventing facile electron transfer between closely spaced
molecules which would result in loss of stored information.19
One such application is as a molecular switch, in which an
electroactive group can be held aternately in one of two binary
states (corresponding to ‘on’ or ‘off’).1® A third generation
dendrimer with an electroactive core is shown in Fig. 5. The
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Fig. 5 An electroactive third generation encapsulated dendrimer.1®
Reprinted with permission from Adv. Mater., 1997, 9, 1117, copyright
(1997) Wiley-VCH.

core of one such dendrimer is an Fe;S4(SR) 42— unit such asthat
found in some iron—sulfur proteins and is capable of existing in
two stable redox states. Cyclic voltammetry experiments
showed that as the number of branchesin the dendrimer ligands
around this core increased, the kinetic facility of electron
transfer to and from the core decreased.1°

From the number of ferrocene-containing dendrimers synthe-
sized, it is evident that the ferrocene group is useful in the
construction of dendrimers. The dendrimers prepared can be
relatively easily characterized and their properties investigated
by electrochemical methods.

4 Chem. Commun., 1999, 1-8

Metal arene complexation

m-Complexation of transition metalsto terminal areneligandsis
another method of dendrimer modification. First and second
generation organosilicon dendrimers have been prepared with
aromatic rings on the periphery.20 These surface-located arene
rings were then st-coordinated to Cr(CO)3 groups to give a new
family of organometallic dendritic macromolecules containing
neé-arene coordinated Cr(CO); groups at the periphery of the
organosilicon dendritic cores; the tetranuclear compound is
shown in Fig. 6. Attempts to prepare the octachromium
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Fig. 6 The tetranuclear Cr(CO)3; dendrimer.2° Reprinted from J. Organo-
met. Chem., 1996, 509, 109, copyright (1996), with permission from
Elsevier Science.

macromolecules failed probably due to the forcing reaction
conditions which caused decomposition. The silicon den-
drimers were prepared following a divergent approach which
involved hydrosilylation and allylation as a means of growth.20
These authors anticipate that the ability of the transition metals
to m-complex to the peripheral aromatic rings of the novel
silicon-based dendrimers should aso be possible and will
provideincreased versatility for the design and synthesis of new
families of dendritic macromolecules with different organo-
transition metal groups.2°

Dendrimer s with tertiary phosphine ligands

Chemical functionality can be used as a means to control the
‘placement’ of the metal atom. Tertiary phosphines are known
to bind to ailmost all transition metals of the periodic table.2! It
isthus not surprising to find anumber of paperswhere avariety
of metals, including palladium, rhodium and iridium, have been
included in dendrimers via coordination of the metal to the
surface phosphines. Thus, phosphorus-containing dendrimers
up to the tenth generation and posessing either aldehyde groups
or P—CI bonds on the surfaces have been synthesized.22 These
terminal functions were reacted in order to anchor diphosphino
groups on the surface of the dendrimer. The ability of the higher
generation dendrimers to act as ligands towards palladium,
platinum and rhodium complexes was then investigated. It was
found that the end groups {—-CH=NN(CH,PPh,),} remained
available for complexation with the metals and these new
dendrimers may be of use as catalysts.22

Similarly, reactions of phosphorus dendrimers with ruthe-
nium polyhydrides were investigated.23 The new dendrimers
have characteristic spectroscopic properties, in particular their
31P and 1H NMR spectra. Preliminary catalytic tests indicate
good activity of these compounds for ketone hydrogenation.23
The excellent coordinating ability of phosphorus to transition
metals has been used to synthesize many novel organometallic



dendrimers and anumber of these examples are discussed in the
‘Dendrimers as catalysts section.

Dendrimers with nitrogen donor ligands
Coordination centresin every layer

Dendrimers with coordination centres in every layer were
constructed using transition metal coordination complexes as
building blocks for branching or bridging to yield polynuclear
compounds which behave as supramolecular systems.24 The
synthetic procedure is based on a protection/deprotection
procedure in which a complex with free chelating sites is used
asaligand, and those with labile ligands play the role of metals
(‘ complexes-as-ligands/complexes-as-metals  synthetic strat-
egy).2> This procedure alows the construction of large
polynuclear metal complexes via metalligand coordination
bonds. One of the advantages of this approach is that it is
possibleto introduce the desired building blocks at each stage of
the synthesis. Dendrimers containing units of different chemical
nature can exhibit valuable properties with specific functions,
e.g. gradients for photoinduced directional energy and electron
transfer, and sites for multi-electron transfer catalysis (see Fig.

7).25
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Fig. 7 Schematic representation of a luminescent and redox-active
docosanuclear dendrimer with some of the propertiesindicated.25 Reprinted
with permission from J. Mater. Chem., 1997, 7, 1227, copyright (1997) The
Royal Society of Chemistry.

Because of their remarkable photophysica and electro-
chemical properties, ruthenium(ir)— and osmium(ir)—polypyr-
idine complexes?>26 are ideal components to synthesize
luminescent and redox-active oligonuclear species where
energy and electron transfer can be driven by light.26 A great
number of compounds have been synthesized using the 2,3- and
2,5-bis(2-pyridyl)pyrazine (2,3- and 2,5-dpp) bridging ligands,
and the 2,2’-bipyridine (bpy) and 2,2’-biquinoline (biq) terminal
ligands.26

The complexes studied contain several chromophoric unitsin
addition to a large number of redox-active centres. Studies
carried out on these compl exes show the oxidation behaviour to
exhibit a selectivity based on the nature of the metal ion and its
position in the supramolecular array, thus offering a means of
fingerprinting the compounds. Because of the presence of both
interacting and non-interacting redox centres, these complexes
are good candidates for multielectron-transfer catalysts.26 The

dendrimers reported also display luminescence in solution at
room temperature.2s

2,2:6',2”-Terpyridine as a ligand

The coordination of appropriate organic molecules containing
multiple metal-binding sites to metal ions provides a versatile
aternative to carbon—carbon or carbon-heteroatom bond for-
mation for the construction of dendrimers27.28 22":6',2-
Terpyridine (terpy), has been reported by anumber of authorsas
a successful connecting ligand to combine preconstructed
metal-ligand fragments.2® Such connectivity permitted the
analysis of the final product by electrochemical methods. It had
previously been shown that benzylic halides react smoothly
with the triruthenium nucleophile, [(terpy)Ru(botpy)Ru(bot-
py)RUu(HOtpy)][PFele, [botpy = bis(4’-(2,2":6’,2""-terpyridinyl)
ether, HOtpy = 2,2:6/,2"’-terpyridin-4’(1'H)-one]. The reaction
of 1 equiv. of hexakis(bromomethyl) benzene with 6 equiv. of
[ (terpy)Ru(botpy)Ru(botpy) Ru(HOtpy)][PFe]s gave the octa-
decaruthenium complex (Fig 8).27 MALDI TOF mass spec-
trometry provided a convenient and rapid method for the
determination of the nuclearity.2”

736+

Fig. 8 An octadecaruthenium metallodendrimer.2? Reprinted from Inorg.
Chim. Acta, 1996, 252, 9, copyright (1996), with permission from Elsevier
Science.

The construction of this new type of double-tiered metal-
lodendrimer illustrates the importance of stepwise construction
by means of controlled metal complexation.2® This approach
aso provides versatile methodology for the synthesis of
specifically assembled metallodendrimers and related polymers
using a combination of the convergent and divergent ap-
proaches.2®

Pincer -type complexes

There is considerable interest in the synthesis of well defined
structures of nanometer dimensions.3° Nanostructures can be
developed in an efficient way through non-covalent inter-
actions, e.g. H-bonds as opposed to covalent bonds which
require multistep syntheses.30 The early work was carried out
using building blocks containing kinetically inert SCS Pd-
pincer complexes, coupled via branched spacers. The com-
plexes are labile when the fourth ligand is nitrile but not
chloride. The coordination of the nitrile ligand to coordinatively
unsaturated palladium centres was exploited to assemble the
dendrimer building blocks via non-covalent interactions.
Changing from SCS to PCP ligands made it possible to
introduce a variety of transition metals.3! Ligands derived from
the coupling of 3,5-big[(diphenylphosphino)methyl]phenoxy

Chem. Commun., 1999, 1-8 5
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Scheme 3 Reprinted with permission from Organometallics, 1997, 16, 4287, copyright (1997) American Chemical Society.

groups to bi- and tri-functional spacers have been cyclometa-
lated with [Pd(MeCN)4][BF4],, cis[PtCly(PPhs)] or
NiCl,-6H,0 and the resulting cationic complexes converted to
neutral complexes. These resulting pincer complexes were then
used as building blocks for the controlled assembly of homo-
and hetero-multinuclear dendrimers (see Scheme 3).31 31p
NMR spectroscopy was successfully used as a diagnostic tool
for the assembly process as the chemical shift values are very
sensitive towards small changes in the microenvironment
around the metal centre.

Polynuclear gold(1) complexes

Very littleis known about the surface coordinating properties of
dendrimers.32 A few papers on surface-complexing properties
of polynuclear gold(l) complexes have been reported3233
Dendritic polyamines have been functionalized with terminal
diphenylphosphino groups which are ideal for surface com-
plexation of transition metalsin low oxidation statesand atailor
made ‘ spacer’ bearing a group suitable for coupling.32 A fourth
generation polynuclear gold(r) complex with 32 termina
chloro(diphenylphosphino)gold(i) groups is shown in Fig. 9.32
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Fig. 9 A polynuclear gold(r) complex with 32 terminal chloro(diphenyl-
phosphino)gold(r) groups.32 Reprinted with permission from Inorg. Chem.,
1996, 35, 637, copyright (1996) American Chemical Society.

X-Ray crystallography was carried out on the smaller mono-
and di-nuclear gold(r) complexes. Intermolecular NH---O hy-
drogen bonds direct the aggregation of the molecules in the
solid state to give chainlike structures. These multinuclear
gold(r) complexes32 represent a new type of metal-containing
polymer with a well defined, probably spherical structure and

6 Chem. Commun., 1999, 1-8

having dendrimer molecules as supporting matrices. They have
potential applications in catalysis, biochemical diagnostics and
imaging.32

Seventh generation phosphorus-containing dendrimers con-
taining reactive functional groups also allowed the complexa-
tion of gold derivatives.3® These appear to be the largest
polyphosphine complexes ever prepared, with 3072
CH,PPh,(AUCI) end groups.33

Main group dendrimers

Much attention has been focussed on main-group-element-
based dendrimers, in particular on those based on silicon
because of their optical properties and importance in surface
functionalization.3* We will only mention here the recently
prepared germanium/silicon dendrimers3s in this article. The
most direct method of preparation would have involved
sucessive akenylations and hydrogermylations, starting with
GeCls. However allylic germanium derivatives are very
sensitive to electrophilic reagents. To avoid difficulties asso-
ciated with undesirable by-products and to diminish the steric
strain resulting from the accumulation of branched chains, six-
membered w-ethylenic chains, which are more stable than «- or
B-ethylenic chains, were used. Bis(dimethylphenylgermyl)-
(methyl) silyllithium was used as the building agent. Using this
method, second generation dendrimers having a molecular
weight of 5590 were synthesized.35 Very recently, some
dendritic molecules with alternating silicon and germanium
atoms along the dendritic backbone, including the molecular
structure of afirst-generation hybrid permethylated dendrimer,
have a so been reported.34

Structural details and properties of dendrimers

There has been much controversy over the exact shape of
dendrimers in solution and many conflicting results have been
obtained. The first attempts to calculate dendritic structures
were by de Gennes and Hervet.36 They showed the chain ends
to be on the periphery and found a density minimum at the core
and adensity maximum at the surface. In contrast, L escanec and
Muthukumar allowed the inward folding of chain ends in their
calculations which resulted in a density maximum between the
dense core and the periphery.37 Other solution studies showed
dendrimers to have low intrinsic viscosities that decreased as
the molecular weight increased. They concluded that den-
drimers posess globular shapes and lack intermolecular entan-
glements.38

Monte Carlo calculations by Mansfield and Klushin found
the chain ends to be distributed throughout the structure, and in
close proximity to the core and revealed a density maximum
between the centre of mass and the periphery.3®

Our investigations of Fréchet type poly(benzylpheny! ether)
dendrimers functionalized with arene tricarbonylchromium(0)



groups showed a transition from an extended to a globular
structure as the generation number increased.“° Solvent acces-
sible surface cal cul ations showed more backfolding to occur as
the dendrimer became larger. Although the chain ends were
found in all regions of the dendrimer to some extent, most were
still located on the periphery of the molecule or in a solvent
accessible area for those dendrimers studied. Recent rotational -
echo double-resonance NMR experimnets by Wooley et al.
used experimental constraints on molecular dynamics simula
tions for the prediction of dendritic structure.4t

Generally speaking, lower generation dendrimers tend to
exist in relatively open forms, but as sucessive layers are added,
dendrimers adopt a spherica three-dimensional structure.
Solution state properties of dendrimers are generally consistent
with a globular shape with the chain ends accessible to the
surface, but the precise shape and chain end locations remain
uncertain.

Applications of dendrimers as catalysts

One of the most important and exciting uses of dendrimersis
expected to be in the field of catalysis. Thereis great scope for
the development of new materials that combine the advantages
and minimise the disadvantages associated with heterogeneous
and homogeneous catal ysts.42 One approach to such materialsis
to anchor homogeneous catalysts to polymer supports. Such
polysiloxane polymers containing a catalytically active nick-
el (11) centre have been prepared.43 However, the disadvantages
encountered when anchoring catalytically active metal sites to
polymers include the difficulty of accurate control of the
number and location of these sites42 An ideal polymeric
catalyst should be a soluble, multifunctional macromolecule,
favouring configurations in which all active sites would be
exposed towards the reaction mixture so that they are easily
accessible to migrating reactants. Owing to their expected
spherical nature, dendritic catalysts are expected to retain the
benefits of homogeneous catalysts, such as faster kinetics and
accessibility of metal sites but should be easily recoverable
from a product-containing solution because of their large size.
Ultrefiltration techniques could be used as a means of
separation.

The most well known example of a dendrimer used as a
catalyst was published in 1994.42 Zero and first generation
polysilane dendrimers were functionalized with diamino ar-
ylnickel (1) complexeson their periphery, the metal centre being
fixed by a metal—carbon sigma bond to the ligand system (Fig.
10). These dendrimers have been successfully used as homoge-
neous catalysts for the Kharasch addition of polyhalogenoalk-
anes to an akenic C=C double bond. Under mild reaction
conditions (room temperature, CH,Cl, as solvent) using methyl
methacrylate as substrate and CCl, as reagent, the catalytic
activity of these zero and first generation dendrimers, as shown
by kinetic data, is 20 and 30 % respectively less than the
monomeric compound.#2 Molecular models of these den-
drimers such as that in Fig. 10, show the nickel sites to be well
separated from one another at the end of long flexible branches
and consequently the accessibility of the catalytically active
nickel centres should be similar to the monomeric model
compounds synthesized previously. All the characteristics
found for the monomeric model are retained in the dendrimer
catalyst system. These new dendrimers represent nanoscopic
catalysts with physical characteristics such as size, solubility
and dispersity of catalytic sites that are very precisely defined,
so affording these molecules advantageous properties for
physical separation and catalyst recycling.42

The excellent coordinating ability of phosphines has been
used to prepare novel organometalic dendrimers. It has
previously been shown that mononuclear [Pd(triphosphine)-
(MeCN)][BF4]> complexes will catalyse the electrochemical
reduction of CO, to CO.44 The presence of atriphosphineligand
in these catalysts suggests that dendrimers containing this unit
may aso catalyse the reduction. Two approaches have been
used to synthesize such dendrimers, the first involving sequen-
tial addition of diethyl vinylphosphonate to primary phosphines

Moghir—s-tia—hibde

Fig. 10 Schematic structure of the first generation poylsilane dendrimer
functionalized with catalytically active diamino arylnickel (i) complexeson
the periphery.42 reprinted with permission from Nature, 1994, 372, 659,
copyright (1994) Macmillan Magazines Ltd.

followed by reduction with lithium auminium hydride; the
second approach using the addition of big(diethylphosphino)e-
thyl]phosphineto tetravinylsilane. Small dendrimers containing
12 or 15 phosphorus atoms metallated with [Pd(MeCN) 4] [BF4] »
have now been shown to exhibit catalytic activity for the
electrochemical reduction of CO,. These results demonstrate
thefeasibility of performing catalytic reactions using metallated
organophosphine dendrimers.44

Dendritic diphosphines synthesized from polyamino den-
drimers by double phosphinomethylation of each of the primary
amino end-groups provides the possibility of specific com-
plexation with a variety of transition metals including iridium,
paladium and rhodium (Fig. 11).45 The meta-containing
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Fig. 11 The phosphinomethylated dendrimer with sixteen bidentate ligands
on the outer surface provides the possibility of complexation with many
transition metal s.39 Reprinted with permission from Angew. Chem.,, Int. Ed.
Engl., 1997, 36, 1526, copyright (1997) Wiley-VCH.

dendrimerswere successfully used to catalyse the Heck reaction
of bromobenzene and styrene to form stilbene. The reaction
mixture was analysed by gas chromatography.45 In previous
examples of catalysis with dendritic metal complexes, the
catalytic activity was shown to be slightly or significantly lower
than that of the corresponding monomeric parent compounds.
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This system, however, showed a significantly higher activity,
which is attributable to the higher therma stability of the
dendritic complexes. The strategy developed here for the
synthesis of dendritic diphosphines opens up a general method
for preparing transition metal-containing dendrimers for use in
catalysis.4s

Most of the optically active chelating phosphines used in

enantioselective transition metal catalysis involve a chiral
skeleton bearing two diphenylphosphino groups.46 The chiral
information is transferred from the ligand to the catalytically
active centre via the arrangement of the phenyl rings of the
diphenylphosphino groups.4¢ Owing to the limited size of the
diphenylphosphino groups, the idea of using larger phosphines
represents a promising new approach.46 The expanded phos-
phines should contain a chelate skeleton, e.g. the PCH,CH,P
grouping, and severa layers of branching units built up with
optically active groups attached to the phosphorus atoms.46
Owing to the space-filling nature of the expanded ligands, the
chiral information should be forced towards the pocket of the
catalyst, in which the enantioselective reaction takes place.
Because the catalytic reaction takes place at the core of the
dendrimer, the system resembles the prosthetic group of an
enzyme. For this reason, these molecules have been termed
‘dendrizymes’.

Conclusions and future developments

An exciting future is forseen for dendrimers, and transition-
metal-containing dendrimers in particular. Already the rapidly
growing increase in the number of publications is an indication
that dendrimers represent a new and important class of
compounds. It has been demonstrated in the examples above
that it is possible to synthesize mono- and multi-metallic
molecules with desirable characteristics and properties by
careful choice of metal and ligand systems. Little work on the
solid-state structures of dendrimers has thus far been carried
out, presumably because of the difficulty of crystallising them.
For this reason, molecular modelling is expected to play a key
rolein providing some of the answers concerning structures and
also properties. Dendrimer research has already shifted from a
purely synthetic orientation towards investigating the novel
properties and exploring the potential applications of these
molecules, in particular catalysis. Already we have seen their
novel applications as encapsulation reagents, artificia gene-
transfer materials, as building blocks for the self-assembly of
larger nanostructures and in chiral recognition. Important
applications will likely emerge in the next few years in a
diversity of fields. New synthetic methods will continue to be
important until dendrimers can be produced cheaply and easily
on an industrial scale.

Only time will unveil the full range of applications of these

large and beautiful molecules.

Acknowledgements

We thank the University of Cape Town, the Foundation for
Research Devel opment and Polifin Ltd for support, and Dr Alan
Hutton for many valuable comments.

Notes and references
1 D. A. Tomdia, H. M. Brothers I, L. T. Piehler and Y. Hsu, Polym.

Mater. Sci. Eng., 1995, 73, 75; N. Ardoin and D. Astruc, Bull. Soc.
Chim. Fr., 1995, 132, 875 and references therein; F. Zeng and S.
Zimmerman, Chem. Rev., 1997, 97, 1681 and references therein.

2 C.J. Hawker and J. M. J. Fréchet, J. Am. Chem. Soc., 1990, 112, 7638;

K. L. Wooley, C. J. Hawker and J. M. J. Fréchet, J. Chem. Soc., Perkin
Trans. 1, 1991, 1059.

3 W. J. Pope and S. J. Peachey, Proc. Chem. Soc., 1907, 23, 86.
4 J. R. Moss, Trends Organomet. Chem., 1994, 1, 211 and references

therein; Comprehensive Organometallic Chemistry, ed. E. W. Abel,
F. G. A. Stone and G. Wilkinson, Pergamon, New Y ork, Series| (1982)
and Il (1995).

5 B. C. Gates, Catalytic Chemistry, Wiley, New Y ork, 1992.
6 H. B. Friedrich and J. R. Moss, Adv. Organomet. Chem,, ed. F. G. A.

8

Stone and R. West, Academic Press, London, 1991, vol. 33, p. 235.

Chem. Commun., 1999, 1-8

7 Y.-H. Liao and J. R. Moss, Organometallics, 1996, 15, 4307; 1995, 14,
2130; J. Chem. Soc., Chem. Commun., 1993, 1774.

8 M. A. Hearshaw, J. R. Moss, W. McLean and M. R. Caira, unpublished
work.

9 R. George, J-A. M. Andersen and J. R. Moss, J. Organomet. Chem.,
1995, 505, 131.

10 M. A. Hearshaw, J. R. Moss, F. Waggie, S. J. Hughes, X. Yin, R. Zeng

and |. Mavunkal, unpublished work.

11 S. Achar, J. J. Vittal and R. J. Puddephatt, Organometallics, 1996, 15,

43

12 S.'Achar and R. J. Puddephatt, Organometallics, 1995, 14, 1681,

Angew. Chem,, Int. Ed. Engl.,1994, 33, 847.

13 G.-X.LiuandR. J. Puddephatt, Organometallics, 1996, 15, 5257, Inorg.

Chim. Acta, 1996, 251, 319.

14 1. Cuadrado, C. Casado, B. Alonso, M. Moran, J. Losadaand V. Belsky,

J. Am. Chem. Soc., 1997, 119, 7613; B. Alonso, M. Moran,
C. M. Casado, F. Lobete, J. Losada and |. Cuadrado, Chem. Mater .,
1995, 7, 1440.

15 J-L. Fillaut, J. Linares and D. Astruc, Angew. Chem., Int. Ed. Engl.,

1994, 33, 2460; J-L. Fillaut and D. Astruc, J. Chem. Soc., Chem.
Commun., 1993, 1320; F. Moulines, L. Djakovitch, R. Boese, B.
Gloaguen, W. Thiel, J.-L. Fillaut, M-H. Delville and D. Astruc, Angew.
Chem,, Int. Ed. Engl., 1993, 32, 1075.

16 R. Castro, |. Cuadrado, B. Alonso, C. M. Casado, M. Moran and A. E.

Kaifer, J. Am. Chem. Soc., 1997, 119, 5760.

17 S. Achar, C. E. Immoos, M. G. Hill and V. J. Catalano, Inorg. Chem.,,

1997, 36, 2314.

18 C. Valério, J-L. Fillaut, J. Ruiz, J. Guittard, JC. Blais and D. Astruc,

J. Am. Chem. Soc., 1997, 119, 2588.

19 C. Gorman, Adv. Mater., 1997, 9, 1117.
20 F. Lobete, I. Cuadrado, C. M. Casado, B. Alonso, M. Moran and J.

Losada, J. Organomet. Chem., 1996, 509, 109.

21 Transition Metal Complexes of Phosphorus, Arsenic and Antimony

Ligands, ed. C. A. McAuliffe, Macmillan, London, 1973.

22 M. Bardgji, M. Kustos, A.-M. Caminade, J.-P. Majoral and B. Chaudret,

Organometallics, 1997, 16, 403.

23 M. Bardgji, A.-M. Caminade, J.-P. Mgjoral and B. Chaudret, Organo-

metallics, 1997, 16, 3489.

24 S. Serroni, G. Denti, S. Campagna, A. Juris, M. Ciano and V. Ba zani,

Angew. Chem,, Int. Ed. Engl, 1992, 31, 1493.

25 S. Serroni, A. Juris, M. Venturi, S. Campagna, |. R. Resino, G. Denti, A.

Credi and V. Balzani, J. Mater. Chem., 1997, 7, 1227.

26 G. Denti, S. Campagna, S. Serroni, M. Ciano and V. Balzani, J. Am.

Chem. Soc., 1992, 114, 2944.

27 E. Constable and P. Harverson, Inorg. Chim. Acta, 1996, 252, 9.
28 E. Constable, Chem. Commun., 1997, 1073.
29 G. Newkome and E. He, J. Mater. Chem, 1997, 7, 1237; G. R.

Newkome, F. Cardullo, E. C. Constable, C. N. Moorefieldand A. M. W.
Cargill Thompson, J. Chem. Soc., Chem. Commun., 1993, 925.

30 W. T. S. Huck, F. C. J. M. van Veggel and D. N. Reinhoudt, Angew.

Chem,, Int. Ed. Engl.,1996, 35, 1213.

31 W. T. S. Huck, B. Snellink-Ruel, F. C. J. M. van Veggel and D. N.

Reinhoudt, Organometallics, 1997, 16, 4287.

32 P. Lange, A. Schier and H. Schmidbaur, Inorg. Chem., 1996, 35, 637;

Inorg. Chim. Acta, 1995, 235, 263.

33 M. Slany, M. Bardaji, M.-J. Cassanove, A.-M. Caminade, J.-P. Majoral

and B. Chaudret, J. Am. Chem. Soc., 1995, 117, 9764.

34 M. Nanjo and A. Sekiguchi, Organometallics, 1998, 17, 492.
35 V. P. Huc, P. Boussaguet and P. Mazerolles, J. Organomet. Chem.,,

1996, 521, 253.

36 P. G. de Gennes and H. Hervet, Phys.: Lett., 1983, 44, L351.
37 R. L. Lescanec and M. Muthukumar, Macromolecules, 1990, 23,

2280.

38 T. H. Mourey, S. R. Turner, M. Rubinstein, J. M. J. Fréchet, C. J.

Hawker and K. L. Wooley, Macromolecules, 1992, 25, 2401.

39 M. L. Mansfield and L. |. Klushin, Macromolecules, 1993, 26, 4262.
40 K. J. Naidoo, S. J. Hughes and J. R. Moss, Macromolecules, in press.
41 K.L.Wooley, C. A.Klug, K. Tasaki and J. Schaefer, J. Am. Chem. Soc.,

1997, 119, 53.

42 J.W. J. Knapen, A. W. van der Made, J. C. de Wilde, P. W. N. M. van

Leeuwen, P. Wijkens, D. M. Grove and G. van Koten, Nature, 1994,
372, 659.

L. A. van deKuil, D. M. Grove, J. W. Zwikker, L. W. Jenneskens, W.
Drenth and G. van Koten, Chem. Mater., 1994, 6, 1675.

Chem., 1994, 33, 5482 and references therein.
M. T. Reetz, G. Lohmer and R. Schwickardi, Angew. Chem.,, Int. Ed.
Engl, 1997, 36, 1526.

43
44 A. Miedaner, C. J. Curtis, R. M. Barkley and D. L. DuBois, Inorg.
45

46 H. Brunner, J. Organomet. Chem., 1995, 500, 39.

Paper 8/03535K



Steroidal guanidinium receptors for the enantioselective recognition of N-acyl

o-amino acids

Anthony P. Davis* and Laurence J. Lawless

Department of Chemistry, Trinity College, Dublin 2, Ireland. E-mail: adavis@tcd.ie

Received (in Liverpool, UK) 23rd October 1998, Accepted 9th November 1998

Guanidinium cations 4 and 5 extract N-acetyl a-amino acids
into CHCl; from an aqueous medium with enantiomeric
excesses of up to 80%.

Enantioselective recognition is of continuing interest in supra-
molecular chemistry,! especially where relevant to the large-
scale resolution of racemates. Enantiosel ective phase transfer is
particularly attractive, raising the possibility of ‘catalytic’
resolutions based on the transport of substrates through
otherwise impermeable barriers2 Carboxylates/carboxylic
acids are suitable targets for this approach, because of their
ability to partition between aqueous and organic phases. Amino
acids, and their N-acyl derivatives, are attractive substrates
because of their biological significance and practica im-
portance.3

Herein we describe a new strategy for the enantioselective
extraction of chiral carboxylates from agueous into organic
media, and its realisation in the form of receptors which show
significant enantiodiscrimination in the case of N-acetyl o-
amino acids. In common with previous work on carbohydratet
and anion recognition,> our design exploits cholic acid 1 as a
starting material. The secondary hydroxy groups in 1 can be
independently modified to give differentiated, co-directed
substituents asin 2.6 Groups A—C are spaced so asto alow, in

OH
OH 1

A 2

atypical case, cooperative effects on a substrate with minimum
interference from intramolecular interactions. The design is
suggestive of ‘three-point contact’, as required for the classical
model of enantioselective recognition.”

For carboxylate extraction, it isuseful that one of groups A—C
should form a specific, electroneutral complex with the anionic
centre. To serve this purpose we have chosen the guanidinium
unit 3, capable of binding carboxylates as shown.8 Of the
possible variations on our general theme, we report the
synthesis and properties of two initiadl examples; the bis-
phenylcarbamate 4 and its asymmetrically-substituted relative
5. Receptor 4 was accessible from 3x-azide 6° as shown in
Scheme 1, while receptor 5 was prepared via alonger sequence
with acohol 7 as the penultimate intermediate.

As anticipated, solutions of 4-Cl— and 5-Cl— in CHCI; were
capable of extracting carboxylic acids from neutral or basic
agueous solutions, presumably through exchange of carbox-
ylate for chloride. In the case of N-acetyl «-amino acids the 1H
NMR spectra of the complexed substrates were enantiomer-

dependent, allowing the determination of enantioselectivities,
as well as extraction efficiencies, by simple integration. The
results are shown in Table 1. Extraction efficiencies were
moderate to good for substrates with non-polar side-chains,
athough neither receptor was effective with the polar aspar-
agine derivative. Receptor 4 proved remarkably consistent inits

N

BocNH

Vii,vi
4oCIT -———

HN®

)\ H
¥
A

HN NH
e
Scheme 1 Reagents and conditions: i, Zn dust, AcOH, room temp., 24 h; ii,
SCN(CH)sNHBoc, PrioNEt, dry CH.Cl,, room temp., 72 h; iii, Mel,
MeOH, reflux; iv, TFA, CH.Cl,, room temp.; v, PrioNEt, MeOH, room

temp., 24 h; vi, ag. NaOH then ag. HCI; vii, PANCO, conc. ag. HCI (cat.),
CH,CICHCI, reflux, 72 h.
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Table 1 Extractions by 4-Cl— and 5-Cl— of racemic N-acetyl «-amino acids
from agueous buffer (pH 7.4) into CHClz2

Receptor 4 Receptor 5

Extraction Enantio- Extraction Enantio-

efficiency selectivity efficiency selectivity
Substrate (mol%)e  (L:p)e (mol%)>  (L:p)°
N-Ac-aanine 52 71 76 6:1
N-Ac-phenylalanine 87 71 93 91
N-Ac-tryptophan 83 7:1 92 6:1
N-Ac-vaine 71 71 89 91
N-Ac-tert-leucine d d 82 5:2
N-Ac-methionine d d 93 91
N-Ac-proline d d 74 4:1
N-Ac-asparagine 0 — 0 —

a Solutions of receptor in CHClz (6 mm, 1 ml), and substrate in
phosphate buffer (7-8 mm, 5 ml), were stirred vigorously for 2 h. The
organic phases were isolated, dried by passage through hydrophobic filter
paper, then evaporated. The residues were dissolved in CDCl3 (0.6 ml) and
analysed by H NMR spectroscopy. P Determined by *H NMR integration
of substrate «-CH and NH vs. 7/123-H of receptor. ¢ Determined by 1H
NMR integration of «-CH and NH signals for enantiomers of substrates.
Assignments confirmed through control experiments with enantiopure
substrates. @ Not determined.

ability to differentiate between enantiomers, irrespective of
side-chain bulk. Receptor 5 showed generally higher extraction
abilities, possibly due to the greater acidity of the di-
chlorophenylcarbamoyl NH, and was more sensitive to side-
chain structure. Perhaps surprisingly, the substrate with the
most sterically hindered asymmetric centre (N-Ac-tert-leucine)
gave the lowest selectivity.

1H NMR spectroscopy and molecular modelling combined to
suggest plausible models for the binding geometries. A Monte
Carlo Molecular Mechanics (MCMM) searcht on the complex
between 5 and N-acetyl-L-valinate 8 yielded the configuration
shown in Fig. 1. The carboxylate accepts H-bonds from the
7-carbamoy! and two guanidinium NH groups, while the acetyl
oxygen is bound to the 12-carbamoyl NH. In support of this
structure, the receptor carbamate and 2 of the 3 guanidinium NH
signals moved downfield on complex formation, while a weak

Fig. 1 Structure of 5 + -8 (black) derived from computer-based molecular
modelling. Intermolecular hydrogen bonds are shown as broken lines.

10 Chem. Commun., 1999, 9-10

intermolecular NOE was observed from the «-CH in -8 to the
ortho protons of 5-NHPh (consistent with Fig. 1, alowing for
some rotational freedom about the N—Ph bondf). A similar
MCMM searcht on 5 + p-8 yielded a higher-energy structurein
which the acetyl O---HN interaction is missing, the 12-carba-
moy! NH forming afourth (apparently strained) hydrogen bond
to the carboxylate.

Viewed as forerunners of an extended family of receptors, 4
and 5 show encouraging levels of enantioselectivity. Many
variants are within easy reach, a mgjority with much greater
differentiation between the three substituents. We hopeto report
examples with improved performance in the foreseeable
future.
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(Avondale) Ltd., and the EU Training and Mobility for
Researchers programme. We are grateful to Peter Ashton
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The 1,4-conjugate addition of diethylzinc to cyclohex-
2-enone and cyclopent-2-enone catalyzed by a copper
complex of a chiral aryl diphosphite gave the desired
products with 90.2 and 76.6% ee respectively.

The enantioselective conjugate addition of chiral organome-
tallic reagents to enones is an attractive method for C—C bond
formation. A number of successful methods for stereoselective
1,4-addition based on chiral auxiliaries or stoichiometric
organometallic reagents have been developed, but a highly
enantioselective catalytic version is still rare.r Ni!' and Co'!
catalysts containing chira amino acohol ligands are of
substantial interest, but they show enantioselectivity only for
acyclic enones.2 The copper complexes of chiral phosphites,3
phosphorus amidites,4 phosphines,5 thiols and aminophos-
phines’ have been used in the catalytic conjugate addition of
Et,Zn or Grignard reagents to enones with low to moderate
enantioselectivity. Recently several chiral phosphorus ami-
dites® and phosphite oxazolines® have been used in the copper-
catayzed conjugate addition of dialkylzinc to cyclohex-
2-enone with excellent enantioselectivity. These ligands shared
a common feature of a bridging of binaphthol with a chira
amine through a phosphorus center. The active catalyst in the
reaction has been proposed by Feringa et al. to be an alkyl—-Cu!
species coordinated with two ligand molecules® The C,-
symmetric bidentate ligandsin these reactions are of substantial
interest.42 Here we report the catalytic conjugate addition of
Et>Zn to enones using a C,-symmetric chira aryl diphosphite—
Cu(OTf), complex with good enantioselectivity and high
catalytic activity.

Optically pure aryl diphosphite (SSS)-1 was prepared by the
reaction of the (S)-chlorophosphite 2 and (S)-binaphthol in the
presence of EtsN (Scheme 1). The crude product was easily
purified by recrystallization in CH,Cl—EtOH. The structure of
the compound was supported by elemental analysis and spectral

data.10
COL. OO
+ 2
SN GS

EtzN
toluene, 0 °C 2

QQ VY
CO

INn 1991 Pringle et al. reported the synthesisof (R R,R)-1 from
trichlorophosphine and (R)-binaphthol. A Ni° complex of
(RRR)-1 was used in the hydrocyanation of norbornene, giving
a product with 38% ee.!! It is noticeable that the structure of 1
isentirely based on chiral binaphthol. (SS9-1 isfairly stableto
oxygen in the solid state but is somewhat air- and moisture-
sensitive in solution.

The addition of Et,Zn to cyclohex-2-enone 3b was used as a
model (Scheme 2). The effects of reaction temperature, solvent
and theratio of (SS9)-1 to Cu(OTf), were investigated and the
results are summarized in Table 1. In most cases complete
conversion and good enantioselectivity were obtained. No
1,2-addition product was detected by GC analysis. The reaction
was strongly dependent on the choice of solvents. The best
solvent was found to be toluene (90.2% ee, 100% conversion).
Coordinative solvents such as THF and MeCN gave sub-
stantially lower conversion rates and enantioselectivities
(22.4% conversion, 72.2% ee and 6.5% conversion, 0% ee,
respectively). The use of 2 equiv. (SS9-1 increased the
enantioselectivity from 83.2 to 90.2% ee (entry 2 vs. entry 3).
Further increase of theratio of (SS9)-1 to Cu(OTf), decreased
the catalytic activity (entry 1). When lessthan 1 equiv. (SS9-1
was used, the enantioselectivity decreased but the catalytic
activity was dtill high (entry 4). The optimum reaction
temperature was found to be ca. 0 °C. When the reaction
temperature decreased to —40 °C, the reaction became sluggish
and far less enantiosel ective (entry 8). Although the use of alow
catalyst:substrate ratio was rather ineffective, it is of interest to
notethat increasing the concentration of the catalyst lowered the
enantioselectivity (entries 9-11). The preliminary results re-
veded that a catalyst concentration of 0.0008-0.0012 m was
optimum. The copper complexes at different concentrations
may form different catalytic species. Similar results had been
reported by Feringa et al.42 When EtMgCI was used in place of
Et>Zn only racemic 4b was obtained as the major product and
small amounts of 1,2-addition product were observed (entry
12).

The 31P NMR spectrum of the catalyst solution (L:Cu = 2:1,
toluene-dg) showed two peaksat 4 231.6 and 149.0. The peak at
6 149.0 corresponded to free (S,S,9)-1 and the low field peak at
6 231.6 is expected to be (SSS)-1-Cu(OTf),. When excess
Et,Zn was added at room temperature, the peak at 6 231.6
disappeared quickly and a new peak at 6 124.0 was observed.
This new species may be postulated to be an Et—Cu' complex
containing a molecule of (SS9-1. The electron-rich nature of
Et—Cu' caused the significant 31P NMR shift. Coordinative
solvents such as THF or MeCN competed with the enone
substrates for the coordinating site of the Cu' catalyst and

(¢] (¢]

(S.S,5)-1 (2 mols)
Cu(OTf), (1 mol%)
+ EtpZn —m———
( toluene, 3 h, 0°C ( 0
n n
3a n=0 4a n=0
b n=1 b n=1
cn=2 cn=2
Scheme 2
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Table 1 Enantioselective 1,4-addition of diethylzinc to cyclohex-2-enone 3b catalyzed by (SS9)-1-Cu(OTf),2

Entry Cu(OTf),/3b VCu(OTf), TI°C Conversion (%) Ee (%)P Configuratione
1 0.01 4 0 817 88.3 S
2 0.01 2 0 100 (92.04) 90.2 S
3 0.01 1 0 100 83.2 S
4 0.01 0.5 0 100 79.1 S
5 0.01 2 40 100 70.9 S
6 0.01 2 20 100 87.7 S
7 0.01 2 —20 100 84.6 S
8 0.01 2 —40 24.1 394 S
9 0.001 2 0 54.5 67.5 S

10 0.05 2 0 100 57.1 S

11 0.2 2 0 100 452 S

12e 0.01 2 —78 1001 0 —

a 1.5 equiv. of diethylzinc was used and the reactions were carried out in toluene for 3 h. b The conversions and ee values were determined by GC with a
Chiraldex A-TA column (30 m x 0.25 mm); no 1,2-addition product was observed. ¢ The absol ute cofiguration was determined by optical rotation (ref. 12).
d |solated yield. © Ethylmagnesium chloride was used. f A small amount of 1,2-addition product was observed.

decreased the rate of reaction as well as the enantioselectiv-
ity.

The Cu'' complex of (SS9)-1 wasalso tested in the conjugate
addition of diethylzinc to cyclopent-2-enone 3a, cyclohept-
2-enone 3c and chalcone 5, and the results are summarized in
Table 2. Up to now the catalytic conjugate addition of
organometallic reagents to 3a has been relatively unsuccess-
ful.4c89 With the (SS9-1-Cu(OTf), catalyst system, the
conjugate addition of Et,Zn to 3a gave a good yield of the
desired product with 76.6% ee (entry 1). To the best of our
knowledge, this enantioselectivity was the best one so far
obtained for this reaction. Interestingly the absolute configura-
tion of the product was opposite to that from the conjugate
addition to 3b. The reversal of enantiofacial selectivity for 3a
was al so observed previously by Rossiter et al.13 The conjugate
addition of Et,Zn to 3c gave a lower conversion rate and
enantioselectivity than the reaction with 3b and 3a (entry 2,
Scheme 2).

Table 2 The addition of diethylzinc to enones 3a,c and 5 catalyzed by
(§89-1-Cu(OTf),

Conversion

Entry Substrate Solvent T/°C (%)2 Ee (%)2 Configuration

1 3a Toluene 0 100 (71.3¢) 76.6 Re
2 3c Toluene 0 40.0 56.0 ndd
3 5 Toluene 0O 45 9.3 Re
4 5 THF 0 62 16.5 R

a The ee value of 4a and the conversion were determined by GC with a
Chiraldex A-TA Column (30 m X 0.25 mm). The ee value of 4c and the
conversion were determined by GC with a Chrompack CP-Chirasil-Dex CB
(25 m x 0.25 mm). The ee value of 6 and the conversion were determined
by HPLC with a Diacel-OD column. P Isolated yield. ¢ The absolute
configuration was determined by optical rotation (ref. 14). d Not
determined. © Comparison of the retention time of 6 in HPLC with known
data (ref. 9).

The conjugate addition of Et,Zn to chalcone gave 6 with poor
enantioselectivity and low conversion (entries 3 and 4, and
Scheme 3). The high specificity of the matching of substrate and
catalyst had been found in many other catalyst systems.2c.8.9

The chiral match of the three binaphthol rings is very
important for efficient enantiocontrol. (SR,S)-1 was prepared
and used for the addition of Et,Zn to 3b using the optimum
reaction conditions [1 mol% Cu(OTf),, 2 mol% (SR,S-1, 0 °C,
toluene]. Compound 4b was obtained with only 30.6% ee (S).

(0]

o
A\)J\ +  EtzZn
Ph Ph ph* Ph

5 6
Scheme 3

(S,5,9)-1 (2 mol%)
Cu(OTf), (1 mol%)

solvent, 3 h, 0 °C
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The sequential addition of 4-cyanobiphenyl moieties to a
silyl core unit results in a modification of the molecular
shape of the molecules from rod-like to cross-shaped. The
variation of molecular size and shape determines the nature
(interdigitated SmAd or monolayer SmAl) and the stability
range of the liquid-crystalline phases of these materials.

The research into branched and hyper-branched systems has
focused mainly on synthesis of ‘number generation’ and less
atention has been paid to the influence of the sequentia
introduction of sub-molecular systems into supermolecular
structures.1.2

In order to understand this influence it is necessary to
investigate the properties of the submolecular blocks and to
examine how the stepwise introduction of those units into each
generation of the supramolecular scaffolding affects the
properties of the system.

This alows for the examination of the relationships and
interplay between discrete molecular and polymeric systems
and between the submolecular units, the polymeric framework,
and the topology of their interconnections.

The above relationships are of importance to low molar mass,
oligomeric and polymeric liquid-crystalline systems where
thereis constant debate concerning the identities, dynamics and
topologies of mesogenic groups, spacer chains and polymer
backbonesin complex macromolecular systems. Theserelation-
ships are of particular importance in determining viscoelastic
and rheological properties. For example, it has been shown that
defined or discrete oligomeric materials can exhibit properties
usually associated with polymers, whilst still retaining the
fluidity and viscosity of low molar mass liquid crystals.

{11-[3-hydro-1,1,3,3-tetramethyl disiloxy]undecanyloxy} bi-
phenyl] 1.3-5 The target materials 2-5 were obtained under
similar reaction conditions, but by using an excess of 1 relative
to the number of reactive vinyl groups in the silane cores
(akylvinylsilanes) to which the mesogenic submolecular units
were to be attached. In each case, isolation of the product (2-5,
Fig. 1) was achieved by column chromatography over silicagel
using amixture of hexane-dichloromethane (6: 1) asthe eluent.
The absence of peaksin the vicinity of 2.0 ppmintheH NMR
spectra was indicative (within experimental error) of complete
«-addition of the vinyl groups to the hydridosilicone core unit.
The 225 NMR spectra revealed the shift of the signal of the
hydridosiloxane group at 10.0 ppm to values of 7.08 to 7.43
ppm after conversion (the exact value measured being some-
what dependent on the structure of the core). The signa for the
silicon bonded to four alkyl groups was found to shift from 3.04
to 6.88 ppm with the concomitant increase in the number of
mesogenic substituents from one to four. These results were
matched by high resolution H NMR spectra, which is not
usually the case for oligomeric materials.

Calorimetric studies revea that all of the materials exhibit
liquid crystal phases. The values for the transition temperatures
and the associated enthalpies and entropies for the second
heating cycles of each compound are listed in Table 1. Thermal
polarised light transmission microscopy reveals that as each
material iscooled fromtheisotropic liquid into theliquid crystal
state, homeotropic and focal-conic defect textures are formed.
The combination of homeotropy with the hyperbolic and
dliptical lines of optical discontinuity associated with focal-

CHa GHy

In order to investigate these relationshps a series of model BT e A
materials was synthesised, consisting of molecules where the on, GHaGHa !
number of mesogenic groups attached to a central silane core CHrsimﬁc‘rgi'::\ANW°O—Q°"
was sequentially increased in number from one to four. In e 2
addition the associated solid state behaviour of each of the HEME o CHaoH:
materialswasinvestigated. In this systematic study we prepared R O 1 e e T on

and investigated afamily of branched supermol ecules that were
designed to have a controllable number of 4-cyanobiphenyl

CHy

3
HG Hi CH; CHy

mesogenic submolecular units attached to a central silane core. e Hﬁhﬁ;i&\s(—/s'clis'cm v Yau
The materials were conveniently prepared via a synthetic route {0 G G e
based on combining a 4'-w-alkenyl-4-cyanobiphenyl with an e I
(oligo)vinylsilane moiety. HG 1 oty cHy
Initially, 4'-(10-undecenyl)-4-cyanobiphenyl was treated A Yav NS N % O
with a tenfold excess of 1,3-dihydro-1,1,3,3-tetramethylsilox- MG M A o oK,
NC"O—G'O\/\/\/W\ﬁ.LQ-SI' St CN

anein ahydrosylation reaction that was carried out in toluene at
room temperature using Karstedt's catalyst (Pt—divinyl-tetra-
methylsiloxane in xylene), thereby vyielding [4-cyano-4'-

Fig. 1 Structure of the liquid-crystalline materials 1-5.

Table 1 The transition temperatures (°C) and enthal py and entropy data (AH/Jg—1, AC,/Jg—1 K—1) obtained for compounds 2—4. Cry, Cr,, Crz and Cr, are

crystal or soft crystal phases.

Ty°C
Compound  (ACyJg-1K-?) Transition temperature/°C and enthalpies (AH/Jg—1)  ASha/R (ASwaR)/N
2 — Cr 27.3 (57.6) SmA 50.6 (4.14) Iso Liq 0.90 0.90
3 — Cr 30.8 (30.89) SmA 76.0 (7.53) Iso Liq 2.79 1.40
4 —285(0.19) Cry — 19.6 (—6.51) Cr, 20.3 (4.25) Cr3 22.4 (—2.58)
Cr, 35.0 (14.54) SmA 89.1 (4.89) Iso Liq 255 0.85
5 —22.3(0.42) Cr; —10.2 (—13.05) Cr, 27.2 (10.17) Cr5 29.2
(—12.48) Cr, 50.8 (27.48) SmA 97.9 (7.77) Iso Lig  5.20 1.30
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conic defects is diagnostic for the presence of a smectic A
phase. Mechanical shearing of the specimens in the microscope
shows that the smectic A phase flows easily and has arelatively
low viscosity. In addition, only a short time is required for the
focal-conic defect pattern to form on cooling from the isotropic
liquid, indicating that the compounds have rheological proper-
ties more in common with low molar mass materials than with
oligomers or polymers.

Increasing the number of branches carrying mesogenic
groupsfrom oneto four resultsin the isotropi zation temperature
being increased from 50.6 °C for compound 2 to 97.9 °C for 5
indicating an increasing stability of the liquid crystal properties
as afunction of the number of mesogenic units. Interestingly, if
the values of the reduced molar entropy (ASya/R) areused asa
measure of the degree of ordering within theliquid crystal phase
at the i sotropization temperature an alternating odd—even effect
is manifested. The middle members, 3 and 4, exhibit roughly
similar values of 2.79 and 2.55 placing them between those of
the terminal members of the series, i.e. 0.90 for 2 and 5.20 for
5. Taking into account the number of mesogenic moieties per
molecule [(ASwo/R)/n] reveals an odd—even effect. The odd
members of the series have reduced molar entropies between
0.8 and 0.9, and the even substituted materials have values
between 1.3 and 1.4 per mesogenic side-chain. Thisresultisin
line with the concept of having a higher degree of ordering in
the liquid-crystalline state for the even members of the series.
This can be attributed to the higher degree of molecular
symmetry of the even members. The higher degree of symmetry
helpsin theintra- and inter-molecular packing of the mesogenic
subunits or arms, which in turn aids the organization and
packing of the supermolecules within the layers of the smectic
phase. Moreover, the occurrence of glass transitions for
materials 4 and 5, with an increase in their vitrification
temperatures from —28.6 to —22.3 °C asthe seriesis ascended,
suggests that there is a higher degree of polymeric character
associated with the materials as the number of mesogenic units
isincreased.

The structure of the smectic A phase exhibited by the
materialswas investigated further using X-ray diffraction. High
flux synchrotron radiation was used in order to perform
temperature scans at a rate of 2 °C min—1 for fibre samplesin
Lindemann tubes. The diffraction patterns were found to be
typical of the smectic A phase. Theresultsfor the d-spacings (d)
for compounds 2-5, as afunction of the reduced temperature (T
— Tis) from theisotropization point (T;s), are shownin Fig. 2.
For al of the materials a reduction in the d-spacing was
observed as the isotropization point was approached. The
members with a higher degree of substitution were found to
have smaller d-spacing than the mono- or di-substituted
materials. These results agree with earlier findings for other
liquid-crystalline oligosiloxanes.5-7

The comparison of the calculated lengths (1) of the simulated
structures of 2-5 (Cerius?, 3.0 from MSI) with the correspond-
ing layer spacing (d) gives d/l values of 1.6 for 2 and between

55

d-spacing/A

40 T T T T T

-50 40 -30 -20 -10 0 10
T-Tie,°C

Fig. 2 d-Spacings for compounds 2-5 plotted against the reduced
temperature Ty, —T; () 2, (D) 3, (A) 4, (O) 5.
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Table 2 d-Spacings determined by X-ray diffracton and calculated lengths
for compounds 2-5

Calc. length d-Spacing d-Spacing
Compound  I/A Omaxl (max)/A (Tiso—10)/A
2 30.8 163 50.1 48.8
3 484 0.98 488 46.6
4 49.6 0.96 477 45.6
5 50.9 0.94 477 45.6

0.9 and 1.0 for compounds 3-5, Table 2. The result for
compound 2 fits with an interdigitated bilayer structure for the
smectic A phase, thereby classifying the phase as smectic Ag.
Interdigitation takes place via overlap of the aromatic regions of
the dimeric moleculesin adjacent lamellae. The decrease in the
d-spacing with rising temperature for compounds 2 can then be
attributed either to increased disordering of the molecules or
increased overlap of the molecules. The d/I valuesof 0.9-1.0for
the higher homologues indicate the occurrence of a different
phase structure for the smectic A phase. One possibility is that
the supermolecules in their fully extended conformational
structures are arranged in disordered monolayers as in a
conventional smectic A; phase. As each molecule possesses
silyl and aromatic moieties, when these molecular subunits pack
together they can do so viainternal microphase separation. Thus
for a microphase separated structure an object molecule can
provide mesogenic units to potential aromatic layers above and
below a layer containing the silyl core units. Thus, the results
are consistent with a structure where the silicone cores are
located in the central regions of the layers and where some
overlap of the terminal cyanobiphenyl groups occurs between
layers.56 This classifies the high temperture smectic phase for
the materials 3-5 as smectic A with respect to the silane core
and quasi-smectic A bilayer for the mesogenic units.

For this series the results indicate that as the number of
mesogenic groups is increased the temperature range of the
liquid crystal state increases. The ordering of the molecules
within the structure of the mesophase tends to be higher for the
members of the series that have an even number of mesogenic
subunits attached to the central silicon atom. Thismay be dueto
symmetry considerations alowing for better packing of the
molecules. Asthe mesogenic count per silyl coreisincreased so
the mesogenic arms have less freedom of movement, and
therefore certain molecular topol ogies become favoured, thisin
turn affects the physico-chemical properties.
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A photoelectrochemical solar cell made from a porous film
consisting of a mixture of tin (1v) and zinc oxides sensitized
with a ruthenium bipyridyl complex suppresses recombina-
tion of the photogenerated electrons and dye -cations,
generating a short-circuit photocurrent of ca. 22.8 mA cm—2
and an open-circuit voltage of ca. 670 mV in direct sunlight
(900 W m—2) with an efficiency ca. 8 %.

Dye-sensitized (DS) photoelectrochemical cells (PECs) based
on nanoporous films of TiO, are gaining much attention as
promising solar energy conversion devices.1-6 Although dye-
sensitization can be achieved with porous films of high band-
gap semiconductors other than TiO,, DS PECs as efficient as
the Gratzel’s cell have not been fabricated earlier using other
materials. We have succeeded in constructing a DS PEC from
porousfilmsof tin(1v) oxide containing ca. 53% zinc oxide. The
cell generatesan |4 of ca. 22.8 mA cm—2and V. of ca. 670 mV
a 900 W m—2 in direct sunlight. The energy conversion
efficiency of ca. 8% at thisintensity isincreased to ca. 15 % in
diffuse daylight (100 W m—2) as a consequence of the increase
of the fill factor from 0.5 to 0.6. Both oxides (Sn and Zn) are
essential for functioning of the cell. The enhanced values of |
and V. are explained as resulting from the high probability of
transfer of an electron by an excited dye molecule adsorbed at
asSnO; crystalliteto aZnO crystallite and subsequent relaxation
to the conduction band (CB) of another SnO, crystalite
attached to the original ZnO crystallite. This process leads to
efficient spatial separation of photogenerated charges (D+ and
€-), suppressing recombinations.

Porous films consisting of SnO, and ZnO were prepared by
the following method. A colloidal 15% agueous solution of
SnO; of crystallite size of ca. 0.015 um. (1.5 ml), acetic acid
(0.2 ml) and ZnO of crystallite size of ca. 2 um (0.3 g, prepared
by thermal decomposition of zinc oxalate) were ground in an
agate mortar, mixed with 20 ml of methanol and agitated
ultrasonically for 30 min. The solution was sprayed onto a
fluorine doped conducting tin oxide (CTO) glass plate (1.25 x
1.5 cm, sheet resistance ca. 10 Q [0—1) heated to 150 °C until a
layer of thickness ca. 8-10 um was deposited and sintered at
500 °Cin air for 35 min (sintering completely removes organic
compounds in the solution). The sintered film was coated with
the dye {cis-dithiocyanato [N-bis(2,2’-bipyridyl-4-4'-dicar-
boxylic acid)]ruthenium(m1)} by boiling the plate in the dye
solution (2 X 10—4 M in ethanol) for 3 min. A lightly platinized
CTO glass plate, used as the counter electrode was kept in
contact with the dyed film and the edges are sealed after
introducing the electrolyte (0.5 M K1 + 0.03 M I, in acetonitrile
containing 10% ethylene glycol). The construction of the cell is
schematically depicted in the inset of Fig. 1.

The I1-V characteristics of the cell in direct sunlight (900 W
m—2) and diffuse daylight presented in Fig. 1 correspond to
efficiencies of 8 and 15%, respectively. In direct sunlight, the
efficiency is comparable to that of the Gratzel’'s cell based on
TiO.. However, a lower intensities (diffuse daylight) the
efficiency of the present system appears to exceed that of
Gratzel’s cell. When the film is 100 % SnO,, the maximum
values of | and V. obtained are ca. 2.5 mA cm—2 and ca. 335
mV respectively. Introduction of even a small quantity of ZnO

increases both | and V¢ significantly. The optimum values of
lsc and Ve are reached when Zn0O% is ca. 53%, a further
increase of ZnO decreases | and V.. and for a cell made from
100% ZnO, | = ca. 4mA cm2and V. = ca. 540 mV. AsSnO,
particles have much smaller dimensions compared to ZnO
(rznolfsno, = ca. 133). The surface areaof SnO, film (S = 3w/
pr, wherew = weight of the oxide, p = density, r = radius of
the particle) is ca. 107 times the ZnO surface when the ZnO%
corresponds to the optimum. Consequently, the light absorption
occurs mostly at the dye coated SnO,. The above observationis
a so supported by the photocurrent action spectra of cells made
with composite SnO,/ZnO films and those of SnO, and ZnO.
The peaks of the action spectra of SnO, and SnO,/Zn0O systems
were observed at amost the same position (ca. 539 nm),
whereas a pure ZnO cell showed a peak at ca. 528 nm,
indicating that in the composite system photocurrent originates
mostly via sensitization of SnO,. Furthermore ZnO adsorbs the
Ru-complex, very feebly compared to SnO..

The mechanism of photocurrent generation which can
explain the observationsis as follows: in the composite film the
larger ZnO particles are surrounded by SnO, particles (Fig. 2).
An excited dye molecule on a SnO, particle could inject an
electron to the CB of SnO, as in normal dye-sensitization of a
semiconductor. However, as the excited level of the dye is
abovethe CB of ZnO (Fig. 2) the energetic electron (i.e. the‘ hot
carrier’ which has not relaxed to the CB of the SnO, particle)
could aso be driven to the CB of aZnO particle in its vicinity,
traversing across several SnO, particles. This enables a
significant number of dye coated SnO, particlesto participatein
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Fig. 1 |-V characteristics of the cell in (a) direct sunlight (900 W m—2,
measurements conducted for 1030-1130 h) and (b) diffuse daylight (100 W
m—2). Inset: construction of the cell.
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Fig. 2 An energy level diagram (NHE = normal hydrogen electrode) and a schematic diagram illustrating the transfer of an electron by an excited dye
molecule (a) adsorbed at the surface of a SnO, particle to the CB of a ZnO particle in the vicinity and to the CB of another SnO, particle and (b) adsorbed
at the surface of a ZnO particle to the CB of the ZnO particle and then to the CB of a SnO, particle.

the above electron injection process. Thetransfer of the electron
into the CB of ZnO which is at a higher level in comparison to
the CB of SnO, generates a V. greater than that of a cell
comprising of 100% SnO,. Subsequently the electron excited to
the CB of ZnO is transferred to the CB of a SnO, particle in
contact with the ZnO particle. As a result photogenerated
negative and positive charges (D* and e~) are widely separated
by a ZnO barrier and the recombination is suppressed. An
energy level diagram and a schematic diagram illustrating
interparticle charge transfer are presented in the Fig. 2(a). The
electrons separated from the dye cations are taken to CTO back
contact via interconnection of SnO, particles. In DSPECsof the
Gratzel type, the recombination of the photogenerated electron
with the dye cation is one of the principal factors that limits the
photocurrent quantum efficiency”-10 and to some extent the V.
In the present system recombinations of this nature are largely
suppressed due to rapid movement of the electron to a distance
comparabl e to the size of the ZnO particle. Thisis supported by
the observation that if ZnO particles of size comparable to that
of SnO,, particles are used the enhancement of 1, and V. is not
significant. As explained earlier, the contribution to the
photocurrent from sensitization of ZnO is less effective
compared to that from SnO,. However, even this process
suppresses recombinations, because the electron injected to the
CB of ZnO from the excited dye molecule is immediately
transferred to a SnO, particle in contact with ZnO [Fig. 2(b)].
Although the | & and V. Of the cell are quite high, the efficiency
at higher intensities are low because of the lower fill factor at
higher intensities (i.e. 0.6 at 100 W m—2and 0.5 at 900 W m—2).
This is the general behavior of DS PECs based on nanoporous

16 Chem. Commun., 1999, 15-16

semiconductor films. A possible causeisrecombination (D* and
e-) across voids (where CTO surface is exposed to the
eectrolyte) in the film. When the surface density of voids is
high, the fill factor is found to decrease. The cell remained
stable during the few days of operation. Apart from fluctuations,
I and V¢ did not show any signs of decay.
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Ditin(11) and digermanium(ir) calix[4]arenes, [Butcalix]M,
(LM = Sn; 2, M = Ge) have been prepared by treatment of
[Butcalix]H, with M(NR;) (R = Me or Me3Si); the reaction
of [Butcalix]Li4 with SnCl, affords the mixed valence ditin
derivative [Butcalix]Sn,Cl, 3.

Calixarenes offer the prospect of serving as oxo-matricesfor the
construction of poly-Lewisacid or poly-Lewis base assemblies.
Although there is considerable current interest in this field,!
relatively little information is available regarding main group
calixarene chemistry, particularly for systems that feature more
than one main group element in the lower rim. Such poly-
functionalized derivatives are limited to alkali metals,2 alumin-
ium,3 gallium,3¢ silicon,* and phosphorus.242.5.6 We report the
synthesis and X-ray crystal structures of (i) the first binuclear
tin(m) calixarene, (ii) the first binuclear germanium(m) calixar-
ene, and (iii) acaixarenethat features both atin(ir) and atin(iv)
centre.”

The reaction of [Butcalix]H4 with Sn(NMey), took place in
toluene solution at ambient temperature and afforded a 78%
yield of colorless, crystalline[Butcalix]Sn, 1.1 The HRMS (CI)
for 1 exhibited a parent peak corresponding to the composition
Cu4Hs204Sn, and an isotopic distribution consistent with the
presence of two tin atoms. The *H NMR spectrum of 1 revealed
the presence of two pairs of para-ButArO moieties and the
119Gn NMR spectrum consisted of a single peak at 6 23.0.

Fig. 1 Molecular structure of 1 showing the atom numbering scheme.
Selected bond distances (A) and angles (°) for 1 (the corresponding values
for 2 are shown in parentheses) Sn(1)-O(1) 2.193(2) [Ge(1)-O(1)
1.997(6)], Sn(1)-O(1A) 2.169(2) [Ge(1)-O(1A) 1.991(6)], Sn(1)-O(2)
2.054(2) [Ge(1)-O(2) 1.844(6)]; O(1)-Sn(1)-O(1A) 68.22(11) [O(1)-
Ge(1)-O(1A) 71.9(2)], Sn(1)-O(1)-Sn(1A) 117.78(11) [Ge(1)-O(1)-
Ge(1A) 108.1(2)], O(1)-Sn(1)-0O(2) 86.02(9) [O(1)-Ge(1)-O(2) 91.0(3)1,
0O(2)-Sn(1)-O(1A) 85.78(9) [O(2)-Ge(1)-O(1A) 92.2(2)]. Because there
are two half molecules in the asymmetric unit, there are two independent
molecules for both 1 and 2. The metrical parameters for these pairs of
independent molecules do not differ greatly and only one such moleculeis
shown in either case.

Further characterisation necessitated an X-ray crystal structure
determination.t The solid state (Fig. 1) consists of individual
molecules of 1 and CH.Cl,; there are no unusualy short
intermolecular contacts. The central structural feature of 1,
which resides on a centre of symmetry, is an Sn,O, parallelo-
gram. The bond angles at tin [68.2(1)°] and oxygen [111.8(1)°]
within the Sn,O. kernel deviate significantly from 90° and the
two Sn—O bonds differ in length by ca. 0.2 A. Each tin atom is
bonded to athird oxygen and this bond distance [Sn(1)-O(2)] is
ca. 0.1 A shorter than those in the Sn,O, parallelogram. The O—
Sn—O bond angles of the SnO; moiety are remarkably acute as
shown in the graphical abstract (sum of O-Sn—O bond angles =
240.02°). The structure of 1 can be considered to arise via the
dimerisation of two otherwise coordinatively unsaturated
(ArO),Sn units as shown below (A). As a consequence of the

But

ctf, ? H
Sn
But 4 \O But
Nt
S‘n
CH, [¢] CH,
But
A B

formation of two donor—acceptor bonds, the conformation of
the calix[4]arene changes from bowl-shaped to that of a
flattened partial cone (B).

The digermanium derivative [Butcalix] Ge, 2 was prepared in
an analogous fashiont in 26% yield by treatment of [Butca
lix]H4 with Ge[N(SiMe3);],. The virtualy identical *H NMR
datafor 1 and 2 implied similar structures for both compounds.
Confirmation was provided by X-ray anaysis (Fig. 1).%
Comparable trends are evident in the metrical parameters for 1
and 2, namely within the central Ge,O, moiety the bond angle
a germanium [71.9(2)°] is smaler than that at oxygen
[108.1(2)°] and the bond distance of the exterior oxygen [O(2)]
is shorter than those within the ring. However, in the case of 2,
the intra-annular bond distances are the same within experi-
mental error.

The reaction of [Butcalix]Lis with SnCl, in diethyl ether
solution afforded a ditin derivative of composition [Butca-
lix]Sn,Cl, 3in 45% yield.T The observation of two peaksin the
11950 NMR spectrumt indicated that thetin atoms are present in
distinctly different environments. By means of X-ray crys-
tallography,t it was established that the molecular structure
involves a flattened cone or boat-type conformation in which
the tin atoms occupy exo and endo positions (Fig. 2). The
hexacoordinate exo tin atom adopts a distorted octahedra
geometry, being bonded to O(1), O(2), O(3), O(4), CI(1) and
ClI(2). Two of theseinteractions, O(1) and O(3), can beregarded
as donor—acceptor bonds hence Sn(1) is in the +4 oxidation
state. As expected, the Sn(1)-O(1) and Sn(1)-O(3) bond
distances [av. 2.126(6) A] are longer than the Sn(1)-O(2) or
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Fig. 2 Molecular structure of 3 showing the atom numbering scheme.
Selected bond distances (A) and angles (°): Sn(1)-Cl(1) 2.340(3), Sn(1)—
Cl(2) 2.349(3), Sn(1)-O(1) 2.124(6), Sn(2)-O(1) 2.118(6), Sn(2)-O(3)
2.089(6), Sn(1)-0O(3) 2.128(6), Sn(1)—-O(2) 2.044(7), Sn(1)-O(4) 2.079(7);
Cl(1)-Sn(1)-Cl(2) 100.7(1), O(1)-Sn(1)-O(3) 72.0(2), Sn(1)-O(1)-Sn(2)
107.0(3), O(1)-Sn(2)-O(3) 72.9(2), Sn(2)-O(3)-Sn(1) 107.9(3), O(2)-
Sn(1)-0O(4) 160.1(3).

Sn(1)-O(4) distances [av. 2.061(7) A]. There is considerable
departure from the ideal octahedral angles at Sn(1) due to the
demands of the ligand system. Thus the angles O(2)-Sn(1)—
0O(4) [160.1(3)°] and O(1)—Sn(1)-0O(3) [72.0(2)°] are unusually
small whilst the Cl(1)-Sn(1)—Cl(2) bond angle is enlarged
commensurately [100.7(1)°]. The endo tin atom, Sn(2), is two-
coordinate and thus in the +2 oxidation state. The Sn(2)
geometry is V-shaped with an O(1)-Sn(2)-O(3) bond angle of
72.9(2)°.

Wethank the National Science Foundation and the Robert A.
Welch Foundation for financial support.

Notes and references

T Experimental procedures. 1. a solution of 4.2 mmol (0.87 g) of
Sn(NMey), in 30 mL of toluene was added via cannula to a toluene
suspension of 2.1 mmol (1.37 g) of p-tert-butylcalix[4]arene at room
temperature. Following the complete addition of Sn(NMey),, the solution
turned clear and, after 15 min, a white precipitate formed. The reaction
mixture was alowed to stir overnight and the toluene was removed in
vacuo. The remaining white solid was washed with hexane (3 X 50 mL) and
redissolved in 60 mL of CH,Cl». The solution was filtered and stored for
two days at —20 °C resulting in the formation of colorless X-ray quality
crystals(1.45 g, 78%yield). tH NMR (300 MHz, CDCl3) 6 7.22 (s, 4H, Ar),
7.19 (s, 4H, Ar), 4.46 (d, 4H, CHy), 3.64 (d, 4H, CH>), 1.40 (s, 18H, Bu),
1.25 (s, 18H, But); MS (Cl) m/z (M*) 877; HRMS (Cl) m/z calc. for
Ca4Hs5304Sn,: 877.197873, found 877.196806 (M™).

2: this colorless, crystalline compound was prepared in 26% yield using
the procedure described for 1. *H NMR (300 MHz, CDCl3) 6 7.23 (s, 4H,
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Ar), 7.20 (s, 4H, Ar), 4.45 (d, 4H, CH,), 3.63 (d, 4H, CH,), 1.40 (s, 18H,
But), 1.26 (s, 18H, But); MS (Cl) mvz (M+) 789; HRMS (Cl) m/z calc. for
Ca4Hs304Ge,: 785.242885, found 785.242345.

3: A diethyl ether solution of 4.0 mmol (2.50 g) of p-tert-butylcalix[4]ar-

ene was treated with a 1.6 M solution of n-BuLi (16.0 mmol, 10.0 mL) at
room temperature and the resulting orange slurry and was stirred for 2 h.
Neat SnCl, (0.5 mL, 4.0 mmol) was added via syringe to the suspension
whereupon the colour changed from orange to dark red. The reaction
mixture was allowed to stir overnight, following which the solvent and
volatiles were removed in vacuo. The residual red solid was redissolved in
50 mL of toluene. The solution was filtered and stored for two weeks at
—20 °C resulting in the formation of colorless X-ray quality crystals (1.68
g, 45% yield). tH NMR (300 MHz, CDCl3) 6 7.36 (s, 4H, Ar), 7.26 (s, 4H,
Ar), 4.47 (d, 4H, CH,), 3.61 (d, 4H, CH,), 1.49 (s, 18H, But), 1.19 (s, 18H,
But); 119SnNMR (111.85 MHz, CDCl3) 6 215.5, —51.6; MS (CI) m/z (M+)
877, HRMS (Cl) m/z calc. for CuyHsoCl04Sn,: 946.127753, found
946.127928 (M+).
b CryS@ data: 1: C44H5204Snz‘2CH2C|2, M = 105209, triCIiniC, space
group P1, a = 12.903(2), b = 14.1920(10), ¢ = 14.236(2) A, o = 91.72(1),
B = 109.35(1), y = 111.12(1)°, U = 2261.1(5) A3, Z = 2, D, = 1.545¢g
cm—3, T = 163(2) K, u = 1.382 mm—1, wR, = 0.0983 (8997 independent
reflections), R = 0.0351 [ > 20(1)]. Thereisresidual electron density near
the tin atom.

2: C44H52Ge,0,4-3.5CH,Cl,, M = 1087.28, triclinic, spacegroup P1, a =
13.201(2), b = 14.188(2), ¢ = 15.212(2) A; o = 84.63(1), B = 73.46(1),
y = 64.98(1)°, U = 2473.8(6) A3,Z = 2,D. = 1.460gcm-1, T = 183(2)
K, u = 1.635 mm—1, wR, = 0.2629 (9687 independent reflections), R =
0.0860 [I > 20(1)].

3: CyqHs52Cl,0,4Sn,:2.5C7Hg, M = 1183.47, monoclinic, space group
P2,/c, a = 19.286(4), b = 12.008(2), ¢ = 23.956(4) A, B = 96.26(2)°, U
= 5515(2) A3,Z = 4,D, = 1.425gcm~—3, T = 183(2) K, u = 1.049 mm-1,
WR, = 0.2666 (8717 independent reflections), R = 0.0981 [I > 20(1)].
CCDC 182/1091. See http://www.rsc.org/suppdata/cc/1999/17/ for crys-
tallographic files in cif format.
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A cyclic arrangement of the four model nucleobases
1-methyluracilate (mura), 9-ethyladenine (eade), 9-ethyl-
guanine (Hegua) and 1-methylcytosine (mcyt), held together
by two metal entities [trans-(NH;3),Pt"! and trans-
(MeNH,),Ptl] and multiple H bond interactions, is pre-
sented.

Complementary and likewise non-complementary nucleobases
can be cross-linked by suitable (usually linear or trans-square-
planar) metal ions to give ‘metal-modified’ base pairs,12
triples,2 or quartets.3 If combined with H bond formation, many
variants are possible4 Here we report on an example of a
nucleobase quartet which combines models of al four RNA
bases uracil (U), adenine (A), guanine (G) and cytosine (C) ina
single compound. In {trans,trans-[(NH3z),Pt(mura-N3)(eade-
N7 N Pt(MeNH;) (Hegua-N7)emcyt]} o[ meyteHmeyt][ClO4) 4.5-
[NOs]25°8.7H,0 5 (Fig. 1) the four bases are joined via two
linear metal entities and multiple H-bonding interactions. These
include aWatson—Crick pair between Heguaand mcyt, whichis
reinforced by afourth H-bond between the second amino proton
of mcyt and a carbonyl oxygen atom of mura. In addition there
is hemiprotonated 1-methylcytosine [mcyteHmcyt]* present in
the lattice, displaying the well-knowns threefold H bonding
scheme.

The title compound was prepared in a stepwise fashion from
trans-[(NHz) Pt(mura-N3)Cl] 1 as outlined in Scheme 1.
Intermediates 2—4 have been isolated.f The title compound 5
was crystallized from an aqueous solution of 4 (20 mg, 0.0167
mmol dissolved in 3 mL of water), to which an excess of mcyt
(6.27 mg, 0.05 mmol) had been added, with the pH adjusted to
5.3 with HNOs. Colourless crystals of 5 suitable for X-ray

Fig. 1 View from the top of the two crystallographicaly independent
cations | and Il in 5. The ellipsoids are drawn at 30% probability.

crystallography§ were obtained upon slow evaporation of the
solvent at 22 °C.

Compound 5 crystallizes with two crystallographically
independent cations (I, 11) in the asymmetric unit, which
display two dightly different quartets. In the first one (1), the
four bases give, despite moderate dihedral angles between each
other, the picture of an essentially coplanar base quartet. In
contrast, in cation |l the guanine, cytosine entity on one hand,
and the uracil, adenine entity on the other are markedly
propeller-twisted about the Hegua-N7—Ptl-eade-N! bonds,
thereby making in particular the two pyrimidine bases markedly
non-coplanar (Table 1). This feature is reminiscent of the
situation with an open base quartet consisting of four purine
bases (A, G,) and three meta ions (Pt'").3 In the present case
(1) disorder (60: 40) of the uracil base about the Pt2—N3-mura
bond facilitates thisfeature: If, asisthe casein the predominant
rotamer, O2 of mura participates in H bonding within the
quartet, the CHz group of murais pointing toward mcyt, thereby
causing repulsion between C5H (mcyt) and CHsz (mura).
Another effect is stacking of the guanine nucleobases of two
cations 11 (3.2 A, symmetry operation —x + 2, —y +1, —z +
2).
As expected from relative orientations of the three platinated
bases, exocyclic groups are involved in weak H bonding
interactions (Table 1). Geometries of the Watson—Crick pairsin
I and Il are normal.6 | and Il are joined by two additional H
bonds between NH3 groups of Ptz and Pt3 aswell as O2 and O4/
02 of muraligands (Fig. 1).

We have previously observed” that Pt—N vectors in diplati-
nated adenine bases are close to perpendicular, and found that in
mixed di- or tri-nuclear purine complexes this feature is
likewise confirmed.1-3 Asevident from the dataof 5, addition of
the pyrimidine base mura causes a marked deviation toward
smaller angles. For example, in | thisangleis84.4(7)° andin ||
it is even smaller, 80.7(5)°. Considering the relatively large
errors in nucleobase angles, it is not possible to relate this fact
to a unique structural feature, e.g. variations in external ring
angles at the sites of metal coordination.

In conclusion, a compound (5) has been prepared which
combines four different model RNA nucleobases in a single
compound. It displays simultaneously ametal-modified Hoogs-
teen pairing scheme (A, U), a metal-modified mispair (A, G),
and a Watson—Crick pair (G, C). In principle, a corresponding
quartet containing the DNA bases G, C, A and T (T = thymine)
of typell isfeasible. The (nearly) coplanar arrangement of the
three metalated nucleobases in 5 contrasts that of a compound
with three different bases (G, A, C) combined in amononuclear
complex, with the nucleobases arranged mutually perpendicu-

2+ 3+ 3+

U-N? U_N3-|+ U-N’_I U-N’—l U-N* c—|

+A —eo—C(l +G +C

—_— —_—

-Cl -Clr

Ci A A —e——Cl A—e— G A—e— G
N N’,N' N7,N‘ -N’ -N’,Nl N7

1 2 3 4 5

Scheme 1
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Table 1 Selected dihedral angles (°) and H-bonding distances (A) in thetwo
independent cations | and 11 in 5

U/A 17.9(10) 6.1(5)
AIG 14.0(7) 11.6(3)
GIC 14.7(9) 14.0(6)
clu 5.9(9) 26.1(7)
05(G)--N6(A) 3.18(3) 3.21(2)
N&(A)---0%(U) 3.31(4) —
N§(A)---O4/02(U) — 3.09(2)
O4(U)--N4(C) 2.82(4) —
0402(U)--N4(C) — 3.15(2)
N2(G)--02(C) 2.80(2) 2.83(2)
N(G)--N3(C) 2.95(3) 2.89(2)
08(G)--N4(C) 2.86(3) 2.89(2)
N7(G)-N(A)/P3-N7(A) 84.4(7) —
N7(G)-N(A)/Pt2—N7(A) — 80.7(5)

I

Fig. 2 View from the side of the two crystallographically independent
cations| and 11 in 5.

lar.8 Considering the ever increasing number of RNA tertiary
structures,® 5 represents a unique example of an interplay
between nucleobases, metal ions and H bonds. Preliminary
solution studies indicate clearly that H bonding between the
metalated G base and the C model nucleobase is not only taking
place in the solid state but also in solution.
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83EU-046320), and the European Socrates exchange program
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Notes and references

T Exchange student from University College London, Department of
Chemistry, 20 Gordon Street, London, UK WC1H 0AJ.

H trans,trans-[(NH3)-Pt(mura-N3)(eade-N7,N1)Pt(MeNH,) (Hegua-N7)
emcyt]} 2 [meyteHmeyt][ClO4] 4.5[NO3] 2 5#8.7H,O 5 was synthesized as
follows: compounds 1 and 2 have been synthesized according to ref. 1,
where 1-methylthymine was used instead of mura. Theyields were 68% for
trans-[(NHz)Pt(muraN3)CI] 1 and 63% for trans-[(NH3s)Pt(mura
N3)(eade-N7)]NO;3 2.
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To a20 mM agueous solution of 2, 1.2 equiv. of trans-[(MeNH;),PtCl ;]
were added and stirred for 36 h at 45 °C. Precipitated excess of trans-
[(MeNH,),PtCl,] was filtered off and the solution concentrated at room
temperature to 3 mL. After addition of 4 equiv. of NaClO,4 and cooling at 4
°C for 24 h, trans,trans-[(NHz),Pt(mura-N3)(eade-N7,N1)Pt(MeNH,),Cl]-
[ClO4]2#3 H20 (3) could be isolated as awhite powder in 61% yield. Anal.
Calc. for C14H3oN11040Cl3Pto: C, 15.8; H, 3.4; N, 14.5. Found: C, 15.8; H,
3.2, N, 14.5 %.

To a8 mM aqueous solution of 3, 0.95 equiv. of AgNOs were added and
stirred at 40 °C in the dark overnight. After removal of AgCl, 1.2 equiv. of
Hegua were added and the solution (pH 4.0, HNOy) stirred at 40 °C for 36
h. The solution (pH 7.1, NaOH) was slowly concentrated at room
temperature and precipitated excess of Hegua removed. The residue was
recrystallized from water to give 4 in its hemideprotonated form
{trans,trans-[(NH3),Pt(mura-N3)(eade-N7,N1)Pt(MeNH)»(Ho segua)] -
[C|O4] 2.5'1.25 Hzo} 2 in 28% y|e|d Anal. calc. for C42H77N32025C|5F’t4: C,
20.6; H, 3.4; N, 18.3. Found: C, 20.7; H, 3.4; N, 18.5%.

To a5 mM aqueous solution of 4 (pH 5.3, HNOg), 3 equiv. of mcyt were

added and the solution evaporated to dryness at room temperature, which
gave yellow crystals of 5 suitable for X-ray crystallography.
8 Cl’yStaJ data f_Or 5: C62H122_4044_2N46_5C|4_5Pt4, Mr = 3166.55, triclini C,
space group P 1, a = 15.004(3), b = 17.795(4), ¢ = 21.662(4) A, o =
97.81(3), B = 103.21(3), y = 92.16(3)°, U = 5564.2(20) A3,Z = 2, D, =
1.890 g cm—3, u(Mo-Ka) = 5.226 mm—1, T = 126(2) K, Enraf—-Nonius—
KappaCCD10 with graphite monochromator, @-scans, 10299 independent
reflections, Ry = 0.043, structure solved by standard Patterson methods!t
and refined by full matrix least squares on F2 using SHELXL-93.22 Only a
few non hydrogen atoms were refined anisotropically, because of the poor
reflection to parameter ratio. Hydrogens were placed at calculated positions
and no further refined. The methyl group of the uracil molecule of cation I
isdisordered over two positions (occupancy factors 0.6 and 0.4) and also the
oxygens of three perchlorate anions and some of the water molecul es show
disorder. Another half occupied perchlorate anion shares the same position
with a 25% occupied nitrate anion. 981 refined parameters gave R; =
0.0670 and wR, = 0.1697 for 6896 reflections with | = 2¢(l) and R; =
0.1062 and WR, = 0.1947 for all data, minimum and maximum featuresin
the difference Fourier map were —2.786 and 2.479 e A—3 (near Pt). CCDC
182/1087. See http://www.rsc.org/suppdata/cc/1999/19/ for crystallo-
graphic filesin .cif format.
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A three-component oligonucleotide/DNA layered assembly
on a Au-electrode acts as a specific biosensor for the analysis
of the Tay—Sachs mutant by means of Faradaic impedance
spectroscopy.

The development of DNA-sensor devices attracts substantial
recent research efforts directed to gene analyses, detection of
genetic disorders, tissue matching, and forensic applications.t.2
Significant progress was accomplished recently with the
assembly of biochips for the optical detection of DNA.3
Electronic transduction of the formation of oligonuclectide—
DNA complexes could revea a significant advance in DNA
analysis as it could provide quantitative information on the
analyte interactions with the sensing interface.# The develop-
ment of a DNA-sensor requires the assembly of the sensing
interface on a transducer element for the appropriate electronic
transduction of the analyte recognition process, and simultane-
ously, the tailoring of a specific and selective sensing interface.
Electrochemical DNA sensors based on the electrostatic
attraction or intercalation of transition metal complexes,>6 e.g.,
Co(bpy)s3*, or dyes such as acridine or Hoechst 33258 were
reported. Control of the gate interface potentia of field effect
transistors, FET, was employed to identify the formation of ds-
DNA complexes.” Recently, microgravimetric quartz-crystal-
microbalance, QCM, analyses were applied to sense oligonu-
cleotide—proteind or oligonuclectide-DNA® complexes. The
sensitivity of these DNA sensors is, however, low, and the
specificity of the sensing interfaces needs further studies.

Impedance spectroscopy is an effective method to probe the
interfacial properties (capacitance, electron transfer resistance)
of modified electrodes.1® Impedance transduction of the
formation of antigen—antibody!® or biotin—avidin2 complexes
a electrode supports was reported. The assembly of the
negatively-charged oligonucleotides and specifically double-
stranded (ds) oligonuclectide complexes onto electrode sup-
ports is anticipated to control the double-layer potentia at the
electrode surfaces. As a result, the Faradaic impedance
responses of the electrode in the presence of a charged solution-
solubilized redox probe, are expected to be controlled upon the
formation of a double-stranded DNA oligonucleotide complex
at the electrode support. Here we wish to report on the specific,
sensitive and confirmative analysis of DNA using Faradaic
impedance spectroscopy. As a model system we employ the
Tay—Sachs (TS)13 oligonucl eotide mutant that could eventually
lead to a TS-sensor device.

The 13-mer oligonucleotide 1 includes a 12-base sequence
that iscomplementary to apart of the TSmutant 2.14 In addition,
1includes afive-base thiophosphate-T tag for its assembly onto
aAu-electrode.15 A Au-electrode wasinteracted with 1 (50 uM,
10 h) resulting in the assembly of the sensing interface on the
gold support, Scheme 1. The resulting 1-functionalized elec-
trode was interacted with the TS-mutant (30 ng mL—1; 30 min
treatment). Fig. 1 shows the impedance features presented as
Nyquist plots (Zim vs. Z.e) of the bare Au-electrode, curve (a),
the 1-functionalized el ectrode, curve (b), and the functionalized
electrode after treatment with the complementary mutant, 2,
curve (c) in the presence of [Fe(CN)g]3—/4— as the redox probe.
Significant differences in the impedance spectra are observed
upon the stepwise formation of the ds-oligonucleotide-2

TS - mutant

R @
Step "a" FetcNg Step "b"
Au

Au
Bi(&(in

Fe(CN)g3- /4 Step "
Au
s > <> > 6 E‘K Avidin
Fe(Cg Step "d"

H /K
H K HY NH
Fe(CNyg™ 1+ B = Biotin
Au ﬁ’
{CHy)s-C-NH—DNA

R0
Ts = (?,P\O)n = M (n=5)

T

Avidin =

(1) 3TsTsTsTsTsTCGCATCCTATCTS

(2) 5GCGTAGGATAGATATACGGTTCGCGCY
(3) ¥ATATGCCAAGCGCGS-Biotin

(4) 5GCGGCCATAGGA TATACGGTTOGCGCY

Scheme 1 Model system for sensing and amplified impedance analysis of a
Tay—-Sachs oligonucleotide.
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Fig. 1 Nyquist-diagram (Z,, vs. Z) for the Faradaic impedance measure-
ments of a Au-electrode in the presence of 10 mM [Fe(CN)g]3—/4—
(1:2-mixture): (a) bare electrode, (b) 1-functionalized electrode, (c)
1-functionalized electrode after 30 min of incubation with 2, (30 ng mL—1)
in SSC buffer (SSC =15 mM Na citrate and 150 mM NaCl) , (d) ds-
oligonucleotide complex with 2 after 30 min of incubation with 3 (40 ng
mL—1) in SSC buffer, (€) after 10 min of incubation with avidin (5 ng mL—1)
in phosphate buffer solution, pH = 7.1, 0.1 M. The impedance spectrawere
recorded within the frequency range 0.1 Hz-50 kHz at the formal potential
of the [Fe(CN)g]3—/4— redox couple. The amplitude of the aternate voltage
was5mV.
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complex. The impedance spectra follow the theoretical shapes
and include a semicircle portion, observed at higher fre-
quencies, that corresponds to the electron-transfer limited
process, followed by a linear part characteristic of the lower
frequency attributable to a diffusionaly limited electron
transfer. The respective semicircle diameters (obtained by
extrapolation of the semicirclesto lower frequencies on the Ze-
axis) correspond to the electron transfer resistances, Ry, at the
electrode surface. The electron-transfer resistance, Rg;, for the
bare Au-€electrode is ca. 60  and it increases to ca. 80  and
ca. 105 Q upon functionalization of the surface with 1 and
formation of the ds-oligonuclectide complex with 2. This is
consistent with the fact that the negatively charged interface,
formed upon the assembly of 1 on the electrode, repels the
negatively charged redox probe. This introduces a barrier for
interfacial electron transfer and an increase in the electron-
transfer resistance. Formation of the ds-oligonucleotide com-
plex with 2 enhances the double-layer potential at the electrode
interface. This resultsin a further repulsion of the redox-probe
and an increase in the eectron transfer resistance at the
electrode [cf. Fig. 1 (c)].

Although the impedance spectra change upon interaction of 2
with the oligonucleotide sensing interface reflects the hybrid-
ization process and the formation of the ds-complex with the
analyte DNA, one would like to confirm and amplify the
formation of the ds-complex at the sensor interface. Towards
these goals the resulting ds-oligonuclectide interface was
interacted with the biotinylated oligonucleotide, 3, Scheme 1.
The latter oligonucleotide is complementary to the residual
seguence of the analyte DNA, and hence could be used as an
oligonucleotide probe for the primary formation of the ds-DNA
complex. Fig. 1(d), shows the impedance spectrum of the ds-
DNA-functionalized electrode upon interaction with 3 and
using [Fe(CN)e]3—/4— as redox-probe. An increase in the
electron transfer resistance to Ry =134 Q is observed,
consistent with the formation of an additional negatively
charged ds-assembly. Provided the system exhibits specificity,
the latter process is observed only if the primary ds-system is
formed with the sensing interface. Thus, the interaction of the
modified surface with 3 provides a confirmation test for the
formation of the primary ds-oligonucleotide assembly. As the
secondary oligonuclectide is labeled by biotin, the subsequent
reaction of the oligonucleotide-monolayer superstructure with
avidin is anticipated to insulate the interfacial electron transfer
due to the hydrophobic insulation of the interface. Fig. 1(e),
shows the impedance spectrum of the layered ds-oligonucleo-
tide superstructure after interaction with avidin. A substantial
increase in the diameter of the semicircleis observed, implying
ahigh electron transfer resistance, Ry =340 Q. This originates
from the formation of the hydrophobic biotin—avidin complex at
the electrode surface, a process that introduces a barrier for the
interfacial electron transfer. Through the hydrophobic biotin—
avidin complex, thelatter processamplifiestheinitial formation
of ds-oligonucleotide superstructure. The increase in the
electron transfer resistance upon formation of the initial ds-
oligonucleotide complex is controlled by the concentration of
the analyte in the sample (and the time of interaction of the
sensing interface and the sample). We were ableto easily sense
oligonucleotide concentrations corresponding to 3.5 x 10-12
mol mL—1 using this method (incubation time, 30 min). The
incubation time of the sensing interface with the anayte 2
controls the loading of the electrode by the ds-assembly. The
content of the ds-oligonucleotide/DNA on the electrode then
controls the subsequent interfacial electron transfer resistance
upon the association of 3 and avidin. The experimental
incubation time, 30 min, represents an optimized parameter.
Shorter incubation times perturbed the sensitivity of the system,
whereas longer incubation times slightly enhanced the observed
interfacial electron transfer resistance.

Several control experiments were performed to reveal the
selectivity of the sensing interface. Treatment of the 1-function-
alized electrode with the biotin-labeled oligonucleotide 3 and
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then with avidin but without interaction of the electrode with 2,
does not lead to any noticeable changes in the impedance
spectra. Thus, the sequence of changesin theimpedance spectra
is only stimulated if the primary analyte 2 is bound to the
sensing interface. Also, the impedance responses of the sensing
electrode upon interaction with oligonucleotide 4 were exam-
ined following the identical sequence of analysis. Oligonucleo-
tide 4 includes the normal gene sequence in which the 7-base
mutation shown in 2 leads to the TS-genetic disorder. No
noticeable changes occur in the impedance spectrum of the
1-functionalized electrode upon interaction with 4 or sub-
sequent treatment of the electrode with 3 or avidin. Thus, the
1-functionalized electrode reveals high selectivity for the
detection of the TS-mutant, and the normal gene is effectively
discriminated by the sensing interface. The results also indicate
that the sensing interface is not affected by the non-specific
binding of proteins.

In conclusion, we have demonstrated a novel sensitive
method for the electronic transduction of DNA-complexes
using Faradai c impedance spectroscopy. The method providesa
means to sense the analyte-DNA complex, to confirm the
analysis process using a biotin-labeled oligonucleotide probe,
and to amplify the sensing process by the biotin—avidin complex
at the sensing interface. The method reveal s high specificity and
selectivity. This originates from the fact that the primary
sensing interface consists of an oligonucleoctide that includes a
limited number of bases capable of forming a single helix with
the complementary analyte. Thus, any perturbation will be
identified by the sensing interface. Although a detailed stability
of the sensing electrode has not yet been performed, it appears
that the sensing interfaceis stable for at |east several days upon
storage at 4 °C in adry state. The examination of this biosensor
assembly for the analysis of other oligonuclectides, e.g. c-DNA
or t-RNA, is underway in our |aboratory.

This research is supported by the Szold Foundation, The
Hebrew University of Jerusalem.
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The reaction of a slurry of V,0s with LiOH-H,O and
hydrazinium sulfate gives a dark colored solution that upon
treatment with ZnSO,4-7H,0 yields the novel framework
material (N2H5)2[Zn3V1V15,VV6042(S04)(H20)12]-24H0,
composed of three-dimensional arrays of the mixed-valence
{V18042(SO4)} clusters interlinked via {Zn(H,O)4} bridging
groups, containing tunnels occupied by exchangeable cat-
ions and water molecules.

Polyoxovanadates constitute an important subclass of metal
oxide clusters with an exceptional capacity to form mixed-
valence compounds that exhibit rich electronic and magnetic
properties and have relevance to catalysis, geochemica and
biochemical processes, and in materials science. Well charac-
terized clusters containing four to 34 vanadium atoms — many
with mixed-valence and coupled V'V-centers, ranging from
closed cages and spherical shells to basket, bowl, barrel, and
belt shaped open structures are known.2 Strikingly, their
structures are related to, and in principle derived from, the
appropriate V,0s sheet fragments.2 Given the significance of
transition metal oxide surfaces® and proven roles of poly-
oxometalate clustersin catalysis,# it isconceivably rewarding to
attempt to design and prepare transition metal oxide based
materials (e.g. novel surfaces and zeolitic and layered solids)
with desired and controllable properties by assembling metal
oxide clusters of appropriate attributes. Through this commu-
nication we describe the synthesis and characterization of a
novel framework material, composed of well defined vanadium
oxide clusters, prepared under mild synthetic conditions.

The reaction of astirring slurry of V05 (2.5 mmol) in water
(25 mL) at 84-86 °C with LiOH-H,O (5 mmol) and hydrazin-
ium sulfate (2.5 mmol) gave a dark colored solution that upon
treatment with ZnSO,-7H,0 (1.25 mmol) yielded prism-shaped
dark crystals of (N2Hs)a[ZN3V!V12VVe042(SO4)(H20)12]-
24H,0, 1, in 12 h at room temperature in 65% yield (based
on V). Besides the H,O and hydrazine absorption bands, the
IR spectrum (KBr Pellet) of 1 exhibits features at 1135m
WV(SO4)], 9895 [ V(V—Orermina)] @nd 704m and 631m cm—1 [v(V—
(us-O)].

The extended highly symmetrical structure of 1,5 shown in
Fig. 1, consists of three-dimensional arrays of {V158042(S04)}
clusters each one connected to six other neighboring units via
{Zn(H20)4} bridging groups. The building block units in the
structure of 1, shown in Fig. 2, consist of {V18042(SO4)}
clusters formed from the {V1g045} shell® encapsulating a
tetrahedral { SO4} 2— moiety with disordered oxygen atoms. The
host shell, constructed from 18{VVOs} sguare pyramids sharing
edges through 24 us-oxygen atoms, behaves as a container for
the{SO4}2— group which isnot anintegral part of the shell. The
guest {SO,4}2— group with normal S-O distances (1.472 A)
rattles inside the host shell. The square pyramidal geometry
around each vanadium (V1) in twelve of the 18{VOs} groupsis
defined by aterminal oxo group (O2) and four pz-oxygens (O1)
of the shell. The geometry around vanadium (V2) in the

remaining 6{ VOs} unitsis defined by four basal uz-0xo groups
(01) and an apical u-oxygen (O3) which in turn is linearly
bonded to the zinc(i) center of one of the six {Zn(H,0)4}
bridges, forming {V(2)-O(3)-Zn(H>0),-0O(3)-V(2)} bonds,
that link {V18042(SO4)} clusters. The octahedral geometry
around each zinc(ir) is completed by four oxygen atoms (O4)
from the agua ligands, each one disordered over two positions,
and two trans-u-oxo (O3) groups.

The Zn(1)-O(4) distance (2.063 A) and the bond valence sum
(BVS)? value (0.36) identify O(4) oxygen as H,O. This
conclusion and the result of the manganometric titration of V'V
sites (12 V!V per formula unit) requires two units of negative
charge per [ZngV'V15VVg042(SO4)(H20)12] unit which is
balanced by the two N,Hs* -hydrazinium cations. The cations
and lattice waters (with disordered hydrogens) occupy the
rectangular tunnels, defined by {V15042(SO4)} and
{Zn(H2O)4} units, in the structure (Fig. 1). The cations are
readily exchangeable by other cations (NH4*, Nat, K+, etc.)
without noticeable change in the framework structure.

This report presents a new synthetic solid with three-
dimensional structure composed of well defined vanadium
oxide clusters held together without incorporating conventional
ligands® in its structure. This underlines the potential of
polyoxometalates in the design and development of well

& o

Fig. 1 View of the extended structure of (NaHs)o[ZNnzV!V1,VVeOygo-
(SO4)(H20)12]-24H,0 showing interpenetrating nets of {V18042(SO4)}
clusters interconnected through {Zn(H,0),} bridging groups, and rectan-
gular channels occupied by the hydrogen bonded water molecules (open
circles) and hydrazinium ions (striped circles). Hydrogen atoms and the
central cluster in the unit cell are not shown.
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Fig. 2 (@ The building block units in the crystal structure of
(N2H5)2[Zn3V'V12VVGO42(SO4)(H20)12] -24H,0 showi ng the atom labeli ng
scheme in the asymmetric unit. (b) A view of the building unit along the
threefold axis (hydrazinium ions and water molecules are omitted). Key:
central circle with regular dot pattern represnts sulfur atom (S1); Atoms
bonded to S1 represent O5 atoms. Displacement ellipsoids are drawn at the
50% probability level. Selected bond lengths (A): V(1)-O(2) 1.588, V(1)—
O(1) 1.9515, V(2)-O(3) 1.634, V(2)-O(1) 1.953, Zn(1)-O(4)(H>) 2.063,
Zn(1)-0(3) 2.122, S(1)-0(5) 1.472, V(1)-V(2) 2.9441 A.

24 Chem. Commun., 1999, 23-24

characterizable solids whose properties could possibly be
correlated with their constituent units. Besides their possible
catalytic, ion exchange and sorbtive properties, currently under
investigation in our labs, synthetic solids, like 1, composed
essentially of metal oxide fragments may provide a model for
understanding the chemical transformations catalyzed by metal
oxide surfaces.?

This work was supported by Illinois Institute of Technol-

ogy.
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The air and moisture stable system [bmim][BF]-[Ru4(n6-
CsHg)4][BF,4] {{bmim]* = 1-butyl-3-methylimidazolium cat-
ion} presents a novel medium for conducting hydrogenations
of arenes; the environmental problems associated with
related aqueous—organic biphasic regimes are eliminated.

The heterogenisation of homogenous catalysts is rapidly
becoming an important area of chemistry.® It is hoped that the
advantages of both homogeneous (greater efficiency, all metal
centres being involved in the process) and heterogeneous (ease
of catalyst separation, greater selectivity) catalysts can be
combined in one system. One increasingly attractive route to
greater catalyst separation exploits the use of biphasic liquid
reaction systems.2:3 Not surprisingly, aqueous—organic biphasic
systems have emerged as an important class of catalysts and
have found severa industrial applications.4 However, the
method is not without problems; it precludes the use of water
sensitive catalysts and reagents and, from an environmental
perspective, trace amounts of organic compounds in water are
notoriously difficult to remove.

An dternative system that will allow the use of water
sensitive reagents and catalysts and solves some of the
containment problems associated with agueous-organic sys-
temsisthat based on biphasicionic liquid-organic systems. The
development of avariety of air and moisture stableionic liquids
in recent years has lead to their deployment in a number of
processes.4 Building on our previous results with the chloro-
aluminate(mm) ionic liquids,> we have been investigating the
[bmim][BF,] ionic liquid {[bmim]* = 1-butyl-3-methylimida-
zolium cation}, which has received some attention as a solvent
for the hydrogenation of olefins using Wilkinson's and related
catalysts.6 Whilst these catalysts are moderately effective they
are deactivated by trace quantities of chlorideionsremaining in
the ionic liquid from its preparation.

The hydrogenation of arenes is an important industrial
process, particularly for the generation of cleaner diesel fuels,”
and is dominated by the use of heterogeneous catalysts. In an
attempt to develop biphasic methodologies for the hydro-
genation of arenes we describe herein the use of a
[bmim][BF4]—organic system. Many catalysts, especially neu-
tral species, are not soluble in [bmim][BF,] and therefore
careful choice of catalyst is required. lonic inorganic and
organometallic compounds tend to be highly soluble in
[bmim][BF,4] and for this reason we chose to investigate the
cluster, [HiRu4(nt-arene)][BF,],, which proved to be both
soluble and stable. Clusters of this type were first reported by
Maitlis and coworkers® and then later by Slss—Fink and
coworkers who went on to fully characterise these intriguing
electronically unsaturated cluster cations.® Siss-Fink and
coworkers then went on to show that they could be used as
catalyst precursors for the hydrogenation of fumeric acid and
arenes under aqueous—organic biphasic conditions.®-11 This
provides an ideal opportunity to compare the two systems
directly. Table 1 lists a number of biphasic hydrogenation
reactions of arenes employing the[bmim][BF,] ionic liquid and

water with [H4Rus(m8-CgHe)4][BF4]> as the catalyst pre-
cursor.t

The turnover frequencies obtained in the ionic liquid and
aqueous regimes are similar. This would suggest that the active
catalytic speciesisthe samein both systems. It has been clearly
shown that [H4Ru4(n8-CeHsg)4]2* can oxidatively add hydrogen
to give [HgRuy(nf-CgHg)4]2*, which is the hydrogenating
species.l0 This contrasts with many cluster-based catalyst
precursors that are believed to fragment into mononuclear
species during reaction.12 Few other effective hydrogenation
catalysts are known and most of these cannot be used in biphasic
processes and they tend to be air and moisture sensitive.11.13
The turnover frequencies compare well to other homogeneous
arene hydrogenation systems, such as [(n5-CgMes)Rux(u-
CD]Cl5 which will hydrogenate benzene at 50 °C and 50 atm
with a catalytic turnover of 246 mol mol—1 h—1.24 However, the
main advantage of the ionic liquid—-organic system arises from
the ease of separation of the catalyst from the starting material/
product stream and the subsequent purification of the solvent,
alowing different compounds to be hydrogenated without
contamination. The aqueous phase in a biphasic hydrogenation
processes cannot be used for different arenes or returned to the
environment without expensive treatment to remove trace
quantities of organic compounds. Since the [bmim][BF,4] ionic
liquid has no vapour pressure, organic compounds (and water)
may be removed by merely placing the liquid under a high
vacuum. Using this technique we have been able to repeatedly
use the same batch of ionic liquid for the catalytic hydro-
genation of severa different arenes.

Weare currently investigating the hydrogenation of function-
alized arenes and heteroaromatics using aseries of ionic clusters
in the full range of available ionic liquids.

Table 1 Biphasic hydrogenation reactions of arenes in the [bmim][BF,]
ionic liquid and water with [HsRus(n®-CgHe)4][BF4]> as the catalyst
precursor

Con- Catalytic
Reaction Reaction version  turnoverad/
Substrate  system conditions (%) mol mol—1 h—1
Benzene lonicliquid 60 atm Ho, 91 364
90°C,25h
Water 60 atm Ho, 88 352
90°C,25h
Toluene  lonic liquid 60 atm Ho, 72 240
90°C,3h
Water 60 atm Ho, 78 261
90°C,3h
Cumene lonicliquid 60 atm Hy, 34 136
90°C,25h
Water 60 atm Ho, 31 124
90°C,25h

a Catalytic turnover is caculated on the assumption that the tetra-
ruthenium catalyst does not break down into monoruthenium fragments
which is entirely consistent with the data.
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Neutral dendritic metallomacromolecules possessing four
bis-terpyridine Ru! linking sites with internal counter ions
have been prepared and their electrochemical properties
have been studied.

The assembly of highly branched metallomacromolecules has
been reported, and they have been shown to possess interesting
magnetic, electronic, electrochemical, photooptical and cata-
Iytic properties.t To the best of our knowledge, these assemblies
al utilize externa counter ions, eg. Cl—, BF;—, PFs—. We
herein report the construction of two tiers of overal neutral,
dendritic metallomacromolecules, 1 and 2, which incorporate
(2,2:6',2"-terpyriding)ruthenium(n) ([<Ru>]) complexes
with internally counter balanced charges. The use of four
[<Ru>] linkages generated a supramolecular construct of
precise description, based on the structura anaysis of its
components, and the eight internal carboxylate ions balance the
charges of these Ru'! centers.

The core construct 10 was prepared from EtNO, with 2 equiv.
of tert-butyl acrylate in liquid NH3 affording (95%) di-tert-
butyl 4-nitro-4-methylheptane-1,7-dioate 3, which was con-
verted (96%) to amine 4 by Raney Nickel reduction (Scheme
1).2 Treatment of 4 with nitroisophthalic acid monochloride 53
gave (58% ) monocarboxylic acid 6. Subsequent DCC cou-
pling of 6 with 5-aminopentyl 4’-(2,2":6’,2"-terpyridinyl)
etherS 7 generated 8 (92%), which was reduced® with 10% Pd-C
and ammonium formateto afford the desired monomer 9 (90%).
Treatment of 9 (4 equiv.) with a tetraacyl chloride core in the
presence of EtsN gave 10 (67%) possessing eight easily
hydrolyzed tert-butyl ester moieties. All components were
characterized by 1H NMR, 13C NMR, IR and elemental
analyses, and ESI-MS,

4’-Chloro-2,2":6',2”-terpyridine 117 was heated with PrOH
and powdered KOH in DMSOS to give (93%) propyl 4'-
(2,2:6',2"-terpyridinyl) ether 12, which was refluxed with
RuCl3-3H,0 in EtOH to afford (89%) the unbranched 13
(Scheme 2). The surface branching, amine 158 was coupled with
4-[4-oxa-(2,2":6',2"-terpyridinyl)]butanocic acid> 16 to afford
17 (86%), which was similarly transformed (84%) with
RuCl3-3H,0 to give appendage 18 (Scheme 3). Both 13 and 18
were used without further purification due to their extremely
low solubility in most organic solvents; fortunately, their purity
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Scheme 1 Reagents and conditions: i, Raney nickel, Hp, 4 atm., 12 h, 25 °C;
ii, 5, EtsN, THF, 12 h, =5 °C; iii, 7, DCC, 1-HOBT, DMF, 24 h, 25 °C; vi,
10% Pd on C, HCO,NH,4, MeOH, 30 min, 50 °C; v, EtzN, C[CH,OCH,CH-
2COCl]4, THF, 12 h, 25 °C.

was confirmed by elemental analyses and the analyses of the
resultant assemblies.

Core 10 (1 equiv.) was refluxed with 4 equiv. of either 13 or
18 in EtOH in the presence of 4-ethylmorpholine, as reducing
agent, to assemble 19 (93%) or 21 (96%), respectively (Scheme
4). Although 13 and 18 possessed limited initial solubility, they
dissolved upon addition of the reducing agent to give the
characteristic deep-red color of the [ <Ru>] complex. After
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Scheme 2 Reagents and conditions: i, PrOH, KOH, DM SO, 24 h, 60 °C; ii,
RuCl3-3H,0, Etz0H, 4 h, reflux.
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Scheme 3 Reagents and conditions: i, HCI, EtOH, 6 h, reflux; ii, 16, DCC,
1-HOBT, DMF, 24 h, 25 °C; iii, RuCl3-3H,0, EtOH, 6 h, reflux.

o
oy oj“h
w r
C‘\
o~ o) o)
o) 1 N
o o

,.[19 R=O0BU,R'=Pr
20 R=0OH,R' =Pr

e 1 R=0R=Pr

21 R=0BU, R’ = (CH,)3CONHC[CH,0(CH,),COEt]s
il 22 R=oH,R = (CH,)3CONHCICH,0(CH2),CO4E]s
il 2 R=0", R'= (CHz)3CONHC[CH;0(CH2)2COE

Scheme 4 Reagents and conditions: i, 13 (—19) or 18 (—21) (4 equiv.),
4-ethylmorpholine, EtOH, 6 h, reflux; ii, HCO.H, 6 h, 25 °C; iii, KOH,
H,O-MeOH, dialysis, 24 h, 25 °C.
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Fig. 1 CV responsesfor 1.0 mm solutions of (a) 21, (b) 22, (c) 2, (d) 19, (e)
20, and (f) 1 (the smaller current observed was due to the limited solubility
of 1 that presented in DMF) in EtyNBF, (0.1 m) in DMF at 25 °C; scan rate
200 mV s 1.

dialysis, the desired constructs were supported by the sig-
nificant downfield shift (13C NMR) of all terpyridine carbons.
Thetert-butyl groups were removed from 19 or 21 by treatment
with formic acid,® affording complexes 20 (98%) or 22 (97%),
respectively. The characteristic downfield shift of 13C NMR
(A8 = 4 ppm) of the carbonyl carbon supports the transforma-
tion; the retention of the external alkyl ester moieties was
evidenced by the presence of the ethyl signals. Fina neutral
complexes 1 (92%) or 2 (97%) were formed by addition of a
dight excess of KOH into a H,O-MeOH solution of 20 or 22.
After dialysis, the desired neutral complexes 1 and 2 were
analyzed (0.00% of Cl), and only one downfield shift (A6 = 3.4
ppm for 1 and 4.2 ppm for 2) for the internal acid carbonyl
carbon supports the formation of the carboxylate carbon
centers. The UV—-V1S spectra of the macromol ecul es possessing
thefour [ <Ru>] linkages are analogous to related systems.5:10
All the intermediate molecules and final complexes exhibit
correct molecular weights. MALDI-TOF mass spectraof 19 and
21 exhibited low sensitivity and broad signalswith all attempted
matrices.

Electrochemical experiments with these metallodendrimers
gave further insight to their electrocatalytic potential. Fig. 1(a)
shows the two reversible waves that characterize the cathodic
CV response of the two terpyridine ligands of 2111, After
internal deprotection of the tert-butyl groups, the presence of
the carboxylic acid moietiesin 22 resultsin amerging of thetwo
redox waves and the virtual disappearance of the corresponding
anodic signal [Fig. 1(b)]. Based on previous studies of the
electrochemical reduction of pyridine and its derivatives,'2 the
observed irreversibility is due to an electrochemical—chemical
reaction in which a proton from the vicina carboxylic acid
group quenches the aromatic anion radical resulting in a
probable 1,4-reduction of one of the pyridine rings of each
terpyridine ligand. This explanation is further supported by CV
experiments with neutral dendrimer 2; as seen in Fig. 1(c), the
lack of neighboring acidic protons, readily available in 22,
results in the recovery of the typica ‘two wave' reversible
response of the terpyridine ligands.

CV experiments on the first tier dendrimer series 19, 20 and
1 showed similar voltammetric responses to those discussed
above. By careful inspection of Table 1, however, the second
tier assemblies 21 and 2 show slightly larger AE, values than
those corresponding to the first tier series 19 and 1. This

Table1 CV datafor 1, 2, 19-22

Terpyridines
Ru'"'/Ru"

Compound  EyfV (AEYV)2  EwfV (AEV)2  EylV (AE/V)2
19 —1.945 (0.082) —1.759 (0.068) 0.627 (0.073)
20 Ib Ib 0.629 (0.057)

1 —1.950 (0.072) —1.788 (0.077) 0.624 (0.059)
21 —1.950 (0.086) —1.751 (0.088) 0.640 (0.100)
22 le le 0.627 (0.097)

2 —1.935 (0.102) —1.767 (0.106) 0.634 (0.089)

aE/V vs. Fe/Fet. Same conditions asthose described in Fig. 1. b Irreversible
cathodic peak at —1.945 V. ¢ Irreversible cathodic peak at —1.968 V.
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observation is in perfect agreement with previous reports!3 and
has been attributed to the slower electron transfer kinetics that
characterizes molecules featuring bulkier dendritic structures
around their electroactive sites.

In summary, we have constructed [ <Ru>],; dendrimers
possessing an overall neutral charge. The loss of externa
counterions in these metallomacromolecules had a marginal
effect on their spectra, as well as stability and physical
properties. However, the solubilities of these neutral species
decreased in polar solvents, such as MeOH and H,O. Com-
plexes 19-22 are dl dightly soluble in H,O, whereas, 1 and 2
are insoluble in H,O. The neutral metallodendrimers have
internally balanced carboxylates, which are weaker counter ions
than most others like Cl—, NOs— and PFs—. Thus, addition of
inorganic salts to these neutral species alows convenient
interchange between external counter ions. Notably, 1 and 2 are
not soluble in DMF, but quickly go into solution upon addition
of salts like BF4;— or PFg—. Another important aspect is that
these neutral metallomacromolecules were more easily ionized
(i.e. lower laser power) and gave stronger signalsin MALDI-
TOF mass spectrometry in comparison to the tert-butyl and acid
metallodendrimers possessing external Cl— or PFg— counter
ions. The observed intramolecular proton transfer during the
redox process standsto give insight into the potential chemistry
within such macromolecular constructs.

We gratefully acknowledge support of this work from the
National Science Foundation (DMR-96-22609; BIR-95-12208)
and the Army Research Office (DAAHO04-95-1-0373;
DAAHO04-96-1-0306).
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N-Benzyldiisopropylamine 1 and S,Cl, give the N-benzyl-
bisdithiolothiazine 2, shown by X-ray crystallography to
have the typically folded tricyclic structure; 2 is debenzy-
lated by H,SO, to give the title compound 4 which atypically
has a rare near-planar 1,4-thiazine ring, gives a blue anion in
solution and does not extrude sulfur thermally.

Sulfur—nitrogen heterocycles with a high proportion of heteroa-
toms are of theoretical and, when reasonable syntheses are
available, practical interest in the chemistry of new materials.
We have shown that HUnig's base and related diisopropyla-
mines are fully sulfurated in both isopropy! groups by S,Cl, in
one-pot reactions to yield big[1,2]dithiolo[3,4-b:4’,3'€]-
[1,4]thiazines (cf. 2, 3)14 and big[1,2]dithiolo[4,3-b:3",4’d]-
pyrroles (cf. 6, 8),24 new families of stable fully unsaturated
heterocycles which are revealing a rich chemistry.

The N-unsubstituted parent ring systems would be partic-
ularly interesting from the structural point of view, and as
intermediates in the preparation of N-substituted derivatives.
Unfortunately these key compounds could not be prepared
directly from Pri,NH since this is decomposed by S,Cl..
Presumably thefirst step in the tertiary amine-S,Cl, reaction is
oxidation of an isopropy! group to give an iminium ions which
reacts further with S,Cl, to form the 1,2-dithiole ring and
ultimately the tricyclic system. Readily removable groups on
nitrogen, such as acetyl and cyano, which would destabilise the
iminium ion suppress the reaction with S;Cl,.4

We therefore treated N-benzyldiisopropylamine® 1 with
S,Cl5 (10 equiv.) and 1,4-diazabicyclo[2.2.2] octane (DABCO)
(9 equiv.) in 1,2-dichloroethane for 3 d at room temperature.
Formic acid (20 equiv.) was then added and the mixture heated
under reflux for 1.5 h, since this treatment gives cleaner
reactions by facilitating conversion of the 3-chlorodithiolium
sdts into dithiole-3-ones. Products 2t [orange crystals, mp
200-202 °C (21%)] and 3t [orange solid, mp 209-210 °C (7%)]
were obtained after chromatography (Scheme 1).

Structure 2 was confirmed by X-ray crystallography$ which
shows the molecule (Fig. 1) to have a scorpion-like conforma-
tion very similar to the N-ethyl analogue, the benzyl ring being
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Scheme 1

folded back and partially overlaying the thiazine ring (Fig. 1).
The molecule has crystallographic Cs symmetry about a plane
passing through S(8), N(4), C(9), C(10) and C(13). The fold
angle about the N---S axis of the thiazine ring is 32°, cf. 34° in
the N-ethyl analogue. The pattern of bonding in the thiazine and
dithiole ring systems does not differ significantly from that
observed in the N-ethyl analogue. The molecules pack to form
corrugated sheets (Fig. 2) dominated by strong intermolecular
O--Sinteractions [3.02 A]. There are no intersheet interactions
of note.

Treatment of adilute solution of the N-benzyl compound 2 in
CH,Cl, with concentrated H,SO, at 5-10 °C for 5 min gave the
debenzylated compound 41 (orange—red crystals, mp 222—224
°C) in quantitative yield. All its properties, including a broad
N-H absorption at 3474 cm—1 and one carbonyl absorption at
1640 cm—1 are in agreement with the parent big[1,2]di-
thiolo[3,4-b:4’,3'-€][ 1,4]thiazine-3,5-dione structure 4. X-Ray
analysis of the N-H species 4 shows that removal of the N-
benzyl substituent results in a dramatic flattening of the
molecule, the non-hydrogen atoms being co-planar to within

Fig. 1 Themolecular structure of 2. The geometry at N(4) ispyramidal, with
the nitrogen atom lying 0.24 A out of the plane of its substituents.

Fig. 2 Part of one of the corrugated sheets of molecules present in the
crystals of 2. The intermolecular O--S contacts (a) and (b) are both 3.02
A.
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Fig. 3 The molecular structure of 4.

0.11 A with only a5° fold about the thiazine N---S vector (Fig.
3)8 compared to greater than 30° for its N-alky!l derivatives and
27° for dibenzo-1,4-thiazine (phenothiazine).” The only sig-
nificant change in the pattern of bonding, compared with 2, isa
small decrease in the C(3A)-N(4) distance and aslight increase
in the C(8A)-S(8) bond length. The molecules pack as
aternating bi-directional m—t stacked tapes, the planes of
adjacent stacks being inclined by 89° (Fig. 4). The tapes are
produced by head-to-tail linking of molecules via pairs of O---S
interactions [3.08 and 3.09 A], and orthogonal tapes by similar
strength O---S, and weaker S-S, interactions [3.15 and 3.54 A
respectively]. The N-H hydrogen atom is not involved in any
significant intermolecular interactions, possibly because of its
steric congestion.

Fig. 4 Part of the array of orthogonally oriented p-stacked tapes present in
the crystals of 4, the mean interplanar separation being ca. 3.4 A. The
intermolecular O--Sand S-S contactsare (a) 3.09, (b) 3.08, (c) 3.15and (d)
354A.

The N-H compound 4 readily formed purple solutions of the
lithium or sodium salt 5 by reaction with LIHMDS or NaH in
THF from which a hygroscopic deep purple solid could be
isolated by evaporation. Compound 4, with a UV spectrum of
Amax = 310 nm, € = 8860 in THF, gave a blue solution in aqg.
0.1 m NaOH with Aax = 600 nm, € = 8000. The agueous
alkaline solution was stable for a few days, and the blue spot
formed by immersion of TLC plates in ag. NaOH provides a
good method of detection of 4.

Compound 4 and its sodium salt 5 either did not react with
common electrophiles such as BnCl, BzCl, Mel and TMSCI
under standard conditions or gave unstable products which
reverted to 4 during isolation. In striking contrast with its N-
alkyl derivatives,24 4 did not extrude sulfur on heating in
chlorobenzene for 6 h or in 1,2-dichlorobenzene for 2 h. The
expected product 9 (below) was made alternatively. Attempted
thiation of 4 with Lawesson’ sreagent in refluxing THF gave an
unstable product that decomposed on work-up; debenzylation
of the oxothione 3 by sulfuric acid also gave an unstable
product, and we have not yet succeeded in preparing thiocarbo-
nyl derivatives of the parent structure 4.

Treatment of 1 with S;Cl, (10 equiv) and DABCO (10 equiv)
in chlorobenzene for 3 d at room temperature followed by
heating under reflux for 2 h gave the pyrrole 61 [black crystals,
mp 223-224 °C (13%)] (Scheme 2) formed by selective sulfur
extrusion from the intermediate 1,4-thiazine.24

The pyrrole 6 was not debenzylated by the sulfuric acid
treatment that is so successful with the thiazine 2. Treatment of
6 in THF at 0 °C for 15 min with excess of ethoxycarbonyl
nitrile oxide 7 generated in situ from ethyl chlorooximidoace-
tate and EtsN4 readily gave the corresponding dioxo derivative
8 [yellow crystals, mp 211-213 °C (decomp.) (86%)], a
structure supported by al its analytical and spectroscopic
properties (Scheme 2). The sulfuric acid treatment of 8 in
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CH,Cl, a room temperature overnight did now give the
debenzylated compound 9 as yellow crystals [mp 267—268 °C
(decomp.) (58%)]. The structure of 9 is based upon spectro-
scopic data and its almost quantitative reconversion to the N-
benzyl compound 8 with ButOK and BnCl in DMF (Scheme 2).
Unexceptionally, 9 did not give a coloured solutionin 0.1 m ag.
NaOH.

Thus the parent bisdithiolopyrrole 9 and bisdithiolo-1,4-thia-
zine 4 have been prepared in very short sequences from 1.
Whilst the properties of the former are entirely normal, the
thiazine 4 isabnormal inthat it isamost planar, it readily gives
a highly coloured anion which is inert to substitution on
nitrogen, and it does not extrude the thiazine sulfur atom on
heating. It is not yet clear how these unusual properties, which
appear to indicate enhanced electronic delocalisation and
stabilisation, result from simply replacing an N-alkyl group by
hydrogen, nor why the analogous compounds with one or two
thiocarbonyl groups should be unstable.
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Notes and references

T The structures of al new compounds are based upon IR, MS, HRMS, 1H
and 13C NMR and elemental analysis.

T Crystal data for 2: C13H/NO,Ss, M = 369.5, orthorhombic, Pnma (no.
62),a = 11.573(3), b = 16.113(1), ¢ = 8.064(1) A, V = 1503.7(4) A3, Z
= 4 (the molecule has crystallographic Cs symmetry), D. = 1.632 g cm—3,
U(Cu-Ka) = 71.3 cm~—1, F(000) = 752, T = 293 K; orange hexagonal
prisms 0.58 x 0.43 X 0.40 mm. For 4: CBHNO,Ss, M = 279.4, monoclinic,
C2/c (no. 15), a = 11.323(1), b = 8.071(1), ¢ = 20.066(2) A, B =
104.49(1)°, V = 1775.43) A3, Z = 8, D, = 2.090 g cm—3, u(Mo-K«) =
12.7 cm—1, F(000) = 1120, T = 203 K; orange—red blocky needles 0.73 x
0.22 x 0.17 mm. 1232 (2601) Independent reflections were measured on
Siemens P4/PC diffractometers using w-scans for 2 (4) respectively. The
structures were solved by direct methods and al of the non-hydrogen atoms
were refined anisotropically using full-matrix least-squares based on F2
with absorption corrected data to give R; = 0.036 (0.037), wR, = 0.093
(0.078) for 1118 (2063) independent observed reflections [|Fo| > 40(|Fo),
26 < 124° (60°)] and 104 (131) parameters for 2 (4) respectively. CCDC
182/1095.

§ In the thiazine ring the C and N atoms are coplanar to within 0.01 A with
the S atom lying 0.11 A and the H atom 0.20 A out of this plane.
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5 For related examples, see: S. L. Schreiber, Tetrahedron Lett., 1980, 21,
1027; T. Netscher and P. Bohrer, Tetrahedron Lett., 1996, 37, 8359.
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N-Acryloylperhydro-1,3-benzoxazines 1a,b undergo stereo-
selective addition—carbocyclization when reacted with
Bu;SnH, leading to stannylated lactamic rings that can be
transformed into enantiopure pyrrolidines.

The design and synthesis of optically active alkylstannanes is
currently considered a challenge in both organic and organo-
metallic chemistry.1 Activated non-racemic stannanes have
been used in a variety of reactions which include alylation of
aldehydes catalysed by Lewis acids,2 tinHithium exchange,3
palladium cross-coupling* and cyclopropanation;> however, the
number of examples reported to date is small.

Except for the ready accessibility of chiral «-hetero-
substituted stannanes,® there is a lack of general methods for
preparation of non-racemic organotin compounds and therefore
chirality transfer from another reagent is generally pre-
ferred.27

The carbon—tin bond is easily activated in the neighbourhood
of afunctional group.8 In this context o«-alkoxystannanes and
allyltin compounds are suitable substrates for metal exchange®
and nucleophilic addition reactions? respectively. On the other
hand the nature of the akyl substituents at the Sn atom is
sometimes crucial since large substituents causes diminished
reactivity.

As part of aproject on stereoselective radical cyclizationsin
perhydrobenzo-1,3-benzoxazines!® we focused our attention on
the preparation of alkylstannanes attached to a perhydrobenzox-
azine chiral auxiliary. This new type of structure plays a highly
versatile role in synthesis since it behaves as a source of
organometallic species as well as a classica organic auxil-
jary.11

Encouraged by the stereoselectivity of intramolecular radical
cyclizations, the synthesis of organotin compounds was tested
via addition—cyclization of acrylamides'© 1a,b with BusSnH, a
less toxic and volatile reagent than trimethyltin derivatives!2
(Scheme 1).

Treatment of 1a with commercia BuzSnH in the presence of
AIBN as initiator was performed under different conditions as
summarized on Table 1. Attempts to use the Stork method
(BusSnCl + NaCNBH3)13 or palladium catalysis [Pd(PPhs)3] 14
failed. The best chemical yield corresponded to a short heating
of amixture of BuzSnH, AIBN and the acrylamide in refluxing
benzene (entry 3), or aternatively, without solvent at 80-90 °C

Table 1 Radical addition-cyclization of acrylamides 1a,b

(entry 4). Thisoneis an extremely rapid, violent reaction and it
is not recommended for preparative purposes. Slow addition of
reagent (entry 1) or ultraviolet irradiation at room temperature
(entry 2) causes a decrease in the chemical yield athough a
slight improvement in the diastereomeric ratio is observed at
that temperature.

The four diastereomeric stannylated lactams 2a—5at were
separated by flash chromatography and their stereochemistry
was determined by NOESY experiments. Interestingly, a-
though two stereocenters were created, addition—cyclization on
acrylamide 1b under thermal conditions (entries 5, 6) led to a
mixture of only two diastereomers (2b and 3b) which are
epimers at the «-lactamic carbon. It is worth noting in both
cases that major cyclization products 2a,b showed a C-2/C-3
transrelationship at the newly created stereocenters. Thisresult
is contrary to that predicted by the Beckwith radical model1®
and no satisfactory reasons have been ascertained to date.16
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Scheme 1 Reagents and conditions: i, BuzSnH (1.2 equiv.), AIBN (5-10
equiv.), 80-90 °C (see Table 1).

Products (%)
Entry Rt R2 Solvent  T/°C t/min 2 3 4 5 Yield (%)
1 Ph H PhH 80 720 2a(59) 3a(21) 4a(16) 5a(4) 76
2 Ph H PhH 25 900 2a(65) 3a(22) 4a(9 5a (4) 48
3 Ph H PhH 80 30 2a(59) 3a(21) 4a(16) 5a(4) 99
4 Ph H - 90 5 2a(56) 3a(22) 4a(16) 5a(6) 99
5 Me Me PhH 80 30 2b (68) 3b(32) 98
6 Me Me - 90 5 2b (68) 3b(32) 99
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Scheme 2 Reagents and conditions: i, LiAlH, (5 equiv.), AICl3 (2 equiv.),
THF, 0 °C, 5 min; ii, PCC (4 equiv.), CH.Cly, 1 h; iii, KOH (2.5 m)-THF—
MeOH (1:2:1), 2 h; iv, TsCl (2 equiv.), Pri,NEt (4 equiv.), CH.Cl,, 24 h.

Preliminary MO calculations (UHF/PM3) performed in our
system suggested that the major lactams 2a,b arise from biased
conformations in which allylic 1,3-strain controls the olefinic
appendage and a planar Z isomer is preferred for the
intermediate amide radical. As a consequence, late transition
states or thermodynamic equilibration can be discarded as
explanations for the trans selectivity of such processes.

Once isolated, the major diastereomeric lactams 2a,b were
transformed quantitatively into the stannylated menthol deriva-
tives 6a,b by reduction with LiAlH4 at 0 °C in THF. Sequential
PCC oxidation of 6a,b followed by treatment with methanolic
KOH7 of the intermediate amino ketone led to enantiopure
stannylated pyrrolidines 7a,b isolated as tosylates, although in
modest overall yield (34 and 44% respectively) (Scheme 2).

On the other hand, it was interesting to explore the reactivity
at themetal center and the possibility of easy destannylation. To
this end, after isolation by flash chromatography, pure diaster-
eomers 2b and 3b obtained in the reaction of 1b with BugSnH
were subjected to Sn—Ti exchangel8 to generate the correspond-
ing titanium homoenolates by reaction with TiCl4 in CH,CI, at
0 °C (Scheme 3). This kind of metal homoenolates has been
described for alkyl propionates but, to the best of our
knowledge, no examples concerning lactams are known.

2b 3b
i i l i
Me. Me

T 00w
; !

H H

o Me Q
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H Me pMe H H Me
0 H o Me
8b 9b

Scheme 3 Reagents and conditions: i, TiCl, (1.3 equiv.), CH.Cl,, 0 °C, 10
h, ||, S|Oz, CH2C|2 or HCI, Hzo

The titanium intermediates were transformed into enantio-
pure lactams 8b and 9b respectively by hydrolytic cleavage of
the metal—carbon bond with silica gel or ag. HCl. It is
noteworthy that the trans relationship of the substituent at the
lactam coincides with the stereochemistry of the starting
stannylated compounds, indicating that the metal interchange
does not affect the configuration at the «-carbon in the lactamic
ring. The reactivity of these titanium homoenolates with other
electrophilesis currently being examined and the results will be
published in due course.
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Notes and references

T Selected data for 2a: [0 p22 —9.38 (¢ 1.20 CHCl3); 64(300 MHz, CDCl3)
0.80 (m, 6H), 0.90 (t, 12 H), 0.95 (d, 3H), 1.12 (s, 3H), 1.20-1.35 (m, 8H),
1.35-1.50 (m, 8H), 1.70 (s, 3H), 1.72 (m, 2H), 1.94 (m, 2H), 2.10-2.20 (m,
1H), 2.71 (dd, 1H, J 7.9, 13.6), 2.98 (dd, 1H, J 5.9, J 13.6), 3.31 (dt, 1H, J
4.2,10.6), 453 (d, 1H, J6.2), 7.1-7.3 (M, 5H); 8(75.5 MHz, CDCls) 10.0,
11.2, 13.7, 18.3, 22.0, 23.9, 25.4, 27.4, 29.1, 31.1, 34.5, 37.4, 41.0, 45.0,
495, 49.8, 56.0, 76.0, 87.7, 126.2, 128.3, 129.2, 138.8, 175.2. For 2b:
[@]p2® —5.38 (c 1.0 CH.Cly); 64(300 MHz, CDCI3) 0.80-1.00 (m, 26H),
1.13(s, 3H), 1.20-1.35 (m, 9H), 1.35-1.55 (m, 10H), 1.67 (s, 3H), 1.72 (m,
2H), 1.95 (m, 1H), 2.15 (m, 1H), 3.34 (dt, 1H, J 4.1, 10.6), 4.54 (d, 1H, J
6.9); 6c(75.5 MHz, CDCl3) 10.0, 13.6, 13.7, 18.5, 19.9, 20.7, 21.9, 23.9,
25.3,27.4,29.2, 30.0, 31.2, 34.4, 41.2, 43.4, 49.7, 56.6, 76.6, 86.9, 175.3.
For 7a: [0]p23 +36.9 (¢ 1.06 CH,Cl5); d4 (300 MHz, CDCl3) 0.52 (dd, 1H,
J 10.0, 13.1), 0.75-1.00 (m, 7H), 0.89 (t, 9H, J 7.2), 1.20-1.35 (m, 6H),
1.35-1.50 (m, 6H), 1.7-1.9 (m, 2H), 2.30 (dd, 1H, J 9.1, 13.7), 2.42 (s, 3H),
2.71(dd, 1H, J8.7,9.5), 2.80 (dd, 1H, J 4.2, 13.7), 2.95 (dd, 1H, J 8.0, 10.0),
3.30 (dd, 1H, J 6.8, 10.0), 3.50 (dd, 1H, J 6.7, 9.5), 7.05 (d, 2H, J 8.2),
7.20-7.40 (m, 5H), 7.65 (d, 2H, J 8.2); 6c(75.5 MHz, CDCl3) 9.2, 11.0,
13.7, 21.5, 27.3, 29.1, 37.9, 42.6, 49.6, 52.8, 55.7, 126.2, 127.4, 128.4,
128.6, 129.5, 133.7, 139.5, 143.2. For 7b: [0]p23 +33.3 (¢ 1.56 CH,Cly);
61(300 MHz, CDCl3) 0.51 (dd, 1H, J 10.5, 13.2), 0.74 (d, 3H, J 6.9), 0.80
(d, 3H, J 8.0), 0.85-1.00 (m, 6H), 0.89 (t, 9H, J 7.1), 1.20-1.35 (m, 8H),
1.35-1.50 (m, 6H), 1.69 (octuplet, 1H, J 6.8), 1.8-2.0 (m, 1H), 2.43 (s, 3H),
2.60 (t, 1H. J 9.2), 3.01 (dd, 1H, J 8.9, 9.7), 3.28 (dd, 1H, J 8.3,9.7), 3.44
(dd, 1H, J 7.2, 9.2), 7.32 (d, 2H, J 8.0); 7.70 (d, 2H, J 8.0); 6c(75.5 MHz,
CDCl3) 9.2, 11.6, 13.6, 17.3, 21.4, 21.7, 27.3, 27.5, 29.1, 39.7, 49.2, 53.9,
56.1, 127.5, 129.5, 133.4, 143.2.

1 For genera reviews on organoctin chemistry see: A. G. Davies, in
Comprehensive Organometallic Chemistry, ed. G. Wilkinson, F. G.
Stone and E. W. Abel, Pergamon, London, 1982; A. G. Daviesand P. J.
Smith, in Comprehensive Organometallic Chemistry |1, ed. G. Wilk-
inson, F. G. Stone and E. W. Abel, Pergamon, London, 1995; W. P.
Neuman, Synthesis, 1987, 665.

2 Y. Yamamoto and N. Asao, Chem. Rev., 1993, 93, 2207.

3 |. Coldham, S. Holman and M. M. S. Lang-Anderson, J. Chem. Soc.,
Perkin Trans. 1, 1997, 1481.

4 J. Ye, R. K. Bhatt, J. R. Falck, J. Am. Chem. Soc., 1994, 116, 1; T. N.
Mitchel, Synthesis, 1992, 803.
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Ring-opening of the cyclopropylmethyl lithium compound 7
to give the a-duryl thio-substituted alkyllithium compound
8 proceeds in a stereochemically defined manner at the
lithium-bearing stereocentre.

The stereochemical course of reactions in which organolithium
compounds are generated may reveal fundamental details of
organolithium chemistry. For instance, tin-lithium exchange to
generate alkyllithium compounds has been found to proceed
with retention of configuration.1-3 The carbolithiation of vinyl
sulfides has been shown to proceed in a non-stereospecific
manner.# Here we would like to address the stereochemistry of
a retro-carbolithiation reaction, the ring-opening of cyclopro-
pylmethyl lithium compounds. The prototype of this rearrange-
ment (1—2) was shown by Lansburys to proceed at —70 °C
with a half life of 53 min in Et,O (Scheme 1).

The related ring-opening of 3 should create a chira
organolithium compound 4. Thiswould allow the determination
of the stereochemistry in the generation of the new carbon—
lithium bond, provided that the resulting organolithium com-
pound 4 is configurationally stable and the regioselectivity of
the ring opening is such as to generate compound 4 and not the
isomer 5. We surmised that both conditions would be met when
X isadurylthio group. «-Durylthio akyllithium compounds are
configurationally stable at —110 °C# and stabilization of the
negative charge by a sulfur substituent should direct the ring
opening of 3to give 4. Thereremains, however, the necessity to
effect the ring opening at —110 °C. We surmised that breaking
of the carbon-ithium bond in 3 would be rate determining.
Therefore, a delocalized allylic system at the migration origin
should facilitate this process. Thisled usto investigate the ring-
opening of the lithium compound 7, generated by a low
temperature selenium-ithium exchange reaction.®

The seleno ether 6 of 90% ee (determined by Mosher ester
analysis of the precursor 14) wastreated with ButLi at —107 °C
in THF in a two-compartment low temperature reaction vessel
(Scheme 2).7 The organolithium compound 7 formed in this
manner immediately underwent ring opening, since quenching
with (—)-menthyl(dimethyl)tin bromide 928 after 30 min led to
the tin compounds 10a and 10b in a 9:1 E/Z ratio (67% yield).
11950 NMR analysis revealed that the major E-isomer was
formed with 76% diastereomeric excess. Quenching after 10 or
60 min, or quenching with the enantiomeric reagent ent-9,
generated the tin compounds with a constant de in the range of
76-82%. This shows that the organolithium compound 8 is
configurationally stable under the conditions applied, and that

ﬁvl_i — N

1 Li

X Li X =

4
X = %;%sﬁ = Durs-

Scheme 1

Li
S/\
5 X

/4/\/S " /4/\)_ |
Durs X Durs X
6 7

—d ( —d (

Sn Br

-

9

Scheme 2 Reagents and conditions: i, ButLi, THF, —107 °C; ii, —107 °C,
30 min; iii, 9.

guenching of 8 with 9 is not complicated by kinetic resolu-
tion.

In order to determine the stereochemistry of the ring opening
process, pre-cooled Mel was added to the organolithium
compound 8 after 30 min at —107 °C (Scheme 3). Thisresulted
in 88% of a 88:12 E/Z mixture of the hexadienyl thioether 11.
Hydrogenation of the mixture provided uniform dextrorotatory
2-durylthiopentane 12. The optical purity and the absolute
configuration of 12 was determined with the aid of a sample
prepared from (S)-heptan-2-ol.

DurS

DUrSY\/\/
[a]p +7.3

CHg
12

HO\/\/\/ iii
: — 12
CHg

Scheme 3 Reagents and conditions: i, Mel; ii, Hy, (PhsP)sRhCI; iii, MsClI,
pyridine; iv, DurSLi.

[a]p +9.2
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Scheme 4 Reagents and conditions: i, 16, Zn(CH,l),-DME; ii, BunLi,
(DurS)y; iii, BunLi, TsCl; iv, MeSeL.i.

The optical purity of 12 (ca. 80% 0.p.) corresponds to the de
values of the tin compounds 10 and shows that the ring opening
of 7 to give 8 proceeds with at most 10% loss of enantiomeric
composition. The minor loss in enantiomeric purity of 8 during
its generation at —107 °C from 7 should be associated with the
ring opening process of 7.9

Knowledge of the absolute configuration of the starting
material 6 and that of the product 11 shows that the overall
transformation proceeds with retention of configuration at the
sulfur-bearing carbon atom. Thereis, however, some element of
uncertainty regarding the stereochemistry of the individual
steps. It is generally accepted!© that the methylation of ‘low
reactive’ sp3-hybridized organolithium compounds by Mel
proceeds with retention of configuration. If this applies also to
the transformation of 8 into 11 it follows that the ring opening
of 7 to give 8 proceeds with predominant retention of
configuration at the lithium-bearing carbon atom.

The synthesis of the starting materia 6 relied on the
asymmetric cyclopropanation developed by Charette.11 Cyclo-
propanation of 13 should furnish the cyclopropane 14 of the
absolute configuration shown (Scheme 4). The latter was then

34 Chem. Commun., 1999, 33-34

converted to 15 and on to the selenoether 6 in a series of
standard transformations (Swern oxidation, Horner olefination,
DIBAL-H reduction).

We are grateful to the Deutsche Forschungsgemeinschaft
(SFB 260) and the Fonds der Chemischen Industrie for support
of this study.
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Repetitive Mukaiyama aldol reaction between bis(silyl
ketene acetal) and dialdehyde proceeded in the presence of
Lewis acid to afford poly(hydroxy ester).

The Mukaiyamaaldol reaction isone of the most powerful tools
for the construction of new C—C bonds in organic synthesis. 14
In spite of high reactivity and the subtle possihilities of side
reactions in a number of aldol reactions under controlled
reaction conditions, polymer synthesis utilizing this excellent
reaction has not been studied extensively. Aldol-GTP (Aldol -
Group Transfer Polymerization)>€ is the only exception, which
is based on repetitive aldol reaction. Monomers for the aldol-
GTP are however limited to trialkylsilyl vinyl ethers,.8 which
give silylated poly(vinyl alcohol)s. In the Mukaiyama aldol
reaction, Lewis acid activates or catalyses the reactions of silyl
enolatesor silyl ketene acetal swith carbonyl compoundsto give
B-hydroxycarbonyl derivatives in excellent yield. If the same
reaction occurs with the combination of bis(silyl enol ether)s
and dialdehyde, this would be one of the most suitable ways for
the preparation of poly(p-hydroxycarbonyl)s in a polyaddition
manner. We found that bis(silyl ketene acetal)s reacted with
dialdehydes in the presence of Lewis acid to afford poly-
(hydroxy ester)s. Here we report a polyaddition between
bis(silyl ketene acetal) and dialdehyde, which we propose to
term ‘aldol polymerization’. Asymmetric aldol reactions have
also been studied extensively.® Severd efficient chiral catalysts
were designed for the aldol reaction. Thus, it should be possible
to prepare optically active polymers if a chira catayst is
employed in the adol polymerization. Asymmetric adol
polymerization was also examined.

In the first place, we attempted to prepare bis(trimethylsilyl-
ketene acetal) 2 as a monomer for aldol polymerization using
LDA/MesSiOTf (Scheme 1).10 However the monomer 2 was
contaminated with a small amount of the monoketene acetal
after distillation of the product, sincetrimethylsilylketene acetal
is susceptible to hydrolysis. Monomers for polyaddition
reactions always require high purity in order to obtain high
molecular weight polymers. In stead of trimethylsilylketene
acetal, the preparation of triethylsilyl derivatives 4 was then
examined. In the literature it was reported that aldol reaction of
triethylsilylketene acetals with aldehyde smoothly occurred to
afford the adol products in high yield.11.12 We found that the
hydrosilylation method shown in Scheme 2 was suitable for the
preparation of 4. Hydrosilylation of bismethacrylate 3 with
triethylsilanein the presence of arhodium catalyst afforded 4 in
good yield.1314 More importantly, the higher stability of the
triethylsilylketene acetal made it possible to use normal silica
gel column chromatography for its purification. It is also

Me3SiO

O,CPr! o~
O e 3T
} i OSiMe
PriCO; Me3SiOTf W/‘\o 3

1 2

Scheme 1

possible to purify this monomer by simple distillation. As a
model reaction of polyaddition, the monomer 4 was allowed to
react with 2 equiv. of benzaldehyde in the presence of TiCl,.
Aldol reaction between 4 and benzal dehyde occurred smoothly
at —78 °Cto givethe corresponding aldol in good isolated yield.
This result encouraged us to apply the reaction to the polymer
synthesis. Terephthalaldehyde 6 was chosen as the comonomer
in this polymerization (Scheme 3). Results for the adol
polymerization are shown in Table 1. Since adol reactions of
silylketene acetal with aldehyde using TiCl, were reported to
give excellent yields at —78 °C,15 the polymerization was
carried out at this temperature. Without Lewis acid, no reaction
was detected between 4 and 6. When neat TiCl, was added to
the monomer solution in CH,Cl,, resulting in a heterogeneous
system, the reaction afforded a polymer insoluble in common
organic solvents (run 1). Addition of a1.0 m CH,Cl, solution of
TiCl, to the mixture of 4 and 6 at —78 °C initiated the aldol
polymerization to give the desired aldol polymer which was
isolated after precipitation into MeOH-H,O (7:3). During
isolation of the polymer 7a, a small number of the triethylsilyl
ether groups in the polymer were converted to hydroxy groups
(7b). Although this polymeric silyl ether is quite resistant
towardsdilute hydrochloric acid, the use of TBAFin THF led to
the compl ete cleavage of the Si—O bonds to give poly(hydroxy
ester) 7b. The structure of the obtained polymer 7 was supported
by spectroscopic analyses. The molecular weight of 7 was
measured by GPC (THF as an eluent) using polystyrene
calibration curves. The use of ZnBr, as Lewisacid resulted in a
high yield of the polymer a room temperature (run 3).
Mukaiyama aldol reaction is normally activated by stoichio-
metric amounts of Lewis acid, whereas catalytic activity of rare
earth metal triflates has recently been reported in the same
reaction.16.17 We have found that catalytic amount of triflates
such as Yb(OTf); and Sc(OTf); were effective for the adol
polymerization to give the polymer. In the case of Sc(OTf)s, the
temperature should be kept below 0 °C during its addition into
the monomer solution (run 6), otherwise insoluble polymer was
yielded as the main product (run 5). As another novel
dialdehyde monomer for the aldol polymerization, we prepared
8, which has somewhat better solubility than 6. As can be seen
in the polymerization of 4 with 6, addition of a 1.0 m CH,Cl,

OSiEty

4 + 2 PhCHO

Scheme 2 Reagents and conditions: i, EtsSiH, (PhsP)sRhCI, CHCl3, 60 °C,
1 min, 80%; ii, TiCls, CH,Cl,, —78 °C, 4 h, 80%; iii, TBAF, THF, room
temp., 94%.
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solution of TiCl, to the mixture of 4 and 8 a&¢ —78 °C aso
yielded the desired aldol polymer 9a. A catalytic amount of
Yb(OTf)s or Sc(OTf); as a Lewis acid catalyst also made it
possible to synthesize the adol polymer 9 having high
molecular weight (runs 9 and 10). The structure of 9a was
confirmed by NMR and IR analysis.

The use of chiral Lewis acids for enantioselective aldol
reactions has recently received great attention.® One of the
efficient chiral catalyst for the asymmetric Mukaiyama aldol

Table 1 Aldol polymerization of bis(silyl ketene acetal) 4 with dialdehyde
in CH2C|2

Dialde- Lewisacid Yield Muw/
Run  hyde (equiv.) T/°C tth (%) MpP MyP
1 6 TiClse (2.0) —78 4 86 —d
2 6 TiCl4e (2.0) —78 4 21 1500 1.60
3 6 ZnBr; (2.0) 20 48 84 2800 221
4 6 Yb(OTf)3 (0.2) 20 72 17 2200 1.60
5 6 Sc(OTf)3 (0.1) 20 72 21 —d  —d
6 6 Sc(OTf);(0.1) —5t020 72 40 3800 3.89
7 8 TiCl4e (2.0) —78 4 29 2700 327
8 8 ZnBr; (2.0) 20 48 47 1800 3.41
9 8 Yb(OTf)3 (0.2) 20 72 15 11300 7.32
10 8 Sc(OTf)3(0.1) —5t020 72 50 55700 2.38
11 8 10 (1.0) —78 4 62 1900 2.38

a |solated yield after purification by reprecipitation. ® Obtained by GPC
calibrated by polystyrene standards using THF as an eluent. ¢ Neat reagent
was used. 9 Insoluble in common organic solvents. © 1.0 m solution in
CHCl,.
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reaction is chiral N-sulfonyloxazaborolidinone 10 reported by
Kiyooka.18.19 For example, benzaldehyde activated with chiral
Lewis acid 10 reacted with silylketene acetal to afford the
corresponding R-aldol product in high yield with high enantio-
purity (up to 94% ee).1° We applied this chiral catalyst for the
adol polymerization of 4 with 8. The asymmetric polymeriza-
tion was performed at —78 °C, since undesired reduction of the
ester group with the hydride of 10 might take place after aldol
reaction at higher temperature, which destroys the polymer
main chain. Although relatively low molecular weight polymer
was obtained at —78 °C, the produced polymer showed optical
activity.20 To the best of our knowledge, thisisthefirst example
of the synthesis of optically active polymer from prochiral
monomer using repetitive asymmetric aldol reaction.

In summary, we have found that Mukaiyama aldol reaction
could be successfully utilized for the polyaddition of bis(silyl-
ketene acetal)s with dialdehydes. Polymers having a unique
main chain structure consisting of poly(hydroxy ester)s were
prepared readily by this polymerization. Catalytic amounts of
rare earth metal triflates such as Yb(OTf)z and Sc(OTf); are
effective for the polyaddition to give polymers with high
molecular weights. It is also possible to prepare optically active
polymers using chirally-modified Lewis acid catalyst.

We thank Professor T. Nakai (Tokyo Institute of Technol-
ogy) for suggestions and encouragement. This work was
partially supported by a Grant-in-Aid for Scientific Researchin
Priority Areas from the Ministry of Education, Science, Sports,
and Culture, Japan (Monbusho).
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Reaction of an alkene with aqueous hydrogen peroxide and
a catalytic quantity of a heteropolyacid adsorbed onto
magnesium, aluminium or zinc oxide leads to complete,
rapid cleavage of the alkene to give carbonyl compounds.

Oxidative cleavage of akenes to ketones, aldehydes or
carboxylic acids is useful synthetically. Reagents for effecting
this reaction include ozone and lead tetraacetate, although the
latter often gives only small yields of cleavage products.?
Alkenes are often cleaved indirectly through intentional or
incidental prior formation of 1,2-diols, followed by further
oxidation. There are many reagents for effecting this last
cleavage, as with sodium bismuthate, osmium tetroxide,
chromium compounds, permanganates and ruthenium oxides.*
All of these reactions are carried out in homogeneous solution
and are generally stoichiometric, or they use expensive oxidants
to recycle precious metal catalysts. Here, oxidative cleavage of
alkenes has been attained through the use of heterogeneous
calcined heteropolyacid catalysts supported on zinc, magne-
sium or aluminium oxide, with hydrogen peroxide as a cheap,
environmentally benign oxidant.

Heteropolyacids are easy to prepare from readily available
tungstates, molybdates and phosphates and are soluble in
organic solvents.2 Those based on molybdenum and/or tungsten
have been used as catalystsfor effecting epoxidation of akenes3
and for ring-opening of epoxides.4 Small yields (5-7%) of
adipic acid have been reported during homogeneous conversion
of cyclohexene to its trans-1,2-diol.32 Similar homogeneous
oxidation of cyclopentene gave a fair to modest yield of
glutaraldehyde.3c In homogeneous two-phase transfer systems,
12-tungstophosphoric acid and hydrogen peroxide have been
reported to give epoxides and 1,2-diols from akenes. On
extended reaction, some complete cleavage of akene was
observed.3b

Inthe present work, 12-molybdophosphoric (PMA), 12-tung-
stophosphoric (PWA) or 6-molybdo-6-tungstophosphoric acid
(PMWA) were deposited onto aluminium, zinc or magnesium
oxide or hydroxide and then calcined to give heterogeneous
catalysts. The akenes shown in Table 1 were oxidatively
cleaved to give acids, ketones or keto acidsin highyields. Inthe
presence of aqueous hydrogen peroxide and 2-methylpropan-
2-0l as solvent, these catalysts gave very poor and often only
fleeting yields of epoxides and 1,2-diols, unlike analogous
oxidations reported for homogeneous heteropolyacid systems,
from which high yields of epoxide can be obtained.3 As
revealed by gas chromatographic monitoring of the reactions,
the initial alkene disappeared completely from the reaction
medium, but final percentage yields of oxidation products such
asepoxidesand 1,2-diolsdid not remotely match the percentage
disappearance of starting material. Although the formation of
1,2-diols suggested that epoxides were being formed and were
then being ring-opened solvolytically, no significant amounts of
1,2-diols were found at the end of reaction when al the akene
had disappeared. However, when MeOH was used as solvent,
considerable quantities of 1-hydroxy-2-methoxy derivatives
werefound; such solvolysis productsaretypical of ring-opening
of epoxides by nucleophilic solvents. Unlike the 1,2-diols, the
1-hydroxy-2-alkoxy compounds appear to be stable towards
cleavage under the present reaction conditions and can form

significant proportions of the final reaction product. In the
poorly nucleophilic solvent, 2-methylpropan-2-ol, no 1-hy-
droxy-2-butoxy derivatives were found and the very small
quantities of 1,2-diol observed as intermediate products pre-
sumably arose from water in the hydrogen peroxide. Although
in MeOH, yields of 1-hydroxy-2-methoxy derivatives reached a
steady valuetowardsthe end of reaction, any 1,2-diols produced
at the sametimefirst increased in amount during the early stages
of reaction and then decreased to zero towards the end. For
example, during oxidation of cyclohexenewith aPWA catalyst,
maximum intermediate yields of some 7% epoxide and 15%
cyclohexane-1,2-diol were observed during the course of
oxidation, in which 100% of the alkene was converted to other
products; at the end of reaction amost al of the epoxide and
1,2-diol had disappeared. Work-up of this reaction mixture for
non-volatile components showed that the alkene double bond
had been completely cleaved to give adipic acid in high yield
and selectivity (Table 1), which had not been observed by GC
monitoring. Other alkenes behaved similarly (Table 1). It is
clear that these supported heteropolyacids (or their anions on
the supporting oxides and hydroxides) split alkenes efficiently
so as to give complete double-bond cleavage (Scheme 1). Any

Table 1 Oxidative cleavage of alkenes with supported heteropolyacids and
hydrogen peroxide

Alkene Heteropolyacida t/hb Product (% yield)
2,3-Dimethyl-2- PMWA:Mg:C:150/0.5 8  acetones (91)
butene
Cyclohexene PMA:AI:C:150/0.5 24 adipic acidd (90)
1-Methylcyclo-  PWA:AI:C:150/0.5 24 6-ketoheptanoic acidd
hexene (96)
Oct-1-ene PMWA:Mg:C:150/0.5 4 heptanoic acidd (100)
Cyclooctene PMWA:AI:A:150/0.5 10  epoxides
Styrene PWA:AI:C:500/4 24 benzoic acid (90)
trans-Stilbene ~ PWA:AI:C:500/4 24 benzoic acid (92)
trans-Stilbene  PWA:AI:C:500/4 24 f

a See text for code. b All reactions were carried out at 60 °C in
2-methylpropan-2-ol as solvent, except for entry f. ¢ Isolated as its
2,4-dinitrophenylhydrazone. 9 |solated and identified by comparison with
authentic material for mp, *H NMR and mass spectrum. € The epoxide of
cyclooctanoneiswell-known for its resistance to nucleophilic attack. In this
instance, after about 50% conversion of alkene, its epoxide was isolated in
30% yield along with some suberic acid (7% yield). f This example is
included to show the effect of MeOH as solvent. The bulk of the product
consisted of equal amounts of the enantiomeric pair of 1-hydroxy-
2-methoxy-1,2-diphenylethanes, together with surprisingly only a little of
the meso derivative.

OH

RL B R2 po, RA O RZ HO0 R2 R2
: : catalyst : : R®

H R? UH R® H  on
[ H20,

Rl R2 H,0, Rl catalyst R2
>:O + O‘ﬁ/ >:O + O‘ﬂ/
HO' RS H R®
Scheme 1
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final oxidation of aldehydeto carboxylic acid may or may not be
catalysed.

Where the carbonyl formed on cleavage is an adehyde,
further oxidation to carboxylic acid ensues rapidly, since
intermediate aldehydes are rarely observed, one such exception
occurring in the oxidation of styrene. The oxidation of
aldehydes to acids by hydrogen peroxide is known.5> 1-Hy-
droxy-2-methoxy derivatives appear not to be oxidised further
in these systems. For this reason, for optimum cleavage yields,
either 2-methylpropan-2-ol or MeCN were used as solvent
(Table 1).

For al oxidations, a blank reaction was carried out by
omitting the catalyst from the reaction mixture. No oxidation
was observed. To verify that |eakage of catalyst from heteroge-
neously-supported material sto give homogeneous catalystswas
not significant, parallel experiments were carried out by first
refluxing the catalyst with the reaction mixture minus hydrogen
peroxide and then filtering the mixture. The filtrate was used
without more catalyst to determineits ability to effect oxidation
of an alkene and the residue was used likewise. In al cases, the
degree of oxidation observed with the filtrate as catalyst was
very small but the solid residual catalystswere asefficient asthe
initial one. Finally, the longevity of the catalysts was examined
by using the same catalyst for severa successive oxidations.
Generally, by the fourth cycle, the catalyst had lost most of its
potency.

The catalysts were prepared in several ways to examine
changesin their effectiveness with their pre-treatments. In some
cases, the heteropolyacids were deposited onto preformed
oxides (method A) or hydroxides (method B) but, in others, the
catalyst was co-precipitated during formation of the hydroxide
(method C). In all cases, the resulting solidswere dried to 80 °C
invacuo and then calcined at either 150 or 500 °C. The catalysts
are distinguished by a code. Thus, (PMA:AI:A:500/4) means
12-molybdophosphoric acid deposited onto aluminium oxide
by method A and calcined at 500 °C for 4 h. Not all catalysts
were equally effective for cleavage of akenes. Generadly,
catalysts prepared by method B gave either inferior or no better
yieldsthan the corresponding catalysts prepared by method A or
C

In atypical catalyst preparation, 6-molybdo-6-tungstophos-
phoric acid (19.5 @)% in water (20 ml) was added to an
approximately equal weight of freshly prepared and washed
aluminium hydroxide, prepared from aluminium ammonium
sulfate and sodium hydroxide; the mixture was stirred for 1 h.

38 Chem. Commun., 1999, 37-38

Excess of water was removed by centrifugation and the residue
was washed with distilled water (3 < 20 ml). The solid product
was dried at 80 °C in vacuo (20 mmHg) until its weight
remained constant (about 2 days). The dried product was
calcined by heating it either at 150° for 30 min or 500 °C for 4
h to give 45.3 g of the required catalyst, PMWA:AI:C:150/
0.5.

In a typical oxidation, 1-methylcyclohexene (1.00 g; 10
mmol), dodecane (0.1 g, used as interna GC standard),
hydrogen peroxide (70% w/w; 3—4 equiv. to alkene) and the
catalyst (PWA:AI:C:150/0.5; 0.5 g) in 2-methylpropan-2-ol (25
ml) were stirred together at 60 °C. The progress of reaction was
monitored by GC and the concentration of hydrogen peroxide
was assessed with test strips (Merck). After complete conver-
sion of the alkene or after amaximum of 24 h, the reaction was
cooled, the catalyst filtered off and thefiltrate was evaporated to
dryness. The residue was distilled to give 6-oxoheptanoic acid,
mp 33-34° (lit.,” 34-35 °C), identified by *H NMR spectros-
copy and mass spectrometry. The other alkenes were reacted
similarly and the products were isolated (see Table 1).

The authors thank the Eschenmoser Trust (L.-c. H.) and
Rentokil Initial (C. D. B.) for financial assistance.
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Chiral bis-oxazoline titanium complexes [Ti(BOX),X,] pre-
pared from C; chiral bis-oxazolines, BuLi and titanium salts,
catalyze the enantiosective reduction of ketones in the
presence of triethoxysilane.

Enantioselective reduction of ketones is an important and
widely utilized methodology for the preparation of key
intermediates for the synthesis of drugs and biologically active
compounds.® Corey’s oxazaborolidine and related compounds
play a decisive role in these chirotechnologies.2 Recently,
Buchwald has demonstrated that chiral titanium metallocenes
are able to catalyze the enantioselective hydrosilylation of
ketones and imines with high ees3 For these reactions
enantiomerically pure titanocene complexes should be availa-
ble. Although a new methodology to prepare the chira C,
metallocene complexes in high diastereomeric ratios was
recently reported, aresolution processiis till needed to access
the enantiomerically pure metal complex.5 Based on a different
strategy, i.e. replacing chiral metallocene with more accessible,
easily prepared, chiral metal complexes, we have explored the
possibility of using chira bis-oxazolines® as ligands in
coordinating group 4 metals and to employ the corresponding
complexes in asymmetric catalysis (Fig. 1). To the best of our
knowledge, until now the use of early transition metals with C,
chiral bis-oxazolines in asymmetric catalysis has never been
reported.”

Herein, we present a novel method for the enantioselective
titanium-catalyzed hydrosilylation of ketones and «-halo ke-
tones. The procedure involves the treatment of C, chiral bis-
oxazolines (BOX 1-7) with BuLi followed by the addition of a
titanium salt.8 Since the titanium complex was prepared in situ
using a 2:1 molar ratio between the methylene bis-oxazoline
and atitanium salt, we suggest that the BOX—titanium complex
could have an octahedral structure (Fig. 1, M = Ti; X = Cl, F,
OPr?).2 These new BOX—titanium complexes were treated with
(EtO)sSiH leading to a catalytic system for the hydrosilylation
of ketones and «-halo ketones. It is noteworthy that no
particular activation is necessary for the preparation of the
active catalytic species. Various silyl hydrides such as ClsSiH,
(EtO):SiH, Ph3SiH, PhSiH3; and poly(methylhydrosiloxane)
were tested for asymmetric reduction catalyzed by the BOX—
titanium complex. However, in genera, (EtO):SiH gave better
results. Initially we investigated the reaction of acetophenone
with (EtO)sSiH using various titanium salts and oxazolines
(Scheme 1). As reported in Table 1 the best results were
obtained using 3-5 mol% of the catalyst prepared from

M =Ti, Zr, Hf ; X = F, CI, Br, OR, NRy

Fig. 1 Hypothetic structure of M(BOX),X».
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commercially available TiF,; and oxazoline 4 as ligand. The
hydrosilylation proceeded at room temperature, affording in 48
h the (9-1-phenylethan-1-ol32in 86% yield and 61% ee. The ee
obtained in the asymmetric reaction seems to depend on the
steric hindrance of the BOX ligand (entries 4,9 and 10). THF
was the most suitable solvent with respect to both enantio-
selectivities and chemical yields. In the process of optimizing
catalytic conditions with a variety of titanium salts, we found
that TiF, was more effective in preparing the soluble orange—
yellow BOX-titanium complexes. On the other hand,
TiCl4(THF), gave insoluble complexes and we occasionally
observed a definite change in the color of the reaction to blue,
indicative of the presence of a Ti'!' species.10

Since TiF,, bis(oxazoline) 4 and (EtO);SiH afforded the best
results,t the catalyst system reported in Scheme 2 was
successfully applied to the asymmetric reduction of branched
aromatic ketones and «-halo ketones.11 From the datain Table
2, it is evident that the enantiosel ectivity is independent of the

BOX iii .
—  ~ Ti(BOX)X»
1-7

O OH

+ (Et0)3SiH

Scheme 1 Reagents and conditions: i, BuLi, THF; ii, TiX4, THF; iii,
Ti(BOX)2X> (3-8 mol%), room temp.
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Table 1 Enantiosel ective reduction of acetophenone catalyzed by Titanium-
BOX complexa

Entry BOX TiX4 (mol%) Yield (%) Eeb (%)
1 1 TiCl4(THF)2 (4) 60 30 (R
2c 1 TiCl4(THF)2 (3) 60 50 (R)
3 3 TiCl4(THF)2 (4) 20 23 (R)
4 1 TiCly(OPr), (15) 87 18(9
5 4 TiCly(OPr), (4) 85 51 (9
6 7 TiCly(OPr), (3) 13 64 (9
7 4 TiF4 (5) 86 61 (9
8d 4 TiF,4 (4) 28 72 (9
9 5 TiF4 (5) 30 56 (9

10 6 TiF4 (5) 18 51 (9

a Reaction conditions as in Scheme 1. All the reactions were performed
by employing 4 equiv. of (EtO)sSiH as the reducing agent. The reactions
were stirred at room temperature for 2-3 d. b The ee was evaluated by GC
analysis with a chiral cyclodextrin Megadex column. ¢ The reaction was
effected in the presence of molecular sieves 4 A (1 g. for 1 mol of ketone).
d The reaction was performed in Et,0.

o} OH

R R!

R2 + (EtO)3SiH R2
: 10a—
R'=Pr,R?=H g
R'=Et R*=H
R'=Br,R?=H

R =Br, R2= Me
R!=Br, RZ= OMe
R!=Br, R?=Ph
R!=Br,R?=Cl

Q "0 Qo O T®

O HO
Br Br

OO * (EtO)3SIH OO

9 11

Scheme 2 Reagents and conditions: i, 4 (8 mol%), room temp., 80-120
h.

Table 2 Enantiosel ective reduction of ketones and «-hal o ketones catalyzed
by titanium—BOX complexes?

Entry Ligand Ketone Alcohol Yield (%) Ee (%)
1 4 8a 10a 61 85 (9
2 4 8c 10c 60 84 (R
3 4 8d 10d 61 83 (R
4 4 9 11 64 84 (R)
5 4 8e 10e 53 80 (R
6 4 af 10f 50 78 (R)
7 4 8b 10b 58 75 (9)¢
8 4 8g 10g 50 65 (R)

a All the reactions were performed as reported in the experimental
procedure. b |solated yield after chromatographic purification. ¢ The ee was
determined by GC analysis on Megadex cyclodextrin chiral column. The
configurations of 10a,c were assigned by comparison of the [o]p values
reported in the literature. In the other cases, the absolute configuration was
assigned by analogy. 9 The ee was determined on the silylated alcohol.

nature of the ketone, showing generaity from aromatic
substituted ketones to «-halo ketones.12 The excellent enantio-
selectivity and the satisfactory yields observed in these
reactions, accompanied by the simple protocol and the commer-
cial availability of theligands and reagents, makethis procedure
useful for the preparation of optically active epoxides and «-
amino acohols.t

Bis(oxazoline) ligands are able to replace Britzinger's C,
metallocenes in these reductions, suggesting that other early
transition metal-mediated reactions can be successfully cata-
lyzed by early transition metals and appropriate BOX ligands.
At the present time we can only speculate about the mechanism

40 Chem. Commun., 1999, 3940

of this reaction. In particular, we are unable to definitively
demonstrate that the reduction is due to the formation of an
active titanium(ni)3ab or titanium(v) species4 or if other
mechanisms are involved.15 In conclusion, we have developed
a new methodology for the enantioselective reduction of
ketones based on chiral titanium bis(oxazoline) complexes.

We thank the MURST (Rome) (National Project ‘ Stereo-
selezione in Sintesi Organica. Metodologie ed Applicazioni’)
and Bologna University (funds for selected research topics) for
the financial support of this research.
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addition of ag. NaOH (1 m). The solution was stirred at room temperature
until a white precipitate was formed. The solid was separated by filtration
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with AcOEt (2 X 3 ml). The organic layers were combined, dried over
anhydrous N&a,SO,, then concentrated under reduced pressure to give a
yellow oil which was purified by column chromatography on silica gel
(pentane-Et,0, 9:1) (53%).
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Deoxyazasugars such as deoxymannojirimycin, deoxyal-
trojirimycin and deoxygalactostatin were stereoselectively
synthesized starting from (R)-(+)-4-methoxycarbonylox-
azolidinone via a bicyclic oxazolidinylpiperidine as a com-
mon synthetic intermediate.

Recently, polyhydroxylated piperidine alkaloids have received
much attention due to their importance as glycosidase in-
hibitors.* Among them, deoxymannojirimycin 1 isolated from
Lonchocarpus sp.,2 deoxyaltrojirimycin 23 and deoxygal acto-
statin 34 can be regarded as deoxyazasugars based on their
structural relationship to deoxysugars. Deoxy compound 1isa
moderate inhibitor of «-mannosidases and a good inhibitor of
mammalian «-fucosidase, compound 2 is known as an analogue
of 1 and is named in the relation with altrose, and compound 3
isapotent inhibitor of galactosidase. Because of the significant
biological activities of these compounds as well as their
characteristic structure, anumber of synthetic efforts have been
reported.5t

We previously developed both enantiomers of 4-methoxy-
carbonyloxazolidinone 4 as a chira building block for the
synthesis of natural amino acohols, and redlized the stereo-
selective syntheses of both y-hydroxy--amino alcohols® and
sphingolipids.” As part of our continuing interest in the
synthetic utility of 4, we have applied this methodology to the
synthesis of deoxyazasugars. As a new flexible deoxyazasugar
synthesis, we now report the stereoselective asymmetric
syntheses of deoxymannojirimycin 1, deoxyaltrojirimycin 2 and
deoxygalactostatin 3 from common intermediate 9.

Synthesis of deoxymannojirimycin 1 via the common
intermediate 9 is shown in Scheme 1. Reaction of (R)-(+)-ester
4 with thelithium anion of propargy! alcohol silyl ether at —100
°C in THF gave ketone 5 [mp 31.0-32.0 °C; [¢]pZ +32.2
(c 0.88, CHCI3)]. The successful stereoselective reduction of
the ketone to produce the desired anti alcohol 6 was achieved
with diisobutylaluminium 2,6-di-tert-butyl-4-methyl phenoxide
in 92% vyield; the anti:syn selectivity was 11:1 by *H NMR
analysis. Reduction with NaBH,4 and L-Selectride® gave a 5:3
and 1:2 mixture of anti- and syn-derivatives, respectively, and
triisobutylaluminium reduction showed 9:1 selectivity. The
obtained stereosel ectivity can be understood by considering the
reaction intermediates as shown in Fig. 1. In the case of
diisobutylaluminium 2,6-di-tert-butyl-4-methylphenoxide re-
duction, two possible conformers A and B in the transition state
were considered based on an intramolecular fashion of this
reagent. Compared to intermediate A, intermediate B is
disfavored due to steric interactions between the bulky
aluminium reagent and the methylene group of the ox-
azolidinone ring, and hence this reaction resulted in high anti-
selectivity. On the other hand, conformers C and D were
anticipated in sodium borohydride and L-Selectride® reduc-
tion. There was considered to be no significant difference in
steric interactions between these conformers due to the
intermolecular fashion of the hydride attack of these reagents,
and they resulted in poor selectivity, despite the fact that the L-
Selectride® is sterically more demanding than NaBHj,.

With anti-alcohol 6 in hand, our attention turned to the
construction of the bicyclic oxazolidinylpiperidine. Reduction

of 6 along with its stereocisomer with Lindlar catalyst produced
cisdlyl acohol 7, which was isolated, then treated with
sodium in liquid ammonia followed by acid to give the
corresponding diol. Unfortunately, cyclization attempts utiliz-
ing the obtained diol via the tosylate of the primary a cohol were
unsuccessful. The secondary hydroxy group of 7 was then
protected with a TBDMS group, and the terminal silyl group
was selectively removed by treatment with ag. HF in MeCN to
give dlyl acohol 8.° The cyclization proceeded successfully
upon treatment of 8 with MsCl followed by NaH to produce
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1-Deoxymannojirimycin 1

Scheme 1 Reagents and conditions: i, TBDMSOCH,C=CLi, THF, —100
°C (82%); ii, diisobutylaluminium 2,6-di-tert-butyl-4-methylphenoxide,
toluene, 0 °C (92%); iii, Lindlar catalyst, H,, MeOH (90%)); iv, Na, liquid
NHs, —78°C; v, TBDMSCI, imidazole, DMF (67% for 2 steps), vi, 55% ag.
HF, MeCN, —20 °C (98%); vii, MsCl, EtzN, DMAP, DMF; viii, NaH,
DMF, 0 °C (80% for 2 steps); ix, OsO4, NMO, BUtOH, H,0 (86%); X,
Me,C(OMe),, PPTS, acetone (92%); xi, 6 m ag. NaOH, dioxane, reflux, 24
h (71%); xii, conc. HCI, MeOH, reflux, 4 h (quant.); xiii, basicion-exchange
resin.
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Diisobutylaluminum 2,6-di-tert-butyl-4-methylphenoxide
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Fig. 1

bicyclic oxazolidinylpiperidine 98. This compound was used as
the common intermediate for the present deoxyazasugar
synthesis. Oxidation of 9 with OsO, yielded diol 10 as the sole
product, the stereochemistry of which was assumed to be anti to
the neighbouring siloxy group at this stage. Acetonide forma-
tion followed by cleavage of the oxazolidinone ring with ag.
NaOH in dioxane gave amixture of monosilyl ether 11 and diol
11’. Upon treatment of the mixture with acid, deoxymannojir-
imycin 1 was quantitatively obtained after purification with
basic ion-exchange resin.q

Next is the synthesis of deoxyaltrojirimycin 2 (Scheme 2).
Epoxidation of bicyclic compound 9 after removal of the silyl
group gave epoxy acohol 12, which wastreated with BFs—Et,O
in acetone to produce acetonide 13 [mp 123.0-124.0 °C; [ o] p22

0
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1-Deoxyaltrojirimycin 2 13
O
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9 — l o]
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1-Deoxygalactostatin 3 15

Scheme 2 Reagents and conditions: i, TBAF, THF (98%); ii, MCPBA,
CHCl, (78%); iii, BF—OFEt,, acetone, 0 °C (70%); iv, 6 m ag. NaOH,
dioxane, reflux, 24 h; v, conc. HCI, MeOH, reflux, 4 h (85% for 2 steps); vi,
basic ion-exchange resin; vii, PDC, 4 A molecular sieves, CH,Cl, (73%);
viii, L-Selectride®, CeCls, THF (77%); ix, MCPBA, CHCl3, 3 d (65%).
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+49.9 (c 0.48, CHCIly3)] resulting from diaxial opening of the
epoxide ring. Synthesis of 2 from 13 was achieved by the same
procedures as those in the deoxymannojirimycin synthesis (6 m
ag. NaOH, conc. HCI; 85% for two steps).|

The synthetic strategy for deoxyaltrojirimycin was applied to
the synthesis of deoxygalactostatin 3 (Scheme 2), which is not
a natural product but was synthesized as an analogue of
deoxygalactose. Oxidation of 9 with PDC after removal of the
silyl group gave the corresponding ketone. Reduction of the
ketone obtained with L-Selectride® in the presence of cerium
chloride produced syn acohol 14 with a high degree of
stereoselectivity (20:1 by 1H NMR analysis; 77%). Although
epoxidation of 14 with MCPBA was very slow (room temp., 3
days, CHCI3), we obtained the desired «-oriented epoxide 15 in
65% conversion yield. The synthesis of deoxygalactostatin 3
was achieved from 15 by the same procedure employed in the
synthesis of deoxyaltrojirimycin. Thus, formation of acetonide
(52%), hydrolysis of oxazolidinone (67%), and then acid
treatment (quant.) yielded deoxygal actostatin 3.9

In conclusion, 4-methoxycarbonyloxazolidinone 4 has been
proved to be a versatile chiral building block for the syntheses
of deoxyazasugars via bicyclic oxazolidinylpiperidine 9 as a
common synthetic intermediate.

This work was supported by a Grant-in-Aid for Scientific
Research from Monbusho (N0.09480145). S. |. isgrateful to the
Japan Promotion of Science for a postdoctoral fellowship.
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Monomer emission from pyrene highly concentrated in
octadecyltrimethylammonium ion-intercalated graphite
oxide has been observed.

Organoammonium ion-intercalated layered materials have
attracted much attention because of their interesting structure,
absorption of harmful molecules or photoactive ones and
application as catalysts. Studies on these materials have been
well summarized recently by Ogawa and Kuroda.! Among
these studies, interesting results on fluorescence, thermal
properties or photo-isomerization have been reported by
immobilizing photochromic molecules such as pyrene23
azobenzene, S spiropirane,® etc., in the two dimensional space
of intercalation compounds. On the other hand, we have found
that graphite oxide (GO) which is classified as a covalent type
of graphite intercalation compound allows formation of inter-
calation compounds with alkyltrimethylammonium ions and the
maximum content of surfactant in the layer is very large
compared with that of clays and covers a wide range.” Such
intercalation compounds of GO are easily dispersed in chloro-
form, which can lead to further intercalation of aromatic
molecules by casting the solution containing both the inter-
calation compound and guest molecules. These facts suggest
that it is possibleto control the adsorption state of photochromic
molecules in the two dimensional space of surfactant-interca-
lated GO over awide range by changing the size of the spacing
between the alkyl chains of surfactant.

In this study, we chose pyrene as a probe photochromic
moleculein order to characterize the surfactant-intercal ated GO
as a new host material for photochromic molecules. The
aggregation state of pyrene was analyzed by using X-ray
diffraction and fluorescence spectra as was used for the
characterization of pyrene in montmollironite.23

Graphite oxide (CgOssH.g) was obtained from natural
graphite powder by a modified Staudenmaier method.89
Oxidation of graphitewas carried out for 2 days. I ntercalation of
octadecyltrimethylammonium ion (CigHzsMesN+; C153C1N)
and dimethyldioctadecyl ammonium ion [(CigHs7)2MexN*+;
2C182C;1N] was performed by adding an agueous solution of
surfactants to a colloidal solution of GO.” The repeat distance
along the c-axis (I) of surfactant of C1g3C;N- and 2C;52C;N-
intercalated GO as hosts of pyrene were 3.25 and 3.11 nm,
respectively. The contents of surfactant in GO were 0.33 and
0.23 mol per 100 g of GO in these intercalation compounds
when calculated from weight uptake data. Thesevaluesarevery
large when compared with those of clay minerals. The samples
obtained in this study were highly soluble in chloroform.
Intercalation of pyrene was performed by casting from CHCI3
solution (5 ml) containing the intercalation compound (10 mg)
and pyrene (2.5, 3.3 or 5.0 mg) on a quartz substrate. X-Ray
diffraction was performed on a Rigaku Rint-2100 diffract-
ometer. Absorption and luminescence spectra were recorded on
a Hitachi U-3000 spectrometer and JASCO FP-777 spectro-
fluorometer at an excitation wavelength of 330 nm, re-
spectively.

Casting of a CHCI;3 solution containing surfactant-interca-
lated GO and pyrene gave slightly brownish transparent films

for &l the samples. Fig. 1 shows the X-ray diffraction patterns
of the cast films of PY-C183C1N'GO, PY'2C182C1N-GO,
C183C31N-GO and 2C,g2C;N-GO, together with that of pristine
GO. In both cases, the | values of surfactant-intercalated GO
increased to about 3.8 nm after the addition of pyrene,
indicating the intercalation of pyrene into the surfactant-
intercalated GO materials. These | values were similar to those
observed for pyrene-C,53C;N- or pyrene-2C;52C;N-montmor-
illonites.2 They were almost constant regardless of the amount
of added pyrene. When the weight ratio of surfactant-
intercalated GO to pyrenewas >1:0.5, adiffraction peak at 26
= 10.3° appeared in the diffractogram of both PY-C;g3C;N-
GO and PY-2C;1g2C;N-GO, probably due to saturation of
pyrenein the interlayer spacing of the intercalation compounds
and crystalization of excess pyrene at the surface of the
samples. The molar ratios of pyrene:C;53C;N and pyr-
ene: 2C152C;N areca. 1: 1 and 2: 1, respectively, when pyrene
is saturated in the layers of the intercalation compounds. In
other words, saturation of pyrene occurred when the ratio of
pyrene: octadecyl group wasca. 1:1.

Fig. 2 shows the UV absorption spectra of cast films of PY -
C183C1N-GO, PY -2C152C1-GO, a pyrenefilm and an ethanolic
solution of pyrene. In the absorption spectra of cast films of
intercalation compounds containing pyrene, absorption bands
due to n—r* transitions of pyrene were observed at 340, 324,
312, 275, 264, 243 and 235 nm. For pyrene in ethanolic
solution, absorption bands were observed at 334, 318, 305, 272,
261, 240 and 230 nm. The red shift (ca. 5 nm) of absorption
bands indicated that pyrene in GO interlayers is present in a
more polar environment than in ethanolic solution.

Fig. 3 shows the fluorescence spectra of PY-C;g3C;N-GO,
PY -2C152C;-GO, an ethanolic solution of pyrene and crystal-
line pyrene. It is well known that the emission bands observed
at ca. 390 and 450 nm arise from pyrene monomer and eximer,
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Fig. 1 (8) X-Ray diffraction patterns of (A) GO, and cast films of (B)
C183C;N-GO and of PY-C;53C;N-GO with C,83C;N-GO: pyrene rétios;
(©)1:0.25, (D) 1:0.33and (E) 1: 0.5. (b) X-Ray diffraction patterns of (A)
GO, and cast films of (B) 2C152C1N-GO and of PY-2C;52C;N-GO with
2C152C;N-GO: pyreneratios; (C) 1:0.25, (D) 1:0.33 and (E) 1:0.5.
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Fig. 2 The absorption spectraof (A) an ethanolic solution of pyrene, (B) PY -

C183C1N-GO with a C,g3C;N-GO: pyrene ratio of 1:0.25 and (C) PY-
2C,2C;N-GO with a 2C;,52C;N-GO: pyrene ratio of 1:0.25.
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Fig. 3 The emission spectra of (A) crystalline pyrene, (B) an ethanolic
solution of pyrene, and of PY-C;53C;N-GO with C;53C;N-GO: pyrene
ratios of (C) 1:0.25 and (D) 1:0.33 and PY-2C;52C;N-GO with
2C,2C;N-GO: pyrene ratios of (E) 1:0.25 and (F) 1:0.33.

respectively. The emission from the monomer is usualy
observed only in highly dilute solutions as shown in Fig. 3(A).

44 Chem. Commun., 1999, 43-44

However, in the spectra of intercalation compounds with very
high pyrene content, this line was observed clearly and its
relative intensity increased when the loaded amount of pyrene
was decreased. Moreover, it is noteworthy that almost no
emission from the eximer was observed for PY-C,53C;N-GO
(1:0.25), indicating that pyrene molecules in the layer are
amost completely separated from each other by alkyl chains of
surfactants. This would be because the high content of
surfactant in the layer of GO makes the size of single pyrene
molecules suitable to occupy the space present between alkyl
chains of the surfactant. On the other hand, for PY-2C,52C;-
GO, eximer emission was preferably observed even when the
pyrene content was similar to that of PY-C,53C;N-GO showing
monomer emission. Similar results on the change of aggrega
tion state of pyrene were reported for montmorillonite based
compounds;2 however, in the latter case, the ratio of pyrene to
surfactant chain was rather lower, at most 1:0.36, and eximer
emission was observed to a considerable extent. The difference
of emission spectra of the two intercalation compounds would
be due to the difference of the size of the sites for pyrene
adsorption.

Finaly, we would like to emphasize that these surfactant-
intercalated graphite oxides are suitable host materials for
including photochromic molecules in separated sites at a very
high concentration. It would be possible to control their
aggregation over awiderange by changing the size of the spaces
between the alkyl chains of the surfactants.

The authors are grateful to Dr Kazushige Yamana of the
Himgji Institute of Technology for his assistance in UV-VIS
and fluorescence measurements, and for fruitful discussions.
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A terpyridine—Cu(11) complex conjugated to an antisense 2’-
O-methyloligonucleotide at the 5’-end cleaved RNA pre-
dominantly at the site opposite the 5’-end in moderate yield,
but the cleavage yield increased by more than two-fold when
a 2’-O-methyloligonucleotide was allowed to bind to the
single-stranded region of the RN A-antisense complex.

Recently, chemical agents that cleave RNA site-specifically
without enzymatic assistance have been developed.! This is
potentially important in antisense chemotherapy because cleav-
age of aspecific MRNA will lead to loss of its function.2 These
agents can also be useful for studies on structure-function
relationships of native RNAs.3 One relatively active class of
RNA cleaversis metal complexes covalently linked to oligonu-
cleotides; the cleavage mechanism may involve transphosphor-
ylation promoted by the metal. Complexes, such asterpyridine—
Cu(m),*5 macrocyclic  terpyridine  derivative-Ln(1),6.7
texaphyrin-Ln(11),8° and iminodiacetate—Ln(111),1° have been
attached by a flexible linker to DNA oligomers for sequence-
specific recognition. Here, we describe anew RNA cleaver with
an aternative arrangement, consisting of a 2’-O-methyl RNA
oligomer, as an efficient RNA hybridization probe311 and a
terpyridine—Cu(ir) complex directly attached to the 5’-end of the
2’-O-methyloligomer. We also demonstrate RNA cleavage by
the cleaver in the presence of a cleavage facilitator.

For oligonucleotide synthesis, 5-O-terpyridyl 3’-phosphor-
amidite derivatives of 2’-deoxyadenosine 1a and 2’-O-methyl-

NH, NHDMTr NHDMTr
NétN N SN
S ﬁs / ﬁ»
Sy Sy SN
HOW o b TBDMSO‘[ o o 1 o
- — ~ N=
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NC(CH,),0—P—NPrl, 4a,b
5a,b

Scheme 1 Reagents and conditions: for 5b (all reactions were carried out at
room temperature). 8, TBDMSCI (1.2 equiv.), imidazole (2.4 equiv.), DMF,
1.5 h, 77%; b, DMTrCl (2.6 equiv.), pyridine, 23 h, 77%; c, Bus;NF (1.2
equiv.), THF, 30 min, 99%; d, 4’-chloro-2,2’ : 6',2”-terpyridine (1.2 equiv.),
KOH, DMSO, 44 h, 90%; e, 80% MeCO.H aqg, 4 h, 100%; f, successive
steps: i, TMSCI (3 equiv.), pyridine, 30 min; ii, BzCl (5 equiv.), 3.5 h; iii,
H>0, 5 min; iv, 28% NHz ag, 30 min, 64% (overdl); g, 2-cyanoethyl
diisopropylchlorophosphoramidite (1.2 equiv.), diisopropylethylamine (3
equiv.), CH,Cl,, 50 min, 50%. DMTr = 4,4’-dimethoxytrityl.

adenosine 1b were prepared, using standard methods for all
steps (Scheme 1). The synthetic route involving O-terpyridyla-
tion12 is easy and applicable to the other nucleosides. The two
building units 5a,b were used for the preparation of 5-end-
modified 2’-O-methyloligonucleotides.

Cleavage reactions of RNA oligomers with the terpyridine—
Cu(m)-oligomer conjugates were carried out with the 5[32P]-
end-labeled RNA target in a buffer at 45°C for 20 h.
Representative examples of an analysis of the cleavage products
and all results are indicated in Figs. 1 and 2, respectively.
Cleavage of the RNA 24-mer (R24) with the 5-O-Cu(i)—
terpyridyl-2’-deoxyadenosine-linked 12-mer (dA*12) occurred
predominantly between U12-U13, in which U12 is positioned
at the end of the 12-mer recognition region [Figs. 1 and 2(a)].t
The extent of specific cleavage was 18% after 20 h [Fig. 2(c)].
Minor cleavage occurred at U13-U14 in ca. 1% yield. For the
corresponding  5’-O-Cu(ir)—terpyridyl-2’-O-methyladenosine-
conjugate (Am*12), similar cleavage results were obtained. An
RNA 21-mer with no sequence similarity to R24 was also
specifically cleaved by a dA*-13-mer at a predetermined Site,
5U-A3 (26% yield, data not shown).
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Fig. 1 Autoradiogram of products from the reaction of the labeled target
R24 with the agent dA*12 after 20% denaturing polyacrylamide gel
electrophoresis. The reaction was carried out for 20 h at 45 °C in a total
volume of 10 ul containing: 0.1 M NaClO,, 20 mM HEPES (pH 7.5), 0.1
uM RNA, 1 uM agent, and 1 uM CuCl,. Lane 1: R24; lane 2: R24 + free
terpyridine—Cu(i) complex + control 12-mer without terpyridine moiety;
lane 3: R24 + dA*12 + EDTA (10 mM); lane 4: R24 + dA*12; lanes 5 and
6: bicarbonate and ribonuclease T1 sequencing reactions, respectively.

Chem. Commun., 1999, 45-46 45



(a)
20 R24 10

3'CCUGGUUUCCUUUGUCCAUUCACGS!"
da*12 5' dA*CmAMGMCMUMAMAMGMUMGMAC 3'
Am*12 5' Am*CmAMGMGMUMAMAMGMUMGMAC 3'

(b)

5' GmGMAMCMCmMAMAMAMGMGMAmMAA 3°' t-oligo(n)

57 GMGMAMCMCMAMAMAMGMGMAA 3 t-oligo(g)

t-oligo(n) cleaver
5-vavvvwmﬁAmdA;{Am*vavvvxﬂnr 3
3 Y—U—U: 5
R24 14 131 12

(e)

reactions yields of cleavage
between U12-Ul3
da*12 Am*12
without t-oligo 18% 21%
with t-oligo(n) 27% 48%
with t-oligol(g) 17% 24%
(minor cleavage? 3% 6%)

Fig. 2 (a) Seguences of the RNA substrate and terpyridine-Cu(ir)-linked
oligomer agents. Nm refers to a 2’-O-methylnucleoside residue, and the
asterisk indicates the site of the linked terpyridine moiety. (b) Sequences of
the tandem 2’-O-methyloligomers, and schematic representation of RNA
cleavage by the use of Am*12 and the t-oligo(n) (the arrow shows the
cleavage site). The terpyridine—Cu(mr) moiety is indicated as a black
rectangle. All 2’-O-methyloligomers used in this study had a 2’-deoxy-
nucleoside residue at the 3'-end. (c) Yields of site-specific cleavage of R24
by agents with or without tandem oligonucleotides.

aTheminor cleavage siteisU13-U14 site, and other reactions also gavethis
cleavage, but in yields of less than 1%.

For induction of RNA cleavage, the terpyridine—Cu(in)
complex attached to the non-flexible linker should be close to
the RNA strand. To explore the spatia orientation of the
terpyridine moiety in the oligonucleotide hybrid, we prepared a
terpyridine-linked duplex with a self-complementary sequence
(dA*CmAMGMCmUmMGMUm) and examined its melting tem-
perature [conditions: 0.1 M NaClO,4, 10 mM Na phosphate (pH
7.5), 10 uM oligonucleotides, 12 uM CuCl;]. It was found that
the Ty, value (72 °C) was very high, as compared with that
(52 °C) for the control duplex without terpyridine moieties in
the presence of 12 uM CuCl,. These results may mean that the
terpyridine moiety interactswith the end of the hybrid in an end-
capping manner [Fig. 2(b)].13

To explore efficient RNA cleavage, which may be affected
by the environment around the terpyridine—-Cu(ir) moiety in the
RNA—agent hybrid, we carried out the RNA cleavage reaction
in the presence of a 2’-O-methyl RNA complementary to the
RNA single strand region adjacent to the terpyridyl conjugated
12-mer. The adjacent oligonuclectide was positioned in two
ways. first, to provide anick, and second agap at theterpyridine
site. In each reaction, with or without the tandem oligonucleo-
tide [t-oligo(n) or t-oligo(g), Fig. 2(b)], Am*12 was more
effectivethan dA* 12 [Fig. 2(c)]. The cleavage efficiency for the
reaction with the gapped tandem sequences was similar to that
for the reaction without the additional oligonuclectide, but the
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cleavage site-specificity was lower. On the other hand, the
reactions using the nicked tandem sequences increased the
cleavage efficiency. Moreover, when Am* 12 instead of dA*12
was used, the cleavage yield was 48%.1 The spatial orientation
of the terpyridine moiety probably became more suitable for
RNA cleavage by the presence of the nick-forming tandem
sequences and the 2-O-methylribose linker.

The present RNA cleaver has the metal complex at the end of
the 2-O-methyloligonuclectide. On the other hand, RNA
cleaving metal complexes that were attached within DNA
oligomers have been reported.457.2 Some of the agents were
designed toremain in alocal region (such asabulge) containing
the cleavage site loosel4 while hybridized with the target RNA.
Thiskind of agent is expected to be developed into an artificial
ribonuclease that acts with catalytic turnover. Our findings,
including the results on the nick-containing RNA hybrid,
provide valuable information for the design of catalysts and the
creation of more efficient cleavers.

Wethank Prof. Donald E. Bergstrom (Purdue University) for
critical reading of the manuscript. This work was supported in
part by a Grant-in-Aid from the Ministry of Education, Science,
Sports and Culture of Japan.
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Unexpectedly, treatment of perfluoro(2,6-dimethyl-1-azacy-
clohexene) with 2 equiv. of PhLi in cyclohexane-Et,0 at —50
to 40 °C gives a good yield (72%) of (+)-3,3,4,4,5-penta-
fluoro-2,6-diphenyl-2,6-bis(trifluoromethyl)-1-azabicyclo-
[3.1.0]hexane 1; the nitranion implicated in this novel
conversion can be trapped with sulfuric acid, giving
2,2,4,4,5,5-hexafluoro-2(e),6(e)-diphenyl-2(a),6(a)-bis(tri-
fluoromethyl)piperidine 5.

1-Azabicyclo[3.1.0]hexanes are not new: synthesis of the parent
compound was reported in the mid-1960s,12 and synthetic
studies on its derivatives® gained impetus in the late 1980s
owing to theisolation of the azinomycin antitumour antibiotics*
which possess this ring system. Surprisingly, however, no
fluorinated derivatives appear to have been described here-
tofore.

The polyfluorinated species 1 disclosed here was obtained
serendipitously during research into the electronic and steric
influences of «-substituents on the effectiveness and modes of
action of 3,3,4,4,5,5-hexafluoro-N-fluoropiperidines, e.g. 3, as
selective electrophilic fluorinating agents, the ultimate ob-
jective being to develop chiral analogues of perfluoro-N-
fluoropiperidine, the prototypical ‘ F+' delivery agent of the N—F
class5> The synthesis strategy being used centres on nucleo-
philic attack on perfluoro-(2,6-dimethyl-1-azacyclohexene) 2.6
This worked well (Scheme 1) when MeLi was used as the
nucleophilic reagent: acidic work-up of the reaction mixture
gave the expected N—H compound 41 in 63% yield, and thiswas
converted smoothly to 3,3,4,4,5,5-hexafluoro-2(a),6(a)-di-
methyl-2(€),6(e)-bis(trifluoromethyl)-N-fluoropiperidine 3
(82% yield) on treatment with F, in cold CFCl; containing
anhydrous KF. The stereochemistry of this new N—F compound
was established beyond doubt by X-ray analysis,” hence the
geometry of its N-H precursor 4 follows.

By contrast, similar treatment of the perfluoro imine 2 with
PhLi [in c-CgHi—Et,O (7:3) a —25 °C] gave a complex
product from which, after careful addition of aqueous H,SO, at
—50 °C followed by flash chromatography, were isolated
samples of (+)-3,3,4,4,5-pentafluoro-2,6-diphenyl-2,6-bis(tri-

F CFs —= FaCrpe CF
FsC CF3 N 3 3 N 3
63% Me H Me 829, Me ']: Me

2 4 3
\—"imv PENLE ) E d Ph )\/F\/L h
ol N CF, Phuy N P
F:C H§ CFs

PH

1 4% (viaiii)
72% (via iv)
Scheme 1 Reagents and conditions: i, MeLi (2 equiv.), Et,O, —78 °C, then
ag. HxSOy; ii, F-Ns (ca. 1:9 viv), KF, CFCl3, —30 °C; iii, PhLi (2 equiv.),
C-CeH12-Et,0 (7:3), —25 °C, then ag. H,SO,4, — 50 °C; iv, PhLi (2 equiv.),
c-CgH12—Et,0 (7:3), —25 °C, then 40 °C.

5 28% (via iii)

Fig. 1 ORTEP diagrams of (a) azabicycloheptane 1 and (b) piperidine 5
with 50% thermal ellipsoids.

fluoromethyl)-1-azabicyclo[3.1.0lhexane 1 and 3,3,4,4,5,5-
hexafluoro-2(e),6(e)-diphenyl-2(a),6(a)-bis(trifluoromethyl)-

piperidine 5in 4 and 28% yield, respectively. The structures of
these products were established unambiguously by X-ray
analysis (Fig. 1).1 The cis disposition of the CF3 substituentsin
each compound, coupled with the subsequent discovery that the
yield of the azabicycloheptane 1 can beincreased to 72% simply
by not quenching the presumptive nitranion 6 formed from 2
and PhLi, but gradually raising the temperature of the reaction
mixture to about 40 °C, prompts us to favour the reaction
mechanism shown in Scheme 2. The ease of ring contraction
presumably stems from the considerable relief of 1,3-diaxia
CF3--CF3 repulsions in the monocyclic moiety, the distance
between the carbon centres of the trifluoromethyl substituentsin
the azabicyclohexane 1 being 33% greater than in the piperidine
5; this belief is supported by our failure to convert the lithium
sat of the diequatorial (CF3), analogue 4 of 5 to an
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azabicyclo[3.1.0]hexane in boiling Et,O. Interestingly, the
conversion 51 finds something of aparallel in the preparation
of (59-1-azabicyclo[3.1.0]heptane in abysmal yield via basifi-
cation of the sulfuric acid ester derived from 3-hydroxypiper-
idine.2

Notes and r eferences
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293(2) K, space group P2;/c (no. 14), monochromated Mo-K« radiation, A
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AFC6S diffractometer, w26 scan, 4 < 26 < 50°, 3378 reflections
measured, 3197 unique reflections. The structure was solved by direct
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hydrogen atoms were refined anisotropically; hydrogens were constrained
to chemicaly reasonable positions. The fina cycle of least-squares
refinement (for 320 parameters) converged withwR2 = 0.1057 (for all data)
and Rl = 0.0389 (for 1926 reflections [I > 20(1)]). Selected bond
distances: C(7)—(14), 4.76(1); C(5)—N, 1.436; C(6)-N, 1.499; C(5)—(6),
1.485 A. Selected bond angles: C(5)-N—(6), 60.75; C(5)—C(6)-N, 57.51;
C(6)—5)—N, 61.74°.

For 5: CigH11F1oN, M = 481.29, orthorhombic, a = 27.339(2), b =
8.3850(10), ¢ = 15.593(2) A, U = 3574.5(7) A3, T = 203(2) K, space
group Pben (No. 60), monochromated Mo-Ka radiation, 2 = 0.71069 A, Z
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= 8,D. = 1.789 Mg m—3, F(000) = 1920, colourless needles, dimensions
040 x 0.25 x 0.15 mm, uy(Mo-Ka) = 0.193 mm—2, Nonius Mach3
diffractometer, w26 scan, 4 < 26 < 50°, 3129 reflections measured, 3129
unique reflections. The structure was solved by direct methods and refined
by full-matrix least-squares (SHELX 97). All non-hydrogen atoms were
refined anisotropically; hydrogens were constrained to chemically reason-
able positions. The final cycle of least-squares refinement (for 333
parameters) converged with wR2 = 0.0808 (for all data) and R1 = 0.0355
(for 2295 reflections [I > 20(1)]). Selected bond distances. C(2)—N,
1.464(3); C(2)-C(3), 1.549(3); C(2)—C(7), 1.554(3); C(2)—C(8), 1.540(3);
C(3)-C(4), 1.531(3); C(4)-C(5), 1.533(3); C(4)-F, 1.339(3); C(5)—C(6),
1.547(3); C(6)—N, 1.460(3); C(6)—C(14), 1.551(3); C(6)—C(15), 1.554(3);
C(7)-F, 1.321(3); C(8)=C(9), 1.387(3); C(14)-F, 1.322(3) A. Selected bond
angles: C(2)-N-C(6), 128.05(18); N-C(2)-C(8), 106.77(17); N-C(2)-
C(7), 112.03(17); N-C(2)—C(3), 109.38(17); C(4)-C(3)—C(2), 116.25(18);
C(5)-C(4)—C(3), 112.99(18); C(4)—-C(5)—C(6), 115.88 (18); N-C(6)-C(5),
109.67(17)°. CCDC 182/1092. This data is available as two .cif files from
the RSC web site, see: http://www.rsc.org/suppdata/cc/1999/47
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Catalytic asymmetric Darzens reaction using cyclic a-chloro
ketones promoted by chiral quaternary ammonium salts as a
phase-transfer catalyst proceeded smoothly under mild
reaction conditions to afford the desired products with
reasonable enantioselectivities at room temperature.

The Darzens reaction, which alows the generatation of new
stereocenters with complete diastereocontrol, is one of the most
powerful methodologies for the synthesis of «,[3-epoxy car-
bonyl and related compounds, and therefore has been recog-
nized as one of the most significant C—C bond forming
processes in synthetic organic chemistry. Although many trials
have been performed aimed at developing an asymmetric
equivalent in recent decades, many of them require a stoichio-
metric amount of chiral source! and few examples which
proceed catalytically are known.2 We have previously reported
an effective catalytic asymmetric Darzens reaction promoted by
a chira quaternary ammonium salt acting as a phase-transfer
catalyst (PTC).3a2 According to this procedure, the desired
products were obtai ned with reasonabl e enantiosel ectivitiesin a
stereosel ective fashion under mild reaction conditions. Here we
report recent results for a new system utilizing cyclic «-chloro
ketones in the catalytic asymmetric Darzens reaction.

At the outset, we investigated the reaction of the easily
prepared cyclic «-chloro ketones 14 as the carbon nucleophile
with various aldehydes 2 in the presence of a catalytic amount
of thecommercially available chiral quaternary ammonium salt
PTC A, derived from cinchonine under mild reaction condi-

PTC A CFs

tions. In this system, chira quaternary carbons which are
commonly considered to be difficult to create via direct carbon—
carbon bond forming reactions, can be formed by the use of «-
substituted chloro ketones. The reaction of isobutyraldehyde 2a
with «-chloro ketone 1a via the use of a stoichiometric amount
of LiOH in the presence of chiral PTC A (10 mol%) in Bu,O
proceeded smoothly to give the desired epoxide 3aa in good
yield at room temperature. The diastereoselectivity of the
reaction was perfect and its enantioselectivity was found to be
69% ee via HPLC anaysis,® as shown in Table 1. Next, we
attempted to use as PTCs other easily prepared quaternary salts
derived from cinchonine involving O-protected or substituted
benzyl moieties. In spite of our efforts, higher enantioselectiv-
ities were not realized in the formation of 3aa via use of a
catalytic amount of these analogous PT Cs.6 Although therole of
the 4-trifluoromethyl group on the phenyl ringisnot clear inthis
asymmetric induction at present, we believe that the electron-

Table 1 Catalytic asymmetric Darzens reaction under PTC conditions
RCHO 2 e H

o)
PTC (10 mol%)

O
Cl D
z /R
LiOH, Bu",0, room temp. =
X X

Entry Ketone Aldehyde t/h Product Yield (%) Ee (%)
1 la 2aR = Pri 61 3aa 99 69

2 la 2bR = Bu 63 3ab 86 74

3 la 2cR = c-Hex 62 3ac 80 69

4 la 2dR = Et,CH 252 3ad 67 84

5 la 2eR = ButCH, 84 3ae 86 862

6 1b 2bR = Bu 48 3bb 65 50

7 1b 2eR = BUtCH, 63 3be 90 75

a 85% de.

deficiency of the phenyl group in the PTC skeleton plays an
important role because the 4-methylated PTC, which is
sterically equivalent to the 4-trifluoromethylated derivative
(PTC A), afforded 3aa with 0% ee. Also the unsuccessful
results obtained by use of the hydroxy-protected PTC in this
reaction system support the possibility that the hydrogen
bonding, based upon the hydroxy group, between a catalyst and
a substrate is a significant interaction in the asymmetric
induction, similar to the known related reaction systems.”
Herein, we have found that 4-trifluoromethylated quaternary
sdt PTC A derived from cinchonine appears to act as an
efficient PTC in asymmetric Darzens reactions utilizing cyclic
ketones.8 Encouraged by this result, other aliphatic aldehydes
such as 2be were applied using similar reaction conditions with
1a, revedling that the reaction with 1 proceeded smoothly to
give the corresponding coupling adducts 3. In particular,
treatment of la with 2d or 2e afforded the corresponding
compounds 3ad or 3ae in good yield with 84 and 86% ee,
respectively (entries 4 and 5). The reaction of other substrates
such as 1b with aldehydes 2b or 2e a so gave the corresponding
products with moderate ee (entries 6 and 7). The relative
configurations of the coupling adducts were determined by both
X-ray crystallographic analysist using the coupling product
3ba obtained from 1b with 2a and comparison of 1H NMR
analyses. The ORTEP figure shown in Fig. 1 revealsthat it was
thetransisomer, and other analogous products were determined
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(50% ee)

4 R=H
L. 5 R=(R)-MTPA
Scheme 1 Reagents and conditions: i, Sml,, 53%; ii, (R)-MTPACI, 85%.

by comparison of the coupling constants observed in their 1H
NMR spectra. To the best of our knowledge, this is the first
example of the preparation of «,(3-epoxy ketones via catalytic
asymmetric Darzens reaction with more than 80% ee.

The absolute configuration of the coupling product 3aa was
determined by transformation to the corresponding (R)-MTPA
ester. Asshown Scheme 1, 3aa (50% e€) was treated with Sml °
in THF—MeOH to afford the corresponding -hydroxy ketone 4
[[¢]p?® —13.8 (c 2.7, CHCI3)] as a sole product without
racemization, as shown by the HPLC analysis. The stereo-
chemistry of 4 was determined as syn by comparison with the
literature data.1° The following esterification afforded 5 in 85%
yield. Application of the product 5 to the Mosher method!1
revealed that 5 has the R configuration.

In conclusion, we have demonstrated both the catalytic
asymmetric Darzens reaction under PTC conditions utilizing
cyclic «-chloro ketones and enantiocontrol for the formation of
the quaternary carbons via direct C-C bond formation. This
methodology is effective for producing «,[3-epoxy ketones
involving a chiral quaternary carbon in optically active form.

One of the authors (S. A.) is grateful to the Ciba-Geigy
Foundation (Japan) for the Promotion of Science for their
financial support. This work was also supported by Grants-in-
Aid from the Ministry of Education, Science, Sports and
Culture of Japan, and the Ohara Award in Synthetic Organic
Chemistry (S. A.), Japan.
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Preparation of large crystal MCM-41 has been achieved by
using calcined small crystallite MCM-41 as seeds in a
multistage synthesis method. The possible formation mecha-
nism is discussed. We believe that the newly discovered
method is particularly important in making high quality thin
films of mesoporous materials.

Following the discovery of the M41S family of ordered silica
meaterials,1-2 considerable attention has been focused on tailor-
ing their pore structures.3% For example, the diameter of
hexagonally packed one-dimensiona channelsin MCM-41 can
be tailored from 15 to over 100 A2-6 by a variety of methods
which include using templating surfactant molecules with
different alkyl chain lengths,2 adding auxiliary organic mole-
cules (which are solubilised in the hydrophobic region of the
templating aggregates thus increasing micellar size)2 or hydro-
thermal restructuring in the mother liquor over longer crystal-
lization time or at higher reaction temperature.3-¢ The pore size
uniformity or long range structural ordering can aso be
improved by careful choice and control of synthesis condi-
tions.”8 However, there are very few reports on the control or
increase in crystal size of MCM-41 despite the fact that crystal
sizeis crucia to the fabrication and use of this material in thin
film applications (such as in separation membranes) and in
making molecular wires® This is not surprising because,
compared to the three-dimensional MCM-48, the formation of
large crystals of MCM-41 would be difficult due to the one-
dimensional channel structure which is subject to bending and
fracture. Here we report on a new synthetic approach which
involves the use of calcined MCM-41 as the seeds for further
synthesis. The resulting material (herein referred to as secon-
dary MCM-41) shows significantly improved long range
structural ordering and a marked increase in crystal size.

The parent MCM-41 material (herein referred to as the
primary MCM-41) was prepared following a norma proce-
dure.t For secondary synthesisasynthetic gel of the samemolar
ratio was assembled except that the primary MCM-41 was used
as ‘silicasource’ instead of the fumed silica. The experimental
procedures were exactly the same as described for the primary
synthesis.t The MCM-41 yield, based on silica recovery, was
ca. 60% for the primary synthesisand > 90% for the secondary
synthesis.

The powder X-ray diffraction (XRD) patterns obtained from
the calcined primary and secondary MCM-41 are shown in
Fig 1. The pattern of the primary MCM-41 is typical of awell
ordered specimen and shows an intense (100) diffraction peak
and three higher order (110), (200) and (210) peaks. The pattern
of the secondary MCM-41 shows an increase in the intensity of
the (100) peak along with an increase in intensity and
improvement in the resolution of the higher order pesks. In
addition we were able to observe the (300) peak and a diffuse
(220, 310) pesk; these pesks are seldom observed even in the
‘best’ quality MCM-41 reported previously.8 The presence of
these higher order pesks indicates an improvement in long
range ordering while the increase in peak intensities and
associated reduction in full width at half maxima (FWHM) isa
reflection of larger scattering domain (or crystal) size. The
secondary synthesis does not however have any significant

effect on the dyoo Spacing of the calcined samples. We note that
doubling the primary synthesis time from 48 hours to 96 hours
results in an increase in digo Spacing and a decrease in long
range ordering with no apparent change in crystal size.
Preliminary porosity dataindicate that the surface areaand pore
volume of the secondary MCM-41 are dightly lower than those
of the primary MCM-41. The average pore diameter (APD) is
aso lower for the secondary MCM-41. The lower APD taken
together with the unchanging basal spacing is an indication that
secondary synthesisresultsin amaterial with thicker porewalls.
Thicker pore walls are expected to impart greater thermal and
hydrothermal stability; indeed we have found that the secondary
MCM-41 isrelatively more stable to refluxing in boiling water
compared to the primary material.

Transmission electron microscopic (TEM) images and se-
lected area electron diffraction (SAED) patterns of the samples
were obtained from a Jeol JEM-200CX electron microscope.
The crystal size of the primary MCM-41 isin the range 400-600
A range and no crystallites larger than 1000 A were observed.
Thisissimilar to other normal MCM-41 specimens presented in
previous reports.19 On the other hand, the crystal size of the
secondary MCM-41 is from 4000 to 8000 A and crystallites
smaller than 1000 A were never observed. A typical TEM image
together with a corresponding SAED pattern is shownin Fig. 2.
Itisclearly demonstrated that the secondary synthesis resultsin
an increase in the crystal size of MCM-41 and crystallinity of
the specimen has been significantly improved as indicated by
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Fig. 1 Powder XRD patterns of calcined (a) primary MCM-41 and (b)
secondary MCM-41.

Chem. Commun., 1999, 51-52 51



B

Fig. 2 TEM image and corresponding SAED pattern of a large crystal of
MCM-41.

SAED patterns where four or more pairs of diffraction spots
appear aong the [100] direction, while only one or two pairs can
been seen from the primary MCM-41 crystallites.

Thermogravimetric analysis (TGA) of the as-synthesized
samples indicate that the amount of template occluded by the
secondary MCM-41 is ca. 18% lower than in the primary
MCM-41. This indicates that less amine is required during the
secondary synthesis which would be the case if the primary
MCM-41 (which isthe silicasource) remainslargely intact with
its crystallites acting as seeds or starting points for further
MCM-41 formation. In this scenario the real source of silicate
ions for crysta enlargement is amorphous silica which is
usualy part of any MCM-41 yield.

The extension of the MCM-41 framework is preceded by the
dissolution (which is made possible by the presence of OH—
ions from TMAOH) of the ‘silica source’ .11 The OH ions are
used up during the dissolution and therefore the extent to which
the concentration of OH ions (or pH) reduces during the
crystallization period is a measure of the amount of dissolu-
tion.11 For the primary synthesis we observed a decrease in pH
from 12.4 to 11.5 after ageing for 20 hours at room temperature
and a further decrease to 10.7 after heating at 150 °C for 48
hours. In contrast the gel for secondary synthesis had a pH of
11.5 which remained largely unaffected by aging a room
temperature and reduced only slightly to 11.2 after heating for
48 hours at 150 °C. We attribute this smaller reduction in pH to
the fact that there was much less dissolution during the
secondary synthesis. In other words, if the MCM-41 particul ates
had dissolved extensively (to the same extent as the dissolution
of fumed silica during the primary synthesis) we would have
observed a larger pH decrease similar to that observed for the
primary synthesis. These results along with the higher silica
recovery are a strong indication that the primary MCM-41 is
preserved during the secondary synthesis and that the dight
decrease in pH is due to the dissolution of amorphous silica
phase.

The TGA of the as-synthesized primary and secondary
samples also indicated that the weight loss attributable to
dehydroxylation of silanol groups (between 350 and 800 °C)3.12
was 35% less for the secondary sample. This is a clear
indication that the as-synthesized secondary MCM-41 is at a
much higher level of silicate polymerization compared to its
primary precursor and agrees with our suggestion that the
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primary MCM-41 remains largely intact during the secondary
synthesis. This is further supported by our observation that on
calcination the basal spacing of the primary MCM-41 reduced
by 8.0% compared to a reduction of 2.5% for the secondary
MCM-41. 1t is generally accepted that a higher extent of
contraction is an indication of a less polymerized or cross-
linked framework which therefore undergoes greater dehydrox-
ylation.11 Indeed 2°Si MAS NMR of the as-synthesized samples
indicatesthat the Q4/Q3 ratio is higher for the secondary MCM-
41.

According to a recent report,13 during the preparation of
MCM-41, thecylindrical surfactant and the silicaaggregatesare
simultaneously formed. The silicate ions enter the particles
from the surface perpendicular to the c axis of the aggregates
and the molecules of the surfactant must enter along the
aggregate cylinders until the density of the surfactant ap-
proaches its maximum value. In the present work, when the
calcined MCM-41 crystallites were used as seeds during the
secondary synthesis, it is possible that the template molecules
attach themselves at the mouth of the pore channels of the
primary MCM-41 and encourage crystal growth parallel to the
channels and, consequently, growth of larger crystals becomes
possible. This method can be applied in future preparation of
large single crystals and high quality thin films of MCM-41.

R. M. acknowledges the EPSRC for an Advanced Fellow-
ship.
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An active catalyst for the conversion of propane into butanes
is obtained by mechanically mixing sulfated ZrO, and Pt/
ZI'OZ.

Among conversion of light alkanes by cracking, coupling, or
isomerization in heterogeneous catal ytic sytems much attention
has been focused on the coupling of methane, but the catalytic
systems still require high temperatures to obtain satisfactory
activity and selectivity.® Sulfated zirconia and related catalysts
have received attention because of their high activities for
butane isomerization.23 Cheung and Gates tested Fe-Mn-
promoted sulfated ZrO, for conversions of ethane and propane,
but conversions were low, being only 0.6% for the highest
propane conversion observed at 300 °C.4-6 We have demon-
strated that impregnation of sulfated ZrO, with noble metals
such as Pt and Ir leads to pronounced activity for butane
conversion, the Pt concentration being 7-8 wt%,; the catalyst
with Pt showed highest activity for the reaction.”.8 These noble
metal-added sulfated zirconias were applied to propane, but the
conversions were still low. However, the conversion was found
to be promoted by simply mechanically mixing Pt-supported
zirconia (Pt/ZrO,) with sulfated zirconia (SO4/ZrO,).

S0O4/ZrO, and 0.5 wt% Pt/ZrO, catalysts were prepared as
described elsewhere.389 The thus-prepared cataysts, 0.3 g
S0,4/ZrO, and 0.3 g Pt/ZrO,, were mixed well by kneading with
amortar and pestle. Other catalysts of sulfated Al,O3, TiO,, and
Fe,0s, together with WO5/ZrO, were prepared as described
elsewhere.®

Reactions of propane were carried out in a microcatalytic
pulse reactor as described elsewhere.8 The catalyst was heated
at 300°C for 1 hin an He flow before reaction. A slightly
continual gain of conversion was observed with pulse number,
and thus conversions were calculated on the basis of mol
fraction as the average of the 6th—10th pulse values.

Table 1 Activities of the catalysts for the reaction of propane

Products (%)
Conversion
Catal yst T/°C (%) C, C, C, Cs
SO4ZrO, 200 0.1 Tra Tr 01 O
Pt—S0,/ZrO.P 200 0.2 0 Tr 02 0
Pt—S0,/ZrO,¢ 250 0.3 Tr 02 01 O
SO, ZrO-Pt/ZrO, 200 32 Tr 02 30 Tr
SO/ ZrO—Pt/ZrOd 200 4.2 0.1 07 34 Tr
SO,/ ZrOPt/ZrOze 200 4.6 0.3 12 31 O
SO, ZrO-Pt/ZrO, 225 6.1 0.3 16 41 01
SO/ ZrO-Pt/ZrO, 250 10.6 18 49 38 01
SO4/Al,0Pt/ZrO, 250 8.4 21 6.3 Tr 0
SO, TiOPH/ZrO, 250 8.9 24 64 01 O
SO4/Fe;,0s—Pt/ZrO, 250 133 39 94 0 0
WO3/ZrO~Pt/ZrO, 250 14.0 3.3 107 O 0
SO/ ZrO-PtZrO,f 250 5.8 55 039 0 0
SO, ZrOx-Pt/ZrO,f 300 16.3 16.2 019 0 0

a Trace. P Prepared by sulfation of zirconia gel followed by platinization
and calcination (P 0.5, ¢ 2 wt% Pt). 9. Reaction with 9 0.6 or € 1.2 g of 0.5%
Pt/ZrO, and 0.3 g of SO4/ZrO,. f Reaction of ethane. 9 Yield of Cs.

Thereaction of propane (Cz) was carried out at 200 °C and 20
ml min—1 of He carrier over 0.3 g of SO4/ZrO,, but the
conversion was only 0.1%. The addition of platinum (0.5 or 2
wit%), Pt-SO,/ZrO; (0.3 g), was ineffective even at 250 °C as
shown in Table 1. The addition of Pt was, however, effective
when PY/ZrO, was mechanically mixed with SO4/ZrO,. A
mixture of 0.3 g of SO4/ZrO, and 0.3 g of 0.5 wt% Pt/ZrO,,
where the Pt quantity was equivalent to that in 0.3 g of 0.5 wt%
Pt-SO4/ZrO,, gave 3.2% conversion. The major product was
butanes (C,); trace amounts of pentanes (Cs) were observed in
addition to ethane (C;) and methane (C,). Dehydrogenated
materials were not observed, though ethylene and propylene
were formed over Fe-Mn-sulfated ZrO,.5.6

The catalysts were then examined in butane; the Pt co-
impregnated catalyst, Pt=SO4/ZrO,¢ in Table 1, gave 48%
conversion for the first pulse at 80 °C (catalyst amount: 0.1 g),
while the mixture of SO,/ZrO, and Pt/ZrO, only gave 8%
conversion. Thus, the catalyst which is effective for butane is
not efficient for propane and vice versa.

The effect of mixing was examined further at temperatures of
225 and 250 °C; the yields of C, were =4% with higher
conversions of Cz, but showing lower selectivity for the
formation of C,4 (Table 1). In terms of preparation temperature
of the catalysts the highest activity was observed upon
calcination at 600 °C for SO,/ZrO, and 750°C for P/ZrO,.

The effect of modifying the proportion of platinum in the
catalyst was studied. Catalysts with 0.6 and 1.2 g of Pt/ZrO,
showed 4.2 and 4.6% propane conversion at 200 °C, with 3.4
and 3.1% C, yields, respectively. This indicates that the effect
of concentration of platinum is relatively small. In terms of
isomers of C, the selectivity for isobutane was 60—65% in each
case.

The effect of mixing of Pt/ZrO, for the reaction of propane
was examined for other sulfated metal oxides, Al,Os, TiO,, and
Fe,O3in addition to WO4/ZrO,, the acidities of which are lower
relative to SO4/ZrO,.3 These materials showed a noticeable
effect upon mixing for the conversion reaction of butane to
isobutane.®10 Remarkable conversions of C; over these sub-
stances mixed with Pt/ZrO, were obtained at 250 °C, but the
yield of C4 was low, at most 0.1%. Thus, high superacidity is
needed to form C, products.

XPS experiments were carried out in order to elucidate the
surface properties of Pt/ZrO,. The binding energy of Pt 4f was
72.6 eV, which wasfar from that of the metallic state (71.7 eV),
but close to that of cationic Pt species.1t

The formation of higher molecular weight alkanes is brought
about by catalysis of the cracking ability in addition to the
protonation of propane by asuperacid to form acarboniumion.>
This behavior was also shown by the formation of propanefrom
ethane in the present system, athough the yield was low
(Table1).
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Reactions of potassium tris(3,5-dimethylpyrazolyl)borate
(KTpbMez) with the low-valent mixed-metal complex
[(thf);V(n-Cl)(n-tfa), V(thf);][ZnClz(thf)] resulted first in
ZnCl+ abstraction and tetramer formation, then in asym-
metric binuclear product formation through ligand sub-
stitution.

Our effortsin developing the chemistry of low-valent vanadium
in an anionic oxygen ligand donor environment,2~4 including
that of vanadium(n) carboxylate coordination chemistry,* stems
from the reported reducing and oxophilic character of these
types of V! complexes in both protic and aprotic media. For
example, «,w-dicarboxylic acids have been shown to promote
the reaction between N, and vanadium(n) to yield N>H4 in the
presence of hydroxide via by a proposed carboxylato-bridged
VIl aggregate.s These reported conditions are mild, aqueous and
heterogeneousin nature. Studiesin organic, aprotic mediaof the
interaction of V! and trifluoroacetate (tfa) by Cotton et al. inan
attempt to synthesize a multiply-bonded metal species,
‘V=V4+' | resulted instead in the isolation of an oxidized oxo-
centered triangular core, [V 3(us-O)(u-tfa)g(thf)s] 1.67 Carboxyl
group O-atom abstraction was postulated as the source of the
(us-O) atomin 1, aconclusion based on the high oxophilicity of
VIl Although this latter report presented results of a synthetic
strategy directed toward a‘V=V4+ compound, it also served as
aninitial effort to homogenize and probe the original interesting
No-fixing system.5 Later efforts in our laboratory, under
rigorously anaerobic and dry conditions using a similar
preparation to that reported for 1, demonstrated the existence
and relative thermal stablility of a V!! carboxylate dimer,
[(thf)3V (u-Cl)(u-tfa),V (thf)s] [ZnCl 5(thf)], 2 (Scheme 1), iso-
lated as a highly air- and moisture-sensitive compound in good
crystalline yield.* Herein we describe our continued effort and
interest in vanadium(i) carboxylate coordination chemistry by
reporting on the synthesis, structure and some properties of a
novel binuclear carboxylate complex along with its tetrameric
precursor—an unprecedented example of vanadium(ir) isolated

at this nuclearity. These new ‘zinc-free’ and halide-bridged
multinuclear V!' compounds represent an important advance in
probing the N-fixing system of Folkesson and Larsson by
serving as starting materials for reactions with hydroxide or
akoxide ligands. Alkoxide donors, in conjunction with carbox-
ylato-bridged V"' aggregates, are conceivably required for
efficient homogeneous small molecule multielectron reduction,
as were hydroxide ions in the origina heterogeneous V!
carboxylate No-fixing system.5

Treating green-purple 2 (0.22 mmol scale) with one equiva-
lent of potassium tris(3,5-dimethylpyrazolyl)borate (K TpbMez)
in 15 mL of THF (Scheme 1) and stirring overnight gave
deposition of awhite precipitate (KCI) which was removed by
filtration. Layering the resulting blue-green filtrate with 3-5 mL
of pentane and alowing it to stand for 12 h at 0 °C discharged
another colorless solid, but in crystalline form, which was
filtered off and identified by X-ray crystallography to be
[Zn(TpbMe)Cl], 3.1 Layering and cooling the filtrate again
completed the isolation of crystalline sky-blue [V 4(us-Cl)o(u-
Cl)(u-tfa)4(thf)e] 4 (Fig. 1). Apparently, thisreaction involves
scavenging the Zn'' of 2 as [Zn(TpbMe;)Cl], 3, using K TpbMex,
with concomitant KCI formation and chloride ion liberation.
This freed Cl drives the cationic core of 2 to dimerize
assembling a [V 4tfas]4* aggregate, compound 4.8

The crystal structure of 4 (Fig. 1) reveaed a tetramer with
crystalographically imposed inversion symmetry.t Selected
dimensions, listed in Fig. 1, show V-Oys and V—Oy, bond
lengths (av. 2.139, av. 2.101 A, respectively) to be in good
agreement with those of 2 (av. 2.140, av. 2.091 A, re
spectively).t The apical (us) chloride distancesin 4 (av. 2.506
A) are only dlightly shorter than similar bonds seen for the
triangulo-trinuclear species [V3(us-Cl)o(u-Cl)s]* (av. 2.519
A).8 The V-V separations in 4 (4.169, 3.637, 3.351 A) vary
within arelatively largerange (0.818 A) asaconseguence of the
different numbers and types of bridging groups between
vanadium centers. The angle made by V(1)-Cl(1)-V(2) isaso
significantly widened [112.81(4)°] compared with the V-CI-V

[Zn(Tpb™e2)Cl] 3
+

O (j 2 KClI =
C\ o _C. o /3 SN, OO
O>\I/,/ \_:\il\)o Cén..z/a HB’/U\V/ \VKA‘O/J
9 (k)’o 01 gj ar g M N /\"’O (5\0
N 2 KTpbM& N-nT R N0
¢ A 7
CF; 4
CF
h X A :
KTpbMez
KCl h CF,
+ BC Q o\( KCl
ZaTpbMency) 3 Q O)-O/,BV»“\ 5
/el /
L Q O/"" /‘Cl/ \ L AOO
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4

Scheme 1 Synthesis of carboxylato-bridged vanadium(i) aggregates.
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Fig. 1 Structure of 4 (hydrogen atoms are omitted for clarity). Selected bond
distances (A) and angles (°) are: V(1)-Cl(1) 2.515(1), V(1)-Cl(2) 2.481(1),
V(2)—CI(1) 2.489(1), V(1)-O(1) 2.109(3), V(2)—-O(2) 2.090(3), V(1)-O(5)
2.129(3), V(2)-O(7) 2.140(4), V(1)-V(2) 4.169, V(1)-V (1) 3.637, V(2)—-
V(1) 3.351; V(1)-CI(1)-V(2) 112.81(4), V(1)-CI(1)-V(L) 92.59(4),
V(1)-CI(2-V(2)) 85.20(4), O(7)-V(2-O(6) 86.4(2), O(1)-V(1)-CI(2)
175.86(9), O(3)-V(1)—CI(1) 179.90(9).

angle of 2[100.3(1)°].r Compound 4 is the first example of an
isolated vanadium(ih) tetramer, and isresembled closest interms
of vanadium-igand core connectivity and oxidation state by the
methoxide-containing V 410+ catecholato-bridged aggregate of
Shilov and coworkers, the only structure reported to date from
their vanadium-based N,-fixing system.®

The aggregation of 2 — 4 invites a question regarding the
outcome of areaction involving 4 with one more equivalent of
KTpbMe:. Reaction of 4 with KTpbMez in THF [or treatment of
2 with two equivalents (0.45 mmol scale) of KTpbMez, Scheme
1] develops alight-brown solution from which KCI precipitates
after 12 h of tirring. Filtration, pentane layering, and cooling
overnight produced the neutral, asymmetric dimer
[(TpbMez)V (u-Cl)(u-tfa),V (thf)g], compound 5 (Fig. 2), in
crystalline form.3 Evidently this reaction converts the
[V tfa,]*" aggregate back to a [V tfa,]** core.§

The structure of 5 (Fig. 2), the first asymmetric V. dimer
reported to date, consists of two V! ionsbridged by one chloride
and two trifluoroacetate groups and coordinated terminaly by a
TpbMe: group on one side and by THF molecules on the other.
TheV—Ox,(av.) and V-CI bond lengths are slightly different for
each vanadium [V(1): 2.118, 2.507; V(2): 2.092, 2.456 A
respectively] reflecting the asymmetry in the molecule. These
differences affect the V.-V separation [3.868(1) A] and the

Fig. 2 Structure of 5 (hydrogen atoms are omitted for clarity). Selected bond
distances (A) and angles (°) are: V(1)-Cl(1) 2.507(2), V(2)-Cl(1) 2.456(2),
V(1)-0O(3) 2.122(4), V(2)-O(4) 2.091(4), V(1)-N(4) 2.150(5), V(2)-O(6)
2.152(4), V(1)-V(2) 3.868(1); V(1)-Cl(1)-V(2) 102.40(6), O(3)-V(1)-
N(2) 174.7(2), O(4)-V (2)-O(7) 172.8(2).

56 Chem. Commun., 1999, 55-56

V—CI-V angle [102.40(6)°] which are longer and wider as
compared to 2 [3.796(2) A, 100.3(1)°].*

Use of the TpbMe-" ligand in reactionswith 2, hasresulted in
adoubling of the number of known bridged V"' carboxylatesin
the literature™*° and has encouraged aggregation/deaggregation
behavior in vanadium(i) carboxylate chemistry. The first
examples of a tetrameric and an asymmetrical dimeric V"
species were unveiled. We are currently examining the reaction
chemistry of the carboxylato-bridged aggregate 4, as a halide-
rich and ‘zinc-free’ starting material, especially with alkoxides
in the presence of reducible small molecules. Also, the use of
K TpbMe: for scavenging inner-sphere charge-sharing Zn'' ions
present in other potentially reactive low-valent mixed-metal V—
Zn akoxide compounds synthesized recently in our labo-
ratory,™ is currently under investigation. Application of this
unusual synthetic avenue, along with directed reactivity at the
solvated face of 5, will be reported elsewhere.

Notes and references

T CryStaJ data for 3: C15H22N681C|12n1, M = 398.01,a = 13087(2), b=
8.054(1), ¢ = 17.313(4) A, V = 1824.9(6) A3, T = 183(2) K, u = 1.499
mm-—1, orthorhombic, Pmc2,, Z = 2, 2064 reflections total, R indices of
R; =3.85% and WR, = 10.45% forl > 20(') For 4. C32H48014F12CI4V4,
M = 1230.23, a = 12.9139(1), b = 12.6158(2), c = 16.3596(2) A, B =
111.048(1)°, V = 2487.46(5) A3, T = 183(2) K, monoclinic, P2,/c, Z = 2,
14099 reflections total, 5403 unique. A semi-empirical absorption correc-
tion from y-scanswas applied (1 = 1.044 mm—1). The structure was solved
using anisotropic thermal parameters for al non-hydrogen atoms and a
model including 2-fold rotational disorder for both the four THF carbons of
O(7) and the two CF3 groups, to values of R; = 6.75% and wR, = 16.37%
for | > 20(1). Final difference map features were within 0.672 and —0.541
e A73. For 5-THF: C31H46N507B]_FGCI1V2'C4H801, M = 94893, a =
12.1724(1), b = 18.4139(3), ¢ = 19.207 A, B = 92.799(1)°, V =
4299.92(8) A3, T = 183(2) K, monoclinic, P2,/n, Z = 4, 16,507 reflections
total, 5547 unique. A semi-empirical absorption correction from y-scans
was applied (u = 0.573 mm—1). The structure was solved using anisotropic
thermal parameters for al non-hydrogen atoms and a model including
2-fold rotational disorder for both CF; groups and a THF solvate to values
of Ry = 6.77% and WR, = 13.90% for | > 20(l). Fina difference map
features were within 0.416 and —0.303 e A—3. CCDC 182/1071.

$4: Anal. (calc.) C31.34(31.24), H 4.21 (3.93), N 0.00 (0.02)%; 45% yield.
5: Anal. (calc.) C 43.42 (42.46), H 5.52 (5.29), N 9.21 (9.58)%; 47% yield.
Analyses of non-crystalline samples often suggested inadequate removal of
3.

§ Selected spectroscopic data for 4: EPR [THF (77K), X-band] g = 2 (br),
with a small absorbance at g = 3.9; IR (Nujol, cm—1) 1698 (Voco asym),
1575 (Voco sym). Given the similarity in EPR spectra of 4 and 2 it is
possible 4 may be dissociating in solution, to exist perhaps as the chloride
salt, [(thf)aV (u-Cl)(u-tfa),V (thf)s][Cl]. For 5: EPR [THF (77K), X-band] g
= 2 (br, superimposed 8-line), with asmall absorbanceat g = 4; IR (Nujol,
Cmfl) 2521 (VBH)v 1709 (Voco wm), 1545 (Voco Sym)
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The transport properties of an A-type zeolite membrane are
traced by monitoring the diffusion paths of ethane and
propane from ca. 300 nm up to 10 pm; over distances < 1
um, the diffusivities are found to be comparable with those
in a mono-crystal, while for large displacements by a factor
of two to three smaller diffusivities were observed.

Offering anumber of most exciting technol ogical advantagesin
catalysis and gas separation, microporous membranes have
become an attractive subject of applied research. Owing to their
thermal and chemica stability, among them the inorganic
membranes have attained specia attention.

Zeolite membranes have recently been made available on a
commercial basis and have been shown to be capable of
achieving very high levels of separation along with very high
permeate fluxes for a range of binary mixtures, for example
water removal from methanol, ethanol and isopropy! acohol.t
The particular materials used in this study were pieces of
membranes that were fragmented during handling. From
scanning electron micrographs, these pieces appeared to be
crystallite agglomerates with diameters of tens to hundreds of
micrometers, where the crystallite diameters were of the order
of micrometers.

The membranes were prepared from homogeneous solution
with a composition given by the molar ratio 5 SIO, : Al,O3 :
55.12 Na;O : 1004.66 H,0. An aluminate solution was prepared
by dissolving small pieces of aluminiumwire (Aldrich, 2.4 g) in
aqueous NaOH (86.56 g Analytical grade NaOH pellets in
362.46 g distilled water) over a 48 h period. A sodium silicate
solution was prepared by dissolving NaOH pellets (80 g) in
distilled water (340.4 g) then adding an agueous silicate solution
(BDH, 25.5% SiO,, 7.5% Na,O, 40.82 g) with vigorous stirring.
After at least 15 min of stirring, the pre-heated aluminate

solution was added, and the stirring continued for 5 min. The
resultant solution was transferred to a preheated container for
membrane preparation. Free-standing samples of zeolite mem-
brane were prepared by placing the above solution in a sedled
Teflon container which was placed in an oven at 50 °C for 48 h.
The container was removed from the oven, drained and the
zeolite film that lightly adhered to the container walls was
throughly rinsed with distilled water until the rinsings were pH
neutral. Samples of the membrane detached themselves during
this procedure and were collected and dried at 70 °C overnight.
The material wasion exchanged to the Ca-form by soaking itin
0.1 M Ca(NOs), overnight followed by thorough rinsing in
doubly distilled, deionised water. The material was oven-dried
at 120 °C for 24 h.

The pulsed field gradient (PFG) NMR method is a bulk
technique, which allows the determination of the probability
distribution of molecular displacements within the sample.23
The displacements, which may be resolved by thistechniqueare
in the range of micrometers, with observation times of typically
milliseconds.

For the preparation of the PFG NMR samples, the zeolite
material wasfilled into glass tubes of 7.5 mm o.d. and activated
by heating at arate of 10 K h—1 under continuous pumping up
to a final temperature of 400 °C, where it was kept for 10 h.
After cooling to room temperature the probe molecules (the
‘diffusants’) were introduced by chilling from a calibrated gas
volume with a set pressure. The amount adsorbed was
afterwards checked by measuring the intensity of the NMR
signal.

The diffusion measurements have been carried out by means
of the home-built PFG NMR spectrometer FEGRIS 400 at a
proton resonance frequency of 400 MHz with magnetic field
gradient amplitudes up to 24 T m—1.34 The attenuation of the
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NMR signa (the ‘spin echo’) versus the squared gradient
amplitude was essentially found to follow a monoexponential
decay, asto be expected for normal diffusion in aquasihomoge-
neous medium. The effective diffusivity was determined by
comparing the signal decay with that of a standard [water, D =
(2.04 £ 0.08) x 109 m2 s—1 at 20 °C].5 It is defined as the
ratio

D = (r2(t))/et )
between the mean square displacement and the observation
time.

Fig. 1(a) shows the dependence of the ethane diffusivity in
the zeolite membrane at a loading of two molecules per cavity
for different temperatures. For comparison, the diffusivity data
of previous PFG NMR studies’ with ethane in NaCaA zeolite
crystallites are aso included. It appears that these data are in
reasonably good agreement with the results of the present study
for sufficiently short observation times. The information
provided by these studies becomes more obvious in the
representation of the diffusivities versus the covered displace-
ments [Fig. 1(b)]. There is a pronounced decay for displace-
ments around 1 um, which should be attributed to transport
resistances, most likely situated at the interfaces between the
individual crystallites. For shorter displacements, the majority
of the diffusants do not interfer with these barriers; oneis able
to trace the true intracrystalline diffusion. For larger displace-
ments, the molecules repeatedly have to overcome these
transport resistances. This leads to a slight reduction of the
diffusivity. The enhancement observed in the high-temperature
casefor displacements > ca. 10 wum may be associated with the
occurence of long-range diffusion, when more and more
molecules are able to get out of the zeolite bulk phase, either
through cracksinthe material or through the outer surface of the
membrane particles.

As a consequence of the substantially lower mobility,
propane in NaCaA offers much poorer measuring conditions.
The most reliable measurements for this system have therefore
been carried out at 493 K, the highest temperature accessible
with our device. Fig. 2(a) and (b) represent the corresponding
diffusivity data. Similarly as with ethane, for molecular
displacements < ca. 1 pum, there is an increase in the
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diffusivities, which should be a consegquence of unrestricted
diffusion for displacements sufficiently small in comparison
with the crystallite radii. It should be mentioned that previously
measured diffusivities of propane in NaCaA zeolite crystallites
under the same measuring conditions revealed slightly lower
values (2.5 X 1012 m2 s—1).6 It is possible that the difference
to the value which in the present studies is assumed to be the
true intracrystallite one, is caused by dlight differences in the
degree of calcium exchange. Such differences should be much
more significant for propane than for ethane having a smaller
critical diameter.

To our knowledge, in these investigations, for the first time
transition resistances between the individua crystalline com-
partments in nanoporous membranes have been probed micro-
scopically. For the considered probe molecules (ethane, pro-
pane) a notable transport resistance was observed, which,
however, was found to be much smaller than the surface
resistance on isolated NaCaA type crystallites.” Further experi-
mental evidence is required to decide whether the observed
behaviour is a general feature of polycrystalline membranes.

Financia support by the European Community (Joule JOES3-
CT95-0018) and Deutsche Forschungsgemeinschaft (SFB 294)
is gratefully acknowledged.
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The use of quinuclidine N-oxide as a replacement for HMPA
is described.

There are numerous significant and important reactions in
organic synthesis which require the addition of hexamethyl-
phosphoric triamide (HMPA) to render them viable HMPA is
adipolar aprotic compound with asuperb ability to form cation—
ligand complexes and it can enhance the rates of awide variety
of main group organometallic reactions. In addition, it can also
influence the regio- and stereo-chemistry of key reactions such
as enolate formation. Other reactions in which HMPA can
enhance reactivity include carbanion formation, carbanion
reactivity, carbanion regioselectivity (1,2 vs. 1,4 addition), ylide
reactivity and anion reactivity. In essence, it is thought that
HMPA actsasametal binding agent, disrupting the aggregation
states that enolates normally exist in.2

HMPA is a listed mutagen and as such does not find
widespread use either in industry or academia. Several other
substances, such as 1,3-dimethyl-3,4,5,6-tetrahydropyrimidin-
2(1H)-one (DMPU) have been used as replacements but all
have their limitations.3 An amine oxide bears the same type of
charge distribution as a phosphine oxide, but the dipole moment
is much larger. Therefore an amine oxide would be expected to
behave in a similar fashion to a reagent such as HMPA. The
major problem lies with the instability of most amine oxides
towards strong bases, azomethine ylide formation being the
most common pathway.4

As a consequence of our previous work with amine oxides,>
we have carried out preliminary studies using quinuclidine N-
oxide (QNO) as a replacement for HMPA, since it is an amine
oxide that is known to be stable in strongly basic conditions.
Indeed, it can be deprotonated with ButLi and the corresponding
anion can be reacted with aldehydes and ketones.6 This amine
oxide is stable because elimination of lithium oxide would lead
to a bridgehead iminium ion (anti-Bredt) (Scheme 1).

We chose to study four key reactions in which HMPA is
known to play avital role and we have investigated the effect of
replacing the HMPA by quinuclidine N-oxide. The reactions
examined were enolate akylation,” 1,4 vs. 1,2 addition,8
diastereoselective nitroaldol reactions® and epoxide opening.10
Quinuclidine N-oxide has been prepared by the oxidation of
quinuclidine with 30% H,O, in MeOH.1! However, we
routinely use MCPBA asthe oxidant asit ismore convenient on
alaboratory scale.12 The product can be purified by chromatog-
raphy on silica gel. The product is dried under vacuum over
P.Os. It is a hygroscopic solid and needs to be stored under
vacuum over P,Os. The quinuclidine nucleusisideal sinceitis
arigid structure amenable to rapid modification. In addition, a
number of functionalised derivatives can be readily made, some
in chiral form.13
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Our investigations started with the alkylation of the dianion
of methyl 3-nitropropionate, areaction that is known to require
5 equiv. of HMPA to proceed in good yield. It was found that
with just 3 equiv. of QNO the required product was isolated in
a reasonable 47%, and the use of 5 equiv. gave a yield
comparable to that with HMPA (Scheme 2).

We next examined the regioselectivity of addition of
2-lithiodithiane to cyclohex-2-en-1-one. In the absence of
HMPA the predominant mode of addition is 1,2. When 1 equiv.
of HMPA is added the 1,4 addition product becomes the major
one.8 Addition of QNO switched the reaction to give the 1,4
addition product with good selectivity (Scheme 3). Indeed, it
was considerably more selective than the use of DMPU.

C (i) Bu"Li, THF, =78 °C E\ ﬁ
> (i) Additive
S (i) Cyclohex-2-en-1-one

4
Additive (equiv.) Yield (%) Yield (%)
— 8 92
HMPA (1) 88 12
HMPA (2) 95 5
DMPU (2) 82 18
QNO (1) 88 12
QNO (2) 90 10

Scheme 3

We then studied the addition of the dianion of 1-nitropropane
to benzal dehyde. This givesthe nitroaldol products as a mixture
of diasterecisomers. In the presence of HMPA, the syn
diasterecisomer is the major product.® The addition of 1.5
equiv. of QNO was also found to promote formation of the syn
diasterecisomer giving a 4:1 mixture of diasterecisomers in
62%. The addition of more QNO did not appear to improve the
selectivity (Scheme 4).

Finally, Denmark and co-workers have recently reported the
use of HMPA and SiCl, to cleave epoxides to give chlorohy-
drins.10 With a chiral phosphinamide, the ring opening of meso
epoxides gave enantiomerically enriched chlorohydrins. It was
gratifying to find that QNO mediated the ring opening of
cyclohexene oxide to give the chlorohydrin in ayield identical
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to that obtained using HMPA. In the absence of QNO the
chlorohydrin was isolated in low yield (Scheme 5).

Significantly, QNO was found to be negative in the bacterial
reverse mutation test conducted on Salmonella typhimurium
TA98, TA100 and TA102 in the presence or absence of
metabolic activation. Additionaly it was aso found to be
negative in the test to evauate its potential to induce
micronuclei in Chinese hamster ovary cells using the cytokine-
sis block method in the presence or absence of metabolic
activation.

In summary, we have shown that quinuclidine N-oxide can
act asareplacement for HMPA in arange of reactions.14 We are
currently exploring other reactions known to require HMPA,
and synthesising second generation quinuclidine N-oxides
which are chiral and bear additional metal binding sites for
enhanced reactivity and solubility. Their properties, applica-
tions and use in arange of asymmetric transformations will be
reported shortly.

We would like to thank the EPSRC for a studentship (to
D.W.). 1. O. N. would like to thank the James Black Foundation
for their continued financial support and Cambridge Combina-
torial for a generous unrestricted research grant.
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Imidodiphosphinate ligands form a hydrophobic shell
around terbium and europium ions leading to long-lived,
highly luminescent complexes.

The design of miniature ‘ antenna’ systems based on lanthanides
for collecting light and converting it to adifferent frequency has
important applications in the development of photonic devices
and sensors! Europium and terbium ions are attractive
luminescent centers due to their visible, long-lived emission. A
breakthrough in lanthanide chemistry came with the design of
cryptand ligands that encapsul ate the lanthanide ion, protecting
it from coordinating solvent molecules that quench its emis-
sion. 2 When the arms of the cryptand are light-harvesting units
they act as an antenna for collecting light and transferring the
energy to the lanthanide.1-3 Research efforts have focused on the
development of ligand systems for lanthanides based on
podand-type structures,34 calixarenes® or helicates.® We are
interested in the development of neutral lanthanide complexes
with ligands that completely encapsulate the ion forming a
hydrophobic shell around the metal ion. Rather than using a
highly designed cryptate ligand we aim to use simple lanthanide
complexation principles to govern the formation of such
species. In order to achieve this, we need strong binding sites
that coordinate to the lanthanide and bulky aromatic units that
are ‘independent/remote’ from the binding site and which form
the hydrophobic shell. By using remote light-harvesters (rather
than harvesters that are themselves the binding units, e.qg.
polypyridines) we can optimize the ion emission by choosing
the best sensitizer, aromatic unit, for theion; thisisimportant as
it is rare to find systems that are ideal both for europium and
terbium emission. While remote harvesting units have pre-
viously been successfully employed in macrocyclic supramo-
lecular structures to enhance the lanthanide emission,”8 using
lanthanide complexation principles should alow less synthet-
ically challenging open chain ligands to be used.

We have chosen tetrapheny! imidodiphosphinate (tpip) as an
ideal ligand with which to test our design.® Theimidodiphosphi-
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nate binding site can chelate to the lanthanide and does not
contain any O—H, C—H or N-H bondsin the binding site that can
contribute to the quenching of the lanthanide emission.10
Attached to each of these binding units are four phenyl groups
that (i) play the role of remote light-harvesting units and (ii)
form ahydrophobic shell around theion. We wish now to report
our studies on the europium and terbium complexes of tpip

Htpip

which demonstrate that the ligands act as light-collector units
forming a hydrophobic shell around the ion resulting in highly
luminescent europium and terbium complexes. The chemistry
contrasts with the anal ogous lanthanide 3-diketonates where the
binding siteis surrounded by two rather than four aryl unitsand
short lifetimes result from lack of protection of the lanthanide
from the water (which limits their applications as sensors or
biolabels). 11

Reaction of K(tpip) with EuClz or ThClg, in 3:1 molar ratio,
leads to the formation of the neutral complexes [Eu(tpip)s] and
[Tb(tpip)s], respectively. The complexes have been fully
characterized and analysed by spectroscopic methods.T X-Ray
quality crystals of [Th(tpip)s] were obtained by slow evapora-
tion from chloroform. The crystal structure (Fig. 1)1 shows that
the twelve phenyl groups surround the lanthanide ion, forming
a hydrophobic cage leading to a six-coordinate terbium ion.
Two molecules in the unit cell which are different in the
symmetry around terbium are observed; 1 being a distorted
octahedron and 2 trigonal prismatic. Edge-to-face m stacking is
present in both structures with C—H to centroid distance of ca.
3.0 A of two phenyl groupsin different ligands. Although there
is no water coordinated to terbium, in contrast with the
praseodymium crystal structure, there is a short van der Waals
contact, observed only in 2, between the terbium ion and awater
molecule situated at the top of the trigonal prism with a Th-O
distance of 3.85 A (expected van der Waals 4.08 A). The
[Eu(tpip)s] crystal structure is similar to the terbium one with
three molecules in the unit cell, in two of which the symmetry
around europium is trigonal prismatic and the other one is a

Fig. 1 Crystal structure of [Th(tpip)a].
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Fig. 2 Excitation spectrum of [Eu(tpip)s] in CHCl3, Aemy = 620 nm.

distorted octahedron. The short water van der Waals distanceis
again observed only in the trigonal prismatic molecules. The
low coordination numbers of europium and terbium are
attributed to the bulkiness of the ligands, with the twelve phenyl
groups forming a cage around the ion.

Upon excitation at 273 nm (¢ = 5,000 dm3 mol—1 cm—1) the
[Eu(tpip)s] and [Th(tpip)s] complexes exhibit strong emission,
red and green respectively, characteristic of the ion. The
excitation spectra of the complexes show aband centered at 270
nm, characteristic of the absorption of the ligand confirming
that the emission of the complex is due to energy transfer from
the ligand to the lanthanide luminescent center (Fig. 2).

Both europium and terbium complexes exhibit long lifetimes
in solution compared with previously reported antenna com-
plexes where lifetimes are optimized either for europium or for
terbium. The emission lifetimes were found to be 1.8 ms for
[Eu(tpip)s] and 2.8 ms for [Tb(tpip)s] in dry acetonitrile.
Although there is no evidence of water coordination in the
crystal structure, addition of water in the acetonitrile solution of
[Th(tpip)s] and [Eu(tpip)s] leads to shortening of the emission
lifetime by 25 and 43%, respectively. The shortening in the
lifetime indicates some involvement of the water moleculesin
the coordination sphere of the lanthanide. It may be attributed to
atwist of the complex conformation in solution to fit the water
molecule and agrees with the observed short water van der
Waals contacts. The larger effect of water quenching in
europium complexes has been well documented.12

The quantum yields of the complexes were measured in dry
acetonitrile and determined using the method established by
Haas and Stein, using [Ru(bipy);3]Cl, (@ = 0.028 in water) and
quininesulfate (@ = 0.546in 0.5 M H,S0,) as standardsfor the
europium and terbium complex, respectively, taking into
account the different excitation wavelength correction.13 The
values obtained are 1.3% for [Eu(tpip)s] and 20% for
[Th(tpip)s]. We postulate that the quenching of the europium
emission via an LMCT state is not as effective as in the case of
calixarene complexes where the quantum yields of the euro-
pium and terbium complexes can differ by more than three
orders of magnitude.> Further photophysical experiments are
currently underway to obtain more information about the
mechanism of the energy transfer. The lack of any back energy
transfer processes observed when bipyridine ligands are
employed in terbium complexes leads to a high quantum yield
for terbium.

We have introduced the imidodiphosphinate ligands as
successful ‘antenna’ ligands for sensitizing both europium and
terbium emission. The crystal structures of the complexes show
unusual six-coordinate lanthanide ionswheretheligandsform a
hydrophobic cage around the ion. We are currently further
investigating the formation of these encapsulated lanthanide
complexes based on these design principles.

Thiswork was supported by EPSRC (S. W. M.) and Novartis
Fellowship Trust.
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I solation of the reactive intermediate in palladium-catalysed coupling of
secondary phosphine-boranes with aryl halides
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Ph,PH-BHj; is converted into its K salt with KOSiMes in
THF, and the anion reacts with (dppp)Pd(Ph)I to produce
the complexed secondary phosphine-borane which decom-
poses to PPh;-BH; at —10 °C; the C¢Fs analogue has been
crystallographically characterised.

The ability of palladium complexes to effect catalysed o-bond
couplings has been extended significantly in recent years with
some emphasis on the formation of C-heteroatom bonds.t
Formation of C—P bonds has been achieved by the Pd-catalysed
reaction of secondary phosphine oxides R,P(H)O with aryl
triflates; if the phosphine rather than the phosphine oxide is
desired then either Ni or Pd catalysis with R,PH as the
nucleophile may be effective.3 Less success has been achieved
with secondary phosphine boranes, athough the coupling
reaction with Arl has been demonstrated.4

Following Imamoto’s work,* satisfactory conditions were
established for the catalytic synthesis of triarylphosphine—
boranes, e.g. ArsP-BH3z la—d from Arl, but less cleanly from
aryl triflates (Scheme 1). An important observation was that the

R? R

— / i — /2
S R S )
R R Ph

Ph

Scheme 1 Reagents and conditions: i, dppfPdCl, (5 mol%), K,COs (2
equiv.), MeCN, (for 1a) room temp., 24 h, 92%; (for 1b) room temp., 18 h,
89%; (for 1c) 50 °C, 48 h, 74%; (for 1d) 30 °C, 24 h, 90%.

reaction took place at ambient temperature or below (0 °C).
Monitoring by 31P NMR demonstrated that after completion of
the reaction, only (dppf)Pd(Ar)I 2 was present when an excess
of Arl was used.5 Initial attempts at defining intermediates in
the catalytic reaction were unsuccessful. When complex 2 (Ar =
Ph) was generated in situ from either the corresponding
(dppf)PdCgHg complexs or (dppf)Pd(CH=CHCO,Me)7 rapid
reaction with K+Ph,P-BH3;~ (optimally generated from the
secondary phosphine-borane and KOSiMes; quantitative by
NMR spectroscopy) was observed aa —70 °C in THF
(Scheme 2). The product PhsP-BH3 could be characterised in
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the solution above —30 °C, but intermediates were too ill-
defined to characterise. Hence our attention shifted to the
corresponding dppp complexes, known58 to react more slowly
than their dppf analogues in the reductive elimination step as a
consequence of the smaller chelate bite angle.

Addition of KOSiMes to an equimolar mixture of complex 3a
and Ph,PH-BH3 in THF a —70 °C led to an immediate and
guantitative change to a single new species whose distinctive
31P NMR spectrum is shown in Fig. 1, revealing the trans-
relationship of (P1-Pd—P3-B). This is consistent with the
structure 4a, whose spectrum persisted up to 0 °C. At that
temperature it decomposed (haf-life ca. 30 min.) giving rise
only to PhsP-BH3z and an unidentified Pd product; when reaction
was carried out in the presence of an excess of Phl, species 3a
wasregenerated. The same type of transformation was shown to
occur with other secondary phosphine—boranes and other PdAr|
complexes, as indicated. With more el ectron-withdrawing aryl
groups in Ar—Pd, the elimination step was slower.

The linkage between the stoichiometric and catalytic reac-
tions was strengthened by experiments where the breakdown of
adduct 4a, which led quantitatively to the formation of
PhsP-BH3 1a, was followed by 31P NMR (Fig. 2). Anidentical
reaction was carried out with a four-fold excess of both the

P1
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P3 l J’ |
W ” N{

4 Iy i I i
W HN‘/\WN “'L‘f"'v%lww*'v"f WW»,M‘W'-y.,m‘»%awywwwf\‘»\wwwﬂww‘/ gt

10.0 80 6.0 40 20 00 -20
dp

Fig. 1 The 31P NMR spectrum of complex 4b in THF solution at —50 °C,
taken directly after mixing of precursorsat —70 °C. Assignments: 9.0 (P3,
Jpops 31 HZ), 5.2 (Pl, Jp1p3 297, Jpip2 43 HZ), —135 (P2) On standi ng a
or above 0 °C the reductive elimination product growsin at ca. 6 1.
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Fig. 2 (@) Stoichiometric formation of borane la from breakdown of
complex 4a, 0.0532 m in THF at 0 °C, reaction followed by loss of 4ain the
31P NMR spectrum, dotted lineis smoothed curve. (() Catalytic turnover of
a mixture of Phl and KPh,P-BH3 (both 0.213 m) in THF at 0 °C in the
presence of complex 3a (0.0532 m), followed by the appearance of borane
la. The dashed line is the predicted rate of turnover based on the rate-
constant 2.9 x 10—4 s—1 derived for the stoichiometric process above.

anion and Phl, and catalytic turnover was followed by the
appearance of 2a. Within experimental error, the rate of
catalytic turnover is defined by the rate of the reductive
elimination step. This provides firm support for the mechanism
suggested in Scheme 2. A correlation between reductive
elimination and catalytic turnover has been observed for the C—
C bond forming step in the breakdown of (dppf)Pd(Ph)Me.5
In the extreme case of 3b, the intermediate complex 4b was
formed cleanly at —70 °C but was stable in solution at ambient
temperature for a significant period of time (half-life ca. 96 h)
and could be isolated by filtration through silica and precipita-
tion. Theisolated material givesriseto phosphine-borane 2e on
redissolution and prolonged standing, accompanied by some
decomposition to the phosphine oxide. In characterisation of
complex 4b, we observed an unusua [M — 1] cation peak inthe
electrospray mass spectrumt which will be the subject of
further investigation; such behaviour has previously been
observed in the mass spectra of amine—boranes.® Recrystallisa-
tion (CH,Cl,, Et-0O) gave blocks suitable for X-ray analysis.:
The structure is shown in Fig. 3 and demonstrates a slightly
distorted square planar arrangement with the Pd—P bond of the

Fig. 3 The X-ray crystal structure of complex 4b. Selected bond lengths and
angles: Pd(1)-P(1) 2.337(2), Pd(1)-P(2) 2.334(2), Pd(1)-P(3) 2.375(2),
Pd(1)—C(4) 2.053(6), P(3)-B(1) 1.925(6); C(4)—Pd(1)—P(2) 170.4(2), C(4)—
Pd(1)-P(1) 87.6(2), P(2)—Pd(1)—P(1) 90.84(6), C(4)—Pd(1)—P(3) 88.0(2),
P(2)—Pd(1)-P(3) 94.35(6), P(1)-Pd(1)-P(3) 173.09(6) B(1)-P(3)—Pd(1)
119.4(2).

phosphine borane only slightly longer than Pd—P bonds in the
chelate (0.237 vs. 0.233 nm). The only previous example of a
simple n!-coordinated phosphine-borane structure is that of
complex 5, which is a stable isolable material .10
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These experiments indicate that the catalytic cycle for
phosphinylation of aryl iodides with secondary phosphine—
boranes is very simple, and the true reactive intermediate is
amenable to characterisation. Unlike the corresponding inter-
mediate 6 observed in catalytic amination,!® it reacts rapidly
below ambient temperature and very likely does not involve
prior chelate dissociation. Studies of the reductive elimination
of neutral Pd phosphido complex 7 and anal ogous (dppe)Pd 1?-
Ar n1-(PPhy) complexes have been carried out by Glueck and
co-workers,12 who generated these intermediates by deprotona-
tion of cationic phosphine complexes.

Future work will be directed towards stereochemical control
of the P-Pd addition step with a view to applications in the
asymmetric synthesis of arylphosphines.

We thank CNRS for granting leave of absence to A-C. G,
EPSRC and NATO for support and Johnson-Matthey for loans
of Pd sdlts. We greatly appreciate an open exchange of
information with Professor David Glueck (Dartmouth).
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We report the first example of modifying the pH-dependent
electrochemical properties of a flavin analog on gold by
changing the pK, value of its N! proton.

Flavoenzymes are important el ectron shuttlesin awide range of
biological redox reactions.t The redox potential of flavin (the
redox active moiety of flavoenzymes) variesby at least 600 mV,
as governed by binding in different apoproteins. Non-covalent
interactions (including st-stacking,2 hydrophobic effects, hydro-
gen bonding, and electrostatic interactions)3 between flavin and
apoproteins play important roles, however, it is difficult to
examine the effects of individual interactions in complex
biological systems. A fundamental understanding of environ-
mental effects on the flavin redox potential can be expected to
provide insight into biological mechanismsfor tuning the redox
potential of flavoenzymes. In addition, control over its redox
activity may increase selectivity of electrocatalysisin synthetic
devices.4 Monolayers prepared from alkanethiols or disulfides
with electroactive derivatives® are commonly used for studying
environmental effects on electron-transfer kinetics.6 The pre-
sent work presents novel self-assembled monolayer (SAM)
formation based on an alkanethiolate derivatized flavin anal og”
and the modulation of itsredox propertiesviaincorporation into
SAMs.

Disulfide 1 was synthesized according to the procedure
outlined in Scheme 1.8 SAMs containing isoalloxazine (the
heterocyclic ring system of flavin) were prepared by immersing
agold coated (500 A\) silicon wafer in an acetonitrile solution of
1 and were characterized by cyclic voltammetry (Fig. 1). Flavin
and its analogs undergo two reversible one-electron reduction
steps with overlapping potentials in agueous buffer solutions
(Scheme 2).° The surface coverage was calculated to be ca. 5 X
10—19 mol cm—2 by integrating the area under the oxidation or
reduction peak. This surface coverage coincides with a densely

HSCPh3, NaH,

Br(CH;) Br Br(CHz)eSCPh3

3

THF, 12 h, reflux

g
N N 5]
Ma:COs, DMF, 50 °C @N/IW\’T}I
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l2, CHCls, RT

];f (CHz)rS

Scheme 1

56

Ty

1(pH 2.3)

E/mV vs Ag/AgClI .50 4

Fig. 1 Cyclic voltammogram (steady state cycle) of (&) (---+) a SAM from
1 in an agueous buffer solution of pH 2.3, (b) (——) a SAM from 1in an
agueous buffer solution of pH 10.13, and (C) (- - - - - ) 2 (1 mM) in an
aqueous buffer solution of pH 12.03. A bare gold working electrodeis used
in the determination of E° of 2. Scan ratesare 0.1V s—1.

packed film of the flavin based on modeling the molecular area
expected for a flavin unit. The pH-dependent formal potential
(E9) of the bound isoalloxazine moiety was determined from the
mean value of the cathodic and anodic peak potentials. Upon
changing from acidic to basic conditions, the full-widths at half
maxima of the peaksincrease. This change may be indicative of
structural heterogeneity or differences in the rates of electron
transfer for the two electron transfer steps (Fig. 1).

To examine the importance of microenvironment on the one-
electron processes of Scheme 2, we compared the pH dependent
redox potential of flavin analog 2 in solution (shown in Scheme
2) with that of immobilized isoaloxazine. As shown in Fig. 2,
the formal potential of 2 dissolved in solutionislinearly related
to pH, with aslope of —0.057 V (pH unit)—1 up to pH 6.7. After
this inflection point the redox processes of 2 remain reversible
(Fig. 1); however, the slope changesto —0.027 V (pH unit)—1 at
higher pH values;10 The pH at the inflection point is the pK, of
the N1-proton in the reduced form.8-11 A pK, value of 6.7 for the
NZ2-proton in the reduced form of 2 and the decreasein slope are
consistent with those reported for mononucleotide (FMN) and
flavin adenine dinucleotides (FAD).9.12 I n contrast, the slope of
the EO—pH plot for the monolayer of 1isuniform until pH =10
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Fig. 2 The pH dependence of redox potential (E°) of isoalloxazine of 1 in
SAM compared with 2 (1 mM) dissolved in aqueous buffer solution.

(Fig. 2). Theintersection point of thelinear portionsyieldsapK,
value of 9.7. This dramatic increase in the pK, value indicates
that the microenviroment of the N1-protonin SAM isless polar
than the agueous solution. These results are in line with the
observations of Whitesides and coworkers who demonstrated
by contact angle measurements increased pK, values of acidic
groups of w-mercaptoa kanecarboxylic and phosphonic acids
upon incorporation into monolayers.13 They proposed that alow
interfacial dielectric constant and/or electrostatic interactions
cause the unfavorable formation of negatively charged species
in a closely packed monolayer compared with that in water.13

We prepared mixed monolayers from unsymmetrical di-
sulfide 6 and dodecyl disulfide or octyl disulfide thereby
reducing the surface coverage of the isoalloxazine moiety to

S
/NYO
XX
o (CHz)g—S - S(CH2)11 CH3

6

about 10% of that in the monolayer from 1.24 This reduction of
charge/charge repulsion at the interface did not lower the pKy
value of the N1-proton. In addition, the change in akyl chain
length of the mixed SAM in which N1-proton is embedded did
not influence its pK, value. These results suggest that the low
dielectric constant of the underlying akyl chains may be the
predominant factor influencing the dissociation constant.

In summary, our work demonstrates that the pH-dependent
electrochemical properties of the isoalloxazine moiety can be
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modified via incorporation into SAMs, as well as the known
mechanisms such as selective H-bonding and st-stacking.
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A novel method of preparing CdS nanoparticle-modified
electrodes is described and a relationship between CdS
particle size and the photoelectrochemical properties of such
electrodes demonstrated.

Nanocrystalline semiconductors exhibit a wide range of novel
chemical and physical properties.® Hence research on nano-
crystalline semiconductors is developing into a large inter-
disciplinary field. The properties of nanocrystalline particles
differ from those of bulk materials for two reasons. First, the
high surface areato volumeratio resultsin there being almost as
many atoms at the surface asin the crystalline lattice. Secondly,
the electronic bands are split into discrete energy levels as a
result of the three-dimensional confinement of charge carriers.
This quantum confinement of charge results in an increase in
band gap with decreasing particle size. Indeed determination of
the band edge alows the calculation of the particle size.2
Investigations of how the interesting properties of nanoparticles
may be exploited in optoelectronic devices,3 photovoltaic* and
clean technology applications® are being performed in many
laboratories.

CdS is the materia of choice when studying quantum
confinement effects since methods of controlling the size of
CdS nanoparticles are well established.5-8 The study of charge
transfer in nanoparticle systems is an active area of research.
Electron exchange in colloidal CdS solutions has been ex-
tensively studied using photoelectrochemical® and radiolysis
techniques.1® However, if the novel properties of CdS nano-
particles are to be exploited in optoel ectronic devices, methods
of electricaly addressing the particles directly are required.
This communication is concerned with the preparation and
characterisation of electrodes modified with sub-monolayers of
nanoparticles; it is demonstrated that such electrodes allow the
optoelectronic properties of the nanoparticles to be probed. In
previous studies!-15 of CdS coated surfaces the nanoparticles
have been prepared in inverse micelles and deposited on to gold
surfaces using dithiols as molecular anchors. Fourier transform
IR spectroscopy,t2 UV-VIS spectroscopy,13 X-ray photo-
electron spectroscopy,14 scanning tunnelling microscopys and
limited electrochemical studies have been performed on such
electrodes. In this communication a novel method of preparing
CdS nanoparticle modified electrodes is described and initial
investigations of the optoelectronic properties of the CdS
nanoparticles reported. The method of preparation is con-
siderably simpler than that reported previously and alows
deposition of CdS on to optically transparent electrodes; this
facilitates studies of the optoelectronic properties of the
particles. Toillustrate that the CdS nanoparticlesat the modified
electrode surface may be addressed photoel ectrochemically the
photocurrent spectra are reported.

The strategy employed in the preparation of the CdS
nanoparticle modified electrodes is detailed schematically in
Fig. 1. The method is essentially athree-step process. First atin
oxide electrode surface is functionalised¢ using established
methods. Then CdS nanoparticles are grown and grafted on to
the functional groups.

The tin oxide electrodes were first cleaned in a Piranha bath
at 70 °C and then placed in a solution of 3 mol dm—3 potassium
hydroxide for ca. 2 h, in order to activate the surface. The
electrode surface was then silanised by immersion in a 1: 10
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(3-mercaptopropyl)trimethoxysilane (MPTMS): methanol so-
lution. The resultant surface possessed pendent thiol groups to
which the CdS nanoparticles could be anchored.

The CdS colloidal nanoparticles were prepared in non-
aqueous solution using a method first reported by Fischer and
Henglein.” CdS was formed by bubbling H.S, (2 X 10—4
mol dm—3),intoal X 10—3mol dm—3 Cd(ClO,), THF solution.
The resultant colloids were strerically stabilised by addition of
hexanethiol to the THF. It has been shown that the CdS
nanoparticle size may be controlled by varying the hexanethiol
concentration.

Initial attempts to attach the CdS nanoparticles to the
functionalised surface involved the immersion of the electrodes
in a solution containing CdS nanoparticles. This strategy proved
unsuccessful; it has been reported” that stabiliser exchange is
not possible with colloids prepared by this procedure. Hence, to
obtain the CdS nanoparticle electrodes the functionalised tin
oxide surfaces were immersed in the THF solution during
colloid formation, in order that the surface-colloid bonds are
formed as nanoparticle growth proceeds. The size of the
particles was controlled by varying the hexane thiol concentra-
tion, solutions containing 0.400, 8.57 x 10—3and 5.275 x 10—3
mol dm—3 of the stabiliser were studied. After rigorouswashing
the photoelectrochemical properties of the electrodes were
investigated.

Prior to photoel ectrochemical investigations of the modified
electrodes the UV-VIS adsorption spectra of the parent

Tin Oxide
Coated Electrode

(i) KOH
(ii) MPTMS / MeOH

SH SH

// Siﬁ‘ 73 iV

/ (i) CA(CIO, ), / THF
(ii) H:S

CdS CdS

o

Si si
AL 7o
Fig. 1 A schematic of the method employed for the preparation of the CdS

nanoparticle modified electrodes [MPTMS = (3-mercaptopropyl)tri-
methoxysilane].
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Fig. 2 Normalised UV-VIS absorbance spectra of CdS colloidal suspen-
sions. The suspensions were prepared using varying concentrations of
hexanethiol: (a) 0.400, (b) 8.57 x 10—3 and (c¢) 5.275 x 10—3 mol dm—3,

colloidal suspensions were recorded. The spectra for the
suspensions prepared using the three different hexanethiol
concentrations are shown in Fig. 2. It is apparent that by
controlling the stabiliser concentration it is possible to change
the band gap of the CdS nanoparticles formed in the solution
phase. The sizes of the nanoparticles were determined from
band-edge measurements. It wasfound that hexanethiol concen-
trations of 0.400, 8.57 x 10—3 and 5.275 x 10—3 mol dm—3
result in CdS nanoparticles in the colloidal suspension of 2, 4
and 10 nm diameter, respectively. More detailed studies of the
influence of hexanethiol concentration on nanoparticle size in
colloidal suspensions have been published.”

It was necessary to determine the band gap of the nano-
particlesformed at the electrode interface in order to verify that
they were of the same size asthose formed in the sol ution phase.
Unfortunately it was not possible to record the UV-VIS
adsorption spectra for the modified electrodes as the CdS
particles were present in sub-monolayer quantities. Hence, the
optical properties of the CdS nanoparticles at the modified
electrode surfaces were characterised using the more sensitive
technique of photocurrent spectroscopy. All electrochemical
experiments were performed at 0.2 V vs. Ag/AgCl| 3 mol dm—3
NaCl in a 1.0 mol dm—3 agueous Na,SOs solution buffered at
pH 12. The photocurrent spectra were recorded using chopped
monochromatic light and a lock-in amplifier. Photocurrent
spectra for modified electrodes prepared using the three
different hexanethiol concentrations are shown in Fig. 3. The
excellent agreement between the UV-VIS spectra and the
photocurrent spectraindicates that the particles deposited on the
electrode surfaces were of the same size as those in the parent
suspension.

In conclusion, a method of preparing optically transparent
electrodes modified with sub-monolayers of CdS nanoparticles
has been developed. Further, it has been shown that the size of
the CdS nanoparticles on the surface can be controlled by
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Fig. 3 Normalised photocurrent spectra of CdS nanoparticle modified
electrodes. The electrodes were prepared using varying concentrations of
hexanethiol: (a) 0.400, (b) 8.57 x 10-3 and (c) 5.275 x 10—3 mol dm—3.

varying the hexanethiol concentration. The photocurrent experi-
ments demonstrate that the physical properties of the CdS
nanoparticles at the surface can be addressed using photo-
electrochemical techniques. Intensity-modulated photocurrent
spectroscopy studies of the effect of quantum confinement on
the kinetics of charge transfer from photoexcited CdS nano-
particles are presently in progress.
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Thiol-functionalized nanostructured silicas with uniform
porosities exhibit selective complexation affinity for Hg2+,
while other metal ions (Cd2+, Pb2+, Zn2+, Co3+, Fe3+, Cu2+
and Ni2*) have little or no binding ability with the
adsorbents.

Effective metal ion adsorbents have been prepared by the
immobilization of thiol ligands onto the surface of various
substrates, including silica gel,12 clays,34 polymers® and, most
recently, mesoporous silicat8 The effectiveness of such
materials in binding metal ions has been attributed to the
complexation chemistry between the ligand and the metal, the
specificity of aparticular ligand towards target metal ionsbeing
the result of a conventional acid-base interaction between the
two. Although some of these thiol-functionalized adsorbents
can exhibit specific interactions with soft Lewis acids (such as
Hg?*, Cd2*, Pb2* and Ag*),*4 the selectivities of these
materials are usually unremarkable because many metals have
the ability to bind with thiol ligands. In this study, we have
prepared a series of nanostructured thiol-functionalized silica
adsorbents with uniform porosity®-11 and investigated their
affinity for heavy metal ion binding.

Nanostructured adsorbents with variable loadings of thiol
groups were prepared by stirring tetragthoxysilane (TEOS) and
3-mercaptopropyltrimethoxysilane (MPTMS) in 0.116 M n-
octylamine solutions at room temperature [the molar composi-
tion of each mixture was 0.22 surfactant : (1 — X)/100 TEOS :
X/100 MPTMS, where X = 0, 2.3, 4.5, 6.9 and 9.0]. After aging
for 24 h, the resulting powders were filtered, air dried and
washed by Soxhlet extraction over ethanol for 24 h. The
materialswerelabeled asHM S (X = 0) and MP-HM S-X, where
X represents the percentage of silicon atoms in the synthesis
mixture present as MPTMS.

The physical and chemica properties of the functionalized
silicas, shown in Table 1, were determined using X-ray
diffraction (XRD), N, sorptometry and 2°Si MAS NMR. The
single-reflection XRD powder patterns denoted disordered
wormhole structures, with d; oo valuesranging from 2.9-3.4 nm.
The N, adsorption isotherms showed that the adsorbents had
very high surface areas and narrow Horvath-Kawazoe pore size
distributions in the micropore range (<2.0 nm). All of these
characteristics are indicative of neutral—surfactant-assembled
nanostructured silica frameworks with uniform porosities.12-14

Table 1 Physicochemical characteristics of the thiol-functionalized nano-
porous adsorbents

SH Hg2*
Lattice  Surface Pore content/  adsorption
spacing/  area/ diameter/ mmol capacity/
Adsorbent nm m2g-1 nm g1t mmol g—1
HMS 3.15 1408 1.95 0 0

MP-HMS-2.3 3.13 1221 175 0.35 0.19
MP-HMS-4.5 2.96 1331 1.65 0.68 0.28
MP-HMS-6.9 3.13 1087 151 1.0 0.46
MP-HMS-9.0 3.34 1063 1.48 13 0.59

Resonances at § —65 in the 295 MAS NMR spectra of the
adsorbents demonstrated the incorporation of MPTMS within
the material frameworks. By comparing the relative integral
intensities of the MPTM S signal swith respect to the total signal
intensity,®11 we deduced that the amount of thiol groups
incorporated in the materials (Table 1) corresponded within
experimental uncertainty to the stoichiometry of the synthesis
mixture. Consequently, the surface areas and pore sizes of the
materials systematically decrease as a result of the increased
coverage of thiol groups on the surface of the pore channels
(Table 1). No evidence of thiol group oxidation wasfound in the
materials, asevidenced by the detection of S-H stretching bands
in their FTIR spectra (2580 cm—1), and the presence of
symmetric signals a& & —27 in their 13C NMR spectra
(characteristic of R-CH,—SH functions’9).

The uptake of metal ions by the adsorbents were determined
by titrating agueous metal ion solutions into a slurry of each
adsorbent, stirring for 24 h, and analyzing the supernatant
solution for metal ion content using flame AAS (cold-vapour
AAS for Hg). This process was repeated until no significant
metal ion uptake by the materials was observed. Thus, each
adsorbent was tested for their ability to adsorb Hg2+, Cd2+, Pb2+
and Zn2*+ from independent homoionic solutions at neutral pH.
The adsorbents exhibited little or no affinity for these metals,
with the exception of Hg2*. The very efficient binding of Hg2*
ions reduced the metal concentrationsto negligible levels (< 10
ppb) until saturation was reached [Fig. 1(a)]. The Hg?*
adsorption capacities of the materials systematically increased
in proportion to the thiol group content in the materials [up to
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Fig. 1 Homoionic (a) Hg?* and (b) Cd2+ uptake curves for MP-HMS-X
adsorbents [X = 2.3(M), 4.5(@), 6.9(¢) and 9.0(A)]. The x-axis denotes
the total amount of metal added to the system per unit mass of adsorbent.
The dashed lines are the unity slopes representing the theoretical total
uptake of metal ions.
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0.65 mmol g-1, Fig. 1(a)]. Approximately one haf of the
incorporated thiol groups in each adsorbent is accessible for
Hg?* binding (Table 1). The constricted nature of the micro-
porous channels most likely controls access of Hg2* ions to the
adsorbents' binding sites.8° Multidentate SH binding with the
Hg?* ions may aso contribute to the high S:Hg stoichiometry.
Of the other metals studied, only Cd2* demonstrated some
interaction with the adsorbents [Fig. 1(b)]. As in the case of
Hg?*, a correlation between the thiol group content in the
adsorbents and the Cd2+ |oading is denoted, but saturation of the
binding sites is reached at very low levels [ <<0.1 mmol g—1,
Fig. 1(b)]. Significant residual concentrations of Cd2* remained
in the treated solutions, even at low metal concentrations [Fig.
1(b)]. The adsorbents thus demonstrate considerably weaker
affinity for Cd2* than for Hg?*.

By the uptake process described above, the adsorbents were
also used to treat a mixed metal solution containing nearly
equimolar amounts of Cd2+, P2+, Zn2+, Hg2*, Co3+, Fe3+, Cu2*
and Ni2*. The uptake of Hg2* from this mixed metal ion solution
was virtually identical to the uptake observed for the homoionic
solutions [Fig. 1(a)]. Negligible adsorption of the other metals
was observed. This demonstrates the remarkable selectivity of
the nanoporous adsorbents for Hg2* binding.

That Hg?* ions exhibit high binding affinity towards the
immobilized thiol groupsis not unexpected. What is unique for
the nanostructured adsorbents, however, istheir extremelack of
affinity towards other d© metal ions (Cd2*, Zn2* and Pb2*)
which usually bind strongly with these ligands (especially in the
absence of other competing ions), as observed previously for
thiol-functionalized silica gel* and montmorillonite.3 We pro-
pose that, while Hg2* has the ability to bind with the thiol
groups lining the framework pore channels of the nanoporous
adsorbents (representing the bulk of the adsorbent binding
sites), the other metal ions are unableto bind to intraframework,
complexing only with the comparatively low number of thiol
groups present at the external surface of the adsorbent
particles.

By comparing these results with those of other sorption
studies on similar materials, -3 we infer that the uniform
porosity of the nanostructured adsorbentsis ultimately responsi-
ble for their selective adsorption behaviour. The inability of
Cd2+, Zn2+ and Pb2* to bind to the thiol groupsin the adsorbent
pore channels may tentatively be explained by the thermody-
namic inability of these ions to coordinate within the confined
spaces of the pore channels. Using thermodynamic data tabless
and the model reaction H,S+ M2+ — M S+ 2H™* to represent the
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metal ion binding process, we estimate the AG° value for the
reactioninwhich M = Hg was calculated as —181.6 kJmol 1,
whilethe free energiesof thereactionsinwhich M = Cu, Cd, Pb,
Ni and Fe were —85.7, —45.3, —40.9, —0.5 and 11.9 kJmol —1,
respectively. We postulate that the restricted volumes of the
channelsreduce the A values of the above reactions, resulting
in positive (non-spontaneous) AGP values for most of the
intraframework metal-igand reactions. Only in the reaction
with Hg2* isthe change in enthal py (AH?9) sufficiently negative
to overcome this unfavourable entropy effect and maintain
reaction spontaneity. Further investigations are currently under-
way to verify this hypothesis and to better elucidate the factors
involved in metal-ion binding to nanoporous adsorbents.
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In the selective catalytic reduction (SCR) of NO by
ammonia, over-exchanged Fe-ZSM-5 prepared by sublima-
tion of FeCl; into H-ZSM-5, shows superior catalytic activity
and stability in a wide temperature range; its activity is
promoted by the presence of water in the feed while SO, is a
weak poison at low but a promoter at high temperatures; its
remarkable durability towards HO and SO, makes this
zeolite catalyst a potential choice in Denox applications for
stationary sources and heavy Diesel engines with ammonia
or urea reductants.

In the selective catalytic reduction (SCR) of nitrogen oxides,
metal-exchanged MFI-type zeolites, in particular Cu-ZSM-5,
have received much attention due to their ability to catalyze the
SCR not only by hydrocarbons,-3 but also by ammonia.# The
insufficient stability of these catalysts has so far prevented their
practical application in flue-gas abatement devices. Faced with
thetail-gases of combustion engines containing high amounts of
water, and often aso SO, they suffer structural changesleading
to deactivation. For the use of hydrocarbon reductants, water is
also known as a reversible poison while it has been reported to
promote the SCR activity with the reductant ammonia.4

In view of these problems, the recent discovery of the
remarkable stability of over-exchanged Fe-ZSM-5 in the SCR
of NO with isobutane> has been considered a breakthrough in
flue-gas catalysis research. Further progress has to cope with a
reproducibility problem in the preparation of these materials®
and with the fact that the reductant isobutane that provides the
highest reaction rates with these catalystsis impractical for any
commercial purpose. We report here a superior catalytic
performance of over-exchanged Fe-ZSM-5 in the SCR of
nitrogen oxides with ammonia. The catalyst provides excellent
activity and selectivity over a wide temperature range. It is
promoted by water and, in certain temperature ranges, also by
SO, (with or without water) and does not suffer any deactiva-
tion from these feed components on a time scale of 10-15 h.

The Fe-ZSM-5 was prepared on the basis of aNa-ZSM-5 (Si/
Al = 14, Chemiewerk Bad Kostritz, Germany). lron was
introduced by a modified sublimation technique derived from a
route described in ref. 7 (sublimation of FeCl3 vapour into the
H-form of the zeolite under vacuum). Subsequently, the catalyst
was cacined in ar a 823 K without any washing step.
Elemental analysis showed that this preparation provides an Fe/
Al ratio of 1:1, which is aforma exchange degree of 300%.
The sample will be, therefore, denoted as Fe-ZSM-5-14-300
indicating the Si/Al ratio and the formal exchange degree by the
last two figures. A Cu-ZSM-5-14-220 prepared by the conven-
tional ion-exchange method described by Iwamoto et al.8 was
also obtained from the same Na-ZSM-5 for use as a reference
material.

The SCR of NO by ammonia was carried out in a
microcatalytic flow reactor. A calibrated mass spectrometer and
a combined non-dispersive IR/UV detector were employed to
analyse the reaction product. The feed gas contained 1000 ppm
NO, 1000 ppm NH3, and 2% O, (balance He) and was |oaded by
2.5% H,0 and/or 200 ppm SO, in the poisoning experiments.
Under standard reaction conditions, 260 ml min—1 of this
mixture were fed over 35mg of catalyst, which results in a
space velocity of 304 000 h—1,
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Fig. 1 Selective catalytic reduction of NO by NH3 with over-exchanged Fe-
ZSM-5 and comparison with over-exchanged Cu-ZSM-5. Dry condition:
1000 ppm NO, 1000 ppm NH3, 2% O,, balance He; 304000 h—1, (A, A)
Fe-ZSM-5-14-300, (O, @) Cu-ZSM-5-14-220, filled symbols, NO conver-
sion, open symbols, NH3 conversion.

Fig. 1 shows the conversions of NO and NH3 at different
reaction temperatures over Fe-ZSM-5-14-300 and Cu-ZSM-
5-14-220. Cu-ZSM-5 isvery active for the SCR with ammonia,
and the conversions obtained with our preparation are at all
temperatures well above those reported in the literature for a
somewhat lower space velocity.4 Fe-ZSM-5-14-300 provides
the same conversions as Cu-ZSM-5-14-220 proving inferior
only in the low-temperature region (<573K). Over this
catalyst, the temperature window for high NO conversion is
significantly wider than over the Cu catalyst: NO conversions
>75% can be held between 573 and 823 K. The ammonia
conversion is close to the NO conversion below 423 K, but is
100% at all temperatures above, which makes ammonia slip
rather unlikely with such cataysts. Remarkably, the only
oxidation product is nitrogen, neither NO, nor N,O formation
were detected in the whole temperature range. With Cu-ZSM-
5-14-220, ammonia oxidation becomes significant already at
523 K, and since the NO conversion decreases steadily with
increasing temperature, the copper catalyst is inferior in the
ammonia utilization at almost all temperatures.
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Fig. 2 Influence of water and sulfur dioxide on the NO conversion over Fe-
ZSM-5-14-300. Space velocity, 304 000 h—1, dry condition: 1000 ppm NO,
1000 ppm NH3, 2% O,, balance He. Moist condition: asdry, with 2.5% H,0O
added, ‘+S0O,’, with 200 ppm SO, added.
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Fig. 3 Durability of Fe-ZSM-5-14-300 under the influence of water and
SO,: dry condition; moist condition; moist condition + SO, asin Fig. 2.

The impact of H,O and/or SO, on the NO conversion over
Fe-ZSM-5-14-300 is shown in Fig. 2. It is evident that SO,
exerts a poisoning influence at low temperature both in dry and
in moist feed. Remarkably, this effect is reversed at higher
temperature: Above 700 K, the NO conversion is aways higher
with SO, present. On the other hand, water promotes the
activity at al temperatures over our Fe-ZSM-5, whichissimilar
to the behaviour found with Cu-ZSM-5.49 This is most
favourable at the upper end of the temperature range where an
NO conversion of 85% (at ca. 300 000 h—1) may be held up to
areaction temperature of 850 K in a moist feed stream.

The durability of Fe-ZSM-5-14-300 in various feed mixtures
was tested at 840 K (Fig. 3). Under dry conditions, a slight
increase of the NO conversion (by ca. 3% in 15 h) can be noted.
Upon addition of 2.5% HO to the feed, a sudden increment in
the NO conversion of ca. 10% isachieved. Addition of SO, into
thewet feed does not lead to further changes. No deactivation of
the catalyst is observed either in 15 h time-on-stream in moist
feed or under the simultaneous action of H,O and SO.. It should
be noted that such conditions would cause severe deactivation
with the Cu-ZSM-5 system.3

The preparation of the Fe-ZSM-5 catalyst is critical also for
its application to the SCR with ammonia. An Fe-ZSM-5
catalysts obtained by conventional agueous exchange, which
resulted in aformal exchange degree of < 100%, wasinferior to
Fe-ZSM-5-14-300.° In arecent paper,10 Fe-ZSM-5 prepared by
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aqueous exchange with subsequent precipitation provided NO
conversions below 50%, with considerable N,O formation at
lower temperatures, at a space velocity of only 180000 h—1,
Notably, in the SCR of NO by isobutane, our Fe-ZSM-5-14-300
sample could not compete with Cu-ZSM-5-14-220, and the NO
conversions achieved® were much lower than those reported by
Feng and Hall.5 In addition, the air calcination step in the
catalyst preparation (vide supra), which proved deleterious for
the SCR with isobutane® in accordance with the literature, had
adightly deactivating effect only in the low-temperature range
but did not did not affect the peak conversion with ammonia.®
This implies that the active sites required by the two reactions
may be different.

In conclusion, over-exchanged Fe-ZSM-5 prepared by a
sublimation technique shows highly promising catalytic per-
formance in the SCR of NO by ammonia. Studies concerning
the structure of the active sites in this catalyst and about its
behaviour with respect to the oxidation of SO, are under way.
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Disulfur dichloride converts 1-(dicyanomethylene)indane 3
into the methyleneindene 4 and the red indeno-1,2-thiazine
5; it also converts inden-3-ylacetic acid 7 into methyle-
neindenes 8 and 9, dithiolone 10 and the deep purple
thiophenone 11; upon melting crystals of 4 and 11 are
strongly birefringent and 5 exhibits thermochromicity;
mechanisms are outlined for the novel transformations and
X-ray crystal structures for 5 and 10 are analysed.

During a search for materials with both novel and useful
electronic and optical propertieswe discovered asimplerouteto
some heterocyclic pseudoazulenest which constitute a new
class of discotic liquid crystals where the mesophases are not
supported by long aliphatic chains or by H-bonding.2 The new
discotic mesomorphism appears to arise from interactions of
central aromatic structures with polarised chlorine, sulfur and
cyano groups. In acontinuation of thiswork disulfur dichloride,
S,Cls, is shown to react with simple organic substrates to
provide new members of thisfamily of moleculeswhich exhibit
liquid crystalline behaviour.

We have shown, for example, that S,Cl,, NCS and Hunig's
base in THF converted 1-(cyanomethyl)cyclopentene 1 into the
dark blue trichlorocyclopentg[c][1,2]dithiole 2, crystals of
which showed strong birefringence upon melting on a hot stage
polarising microscope.r We have now selected related in-
deneacetonitrile and indeneacetic acid derivatives for reaction
with the same reagents.

When 1-(dicyanomethylene)indane 33 was treated with 5
equiv. each of S,Cl,, Hinig'sbase and NCSin THF at 0 °C for
3 d and then heated at reflux for 5 h, chromatography gave
2,3-dichloro-1-(dicyanomethylene)indene 4 (90%) as orange
crystals, mp 133-135° and then 163-165 °C, and 3,9-di-
chloroindeno[1,2-€][1,2]thiazine 5 (9%) as red crystals, mp
206-208 °C (Scheme 1). The structures of both products
followed from their analytical and spectroscopic data and
structure 5 was confirmed by X-ray crystallo%raphy (Fig. 1.t
The ring systems are co-planar to within 0.02 A with CI(3) and
CI(9) lying 0.07 and 0.02 A out of this plane, respectively. The
molecules pack to produce dlightly distorted close-packed
hexagonal sheet arrays, the shortest intermolecular contacts
being between the cyano nitrogen atom in one molecule and
CI(3) in a centrosymmetrically related counterpart and vice
versa (3.18 A) and between CI(9) in one molecule and S(1) in
the next (3.51 A) about an independent inversion centre,
Adjacent sheets are mt-stacked (3.45 A separation) with the

CN Cl CN

S,Cl =
— > s
s
cl
1 2
al cl
Cl S\
S,Cl N
- + \N /
CN N\—cN
cl
CN cN cN
3 4 5

Scheme 1

Cls!

Fig. 1 The molecular structure of 5.

thiazine rings in one sheet overlaying the Cs rings of another
and vice versa.

The dichloroindene 4 presumably arises by extensive chlor-
ination and dehydrochlorination, which we have observed in
other S,Cl, reactions45 Upon melting on a hot stage
polarising microscope, compound 4 exhibited strong bi-
refringence indicative of liquid crystallinity, whilst the in-
denothiazine 5 showed reversible thermal transitions from red
to blue crystals and gave a blue molten phase. Compound 5 a so
gave blue solutions in common organic solvents, with Amax =
653 nm, £ = 946 in CH.Cl..

A possible pathway, initiated by addition of S,Cl, to anitrile
bond,é for the conversion of dicyanide 3 into thiazine 5 is
outlined in Scheme 2.
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Inden-3-ylacetic acid 77 was similarly treated with S;Cl5,
HUnig' sbase and NCSin THF, CHCI3, or (CH,Cl), to give four
products (Scheme 3) in varying yields: the yellow tetra-
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Scheme 3
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Fig. 2 The molecular structure of 10.

chloroindene 8, mp 80-83 °C, in up to 32% yield, the deep
yellow acid chloride 9, mp 96-98 °C (33%) and two unexpected
sulfur heterocyclic compounds 10, mp 97-98 °C (yellow, 51%)
and 11, mp 88-90 °C and then 124125 °C (deep purple, 37%);
combined yields were up to 85%. Structures 8-11 are based on
analytical and spectroscopic data, and structure 10 was
confirmed as 8,8-dichloro-3,8-dihydroindeno[2,3-c][1,2]di-
thiol-3-one by X-ray crystallography (Fig. 2).t The crystals
contain two independent molecules each with very similar
geometries, the fused ring systems being co-planar to within
0.09 A in one and to within 0.04 A in the other. The out of plane
distortions are a consequence of a dight folding (6° in one
molecule and 3° in the other) about an axis passing through C(8)
and bisecting the C(3A)—C(3B) bond. Pairs of independent
molecules are arranged to form essentially co-planar tetrads,
interlinked via strong O---Sinteractions [Fig. 3(a)—(d)] ranging
between 2.88 and 3.14 A. Both the benzo and dithiolo rings are
involved in m—t stacking with their symmetry equivalent
neighbours.

Fig. 3 One of the near co-planar tetrads present in the crystals of 10. The
intermolecular O---S contacts are (a) 2.91, (b) 3.14, (c) 2.88 and (d) 3.10 A.
The closed and open bonds serve to distinguish between the two crys-
tallographically independent molecules present in the asymmetric unit.

The highly delocalised 3,8-dichloro-2H-indeno[2,1-b]thio-
phen-2-one structure 11 is tentatively assigned to the purple
product; this retains the carbon connectivity of the starting
material 7, now fully unsaturated and substituted. Encourag-
ingly, compound 11 also showed birefringence on melting on a
hot stage polarising microscope.

Routesto the dithiolone 10 and thiophenone 11 from 7 can be
envisaged (Schemes 4 and 5). The former is based upon the
propensity of the reagents to form 1,2-dithioles with activated
alylic substrates, accompanied by extensive chlorination—
dehydrochlorination.#59 The latter, in a new type of S;Cl,
reaction, is based on the rare conversion of acids into acid
chloridesby S,Cl,.10 Anintermediatein thistransformation e.g.
12, could be diverted by cyclisation, ultimately to form 11.

Thus we have shown that some very simple indenes are
readily converted by S,Cl, directly into new liquid crystalline
and thermochromic materials.
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T Crystal data for 5: C;,H4N,SCl,, M = 279.1, triclinic, P1 (no. 2), a =
7.619(1), b = 8.392(2), ¢ = 9.946(2) A, o = 65.28(1), B = 75.81(1), y =
84.17(2)°, V = 560.0(2) A3,Z = 2, D. = 1.655gcm—3, u(Cu-Ke) = 67.4
cm—1, F(000) = 280. For 10: C10H40S,Cl,, M = 275.2, triclinic, P1 (no.
2), a = 8.837(2), b = 10.787(1), ¢ = 12.986(1) A, o = 68.09(1), B =
75.10(1), v = 87.02(1)°, V = 1108.4(3) A3, Z = 4 (there are two
crystallographically independent molecules in the asymmetric unit), De =
1.649 g cm—3, y(Mo-Ke) = 9.27 cm—1, F(000) = 552. 1696 (3819)
independent reflections were measured on Siemens P4/PC diffractometers
with Cu-Ka (Mo-Kw) radiation using 626 (w) scans for 5 (10)
respectively. The structures were solved by direct methods and all of the
non-hydrogen atoms were refined anisotropically using full-matrix least-
sguares based on F2 with absorption corrected data to give R; = 0.039
(0.038), wR, = 0.106 (0.090) for 1548 (3143) independent observed
reflections[|Fo| > 4o(|Fol), 26 < 128° (50°)] and 155 (272) parameters for
5 (10) respectively. CCDC 182/1098.

1 O. A. Rakitin, C. W. Reesand T. Torroba, Chem. Commun., 1996, 427
0. A.Rakitin, C. W. Rees, D. J. Williamsand T. Torroba, J. Org. Chem.,
1996, 61, 9178.

2 J.Barberd, O. A. Rakitin, M. B. Rosand T. Torroba, Angew. Chem.,, Int.
Ed. Engl., 1998, 37, 296.

3 D. M. W. Anderson, F. Bell and J. L. Duncan, J. Chem. Soc. 1961,
4705.

4 M. J. Plater, C. W. Rees, D. G. Roe and T. Torroba, J. Chem. Soc.,
Perkin Trans 1, 1993, 7609.

5 C.W. Rees, A. J. P. White, D. J. Williams, O. A. Rakitin, C. F. Marcos,
C. Polo and T. Torraoba, J. Org. Chem., 1998, 63, 2189.

6 D. Martinetz, Z. Chem., 1980, 20, 332.

7 M. H. Tankard and J. S. Whitehurst, J. Chem. Soc., Perkin Trans. 1,
1973, 615.

8 For arecent discussion of such interactions, see Y. Nagao, T. Hirata, S.
Goto, S. Sano, A. Kakehi, K. lizuka and M. Shiro, J. Am. Chem. Soc.,
1998, 120, 3104.

9 C. F. Marcos, C. Polo, O. A. Rakitin, C. W. Rees and T. Torroba,
Angew. Chem.,, Int. Ed. Engl., 1997, 36, 281.

10 Y. Takada, T. Matsuda and G. Inoue, Jap Pat. 12,123/1968 (Chem.
Abstr., 1969, 70, 19819); A. E. Lippman USP 3,636,102 (Chem. Abstr.,
1972, 76, 72049); T. Matsuda, K. Yokota and Y. Takata, Hokkaido
Daigaku Kogakubu Kenkyu Hokoku, 1978, 87, 151 (Chem. Abstr., 1979,
90, 6055).

Communication 8/07885H



Effect of a cobalt(i1) complex on the radical reaction of vinyl type sulfides. A
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Vinyl type sulfides show increased radicophilicity at the f-
position via the coordination to a cobalt(ir) complex, and
hence the balance between Smiles rearrangement and an
ortho-substitution, in vinyl type sulfides having an intra-
molecular alkyl radical, is lost to favor the latter reaction.

Acid and base catalysis generates a ‘ paired electron hol€’ [egn.
()] and a ‘paired electron pool’ [egn. (2)], respectively.
Likewise radical catalysis can be defined as the generation of
‘unpaired electron density’ at the reaction center [egn. (3)].

Acid catalysis: RX + Acid R¥*---X---Acid> (1)
Base catalysis: RX + Base R%---X--Base® (2)
Radico-catalysis: RX + <(Rad) R¥---X--Rad®  (3)

We have demonstrated that a cobalt(i1) complex, cobal ox-
ime(n),1t accelerates the radical substitutions on the sulfur of a
thioester group [egn. (4)]2 and the radical 1,2-rearrangement of
a thioester group [egn. (5)].23 Caddick et al.,4 Aldabbagh and

[Co'"lL
Mes + RCOSAr

MeSAr + RCO- (4)

Ph_ COSEt [Co'lL  Ph

M Chye Me;c—CHZCOSEt (5)
Bowman,> and Tada et al.6 showed the usefulness of the sulfur
function in the radical annelation on indole and benzimidazole
systems, in which the intramolecular alkyl radicals attack the
ipso-position to yield indoleno or benzimidazoleno carbocycles
by the extrusion of the sulfur function. We have suggested the
effect of cobaloxime(i) in the radical annelation of 2-phenyl-
thioindole via an intramolecular N-alkyl radical .6

Here we report another type of radico-catalysis by cobal ox-
ime(i1) in the radical annelation of benzothiophene and uracil
derivatives. Coordination of a vinyl type sulfide to cobalt(i)
generates an unpaired electron (spin) density on the sulfur,
which can delocalize to the B-position of the vinyl group as
shown in Fig 1. The coordination has been proven via an EPR

{ E@R { l\s/R

[Co'lL [:Co“]L
Fig. 1 Resonance expression of spin delocalization in a sulfur—cobalt(i)
complex.

study by us’ and characterized by back donation from cobalt(i)
to sulfur. The bonding force of this back donation makes the
unstable two-centered three electron bond feasible.

Homolysis of triphenyltin cobaloxime produces a triphe-
nyltin radical and cobaloxime(i1) [egn. (6)] but the former
dissipates via reaction with a halide to leave an organo radical
[egn. (7)]. Thusthe organo radical and cobal oxime(i1) coexistin
the reaction system and associate by the coordinativeinteraction
discussed above [egn. (8)]. The interaction of the vinyl type

PhsSn[Co]L PhsSne + [Co'|L (6)
RBr + eSnPh3 —— Re + PhgSnBr @)
Re + [CO"L  ——— (Re)---[CO"|L (8)

sulfide and the cobalt(i) species may increase the radicophi-
licity of the vinyl moiety.

Thus 3-(benzothiophen-2-ylthio)-2,2-dimethylpropyl bro-
mide 1 was treated with triphenyltin cobaloxime under heating
and the products 3 and 5 were obtained as shown in Scheme 1.
The thermolysis gives the cobaloxime(i) radica and the
intermediate radical A which interact with each other by the
coordination discussed above to giveradical B and thus product
3 (Scheme 2).

©J e 1 Py ISOL

B [CO”]L

(3
PhaSnH
\ l [Co"lL

N e
{m {mﬂ»{nbf

Scheme 2

Treatment of bromide 1 with PhsSnH-AIBN gave the
products 4 and 6 after Smiles rearrangement by an addition—
elimination mechanism (A—D—E in Scheme 2)8 and the
reduction product 2. Thus the cobaloxime(i1) in the reaction
system evidently accel erates the radical attack on the 3-position
of benzothiophene and ortho-substitution becomes competitive
with theradical Smilesrearrangement.8-10 On the other hand, in

@aﬂ AR o s o

3 4 5 6

Ph3Sn[Co]L / 130 °C# — 17% — 70% —
Ph3SnH-AIBN / 80 °C§ 11% — 71% — 14%

Scheme 1
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addition to product 2, only the products of Smiles rearrange-
ment were obtained without cobaloxime(i1). The formation of
the product 6 is accounted for by radical substitution on sulfur
through the radical intermediate F. A reasonable mechanism for
formation of these products is shown in Scheme 2.

Next we tested the effect of cobaloxime(i) on the radica
from n-(1,3-dimethyluracil-5-ylthio)-2,2-dimethylalkyl  bro-
mide 7 and a similar acceleration effect was observed for the
ortho-substitution, as shown in Scheme 3. Bromide 7 (n = 1)
gavethe substitution product 9 in the presence of cobal oxime(i1)
whereas the reaction with Ph3SnH gave the addition product 10
and the products 11 and 12 formed via Smiles rearrangement
(Scheme 4).

Both Smiles rearrangement via a six-membered intermediate
(J) (n = 2) and ortho-addition via a seven-membered
intermediate (1) (n = 2) are slow and the only product from the
reaction of PhzSnH and bromide 7 (n = 2) is the direct
reduction product. The reaction with triphenyltin cobal oxime,
however, gave the ortho-substitution product 9 (n = 2) as a
major product, however the intramolecular radical addition is
still slow and hydrogen abstraction form the solvent to give
product 8 (n = 2) is the dominant process. A reasonable
mechanism for formation of 8-12 is illustrated in Scheme 4.
The intermediate radical | (n = 1) which gives 10 (n = 1) is
formed even without cobaloxime(n), although with lower
efficiency, while radical | (n = 2) which gives9 (n = 2) is
formed only with the assistance by cobaloxime(n). The
intermediates | (n = 1,2) give products 9 (n = 1,2) with
hydrogen elimination by cobal oxime(i1) and the product 10 (n =
1) via hydrogen abstraction from the tin hydride. Products 11
and 12 derive from the intermadiate L (n = 1) via hydrogen
elimination [route (a)] and the fragmentation process [route
(b)], respectively, after Smiles rearrangement (Scheme 4).
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Scheme 4
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All the experimental results shown here suggest an accelera-
tion effect of cobalt(i1) species on the radical attack of an akyl
radical on avinyl type sulfide. Thus the coordination of avinyl
sulfide to a paramagnetic cobalt(i) complex generates a spin
density at the B-position and makes the (B-position more
radicophilic. We propose aterm ‘radico-catalysis for thiseffect
even though the reaction is stoichiometric and not ‘ catalytic’ in
the correct sense.

Experimental details and structural assignments of the
products will be reported in a full paper.

The present work was supported by Waseda University and
the Ministry of Education, Culture, and Sports of Japan through
an Annua Project Program and a Grant-in-Aid for Scientific
Research, respectively
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¥ Reaction conditions: 1 or 7 (0.1 mmol), PhzSn[Co]L (0.3 mmol), DMF
(5.0 ml), 130 °C, 24 h.

§ Reaction conditions: 1 or 7 (0.1 mmol), PhzSnH (0.2 mmol), AIBN (0.1
mmol), benzene (40 ml), 80 °C, 4 h.
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We report a general and high yielding route to the synthesis
of late and early metallocenes; reported is an amino-
functionalised vanadocene which is an unusual example of a
1,1-substituted vanadocene outside of a group 14 substituted
derivative.

The importance of metallocenes has been documented recently
with potential applications in several areas of chemistry.12
There has been a considerable amount of research done with
functionalised ferrocenes, and besides potential therapeutic
activity,3 other useful functions with these types of molecules
have been their ability to recognise neutral molecules,* as well
as cations and anions.> Multidentate functionalised ferrocenes
have also been prepared where there are more than two donor
heteroatoms.6 These, like many bis-functionalised ferrocenes,
start with ferrocene as the starting material and quite often there
are many steps to arrive at the end product. For example, there
has been a report of one primary alkylaminoferrocene syn-
thesised in small amounts, but thistakes four steps starting from
ferrocene.” Whilst it is relatively facile to make the mono-
functionalised aminoferrocene, it is somewhat more difficult to
make the bis-functionalised anal ogues. The main problem about
preparing bis-1,1-aminoferrocenes is the poor yield of the
substitution of the second ring.

Conversely, research into vanadocene chemistry has been
remarkably low. This is unfortunate given the potential anti-
tumour properties of such complexes,® but one of the main
problems is the highly sensitive nature of these compounds.?
With both of these criteriain mind, this paper presentsageneral,
convenient and efficient method of synthesising bis-function-
alised ferrocenes and vanadocenes from the parent substituted
cyclopentadienyl anal ogue and the appropriate metal halide. We
have deliberately chosen alate and an early metal derivative to
show the general nature of the methodol ogy.

A high yielding route to synthesise and isolate the pure
amino-functionalised sodium cyclopentadienide salt routinely
on ascale of 15-20 g has been developed.® Using this method,
we can methodically and easily vary the length of the spacer
group between the cyclopentadienyl group and the amino
group; the substituents attached to the nitrogen atom can a so be
modified. This paper describes the high yielding route to
different bis-1,1-amino-ferrocenes and -vanadocenes which

o CHCHINR,
(CH),,,(CH2),NR
m(CH2)y ¥ ‘ M0, 21, R, = Me,
i n 3

+ - ! =
Na _ +FeCl, —= T et

4 Me
@A(CH)(CHZ)NR

NaCpCH(CH2)4NMe + [(V3CI3)(THF)gl2{ZnaClg)

Scheme 1 Reagents and conditions: i, THF, 65-76%; ii, THF, 72%.
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c(18)q  C(17)
T4y, C(
Fed C(13)
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Fig. 1 X-Ray structure of ferrocene 3.

have different spacer groups and end groups. Yields have been
typically 65-80%.

Reaction of 2 equivalents of NaCp(CH,),NMe, with FeCl,
yields Fe[Cp(CH,)NMe;], 1 in 76% yield as an anaytically
pure yellow—orange oil (Scheme 1).T Using this versatile and
facile method, we can produce primary alkylaminoferrocenesas
well. As aready mentioned, these compounds are notoriously
difficult to synthesise by other means” and to our knowledge
Fe[Cp(CH2)sNH,]» 2 isonly the second example of thistype. It
is synthesised by readily available starting materials such as
FeCl, and 2 equivalents of NaCp(CH,)sNH, and has the
advantagethat it ishigh yielding and isone step. Decreasing the
flexible nature of the substituted arm has a profound effect on
the ferrocene in that we can isolate an orange solid
Fe[CpCH(CH_)4sNMe], 3 as opposed to the oils obtained for 1
and 2.3 The molecular structure§ of 3 can be seenin Fig. 1 and
the steric encumbrance of the piperidyl groupsisevident asthey
lie trans to each other.

Complex 1 reacts with equivalents of Mel to afford the
ferrocene salt Fe[Cp(CH,).NMes]2+2[1]— 4 (Scheme 2) which
was recrystallised from methanol. 4 crystalises as a yellow
microcrystalline analytically pure material which was charac-
terised by 1H and 13C spectroscopy and again occurs in high
yield, 75%. It is methanol and water soluble and air stable.
Alternative entry into this class of compound has been achieved
by athree step synthesis from ferrocene to yield ferrocene-1,1'-
diylbis(methyltrimethylammonium iodide).10

The functionalised sodium cyclopentadienide salts can also
be used to prepare early meta metalocenes. The only
heteroatom ring substituted vanadocenes that we are aware of
are (CsH4EMe3),V (E = Si, Ge, Sn).11 Thus, outside of the
group 14 ring substituted vanadocenes, we report here an
unusual fully characterised example of a 1,1-substituted

— —2t

NMe, NMe;

Fe + 2Mel — Fe

LT~ ’

1 - 4 -

Scheme 2 Reagents and conditions: i, Et,0, 75%.
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vanadocene. This has been synthesised using the starting
material [(TH F)3V(M-C|)3V(THF)3]2[Zn2C|6] 12 and
NaCpCH(CH,)sNMe to yield compound 5 in 72% yield. This
highly air and water sensitive paramagnetic material is deep
purple in colour and difficult to characterise. The X-ray crystal
structure§ has been determined and isisomorphous with 3. We
are currently carrying out oxidation reactions of this and other
analogues of amino-substituted vanadocenes.13 It is important
to note that, for both the vanadocene and ferrocene analogues
highlighted in this paper, we have had no need to use
chromatographic techniques and they have been synthesised as
analytically pure compounds.

We have aso embarked on a strategy of synthesising ligands
where there would be more chance of the nitrogen moiety
interacting with a metal centre. Therefore we synthesised the
ligand 6. During the course of this work the preparation of the
ligand 6 and the thallium salt and the reactivity with group 1V
transition metals have been reported.24 We have used our
methodol ogy to isolate the sodium salt 7 from the reaction of 6
with NaH giving the new compound 7 which is air and water
sensitive. Thishasbeen characterised by H and 13C NMR. Like
previously reported compounds® this compound undergoes
exchange with the deuterated solvent (CDsCN) where the
protons from the ring exchange with the deuterons of the
solvent.

CsHsCH,CsH,N + NaH—"" 5 NaCpCH,C4H N
6 7

Insummary, we feel that the generality of our procedureswill
allow the isolation and tailoring of many types of amino-
substituted metallocenesin high yields starting from the sodium
salts of the substituted cyclopentadiene and a transition metal
halide salt. We have proved this by the isolation of amino-
functionalised ferrocenes; especialy significant is the isolation
of the primary alkylaminoferrocenes. We have also found an
effective route into amino-functionalised vanadocenes, which
have been synthesised and fully characterised for the first
time.

Notes and references

1 All compounds were characterised by CHN analyses, 1H, 13C NMR and
FAB mass spectrometry.

78 Chem. Commun., 1999, 77-78

¥ A typical procedureis asfollows: to asolution of FeCl, (1 g, 0.0078 mol)
in THF (30 ml) was added two equivalents of NaCpCH(CH,)4sNMe (2.9 g,
0.0176 mol). An orange colour was observed. After severa hours the THF
was removed under vacuum, and the residues extracted twice with toluene
(20 ml) and then dried under vacuum. The product was recrystallised from
toluene. Yield = 1.9 g, 67%.

§ Crystal data for 3: CxHaoFeN,, 380.35, triclinic, space group P1, a =
7.1259(5), b = 10.7296(10), ¢ = 13.4298(11) A, o = 103.584(8), B =
96.905(7), y = 101.691(8)°, V = 962.08(13) A3, Z = 2, D, = 1313
Mg m—3. 3780 unique reflections collected (Stoe STADI4 diffractometer,
Mo-Kw, 150 K) of which 3678 were observed [F2 > 2.00F2]. Solved by
direct methods (SHELXS-97) and refined by full-matrix least squares
(SHELXL-97) on F2 of al unique datato R; = 0.0248 (observed data), wR
= 0.0695 (al data), S = 1.093. For 5: Cx,H3,V Ny, 375.44, triclinic, space
group P1, a = 7.6238(2), b = 10.4591(3), ¢ = 13.8715(2) A, o =
102.695(2), B = 98.438(2), y = 101.3270(12)°, V = 1036.97(4) A3,z = 2,
D. = 1.202 Mg m—3. 12278 reflections collected (Nonius KappaCCD
diffractometer, Mo-K«, 190 K) of which 4434 were unique and 3629 were
observed [F2 > 2.00F2]. Structure solution and refinement as above, Ry =
0.0339 (observed data), wR = 0.0996 (all data), S = 1.095. CCDC
182/1099. See http://www.rsc.org/suppdata/cc/1999/77/, for crystallo-
graphic filesin .cif format.
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2 Metallocenes, A. Togni and R. L. Halterman, Wiley-VCH, 1998.
3 C. Price, M. Aslanoglu, C. J. Isaac, M. R. J. Elsegood, W. Clegg and
B. R. Horrocks, J. Chem. Soc., Dalton Trans., 1996, 4115.
4 J.D. Carr, L. Lambert, D. E. Hibbs, M. B.Hursthouse, K. M. A. Malik
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6 N.J. Long, J. Martin, A. J. P. White and D. J. Williams, J. Chem. Soc.,
Dalton Trans., 1997, 3083.
7 M. Herberhold and M. Ellinger, Organometallic Synthesis, Vol. 3, ed.
R. B. King and J. J. Eisch, Elsevier, 1986.
8 P. Kopf-Maier and H. Kopf, Z. Naturforsch. Teil B, 1979, 34, 805.
9 P. C. McGowan, C. E. Hart, B. Donnadieu and R. Poilblanc,
J. Organomet. Chem., 1997, 528, 191.
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11 F. H. Kohler and W. A. Geike, J. Organomet. Chem., 1987, 328, 35.
12 C. Floriani and V. Mange, Inorganic Synthesis, ed. R. J. Angelici, John
Wiley and Sons, 1990.
13 S. Bradley and P. C. McGowan, unpublished work.
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Hybrid QM/MM studies suggest that the conserved aspartate
in protein kinases is not protonated during the phosphoryl
transfer reaction, and thus does not act as a general base.

Protein kinase enzymes are critical to the regulation of cellular
signalling pathways and changes in their activity has been
linked to several diseases including cancer and diabetes. These
enzymes phosphorylate serine (Ser), threonine (Thr) and
tyrosine (Tyr) residues at target proteins via transfer of the -
phosphate of adenosine triphosphate (ATP). Around 2000
different protein kinase enzymes are predicted from the human
genome! and structural data suggest that a conserved catalytic
core is present in all such enzymes.2 A conserved phosphoryl
transfer mechanism is predicted with the regions of the protein
outside the catalytic core influencing substrate specificity.

A conserved aspartate (Asp) residue is present in the active
site which has been widely proposed to act as a general base
during the phosphorylation reaction,3 which involves nucleo-
philic attack of Ser at the y-phosphate centre. It has been
suggested that the role of Asp isto deprotonate Ser, providing a
more powerful nucleophile to achieve phosphate hydrolysis
leading to the products shown in Fig. 1(b). On the other hand,
recent experimental data on serine# and tyrosine> kinases have
questioned whether Asp is basic enough to remove the proton
from Ser (compare solution pK, of 4 and 14 for Asp and Ser,
respectively) or Tyr residues. An alternative role is proposed of
aligning the OH group before reaction* with proton transfer to
Asp occurring after the O—P bond is formed.

In an attempt to elucidate the mechanism of phosphoryl
transfer in this important class of enzymes we here describe
hybrid quantum mechanical (QM)/molecular mechanical (MM)
calculations of the potential energy surface associated with this
reaction. Such studies have been helpful in the study of the
reactions in a variety of enzymes.5-11 We employ our hybrid
QM/MM code!! which couples the QM code GAUSSIAN 9412
with the MM code AMBER 4.013 to perform the calculations.

We utilised the crystal structure of cCAMP dependent kinase
(cAPK) complexed with ATP and a peptideinhibitor,14 building
amodel of the native system by replacing the alanine residue of
the inhibitor with Ser. Energy minimisation of this new residue,
keeping the remainder of the active site fixed, was carried out
using AMBER. This structure was used as a starting point for
subsequent QM/MM calculations with the QM part of the
structure consisting of the 46 atoms shown in Fig. 2. The QM
region containsthe Ser substrate, the conserved Asp and alysine
(Lys) residue (although our conclusions are not altered if Lysis
modelled by MM), the triphosphate group and the two Mgions
which coordinate the triphosphate. The bulk of the enzyme and
the non-reacting parts of the peptide and ATP substrates were
kept fixed during the modelling of the reaction and were
represented by around 6200 MM atoms including crystallo-
graphic waters. We chose to use the PM 315 Hamiltonian in the
QM calculations due to its success in modelling phosphoryl
transfer reactions.16

Thereaction products resulting from proton transfer from Ser
to Asp aong with nucleophilic attack at phosphorus leading to
ADP and a phosphorylated serine (pSer) dianion [Fig. 1(b)]
were found to be higher in energy than the reactant structure
[Fig. 1(a)] by 36 kcal mol—1. However, an alternative product

[Fig. 1(c)] involving anionised Asp and a pSer monoanion were
found to be lower in energy than the reactants by 24 kcal mol—1.
Our computational scheme allows the various contributions to
the large energy difference (60 kcal mol—1) between structures
in Fig. 1(b) and (c) to be identified. In the absence of Lys-154
and the rest of the enzyme, the two structures have essentially
the same energy in spite of the bulk pK,sfavouring the structure
in Fig. 1(c). This is due to the stabilisation of the phosphate
dianion by the magnesium ions. However, interaction with the
bulk of the enzyme leads to the preferential stabilisation of the
structure in Fig. 1(c), with Lys-154 contributing ~20 kcal
mol—1, Thus, asanumber of authors!? have emphasised, itisthe
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Fig. 1 Alternative mechanisms of phosphoryl transfer in protein kinase,
with optimised structures (A) and, in parenthesis, atomic charges.
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in CAMP dependent kinase.

local electrostatic microenvironment that is important in
determining the effective pK,s of the residues, rather than the
bulk values (6.38 and 4.0° for pSer and Asp respectively).

In view of this result we have modelled the potential energy
surface for the reaction which involves proton transfer from Ser
to a terminal oxygen of ATP and nucleophilic attack at the
phosphorus atom of ATP leading to the structure shown in Fig.
1(c) without the formation of a high energy serine anion
intermediate. The properly characterised transition state (Fig. 2,
imaginary frequency 2064i cm—1) involves a concerted cleav-
age of the Ser O—H and P-O(bridge) bonds and formation of H—
O(P) and P-O(Ser) bonds, and has a barrier of 39 kcal mol—1.
The aternative mechanism involving transfer of the proton
from Ser to Asp either before or after O—P bond formation leads
to aneutral Aspresidue[Fig. 1(b)] and has higher barriersin the
region of 45-50 kcal mol—1, as well as leading to the higher
energy product.

Thus athough our calculations at the PM3 level are only
semi-quantitative they do suggest that the role of the Asp
residue may not be as a general base, but rather to stabilise
protonated pSer in the active site [Fig. 1(c)]. Such stabilisation
by protonation is often observed when two charged groups are
in close proximity2° and the position of a proton between Asp
and Glu residues in a protein has been established by high
resolution crystallography.21 The relative pK, values of pSer
and Asp in model systems would suggest that protonation of
pSer will be favoured in line with our computational results. A
similar mechanism may also be involved in other enzyme
catalysed phosphoryl transfer reactions, such asthoseinvolving
protein tyrosine phosphatases, where aconserved Asp residueis

80 Chem. Commun., 1999, 79-80

found and is considered to be ageneral acid.22 Here protonation
of the phosphate terminal oxygen rather than Asp may occur in
the reactants. Thus possible enzyme mechanisms other than
those in which the Asp is a genera acid or base should be
considered in these important and widely occurring classes of
enzymes.

We thank the EPSRC for support of this work.
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A versatile route to organic-inorganic hybrid nanocompo-
site materials is described, where organically modified
silicon halides and alkoxides are reacted together in a
solvent-free non-hydrolytic sol-gel process.

The combination of organic species and inorganic minerals and
networks has attracted much interest in recent years for a
number of reasons4 including the development of next
generation passive (e.g. semi-structurals) and active (e.g.
electronic®) materials. Much work has focused on the prepara-
tion of sol—gel hybrids, such as the combination of inorganic
oxides (particularly silica) with polymers#*5.7 and the organic
modification of silica (‘Ormosils’) starting from akylalk-
oxysilanes.8-10 All of these methods use the well established
hydrolytic route to the oxide. In recent years, the group of
Corriut-13 gnd others including ourselves!4.15 have reported
the synthesis of inorganic oxides via a non-hydrolytic sol—gel
route which involves the reaction of a ‘meta’ halide with an
oxygen donor such as an alkoxide, an ether, an alcohol, etc. One
advantage of thisapproach isthat it can avoid the use of solvents
and their associated drawbacks. In addition, residua silanol
groups in the product should be substantially reduced because
of the different mechanism involved. The method has been
extended to the formation of copolysiloxanes!® and erbium
doped methyl-modified silicates.l” To the best of our knowl-
edge, there have been no reports to date of the extension of this
method to the preparation of hybrid Ormosils with a variety of
organic groups.

Here, we describe the synthesis of organic—inorganic hybrids
using the non-hydrolytic sol-gel method starting from organ-
icaly modified precursors. Silica hybrids are particularly
accessible by this route since the necessary precursors such as
alkylalkoxysilanes and alkylchlorosilanes are in many cases
commercially available. Related hybrids such as those based on
alumina suffer from the serious drawback of the high,
sometimes pyrophoric, reactivity of the metal—alkyl bonds. The
silica hybrids are represented by the general equations shown
below:

RSICls + 0.75Si(OR")4 — [RSi17503]n + 3R'Cl (1)
RSICl; + RSi(OR')3 — [R»Si»Os] + 3R'CI @

The use of asingle organically-modified precursor [egn. (1)]
leads to an Ormosil with only one type of organic modifying
group. If both precursorsare organically modified [egn. (2)], the
resulting hybrid can contain two different types of organic
modification. The organic groups can be akyl (groups of
varying length from methyl to decyl have been used), vinyl or
aryl. In a typical experiment, the hexyl-modified silica was
formed by reacting hexyltrichlorosilane (5.62 g, 26 mmol) with
tetraethylorthosilicate (TEOS) (4.00 g, 19 mmol) in the
presence of iron(ir) chloride catalyst (0.071 g, 0.73%) under
nitrogen. The material gelled within 1-2 days at 35 °C. The
resulting solid (containing a colourless liquid) was subjected to
Soxhlet extraction using diethyl ether for three days, yielding a
white, semi-transparent waxy product (3.92 g, 84%). Elemental
anaysis gave: C, 39.9; H, 8.1 (Calc. C, 39.5; H 7.2%). The
organic content calculated from the elemental analysisis48.0%,
in good agreement with the theoretica value of 46.7%.

Thermogravimetric (TG) analysisin nitrogen at a heating rate of
10 K min—1 from 40 to 900 °C showed aweight loss of 47%, in
excellent agreement with the theoretical organic content. The
diffuse reflectance IR spectrum showed C—H stretching vibra-
tions at 2860-2970 cm—1, an SICH, deformation band at
14001420 cm—1 and various Si—-O-Si vibrations between 480
and 1210 cm—1. Preliminary BET surface area anaysis gave
values well below 1 m2 g—1 for the total surface area, but
isotherms are complex and are the subject of further work.

Gelation could normally be accomplished at temperatures of
90 °C or below using iron(ii) chloride as catalyst.14 Gel times
at 90 °C typicaly range from a few minutes to severa hours
depending on the nature of the organic modification. For long
akyl chains and phenyl groups, gel times were longer for the
organically-modified systemsthan for pure silicabecause of the
combined effects of reduction of the concentration of reacting
groups and steric hindrance by the bulky organic groups. The
presence of short akyl chains such as methyl and ethyl in the
halide precursor had little effect on gel times, the effect of
reduced functionality presumably being counterbalanced by the
electron-donating capacity of the alkyl groups increasing the
reactivity of thesilicon halide. Thiseffect is particularly marked
in the case of vinyl-modified systems, where use of vinyltri-
chlorosilanein place of silicon(rv) chloride could reduce the gel
times by an order of magnitude. The non-hydrolytic approach
therefore provides a rapid route to the Ormosils.

The non-hydrolytic route produces a volatile by-product, in
this case an akyl, aryl or vinyl chloride, hence the liquid
produced in the above experiment. The by-product and any
unreacted starting materials are easily separated from the
product by Soxhlet extraction. In the case of vinyl-substituted
silica, and perhaps a so the aryl-substituted materials, a possible
side reaction is electrophilic attack of ‘R* (a possible
intermediate in the non-hydrolytic reaction!!) on the double
bond leading in the vinyl case to addition of RCl across the
doublebond. IR and solid state 13C CPMAS NMR spectroscopy
show the presence of unreacted vinyl group and suggest that any
side reaction is insignificant. The double bond vibrations are
clearly visiblein the IR spectrum at 1610, 1000 and 960 cm—1,
while the 13C NMR spectrum (Fig. 1) shows intense vinyl
carbon resonances at 6 130.4 and 137.0. The existence of an Si—
C bond isindicated by an IR absorption at ca. 1400 cm—1 and
a large peak in the 295 CPMAS NMR spectrum a 6 —79.8

240 220 200 180 160 140 6120 100 80 60 40 20

Fig. 1 13C NMR spectrum of vinyl-substituted silica.
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consistent with the presence of the T3 species.18 Peaks dueto T2
[R=Si(0S),(OR)] (6 —71.2), Q3 and Q* speciesare also present
as expected.

In genera, TG analysis to 900 °C showed weight losses in
good agreement with the theoretical organic content of the
hybrids since al organic material is expected to volatilise by
this temperature. The physical nature of the hybrids varies
according to the type of organic modification with short alkyl
chains leading to solid Ormosils, while those containing longer
alkyl chains (Cg—C,0) are rubbery in appearance. DSC,
however, shows no obvious glass transitions from —70 to
200 °C.

Molecular modelling using the Cerius? software package
(Molecular Simulations Inc.) suggests that hybrids such as
hexyl-modified silica could form a layered structure, but we
have no experimental evidence to support this prediction.
Future work is planned using extended X-ray absorption fine
structure (EXAFS) to attempt to clarify this. None of the
hybrids shows any evidence for crystallinity or other structural
ordering by X-ray diffraction (XRD). Potential packing prob-
lems in the system may inhibit formation of an ordered
structure. The synthesis of the hexyl-modified silicawas carried
out at alower temperature and alonger reaction time than usual
to try to facilitate ordering of the organic and inorganic
components of the hybrid; however, XRD provides no evidence
for such ordering.

Surface area analysis of these hybrids is complex. BET
nitrogen adsorption isotherms and mercury porosimetry suggest
the hybrids have low surface area, but further work is in
progress to characterise these materials more fully.

Current work is aimed at characterising the properties of
these hybrids more fully and assessing their use as precursorsto
new microporoussilicas. Preliminary results show that removal
of the organic component at elevated temperatures can lead to
microporous silicas with surface areas above 150 m2 g—1.

The authors thank EPSRC and the Defence, Evaluation and
Research Agency (DERA) for the award of a CASE studentship
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295 NMR services and Quantachrome for mercury porosimetry
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Lanthanide ions, with their unique electronic properties, rich
stereochemistry, and consistent structural patterns offer a
novel approach to the design of polar/chiral networks.

In recent years a wide variety of networks have been designed
using the two major branches of crystal engineering (i.e. organic
solids and inorganic coordination polymers), yet the rational
design of polar/chiral networks continues to be an elusive and
challenging goal for crystal engineers.1-5 The difficulty results
from synthetic strategies which rely upon the propagation of
molecular symmetry into crystalline symmetry through rigid
directional forces (hydrogen bonds and/or metal-coordination
bonds), because such symmetry driven open networks tend to
crystallize in centrosymmetric space groups.36 However, using
lanthanides, one can easily induce dissymmetry at metal centers
simply by coordination with suitable ligand(s) which may thus
result in controllable 1D, 2D, or 3D chiral networkswith theaid
of complementary hydrogen bonding functional groups.

In order to explore the role of lanthanide metal complexesin
the context of crystal engineering, we have synthesized
lanthanum nitrate metal complexes of 1,2-bis(4-pyridyl)ethane
(bpe). La(NO3)3-6H,0 (0.433 g, 1 mmol) was reacted with bpe
(0.368 g, 2 mmol) in EtOH (25 mL) and heated until both the
reactants were completely dissolved. Crystalsof 1, [bpeH]*[La
(NOs)4(OH,)(bpe)] —, were obtained within 2-3 days. Complex
1 is aso formed when La(NOs); and bpe are reacted in 1:2 or
1:3 molar ratios in 3:1 solvent mixtures of MeCN-MeOH.7t

Compound 1 crystallizes in the chiral space group C222,.F
The lanthanum cations are 11-coordinate, complexed with four
bidentate nitrate anions, two bridging bpe ligands, and one
water molecule resulting in an anionic 1D coordination
polymer. The two protons of the water molecule along with
oxygen atoms of adjacent nitrate anions constitute com-
plementary divergent hydrogen bonding recognition siteson the
backbone of the 1D coordination polymer (Fig. 1).

The hydrogen bonded nature of the 1D polymers [H:---O,
0--0, O-H--0; 2.155(3), 2.818(3) A, 135.7(2)°] leads to the
formation of a pleated-sheet structure with unusual cavities
(Fig. 2). Each of these cavities is threaded by two linear 1D

Fig. 1 Hydrogen bonded self-assembly of [La(NOs)4(OH,0)(bpe)] — anions
in 1. The 1D coordination polymers run perpendicular to plane of the
paper.

hydrogen bonded chains of the monoprotonated bpeH+ mole-
cules (N--N, 2.664(3) A) resulting in an unprecedented
polypseudo-rotaxane-type architecture8 To the best of our
knowledge, this is the first structure to be reported with these
unique 2D threading/interweaving structural features, i.e.
threaded plested-sheets, or a ‘chinese blinds structure. Also,
formation of 1 under different experimental conditions, sug-

(a)

anionic 10 polymers nitrate «» «water
of lanthanide-bpe hydrogen bonds

‘h\“‘m 20 cavities threaded
\ by cationic 1D tapes
e of bpeH* - - - bpeH'

2D Cavities

Fig. 2 Schematic (a) and space-filling (b) representations of a single sheet
of 1 with the chiral 2D pleated-sheet of [La(NO3)4(OH,)(bpe)]— (blue)
threaded by 1D linear chains of bpeH*---bpeH* (red).
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Fig. 3 A portion of the chiral, open 3D grids formed by 2a resulting from hydrogen bonding between the complex anion, [La(NO3)4(OH,),(bipy)]—, and
cation, bipyH*. Two such independent networks interpenetrate.® The square grids are locked into place by hydrogen bonding between NO;— and H,O groups

in the third dimension.

gests strong complementary interactions among the various
building blocks associated in the self-organization. Further, the
nitro groups that are not part of the hydrogen bonding network
interdigitate with neighboring 2D pleated-sheets through off-set
stacking for efficient close packing.

The interesting open, chiral networks in 1 prompted us to
carefully examine the 20 (many of them isostructural)
Ln(NO3)sz complexes in the Cambridge Structural Database
(April 1997 release) with the more rigid 4,4’-bipyridine (bipy).
These complexes may be classified into three structurally
distinct series: neutral hydrogen bonded cocrystals, metal—
ligand coordination complexes, and organic cation-inorganic
anion pairs. Two different isostructural series are particularly
important to the crystal engineer in the design of open, chiral
networks, each crystallizing in the chiral space group P2,2,2;:
the charged coordination complexes [bipyH]*[Ln(NOz3)s-
(OHy)2(bipy)]— (Ln = La, Ce, Pr, Nd: 2a-d) and the neutral,
hydrogen bonded cocrystals [Ln(NO3z)3(OH5)3] -2bipy-H.O (Ln
= Nd, Pr: 3a,b). In the former series complementary hydrogen
bonding of the complex anions and bipyH+* results in a well
defined infinite chiral 3D open architecture (Fig. 3) that
undergoes self-interpenetration.® The latter complexes form
hydrogen bonded layered structures where bipy molecules
function as pillars between the layers.10

We have synthesized further examples of 2 and 3 to
determine the commonality of this approach. La(NO3)3-6H.O
(0.433 g, 1 mmol) was reacted with 4,4’-bipyridyl (0.312 g, 2
mmol) in MeOH (15 mL) and single crystals of [bipyH]*[La
(NO3)4(OH,)»(bipy)]— 2a, were obtained over a period of two
weeks. The neutral hydrogen bonded crystas of [La
(N03)3(OH2)3] -2bi pszO 3c, were obtained when La(NO3)3
and bipy were reacted in 1:2 molar ratio in a solution mixture of
xylene and MeOH.8

The crystal structures of 1-3 suggest a smple and efficient
way to design chiral crystals with predictable networks and
further suggest that lanthanides form exotic supramolecular
networks which are of importance not only for their aesthetic
appeal, but also for their potential usein the design of functional
solids. Lanthanides, with their interesting electronic, spectral,
and magnetic properties coupled with their availability, pro-
pensity to form isostructural complexes, and rangeinionic radii
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arethus, attractive targets for exploring such structure-function
correlations.
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The synthesis, isolation and preliminary characterization of
all-carbon [60]fullerene dimers C;,; and Cy;; are reported.

We here report data concerning the synthesis and preliminary
characterization of all-carbon fullerene derivatives Ci51 1, a
new dumbbell-like dimer, and Ci2, 2. The existence of these
molecules was first suggested by Osterodt and Vogtle* and
Strongin et al .2 recently succeeded in the synthesis of Cy25. C101
and C;», were previously detected in the mass spectra of
CeoCBrz,s CeoCHzl and CGQ(COZEt)2.4

Recently we succeeded in the synthesis, separation and
characterization of 1 and 2. The synthesis was based on the
reaction described in Scheme 1. Typically, 50 mg of CgCBr»
and 250 mg of Ceo were mixed and gently ground. The powder
was then heated in an argon atmosphere (flow 50 ml min—1) up
to 450 °C at arate of 5 K min—1 and subsequently cooled to
room temperature. The resulting black powder was soluble in
CS; and o-dichlorobenzene, giving a red—brown solution (the
same product could be obtained by using CegCHCO,Et instead
of CgoCBr, and a higher temperature, i.e. 550 °C). The product
was amixture of unreacted Cg and other phases, as detected by
gel permeation chromatography, GPC (toluene, 340 nm detec-
tion, 12 ml min—1). The GPC peak at 1320 ml was collectedt
and found to contain 1 and 2 as major and minor phases,
respectively. The yield in 1 was about 10% and it increased
dightly with an increase in the Cgo/CeoCBT ratio. The amount
of 2 decreased when increasing the Cgo/CeoCBI2 ratio; the
formation of 2 could be suppressed when using alarge excess of
Cso (more than ten-fold) but in this case the separation of the
dimer product from the mixture was more difficult. The
separation between Cgp, 1 and 2 was made by GPC in recycling
mode. In Fig. 1 a GPC experiment for the mixture of 1 and 2 is
shown. After 24 h the separation between the two pesks was
large enough to allow the collection of pure samplesof C;»; and

;u

’
Cl 4

.’ ‘R Heating

Scheme 1

T Permanent address: Department of Physical Chemistry, Faculty of
Chemistry, University of Bucharest, Romania.

Ciat
“ 24 h Recycle
Dimer
i; L Ciaz

oo 120 10
t/min

t/arb. units

Fig. 1 GPC experiments for the separation of Cj»;.

Ci22. The GPC elution volumefor 1 was smaller than for Cgg OF
Cs0CBr, and similar to that of 2, indicating that their molecular
volumes are roughly the same but higher than those of Cgo Or
Cs0CBr,. Thelaser desorption and ionization time of flight (LDI
TOF) mass spectrum8 of 1 is presented in Fig. 2. The peak at
m/z 1452.9, with a characteristic isotopic pattern, was assigned
to C1o1 (negative ionization, calculated mVz 1453.3). A small
C122 peak was al so observed in the mass spectrum of C;5;. This
is probably due to the association of Cg; clusters under the mass
spectroscopy conditions, since the Cy,, peak increased with the
laser power. The LDI TOF mass spectrum of 2 presented an
intense peak for C10, (M2 1465.4, calc. m/z 1465.3) but no Cqo1
peak, irrespective of the laser power (Fig. 3).

720.83

o
T

Counts/arb. units

[\

0
500 1000 1500 2000 3000

milz

2500

Fig. 2 LDI-TOF MS of C;z; inset is a detail of the dimer peak, reflector
mode, negative ionization.
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Fig. 3LDI-TOF MSof Cyp; inset isadetail of the dimer peak, linear mode,
negative ionization.

The UV-VIS spectraf of 1 and 2 showed peaks at 430 and
700 nm, usually observed for 1,2-dihydrofullerenes. IR spec-
troscopy|| measurements revealed the presence of the Cg Cage
and some additional peaks due to the lower symmetry of 1 and
2relativeto Cgo. In the spectra of 1, a peak appearing at 1022.4
cm—1wasassigned to acyclopropane skeletal stretch,> expected
at 1017-1025 cm—1.

So far, we have been unable to obtain a 13C NMR spectrum
of 2, either because of its low solubility or the presence of
impurities or other isomers in the sample. The 33C NMR
spectrum** of 1 was also rather difficult to obtain, due to the
low Cj2; solubility and a low relaxation rate for the carbon
nuclei. Sixteen low signal-to-noise lines were observed between
6 140-148 (16 lines expected in thisregion for a C,, symmetry
C121 molecule), in agreement with the high symmetry of this
dimer. Three additional lines were sometimes observed in the
cluster at 6 142, possibly related to either the presence of C;2,
or other impurities in the sample. A small upfield resonance at
6 67.7 could be assigned to the four sp3 fullerene cyclopropane
carbons. This value suggests a 6:6 closed connection to the
fullerene core, Tt in agreement with the proposed carbene attack
mechanism (for an extensive discussion of 133C NMR in
fullerene derivatives, seeref. 6 and the references cited therein).
The bridge between the two fullerenes could not be identified
beyond doubt; its intensity should be eight times smaller than
most of the fullerene cage carbons. We tentatively assign a &
48.8 resonance to the carbon bridge.

We aso performed scanning tunnelling microscopy (STM)
measurements on samples of 1 and 2 deposited on graphite. Fig.
4 shows animage of 2; the size of the dimer isin agreement with
that expected. STM images of 1 were similar to that of 2, aso
showing dumbbell-like structures.

The LDl TOF mass spectrum of Cj»; showed extensive
fragmentation around m/z 1452 and 720 as well as the presence
of both odd- and even-numbered carbon clusters. These peaks
arelikely to be the result of the addition/loss of C, unitsto/from
Ci21 in the mass spectrometer. The even-numbered carbon
clusters were produced by aggregation of Cg; and subsequent
loss/addition of C, units. Whether the detected odd-numbered
carbon clusters are stable or only transient species in the mass
spectrometer still remains an open question. However, these
results suggest that either weakly bound or spirane-like clusters
are formed under the mass spectrometry conditions without the
coal escence of the fullerene spheres. The elimination of C, units
in the mass spectra of fullerene derivatives does not seem to
require the formation of closed clusters, since it takes place for
both even- and odd-numbered carbon clusters. Further studies
on the laser-induced decomposition of odd-numbered carbon
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Fig. 4 An STM image of C;2, deposited on graphite (sample voltage —0.5
V, current 0.5 nA, 80 K, ultra-high vacuum).

clusters should give an insight into the formation mechanism of
fullerene molecules.

In conclusion, we succeeded in the synthesis and isolation of
al-carbon fullerene dimers C;2; and Cy»,. The dumbbell-like
structure of these dimers is supported by 13C NMR, IR, UV—
VIS, mass and STM measurements.

We thank Professor K. Saigo, Dr M. Hayashi and Dr K.
Kinbara, University of Tokyo, for help provided during this
work. The authors acknowledge support from the Japan Science
and Technology Corporation (JST-CREST).
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A one-pot synthesis procedure is described for the produc-
tion of catalytically active titanium-incorporated mesopor-
ous silica; the nature and accessibility of Ti(1v) sites derived
from two different Ti sources was elucidated by means of
catalytic tests, UV-VIS and photoluminescence spectros-

copy.

Titanosilicates are of great interest for various catalytic
applications.r TS-1, a microporous titanium silicate containing
catalytically active tetrahedral Ti(1v) sites, wasfirst synthesised
by Taramasso et al.2 and was found to catalyse a wide range of
low-temperature oxidations with hydrogen peroxide. In 1994,
Corma et al.3 and Pannavaia and coworkers* published their
work on introducing titanium into the silica framework of
MCM-41, and since then a considerable number of papers have
been written dealing with various aspects of Ti-incorporated
MCM-41, reviewed by Maschmeyer.5 These materials can be
prepared in principally two ways: (i) Grafting titanium species
to the mesopore surfaces via a post-synthetic procedure® and (ii)
substituting Ti into the silica framework by adding a titanium
alkoxide precursor to the MCM-41 synthesis gel .34

Here, we describe anove ‘one-pot’ method for the synthesis
of titanium-incorporated mesoporous silica via a true liquid
crystal templating (TLCT) process.” The advantage of this
method over those previously described for Ti-MCM—41 isthat
no post-synthetic, and potentially damaging, treatment of the
mesoporous silicates is required, and the disordered side
products often associated with classical MCM-41 formation are
avoided. Two types of titanium precursor were used for
comparison: titanium cyclopentadienyl dichloride (Aldrich) and
Tilcom TAA (Tioxide Specialities Ltd). Tilcom TAA consists
of a 75 wt% solution of diisopropoxy bis(pentane-2,4-dio-
nato)titanium(iv), or titanium acetylacetonate, in isopropanol.
Thetitanium content of Tilcom TAA is9.9 wt%. The precursors
were dissolved directly in the synthesis gel consisting of a
1:1:2.1 weight ratio of octaethylene glycol monododecy! ether
(C12EQs, Fluka), 10—2 M HCI and tetramethoxysilane (TMOS,
Aldrich), respectively. For 1.5 g of surfactant template, 0.06 g of
titanocene dichloride or 150 ul of Tilcom TAA were added.

The hexagonal mesoporous product formed overnight, under
constant vacuum (to remove the methanol TMOS hydrolysis
by-product), at room temperature. The deep orange colour of
the titanocene-doped as-synthesised material suggested that the
titanocene complex remained unhydrolysed throughout the
synthesis (hydrolysis products would have been light orange/
yellow). It is aso supposed that owing to the hydrophobic
nature of the cyclopentadieny! ligands, the transition metal was
located primarily in the central hydrocarbon regions of the
polyoxyethylene (POE) cylindrical micelles (Scheme 1), i.e. on
the internal surfaces of the mesopores once the materials were
calcined. The POE micelles therefore protected the complex
from the aqueous regions of the synthesis mixture, pointing to a
potentially general method for mesopore functionalisation.

We propose that due to the high solubility of Tilcom TAA in
the aqueous regions of the liquid crystalline synthesis gel, a

large proportion of the titanium sites in the final calcined
products were buried in the silica framework (Scheme 1).
Calcination of the materials at 500 °C produced silicate
structures consisting of hexagonal arraysof long channels of ca.
25 A diameter (as determined by TEM and N, adsorption
measurements with BJH calculation). The hexagona symmetry
of the materials was confirmed by polarising microscopy
(characteristic optical texture under crossed polarisers) and
small-angle X-ray diffraction. After calcination at 500 °C, the
hexagonal structure remained intact (seen by X-ray diffraction),
but the location of the titanium species remained to be
determined. The Ti contents in the calcined materials were
calculated from theinitial gel compositions, assuming complete
hydrolysis and condensation to SiO,, and complete removal of
the organic template by calcination. Assuming all of the
titanium species remained implanted in the mesoporous struc-
tures after calcination, the titanium metal loading for the
products were 0.92 wt% for the titanocene-doped materia
(Ti[CP]) and 1.18 wt% for the Tilcom TAA-doped product
(Ti[ACAC]). The amount of titanocene dichloride lost during
the calcination process by evaporation/sublimation is not
actually known; thiswould of course affect the Ti content in the
calcined material.

Catalytic tests (data not shown) on Ti[CP] showed that it was
both active in the epoxidation of octene using tert-butylhy-
droperoxide (TBHP) as the source of oxygen8 and in the
peroxidative bromination of phenol red (phenolsulfonephtha-
lein) to tetrabromophenol blue (3',3"”,5,5”-tetrabromophe-
nolsufonephthalein).® No catalytic tests were done on Ti[A-
CAC], only on the calcined Ti[CP], as this appeared to be the
most promising material from the spectroscopic studies. The
epoxidation reaction was carried out a 80 °C under an inert
argon atmosphere, and the reaction mixture consisted of 0.15
mol oct-1-ene, 0.0075 mol mesitylene, 0.0075 mol TBHP and
0.265 g Ti[CP] catalyst. Samples were taken from the reaction
mixture at regular intervals and the reaction products were
quantified by GC analysis. Octene wasin large excess and acted
as the solvent as well as reactant, mesitylene was the standard

@ Ti acetyl acetonate
¢ Titanocene

%) C12EO8 surfactant

Scheme 1 Representation of the assumed locations of the titanium
precursors, Ti acetyl acetonate and titanocene dichloride within the
hexagonal liquid crystal phase.
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for GC analysis. The reaction rate calculated after the first hour
of reaction was 84 mol epoxide per mole Ti per hour; thisvalue
was comparable (within 30%) with the reaction rates obtained
for grafted Ti-MCM-41 materials® in a previous study. Our
catalytic test results show that the materia is active in the
epoxidation of octene, with high selectivity for the epoxide (no
other octene oxidation products were observed). The activity of
the catalyst suggeststhat isolated tetrahedral Ti(1v) specieswere
present.1.5

The peroxidative bromination test gave a qualitative indica-
tion of the catalytic activity of the catalyst, and the formation of
bromophenol blue from phenol red was monitored by UV-VIS
spectroscopy.t Our Ti[CP] catalyst again had slightly lower but
comparabl e catalytic activity to the TIMCM materials described
in the literature.®

The diffuse reflectance UV-VIS spectrum for calcined
Ti[CP] had an intense maximum absorbance centred at 220 nm
(Fig. 1). Theédectronic transition responsible for this absorption
band in the UV diffuse reflectance spectrumisaligand to metal
charge transfer (LMCT) transition from oxygen to tetrahedral
Ti(1v).10-16 There were additionally two further much less
intense absorption peaks at 330 and 460 nm, which may have
been due to degradation products of the cyclopentadienyl
ligands of the titanocene precursor.l” Calcined Ti[ACAC]
produced a somewhat different UV—VIS absorption spectrum
from Ti[CP]. The maximum absorption peak had a similar
intensity to that for Ti[CP], but was displaced to 240 nm and
was somewhat broadened with respect to the Ti[CP] absorption
band. The displacement of the main adsorption peak to longer
wavelength for the framework-substituted Ti[ACAC] product
was likely to be due to a somewhat different chemical
environment for the tetrahedrally coordinated Ti atoms in the
structure. The fact that the band was broadened with respect to
the Ti[CP] material suggested that there was agreater number of
chemicaly differing Ti sites within the Ti[ACAC] structure,
absorbing at different wavelengths.

In the case of isolated tetrahedral Ti(1v) sites, photo-
luminescence is due to the reverse LMCT process to that
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Fig. 1 (a) UV-VISdiffusereflectance spectrarecorded using a Perkin Elmer
spectrometer equipped with an integrating sphere attachment. The ab-
sorbance output from the instrument was converted using the Kubelka-
Munk algorithm. (b) Photoluminescence spectra recorded at 77 K (Aex =
250 nm) using a SPEX FLUOROLOG-2 1680 spectrometer. For al UV—
V1S spectroscopy measurements samples were ground to fine powders and
inserted into quartz cells purpose-made for in situ thermal treatments.
Samples were pre-oxidised and spectroscopy measurements were con-
ducted under strict exclusion of air.
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responsible for the UV diffuse reflectance absorption.10.11,18
The photoemission spectra for materials containing tetrahedral
coordination Ti(1v) sites contain features in the range 400-600
nm. Photoluminescence spectra obtained for the Ti[CP] and
Ti[ACAC] samples at 77 K were characterised by two main
emission maximaat 440 and 490 nm. Both these emi ssion bands
had a maximum excitation at 250 nm. In agreement with the
diffuse reflectance spectra, the excitation band for the Ti-
[ACAC] material was broader than for Ti[CP].

The mgjor difference between the photoemission spectra for
Ti[CP] and Ti[ACAC], both reoxidised and degased in the same
way, was that the TIfACAC] emission bands were 2-3 times
more intense than the Ti[ CP] bands. Adsorption of oxygen onto
the Ti-doped samples only partially quenched the photoemis-
sion signals, though somewhat more for the Ti[CP] sample than
for the Ti[ACAC] sample. This suggested that more of the
Ti(tv) sites in the TI[ACAC] sample were inaccessible (e.g.
situated within the silica framework) to the oxygen than in
Ti[CP].17 These results agree substantially with what could be
predicted from the partitioning behaviour of the titanium
precursor in the original synthesis gels.

Our results have shown that a one-pot TLCT synthesis
procedure can be used to introduce catalytically active sitesinto
mesoporous silica. The accessibility of the Ti(iv) sites to
external gaseous probe molecules (oxygen in the case of our
photoluminescence studies) has been found to depend on the
hydrophobic or hydrophilic nature of the titanium precursor
used in the synthesis gel. We propose that this method for
producing metal-incorporated mesoporous materials may be
generalised to many other species of catalytic interest.

M. E. R. thanks the EPSRC for a PhD Studentship; guidance
from Dr M. Attfield for the epoxidation test and helpful
discussions with Dr G. Martra are gratefully acknowledged.

Notes and references

 The reaction solution consisted of 0.1 mM phenol red, 0.05 M KBr, 5 mM
H,0, and 0.05 M Hepes buffer (pH = 6.5); 0.16 g of finely ground Ti[CP]
catalyst was added to this. The samples were continuously shaken
throughout the tests using an electrical flask shaker (moderate speed), and
a regular intervals decanted samples were taken for spectroscopic
analysis.
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A novel covalently linked Cgo—porphyrin dyad has been
prepared by cyclopropanation of Cg, with a strapped
porphyrin malonate; its fluorescence spectrum shows strong
quenching of the porphyrin singlet excited state by the
attached Cgy.

Photosynthetic model systems rely on spatially organized units
with suitable photochemical and electronic properties. Recently
much attention has been focused on using Cgo as the electron
acceptor in donor—acceptor systems due to its unique shape and
redox properties.’-3 To continue a project aimed at studying
interactions between two chromophores in covalently linked
Cso—porphyrin dyads with flexible and rigid tethers3 we
became interested in the synthesis of a novel parachute-shaped
dyad in which the two nt-systems are forced into a face-to-face
arrangement.

We synthesized a key intermediate porphyrin 4 using a
strapped porphyrin strategy#in order to avoid tedious chromato-
graphic separation of two ortho-linked atropisomers (Scheme
1). Esterification of 2-(3-hydroxypropyl)benzaldehyde with

Scheme 1 Reagents and conditions: i, malonyl dichloride, EtsN, CH.Cl,, 0
°C; ii, benzyl 3,4-diethylpyrrole-2-carboxylate, HCI, EtOH, reflux, 5 h; iii,
H2, 10% Pd/C, Et3N, THF, room temp, 5 h, then CH(OCH3)3, C|3CCOZH,
CHCl,, room temp., 48 h; iv, Ceo, CBr4, DBU, toluene, room temp.

malonyl dichloride gave compound 2. Condensation of the
dialdehydewith 4 equiv. of benzyl 3,4-diethylpyrrole-2-carbox-
ylate> gave compound 3. Hydrogenation of 3 followed by
reaction with methyl orthoformate catalyzed by trichloroacetic
acid led to strapped porphyrin 4, which was separated in 12%
yield by flash column chromatography (silica gel, CH.Cl—
MeOH 20:1). The porphyrin malonate was then attached to Cgg
via Bingel cyclopropanation® accomplished by the action of
CBr, and DBU.7 The dyad 5t was isolated in 25% yield by
preparative TLC (silica gel, CH,Cl—-MeOH 25:1).

The structure of dyad 5 was confirmed by spectral data
including *H MMR, 13C NMR, 3He NMR, UV-VIS and
MALDI-TOF mass spectra.t The *H NMR spectrum in CDCl3
exhibits the expected features with correct integration ratios,
which is similar to the spectrum of porphyrin 4 except for the
disappearance of the two protons on the methylene carbon
between the two carbonyl groups. The 33C NMR spectrum of 5
shows eight of the nine resonances for the sp3 carbon atoms, 24
of the 28 resonancesin the region § 97.0-160.0 arising from the
sp2 carbon atoms of the Cgo moiety and the porphyrin, as well
as a resonance (6 161.53) for the malonate carbonyl groups,
clearly demonstrating that dyad 5 has C,, symmetry. Inter-
estingly, the dyad made from 3He@Cg shows apesak at 6 —8.5
relative to 3He gas via 3He NMR spectroscopy, whereas typical
methano-1,2-dihydrofullerenes-Cgp like 6 have a 3He NMR

resonance at 6 —8.1.8 The upfield shift is attributable to the
shielding effect of the porphyrin ring current. Calculations
indicate that the average distance between the center of the four
pyrrole N atoms and the center of the two sp3 carbons on the Cgo
is 6.4 A in the CVFF minimized structure (Insightll 97.2,
Discover 3). The two tethers make the system relatively rigid.

The UV-VIS spectrum of 5 displays strong absorption bands
due to bath the porphyrin and fullerene moieties. Fig. 1 shows
the UV-VIS spectrum of 5 together with that of porphyrin 4 and
6 for comparison. Since the porphyrin dominates the visible
region whereas Cgo dominates the UV region, the electronic
spectrum of 5 is a virtua superimposition of the two
independent chromophores present in the molecule, indicating
no appreciable ground state interaction between the two -
systems.

In CH,Cl,, porphyrin 4 displays fluorescence maxima at 635
and 698 nm (Fig. 2). The dyad 5, excited at 580 nm, shows an
emission spectrum with characteristic features of the porphyrin.
However, the porphyrin emission is efficiently quenched by the
attached Cgg by a factor of 40. It remains to be clarified from
time-dependent measurements whether the quenching of the

Chem. Commun., 1999, 89-90 89
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Fig. 2 Fluorescence spectra of (a) 4 and (b) 5in CH,Cl, (2.5 x 10-6 mol
dm—3)

porphyrin fluorescence results from photoinduced energy
transfer and/or electron transfer.

We thank Dr Anthony Khong (Yae University) for the 3He
NMR measurement. Financial support of this research by the
US National Science Foundation is gratefully acknowledged.
We aso thank Andreas Hirsch (Erlangen) and Frangois
Diederich (ETH, Zurich) for communication prior to publica-
tion of independent synthesis of rigid Cgo—porphyrin cyclo-
phanes.2
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T Detailed procedures for the synthesis and spectroscopic data of 4 and 5
will be reported elsewhere.

1 Selected data for 5: 6(200 MHz, CDCl3, 25 °C) 10.33 (2H,s), 8.57 (2H,
d), 7.80 (2H, t), 7.46 (2H, 1), 7.13 (2H, d), 4.09 (8H, q), 3.80 (4H, t), 3.18
(4H, m), 2.72 (4H, m), 2.16 (4H, t), 1.97 (12H, 1), 1.22 (12H, t), 1.11 (4H,
m), —1.90 (2H, br s); 6(75 MHz, CDCls, 25 °C) 161.53,159.83, 145.44,
145.06, 144.98, 144.90, 144.53, 144.39, 144.29, 143.58, 142.85, 142.75,
142.67, 141.95, 141.61, 141.09, 140.62, 138.06, 134.03, 131.75, 130.45,
120.21, 113.46, 112.83, 97.27, 65.01, 63.37, 32.35, 27.89, 20.78, 19.91,
1847, 17.48; 84500 MHz, 1-methylnaphthalene-CD,Cl,) —6.5
(3He@Cgp), —8.5 (BHe@ 5); Amax(CH2Cl2)/nm (&/dm3 mol—1 cm—1) 259
(115600), 328 (44400), 412 (138000), 510 (10000), 544 (6400), 577 (7600);
fluorescence (Aexc = 580 NM) Amax(CH2Cl2)/nm 698, 635; nVz (MALDI-
TOF) 1622.3 (M + H*), calc. 1622.8 (M + H*).

1 For examples, see P. A. Liddell, J. P. Sumida, A. N. Macpherson, L.
Noss, G. R. Sedly, K. N. Clark, A. L. Moore, T. A. Moore and D. Gust,
Photochem. Photobiol., 1994, 60, 537; H. Imahori, K. Hagiwara, T.
Akiyama, S. Taniguchi, T. Okadaand Y. Sakata, Chem. Lett., 1995, 265;
T. Drovetskaya, C. A. Reed and P. Boyd, Tetrahedron Lett., 1995, 36,
7971; M. G. Ranasinghe, A. M. Oliver, D. F. Rothenfluh, A. Salek and M.
N. Paddon-Row, Tetrahedron Lett., 1996, 37, 4797; H. Imahori, K.
Yamada, M. Hasegawa, S. Taniguchi, T. Okada and Y. Sakata, Angew,
Chem.,, Int. Ed. Engl., 1997, 36, 2626; D. Carbonera, M. Di Vaentin, C.
Corvaja, G. Agostini, G. Giacometti, P. A. Liddell, D. Kuciauskas, A. L.
Moore, T. A. Moore and D. Gust, J. Am. Chem. Soc., 1998, 120, 4398; E.
Dietel, A. Hirsch, J. Zhou and A. Rieker, J. Chem. Soc., Perkin Trans. 2,
1998, 1357.

2 E. Dietd, A. Hirsch, E. Eichhorn, A. Rieker, S. Hackbarth and B. Roder,
Chem. Commun., 1998, 1981; J-P. Bourgeois, F. Diederich, L.
Echegoyen and J.-F. Nierengarten, Helv. Chim. Acta, 1998, 81, 1835.

3 P. S.Baran, R. R. Monaco, A. U. Khan, S. R. Wilson and D. |. Schuster,
J. Am. Chem. Soc., 1997, 119, 8363; |. G. Safanov, P. S. Baran and D. I.
Schuster, Tetrahedron Lett., 1997, 38, 8133; R. Fong I1, D. I. Schuster, H.
Mi, S. R. Wilson and A. U. Khan, Proc. Electrochem. Soc., 1998, 98,
262.

4 J.E.Badwin, M. J. Crossley, T. Klosg, E. A. O'Rear |11 and M. K. Peters,

Tetrahedron, 1982, 38, 27

T. D. Lash, J. R. Bellettini, J. A. Bastian and K. B. Couch, Synthesis,

1994, 170.

C. Bingel, Chem. Ber., 1993, 126, 1957

X. Camps and A. Hirsch, J. Chem. Soc., Perkin Trans. 1, 1997, 1595

R. J. Cross, H. A. Jiménez-Vézquez, Q. Lu, M. Saunders, D. |. Schuster,

S. R. Wilson and H. Zhao, J. Am. Chem. Soc., 1996, 118, 11454

&)]

6
7
8

Communication 8/07214K



Temperature-controlled selectivity of isomeric guest inclusion: enclathration
and release of xylenes by 1,1’-binaphthyl-2,2’-dicar boxylic acid

P
-
=
P
o
Kayrat Beketov,2 Edwin Weber,*2 Jirgen Seidel > Kurt Kdhnke,? Kabul Makhkamove and Bakhtiyar 3
| bragimove 3
a|nstitut fir Organische Chemie der Technischen Universitat Bergakademie Freiberg, Leipziger Sr. 29, D-09596
Freiberg/Sachsen, Germany. E-mail: weber @tu-freiberg.de
b Institut fir Physikalische Chemie der Technischen Universitat Bergakademie Freiberg, Leipziger Sr. 29, D-09596
Freiberg/Sachsen, Germany
¢ Institute of Bioorganic Chemistry, Uzbekistan Academy of Sciences, H. Abdullaev Str. 83, Tashkent 700143,
Uzbekistan

Received (in Liverpool, UK) 7th October 1998, Accepted 26th November 1998

Selectivity of enclathration and desolvation of xylene were also characterized by X-ray powder diffraction.§ The
isomers by a dicarboxylic host depends on temperature. BNDA clathrates with m- and o-xylene can be decomposed to

Selective inclusion of guest species during crystallization is
becoming of increasing importance in both the chemica and
pharmaceutical industries, thus giving rise to the study of this
phenomenon.22  Recently, 1,1’-binaphthyl-2,2’-dicarboxylic
acid (BNDA) was reported as a new clathrate host, and was
found to exhibit clathrate formation selectivity for guests
containing hydroxy groups.® However, a dependence of this
selectivity upon the thermodynamic conditions of crystalliza-
tion, such as that described here for the inclusion of xylene
isomers, has not been discussed before.

Crysalization of BNDA from xylene isomers at room
temperature gives three different channel-type clathrates.t In
these crystals the BNDA molecules are incorporated into
infinite zigzag chains created by H-bonded carboxylic group
dimers. In the BNDA/m-xylene clathrate [Fig. 1(a)] these
chains run along the c-axis and stack paralld to the ac planein
a ‘face-to-face’ mode, while in the BNDA/p-xylene clathrate
[Fig. 1(b)] the chains are displaced by 1.5 A along the c-axis.
There are two BNDA molecules in the asymmetric part of the
unit cell of the BNDA/o-xylene clathrate [Fig. 1(c)] which form
zigzag chains in the [011] direction. Owing to the packing of
these chains, two different channels are formed in the crystal.

In addition, simultaneous differential scanning calorimetric
(DSC) and thermogravimetric (TG)F investigations of the
thermal decomposition of these clathrates have been performed
(Fig. 2). The release of the guest molecules during a linear
temperature scan occurs in the temperature intervals 50-100 °C
and 100-120 °C for the BNDA clathrates of o- and p-xylene,
respectively. The observed mass |osses correspond to the results
of the X-ray structure analysis. Heats of clathrate decomposi-
tion have been calculated from the DSC curvesto be 58 + 1 and
49 + 2 kJmol—1 for the p- and o-xylene clathrates, respectively.
These values are considerably higher than the heat of evapora-
tion of xylenes (36 kJ mol—1), suggesting specific stabilizing
interactions in the clathrate crystals. The m-xylene clathrate of
BNDA, however, causes problems in the TG-DSC because of
itshigh instability; during sample preparation for an experiment
the crystals lost ca. 30% of the included m-xylene molecules.
Therefore, the determined host—guest ratio does not exactly
correspond to the X-ray data. Nevertheless, based on the mass
loss during the TG-DSC experiment a heat of decomposition of
ca. 30 + 5 kJmol—1 has been estimated. The lower precisionis
caused by the uncertainty of the DSC baseline due to the sample
instability. Taking into account this limited accuracy the heat of
decomposition of the BNDA/m-xylene clathrate is much lower
than the values determined for the stable BNDA clathrates and
compares to the heat of evaporation of xylene.

The decomposed products obtained by vacuum desolvation Fig. 1 Packing structures of the clathrates between BNDA and (a) m-xylene,
(0.5 mbar, 8 h) of the BNDA clathrates at different temperatures (b) p-xylene and (c) o-xylene.
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Fig. 2 Thermal degradations of (a) BNDA/o-xylene, (b) BNDA/p-xylene
and (c) BNDA/m-xylene clathrates.

yield a desolvated phase P1 of BNDA at 50 °C while the
desolvation of the BNDA/p-xylene clathrate at higher tem-
perature (100 °C) gives only a guest free phase P2. Recently, a
crystal structure of the orthorhombic phase P2 has been
reported,* whereas single crystals of the triclinic phase P1 have
only now been obtained at 80 °C from an equimolar mixture of
xylene isomers and its crystal structure has been determined.t
The measured diffraction patterns of the desolvated samples
correspond to theoretical diffractograms calculated from the
appropriate structure data.

The different stabilities of the BNDA/xylene clathrates
outlined above suggest a probable enclathration selectivity for
the different xylene isomers, which prompted us to study the
formation of BNDA clathrates from an equimolar mixture of the
three xylene isomers. X-Ray diffraction and TG-DSC tech-
niques were used to identify the obtained crystals. The
crystallization temperature was varied within over —10 to +80
°C. If the crystallization temperature is between —10 and +10
°C astable BNDA/p-xylene clathrate was found. Around room
temperature a mixture of crystals of BNDA/p- and o-xylene
clathrates was formed. TG-DSC curves of this crystal mixture
are presented in Fig. 3 showing the two phases as distinctive
steps. At +40 and +60 °C crystals of the BNDA/o-xylene
clathrate were obtained, and crystals of the triclinic phase P1
were formed at +80 °C. However, crystalization of the m-
xylene clathrate from the mixed solution did not occur.

Thus, formation of clathrates or guest free host compounds
and enclathration selectivity for agiven host may be controlled
by varying the crystallization temperature. These findings can
be applied to purification and separation problems of isomeric
mixtures or for the preparation of compounds of interest in

0.0 -
TG

T
o

DSC

Mass loss/mg
o
o
T

Heat flow/mwW

-2

20 4‘0 60 8I0 160 12'0 1;0
Tr°C
Fig. 3 Therma degradation of the mixture of BNDA/o- and p-xylene

crystals obtained at room temperature from a solution of an equimolar
mixture of the three xylene isomers.
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different crystal forms having different stability, composition,
solubility etc.

K. B. thanks the Alexander von Humboldt-Stiftung for a
scholarship. E. W. thanks the Deutsche Forschungsgemein-
schaft (DFG) and the Fonds der Chemischen Industrie for
financial support. This work is part of the Graduate School
Program (GRK 208) of the TU Bergakademie Freiberg
supported by the DFG.

Notes and references

T Crystal data: intensity data were collected at room temperature on a
Syntex P2, diffractometer using Cu-K« radiation (A = 1.54178 A) for the
BNDA/m-xylene crystal and on an Enraf-Nonius CAD-4 diffractometer
using Mo-Ku radiation (A = 0.71073 A) for the other three crystals.

BNDA/o-xylene: CgoHs0s, M = 896.98, triclinic, P1, a = 10.843(2), b
= 12.954(3), ¢ =17.599(4) A, o = 103.643), B = 94.69(3), v =
92.39(2)°, V = 2389.4(9) A3, Z = 2, D = 1.180 g cm—3, uy(Mo-Ka) =
0.080 mm—1, F(000) = 892, crystal size 0.2 X 0.35 X 0.45 mm, 10244
independent reflections. Final R = 0.0876 for 4648 reflections with | >
20(1) and wR2 = 0.3288 for al data. _

BNDA/m-xylene: CzoH2404, M = 448.49, triclinic, P1, a = 10.117(2),
b = 10.556(2), ¢ = 11.864(3) A, o = 77.19(3), B = 77.81(3), v =
86.63(2)°, V = 1207.5(5) A3, Z = 2, D, = 1.233 g cm—3, u(Cu-Ka) =
0.651 mm—1, F(000) = 472, crystal size 0.2 x 0.4 x 0.5 mm, 3400
independent reflections. Final R=0.0544 for 2470 reflections with | >
20(l) and wR2 = 0.1477 for al data. _

BNDA/p-xylene: CzoH2404, M = 448.49, triclinic, P1, a = 10.117(2), b
= 10.520(1), ¢ = 11.913(1) A, o = 83.48(1), B = 89.27(1), y = 72.64(2)°,
V = 1202.0(3) A3, Z = 2, D, =1.239 g cm—3, u(Mo-Ka) = 0.082 mm-1,
F(000) = 472, crystal size 0.35 X 0.5 x 0.5 mm, 5228 independent
reflections. Final R = 0.0486 for 3938 reflectionswith | > 20(1) and wR2
= 0.1493 for al data. _

Polymorph P1 of BNDA: Cy4H250g, M = 684.66, triclinic, P1, a =
9.932(2), b = 11.320(2), ¢ = 15.733(3) A, o = 81.75(3), B = 80.57(3), v
= 89.34(3)°, V = 1726.8(6) A3, Z = 2, D, = 1.317 gcm—3, uy(Mo-Ka) =
0.091 mm—1, F(000) = 712, crystal size 0.1 x 0.3 x 0.5 mm, 7529
independent reflections. Final R = 0.0624 for 3528 reflections with | >
20(1) and wR2 = 0.2227 for all data.

The structures were solved by direct methods using the program
SHELXS-86. The refinement of the structures against al |F2| data was
carried out by the program SHELXL-93 with anisotropic displacement
parameters for non-hydrogen atoms, and isotropic parameters for the guest
molecules in the BNDA/o-xylene complex and the disordered O atoms in
the polymorph P1. The H-atoms of all structures were placed at the
calculated positions. CCDC 182/1100.

T Thermal analysis: The thermal decomposition of the different clathrate
phases was studied by means of a simultaneous TG-DSC 111 system
(Seteram, France) using open aluminium crucibles, sample weights of ca. 4
mg, alinear heating rate of 5K min—1and argon at 1 | h—1 as purge gas for
all measurements. Crystals of an average size of 0.5-1 mm were taken from
the mother liquor, quickly dried on filter paper and transferred into the
crucible for immediate weighing and performance of the TG-DSC
experiments

§ X-Ray powder diffaction analysis: Experiments were performed using a
horizontal goniometer HZG 4 (Prézisionsmechanik Freiberg, Germany) and
Cu-K« radiation.

1 T. Kobayashi, S. Isoda and K. Kubono, in Comprehensive Supramo-
lecular Chemistry, vol. 6 (Solid-state Supramolecular Chemistry-Crystal
Engeneering), ed. J. L. Atwood, J. E. D. Davies, D. D. MacNicol and F.
Vogtle, Elsevier, Oxford, 1996, p. 399; M. R. Caira and L. R.
Nassimbeni, in Comprehensive Supramolecular Chemistry, vol. 6 (Solid-
state Supramolecular Chemistry-Crystal Engeneering), ed. J. L. Atwood,
J. E. D. Davies, D. D. MacNicol and F. Vogtle, Elsevier, Oxford, 1996,
p. 825; E. Weber, in Kirk-Othmer Encycopedia of. Chemical Thechnol-
ogy, 4th edn., vol. 14, ed. J. L. Kroschwitz, Wiley, New York, 1995,
p. 122.

2 M. R. Caira, L. R. Nassimbeni and J. L. Scott, J. Chem. Soc., Chem.
Commun., 1993, 612.

3 E. Weber, I. Csdregh, B. Stendand and M. Czugler, J. Am. Chem. Soc.,
1984, 106, 3297.

4 B. Ibragimov, K. Beketov, K. Makhkamov and E. Weber, J. Chem. Soc.,
Perkin Trans. 2, 1997, 1349.
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The self-condensation of 3,4-dialkoxy-2-aminobenzalde-
hyde (alkoxy = n-C8H17O, n-CmHZIO and n-C12H250) in
the presence of HBF, gives the tetrafluoroborate salt of
diprotonated octaalkoxy-TAAB which exhibits a hexagonal
columnar mesophase over a wide range of temperatures
including room temperature.

Discotic liquid crystals are well-known examples of supra
molecular assemblies based on self-organization.* The colum-
nar arrangement of disk-like mesogens such as triphenylenes,
porphyrins and phthal ocyanines is a promising architecture for
anisotropic materials with potential applications such as one-
dimensional conductors,2 photoconductors,® molecular wires
and fibers,# light emitting diodes’ and photovoltaic cells.6

We are interested in studying new discotic mesogens.”
Among the potential discotic mesogens we chose to examine
was the macrocyclic compound tetrabenzo[b,f,j,n][1,5,9,13]-
tetraazacyclohexadecine (TAAB). Metal complexes of TAAB
(A), which have been known for over three decades, are
synthesized by the self-condensation reaction of o-amino-
benzaldehyde in the presence of metal ions (Scheme 1).8
Without metal ion templates, however, the self-condensation
reaction produces various polycyclic compounds including the
eight-membered ring macrocyclic compound 4b,5,15,16-tetra-
hydrodibenzo[3,4:7,8][1,5]diazocino[ 2,1-b:6,5-b] diquinazo-

[; ks
[

QCHO —

NH,

HX = HClOy4, HBF,, HCl etc.

Scheme 1

T Synthetic and spectroscopic data for 2-5 and a photograph of the texture
of 5¢ under apolarizing microscope at 70 °C is available from the RSC web
site, see: http://www.rsc.org/suppdata/cc/1999/93

line-11,22-diium ion (B)F (Scheme 1).° In fact, no metal-free
TAAB derivatives have been reported until now. Furthermore,
no liquid crystalline compound having a TAAB core is known.
Herein we describe the first successful synthesis of metal-free
TAAB derivatives having long alkoxy substituents on the
phenyl rings and their liquid crystalline behavior.

The synthesis of metal free, octaalkoxy-TAAB compounds
B5a—c isshown in Scheme 2. 3,4-Dihydroxybenzaldehyde 1 was
akylated with alkyl bromide (alkyl = n-octyl, n-decyl and n-
dodecyl) and subsequently converted into the corresponding
2-nitrobenzaldehyde by nitration. The key step for the synthesis
of TAAB derivatives is the reduction of the 3,4-dialkoxy-
2-nitrobenzaldehyde 3. The proper choice of reducing agent is
crucial because these reduction reactions are undoubtedly
complicated by competing inter- and intra-molecular condensa-
tion reactions. Attempts to reduce 3 with previously-used
reducing agents such astitanium(in) chloride and ferrous sulfate
gave none of the desired product, while sodium sulfide gave
only a10% yield. However, the 3,4-dia koxy-2-aminobenzal de-
hyde 4 could be prepared by hydrogenation of 3 with H, and Pd/
C in 60-83% yield. In contrast to 2-aminobenzaldehyde, the
dialkoxyaminobenzaldehydes are stable at room temperature;
their stability increases with increasing alkyl chain length.

The self-condensation of 4 using HBF, in refluxing EtOH
gives the tetrafluoroborate salt of diprotonated octaalkoxy-
TAAB (5a—<) in 14-21% vyield. The products have been
characterized by NMR, UV-VIS, IR and mass spectroscopy and
gave satisfactory elemental analyses.§ Their simple *H and 13C
NMR spectral patterns are consistent with the 16-membered

HO RO RO
HO@—CHO ~ RO@—CHO LN ROQ—CHO
1 2

3 NO,

OR
RO
| RO
RO N *HN— .
RO CHO
—NH* N OR
| NH,
RO

5a R =CgHy7
b R=CjyoHz1
c R= ClZHZS

Scheme 2 Reagents and conditions; i, RBr, K,COs, acetone; ii, HNO;,

NaNO,, CH,Cly; iii, Hp, Pd/C (10%), CH,Cl,, room temp.; iv, HBF,, EtOH,
reflux.
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Table 1 Phase behavior of 5a—ca

Compound  Transition  T/°C AH/J g1 Lattice constant/A
5a K—Dpa —4.3 217 25.46
Dng 2710
5b K—Dhqg 28 5.23 27.69
Dhg 2630
5c K—Dha 225 2264 29.62
Dng 2490

aTransition temperatures and enthal pieswere determined by DSC (scan rate
10 °C min—1). K, crystaline phase; Dyng, hexagonal columnar phase; I,
isotropic phase. b Transition observed only by polarizing microscopy.
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Fig. 1 X-Ray diffraction pattern of 5c taken at room temperature.

TAAB core being in a diprotonated form. This is in sharp
contrast to the fact that the self-condensation of simple
2-aminobenzaldehyde under the same conditions yields B
having an eight-membered ring core (Scheme 1). Thisisthefirst
example of the self-condensation reaction of an o-amino-
benzaldehyde without metal ion templates leading to the
formation of the 16-membered macrocyclic TAAB core. The
electron-donating alkoxy substituents appear to stabilize the
diprotonated TAAB corein 5.

The diprotonated TAAB derivatives 5a—c show meso-
morphic behavior over awide range of temperatures asrevealed
by differential scanning calorimetry (DSC), polarizing micros-
copy and X-ray diffraction measurements (Table 1). For
example, 5¢ shows a columnar mesophase at room temperature
and transforms into an isotropic liquid at 249 °C. These
transitions are not observed by DSC due to the low isotropic
transition enthalpy, but are observed by polarizing microscopy.
In optical microscopy a pseudo-focal conic texture is observed,
whichistypical for columnar mesophases. The compound starts
decomposing just above the clearing point.

In order to clarify the mesomorphism of these compounds,
we performed X-ray diffraction experiments at room tem-
perature. The X-ray diffraction pattern (Fig 1) of the mesophase
of 5¢ shows a set of sharp reflections in the small-angle region
which correspond to reciprocal spacingsin aratio of 1:1/3: V4.
These pesks were assigned to the (100), (110) and (200)
reflectionsfrom ahexagonal arrangement with alattice constant
a = 29.62 A. In the wide-angle region, X-ray diffraction
measurement also shows two broad and diffuse rings. The first
one corresponds to a spacing of 4-5 A, which is related to the
liquid-like correlation between the molten aiphatic chains. The
second ring at 3.39 A is presumably related to the periodic
stacking of the macrocyclic subunits within the columns. A
molecular mechanical cal culation suggeststhat the diprotonated
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TAAB core has a saddle-shaped conformation similar to those
for metal complexes of unsubstituted TAAB reported earlier.8b
The saddle-shaped macrocycles are stacked along the column
with amean interplanar distance of 3.39 A. The columns arein
turn arranged in a two-dimensional hexagonal array.

In summary, we synthesized novel discotic liquid crystals
containing the macrocyclic TAAB core. The key to the
successful synthesis of the stable diprotonated TAAB coreisthe
introduction of electron—donating a koxy substituents. Thelong
alkoxy chains stabilize not only the precursor 3,4-dialkoxy-
2-aminobenzaldehyde but also the diprotonated TAAB core
formed by self-condensation of the precursor. These macro-
cyclic compounds exhibit hexagonal columnar mesophases
over awide range of temperatures including room temperature,
demonstrating that the saddle-shaped macrocyclic core may be
successfully used asanew discotic mesogen. These novel liquid
crystalline materials may have interesting physical properties
which are currently under investigation. The successful synthe-
ses of the metal-free TAABs open up new possibilities for
synthesizing a variety of metal complexes using these com-
pounds as ligands. We are also working along this line.

Thiswork was supported by the Creative Research Initiative
Program (the Korean Ministry of Science and Technology). The
X-ray diffraction measurements were performed at the Pohang
Accelerator Laboratory (Beamline 3C2). We thank Mr Woo
Sung Jeon for molecular mechanical calculations and Professor
G. V. Smith for helpful suggestions in preparation of the
manuscript.

Notes and references

T Old literature (ref. 8,9) refers to compound B as (TAAB)(HBF,), or
[(TAAB)H,][BF,], but these abbreviations are misleading because the
macrocycle core B is different from that of A.

§ All the compounds have been fully characterized by 1H NMR, UV-VIS,
IR and mass spectroscopy and gave satisfactory elemental analyses.
Selected data for 5¢: 64(CDCls, 300 MHz) 0.87 (t, 24H, CHy), 1.44 [m,
144H, (CH,)o], 1.73 (m, 16H, CHy), 3.83 (g, 16H, OCH,), 6.42 (s, 4H, Ar),
6.58 (s, 4H, Ar), 7.96 (s, 4H, N=CH); 6c(CDCls, 75 MHz) 14.51, 23.13,
24.91, 26.56, 29.75, 29.89, 30.24, 30.33, 32.40, 69.39, 69.66, 99.92, 117.70,
119.87, 124.68, 138.44, 149.29, 154.71, 157.56; Vmax(KBr)/cm-1 1635
(C=C), 1555 (C=N); m/z (FAB) 1887.7 (M + H* — 2HBF,); Calc. for
C124H214N40gBFs: C, 72.21; H, 10.46; N, 2.72. Found: C, 71.97; H, 10.32;
N, 2.84.
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Ring closing metathesis reactions (RCM) can be conven-
iently achieved in a photo-assisted manner simply by heating
a solution of the diene substrate, catalytic amounts of
commercially available [(p-cymene)RuCl,], 4 and PCy; in
CH,Cl, under neon light.

The advent of well-defined ruthenium-based metathesis pre-
catalysts has triggered an explosive growth of interest in this
transformation in both the organic and polymer chemists
communities.r Among them, the ruthenium carbene complexes
1 (R = Ph, CH=CPh,) developed by Grubbs et al. set the
standards in the field.2 These reagents turned out to be very
efficient and highly tolerant pre-catalysts for all kinds of
metathesis resctions and have therefore found numerous
applications in the synthesis of complex target molecules and
the preparation of speciality polymers.13

Although the rapidly increasing demand has led to the
development of considerably improved methods for the prepa-
ration of 1,45 the recent literature also documents a search for
alternative metathesisinitiators of comparable performance and
improved accessibility. In this context, we have introduced the
cationic, 18-electron ruthenium allenylidene species 2 as a

RsP RU- Gl RUS, PFs
o \PRg Cy3p/ Q““'\th
1 2 Ph
i ...Riu [(p-cymene)RuClz]z
A
CysP 4
3

versatile pre-catalyst for various ring closing metathesis (RCM)
reactions.6 This compound is easily prepared by cleaving the
chloride bridges of commercially available[(p-cymene)RuCl ;] »
4 with PCys, followed by treatment of the resulting monomer 3
with 1,1-diphenylprop-2-ynyl alcohol in the presence of NaPFe.
Other groups have reported alternative methods for activating
compound 3: thus, Noels et al. found that this complex converts
into an efficient catalyst for ring opening metathesis polymeri-

Table 1 Neon light driven RCM using [(p-cymene)RuCl,], 4 (2.5 mol%) + PCy; (5.5 mol%) in CH,Cl, as an in situ catalyst mixture

Yield Yield
Entry Substrate Product (%) Ref. Entry Substrate Product (%) Ref.
T Ts HO. ~ —
1 AN N 20 6 10 PhSO; il ™ 70° 14
<_7 ab PhSO,
2 90 M‘I?I(BJSI\CASO MeOoc OTBDMS
EE E
3 M 86 12 0 o
E = CO:Me
EE EE 15
4 M)\ ©\ 87 12
E = CO:Me
5 [ d\ 82°
15
aCT
6 78
N /

'I's T N
7 AN A 77 6

% 85° 13
PhSO: = o
9 X 7 ~ = 68 14
MeO2 H PhSO, H
OTBDMS Me0OC OTBDMS

b

[e]

7

a Using (p-cymene)Ru(PCy3)Cl, 3 (2.5 mol%) as the pre-catalyst instead of the in situ mixture. b GC yield. ¢ Using [(p-cymene)RuCl ], (5 mol%) + PCy;

(11 mol%). 9 Using [(p-cymene)RuCl]» (15 mol%) + PCy; (30 mol%).

Chem. Commun., 1999, 95-96 95



zations (ROMP) upon treatment with diazo alkanes,” whereas
Hafner et al. initiated ROMP reactions with 3 after exposure to
UV light (200 W Hg lamp).8 These latter procedures, however,
either require hazardous additives or specia photochemical
equipment and have not yet been applied to RCM.

We now report an even more convenient method for the
activation of this key compound. Thus, heating a solution of a
dienein the presence of catalytic amounts of 3 or, preferably, a
mixture of commercialy available [(p-cymene)RuCl,], 4 and
PCys effects a clean and very efficient cyclization of the
substrate, provided that the reactions are exposed to neon light
or strong daylight.t Several aspects of this method are
noteworthy:

(i) Light emitted by neon tubes commonly used for the
lighting of laboratories is sufficient.

(i) The reactions are performed in standard laboratory
glassware (DURAN®) which absorbs 50% of UV light with A =
300 nm and more than 95% of UV light with A < 285 nm.®

(iii) Control experiments carried out in the dark clearly prove
the photochemical effect on the rate of reaction.10

(iv) Refluxing CH.CI, turned out to be the best solvent.11

(v) Under these photo-assisted conditions, the reactions
proceed very cleanly and reproducibly and neither activation by
hazardous diazo alkanes nor any specia photochemical devices
or equipment is necessary.

(vi) Although the rate of reaction is slower than that obverved
with Grubbs carbenes, the isolated yields are good to excellent
and comparable to those obtained with 1 in al RCM
experiments carried out so far. Note that a Slow initiation is a
disadvantage in polymerization reactions, whereasit is of minor
importance for RCM.

(vii) As can be seen from the examples compiled in Table 1,
this new procedure tolerates a wide range of functional groups
in the substrates, including esters, amides, ketones, ethers, silyl
ethers, acetals, glycosides, sulfones, sulfonamides, and even
unprotected secondary hydroxy groups.

(viii) This new procedure applies to al ring sizes including
medium-sized and macrocyclic ones. Furthermore it allows the
preparation of even trisubstituted olefins in the five- and six-
membered ring series as shown in entries 3-5 of Table 1.12

Finally—and most importantly—we would like to stress that
this new protocol is distinguished by a hitherto unrivaled ‘low
tech’ nature. It requires only commercially available reagents,
avoids the (multi-step) preparation of peculiar complexes as
well as the use of hazardous additives and needs no special
equi pment whatsoever; importantly, however, its efficiency and
scope favorably compare with al current alternatives described
in the literature. Therefore we believe that this extremely
simple, yet highly productive methodology may help to increase
the popularity of RCM even further and should find many
applications in advanced organic synthesis.

Studies to elucidate the mechanism of the photochemical
activation step on a molecular level are underway and will be
reported in due course.

Notes and r eferences

T Representative procedure: A solution of N,N-bis(allyl)toluene-p-sulfon-
amide (1.00 g, 3.99 mmol), [(p-cymene)RuCl;], 4 (61 mg, 0.1 mmol) and
PCys (62 mg, 0.22 mmol) in CH,Cl, (40 ml) was refluxed under Ar for 16
h in a well-illuminated hood. The solvent was removed in vacuo and the
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residue was purified by flash chromatography on silica using hexane—
EtOAc (10:1) as eluent. This affords N-tosyl-2,5-dihydro-1H-pyrrole as
colorless crystals (799 mg, 90%), mp 123-124 °C; §4(300 MHz, CDCl5)
7.70(d, J 8, 2H), 7.29 (d, J 8, 2H), 5.63 (s, 2H), 4.10 (s, 4H), 2.41 (s, 3H);
c(75 MHz, CDCl3) 143.8, 134.7, 130.1, 127.8, 125.8, 55.2, 21.9; m/z 223
(35, [M*]), 155 (32), 91 (77), 68 (100), 41 (24).

1 For reviews see: R. H. Grubbs and S. Chang, Tetrahedron, 1998, 54,
4413; A. Firstner, Top. Organomet. Chem., 1998, 1, 37; S. K.
Armstrong, J. Chem. Soc., Perkin Trans. 1, 1998, 371; M. Schuster and
S. Blechert, Angew. Chem.,, Int. Ed. Engl., 1997, 36, 2036; A. Firstner,
Top. Catal., 1997, 4, 285; K. J. lvinand J. C. Mal, Olefin Metathesisand
Metathesis Polymerization, Academic Press, New Y ork, 1997.

2 S. T. Nguyen, R. H. Grubbs and J. W. Ziller, J. Am. Chem. Soc., 1993,
115, 9858; S. T. Nguyen, L. K. Johnson, R. H. Grubbs and J. W. Ziller,
J. Am. Chem. Soc., 1992, 114, 3974; P. Schwab, R. H. Grubbs and J. W.
Ziller, 3. Am. Chem. Soc., 1996, 118, 100.

3 For recent reviews on applicationsin polymer chemistry see: D. Tindall,
J. H. Pawlow and K. B. Wagener, Top. Organomet. Chem., 1998, 1, 180;
L. L. Kiessling and L. E. Strong, Top. Organomet. Chem. 1998, 1, 196
and references cited therein.
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ZnAPO-34 molecular sieve can be synthesized by the vapor-
phase transport technique using triethylamine as a struc-
ture-directing agent.

Aluminium phosphate molecular sieves (AIPO-n) are crystal-
line framework structures formed from alternating AlO, and
PO, tetrahedra.1-2 Their pore sizes and adsorption propertiesare
similar to those of zeolites but their framework is electrically
neutral. By substitution of divalent ions of metalslike Co or Zn
for part of the aluminium ions, the framework acquires negative
charges balanced by acidic protons possessing acidic catalytic
activity.3

Since the first report on AIPO preparation,! interest in these
materials has increased because of their potential as adsorbents,
catalysts or catalyst supports*> and, more recently, as mem-
branes for gas separations.® The attractive properties of AIPOs
that distinguish them from zeolites are their generally higher
thermal stability and easier incorporation of metals in the
framework.14

Zeolites and AlPOs are conventionally prepared by hydro-
thermal synthesis,” but zeolites can be prepared by other
techniques as well, such as solvothermal synthesis8 and vapor-
phase transport (VPT).%11 The VPT technique involves
crystallization of dry gel in a vapor phase containing organic
template and water, and has certain advantages over other
methodsincluding minimum use of expensive organic template,
elimination of the need to separate products from mother liquid,
and production of molecular sieve coatings on various sub-
strates.

Since 1990 when Xu et al.® first synthesized ZSM-5 by
exposure of dry amorphous aluminosilicate gels in a vapor of
ethylenediamine, triethylamine (EtsN) and water, zeolites, such
as ANA, FER, MOR and CHA, have been synthesized by
several groups by VPT.10.11 However, the VPT technique has
not been applied so far to auminophosphate molecular sieves.
The purpose of this communication is to report synthesis of
ZnAPO-34 molecular sieve by the vapor-phase transport
technique.

Hydrothermal synthesisof ZnAPO-34 isnormally carried out
using tetraethylammonium hydroxide (TEAOH) as a structure-
directing agent (SDA).22 However, because TEAOH is non-
volatile, we carried out the VPT synthesis using EtsN as the
SDA. Before attempting VPT synthesis we verified that normal
hydrothermal synthesis of ZnAPO-34 using Et;N is feasible.
The hydrogel for the hydrothermal synthesis was the same as
reported in literature’2 except that EtsN was used instead of
TEAOH. The product was characterized by XRD and SEM and,
as shown in Fig. 1(a), it has the same cubic morphology as that
prepared using TEAOH.12 Analysis of the powder XRD pattern
shown in Fig. 2(a) verified the that the product was ZnAPO-34
and the unit cell constants calculated were a = 13.746, b =
13.746, ¢ = 14.730 A (trigona system, hexagonal axes) in
agreement with those reported previously.13

VPT synthesis of ZnAPO-34 using Et3N as organic template
was carried out next. Dry gels for this synthesis were prepared
by adding the specified quantities of zinc acetate, aluminium
isopropoxide, and phosphoric acid into water successively. The
system was stirred vigorously a room temperature to a

homogeneous mixture each time prior to the addition of the next
component. The resulting mixture was dried either at room
temperature or at 90 °C overnight. VPT syntheses of ZnAPO-34
were conducted in a23ml Teflon-lined stainless steel autoclave.

Fig. 1 Scanning electron micrograms of (a) product prepared by
hydrothermal synthesis using EtsN as a structure-directing agent; (b)
product prepared by the VPT technique.
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Fig. 2 XRD patterns of (a) product prepared by hydrothermal synthesis

using EtsN as a structure-directing agent; (b) product prepared by the VPT
technique.

About 6 ml of amixture of EtsN and water was poured into the
bottom of the autoclave. The dry gel was placed on a Teflon
plate, which was installed in the autoclave above the liquid
level. The autoclave was placed into a convection oven
preheated to 170 °C and maintained at that temperature for 24 h.
The autoclave was subsequently quenched in tap water and the
products were washed, dried and characterized by SEM and
XRD.

Table 1 lists the synthesis composition and resulting
products. In the first set of experiments, the dry gel was

Table 1 Experimental conditions and results.

Composition for synthesis of
amorphous gel

Result by
Liquid phase ~ XRD

m
=2
S
<

0.4ZnO:O.8A|203:1P205:75H203
0.4Zn0:0.8Al,03:1P,05:150H,02
0.4Zn0:0.8Al,03:1P,05:150H,0p
0.42”0:0.8A|203:1P205:150H20b
0.4Zn0:0.8Al1,03:1P,05:150H,0P  2Et3N:150EtOH Amorphous
0.4Zn0:0.8Al1,03:1P,05:300H,0P  2EtsN:150H,0 ZnAPO-34
0.4Zn0:0.8Al1,03:1P,0s5:150EtOHP  2Et3N:150H,0  Amorphous
0.4Si0,:0.8A1,03:1P,05:150H,0P  2EtsN:150H,0 SAPO-34

Gel was dried at ambient temperature. ® Gel was dried at 90 °C.

2Et3N:150H,0  ZnAPO-34
2Et3N:150H,0 ZnAPO-34
2Et3N:150H,0  ZnAPO-34
99Et;N:1H,O  ZnAPO-34

P O~NO U WNPE
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prepared using the composition  0.4Zn0:0.8Al.0s:
1P,0s:75H,0. Fig. 1(b) shows that the morphology of the
resulting product is the same as that of Fig. 1(a). The XRD
pattern of the product shown in Fig. 2(b) isalso identical to that
of Fig. 2(a).

The other preparations listed in Table 1 involved the
following variations. Some gels were prepared with different
amounts of water or were dried at 90 °C. In one preparation the
liquid phase contained 99% Et3N. In another it contained EtzN
and ethanol instead of water. Finally in one experiment the gel
was prepared with ethanol instead of water. As shown in Table
1, the VPT synthesis product was always ZnAPO-34 aslong as
the gel wasinitialy prepared using water and the liquid placed
at the bottom of the autoclave contained water. Even 1% water
contained in sample 4 was evidently sufficient. However, if the
gel was prepared using ethanol or if the liquid introduced into
the autoclave was an ethanol-EtzN mixture, the product was
amorphous. Entry 8in Table 1 shows that SAPO-34 can also be
prepared using V PT method with EtsN asthe structure-directing
agent.

Funding of thiswork by EIf Atochem, North America, Inc. is
greatly appreciated. We thank Ms Lin Luo for analyzing the
XRD patterns.
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Atom transfer polymerisation of methyl methacrylate can be
effected using solid supported copper(1) pyridylmethani-
mine catalysts which facilitate easy removal and reuse of the
catalyst.

Controlled polymerisation of vinyl monomers, such as metha-
crylates, acrylates and styrene, is of continuing interest for the
synthesis of polymers of specific composition and structure.
Controlled, or living, free-radical systemsare attracting increas-
ing attention as processes which are tolerant to protic speciesin
the medium, e.g. from solvents, monomers, impurities, etc.
Transition metal mediated living radical polymerisation, or
atom transfer polymerisation, has been developed by Maty-
jaszewski2—4 and Sawamoto,>6 utilising Cu(1)X/bipyiridines (X
= Cl, Br) and Ru,Clx(PPhg)s, respectively.” In our laboratories
we have been developing catalysts based on Cu(1))X and
alkylpyridylmethanimine Schiff base ligands.8-12 The attraction
of these catalysts is that the Schiff base ligands are simple to
synthesise and allow scope to vary the catalyst properties (e.g.
redox potential, solubility) by varying the appropriate sub-
stituent groups.

Typical [monomer] : [catalyst] ratiosare 100: 1 with stoichio-
metric amounts of initiator and catalyst, in order for acceptable
rates of polymerisation. A potential solution to this problem is
the use of supported catalysts. Inorganic supported catalysts,
e.g. silica, have found widespread use in the polymerisation of
olefins.l3 The extension of this approach to the use of
functionalised inert poly(styrene) as supports for vanadium
ethylene polymerisation catalysts has also been recently
described.14 This recent work prompts us to report our own
work where we have been utilising supported catalysts for
living radical polymerisation reactions; to the best of our
knowledge this is the first example of the use of inert
poly(styrene) supports for a non-co-ordination type polymer-
isation.

We describe herein polymerisation of MMA mediated by
Cu(1)Br supported Schiff base complexes (prepared from both
primary amine functionalised silica gel and crosslinked
poly(styrene) resins) via an atom transfer polymerisation
process. |n order to evaluate the potential of supported catalysts
for atom transfer polymerisation, four different solid supports
weretried in combination with CuBr. In thefirst two examples,
the ligand was covalently attached to the solid support, either
primary amino-functionalised silica gel (SiO) or amino-
functional cross-linked poly(styrene) beads (PS), Scheme 1. In
the second and third examples, free ligand was used in
conjunction with primary amine-functionalised and non-func-
tionalised silicagel. The reactions were performed with 33 val.
% MMA in toluene solution with ethyl-2-bromoisobutyrate as
the initiator.

Addition of CuBr to ligated silica produces a dark brown—
orange free flowing powder, Scheme 1.t Atom transfer
polymerisation of methyl methacrylate proceeds effectively at
90 °C, reaching 70.4% conversion with a number average
molecular mass, M, of 15500 after 300 min, reaction 1in Table
1.1 The polydispersity index, PDI, remains approximately 1.5
throughout the reaction which is slightly broader than observed
in conventional homogeneous atom transfer polymerisation

/I —
NH2 + o N_>N//_(}\lj/>
So

CuBr

7N
N/_—O
(i?u
Br
Scheme 1

(typically =1.2912) put is lower than that obtained for
conventional free-radical polymerisation and suggests that the
reaction is proceeding by reversible activation of the C—Br -
terminus of the growing polymer chain, asin conventional atom
transfer polymerisation. As conversion increases, M, aso
increases but is significantly higher than that predicted and
suggests an inefficient initiation process. The reaction mixture
remained a deep red-brown colour throughout the polymer-
isation. Once agitation was ceased the supported catalyst settled
to the bottom of the flask leaving a colourless solution which
was easily separated from the catalyst.

To demonstrate the living character of the polymerisation, a
regrowth experiment was performed. Firstly, MMA was

Table 1 Molecular weight and conversion data for poly(methyl methacry-
late) produced using atom transfer polymerisation with various supported
CuBr catalysts

Reaction Time/min Conv.(%) Mytheora M p PDIb
1Ac 60 334 3340 12300 159
1B 120 47.3 7730 13600 157
1C 180 56.9 5690 15200 150
1D 240 62.9 6290 15100 153
1E 300 70.4 7040 15500 155
2Ad 60 36.7 3670 8670 154
2B 120 494 4940 10200 151
2C 180 60.1 6010 11100 153
2D 240 68.6 6860 11700 151
2E 300 75.2 7520 11700 156
3Ae 60 55.3 5530 8630 140
3B 135 75.0 7500 9770 140
3C 180 81.0 8100 10400 1.39
3D 285 86.6 8660 10700 1.40
AAf 30 34.7 3470 10100 1.32
4B 80 70.7 7070 13400 1.32
4C 120 84.1 8410 14600 1.33
4D 180 95.1 9510 15700 134

a Theoretical M,,. P Determined using SEC against poly(MMA) standards.
¢ Pyridylmethanimine ligand covalently bound to silica gel particles.t
d Pyridylmethanimine ligand covalently bound to cross-linked poly(sty-
rene) beads.t e Physically adsorbed catalyst on silica gel.+ f Physicaly
adsorbed catalyst on amino-functionalised silica gel.+
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Fig. 1 Molecular weight distributions for the reinitiation of P(IMMA) with

benzyl methacrylate (BzMA) showing that the majority of chains are still
active. Peak areas scaled for conversion.

polymerised under similar conditions to reaction 1, yielding a
polymer of M, = 17 700 and PDI = 1.61. This polymer was
then isolated by precipitation into hexanes and used as a
macroinitiator in homogenous atom transfer polymerisation to
polymerise benzyl methacrylate (BzMA), yielding a block
copolymer of M, =49 400 and PDI = 1.89. Fig. 1 shows the
molecular weight distributions of both the macroinitiator and
the final block copolymer. The increase in molecular weight
suggests formation of block copolymer. Broadening on the low
molecular weight side indicates that some termination has
occurred removing active end-groups thus reducing re-initiation
efficiency.

The solid supported catalyst was used in several subsequent
reactions, Fig. 2. The initial polymerisation was performed
under similar conditions to reaction 1, except three times as
much silica supported ligand was used in order to achieve a
higher rate of reaction. Reuse of the catalyst was achieved by
the addition of MMA, toluene and initiator (no additional CuBr
or ligand) to the washed supported catalyst. The second use of
catalyst leads to polymer in high conversion on leaving
overnight. This was repeated three additional times giving a
total of five uses of the same solid supported catalyst over afive
day period, Fig. 2. Care was taken to keep the catalyst under
nitrogen at all stages to avoid degradation from exposure to
oxygen. It is apparent that the catalyst is effective for each
reuse; however, activity is reduced as observed by the decrease
in the rate of polymerisation. The reduction in catalytic activity
may be due to several reasons:. (i) some loss of the supported
catalyst when removing the polymer solution and subsequent
washing, (ii) oxidation of the Cu(r) to Cu(ir) during the reaction,
and (iii) degradation due to side reactions compounded over
several uses. The polydispersity indices for this series of
polymers are higher than observed in reaction 1 (=2 vs. =1.5)
and seem to be due to the higher concentration of solid
supported ligand leading to an increased reaction rate which in
turn leads to a higher concentration of free radicals in solution
and thus a higher amount of termination due to radical—radical
reactions.

100 M,=18500 M, =16000 WM, =19400 g M,=19800
PDI = 1.92 ./ PDI=204 S PDI=2.07 PDI =2.23
n® ‘

804 . N
S ool
® 60
o . ! , . M, = 31900
> . N . PDI = 1.81
5 40-: : o .
O : : [ | K ]
* 204 . :
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time /h

Fig. 2 Conversion vs. time for the four monomer additions in reaction 1.

100 Chem. Commun., 1999, 99-100

Catalyst derived from pyridylmethanimine ligand covalently
bound to cross-linked poly(styrene) beads, reaction 2, Table 1,1
performs similarly to that on silica Atom transfer polymer-
isation of MMA with thiscatalysts gives 75.2% conversion with
anumber average molecular mass, M, of 11 700 after 300 min.
Again, M, increases only slightly with conversion (but is higher
than predicted), the polydispersity indices are similar, = 1.5,
and the catalyst settles to the bottom of the flask when stirring
is ceased leaving a colourless solution. The rates of polymer-
isation for reactions 1 and 2 are very similar.

In addition to using catalysts covalently bound to the support,
silicagel and amino functionalised silicagel (reactions 3 and 4,
respectivelyt) were added to a conventional atom transfer
polymerisation to physically adsorb the catalyst, Table 1. Both
of these reactions give lower polydispersity indices, =1.4 for
silicaand = 1.3 for amino-functional silica, than the covalently
bound catalysts of reactions 1 and 2. Indeed, the polydispersities
are comparable to those of homogenous atom transfer polymer-
isation. After allowing the support to settle, a slight yellow
colour remained in the solution due to some free catalyst/
ligand.

In summary, solid supported atom transfer polymerisation
catalysts promote effective polymerisation of methyl methacry-
late. Thisallowsthefacile removal of the catalyst and also reuse
of the catalyst in subsequent reactions. It is also possible to use
the polymers produced to reinitiate polymerisation and produce
block copolymers.

We would like to thank the EPSRC (D. K. GR/L10314) and
Elf-Atochem (A. P. R.) for funding of this work.
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allowed to settle and the solvent was decanted off. Take up of the aldehyde
on the support was monitored by NMR and UV of the residual pyridine-
2-carbaldehyde in the solution against internal standards. To the support
(0.967 g) was added MMA (10.0 mL), toluene (20.0 mL) and ethyl-
2-bromoisobutyrate (0.137 mL) and the mixture degassed by three freeze—
pump-thaw cycles followed by the addition of CuBr (0.134 g). Supported
copper concentration was monitored by |CP analysis. The mixture was then
placed in an oil bath at 90 °C. At the end of the reaction the reaction flask
was removed from the oil bath and the insolubles alowed to settle
(approximately 30 min due to the viscosity of the solution). The clear
solution was removed via cannula

¥ A solution of toluene (20 mL), MMA (10 mL), ethyl-2-bromoisobutyrate
(0.137 mL) and N-(n-pentyl)-2-pyridylmethanimine (0.342 g) and silicagel
(2.02 g) (or amine functionalised silicagel) and CuBr (0.134 g) was added
and the flask placed in an oil bath at 90 °C.
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Reaction of the polyynediyldiiron complexes, Fp*—(C=C),—
Fp* [Fp* = Fe(n5-CsMes)(CO),; n = 3, 4], with Fe,(CO) at
room temperature results in C=C bond cleavage to give the
bis(mus-alkylidyne) complexes, Fp*-C=C-n3;-C-Fe3;(CO)o—
n3-C—~C=C), _»-Fp*, a trinuclear cluster complex sand-
wiched by the two conjugated (C=C),—Fe systems.

Carbon—carbon bond cleavage reaction on transition metal
species hasfor along time been an intriguing subject in thefield
of organotransition metal chemistry® since such studies should
provide new strategies for activation and functionalization of
hydrocarbons. C(sp)—C(sp) (C=C) bond cleavage and coupling
reactions on polynuclear systems have had several precedents
over the last three decades and the group 9 metal systems
[M(ns-CsRs): M = Co, Rh, Ir] have been studied most
extensively.2 Previously reported C=C cleavage reactions,
however, require vigorous reaction conditions such as pyrolytic
reactions. During the course of the synthetic study of poly-
nuclear Cy, complexes (2n = 2, 4, 6, 8) derived from the
corresponding polyynediyldiiron complexes, Fp*—C=C),—Fp*
1 [Fp* = Fe(n5-CsMes)(CO),],2 we observed C=C bond
cleavage reaction of 1 under very mild reaction conditions.
Reaction of the octatetraynediyldiiron complex la with
Fey(CO)g in CH,Cl, (or THF, benzene) for 7 h at ambient
temperature afforded orange complex 2a (18% yield)t as a
single product after removal of insoluble materials by filtration
[egn. (1)]. Complex 2a was also obtained by reaction with

Fp*{C=C)-Fp*
n=41a,31b

Fe;(CO)o,
CH,Cl,

@
(CO)3

n=42a,32b

Fes(CO)1o. The 1H NMR spectrum of 2a contains two Cp*
signals indicating an unsymmetrical structure and only n*-CO
ligands are detected by IR. The most characteristic spectro-
scopic feature of 2a is the highly deshielded quaternary carbon
signas [dc (CDCl3) 270.1, 289.6], which suggest formation of
a complex bearing two us-akylidyne functional groups, i.e. a
C=C bond in the Cg linkage is cleaved by the action of theiron
carbonyls. The C=C bond cleavage position is definitely
confirmed to be the inner C3=C4 bond as revealed by X-ray
crystallography [Fig. 1(a)].F The (us-C),Fe3(CO)g unit adopts a
typical bicapped u3-akylidyne structure as indicated by its
structural parameters: (i) the Fes moiety is virtualy an
equilateral triangle with Fe-Fe separations of Fe3l-Fedl
2.498(2), Fe31-Fe51 2.514(2), Fedl-Fe51 2.518(2) A,; (ii) the

uz-alkylidyne carbon atoms are located almost equidistant from
the three iron centers [Fe-us-C: C3—-Fe31: 1.955(5), C3—Fedl
1.981(8), C3-Fe51 1.972(8), CA-Fe3l 1.962(9), CA-Fe4l
1.962(7), C4-Feb1 1.942(5) A]. These parameters are compara-
ble to those of previously reported us-alkylidyne triiron cluster
compounds.4 The acetylenic moiety is essentialy linear and
clear bond alternation is observed: [Fel1l-C1 1.900(6), C1=C2
1.228(9), C2—-C31.389(9), C4-C5 1.39(1), C5=C6 1.21(1), C6—
C7 1.38(1), C7=C8 1.19(1), C8-Fe21 1.904(7) A; C-C—C(or
Fel1,21) 173.9-179.1(8)°]. The absence of 2b (see below) in
the reaction mixture indicates that the present C=C cleavage
reaction involves an intramolecular process.

C=C cleavage was aso observed for an analogue, the
hexatriynediyl complex 1b (10% yield)s [egn. (1)]. Spectro-
scopic and crystallographic analyses of the product 2bt reveal
cleavage between the central C3=C4 bond, and the structural
parameters for the Fe-C=C—uz—C)Fes(uz—C)—-C=C—Fe moiety
[Fe-Fe 2.503-2.538(4), C—Fe; 1.92-2.00(1) A, Fel-Cl1
1.87(1), C1=C2 1.26(1), C2-C3 1.38(1), C4-C5 1.37(1),
C5=C6 1.23(1), C6-Fe2 1.88(1) A; C-C-C(or Fel?2)
172-176(1)°] are similar to those of 2a.

The present C=C cleavagereaction of 1a,b isin sharp contrast
to the results of the reactions of the lower congeners, the
butadiynediyl (1c: n = 2) and ethynediyl complexes (1d: n =
1), which afford other types of products (4—6)3P The C=C units

Fig. 1 Molecular structures of 2a (molecule 1: A-series) (a) and 7 (b) drawn
at the 30% probability level.
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in 1c,d aredirectly bonded to theiron atoms, and their formation
mechanism should involve reaction of the C=C moiety with a
diironcarbony! species, Fe,(CO),, followed by interaction with
either of the adjacent atoms, Fe or C, associated with
decarbonylation (M—M bond formation) and/or CO-migration.6
In contrast, 1a,b contain two kinds of C=C functional groups;
one directly bonded to the Fp* group and the other sandwiched
by the two C=C groups. Because the latter can avoid steric
repulsion with the bulky Fp* group, the ironcarbonyl species
would first interact with the central C=C moiety to induce the
cleavage reaction. In accord with this consideration, reaction of
1a with Co(CO)g gave adduct 7 with tetrahedral C,Co, cores
(55% yield),§ where the central C=C bonds interact with the
dicobalt species [Fig. 1(b)].

In order to examine the effect of the substituents at the C,
termini, Cg-silyl derivatives (the precursorsfor 1b),5 Fp*—C=C—
SiMe; 8 and Me;Si—C=C)-SiMes 9, were subjected to reaction
with Fe;(CO)g (Scheme 1). The reaction of 8 resulted in C=C
cleavage at the C3=C4 bond to give the bis-us-alkylidyne
complex 10 (22% yield)8 analogous to 2, whereas 9 gave a
mixture of products, which did not show any 13C NMR
resonances > 6250 indicating absence of C=C cleavage. Thusat
least one Fp* substitution at the C, termini is crucial for C=C
bond cleavage. The details of the mechanism of C=C cleavage,
however, isnot clear at present. Interaction with diironcarbonyl
species would give an adduct with a tetrahedral C,Fe, core”
analogousto the structure of 7 and subsequent addition of athird
iron atom would induce C=C bond cleavage and formation of an
Fes triangle. Electron-donating groups such as Fp* may
stabilize the electron-deficient intermediate, which should be
formed prior to C=C cleavage.2e

Thus the present study reveals the possibility of C=C bond
cleavage of a polyyne linkage under very mild conditions. The
obtained bis(us-alkylidyne) complexes 2 belong to a new class
of compounds, where the trinuclear cluster core containing d
electrons is sandwiched by two m-conjugated (C=C),—M
systems. Interaction of M—C=C),—M’ with various metal
species is now under further study and results will be reported
in due course.

Weare grateful to the Ministry of Education, Science, Sports,
and Culture of the Japanese Government and the Ishikawa
Foundation for Carbon Science and Technology for financial
support of this research.
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T Selected spectroscopic data: 2a: v(C=C) 2095, 2068, v(CO) 2037, 2011,
1981 cm—1 (CH.Cly); 64(CDCl3) 1.91, 1.95 (Cp* X 2); 6c(CDCl3) 83.8,
96.6, 116.5, 143.4, 144.4, 172.1, 270.1, 289.6 (Cg). 2b: v(CO) 2037, 2028,
2002, 1992, 1979 cm—1; 64 1.94 (Cp*); oc 141.4, 163.2, 281.6 (Ce). 7:
v(C=C) 2092, v(CO) 2073, 2053, 2014, 1973 cm-1; o 1.84 (Cp*); 6c 87.7,
93.7, 109.0, 135.0 (Cg). 10: V(CO) 2041, 2015, 1983 cm—1; &y 1.96 (Cp*),
0.37 (SiMey); 6c 122.7,127.8, 144.3, 269.9, 296.9 (Cs: one of the Cg signals
could not be located).

¥ X-Ray diffraction measurements were made on a Rigaku RAXIS IV
imaging plate area detector with graphite-monochromated Mo-K« radia-
tion. Thetriiron cluster moietiesin 2a,b and 10 were found to be disordered
with respect to the C=C-C:--C—C=C axis and refined taking into account
minor components. Crystal data: for 2a: C41Hg0O13Fes, M= 1009.9, T =
—60 °C, triclinic, space group P1, a = 15.287(5), b = 24.814(3), c =
13.540(3), o = 102.56(2)°, B = 115.10(3)°, y = 102.68(2)°, V = 4247(2)
A3,Z =4,D, = 1.58gcm—3, u = 17.3cm-1, R(R,) = 0.062 (0.084) for
10185 unique data with | > 3o(l) and 1357 parameters. The unit cell
contained two independent molecules. For 2b: CzgH30013Fes, M = 985.9,
T = —60 °C, monoclinic, space group P2,/n, a = 13.520(4), b = 38.03(1),
c=8136(2) A, B = 91.67(2)°,V = 4181(1) A3,Z = 4,D. = 1.57gcm3,
u=175cm-1, R(Ry) = 0.079 (0.086) for 3614 unique datawith | > 3o(l)
and 551 parameters. For 7: C44H300:6Fe2Co4, M = 1162.1, T = —60 °C,
monoclinic, space group P2;/c, a = 8.890(4), b = 18.890(5), ¢ = 14.10(2)
A, B =99.22(5)°,V = 2337(2) A3, Z = 2, D, = 1.65gcm-3, u = 20.6
cm—1, R(R,) = 0.047 (0.060) for 4035 unique datawith | > 30(l) and 358
parameters. For 10: C3oH24011SiFes, M = 812.0, T = —60 °C, monoclinic,
space group P2y/n, a = 11.929(3), b = 14.071(2), ¢ = 21.55(1) A, B=
99.691(3)°, V = 3564(1) A3, Z = 4,D. = 1.51gcm—3, u = 16.8 cm—1,
R(R,) = 0.080 (0.100) for 4041 unique data with | > 3o(l) and 532
parameters. CCDC 182/1103.

§ Complexes 7 and 10 were characterized by X-ray crystallography.f
Sdlected structural parameters: for 7: Fel-C1 1.898(3), C1-C2 1.219(4),
C3-C4 1.362(4), C4-C4* 1.408(6), Col-Co2: 2.4696(8), Co-C
1.953-1.984(4) A, Fel-C1-C2 173.2(3), C1-C2-C3 173.7(3), C2-C3-C4
144.1(3), C3-C4-C4* 141.6(3)°. For 10: Fe2—-Fe3 2.507(3), Fe2—Fed
2.501(3), Fe3—Fe4 2.504(3), C3—Fe2 1.978(7), C3—+e3 1.936(8), C3—Fe4
1.991(7), C4+Fe2 1.966(8), C4-Fe3: 1.949(8), C4-Fed: 1.929(8), Fel-C1
1.890(6) , C1=C2 1.236(9), C2-C3 1.376(9), C4-C5 1.39(1), C5=C6
1.22(1), C6-Si1 1.829(9) A; C-C—C(or Fel,2) 171.1-178.8(9)°.

1 B. Rybtchinski, A. Vigalok, Y. Ben-David and D. Milstein, J. Am. Chem.
Soc., 1996, 118, 12406; H. Suzuki, Y. Takaya and T. Takemori, J. Am.
Chem. Soc., 1994, 116, 10779 and references therein.

2 Co: (a) R. B. King and C. A. Harmon, Inorg. Chem., 1976, 15, 879; (b)
H. Yamazaki, Y. Wakatsuki and K. Aoki, Chem. Lett., 1979, 1041; (c)
J. R. Fritch and K. P. C. Vollhardt, Angew. Chem., Int. Ed. Engl., 1980,
19, 559; (d) N. T. Allison, J. R. Fritch, K. P. C. Vollhardt and E. C.
Walborsky, J. Am. Chem. Soc., 1983, 105, 1384. Rh: (e) A. D. Clauss,
J. R. Shapley, C. N. Winlker and R. Hoffmann, Organometallics, 1984,
3,619; Fe: (f) D. Nuel, F. Dahan and R. Mathieu, Organometallics, 1985,
4,1436; (9) J. A. Hriljacand D. F. Shriver, J. Am. Chem. Soc., 1987, 109,
6010; (h) E. Cabrera, J. C. Daran and Y. Jeannin, J. Chem. Soc., Chem.
Commun., 1988, 607.

3 (a) M. Akita, M.-C. Chung, A. Sakurai, S. Sugimoto, M. Terada, M.
Tanakaand Y. Moro-oka, Organometallics, 1997, 16, 4882; (b) M. Akita,
M.-C. Chung, M. Terada, M. Miyauti, M. Tanaka and Y. Moro-oka,
J. Organomet. Chem., 1998, 565, 49; (c) M. Akitaand Y. Moro-oka, Bull.
Chem. Soc. Jpn., 1995, 68, 420; (d) See also references cited in references
3(a) and (b).

4 M. Akita, in Comprehensive Organometallic Chemistry I, ed. E. W.
Abel, F. G. A. Stone and G. Wilkinson, Pergamon Press, Oxford, 1995,
vol. 7, ch. 4.

5 Complex 1b was prepared by Cu-catalyzed coupling between Fp*—CgH
and Fp*—Cl analogous to the synthesis of 1a.32 A. Sakurai, M. Akitaand
Y. Moro-oka, to be reported.

6 The interaction of the attached diiron part with the Fe atom o-bonded to
the C,, group leadsto the stabletrinuclear u-acetylide cluster structure (4,
6) and, in the formation of 5, the interaction with the adjacent carbon
atom (C3) would leave the carbene carbon atom (C4), which may be
stabilized by interaction with the Fp*-group at the other terminus and
finally couples with CO to give the ketene structure.3b

7 F. A. Cotton, J. D. Jamerson and B. R. Shults, J. Am. Chem. Soc., 1976,
98, 1774.
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Sulfated zirconia doped with lithium catalysts are found to
be effective for the oxidative dehydrogenation of ethane to
ethylene, giving 98% ethane conversion and 70% selectivity
towards ethylene as well as 68% ethylene yield at 650 °C.

The selective oxidation of akanes into their corresponding
olefins has been of great interest in recent years. Ethane is an
abundant component in natural gas, however, it receives the
least attention due to the existing thermal cracking process.
Conversion of ethane into ethylene by oxidative dehydrogena-
tion (ODH) has severa advantages and been studied over
several oxide-based catalysts. Catalysts containing vanadium,
molybdate and lithium are found to be effective for thisreaction.
However, most of these systems are based on alumina, silica,
titania and magnesial— Little work has concentrated on
zirconig, in particular, sulfated zirconia based catalysts. Sul-
fated zirconia as a super acid solid is known as a very active
catalyst for the conversion of small hydrocarbons.56 One of the
authors has discovered the excellent performance of Li-doped
sulfated zirconiain the oxidative coupling of methane (OCM).”
The oxidative coupling of methane to C,-hydrocarbons is
inevitably accompanied by the concurrent conversion of ethane
to ethylene. Here wereport the results of sulfated zirconiabased
catalysts for the oxidative dehydrogenation of ethane into
ethylene.

The zirconia sample was prepared by two steps.” The
resultant ZrO, was then used to prepare sulfated zirconia (SZ)
by wetness impregnation using ammonium sulfate, and then
calcined at 700 °C for 3 h with acorresponding anion content of
6 wt%. After this, zirconia samples were impregnated with
lithium chloride, and calcined at 700 °C for 3 h. The loading of
lithium was varied between 2 and 8 wt%. A series of Li-doped
sulfacted zirconia (SZ) cataysts were also prepared using
different Li precursor compounds at 5 wt% Li content by

wetness impregnation as described above. The catalytic tests
were carried out in afixed-bed vertical-flow reactor constructed
from a high-purity alumina tube (id = 6 mm) packed with 1.0
g catalyst samples and 2 g quartz sand and mounted inside a
tube furnace. The feed, consisting of 10% ethane, 10% oxygen
and 80% nitrogen, wasintroduced into the reactor at aflow rate
of 60 ml min—1. Thereactants and products were analysed using
a gas chromatography (GC-8A) equipped with a Porapak Q
column using flame ionisation detector (FID) for hydrocarbons
and a 5A molecular sieve column for CO, CO,, CH,, O,, Ny,
and H, using thermal conductivity detector (TCD). Before
catalyst testing, an empty tube loaded with only quartz sand was
evaluated for the oxidative dehydrogenation of ethane under
various conditions. It is found that the homogeneous contribu-
tion was negligible since ethane conversion was <2% at
650 °C.

Table 1 presents the performance of ethane ODH over
supports (ZrO, and SZ) and LiCl-based catalysts with 3.5 wt%
Li aswell asLi,ZrOs catalyst. It isfound that the main products
of ethane oxidative dehydrogenation are CoH4, CO and CO,
with lower amounts of other products such as CH,4, EtOH, and
CsHe. Ethane conversion increases with the increasing tem-
perature over al catalysts, however, ethylene sdlectivity
exhibits varying patterns with temperature depending on
catalyst. For zirconia, sulfated zirconia and Li/ZrO,, ethylene
selectivity increases with temperature.

However, a decreasing trend of ethylene selectivity is
observed on Li/SZ at 600-650 °C. Li,ZrOs shows similar
ethylene selectivity at the same temperature range. For zirconia
and sulfated zirconia, ethane conversions are >60% with
ethylene selectivity of ca. 30% at 650 °C. However, sulfated
zirconiaexhibits slightly higher catalytic activity and selectivity
towards ethylene. Doped lithium chloride on supports re-
markably improves ethane conversion and selectivity to

Table 1 Catalytic behavior of ethane ODH over zirconia-based catalysts at 650 °C

Conversion (%)

Selectivity (%)

Yield (%)
Catalyst S3E|'/m2 g*l T/°C CoHg O, CoHa CO CO, CH,4 CoHa
Quartz sand 600 0.2 0.01 97.8 22 0.20
620 04 04 98.0 2.0 0.39
650 20 24 97.7 23 195
ZrO, 21.2 600 51.6 100 10.8 245 64.4 0.3 5.6
620 55.4 100 15.0 24.0 60.2 0.8 8.3
650 65.9 100 29.2 19.2 49.2 17 19.2
SZ 72.5 600 42.3 69.7 16.6 38.6 42.6 22 7.0
620 53.8 86.3 18.0 35.6 439 25 9.6
650 704 100 30.8 18.8 47.3 31 21.7
LiCl/ZrO, 4.6 600 48.8 69.9 54.6 7.3 337 0.6 26.6
620 66.5 83.0 58.3 6.0 28.4 0.8 38.8
650 87.2 95.3 60.1 9.3 21.8 14 52.4
LiCl/sz 20 600 62.4 50.2 825 54 85 05 51.5
620 83.7 69.5 79.5 6.4 101 0.6 66.5
650 97.6 96.3 69.8 11.9 14.3 17 68.1
Li,ZrOs <1 600 59 6.0 85.7 13.8 0 05 50
620 8.3 8.2 86.4 129 0 0.7 7.2
650 20.3 151 83.3 8.0 8.0 0.7 16.9
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Fig. 1 Effect of Li content in the LiCl/SZ system on catalytic activity.

ethylene. For LiCl/ZrO,, ethane conversion is enhanced to 87%
and ethylene selectivity isincreased to > 60%. Similarly, ethane
conversion and ethylene selectivity over LiCl/SZ are aso
significantly improved with 70% selectivity at 98% conversion,
giving 68% ethylene yield. LiCl/SZ aso exhibits higher
ethylene selectivity than Li/ZrO,, suggesting that sulfation of
zirconia modifies the surface properties and could promote
ethylene selectivity. It has been found that Li/SZ shows better
catalytic performance than Li/ZrO, in OCM reaction.” Another
catalyst, Li»ZrO3, shows the lowest catalytic activity, but the
highest ethylene selectivity and the ethylene yield islower than
that over the two supports (ZrO, and SZ). Several researchers
have reported that Li-doped catalysts are much more selective
to ethylene in ethane ODH because of theincrease of in number
of active sites for dehydrogenation.®.10

Conway and Lunsford® found that 5 g Li*~MgO-Cl— could
produce a CoHg conversion of 75-79% at a C,H, selectivity of
70% with 58% ethylene yield at 650 °C under aflow rate of 60
ml min—1. Ji et al.® also obtained 60% ethane conversion with
75% ethylene selectivity, giving 45% ethyleneyield over Li/La/
Ca0 catalysts at 650 °C. Therefore, the values obtained in this
work are much better than the above resullts.

From Table 1, it can be seen that the catalytic activity is not
dependent on the surface area. XRD measurementsindicate that
two phases (monoclinic and tetragonal ZrO,) coexist in sulfated
zirconiawhile monoclinic ZrO, with atrace of tetragona ZrO,
is present in ZrO,. Li/ZrO, and Li/SZ catalysts consist of
monoclinic ZrO, and a fraction of Li,ZrO; crystalites. The
peak intensities for Li»ZrOz are higher for Li/SZ, suggesting
that alarger amount of Li»ZrOszis present in Li/SZ. Therefore,
it is deduced that the synergistic effect of multiphases in the
catalyst are responsible for the catalytic activity and selectivity.
For Li doped catalyst, chlorine present in catalyst can also play
an important role for the higher selectivity over these catalysts.
Some researches have revealed that chlorine can promote the
decomposition of ethyl radicals to ethylene.20.11 Further work
on catalyst surface characterisation is in progress to elucidate
the active sites for the reaction.

The effect of lithium precursor (LiNOg, LiCl, LiF and
Li»COs) in sulfated zirconia systems on the catalytic conver-
sion, ethylene selectivity and yield was also studied. It isfound
that LiINO3 and LiCl doped SZ catalysts exhibit higher ethane
conversions, but that LiNO3s/SZ shows the lowest ethylene
selectivity. The other three lithium doped SZ catalysts show
similar ethylene selectivity. In terms of ethylene yields, LiCl
doped sulfated zirconia catalyst generaly gives the highest
values; the overall order is: LiCI/SZ > LiNO5/SZ > LiF/SZ >
Li,CO4/SZ.

It is also found that lithium content affects the catalyst
performance. The dependence of activity, selectivity and yield
of LiCl/SZ catalysts with different lithium content at 650 °C is
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Fig. 2 Catalytic activity of ethane ODH as a function of time over LiCl/SZ
at 650 °C.

shown in Fig. 1. It can be seen that ethylene selectivity is
enhanced over all Li-doped SZ catalysts. However, the ethane
conversion and ethylene yield depend on lithium content. A
maximum value can be attained over 3.5 wt% Li/SZ.

Fig. 2 shows the catalytic performance of 3.5 wt% LiCl/SZ
and 5wt% LiCl/SZ catalystsat 650 °Cintermsof reaction time.
One can see that the two catalysts show different stability
behaviour. For 3.5 wt% LiCl/SZ ethane conversion and ethene
yield decrease gradualy over 15 h and then remains nearly
unchanged thereafter. Ethane conversion and ethene yields are
reduced from 98 and 68% to 70 and 46%, respectively. Ethene
and COy selectivities stay at the same level during 24 h of
testing. The ethane conversion and ethene yield over 5 wt%
LiCl/SZ increasesin thefirst 10 h and then decreases, however,
the deactivation rates are much slower than those of 3.5 wt%
LiCl/SZ. After 25 h testing, ethane conversion and etheneyield
are 50 and 42%, respectively. Like the behavior of 3.5 wt%
LiCl/SZ, ethene and CO, selectivities show no ateration.
Investigations on 2 wt% LiCl/SZ and 8 wt% LiCl/SZ reveal that
2 wt% LiCl/SZ shows similar catalytic behaviour as 3.5 wt%
LiCl/SZ while 8 wt% LiCl/SZ presents the same characteristics
asthat of 5wt% LiCl/SZ. All these results seem to suggest that
LiCl loading on catalysts is a crucia factor influencing the
catalyst performance. Too high a LiCl content with result in a
decrease in activity.

In summary, sulfation of zirconia promotes selectivity
towards ethylene in the oxidative dehydrogenation of ethane.
LiCl-doped SZ exhibits not only a high ethane conversion but
also high selectivity towards ethylene and also high stability.
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Synthetic flavylium compounds can exist in several forms
(multistate) that can be interconverted by more than one type of
external stimulus (multifunctional). The intricate network of
their reactions, when examined from the view point of
‘molecular-level devices’, reveals very interesting properties.

Introduction

Great effort is currently being devoted to the design of
molecular-level switching devices and, more generaly, to the
chemistry of signal generation, transfer, conversion, storage,
and detection (semiochemistry).r By reducing the switching
elements to molecular size, the memory density of computers
could be increased by severa orders of magnitude and the
power input decreased very significantly.2 Apart from future
applications for information processing at the molecular level,3
the study of compounds capable of existing in different forms
that can be interconverted by external stimuli is atopic of great
fundamental interest.1-9 Molecules that can exist in two forms
which are interconvertible by an externa input are rather
common. Typical examples of such bistable systems are the so-
caled photochromic compounds, where the input causing the
switching between the two speciesislight.10 Systems capabl e of
existing in more than two forms (multistate) that can be
interconverted by more than one type of externa stimulus
(multifunctional) are less common.11.12 Such multistate/multi-
functional systems can behave as complex logic devicesand can
therefore play the role of models for an initial understanding of
the chemical basis of important biological processes.
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Like anthocyanins,13 which are one of the most important
sources of colour in flowers and fruits, synthetic flavylium salts
in agueous solutions undergo various structural transforma-
tions'4-17 that can be driven by pH changes and, particularly in
the flavylium sdts, aso by light excitation. Such transforma-
tions are often accompanied by quite dramatic colour changes
or colour disappearance. In the last few years we have
investigated in a systematic way the thermal and photochemical
reactions of several synthetic flavylium salts.18-23 The main
purpose of our studies has been to emphasize the multistate/
multifunctional character of the chemistry of these compounds
and, more generally, to show that examination of complex
chemica systems from the view points of ‘molecular-level
devices and ‘molecular level logic functions' may reveal very
interesting aspects and may be useful to introduce new concepts
in the field of chemical research.

Nature of the species involved

The basic scheme for the discussion of the structura trans-
formations of flavylium-type compounds is that shown in
Scheme 1.14-17 As we will see below, other forms may also be
involved, depending on the nature of the substituents in the 4-,
7-, and 4’-positions. The flavylium cation AH+*, which is the
stable form in strongly acid solution, can be easily prepared by
acid condensation of salicylaldehyde and acetophenone deriva-
tives, as well as by other routes24 In moderately acidic or
neutral solution, the thermodynamically stable form is the
neutral trans-2-hydroxychalcone species Ct, which is formed
from AH+* through the two intermediate compounds B2 and Cc.
B2 is a hemiacetal species, obtained by hydration of the
flavilyium cation, and Cc is a cis-2-hydroxychalcone, formed
from the hemiacetal B2 through a tautomeric process. The
interesting feature of these systems is that the AH+ and B2
forms can be reversibly interconverted by pH changes,14-17
whereas Cc and Ct can be interconverted by photoexcita-
tion.18-23.25-28 Gince the B2 and Cc forms are in tautomeric
equilibrium, it follows that pH and light stimulations can be
used to cause interconversion of the four fundamental forms
(Scheme 1). Furthermore, the AH* form exhibits acid properties
not only inthe 2-, but also in the 4-position, to give the B4 basic
species. In their turn, Cc and Ct can undergo deprotonation to
give the respective Cc— and Ct— monoanions which, being cis/
trans isomers, can in principle be interconverted by light
excitation. As we will see later, depending on the nature of the
substituents, other acid/base equilibria and cis/trans couples
may be present. It is therefore clear that in these systems pH
changes coupled with light excitation may cause very intricate
series of chemical reactions, with dramatic changes in the
absorption spectra (i.e. in the colour of the system). A further
interesting aspect is that some of the species exhibit fluores-
cence; thisisnot only another analytical ‘handle' to control the
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behaviour of the system, but also avery interesting signal for the
purpose of information processing.

Several works concerning the thermodynamic as well as the
kinetic aspects of the therma reactions of flavylium-type
compounds have long since been reported in literature,13-17
whereas the photochemical and photophysical aspects have
been examined more recently.14-23.28 Aswe shall see below, pH
jump, temperature jump, and flash photolysis experiments
allow the measurement of the rate constants of some of the
reactions involved, and steady state titration experiments (by
using UV-VISand NMR techniques) alow the measurement of
equilibrium constants. In order toillustrate the complex reaction
network of these systems, we will now focus on the behaviour
of the 4-methoxyflavyliumioni® (Scheme 1; R4 = R7 = H, R¥
= OCHy).

R¥

Ki

R lop R¥
<
=
R* o +H*

Ct

Scheme 1 Structural transformations of the flavylium-type compounds.
Only the most important forms are shown.

Thermal reactions of the 4’-methoxyflavylium ion

A very careful spectra and kinetic investigation of the
transformations undergone by the 4’-methoxyflavylium ion was
originally performed by McClelland and Gedge.16 By using the
pH jump technique, they found that seven different species are
involved, as transient or equilibrium compounds, depending on
the experimental conditions (Scheme 1). The absorption spectra
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of the strongly colored 4’-methoxyflavylium ion AH* (Amax =
435 nm, ¢ = 42000 m—1 cm—1), the colorless trans-4'-
methoxychalcone Ct (Amax = 350 nm, £ = 18000 m—1 cm—1),
and the B2 and Cc mixture are shown in Fig. 1.

A/nm

Fig. 1 Absorption spectra in agueous solution a 25 °C of the 4-
methoxyflavylium compound: AH* a pH 1.0, Ct at pH 4.0 and B2/Cc
mixture at pH 7.0. Reprinted with permission from ref. 19.

The molar fraction distribution16.27a of the various speciesin
aqueous solution at 25 °C asafunction of pH, obtained from the
equilibrium constants (vide infra), is shown in Fig. 2. The

Molar fraction

pH

Fig. 2 Molar fraction distribution in agueous solution at 25 °C asafunction
of pH for the 4-methoxyflavylium compound. Solid lines refer to the
species obtained at the thermodynamic equilibrium. Dashed lines refer to
species obtained bringing AH+ solutions from pH 1 to higher pH values by
the pH jump technique or by exciting Ct solutions by flashed light. Such
species reach a pseudo-equilibrium on the second time scale and then
undergo avery slow thermal reaction to Ct. Reprinted with permission from
ref. 19.

thermodynamically stableformin the pH range 2-8 isthetrans-
4’-methoxychalcone, Ct, which, at higher pH, is transformed
into its anion, Ct— (Fig. 2, solid lines). In strongly acidic
solutions, AH* becomes thermodynamically stable; however,
Ct cannot be converted to AH* because of the very large
activation barrier which involves isomerization of Ct to the
intermediate compound Cc (Scheme 1). Furthermore, asolution
of AH* isamost indefinitely stable at room temperature below
pH 3, since under such conditions a very large kinetic barrier
prevents conversion of AH+* to the thermodynamically stable Ct
form via the hydrated (pseudobase) species B2 and the Cc
isomer (Scheme 1). At higher pH, however, AH* is very
reactive.16 For example, starting from an agueous solution of
AH+at25°Cand pH 1, apH jumpto pH 4.29 leadswithin afew
seconds to apseudo-equilibrium consisting of 50% AH+, 33.2%
B2, 0.3% B4, and 16.5% Cc (Fig. 2, dashed lines). A much
slower reaction follows (half-life 19.7 h), resulting in complete
conversion to the thermodynamically stable form Ct.

At pH 8, AH* reacts mainly with solvent waters (half-life
0.44 s) to produce 64% B4, 24% B2, and 12% Cc, the last two
being in equilibrium with each other (half-life of the equilibra-
tion, 7 X 10-5¢). Thisisfollowed by another fast reaction (half-
life 66 s) in which B4, aproduct of kinetic control of theinitial
neutralization of AH*, is converted via AH* to B2 and Cc,



yielding a pseudo-equilibrated mixture of 66.3% B2, 33.1% Cc,
and 0.6% B4 (Fig. 2, dashed lines). A much slower reaction
(half-life 9.9 h) then occurs, resulting in complete conversion to
Ct.

Photochemical behaviour of the
4’-methoxyflavylium ion

As described above, in the pH range 2-8 the colorless trans-4'-
methoxychalcone Ct is the thermodynamically stable species
and therefore it isthe final product of the transformations of the
strongly colored 4’-methoxyflavylium ion AH*. Even at pH 1,
when AH* isthe thermally stable species, Ct can bekinetically
stable because of the high energy barrier of itstransformation to
Cc. Ct, however, can be converted into AH* by a photo-
chemical reaction.1® As expected from the thermal behavior of
the system, the photoreaction causes a transient or an almost
permanent effect depending on temperature and pH of the
irradiated solution.

Continuous irradiationt®

Continuousirradiation of 2.3 X 10—5 m agueous sol utions of Ct
at pH 1.0 with 365 nm light causes strong spectral changes, with
fiveisosbestic points and formation of avery intense bandinthe
visible region with maximum at 435 nm [Fig. 3(a)]. Analysis of

1

0.5

Absorbance

0.3

0
200 300 400 500
Alnm

Fig. 3 Spectral changes caused by continuous irradiation of an agueous
solution of the Ct form of 4’-methoxyflavylium ion with 365 nm light: (a)
pH 1.0, [Ct] = 2.5 X 105 m; the curves correspond to the following
irradiationtimes: 0,0.5, 1, 2,4, 7and 12 min. (b) pH 7.0, [Ct] = 3.2 X 10-5
m; the curves correspond to the following irradiation times: 0, 0.25, 1.5, 3,
6 and 10 min. Reprinted with permission from ref. 19.

the spectral changes shows that the photoreaction converts Ct
into AH*, without formation of sizeable amounts of other
products. The quantum yield of the photoreaction is 0.04,
independent of the presence of dioxygen in solution. At pH 1.0,
no back reaction takes place and irradiation with 434 nm light,
corresponding to the maximum of the absorption band of AH*
(Fig. 1), does not cause any effect.

When irradiation of Ct is carried out at pH 4.0, the quantum
yield of the photoreaction leading from Ct to AH* does not
change, but the expected thermal back reaction of AH* to Ct is
observed. The rate of the back reaction increases with
temperature (activation energy 93 kJ mol-1 a pH 4.0).
Irradiation at pH 7.0 causes the spectral changes shown in Fig.
3(b). At this pH the disappearance of Ct does not cause any
increase of absorbance in the visible spectral region, showing
that AH* is not formed. Furthermore, the back reaction is very
fast so that complete disappearance of Ct cannot be observed.
Thisisin full agreement with the expectations based on the data

shown in Fig. 2, which indicate that at pH 7.0 the pseudo-
equilibrated mixture of productsis constituted essentially by the
open Cc and closed B2 cisforms. Their absorption spectrum, as
isalways the case for aromatic derivatives of ethylene, 20 isless
intense and dlightly blue-shifted compared to the spectrum of
thetransform (Fig. 1). Under such conditions, irradiation of the
mixture with 313 nm light causes the reverse cis — trans
photoi somerization reaction with an apparent quantum yield of
ca. 0.5 (based on the total light absorbed by Cc and B2).

Interestingly, Ct and AH* exhibit intense fluorescence bands
with Admax at 430 and 530 nm, respectively.1® The fluorescence
lifetime is shorter than 1 nsin both cases. It isworth noting that
the occurrence of the above-described therma and photo-
chemical reactions can aso be followed by fluorescence
measurements.

Pulsed irradiation®

Flash photolysis is a powerful technique for investigating the
kinetics of conversion of the variousforms of flavylium ions.27¢
Even using a simple flash-photolysis apparatus with a time
resolution of ca. 0.2 sitispossibleto obtain kinetic datathat can
complement and/or replace those obtainable by the pH jump
technique.

Flash excitation?® of a6.0 X 10—5 m aqueous solutions of Ct
at 25 °C and pH 3.0 or 7.0 causes ableaching in the 300400 nm
region that can be assigned to the disappearance of Ct. At pH 3,
a strong increase in absorbance in the 400-500 nm region is
observed, as expected for the formation of AH*. The ab-
sorbance vs. time traces show that Ct disappearswithin thetime
scale of the flash, but its disappearance does not lead directly to
AH*. Oneor moreintermediate productsareformed (Cc and B2
according to Scheme 1), which then convert completely to AH*
in afew seconds. At pH 7.0, the decrease of absorbance in the
300400 nm region, corresponding to the disappearance of Ct,
is not accompanied by an increase in absorbance in the visible
region because in neutral solution AH* is not stable and the
main products of the photoreaction are B2 and Cc (Fig. 2). None
of the thermal and photochemical processes observed are
affected by the presence of oxygen in the solution and the
degree of reversibility of the system is satisfactory.19

In conclusion, the photochemical behaviour is in very good
agreement with the behaviour observed by pH jump experi-
ments. Although Cc is obviously the primary product of flash
excitation, the observed species and their survival time (from
seconds to years) before going back to the thermodynamically
stable form Ct depend on temperature and pH.

Flavylium ions with OH substituents

In flavylium compounds that carry an OH substituent in the 4’-
and/or 7-positions other forms, not present in the above
discussed 4’-methoxyflavylium compound, can be obtained
because of the deprotonation of the OH group, asillustrated in
Scheme 2 for the 4’-hydroxyflavylium ion.2! The new species
are the quinoidal base A, obtained by simple deprotonation of
the AH* flavylium cation, and the dianionic Cc2— and Ct2—
forms, obtained by second deprotonation of Cc and Ct. The
roles played by these forms depend on the specific compound
and pH conditions. For example, in the case of 4’-hydroxy-
flavilium ion the Ct2— species exhibits fluorescence and the
Cc2— one undergoes photoisomerization to Ct2— (vide infra).2t
Interestingly, for the 4-methyl-7-hydroxy- and 4’,7-dihydroxy-
flavylium compounds both the AH* cation and the A quinoidal
base exhibit fluorescence. Moreover, in the former compound,
for which only two forms (AH* and A) are observed, the pK, of
the ground state (4.4) is higher than the apparent pK, of the
excited state (0.7) and a very efficient adiabatic excited state
proton transfer reaction (yield = 0.95) transforms AH** into
A*. These results show that 4-methyl-7-hydroxyflavylium
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behaves as a four-level system and suggests that it could be
used, in principle, to obtain a laser effect.20

Energy level diagrams

Asdiscussed above for the 4-methoxyflavylium compound, pH
jump, temperature jump, and flash photolysis experiments
allow the measurement of the rate constants of some of the
reactions involved, and steady state titration experiments (by
using UV-VISand NMR techniques) allow the measurement of
equilibrium constants. The values obtained for the most
important processes of four flavylium compounds are gathered
in Table 1.

From an operative viewpoint, the complex equilibriainvolv-
ing the species present at moderately acid pH (Scheme 2) can be
described in terms of a single acid—base equilibrium between
the acid species AH* and a conjugated base ‘CB’ having a
concentration equal to the sum of the concentrations of the
species A, B4, B2, Cc and Ct [egn. (1)],

s
AH' === 'CB'+ H" ()

where Ky = Ky + Ky, + Kyt + KK + KpKiK;. The equilibrium
constant of such an overall processisaso givenin Table 1. By
using the datashown in Table 1, an energy level diagram can be
constructed for each compound. Simplified versions of such
diagrams (e.g. Fig.4) can then be used to illustrate the
behaviour of the various compounds®-23 and to discuss the
effect of the substituents.22

An intuitive way to describe the interconversion processesin
flavylium-type compoundsis their description using an hydrau-
lic analogy.22 Using such an analogy, the behaviour of an
aqueous solution of flavylium ions upon apH jump from 1.0 to
4.2 can be schematically represented asin Fig. 5. In the case of
4’-hydroxyflavylium, Cc converts very slowly to Ct and thus
B2 and Cc accumulate, whereas for 4’,7-dihydroxyflavylium
and 7-hydroxyflavylium Cc converts very rapidly to Ct so that
Cc and B disappear as soon as they are formed.

The hydraulic analogy can also be used to illustrate the
photochemical behaviour of these compounds, the light playing
the role of a pump. The scheme shown in Fig. 6 is appropriate
for 4-hydroxyflavylium.22

Properties of the network of chemical processes

As mentioned in the introduction, molecular or supramolecular
systems capable of existing in different forms (multistate) that
can be interconverted by different external stimuli (multi-
functional) are interesting for both basic and application
reasons. As we have seen above, the flavylium compounds can
be interconverted into a number of different transient and stable
formsusing two different inputs, namely light or changesin pH.
Several interesting aspects emerge when the resulting networks

of chemical processes are analyzed in terms of * molecular-level
devices and ‘molecular level logic functions'. To illustrate
these aspects, we will discuss the case of the 4’-hydroxy-
flavilylium compound (Scheme 1, R4 = R7 = H and R¥ =OH;
Fig. 4). For the sake of simplicity, in the following discussion
the A, B4 and B2 transient species have been neglected sincein
the compound under examination they are aways in rapid
equilibrium with either AH* or Cc.

A write-lock-read-unlock-erase cycle

It iswell known that photochromic systems represent potential
molecular-level memory devices.10-12 A number of problems,
however, must be solved for practical applications. A most
challenging one is to find systems with multiple storage and
non-destructive readout capacity, i.e. the record can be erased
when necessary, but is not destroyed by the readout. The 4’-
hydroxyflavylium ion2 (as well as the 4’-methoxyflavilium
ion)1® can be taken as the basis for an optical memory system
with multiple storage and non-destructive readout capacity
through a write-lock-read-unlock-erase cycle. This behavior
can be described making reference to Figs. 4 and 7:

(i) At pH 47, the stable or kinetically inert (depending on pH)
colorless Ct species can be photochemically converted (365 nm
light) into the thermodynamically unstable, but relatively inert,
Cc form (write).

(if) Using a second stimulus (addition of acid), Cc can be
converted into the kinetically inert or thermodynamically stable
(depending on pH) AH* form (lock); if theinitial pH is1, theCc
species autolocks as AH*.

(iii) The AH* speciesis photochemically inactive and shows an
absorption spectrum clearly distinct from that of Ct, so that it
can be optically detected (read).

(iv) Upon addition of base, AH* can be reconverted into Cc
(unlock).

(v) Cc can be reconverted to theinitial Ct form by athermal or
a photochemical reaction (erase).

Reading without writing in a write-lock-read-unlock-erase
cycle

A generally overlooked difficulty with photochromic systemsis
that the starting form (Ct in the above discussion) is the
photoreactive one, so that it cannot be read by absorption
spectroscopy without writing. With the 4’-hydroxyflavylium
ion, thisdifficulty can be overcome starting from AH*, whichis
the thermodynamically stable form at pH 1 (Figs. 4 and 8).21
Since this form is not photosensitive, it can be read by light
excitation (i.e. by recording its absorption spectrum) without
writing. Then it can be unlocked by a pH jump to 12 which
yieldsthe metastable Cc2— form. At thisstage, one can writethe
optical information obtaining the stable (locked) Ct2— form that
can then be read. When necessary, the information stored into

Table 1 Thermodynamic and kinetic constants for the structural transformations of some synthetic flavilium compounds®

Flavylium ion
Parameter 7-OHP 4,7-(OH)¢ 4'-OHd 4-OMee
Ka 2.0 x 10-3 89 x 104 1.26 x 10—2f 8.0 X 10-2
Ka 28 x 104 10 x 104 3.16 x 10-6
Kn 8.0 X 10-6 14 x 10-6 3.6 x 10-6 3.4 x 10-5
K¢ — — 1 0.50
Ki 5.0 x 102 14 x 103 35 x 108 ca. 102
Kn/s—1 0.48 18 x 10-2 89 x 10-2 0.47
ks im—1 3 X 1049 1.3 x 1049 25x 1049 1.38 x 104
ki/s—1 0579 0.26 9 3.7 x 10-5 5.8 x 10-5
kst 83 x 104 18 x 104 <107 <10-6

a Measured by means of pH jump techniques at 25 °C, unless otherwise noted. ? Ref. 22. ¢ Ref. 18. d Refs. 17 and 21. © Refs. 16 and 19. f At 60 °C.

9 Measured by flash photolysis.

110 Chem. Commun., 1999, 107-114



B2

OH OH
=
7
0]
Ct

OH o - o
O O K"
= _—
o +H
ctr

ct?

Scheme 2 Structural transformations of the 4’-hydroxyflavylium compound.

Ct2— can be unlocked by apH jump yielding Ct and can then be
erased by light excitation. The same performance can be
obtained starting from Ct2—.

Permanent and temporary memories

In our brain there are shallow and deep memory forms.30 The
network of processes interconverting the various species of the
4’-hydroxyflavylium ion allows the presence of different levels
of memory.2! Once the permanent (deep) AH* form of memory
has been obtained (write and lock, Fig. 9), ajump to pH 12 leads
to the formation of atemporary (shallow) memory state, Cc?—,
whose spontaneous slow erasure to give the deep Ct2— memory
can be accelerated by light. Reset can then be accomplished by
a back pH jump to pH 4.

Oscillating absor bance patterns

Another feature of the 4’-hydroxyflavylium ion should be
emphasized.2t Starting from AH+, alternation of pH jump and
light excitation causes oscillation patterns of absorbance at
different wavelengths, as shown in Fig. 10. Such patterns may
be interesting for signal generation purposes.

L ogic operations

From a logic viewpoint,5.7.9:31 simple (bistable) photochromic
systems perform Y ES/NO functions. Multistate/multifunctional
molecular-level systems can be taken as bases for more
complex logic operations. Chemical systems capableto perform
AND,31 OR,31 XOR,32 and XNOR33logic operations at the
molecular level have been recently reported. With the 4'-
hydroxyflavylium compound, light excitation and pH jumps
can be taken as inputs, and absorbance or fluorescence as
outputs. Starting from the non-emitting Ct species, and taking
the emission of AH* at 515 nm as output signal, ajump to pH
1 alone or light excitation alone are not able to generate the
output, whereas when these two imputs are applied in series, the
output is obtained (AND logic function).21

Multiple reaction patterns

It can be interesting to observe that in the network of processes
of the 4’-hydroxyflavylium compound some species are inter-
connected by multiple reaction patterns.2t For example, in order
to go from AH™ to Ct three different routes can be chosen (Fig.
11). (i) A jump to pH 12 with formation of Cc2—, followed by
excitation with 313 nm light to obtain Ct2—, and a jump to pH
6. (ii) A jump to pH 6 to form Cc; at this stage, one can choose
between two sub-routes, i.e. (iia) light excitation with 313 nm
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Fig. 4 Energy level diagram for the species involved in the pH jump and
flash-photolysis experiments carried out on the 4’-hydroxyflavylium
compound. pH values are indicated in brackets. For the sake of simplicity
the species Cc and B2 are represented by the same energy level. The ratio
between the concentrations of Ccand B2isca. 1. Reprinted with permission
from ref. 21.
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+
Ct Cc+B2 AH™A Ct Cc+B2 AHY A

() (d)
Ct Cc+B2 AH* A Ct

Cc+B2 AHY A

[ 1]

Fig. 5 Hydraulic analogy for a pH jump from pH 1.0 to 4.0: (a) the system
is equilibrated at pH 1.0; (b) the system has been taken to pH 4.0; the pH
jump has an effect comparable to raising the piston and the figure represents
the situation immediately after the proton transfer process; (c) when the
cis—transisomerization isvery slow it is possible to obtain an intermediate
(pseudo-equilibrium) state involving the species AH+, A, B2 and Cc; (d)
thermodynamic equilibrium at pH 4.0. Reprinted with permission from ref.
22.

light, or (iib) ajump to pH 12 to merge into the preceeding path
which goesvia Cc2—and Ct2—. Once Ct has been obtained, one
can go back to AH~* by two different routes: (iii) light excitation
at 365 nm to obtain Cc and subsequent jump to pH 1, or, vice
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Before irradiation Immediately

after flash
rH=1

Fig. 6 Hydraulic analogy for the photochemica reaction of Ct. Light
behaves like a pump that increases (in atransient mode as represented, or in
steady state) the quantity of liquid in the reservoir Cc. Reprinted with
permission from ref. 22.
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Fig. 7 Write-lock-read-unlock-erase cycle starting from the Ct form of the
4’-hydroxyflavylium compound. Reprinted with permission from ref. 21.
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Fig. 8 Read-write-lock-read-unlock-erase cycle starting from the AH+ form
of the 4’-hydroxyflavylium compound. Reprinted with permission from ref.
21

versa, (iv) ajump to pH 1 and subsequent light excitation at
365 nm. Interestingly, in some cases, i.e. starting from Ct at
pH 6, one obtains the same result (AH™*) regardless of the order
in which light excitation (365 nm) and the pH jump (pH 1) are
applied. In other cases, however, thisis not true. For example
(not shown in Fig. 11), starting from AH* a pH 1, light
excitation followed by a pH jump to pH 12 leads to Cc2—,
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Fig. 9 A write-lock-read-unlock-erase cycle with two memory levels based
on the 4’-hydroxyflavylium compound. Reprinted with permission from ref.
21.

whereaswhen thetwo inputs are applied in thereverse order one
gets Ct2—. Since Cc?2~ and Ctz— exhibit very different
spectroscopic  properties (e.g. Ct2— exhibits fluorescence
whereas Cc2— does not), from the state of the systems after the
two inputs one can establish in which sequence the two inputs
have been applied.

Color-tap effect

Because of the competition between the pH dependent rate of
the reaction leading from the uncoloured Cc form to the colored
AH* and A species and the pH independent back cis — trans
isomerization, the amount of colored species formed upon light
excitation depends on the pH of the solution. In other words, the
pH of the solution plays the role of atap for the color intensity
generated by light excitation.22 This also meansthat this system
can be viewed as a light-switchable pH indicator. In the case of
4, 7-dihydroxyflavylium the color-tap effect is larger than for
7-hydroxyflavylium.

Conclusions

Synthetic flavylium compounds can exist in several forms
(multistate) that can be interconverted by more than one type of
external stimulus (multifunctional). The intricate network of
their reactions, when examined from the view points of
‘molecular-level devices' and ‘molecular level logic functions',
reveal that these systems exhibit very interesting properties.

Fig. 11 The network of processes caused by pH jumps and light excitations interconnecting the AH+ and Ct forms of the 4’-hydroxyflavylium compound.
Reprinted with permission from ref. 21.
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Fig. 10 Absorbance oscillations caused by aternate pH jump and light
excitation on a3.3 X 10—5 m agueous solution starting from the AH* form
of the 4’-hydroxyflavylium compound at pH 1. Reprinted with permission
from ref. 21.

In our brain, neurons store, exchange, and retrieve informa-
tion via extremely complicated chemical processes. Synthetic
multistate/multifunctional systems may play the role of models
to begin understanding the chemical basis of complex biological
processes. It is not at all clear whether ‘wet’ artificial systems
can find real applications, for example in molecular-scale
computers.34 However, the study of molecular or supramo-
lecular species capable of existing in different formsthat can be
interconverted by external stimuli is a topic of great interest
sinceit introduces new concepts into the field of chemistry and
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12 For multiplexing optical systems based on mixtures of photochromic
compounds, see: G. M. Tsivgoulis and J.-M. Lehn, Adv. Mater., 1991,
9, 627.

13 R. Brouillard, in The Flavonoids, Advances in Research, ed. J.
Harborne, Chapman and Hall, London, 1988, p. 525; R. Brouillard, in
Anthocyanins as food colors, ed. P. Markakis, Academic Press, New
York, 1982, ch. 1.

14 R. Brouillard and J. E. Dubois, J. Am. Chem. Soc., 1997, 99, 1359.

stimulates the ingenuity of research workers engaged in the
‘bottom up’ approach to nanotechnology.
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Low temperature NMR studies indicate that the dicationic
salts [Zr(n-CsH,CMe,CsH Me-p),]2+[MeB(C4Fs);]—> and
[Zr(n-CsH4CMe,Ph), ]2+ [MeB(C4Fs);],~ are formed when
the neutral compounds [Zr(n-CsH,CMe,Ph),Me,] and
[Zr(n-CsH4CMe,CsH Me-p),Me;] and [Zr(n-
CsH,CMe,Ph),Me,] are treated with 2 equivalents of
B(C¢Fs)s.

Cationic zirconocene complexes are of great interest as catalysts
for hydrogenation,® isomerisation? and especially olefin poly-
merisation reactions.38 The donor free 14-electron [Zr(n-
CsHs)2R]* cation is believed to be an active speciesin Ziegler—
Natta type olefin polymerisation. However, they are extremely
reactive and not isolable. The corresponding 16-electron donor
stabilised cations of the type [Zr(n-CsHs)>R(L)]* or the
18-electron cations [Zr(n-CsHs)2R(L)2]* are known where the
donor ligands are nitriles, cyclic ethers®-16 or tertiaryphos-
phines.1?

Recently, we described the reactions of the compounds
[Zr(n-CsHs)(n-CsHaCMePh)Me;] 1, [Zr(n-CsHs)(n-
C5H4CM62C5H4Me-p)Mez] 2, [Zr('Y]-C5H4CM82Ph)2Mez] 3,
and [Zr(n-CsH,CMe,CeHsMe-p).Me;] 4 with the Lewis acid
B(CgFs)s which gave monocations, e.g. [Zr(n-CsHs)(n-
CsH4CMePh)Mes]*[MeB(CeFs)s] —. The NMR evidence indi-
cated there was intramolecular phenyl coordination to the
cationic zirconium centre.8 These complexes may be regarded
as models of solvated cationic zirconocene species presumed to
be present in toluene solutions of Kaminsky type olefin
polymerisation catalysts.

Metallocene dications [M(n-CsHs),Lo]2tX—> have been
reported,29-22(M = Ti, Zr; L = HO or MeCN; X = CF3SO4—
ClO4—, BPh;~ ) and notably recent work by Erker and
coworkers (A).17

2+
?Mez

PPh
Ph,P = 2

AN

2 MeB(CgFs)s~
A

Here we report evidence for the formation of dicationic
zirconocenes stabilised by metal-arene interactions.

The  previoudy  described’®  compounds  [Zr(n-
C5H4CM ezph)zMez] 3 and [Zr(n-C5H4CM ezC6H4M e"p)zMez]
4 were treated with 2 equivalents of B(CgFs)s in CD,Cl,. The
reactions were monitored by NMR spectroscopy. At —60 °C
the reaction of 4 proceeds cleanly to give a single product,
which the NMR data below clearly indicate is the salt [Zr(n-
CsHiCMe;CeHaMe-p) ]2 [MeB(CeFs)s]2~ 5.

The NMR spectroscopic evidence supporting the structure
proposed for 5 is:

(i) A broad signal at 6 0.40 inthe *H NMR spectrum and a
corresponding broad signa at § 9.58 in the 33C NMR
spectrum which can be assigned to the separate
[MeB(CgFs)3]— anion.23 This observation is further
strengthened by the chemical shift difference A 6(m,p-F)

)
-
<D
=
)
o
=
=

_CMe, 2*

H
P M
\ LT e
Zr.
A H
“H Me

o

CMe,

2 MeB(CgF3)s
5

between the m- and p-19F of the anion.24 Values of
A &(m,p-F) between 3 and 6 ppm indicate coordination of
the anion to the zirconium centre whilst values < 3 ppm
indicate non coordination of the anion. The observed
value of Aé 2.8 ppm corresponds to a solvent-separated
ion pair.

(ii) The absence of a ZrMe signa in 1H and 13C NMR
together with theintegration of the [MeB(CgFs)s] — anion
(6H) indicates the abstraction of two rather than one
methide group from the metal.

(iii) Unlike the reaction product of 4 with one equivalent of
B(CgFs)s 18 the dication 5 possesses a C, axis, which
renders the two phenyl groups and the two cyclopenta-
dienyl ligands equivalent. Therefore only four signalsfor
the phenyl group and four signals for the cyclopentadie-
nyl ligand are observed in the *H NMR spectrum.
Furthermore, unlike the reaction product of 4 with 1
equivaent of B(CgFs)3, the signalsfor the cyclopentadie-
nyl hydrogensare sharp, asseenin Fig. 1 showing the1H
NMR spectrum of the reaction product of 4 with 1
equivaent of B(CgFs)s and Fig. 2, the spectrum of the
dication 5 formed with 2 equivaents of B(CgFs)s.

(iv) One of the proton signals of each of the cyclopentadienyl
ligands of 5issignificantly shifted upfield (6 3.70) which
can be explained by the magnetic anisotropy of the
phenyl group. In contrast to the *H NMR spectrum of the
reaction product of [Zr(n-CsHs)(CsH4,CMe-CeHsMe-p)-
Me,] 2 and 1 equivaent of B(CgFs)s, where one of the
cyclopentadienyl hydrogen signals is shifted downfield
(6 6.94), due to a deshielding effect of the phenyl ring,

PhCHj
ZrMe
CMe
l/Ph MeB(CsF5)3
_JJ\ I
L N
7 6 5 4 3 2 1 '

é
Fig. 1 *H NMR spectrum of 4 with 1 equivalent of B(CeFs)3 a —60 °C.
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CD.Cl,

Fig. 2 1H NMR spectrum of 4 with 2 equivalents of B(CgFs)3 a —60 °C.

here the phenyl ring is located dlightly differently
probably dueto the more sterically crowded environment
around the zirconium metal and the cyclopentadienyl
hydrogen encounters a shielding effect. Interesting isthe
corresponding 13C signal, which is observed at 6§ 128.43
(assignment via CH correlation spectroscopy).

(v) Similar to the tH NMR of the reaction product of 2 with
1 equivalent B(CgFs)s, one of the phenyl hydrogen
signalsisshifted upfield to § 6.69 (cf. Fig. 2). Thiscan be
assigned to a hydrogen coordinated, or close to, to the
zirconium centre. Similar observations of upfield shifts
of coordinated phenyl-hydrogen have been made be-
fore,25 notably by Horton et al .26

(vi) Warming the sample of 5 to —40 °C changes the NMR
spectra giving new peaks which are identical to the
previously described monocation [Zr(n-
(CsH4CMeCgH M e-p).Me]+[MeB(CgFs)s] — 18 and the
presence of excess B(CgFs)3 also appearsinthe 1°9F NMR
spectrum. This reaction is reversible and on re-cooling
the sample to —60 °C the original spectrum is restored.
Further warming above —40 °C increases the amount of
the monocation, however some decomposition products
are also observed.

The reaction between [Zr(n-CsHsCMeyPh).Me,] 3 and 2

equivalents of B(CeFs)s aso gives a product with similar
properties to 5. However it is less soluble than 5 and this
restrictsinvestigationsat —60 °C. Nonethelessthe dataarefully
consistent with the proposed formulation of the product [Zr(n-
CsH4CMeyPh),]2+ [MeB(CeFs)s] 2 6. Crystals of 6 were not
suitable for X-ray crystallography due to twinning. The NMR
data for the compounds 5 and 6 are available as supplementary
data (see http://www.rsc.org/suppdata/cc/1999/115).

In conclusion the reaction of 3 and 4 with 2 equivalents of
B(CsFs)3 leads to the formation of dicationic complexes 5 and
6. These complexes have been characterised by NMR spectros-
copy and elemental analysis. The dications of 5 and 6 can be
viewed as a model for the cationic species [Zr(n-CsHs)(sol-
vent),]2* and these may well be present in aromatic solutions of
Kaminsky-type zirconocene olefin polymerisation catalysts
systems.
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The first total synthesis of the title compound has been
accomplished using an intramolecular Diels—Alder reaction
of a masked o-benzoquinone, anionic [1,3]-rearrangement of
a vinylbicyclo[2.2.2]octenol and intramolecular hetero-Mi-
chael addition of a hydroxy enone as the key steps.

Pallescensins are a group of furanosesquiterpenoids isolated
from the marine sponge Disidea pallescens by Cimino et al.1
The common feature of these terpenoids is that they al contain
afuran moiety; however they have carbon skeletons of varying
complexity. Among the pallescensins, pallescensin B 1 presents
the most complex architecture, with a unique bicyclo[4.2.2]de-
cane system fused to a furan moiety. Interestingly, bicyclo-
[4.2.2]decane skeletons are relatively rare among natural
products, the only other known example being nakafuran-8
22

The synthesis of the bicyclo[4.2.2]decane skeleton poses a
considerable challenge. Although a few methods exist for their
synthesis,23 they lack versatility and provide the desired
skeleton only after severa steps. Despite the long sequence of
reactions it requires, Uyehara's approach to this skelecton is
noteworthy.2 Quite recently, we have developed a novel and
efficient four-step methodology starting from 2-methoxyphe-
nols, via anionic [1,3]-rearrangement of vinylbicyclo[2.2.2]-
octenol derivatives as the key step, for the stereocontrolled
synthesis of functionalized bicyclo[4.2.2]decenones (Scheme
1).# We herein report the first total synthesis of (+)-1 clearly
expressing the utility of the aforementioned methodology.

It was planned to use compound 10 asthe key intermediate to
achieve the synthesis of 1, as we expected compound 9 to
undergo anionic [1,3]-rearrangement. Synthesis of compound
10 was accomplished as shown in Scheme 2. Accordingly, the

Scheme 1 Reagents and conditions: i, alyl acohol, Phl(OACc),, CH,Cly; ii,
CH=CHM(gBr; iii, KH, 18-crown-6.

OMe OH
\©: ) e}
+ i
OH z OMe

(@]
7 8 (58%)
l i
o)
o i
7 7

OMe OMe

o oH \

10 (80%) 9 (82%)

Scheme 2 Reagents and conditions: i, Phl(OAc),, NaHCOs, 55-60 °C; ii,
CHx=CHMgBr, ZnBr,, —78 °C to room temp.; iii, KH, 18-crown-6,
1,4-dioxane, reflux.

requisite bicyclo[2.2.2]octenone derivative 8 was prepared
from 2-methoxy-4-methylphenol 7 in 58% yield, following a
procedure developed in our laboratory for the synthesis of
similar compounds.5> Stereoselective addition of vinylmagne-
sium bromide to compound 8 in the presence of zinc bromide at
—78°C afforded 9in 82% yield asthe only discernible product.
Subsequent anionic [1,3]-rearrangement of 9 proceeded
smoothly to provide 10 in 80% yield (Scheme 2).

With compound 10 in hand, the stage is set for the
construction of the furan ring, which was accomplished via
seven synthetic steps, as shown in Scheme 3. The required two-
carbon unit was introduced via akylation of 10 using 1-bromo-
2-(2-tetrahydropyranyloxy)ethanein the presence of KH at 0 °C
in THF to obtain compound 11 in 89% yield as a 1:1 mixture of
diastereomers. Then compound 11 was converted into the
corresponding enone 12 using Saegusa's procedured in two
steps and in about 78% yield. The remova of the THP group
was achieved via transacetalization with PriOH catalyzed by
PPTS to obtain the alcohol 13 as a single product. Intra-

0 o] o)
i ii, i iv
10— 7 oMe [ OMe —~ /7 OMe
o o o
R R

11 (89%) 12 (78%) 13 (94%)
o

lv

H
R = CH,CH,OTHP

Vi, vii

14 (24%) +

15 (52%) 14 (88%)

Scheme 3 Reagents and conditions: i, RBr, KH, THF, 0°C; ii, KH, TMSCI;
iii, Pd(OAC),, MeCN; iv, PriOH, PPTS, 55 °C; v, NaOH, MeOH, 80 °C; vi,
KH, TMSCI; vii, DDQ, benzene, reflux.
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Scheme 4 Reagents and conditions: i, Sml,, MeOH, THF; ii, 1,1’-
thiocarbonyldiimidazole, CICH,CH,CI, reflux; iii, BusSnH, AIBN, tolu-
ene, reflux.

molecular Michael addition of 13 by treatment with 6 m ag.
NaOH in MeOH at 80 °C furnished the tetrahydrofuran 14 as a
single stereoisomer in 88% yield. The assigned stereochemistry
of compound 14 was based on NOE experiments. Aromatiza-
tion of 14 was accomplished via treatment of itssilyl enol ether
(KH, TMSCI) with DDQ in refluxing benzene to obtain the
desired compound 15 in 52% yield, along with 24% of 14
(Scheme 3).

With construction of the complete carbon framework of 1
accomplished, the remaining task was to deoxygenate 15.
Towards this end, reduction of 15 with Sml in the presence of
MeOH was carried out first to obtain the diols 16 as a mixture
of epimers,” which were converted then into a mixture of the
corresponding bis-thiocarbamates 17 in 90% vyield. The last
hurdle to target compound 1 was passed by means of reduction
of 17 with tin hydride initiated by AIBN in refluxing toluene
(Scheme 4).8 The structure of 1 was unambiguously established
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by its IR, *H and 13C NMR, low and high resolution mass
spectral data® The UV, *H NMR and mass spectral data of
synthetic (+)-1 were found to be essentially identical with those
reported by Cimino et al. for the natural product.?

Thus the synthesis of (+)-1 was accomplished in 13 steps
from readily available starting materials. In conclusion, the
synthesis of (+)-1 described here clearly exhibits the versatility
of our methodology for the construction of the bicyclo[4.2.2]-
decane skeleton and also confirms the structural assignments
of the natural product.

The authors thank the National Science Council of the
Republic of China for the financial support of this research
work. We also thank Dr P. Dharma Rao for helpful discus-
sions.
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A practical synthesis of a novel bis-functionalized precursor
of 1,2,9,9a-tetrahydrocyclopropa[c]benzo[e]indol-4-one
(CBI) is described; the first unsymmetrical bis-lexitropsin—
CBI precursor conjugate was thereby synthesized.

CC-1065, an antitumor antibiotic isolated from the culture of
Streptomyces zelensis,® is one of the most potent cytotoxic
agents ever discovered and has a wide spectrum of activity
against tumor cells in vitro and in vivo as well as against
microbial organisms.2 However, CC-1065 cannot be used in
humans because it was found that it caused delayed death in
experimenta animals.3 In the search for compounds with better
antitumor selectivity and DNA sequence specific binding

NH,
N~ o
OH

OMe

CC - 1065

CPI CBl

properties, many CC-1065 analogs have been synthesized in
attempts to avoid the undesired side effects while retaining its
potency against tumor cells4 As a successful example of
modification of 1,2,8,8atetrahydro-7-methylcyclopropa[c]-
pyrrolo[3,2-€]indol-4-one (CPl), the DNA alkylating moiety
of CC-1065, Boger first reported that the simplified moiety,
1,2,9,9a-tetrahydrocyclopropa] c]benzo[e]indol-4-one  (CBI),
and its anal ogs were more stable and more potent than the CPI
counterparts.>

In our group, attempts have been made to link CPI with
lexitropsins, the well-established DNA minor groove binders. It
was found that some optimized CPl-exitropsin conjugates
exhibit up to 10000 times higher potency than CC-1065 against
KB human cancer cells.3 Molecular modeling studies predicted
that a CBI moiety bearing a lexitropsin carrier on both sides
should be more firmly bound to its DNA target sequence and
might therefore show enhanced potency. This strategy is
designed to exploit binding-driven bonding of the alkylating
moiety. We have aready reported the synthesis of conjugates of
CBI bearing two identical lexitropsins which containing pyrrole
units.® Studies on lexitropsins or information reading molecules
show that replacement of pyrrole units by imidazoles in
lexitropsins may cause a change in the base site recognition

from AT to GC in minor groove of B-DNA..7 In order to permit
targeting of mixed DNA sequences and to thereby investigate
the effects of DNA sequence selective ability, we herein

Cl

|
NHBoc ' g
83%
O2N ©3%9) Oe
OzN
OBn
OBn
2

1

iii,iv | (86%, 2 steps)

CI
Cl
NBoc v NBoc
OO (78%
Fmoc—N_ Emoc—N
H
Bn
(70%,
Vi,vii ZSteps)
/\)‘! Q/ﬁ .
6 R=Bn
Vil
(95%) 7 R=H

(43% 2 steps)

N N
N
HO 7\ HO 7\
O CH; 3 O CHy 43
8

Scheme 1 Reagentsand conditions: i, NaH; ii, CICH=CHCHCI, BuyNl; iii,
hydrazine hydrate, FeCls, C; iv, FmocCl, Et3N; v, BusSnH, AIBN; vi,
TBAF; vii, 5; viii, HCO,NH,4, Pd/C; ix, HCI; x; 8.
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describe the synthesis of an unsymmetrical bis-lexitropsin-CBI
conjugate, which contains two different lexitropsins. In our
previous work,® the CBI moiety was obtained by an in situ
primary radical trap with TEMPO. Here, the CBI moiety was
synthesized by using a more concise and shorter route which
was recently developed by Patel and co-workers.8

Deprotonation of carbamate 16 using NaH, followed by
alkylation of theresulting anion with 1,3-dichloropropenein the
presence of the phasetransfer catalyst BusNI gave an mixture of
Z and E isomers of vinyl chloride 2. Selective reduction of the
nitro group of 2 using hydrazine,® followed by protection of the
amino group, provided 3, the desired precursor for the
intramolecular aryl radical cyclization on to a tethered vinyl
chloride.®8 A deoxygenated solution of 3 in dry benzene was
heated at reflux for 15 h in the presence of 2 equiv. of BuzSnH
and a catalytic amount of AIBN to give the fully protected
bifunctionalized CBI prodrug form, racemic 4.1 Although not
investigated in detail, no reaction occurred when nitro com-
pound 2 was treated under the same conditions as amine 3.

Detachment® of the Fmoc group from 4, followed by
coupling with polypyrrole carboxamide 51 using HOBt and
EDCI as the coupling agentstibc afforded the hybrid 6.
Hydrogenolysista of 6 served to removethe benzyl ether almost
quantitatively and provided 7. Acid-mediated deprotection of 7,
followed by coupling with polyimidazole carboxamide 81
using EDCI provided the fina bis-lexitropsin—CBI precursor
conjugate 9% in fair yield.

In summary, we have described a synthesis of the bis-
functionalized CBI precursor containing two different pro-
tective groups and obtained the corresponding unsymmetrical
bis-lexitropsin conjugate. Results on the DNA sequence
preferences and biological evaluation will be reported in due
course.

We are grateful for a research grant (to J. W. L.) from the
Natural Sciences and Engineering Research Council of Can-
ada

Notes and references

T Selected data for 4: 6,4(360 MHz, acetone-dg) 9.02 (s, NH ), 8.38 (s, 1H,
C6-H), 7.88-7.30 (M, 16H, Ar-H), 5.30 (s, 2H, PhCH,0), 4.50 (d, 2H, J 6.9,
CH, in Fmoc), 4.30 (t, 1H, J 6.9, CH in Fmoc), 4.22-4.05 (m, 3H, C1-H,
C2-H),4.01(dd, 1H, 3.1, 11.1, CHHCI), 3.70 (dd, 1H, J8.4,11.0, CHHCI),
1.58 (s, 9H, Boc-H); Calc. for C40H37N20sCl: C, 72.66; H, 5.64; N, 4.24.
Found C, 72.55; H, 5.74; N, 4.20%.
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1 Selected data for 9: §,(360 MHz, DMSO-dg) 10.35 (s, 1H), 10.30 (s, 1H),
10.18 (s, 1H), 9.90 (s, 1H), 9.86 (s, 1H), 9.75 (s, 1H), 9.62 (s,1H), 9.59 (s,
1H), 855 (d, 1H, J 2.0, C6-H), 7.97 (s, 1H, C4-H), 7.86 (dd, 1H, J 2.0, 7.5,
C8-H), 7.74 (d, 1H, J 7.5, CO-H), 7.64 (s, 1H, Im-H), 7.60 (s, 1H, Im-H),
751 (s, 1H, Im-H), 3.31(d, 1H, J 1.5, Py-H), 7.24 (d, 1H, J 1.5, Py-H), 7.21
(d, 1H, 3 1.5, Py-H), 7.16 (d, 1H, J 1.5, Py-H), 7.07 (d, 1H, J 1.5, Py-H), 6.88
(d, 1H, J 1.5, Py-H), 4.7-3.6 (M, 23H, NCH3, CICH,, C1-H, C2-H), 2.28 {,
2H, J 7.3, COCH,), 2.20 (t, 2H, J 7.4, COCH,), 1.63-1.53 (m, 4H,
COCH,CH,), 091-086 (m, 6H, COCH,CH,CHs); Cac. for
CssHssN1704Cl: C, 57.15; N, 21.17. Found C, 57.06; N, 20.97%.
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A novel method for trimethylsylilation of micro- and meso-
porous titanosilcates using BSTFA [N,O-bis(trimethylsilyl-
)trifluoroacetamide] renders Ti-MCM-41 and SiO,/TiO,
aerogels active for olefin epoxidation with aqueous H,0,,
and even improves the activity of TS-1.

The importance of hydrophobicity for titanosilicate catalyzed
oxidation reactions with aqueous H,O. has been the subject of
much recent research. The hydrophobicity of the interior pores
of titanosilicalite (TS-1) and Al-free Ti-betarendersthem active
for agueous H,O, oxidation of akanes and alkenesl 2 By
comparison, Al containing Ti-beta is less efficient, mainly
because of framework Al induced hydrophilicity.3 Because of
their mesoporous nature (25-100 A pores) Ti-MCM types#s
would be useful as oxidation catalysts for larger, higher value
molecules. However, Corma and coworkers® observed that
because of its hydrophilic nature, Ti-MCM-41 was much less
effectivefor oxidation with agueous H,O, than even Al-Ti-beta.
Therefore it is not surprising that efforts to render Ti-MCM's
hydrophobic and hence, more active, were undertaken: Tatsumi
et al.b trimethylsilylated Ti-MCM-41 and Ti-MCM-48 using
trimethylsilyl chloride and hexamethy!disiloxane and observed
increased oxidation activity.# Amorphous silica/titanias with
even wider pores present opportunity for further increasing the
range of oxidation substrates. Recently non-catalytic and
hydrophilic amorphous silicaltitanias have been made hydro-
phobic and catalytic by substituting alkoxy groups in the silica
precursors with akyl or phenyl groups during the sol—gel
synthesis.”8

Herein we report a simple and effective technique for
trimethylsilylation of microporous crystalline TS-1, mesopor-
ous Ti-MCM-41(Ti-MCM), and SiO./TiO, aerogels (Ti-Agel).
The resultant materials are hydrophobic and have enhanced
activity for olefin epoxidation with aqueous H,0..

TS1 was synthesized by the method of Thangargj and
Sivasanker.® Corma’ s methods for the preparation of Ti-MCM-
41 was modified by using a single precursor for titanium and
silicon: Gelest diethoxysiloxane—ethyltitanate copolymer (no.

Table 1 Characterization data for TS-1, Ti-MCM and Ti-Agel2

in Gelest catalogue = PSITI-019), [(EtO),SIO][(EtO),TiO],
Si:Ti = 15. The general method for the preparation of aerogel
catalysts was that of Dutoit et al.,’0 with acetylacetone-
modified titanium isopropoxide. The sol—gel was continuously
extracted with supercritical CO, at 40 °C at 24.2 MPafor 5 h.
The resulting fluffy yellow powder was calcined at 400 °C for
1hin N, followed by 600 °C for 5hin air.

A typical procedure for the trimethylsilylation of catalystsis
as follows: a mixture of N,O-bis(trimethylsilyl)trifluoroaceta-
mide [CF;COSiMe3)3]=NSiMe; or BSTFA] (1.0 g) and toluene
(8 g) was added to the catalyst (0.5 g). The mixture was stirred
for 2 h at room temperature, filtered, and the solids washed with
toluene and air dried. The dried materials hydrophobicity was
evidenced by their floating on water. In addition, using a TGA
method derived from Anderson and Klinowskil? we obtained
the following hydrophobicities (mg water adsorbed silylated/
mg water adsorbed non-silylated at 50 °C) for TS-1, Ti-MCM,
and TiAgel respectively: 1.04, 0.41, 0.68. As expected, theratio
for trimethylsilylated TS-1 was near unity because trimethyl-
silylation is not expected to affect the interior pore system.
However, for the mesoporous materials the ratio is less than
unity consistent with trimethylsilylation of the accessible
surface. Other trimethylsilylating agents such as trimethylsilyl
chloride and hexamethydisilazane were a so used successfully.
However, these required more severe conditions and, in the case
of the chloride, resulted in loss of Ti from the aerogels. While
BSTFA has been used to derivatize organics and end group cap
chromatographic columns,1! there is no reference to using it to
modify catalysts. Characterization data for the catalysts are
givenin Table 1.

BSTFA treatment of TS-1 introduces IR bands consistent
with trimethylsilylation. Because of the strong asymmetric
stretch of the silicate lattice at ca. 1225-1230 cm—1, we are
unable to detect the diagnostic symmetric methyl deformation
in the 1250-1260 cm—1 region.12 We do see the antisymmetric
methyl deformation at ca. 1400 cm—1, as well as bands at ca.
725 and 700 cm—1 that may be assigned to the antisymmetric
Si—C and the symmetric Si—C stretching modes, respectively.

CF4sC(OSiMe;)=NSiMe; + 2 [03Si—OH]s — CFsCONH, + 2 [03Si—O-SiMes)s

N, adsorption
Al, A2 A1/A2 -
Sample name XRDP IR¢/cm—1 loso/l 1000 (UV-VIS/Inm) (UV-VISinm) Si/Ti ICP SA PV APD
TS1 MFI 962 0.10 215, 2584 1.34 26 485 011 52
TS 1-syl MFI 972 0.05 207, 260 1.45 — 453 014 74
Ti-MCM MCM-41 960 0.37 216, 268 0.97 8e 810 012 27
Ti-MCM-syl — 950 0.23 214, 269 0.99 — 727 014 24
Ti-Agel Amorphous 959 0.34 214, 255 121 12 493 150 148
Ti-Agel-syl — 955 0.32 214, 260 1.15 — 318 133 166

a Elemental analysis by inductively coupled plasma spectroscopy (ICP): MCM: Ti-MCM-41, Ti-Agel: SIO,/TiO, Aerogel, syl: trimethylsilylated lgg0:
assumed to be V(Si—O-Ti):10 | 1990: V(SI—O-Si).10 A;: absorbance of band due to isolated Ti. A,: absorbance of band due to (Ti—O),, oligomers. SA: BET N,
surface area/m2 g—1. PV: BJH N, pore volume ml g—1. APD: BJH N, av. pore diameter/A. b No TiO, phases observed by XRD in any of the samples.
¢ Position of 960 band, KBr pellet technique. 9 Si/Ti charged = 15. e Shoulder at =320 nm indicates anatase.
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Bands near 1680 and 1750 cm—1 are assigned to the amide
group of trifluoroacetamide (the silylation byproduct) and
residual BSTFA, respectively. The IR spectrum of Ti-Agel is
very similar to that of Ti-MCM, which is to be expected since
the latter is composed of amorphous walls. For both Ti-MCM
and Ti-Agel, silylation added bands to the IR spectrathat can be
attributed to SiMes groups, especially the very distinctive band
at 1250-1260 cm—1, and the CH3 rocking modes at ca. 840 and
755 cm—112

The IR band a ca. 960 cm—1 (the 960 band) has been
attributed to Si—O-Ti bonds as a fingerprint for tetrahedral Ti
subsgtitution in silicate lattices,0 or to Si—OH groups.13. 14 We
hypothesize that for our TS-1 loss of silanol groups after
trimethylsilylation results in a decrease in the 960 band
intensity. The intensity of the 960 band of Ti-MCM decreased
on silylation, in agreement with Tatsumi et al.6¢ However, the
960 band of Ti-Agel decreases only slightly upon trimethylsily-
|ation, consistent with asmaller fraction of silanols available to
the dilylating agent compared to MCM. Based upon the
pronounced hydrophobic nature of the silylated materia these
must be the ones which confer hydrophilicity to the base
aerogel.

Analysis of the UV-VIS datals for all of the base materials
indicates the presence of isolated Ti and oligomeric (Ti—-O),
species; in addition, TS-1 and Ti-MCM are contaminated by
anatase. The non-isolated Ti-species may have a detrimental
effect on the epoxidation reaction, sincethey have been reported
to decompose H,O, homolytically.16 Ti-isolation, as measured
roughly by theratio of the absorbance of band dueto isolated Ti
to the band due to (Ti—O),, oligomers, (A)/Ay), is better for Ti-
Agel compared with Ti-MCM. This may be ascribed to the acac
modification performed on the Ti-precursor for Ti-Agel, which
dows down the condensation rate of the hydrolyzed Ti
species.l0 The effect of trimethylsilylation on the UV-VIS
spectra of the samplesis not great, indicating that the silylation
procedure probably did not result in reaction with theisolated Ti
sites or H,0O, destroying sites.

N, adsorption measurements on Ti-MCM confirmed that
surface area and pore size decrease on trimethylsilylation.6 Our
Ti-MCM contains microporosity, probably related to thetitania
or silicaltitaniaimpurities resulting from the high Ti-concentra-
tion in the synthesis gel. For Ti-Agel, trimethylsilylation
decreases surface area and mesopore volume as expected.
Because of limitations in the N, adsorption techniques, the
effect of trimethylsilylation on the microporosity of TS-1 could
not be determined.

Trimethylsilylation of the available surfaces of TS-1, Ti-
MCM, and Ti-Agel increased the efficiency of olefin epoxida
tion reactions with dilute agueous hydrogen peroxide (Table 2).
Especialy striking were the results with Ti-MCM and the
aerogels where epoxidation yields were dramatically increased
after the trestment. Rendering the catalyst surfaces hydrophobic
has either improved access of the olefin to the active sites or has
diminished the inhibitory effect of water.l Either scenario
should result in increased catalytic activity.

In the case of the TS1 the improved activity after
trimethylsilylation may be attributed to better wetting of the
microcrystallite surface with the olefin. Whileit is possible that
the increase in activity is related to loss of oligomeric (Ti-O),
H,0, decomposition sites after trimethylsilylation, lack of
changes in the UV-VIS and the probably very low concentra-
tion of reaction sites for silylation argue against this.

It is important to note that the trimethylsilylation technique
described in this communication results in nearly equivalent
epoxidation activity for any of the titanosilicates studied, the
only requirement being the presence of isolated, tetrahedral Ti
sites. Especially striking is the treatment of normally inert
aerogel; we believe this to be the first report of post synthesis
activation of this material. In addition the expectation of
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Table 2 Effect of trimethylsilylation on the epoxidation activity of Ti-Agel,
Ti-MCM, and TS-1 titanosilicates?

Catalyst %H,0, Olefine Epoxide yielde
Ti-Agel 10 1-Oct 0.2
Ti-Agel 10 COT 0.5
Ti-Agel-syl 10 1-Oct 6
Ti-Agel-syl 10 COoT 32
Ti-MCM 3 1-Oct 0.5
Ti-MCM-syl 3 1-Oct 23.6
TS1 10 1-Oct 24
TS1 10 COoT 0
TS 1-syl 10 1-Oct 12.9
TS1-syl 10 COoT 0.5

a Reaction conditions: olefin (3 ml), ag. H,O, (1 ml), catalyst (50-100
mg)d stirred at room temperature for 24 h. b 1-Oct: oct-1-ene, COT: cis-
cyclooctene. ¢ Yield of the corresponding epoxidewas based on initial H,0,
concentration. The only significant byproduct with oct-1-ene was octan-1-al
(5-10%); with cyclooctene no byproducts were observed. 9 100 mg with Ti-
Agel and TS-1, 50 mg with Ti-MCM.

epoxidizing molecules too large to fit in the pores of TS-1 has
been realized for the Ti-aerogel after the silylation treatment.
cis-Cycloocteneis epoxidized readily by Ti-Agel-syl compared
to amost no reaction with either TS-1 or TS-1-syl.

In summary we have demonstrated a general method for
significantly increasing the activity of titanosilicate oxidation
catalysts using agueous hydrogen peroxide by rendering their
surfaces hydrophobic by treatment with the trimethylsilylating
agent BSTFA.
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Hydride/chloride redistribution reactions provided high
yields of GaCl,H(quin) |, GaCl,H(quin), I, GaCIH,(quin)
I11 and GaCIH,(quin), 1V(quin = quinuclidine) and struc-
tural characterization of compounds || and 1V authenticate
the unusual five-coordinate geometry for gallium hydride
complexes.

Organogallium compounds are used extensively to prepare
solid state materials such as GaN.* In metal organic chemical
vapor deposition (MOCVD) processes, for instance, the high
volatility, long shelf-life and chemical reactivity of compounds
such as GaM ez have made them especially attractive molecular
precursors. One of the drawbacks of organogallium compounds
is the presence of direct Ga—C bonds that can lead to unwanted
incorporation of carbon into the solid state product. In sensitive
opto-electronic devices such as lasers, even trace quantities of
carbon can seriously degrade performance.2 Replacement of the
carbon-based ligands with hydrides appears as an attractive
aternative but suffers from the lower stability and more
difficult syntheses of the compounds. Wereport in this paper the
preparation and structure of mono- and di-chlorogallanes
stabilized by quinuclidine. Strong donors, including trimethyl-
amine,34 quinuclidine® and tricyclohexylphosphine,® stabilize
GaHs;, which in the absence of the donor exists as Ga,Hg and
decomposes above —30 °C.7 The presence of chloro ligands
offers attractive synthetic routes to molecules that can be used
as single source precursors in CVD processes.

Unstabilized mono- and di-chlorogallane have been synthe-
sized by the reaction of GaCl; with trimethylsilane3. and have
been stabilized by direct reaction with donors. Chloride/hydride
exchange has proven to be successful for the syntheses of other
substituted gallanes,10.11 and the following alternative routes
bypass the need to prepare and purify [GaClH,], and
[GaCl,H]». All reactions were conducted under an atmosphere
of prepurified nitrogen. A diethyl ether (20 mL) solution of
GaCl3(0.957 g, 5.44 mmol) was added to a stirred, 30 mL ether
solution of GaHs(quin) (quin = quinuclidine) (0.500 g, 2.72
mmol) at room temperature over a period of 1 h. The resulting
mixture was stirred at room temperature for an additional 6 h, at
which point an additional equivalent of quinuclidine (5.44
mmol) dissolved in ether was added. This delayed addition of
quinuclidine facilitated the ligand redistribution reaction [egn.
(2)], which presumably required an available coordination site

2 GaClsz + GaHs(quin) + 2 quin — 3 GaCl,H(quin) (1)

on the gallium. The reaction mixture was stirred for another 14
h, then filtered. Upon concentration and storage at —15 °C, the
colorless filtrate yielded 1.65 g (80% yield) of crystalline
GaCl,H(quin) 1.22 Compound | decomposed without melting at
92 °C. Chemical ionization mass spectrometry reveded the
presence of an intense parent ion (plusone) at m/z252. A strong
Vear (KBr pellet) was observed in | at 1946 cm—1; however, no
hydride resonance was observed in 1H NMR spectrum.
Compound | was aso prepared in 25% yield by addition of
quinuclidine to an ether suspension comprised of 4 equiv. of
LiH and 1 equiv. of [NH4][GaCl,].

Reaction of | with one equivalent of quinuclidine at room
temperature in ether produced the bis(quinuclidine) adduct in
high yield. Needle-like crystals of GaCl,H(quin), 11,13 were

stable up to 174 °C and appeared to decompose gradually above
this temperature. Coordination of the second ligand shifted the
Vean 10 1882 cm—1. While AlH; and related aluminium
hydrides form many five-coordinate structures, this is un-
common in gallium hydride chemistry where the only reported
examples of five-coordinate hydrido complexes of gallium
contain chelating ligands.14-17

Crystalline monochlorogallane derivative, GaClH,(quin) 111,
was synthesized in 81% yield by the related ligand redistribu-
tion reaction shown in egn. (2).

GaCl,H(quin) + GaHs(quin) — 2 GaClHx(quin)  (2)

Following addition of an ether solution of GaHz(quin) to an
ether solution of I, the reaction mixture was refluxed for 40 h.
After filtration and concentration, crystals of | 1118 wereisolated
upon cooling the solution to —15°C. The vgan (KBr) was
lowered to 1892 cm—1, characteristic of replacing one of the
electronegative chloro ligandsin | with ahydride. In addition to
resonances from the quinuclidine ligand, the tH NMR spectrum
(in C¢De) displayed a broad resonance at 6 5.14 assignable to
the GaH,, unit.

Reaction of Il with excess quinuclidine in refluxing ether
followed by crystalization aa —15°C formed the five-
coordinate complex, GaH»Cl(quin), 1V.1° Batches of crystal-
linelV typically exhibited three absorptions (1891s, 1852m and
1817w cm—1) in the Ga—H stretching region of the IR spectrum
(KBr). Given the symmetry of the compound (vide infra), we
expect only two absorptions and suggest that the crystals were
mixtures of 111 and I'V. Thus, only the peaks at 1852 and 1817
cm—lareassignedto V. Thesearesimilar to the values of 1854
and 1837 cm—1 reported for GaH,[2,6-(Me;NCH,),CgH3].16
Thisinterpretation was consistent with the elemental analytical
data that were aways closer to the values calculated for I11.

Compounds I, Il and 1V were characterized using single
crystal X-ray crystallography. Each molecule of | sits on a
crystallographic mirror plane that passes through Ga(1), N(1)
and H(1) in addition to three of the quinuclidine carbons (Fig.
1).20 The hydride ligand was located, and its position and
isotropic thermal parameters were refined. The basic arrange-
ment of thefour ligandsisthat of adlightly distorted tetrahedron
wherethe angleslisted in the figure caption show that the larger,
heavy atom ligands are splayed back away from the hydride.

Despite the observation that bulk samples of IV were
contaminated with I 11, a suitable single crystal was selected for
study. The five-coordinate complex |V, sits on a crystalo-
graphic twofold axis collinear with the Ga(1)—Cl(1) bond (Fig.
2).20 The structure is close to a perfect trigona bipyramid
bearing the quinuclidine ligandsin the axial positions. The only
significant deviation isan enlarged H(1)-Ga(1)-H(1C) angle of
127(2)°. The corresponding Cl(1) Ga(1l)-H(1) angles are
diminished to 116.9(9)°; a pattern consistent with Bent’ srule.21
Comparing the bond distances of | and IV, we find an increase
for al of the heavy atomsfor |V appropriate for the increasein
coordination number. The Ga—H distances, however, decrease
from 1.66(5) A inl to 1.51(2) A in IV.

The structure of the five-coordinate dichlorogallane 11, was
asotrigonal bipyramidal; however, the hydride was not located
(Fig. 3).20 As in the structure of 1V, small angular deviations
from the ideal geometry were observed and were consistent
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Fig. 1 Structure of | showing 50% thermal ellipsoids. Selected bond
distances (A) and angles (°): Ga(1)-N(1) 2.017(3), Ga(1)-H(1) 1.66(5),
Ga(1)-ClI(1) 2.185(1); N(1)-Ga(1)—ClI(1) 103.40(6), CI(1)-Ca(1)-CI(1A)
108.24(6), N(1)-Ga(1)-H(1) 110(2), Cl(1)-Ga(1)-H(1), 115.2(8).

H

Gat
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Fig. 2 Structure of 1V showing 50% thermal ellipsoids. Selected bond
distances (A) and angles (°): Ga(1)-N(1) 2.259(2), Ga(1)-H(1) 1.51(2),
Ga(1)—ClI(1) 2.2653(8); N(1)-Ga(1)-N(1A) 178.25(9), N(1)-Ga(1)-CI(1)
90.88(4), N(1A)-Ga(1)-H(1), 89.1(9), N(1)-Ga(1)-H(1) 90.1(9), Cl(1)-
Ga(1)-H(1) 116.6(9), H(1)-Ga(1)-H(1C) 127(2).

Fig. 3 Structure of |1 showing 50% thermal ellipsoids and the idealized
position of the hydride ligand. Selected bond distances (A) and angles (°):
Ga(1)-N(1) 2.254(8), Ga(1)-N(2) 2.232(8), Ga(1)—ClI(1) 2.246(2); N(1)—
Ga(1)-N(2) 177.2(3), Cl(1)-Ga(1)-CI(1A) 113.0(2), Cl(1)-Ga(1)-N(1)
91.0(1), Cl(1)-Ga(1)-N(2) 90.5(1).

with Bent's rule. The crystallographically independent Ga—N
distances [2.254(8) and 2.232(8) A] were similar the value
found in IV [2.259(2) A].

All attempts to prepare the five-coordinate trichlorogallium
complex, GaCls(quin),, were unsuccessful and always resulted
in nearly quantitative isolation of GaClz(quin) V.22 It is
intriguing that the five-coordinate geometry is only stable
enough relative to the four-coordinate structure to allow
isolation with the mixed H/Cl ligand complexes. While
replacing hydrides with chlorides will increase the Lewis
acidity, it will also increase the steric repulsion. Our results
suggest that the maximum stability isachievedin IV where two
chlorides and one hydride are present. Quinuclidine does not
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differ qualitatively from other donors, rather the combination of
improved donor strength and smaller cone angle causes a
guantitative shift in the appropriate equilibria that stabilize the
five-coordinate products.
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Lanthanide ions act as templates in the formation of
dinuclear Ln(11m1) complexes with a cryptand ligand bearing
three phenolate groups; the presence of both lanthanide ions
into the cavity of the cryptand was confirmed by X-ray
structure analysis and spectroscopic data.

Encapsulating ligands can enhance some interesting properties
that make complexes of the lanthanide(iir) ions valuable for the
development of different technological applications such asthe
selective extraction of metals, NMR shift and relaxation
reagents, contrast-enhancing agents in magnetic resonance
imaging and fluoroimmunoassay agents.® In particular, current
interest in binuclear lanthanide complexes arises from their
potential value in studying the nature and application of
lanthanide metal—metal compounds in lasers? and phosphors,3
the molecular recognition processes which govern lanthan-
ide(11) cation pairing events* and their application in novel
tunable photonic devices.5

Although a dinuclear europium(in) cryptate, synthesised by
reaction of a europium salt with a preformed macrotricyclic
tetralactam containing 1,10-phenanthroline units, has been
reported without structural details® no examples, to date, of
dinuclear lanthanide cryptates derived from iminophenolato-
cryptands have appeared. Thisis surprising as several examples
of homo- and hetero-polynuclear complexes of lanthanideswith
macrocycles have been described in the literature.™® Here we
report the first examples of dinuclear lanthanide complexes of
an iminophenolate cryptand together with the crystal structure
of adilutetium(r) complex.

Metal-templated reactions between triethylammonium
2,6-diformyl-4-methylphenolate and tris(2-aminoethyl)amine
inthe presence of hydrated lanthanide nitrates (Ln = Gd-Lu) in
a 3:2:2 mole ratio in absolute ethanol for ca. 12 h yield orange
solids of formula [LnzL(NO3)2][NO3]-xHO-yEtOHT where L
is the anionic cyptand shown in Scheme 1. Their FAB mass
spectra display intense peaks corresponding to fragments
[LnaL(NO3),]* and [Ln(L+H)]*, confirming the presence of the
macrobicycle in the complex. It is found that in all cases the
former peak is clearly more intense than the latter, particularly

Scheme 1 Anionic cryptand L.

in case of Th, Ho, Tm and Lu for which the peak due to
[LnoL(NO3),]* appears with 100% base peak intensity.

Slow evaporation of ethanolic solutions of the lutetium
cryptate gave orange crystals of X-ray quality. The structural
analysis of this complext confirmed the presence of two metal
ions in the cavity of the anionic Schiff-base macrobicycle
receptor. The crystals contain the cation [Lu,L(NOs)5]*, an
independent nitrate anion and highly disordered molecules of
ethanol and water. Fig. 1 illustrates the structure of the cation.
Both lutetium(i) ions have crystallographicaly identical
coordination environments; each is bound to one bridgehead
nitrogen atom, three imino-nitrogen atoms, and to the three u-
phenolate oxygen atoms. Eight coordination is completed by
one oxygen of a monodentate nitrate ion and the coordination
polyhedron can be best described as distorted dodecahedron.
The Lu-azomethine nitrogen distances are in the range
2.359-2.445 A, similar and even shorter than those found in
literature.1* A strong interaction between Lu and the phenolate
oxygens is shown by the short distance between them that falls
in the range 2.286-2.363 A. Only two X-ray crystal structures

Fig. 1 Crysta structure of [Lu,L (NO3),]*; hydrogen atoms are omitted for
simplicity. Selected bond lengths (A): Lu(1)-O(3) 2.288(8), Lu(1)-O(2)
2.347(8), Lu(1)-O(1) 2.316(9), Lu(1)-N(6) 2.359(11), Lu(1)-O(4)
2.372(9), Lu(1)-N(4) 2.421(12), Lu(1)-N(2) 2.445(10), Lu(1)-N(8)
2.675(9), Lu(2-O(1) 2.286(8), Lu(2-O(7) 2.329(10), Lu(2)-O(3)
2.329(8), Lu(2-0(2) 2.363(8), Lu(2-N(1) 2.363(11), Lu(2)-N(5)
2.420(12), Lu(2)-N(3) 2.414(13), Lu(2)-N(7) 2.609(10).
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of binuclear lutetium complexes with macrocycles have been
reported.® In both cases the macrocycle receptors are calixar-
enes. The distance between the lutetium ions encapsulated into
the cryptate we present here is 3.447(1) A. Thisis considerably
shorter than those reported in the literature (3.56 and
3.68A).9

The cryptand adopts a conformation resembling atriple helix
twisting around a pseudo Cs-axis which runs through the two
bridgehead nitrogen atoms. Both metal ions are deviated from
this axis; nevertheless, the deviation is so dight that the
symmetry of the cryptate can a so be described asthreefold. The
angles between the phenolate ring planes are 69.9, 76.2 and
79.9°, while the distances between each two Xhenol ate oxygens
are O(1)---0(2) 2.73 A, O(1)---0(3) 2.53 A and O(2)--O(3)
2.80 A. The distance between the bridgehead nitrogens is
865A longer than that found for mononuclear lanthanide
cryptates (8.36 A)12 with the protonated macrobicycle L, but
shorter than that of [Cd,L]3* (9.01 A).13 This shows that the
cryptand can expand or contract to fit the metal size or to
accommodate two metal ions inside the cavity.

That the dinuclear structure is retained in solution is
evidenced by the proton NMR spectrum run in (CD3),SO. The
spectrum of the related mononuclear lutetium complex2 shows
two signals for the azomethine hydrogens [ 8.87 (d), 8.43 (9)],
the latter is ascribed to the coordinated azomethines and the
former arises as a consequence of proton transfer from the
phenolic groups to the non-coordinated azomethines.1214-16
Thereisalso avery broad signal centered on 6 12.50 which may
be assigned to the O---HN* protons and signals due to the
aromatic hydrogens [6 7.73 (d, J = 1), 7.59 (d, J = 1 Hz)],
ethylene bridges [ 6 3.82 (3H), 3.68 (3H), 3.59 (3H), 3.27 (3H),
3.08 (3H), 2.94 (3H), 2.81 (6H)] and the methyl groups[d 2.27
(s)]. The proton NMR spectrum of the dilutetium cryptate is
simpler in the low field region and agrees with an effective C3
symmetry in solution. As expected, the very broad signal dueto
the phenalic protons presented in the mononuclear complex
spectrum does not appear in that of the binuclear complex.
Likewise, the two signals due to the azomethine hydrogens and
the signals due to the aromatic protons became now in one
signa for each type [6 8.45 (s), 7.57 (9), respectively]. A
complicated group of very broad signals [6 2—4 (m)] due to the
ethylene bridges are present indicating that the protons bonded
to the same carbon atom are non-equivalent. The signal of the
methyl groups [6 2.29 ()] is also observed.

Mononuclear lanthanide(in) cryptates derived from ligands
closely related to L (the para-substituent on the phenol being t-
Bu, CH30 or Cl) have been prepared by transmetallation of the
appropriate sodium cryptates.14-17 Attempts to introduce a
second lanthanide ion cation have been unsuccessful, and it has
been stated that this is probably due to the high coordination
numbers and large radii of the lanthanides.15

In order to design cryptand receptors for more than one
lanthanide(mm) ion certain key features must be kept in mind: the
high coordination numbers preferred by these cations, their
large ionic radii and their high charge. In this respect the
influence of the lanthanide contraction would suggest that
accommodation of two cationsfrom the second half of the series
would be preferred. To be useful for dinuclear reception the
ligands must have a large receptor cavity comprised of an
adequate number of suitably disposed donor atoms. The anionic
cryptand L possesses these features together with three phenolic
groups which can serve as endogenous anionic groups capable
of providing bridges between the lanthanide(iir) ions so helping
to overcome the électrical repulsions that would otherwise
occur between two tripositive ions placed in close proximity.
Previously we have described the lanthanide-assisted synthesis
of Schiff-base macrobicycles as mononuclear lanthanide cryp-
tates.12 In the present work we have extended the application of
this metal template method to assemble homodinuclear lantha-
nide(1mn) cryptates so providing the first opportunity to study the
properties of two lanthanide ions held in close proximity and
isolated from interaction with the solvent.
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Notes and references

T [Gd,L][NOs]3-H,O-EtOH: yield: 30%. Found: C, 39.8; H, 4.3; N, 12.4.
C41H53N11014Gd2 requires C, 39.6; H, 4.1; 12.8%. [szL][NO3]3H20
EtOH: yield: 35%. Found: C, 39.7; H, 4.3; N, 12.4. C4;Hs53N1;014Th,
requires C, 39.7; H, 4.3; N, 12.5%. [Dy,L][NOs]3-H,O-EtOH: yield: 15%.
Found: C, 399, H, 43, N, 12.3. C41H53N11014Dy2 ra:]uires C, 396, H, 44,
N, 12.4%. [HooL][NO3]3-H,O-EtOH: yield: 20%. Found: C, 39.3; H, 4.3; N,
12.3. C41Hs53N11014HO, requires C, 398, H, 44, N, 12.8%.
[Tm,L][NO3]3-4H,0: yield: 30 %. Found: C, 36.9; H, 4.2; N, 12.1.
C3gH53N11015Tm2 requires C, 36.3; H, 4.0; N, 12.3%. [ngL][NO3]3
2H,O-EtOH: vyield: 15%. Found: C, 382, H, 4.3; N, 120.
C41H55N11015Yb2 requires C, 383; H, 4.3; N, 12.0%. [LUzL][N03]3
2H,0-EtOH: yield: 15%. Found: C, 38.1; H, 4.3; N, 11.9. C43HssN11015L U
requires C, 38.5; H, 4.3; N, 12.1%.

¥ CrySIaJ data: [LU2C39H45N303(NO3)3] -CH3CH,0H:2.5H-0,
LuyCy1Hs6N 110155, M = 1300.92; orange block, 0.35 x 0.20 x 0.10 mm,
tetragonal, space group P4,2,2, a = 17.7057 (2), b = 17.7057 (2), ¢ =
29.0649 (5) A,V = 9111.6 (2) A3,Z = 8; D, = 1.881 Mgm-3, u = 4.392
mm-—1. Using Mo-K« radiation (A = 0.71073 A) at 173 K, atotal of 42911
reflections was collected, of which 5957 were independent. Owing to
crystal nature and diffraction capabilities, only datato 26 = 45° were used
for crystal refinement. Refinement converged with R; = 0.0429, wR, =
0.0974 for | > 20(l) and Ry = 0.0595, wR, = 0.1090 for all data. CCDC
182/1101.
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A new strategy, utilizing IR and mass spectrometry, has
been developed to design appropriate reagents and reaction
conditions for enantioselective enzymatic protection of
amines with readily removable protecting groups.

Stereosel ective enzymatic acylation of alcohols via transester-
ification in organic solvents has become a useful strategy in
enzymatic synthesis.* This method has been further improved to
eliminate the problems of reversible reactions and product
inhibition by using irreversible acyl donors,23 and among these
reagents enol esters have proven to be the most useful .3 Much
less developed, however, is the enzymatic protection of
amines, as two major problems are often encountered: (i)
amines are much more nucleophilic than alcohol s and react non-
enzymatically with the esters commonly used in the enzymatic
acylation of acohols, and (ii) unlike esters, which can bereadily
cleaved under basic conditions, once amines are acylated, harsh
conditions are often required to liberate the free amine.

We have systematically investigated a number of potentially
useful amine protecting reagents and their reactivities and
conditions in order to develop a genera strategy for the
selection of appropriate protecting reagents. To tackle the first
problem, the reactivities of a number of amine protecting
reagents were studied by comparing, with TLC, the amount of
spontaneous background reaction with an amine in a non-
reaction-suppressing (toluene) or reaction-suppressing solvent
(3-methylpentan-3-ol),4dii and by measuring the IR absorption
maxima of the carbonyl groups [V(C=0)]. The v(C=0) values
reflect the C=0 bond length and correlate with the reactivity of
carbonyl compounds; the larger the wavenumber, the shorter
the C=0 bond, and the more reactive the carbonyl group (Fig.
1).5 The correlation between the IR absorption maxima and the
reactivity is most accurate for comparing compounds with
similar structures, but can also be useful for estimating the
reactivity of dissimilar esters and carbonates.

As seen in Fig. 1, amine protecting reagents can be
categorized into three categories depending on their reactivity
with amines of interest: (a) reagents that react spontaneously
with amines; (b) reagents that spontaneously react with amines

but can be suppressed under special conditions; (c) reagentsthat
do not react spontaneously with amines. Based on our
experience, reagents in category (a) are not useful for selective
enzymatic protection of amines. Reagents in category (b) may
be useful under conditions that suppress spontaneous reactions
(high dilution and/or use of areaction-suppressing solvent such
as 3-methylpentan-3-o0l4ii). Reagentsin category (c) are perhaps
the most useful and can be used under any condition compatible
with the enzyme, so the use of high concentrations of reactants
isnot aproblem and in many casesis actually beneficial for the
reaction. Since reagents in category (b) do not have good
leaving groups, they are poor reagents for protecting alcohols,
and in fact can be used to selectively protect amines in the
presence of hydroxy groups (Table 1, entry 6). In contrast, some
of the reagents in categories (a) and (b) possess good leaving
groups and are thus useful for the protection of acohols and
amino acohoals (e.g. 7-9).

To solve the second problem of liberating free amines, we
then selected reagents that will give readily removable amine
protecting groups.6 These exercises allowed us to quickly
identify several novel (e.g. 6, 8, 11), and some known (e.g. 9,4
104€) enzymatic amine protecting reagents, along with suitable
reaction conditions for their use.

Benzylisopropenyl carbonate 8 is also a mildly activated
reagent that gives benzyl carbamates under spontaneous
reaction suppressing conditions. Dibenzyl carbonate 11 isaless
reactive version of reagent 8 and useful for amine resolution
when used under highly concentrated reaction conditions.

Previous attempts to use 11 in amine resolutions have been
unsuccessful,%e7 perhaps due to poor design of reaction
conditions.

Allyl pent-4-enoate 6 isalessreactive version of 9 and can be
used under highly concentrated conditions whereas reagent 9
requires use of spontaneous reaction-suppressing conditions.

Representative new examples of using these protecting
reagents/reaction conditions for enzymatic resolution of
amines, including the pharmaceutically important 1-amino-
indane4 are shown in Table 1. Reagents 6, 10 and 11 are
especialy useful, given that they are readily available, that the
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Fig. 1 Reactivity of protecting reagents and their usefulness in enzymatic protection: (a) too reactive, (b) useful under spontaneous reaction suppressing
conditions and (c) useful under reaction promoting conditions. The number in parenthesis is IR absorption maxima for the carbonyl group.
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Table 1 Examples of amine resolution using the newly designed amine
protecting reagents and reaction conditionst

Yield Ee
Entry Product Reagent Conditions2  (%)° (%) [0]p?4
1 Ph O 6 A 43 (R) +98
N 99% (0.73)
N
Ph o]
2 N o 10 A 46 (R) +48
H H 83% (0.74)
Ph
3 )"'NHZ 11 A 33 (R) +44
99%  (0.59)
Ph
4
) “NHZ 8 B 34 (R) +38
86% (0.85)

11 A 36 (5.5 +1.8
82% (0.80)

- L

11 A 41 (R -28
81% (0.47)

5 AN 0 6 A 46 (R) +56
99% (0.89)
/
WOH
NHZ
“'NHZ

8 CNj “'Boc 11 A 19 (R +19

[ 573A> (0.70)
z
a A: toluene (high concentration), Candida antarctica lipase (CAL); B:

hexane (dilute), CAL. 2 |solated yield. b In 10—1 deg cm2 g—1.c Concentra-
tion (c) in CHCI3 shown in parenthesis.

reaction conditions are simple and user friendly (does not even
require a pH meter), and that they give amides and carbamates
that are widely utilized as amine protecting groups.®

Finaly, since the efficiency of enzymatic reactions may not
correlate with chemical reactivity, quantitative mass spectrome-
try8 has been used to compare reagents 6 and 11 for their
efficiency in Candida antarctica lipase catalyzed protection of
amines. The amount of protected amine, formed in an
enzymatic reaction containing equimolar amounts of protecting
reagents 6 and 11 but with a limiting amount of amine, was
measured by directly injecting a quenched reaction mixture into
a mass spectrometer and comparing the peak intensities of the
productsto those of internal standards.+ Compound 6 wasfound
to be approximately five times as efficient as 11 in enzymatic
amine protection. Thus, the chemical reactivity of a reagent
determined by its IR absorption combined with a rapid
assessment of its enzymatic reactivity using mass spectrometry
illustrated in this study provides a new effective strategy for the
development of new protecting reagents and conditions for
efficient enzymatic amine resolutions. We have used 6 and 11
for enantioselective enzymatic transformation of more than 50
amines so far and work is in progress to further expand the
scope of their application.
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Notes and references

T Condition A: Amine (0.94 mmol), toluene (230 ul), protecting reagent
(1.69 mmol), molecular sieves 4 A powder (114 mg) and Candida
antarctica lipase (20 mg) was stirred for 4870 h at 24 °C. The mixture was
directly chromatographed (SiO,; hexanes—Et,0, 3:1) to give the products.
The ees were determined by HPLC (Chiralpak AD or Chiralcel OD-H).
Condition B: (+)-Methylbenzylamine (168 mg, 1.39 mmol), hexane (10
ml), 8 (197 mg, 1.03 mmol), molecular sieves 4 A powder (920 mg), and
Candida antarctica lipase (240 mg, Sigma) was stirred for 60 h at 24 °C.
The reaction was filtered through Celite, the filtrate was diluted with Et,0,
washed (dilute HCI; brine), dried (MgSO,4) and concentrated in vacuo. The
residue was chromatographed (SiO,; hexanes—Et,0, 4:1) to give the product
(120 mg, 34%).
¥ Measurement of reaction efficiency using mass spectrometry: (R)-«,4-
Dimethylbenzylamine (35 mg, 0.29 mmoal), 6 (80 mg, 0.57 mmol), 11 (138
mg, 0.57 mmal), toluene (3 ml) molecular sieves4A (300 mg), and Candida
antarctica lipase (20 mg) was stirred for 24 h at room temperature. After
filtering through Celite, a portion of the filtrate (5 ul) was mixed with an
internal standard (10 ul of a1:1 solution of 14:12), and injected directly into
a PE SCIEX API100 electrospray mass spectrometer in the positive
ionization mode. The relative amount of products formed was determined
by the peak intensity ratio of the [M + H*] peaks (218/204 = 14.5) of the
pent-4-enamides and the [M + Na*] peaks (292/278 = 3.14) of the benzyl
carbamates (14.5:3.14 = 4.6:1).
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A convergent synthesis of the key intermediate for corossolin
has been achieved using hydrolytic resolution of epoxides as
the key step, which extends the scope of the applicable
substrates for hydrolytic kinetic resolution to cover multi-
functionalized large molecules.

Annonaceous acetogenins (AAS) are a relatively new class of
natural products, which have been isolated from thetropical and
subtropical plants of the Annonaceae family. They are charac-
terized by one or more tetrahydrofuran rings, together with a
terminal «,3-unsaturated y-lactone on a35- or 37-carbon chain.
A mgjority of these compounds exhibit® high cytotoxicity and
immunomodulating activities, which make these compounds
potential parasiticidal, insecticidal, and above all, powerful
tumoricidal agents.

As part of our research on the synthesis? of annonaceous
acetogenins, we performed first a total synthesis?c of the

OH
Ci2Hazs

OH OH ©

(10RS)-epimer mixture of corossolin 1,3 and later of both4
10-epimers, in an effort to establish the configuration at C-10 of
natural corossolin, which was not given in theoriginal structural
determination. In our latter work, both epimers of the epoxide
fragment were constructed through the chiron approach. Herein
we report a more convenient synthesis of the (10R)-epoxide 7,
the key intermediate of natural (10R)-corossolin, using Ja-
cobsen’s hydrolytic kinetic resolution (HKR)S to resolve the
terminal epoxides as the key step.

The HKR method uses readily accessible cobalt-based chiral
salen complexes as catalyst and water as the only reagent to
afford chiral epoxides and diols of high ee in excellent yields.
These advantages have made it a very attractive asymmetric
synthetic tool. However, up to now HRK has only been applied
to the resolution of simple® epoxides of small molecular weight
such as styrene oxide, or monofunctional unbranched akyl-
substituted” epoxides. In the present work, we pushed the limits
further, extending the scope of the applicable substratesto cover
multifunctionalized large molecules when developing a facile
access to the key intermediate* in our previous synthesis of
AA.

The substrate for the HKR, the ‘racemic’ epoxide, was
prepared as shown in Scheme 1. Starting from the commercially
available methyl undec-10-enoate, the alcohol 2 was prepared
in 80% yield by aldol condensation with the aldehyde derived
from ethyl L-lactate employing our previous?c procedure.
Conversion of 2 to the acetate ester 3 was achieved in 91%
yield. Treatment of 3 with 10% ag. H,SO, in THF removed the
THP protecting group and the newly unmasked hydroxy group
underwent an intramolecular ester exchange reaction to give
lactone 4 in 83% yield. Subseguent epoxidation of 4 with
MCPBA gave 5, which on B-elimination using DBU gave the
unsaturated lactone 6 in high yield. The two diastereomers of 6

could not be differentiated on silica gel, presumably due to the
large distance between the two stereogenic centers.

The HKR was performed with (R,R)-salen—Co(OAc) com-
plex (0.5 mol%) and H,O (0.55 equiv.) to yield epoxide 7 (46%)
and diol 8 (38%). The diol 8 could be recycled* to 7 in 52%
yield, or to the diasterecisomer of 7 in 82% yield. Due to the
difficulty in separating chiral epoxide 7 from the salen catalyst,
the measurement of its diastereoi someric excess was performed
on 9 and 10, which were derived in 78% and 85% yields from
7 and 6, respectively, by reaction with lithium trimethylsilylace-
tylide. The diasterecisomeric purity of 9 was 99.0% as shown
by HPLC (OJ column, 95:5 of hexane—PriOH) with the C-10
epimer mixture compound 10 as reference. Thisisin excellent
agreement with the result of optica rotation measurements
(+15.1 and +15.3 for 9 and the authentic* sample from the
chiron approach, respectively). The diasterecisomer of 7 can
al so be prepared from the (S, §)-salen—Co(OAc) complex using
HKR of 6.

In conclusion, with HKR of terminal epoxidesasthekey step,
we have developed a short and efficient synthesis (six steps
from methyl undec-10-enoate with the overall yield >24.3%

HO OTHP
ref. 2(b)
Methyl undec-10-enoate ——

= CO,Me
2
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Scheme 1 Regents and conditions: i, Ac,O, Py, (91%); ii, 10% H,SO,,
THF, (83%); iii, MCPBA, CH,Cl,, (91%); iv, DBU, THF, 2 h, (96%); v,
(RR)-salen—Co(OAc) (0.5 mal%), dist. H0, 40 h, (46% for 7, 38% for 8);
vi, BunLi, trimethylsilylacetylene, BF3-OEt,, —78 °C, (78% and 85%,
respectively, 99.0% de).
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without taking into consideration therecycled 7 from 8) of akey
intermediate of (10R)-corossolin. The present approach is
simpler than and therefore superior to the chiral pool method, in
which the starting materials are (2R)-2,3-O-isopropylidene-
glyceral and azelic acid monoethyl ester (requiring a total of
nine steps with 13.4% overal yield4), or (29-1,2-O-iso-
propylidenebutane-1,2,4-triol [derived®> from (S-malic acid]
and a substituted vy-lactone prepared by White's method® (in
eight steps® with 15.1% overall yield for a similar compound).
It should be noted that the present approach also provides a
facile access to otherl® annonaceous acetogenins with a C-10
hydroxy group.

We thank the State Committee of Science and Technology of
China, Chinese academy of Sciences (KJ-952-S1-503) and the
National Natural Science Foundation of China (29472070,
29790126) for financial support.
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The reaction of (Phebox)SnMe; 1 [PheboxH = 2,6-bis(ox-
azolinyl)benzene] and [(c-octene)RhCl], in the presence of
CCly; provided air-stable and water-tolerant (Phe-
box)RhCI,(H,0) complexes 2 which acted as asymmetric
catalysts for the enantioselective allylation of aldehydes in
up to 80% ee.

The development of chiral Lewisacid catalysts, particularly for
carbon—carbon bond forming reactions, is one of the most
challenging and formidable endeavors in organic synthesis.®
Among various carbon—carbon bond forming reactions, asym-
metric allylation of carbonyl compoundsis avaluable means of
constructing chiral functionalized structures, and therefore
many chiral allylmetal reagents have been designed and
synthesised.2 Although numerous reactions using a stoichio-
metric amount of chira allylmetal reagents have been reported,3
there are only a few reports of catalytic processes using chiral
Lewisacid complexes, including chiral (acyloxy)borane (CAB)
complex and alylsilanes* or alylstannanes,> binaphthol-de-
rived chiral titanium complexes and allylstannanes® or alylsi-
lanes,” and BINAP-derived chiral silver complexes and alyl-
stannanes.8 Thekey to successin developing anew chiral Lewis
acid catalyst is the choice of the central metal and the design of
the chiral ligands. Traditional Lewis acids, such as boron,
aluminium, titanium and tin, are extremely moisture-sensitive,
and are known to form oligomers in solution. Furthermore,
chiral complexes are almost aways generated in situ, so there
are avariety of species having different Lewis acid activity and
enantioselectivity. On the other hand, transition metal com-
plexes are generally insensitive to water and form asingle well-
defined species.®10 Here we report a catalytic enantioselective
alylation reaction of aldehydes with allyltributylstannane
catalyzed by new air-stable and water-tolerant rhodium(ii)
complexes 2 bearing a 2,6-bis(oxazolinyl)phenyl group (Phe-

O O, O
T
R R
Phebox

Phebox—Rh'"' 2

box) as chiral ligands.11 The Phebox ligand bonds via a central
carbon—metal covalent bond and both of the oxazoline rings.

The (Phebox)RhCl(H,0) complexes 21 were easily synthe-
sized by the transmetal ation reaction of [(c-octene),RhCl], and
(Phebox)SnMe;s 1 in CH.CI, followed by treatment with CCl 4.+
These complexes are air-stable enough to be purified by silica
gel chromatography (Scheme 1).

The optimized dlylation reaction conditions employed
benzaldehyde and allyltributylstannane§ in the presence of 5
mol% of the (SS)-(Phebox)RhCl,(H,0) complex 2 as a chiral
catalyst (Scheme 2). The absolute configuration of the allylated
product was determined to be S by comparison of its optical
rotation value with literature data.3e The rate of this allylation

[(c-octene),RhCl],

CH,Cl,
room temp.
then CCly
la R=Pr 2a R=Pr (67%)
b R=Ph b R=Ph (64%)
¢ R=Bn ¢ R=Bn (50%)
d R=Bu d R=Bu' (24%)
Scheme 1

(S,S)-(Ph(ebox)lRt;Clg(HZO)
5 mol%;
RN

OH

R H
Y + \/\SnBu3
(@]
Scheme 2

reaction was strongly dependent on the solvent: the alylation
reaction proceeded smoothly in CH,Cl ., but when using THF or
an aromatic solvent such as benzene or toluene, the reaction
rates were remarkably slow although the enantioselectivities
was almost the same (entries 1-4). In the presence of 4 A
molecular sieves this catalytic reaction was accelerated while
the enantiomeric excess of the product 3 was not changed
(Table 1, entries 4 vs. 5). The selectivity did not improve when
the reaction temperature was lowered to 0 °C (entries 5 vs. 6).
The substituent on the oxazoline rings had asignificant effect on
the chemical yields and ees (entries 5, 7-9). Notably, the
enantioselectivity reaching 61% ee using Bn-Phebox-derived
complex 2c. It is worth noting that the complex 2 can be
recovered almost quantitatively from the reaction medium by
silica gel chromatography, and the recovered complex 2
catalyses the reaction with amost the same catalytic activity
and enantioselectivity (entries 5 vs. 10).

Table 1 Asymmetric catalytic alylation of benzaldehyde catalyzed with
Phebox—Rh!!" complexes 22

Entry Catalyst Solvent T/°C t/h Yield (%) Ee (%)P
1 2a toluene roomtemp. 24 23 45
2 2a benzene roomtemp. 24 64 45
3 2a THF roomtemp. 24 66 52
4 2a CH.Cl, roomtemp. 7 79 52
5¢ 2a CH.Cl, roomtemp. 7 88 51
6¢° 2a CH.Cl, 0 24 46 49
7° 2b CH.Cl, roomtemp. 7 42 6
8¢ 2c CH,Cl, roomtemp. 7 88 61
9c 2d CH,Cl, roomtemp. 7 43 46
10¢d  2a CH,Cl, roomtemp. 7 88 49

aAll reactionswere carried out using 0.5 mmol of benzaldehyde, 0.75 mmol
of alyltin and 0.025 mmol of chiral catalyst 2 in 2 ml of solvent.
b Determined by chiral HPLC analysis using Daicel CHIRALCEL OD. ¢In
the presence of 4 A molecular sieves (250 mg). @ Recovered catalyst was
used.
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Table 2 Asymmetric catalytic alylation of adehydes catalyzed with
Phebox—Rh'!" complex 2ca

Entry Aldehyde Yield (%) Ee (%)* Configurationc Ref

1 4BICH.CHO 94 43¢ * 8(a)
2 PhCHO 88 61f s 3(e)
3 4-MeOCeH,CHO 99 80 s 3(n)
4 2-MeCH,CHO 98 530 * 8(a)
5  2furyl-CHO %4 58d $ 8(a)
6  PhCH.CH,CHO 84 63 R 3(n)
7 (E)-PhCH=CHCHO 98 77 s 3(e)

a All reactions were carried out using 0.5 mmol of aldehyde, 0.75 mmol of
alyltributyltin and 0.025 mmol of chiral catalyst 2cin 2 ml of CH.Cl, inthe
presence of 4 A molecular sieves (250 mg) at room temperature for 7 h.
b Determined by chiral HPLC analysis using Daicel CHIRALCEL OD-H.
¢ Assignment by comparison of the sign of optically rotation with reported
value. 9 Determined by chiral HPLC analysis using Daicel CHIRALCEL
0J. e By analogy to the other case that is known unambiguously.
f Determined by chiral HPLC analysis using Daicel CHIRALCEL OD.
9 Determined by chiral HPLC analysis using Daicel CHIRALPAK AD.

si-face

SnBusz

Fig. 1

Table 2 summarizes the results obtained for the alylation
reaction of a variety of aldehydes catalysed with the complex
2c. The characteristic features of theresultsare asfollows: (i) an
electron-donating substituents at the para-position of benzalde-
hyde increases the enantiosel ectivity; (i) a methyl group at the
ortho-position of benzaldehyde decreases the selectivity; (iii)
all reactions result in high yields and comparable enantiose-
lectivitieswith both aromatic and ali phatic aldehydes; (iv) inthe
reaction with enas, 1,2-addition reaction occurs exclusively;
(v) inall of the cases, alyltributylstannane attacks to the si-face
of the aldehyde's C=0 plane.

A transition state that accounts for the observed ster-
eoselectivitiesis shown in Fig. 1. The allylstannane approaches
the carbonyl si-face because the re-face is shielded by the
substituent on the oxazoline ring of the Phebox ligand.

In summary, we have demonstrated the effectiveness of
Phebox—Rh!"! complexes as chiral transition metal Lewis acid
catalysts for the enantioselective addition of alyltributyl-
stannane to aldehydes. Application of these complexes to other
asymmetric reactions is now under investigation.

This work was partly supported by a Grant-in-Aid for
Scientific Research from the Ministry of Education, Science
and Culture, Japan.

Notes and references

T We previously reported the synthesis of 2a by the transmetalation of
RhCl3(H,0)3 and 1ain 47% yield (seeref 12). However, the chemical yield
of Ph-Phebox-derived 2b is very low (16%) by this method.

1 We have already reported that the (dMe-Pybox)RhCl complex prepared
from the dMe-Pybox and [(c-octene),RhCl], readily reacted with akyl
chlorides to form Rh!!! species via an oxidative addition reaction, see ref.
13(a). And recently, Vrieze reported the same oxidative addition of carbon—
chloride bonds to rhodium(1) complexes containing terdentate nitrogen
ligands [2,6-(CR=NR2),C,H3N], see ref. 13(b).

132 Chem. Commun., 1999, 131-132
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allyltriphenylstannane (7%, 27% ee).
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Total synthesis of (+)-pramanicin is achieved through a ‘one
pot’ Michael addition of an aminosilyl zincate species to an
o,B-unsaturated lactam and quenching of the resultant
enolate with an «,f-unsaturated y,8-epoxy aldehyde.

(—)-Pramanicin 1, recently isolated from afungus belonging to
the Stagonospora species, contains a highly functionalised -
lactam-based head group with a functionalised lipophilic side
chainl The isolated compound shows antifunga activity
towards various fungal pathogens including Candida albicans,
Candida parapsilosis and Cryptococcus neoformans. The latter
micro-organism is responsible for meningitisinfectionin AIDS
patients and therefore pramanicin 1 poses an interesting target
for synthesis. Recently, Harrison and co-workers have eluci-
dated the biosynthesis of pramanicin and showed that the
carbon skeleton derives from eight acetate units and a serine
residue.2t Herein we report the total synthesis of (+)-pramani-
cin 9 which unequivocally establishes the full relative and
absolute stereochemistry of the natural product.
Retrosynthetically, pramanicin can be divided into two
fragments, the suitably protected lactam 2 derived from L-
glutamic acid and the side chain epoxy aldehyde 3.&+ We
envisaged that these two components could be joined via the

addition of asilyl entity (masked hydroxy group) in aconjugate
fashion to 2 and trapping of the resultant enolate with the
adehyde 3. The addition of this silyl group should occur in an
anti fashion to the TBDMS protected hydroxymethyl pendant,
thus establishing the correct stereochemistry of the secondary
acohol following Tamao oxidation4 (Scheme 1).

Thus, reaction of lactam 28 with a1:1 mixture of (diethylami-
no)diphenylsilyllithium and diethylzinc at —78 °C and trapping
of the resulting enolate with the aldehyde 3 followed by
ethanolysis of the sensitive silylamine furnished compound 4
(60%). This reaction clearly establishes the complete carbon
backbone of pramanicin with a readily oxidisable alkoxysilyl
appendage. Confirmation of the stereochemical outcome of the
silyl zincate addition has been made via addition of the
phenyldimethylsilyl5> group to lactam 2 under identical condi-
tions and removal of the protecting groups to afford 11 for
single crystal X-ray analysisY (Scheme 2).

Oxidation of the B-hydroxy lactam 4 to the corresponding
diketone 5 could only be accomplished using Dess-Martin
periodinane as oxidant. Chromium based reagents led to
extensive decomposition and no reaction was observed using
manganese dioxide. The diketone 5 proved to be unstable to
prolonged exposure to air and to chromatography thus preclud-
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i EtO)Ph,Si \ EtO)Ph,Si (
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.0 H 0 OH
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(EtO)Ph,Si g
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9 —OH

Scheme 1 Reagents and conditions: i, (Et,N)Ph,SiLi, Et,Zn, —78 °C, then 3, THF, —78 °C, then EtOH, NH,Cl, 24 h, 60%; ii, Dess-Martin periodinane,
CHCl,, 0to 25 °C; iii, dimethyldioxirane, Ni(acac), (cat.), acetone, H,O, 0 °C, 60% from 4; iv, MCPBA (3 equiv.), KHF; (2.5 equiv.), DMF, 0 °C, 53%;
Vv, Si0,,45 °C, 0.1 mmHg, 84%; vi, H,SiFs (20-25% aq.), THF, 0to 25 °C, 53%; vii, Dess-Martin periodinane, CH,Cl,, 0to 25 °C; viii, dimethyldioxirane,
Ni(acac), (cat.), acetone, H,0, 0 °C, 59% from 8; ix, MCPBA (3 equiv.), KHF; (2.5 equiv.), DMF, 0 °C, 70%; x, TFA, CH,Cl,, 0to 25 °C, 78%; xi, H,SiFg

(20-25% ag.), THF, O to 25 °C, 55%.
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99%; ii, TBAF, THF, 80%; iii, TFA, CH,Cl,, 85%.

0
ﬁm
PhMe,Si |
“—OH

ing its purification. Therefore immediate oxidation of the
diketone unit with dimethyldioxirane and a nickel(i) acet-
ylacetonate® catalyst gave hydroxy dione 6 as a single
diasterecisomer in excellent overall yield (60%). The ethoxy-
(diphenyl)silyl group blocked the top face of the diketone
directing reaction to the opposite face and thus setting the
configuration of the tertiary alcohol as required. Tamao
oxidation of silane 6 proceeded smoothly at low temperature
with MCPBA as oxidant to produce the secondary alcohol with
retention of configuration as desired. The use of peracetic acid
or hydrogen peroxide as dternative oxidants gave only
intractable mixtures of products. Removal of the Boc group via
thermolysis on silica under vacuum? followed by deprotection
of the TBDMS moiety using fluorosilicic acid® furnished
compound 7 (Scheme 1). Comparison of 7 with authentic
pramanicin by NMR analysisrevealed very dight differencesin
the chemical shift of the protons associated with the alkene and
the epoxide ring system. Alternatively, synthesis of diastereo-
isomer 8 using ent-3 as the enolate quench (62%) and
elaboration as before yielded isomer 9. This diastereoisomer 9
was identical by 1H and 13C NMR spectroscopy with authentic
pramanicin (see Fig. 1). Whilst the Merck group! established
the relative stereochemistry of the y-lactam ring of the natural

Al M

A
A

71 70 69 68 67 66 s 14 16 15 14 13 12
H
Fig. 1 1H NMR (400 MHz, CDCl3) spectra showing olefinic resonance’s
(left) and protons « to epoxide (6 ~ 1.6, right); top: diasterecisomer 7;
middle: diastereoisomer 9; bottom: authentic pramanicin.
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product and that the side chain epoxide was trans, they did not
establish the stereochemistry of the side chain relative to the
lactam entity. In their paper, pramanicin was depicted (arbi-
trarily) as ent-7. This work clearly establishes the relative
stereochemistry to be as in isomer 9. However, the optical
rotation of isomer 9 ([o]p2® +28.8, ¢ 0.21 in MeOH) is of
opposite sign to that reported for authentic pramanicin ([ o] p2°
—315, ¢ 0.21 in MeOH) and thus indicates the absolute
stereochemistry of pramanicin to be that of 1|

We thank Dr R. E. Schwartz at the Merck Research
Laboratoriesfor the generous donation of authentic pramanicin,
GlaxoWellcome Research Ltd. for the endowment (to A. G. M.
B.), the Wolfson Foundation for establishing the Wolfson
Centre for Organic Chemistry in Medical Science at Imperial
College, the Royal Society for a Dorothy Hodgkin Fellowship
(to M. L. S), Celltech Therapeutics for their financial support
(toN. S. S.) and the EPSRC.

Notes and references

T Harrison and co-workers have also published a biomimetic synthesis of
the fatty acid side chain of pramanicin in racemic form; see ref. 3.

¥ Aldehyde 3 was prepared from (E)-dodec-2-enol via Sharpless asym-
metric epoxidation, oxidation to the aldehyde using Dess-Martin period-
inane, Horner—Emmons homologation under standard conditions and
reduction of the «,p-unsaturated ester using DIBAL-H followed by
oxidation to give aldehyde 3, again employing Dess-Martin periodinane as
oxidant (55% overall)

§ Lactam 2 was prepared from pyroglutamic acid methyl ester via NaBH,
reduction to the alcohol, protection of the alcohol asthe TBDMS ether and
Boc protection of the amide under standard conditions. «-Selenation
employing LDA and phenylselenyl bromide followed by syn elimination
using hydrogen peroxide and pyridine afforded lactam 2 (46% overal).

9 Full details of the X-ray crystallographic studies on lactam 11 will be
reported elsewhere.

|| Note added at proof: Harrison and co-workers have recently determined
the absolute stereochemisty of the lactam entity of pramanicin from
biosynthetic considerations; see ref. 9.
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development of kinetic probes of dissociative electron transfer
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The first example of an O-neophyl-type rearrangement in a
distonic radical anion was found in the electron transfer
induced dissociative reduction of 9,10-diphenyl-9,10-epi-
dioxyanthracene.

Electron transfer (ET) to endoperoxides and peroxidesresultsin
the cleavage of the weak oxygen—oxygen (O-O) bond.-5 This
process proceeds in peroxides and endoperoxides generaly by
a dissociative ET mechanism,2-6 in which ET and O-O bond
fragmentation are concerted [egn. (1) or (2)]. Only in the case of

+ e

R—O0—0—R R—O" + R—O~ (1)
+e”

R—0—0—R ‘0—R—R—0" )
+ e

R—O" + R—O" 2R—0O" ®3)
+e”

‘0—R—R—0" -0O—R—R—0" (4

tert-butyl-p-cyanoperbenzoate is there evidence for atransition
to a stepwise mechanism with formation of the intermediate
radical anion.5> Such mechanistic studies are important because
electron transfer processes of peroxides and endoperoxides play
akey roleintheir activity in chemical and biological systems.”:8
For example, Fe!'-promoted ET reduction of the O-O bond in
the antimaarial endoperoxide artemisinin and its semi-syn-
thetic derivatives has recently been shown to be the key step in
its antimalarial activity.®10 |n the cases studied to date using
direct electrochemical methods, the alkoxy radical fragment
produced in the dissociative reduction (R-O- for acyclic
peroxides or ‘O—R—R-O— for endoperoxides) is reduced in a
second ET [eqgn. (3) or (4)]; i.e. no reactivity resulting from the
alkoxyl radical fragment is observed.1-5 Since the initial O-O
bond reduction is dissociative, the alkoxyl radical fragment is
generated at the electrode that is at a potential more negative
than the reduction potential of the R—O- fragment. Therefore,
the alkoxyl radical is reduced spontaneously because of the
large driving force. Here we report the first observed!
reactivity from the alkoxyl radical in the O—-R—R-O— distonic
radical anion formed in a heterogenous dissociative ET, namely
a 1,2-phenyl migration (O-neophyl rearrangement). This O-
neophyl-type rearrangement of a phenyl group to the alkoxyl
radical fragment occursin the distonic radical anion formed by
electrochemical single ET to the O—O bond in the endoperoxide
9,10-diphenyl-9,10-epidioxyanthracene (DPA-O5). In addition
to being the first example of this type of reaction, this
rearrangement occurs at the expense of the reduction of the
alkoxyl radical portion of the distonic radical anion [egn. (4)].
This suggests that systems such as these can be developed as
kinetic probes of the rate of the second heterogeneous ET [egn.
(3 and (4)]. _ _ _ _
Electrochemica reduction of DPA-O, was investigated in
MeCN and DMF solutions containing 0.1 m tetraethylammon-
ium perchlorate (TEAP) using cyclic voltammetry (CV).12 In
MeCN, DPA-O, is reduced with a pesk potential (Ej) of

—1.12V vs. SCE at ascanrate (v) of 0.1V s—1and the E, shifts
to more negative potentials with increasing scan rate. The
irreversible reduction wave is very broad, with apeak width (E,
— Eprp) Of 148 mV (at 0.1V s-1) and o values'3 of 0.32, 0.27,
0.23 and 0.21 at 0.1, 1, 5 and 10 V s—1. These voltammetric
characteristics are consistent with the reduction of DPA-O,
being dissociative.6 A representative cyclic voltammogram is
shown in Fig. 1(a). Following the dissociative reduction wave
there is a second reversible redox couple at a more negative
potential. The reduction wave of this couplel4a is not well-
defined until the potential is scanned to more negative values.
This feature and the reversibility of this 1 F mol—1 process'4p
areillustrated in Fig. 1(b). This reversible reduction at —1.804
V vs. SCE was identified as 9-phenoxy-10-phenylanthracene
(PPA) by product isolation and characterization, and by its
standard reduction potential (E°). Theamount of PPA formedin
the CV experiment depends on the scan rate and the time the
potential isheld at values more negativethan ca. —1.9V. Based
on peak current measurements (ip) the formation of PPA is
guantitative on the cyclic voltammetry timescale at very slow
scan rates and when the potential is held at the negative
potentials.*> Also observedinthe CV on thereturn cyclearetwo
weak oxidation waves; these disappear on addition of a weak
acid (see Fig. 1) and are assigned to electrogenerated basic
intermediates. In no case wasthere evidence for direct reduction
of the distonic radical anion leading to the corresponding
9,10-diol, DPA-(OH), (Path A in Scheme 1), contrary to that
observed in al other peroxide/endoperoxide systems studied to
date. 15

1 (normalized)

0 1.0 20

ENvs. SCE
Fig. 1 (a) Cyclic voltammogram showing the reduction of a2 mm solution
of DPA-O,in0.1m TEAP/MeCN at 0.2V s—1. (b) CV asin (a) where the
potential was held at the negative potential limit for 30 sprior to the positive
scan. The CV shown in the dashed line is that measured after the addition
of 5 equiv. of 2,2,2-trifluorethanol. (c) Cyclic voltammogram showing the
reduction of a 2.8 mm solution of DMA-O, in 0.1 m TEAP/MeCN at 0.1
V s—1 both in the presence (solid line) and the absence (dashed line) of
2,2,2-trifluoroethanol.
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In contrast, reduction of 9,10-dimethyl-9,10-epidioxy-

anthracene (DM A-0O5,) generates the corresponding 9,10-diol
[DMA-(OH);,] quantitatively via a two-electron (2 F mol—1)
reduction (Path A in Scheme 1). No evidence for 9-methoxy-
10-methylanthracene (MM A) was found. Other voltammetric
characteristics are similar to DPA-O-: E, —1.35V vs. SCE
at 0.1V s—1, apeak width (E, — Ey) of 153mV (at0.1Vs
yielding o values of 0.31, 0.27 and0.25at0.1,1and 10V s 1,
Since this is a two electron process the shift of E, to more
negative potentials by 113 mV/(log v) gives an average o value
of 0.25.

Werationalize formation of PPA in the reduction of DPA-O,
by an O-neophyl-type rearrangement from the initially formed
distonic radical anion (path B in Scheme 1); specifically the
distonic radical anion undergoes a 1,2-phenyl migration to the
alkoxyl radical center to generate the carbon-centered radical
intermediate. At the potential where DPA-O, isreduced (E, =
—1.12 V vs. SCE) the resulting diarylphenoxymethy! radical is
not expected to be reduced.16 This intermediate can be reduced
at more negative potentials and eventually lead to PPA via
aromatization with loss of OH—. This result is consistent with
the CV results and was verified by the constant potential
electrolysis studies. Electrolysis at —1.2 V does not result in
formation of PPA; instead it generates via a1l F mol—1 process
a product that forms PPA quantitatively after work-up of the
electrolysismixture. However, if the electrolysisisperformed at
more negative potentials (—1.6 V) PPA is formed quantita-
tively consuming 2 F mol—1. Likewise if the electrolyses are
performed in the presence of a weak acid like 2,2,2-tri-
fluorethanol or acetanilide, PPA isnot theinitial product, but it
is the only product isolated after work-up. We suggest that in
these latter experiments 1 is formed by trapping the inter-
mediate formed after the O-neophyl rearrangement. No DPA-
(OH),, which is stable to the work-up conditions, is isolated.

The O-neophyl rearrangement occurs exclusively; no dial,
which would be generated on reduction corresponding to eqgn.
(4), isobserved. Thus, the rearrangement must occur with arate
faster than the rate of the heterogeneous ET reduction of the
alkoxyl radica formed on the dissociative reduction. The
reductlon potential of PhsC—O (E°pn,corph,co-) IS—0.03V vs.
SCE;* thus the driving force for reduction of thealkoxyl radical
at —1.2V isfavorable by at least 23 kcal mol ~*. By analogy to
therate constant reported by Falvey et al. for the rearrangement
of the triphenylmethoxyl radical to «-phenoxydiphenylmethyl
radical we expect the O-neophyl rearrangement to be occurring
with arate constant in the order of 5 x 1010 s—1 or greater.1?
Thus, the rate of the second ET cannot compete with the O-
neophyl rearrangement. This puts an upper timescale by which
to compare the rate of the second heterogenous ET. Similar O-
neophyl rearrangements were not reported during the electro-
chemical reduction of Ph;CO-OCPh; or Ph,CO-OBU'* sug-
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gesting that there may be a stereoelectronic effect on the
rearrangement in the DPA-O,, system.

In the reduction of DM A-O, the corresponding 1,2-methyl
shift or B-scission does not compete with reduction of the
distonic radical anion. Although the 3-scission reaction is not
known for Ph,MeCO' the rate constant of the 1,2-methyl shift
rate is estimated to be 4.4 X 106 s—1.17 This provides a lower
rate limit to compare the second heterogenous ET.

Observation of this O-neophyl rearrangement in the reduc-
tion of DPA-O, may provide a method to quantify the
partitioning ratio (if any) between the charge and spin in the
distonic radical anionsformed on reduction of unsymmetrically
substituted endoperoxides (for example, 9-methyl-10-phenyl-
9,10-epidioxyanthracene). Studies of this type are currently in
progress. Also in progress are studies addressing the generality
of this type of rearrangement on the reduction of other
polycyclic aromatic endoperoxides and other aryl substituted
endoperoxides, in an attempt to provide ‘clock’ reactions for
secondary reduction of distonic radical anions (and itsimplica-
tions on the theory of dissociative ET).

This work is supported financially by NSERC and UWO.
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New 1,4,7-triazacyclononane-based functional analogues of the Fe/Cu active
site of cytochrome c oxidase: structure, spectroscopy and electrocatalytic

reduction of oxygen
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Two new covalently linked functional model compounds for
the Fe,3/Cug active sites of heme-copper oxidases have been
prepared and characterized by novel synthetic method-
ologies; the X-ray structure of the Zn form and the
electrocatalytic reduction of O, by the Fe/Cu forms are
reported.

Cytochrome ¢ oxidase (CcO) is a membrane-bound metallo-
enzyme which catalyzes the 4e—, 4H+ reduction of O, to H,0.1
Toxic intermediates such as H,O, and HO,— are not released
during this exergonic reaction. The energy produced by the O,
reduction is coupled to proton translocation, contributing to the
protomotive force which drives conversion of ADP to ATP.2
Recent X-ray structures of bacterial® and mammalian® forms of
thisenzyme haveinitiated increased activity among biomimetic
chemists.5> There are several unresolved issues concerning the
mechanism of O, reduction at the heme asg/Cug bimetdlic
center: (a) therole of the Cug and Tyr residuein O, binding and
activation, (b) the nature of the peroxy-intermediate, and (c) the
possible involvement of an imidazole ligand in the proton
pumping mechanism. .6

The construction of covalently-linked functional model
compounds which closely resemble the Fe,s/Cug active site is
an important part of the effort to resolve these issues. We have
previously reported the synthesis and catalytic activity of two
such model compounds prepared by a congruent multiple
Michael addition methodology.” Of these, the 1,4,7-triazacyclo-
nonane- (TACN) ‘capped’ Co/Cu and N,N’,N”-tribenzyl-
tris(aminoethyl)amine- (TBTren) ‘capped’ Fe/Cu complexes
have shown 4e—, 4H* electrocatal ytic reduction of O, to H,O at
physiological pH. Prompted by these encouraging results we
have devel oped amore flexible synthetic strategy® and prepared
two new TACN-capped porphyrins, 1 and 2 (Scheme 1), with
different covalently attached axial ligands.

Herein, we describe a new methodology for the selective
incorporation of Zn(m) or Fe(mr) into these new ligands. We
present tH NMR analysis of the free base, Zn(11), Fe(ir), Zn(1r)/
Cu(1), and Fe(n)/Cu(i) forms as a useful tool for partia
elucidation of the conformations of these complexesin solution.
Furthermore, we report the crystal structure of the pyridine-
tailled Zn(i) complex—the first structural characterization
within this family of compounds. Finally we present prelimi-
nary results on the electrocatalytic reduction of O, to H,O by
these new Fe/Cu model compounds.

Porphyrinato—Zn(11) complexes 3a and 4a are diamagnetic,
redox-inactive anal ogues of the porphyrinato—Fe(11) complexes.
These are easily prepared by reaction of the free base with an
excess of zinc acetate, followed by basic-alumina filtration
using a solvent saturated with NHz(g). Selective introduction of
Fe(1) into the porphyrin is achieved by the reaction of the free
base porphyrin with excess FeBr, without using external base,
followed by basic-alumina filtration.® Final Zn()/Cu(1) and
Fe(11)/Cu(1) complexes 5 and 6 are prepared by the reaction
of the appropriate porphyrinato complex with copper(1)
triflate.10

The *H NMR spectra of 2 and its Zn(i1) complex 4a are
compared in Fig. 1. The desired asff symmetry of the porphyrin

M=2H* for 2
=Zn(II) for 4a
Mz=Fe(II) for 4b

(\\v/ﬁ CF;505

o [N

L., N—Ca °
NH HN

M=2H"* for1
Ms=Zn(II) for 3a
M=Fe(Il) for 3b

o O

M=Zn(II) for 5a
M-=Fe(II) for 5b

M=Zn(II) for 6a
M=Fe(I) for 6b

Scheme 1

core can be deduced from the pattern of $-pyrrolic and phenyl
resonances.11 The broad, upfield-shifted CH, resonances of the
TACN ligand confirm the flexible structure of the cap aswell as
itslocation above the porphyrin ring. Introduction of Zn(ir) into
the porphyrin results in significant upfield shifts for the axial
ligand resonances: signals ortho to the coordinated nitrogen are
shifted by >3.5 ppm, reflecting the close proximity to the
porphyrin ring. The two ortho proton resonances of the axia
base in the Fe(11)CO forms® are at higher field than in the Zn(1r)

e . c
Al bt I,J:JQJUALQ_J B

987654:32%(')—'1—'2—'3

Fig. 1 H NMR spectra (CDClI5) of the free base porphyrin 2 (spectrum A)
and itsZn(1r) complex 4a (spectrum B). Dashed linesillustrate upfield shifts
for the axial ligand resonancesin complex 4a. Trace C shows sharpening of
the TACN cap resonances in Zn(ir)/Cu(r) complex 6a.

Chem. Commun., 1999, 137-138 137



Fig. 2 Thermal ellipsoid plot of the molecular structure of 3a. Selected bond
lengths (A) and bond angles (°): Zn-N(1) 2.064(9), Zn-N(2) 2.075(8), Zn—
N(3) 2.095(8), Zn-N(4) 2.095(8), Zn-N(12) 2.109(9); N(1)-Zn-N(2)
88.1(3), N(1)-Zn—-N(3) 159.0(4), N(1)-Zn—N(12) 100.4(4), N(2-Zn-N(3)
89.2(3), N(2)-Zn—N(4) 160.2(4), N(2)-Zn—N(12) 101.9(3), N(3)-Zn-N(4)
87.5(3), N(3)-Zn—-N(12) 100.5(4), N(4)—Zn-N(12).

complexes, which is consistent with stronger coordination of
the axial ligand to Fe(mr). The high-field portion of the spectrum
for the Zn(m)/Cu(t) complex 6a (Fig. 1, trace C) shows a
significant sharpening of the TACN cap resonances, consi stent
with a single conformation in solution.

The geometry of the empty-cap porphyrinato—Zn(ir) complex
3a was further eluciated by single crystal X-ray diffraction.12
The thermal-ellipsoid plot is shown in Fig. 2 with key bond
distances and bond angles. The zinc atom shows an expected
distorted square-pyramidal geometry with the four porphyrin
nitrogens in equatorial positions [average Zn—N distance of
2.074(9) A] and a pyridine ligand occupying an apical position
Zn—N,y, distance of 2.109(9) A]. The Zn atomisdisplaced 0.37

from the porphyrin plane, which shows a moderate degree of
ruffling similar to those of related Zn and Fe porphyrin
complexes.t3 The TACN cap isin a chair conformation which
is probably preferred for efficient crystal packing. This
conformation must change upon coordination of Cu(r) in order
to achieve effective binding to al three nitrogen ligands. Other
bond distances and bond angles are similar to those of the
related compounds and will be analyzed in detail elsewhere.

In their reduced forms, Fe(ir)/Cu(i) complexes 5b and 6b
show UV-VIS spectra identical to those of the Fe(m)—
porphyrinato precursors.® On the other hand, incorporation of
Cu(1) (as the triflate salt) has a significant effect on the
complexes' reactivitiestoward O,, aswell astheir solubilitiesin
organic solvents. Reversible binding of O, to the emtpy-cap
Fe(ir) complexes becomes irreversible with the FeCu com-
plexes, resulting in the formation of an apparent peroxo—Fe(1in)
(0,2-) Cu(m) intermediate [ Amax 422 nm (Soret)]. In dry toluene
or acetononitrile a ‘ peroxo-signature’ around 800 cm—1 can be
detected by IR spectroscopy. Addition of protic solvent (e.g.
methanol) or exposure to the atmosphere results in complete
disappearance of this vibrational mode, indicating a fast
decomposition of the peroxo-species in the presence of
protons.

The electrocatalytic reduction of O, by these Fe/Cu com-
plexes have been studied by rotating graphite disc—platinum
ring voltammetry.14 Both new complexes show predominantly
4e— reduction of O, to H,O, with a negligible production of
peroxide, as determined by the comparison of the ring and disc
currents. The half-wave potential for the el ectroreduction of O,
is 45 mV more positive for the imidazole-tailed complex 6b in
comparison with the pyridine-tailed complex 5b. These results
show that our new Fe/Cu complexes are functional models of
the CcCO Fex/Cug active site, and together with our related
studies,” represent a prime example of fine-tuning their catalytic
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properties by small structural changes in the porphyrin ligand.
We consider these new robust, capsul e-like Fe/Cu complexesto
be ideal model compounds for solution catalytic studies and for
theisolation and structural characterization of various forms of
the cytochrome c oxidase Fe,z/Cug active site.
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Induced decomposition of unsaturated peroxy acetals pre-
pared from trimethyl orthoformate, dodecanal or 2-methyl-
undecanal and 2,3-dimethyl-2-hydroperoxybut-3-ene, in the
presence of ethyl iodoacetate, CCl,; or dodecanethiol,
allowed respectively their iodo-, chloro- and hydro-
decarbonylation with yields of over 70%; the same reaction
applied to the monoperoxy ketal or diperoxy Kketal of
cyclohexanone in the presence of ethyl iodoacetate resulted
in its functional transformation in methyl 6-iodohexanoate
or 1,5-diiodopentane with respective yields of 65 and 40%.

In the last decades, reactions involving free radicals have been
increasingly used! in synthesis for the creation of carbon—
carbon and carbon-heteroatom bonds. Another important field
of interest for freeradical reactionsisthe functional transforma-
tions one, pioneered by Barton and his group? with the
development of the chemistry related to O-acyl thiohydrox-
amates. This allows the reductive decarboxylation of an acid or
its decarboxylative transformation into a halide, sulfone, nitrile,
alcohoal etc. This methodology is based on a free radical chain
reaction, in which the decarboxylation step is the classical
generation of an alkyl radical from an acyloxy one.

In the last few years, our attention turned to the reactivity of
unsaturated peroxy acetals and peroxy ketals, via polymer
chemistry,3 since it was shown that their corresponding alkoxy
radicalsundergo avery rapid 3-scission reaction“ to generate an
alkyl radical. Thus, the homolytic induced decomposition of
unsaturated peroxy acetals and peroxy ketals, derived from the
ethyl 2-(1-hydroperoxyethyl)propenoate, was applied for the
preparation of glycidic estersS (Scheme 1, path A). As this
method of producing glycidic esters requires the preparation of
a specific unsaturated peroxy derivative for each application,
we developed a more general method® using ethyl 2-[1-(1-
methoxy-1-methylethylperoxy)ethyl]propenoate (Scheme 1,
path B, R = R’ = Me). In the light of these results and taking
into account the fact that no general method for the de-
carbonylative functionalization of aldehydes has been de-

COEt R COEt R
- R __OOCOMe

| [
R* + OO(]:OMe [
R R

EtO,C
- o
R
Path A '?, |
R + R'CO,Me 'O?OMe
R
Path B BOC o
R
—RI [ +ZI
2
CO,Et F]e CO,Et F{{
zZ + OO(]ZOMe z a OO([ZOMe
R R
Scheme 1

scribed,” we decided to approach these transformations using
the induced decomposition of unsaturated peroxy acetals.
Indeed, applying the type of methodology that we have just
described (Scheme 1, path B, R” = H), it appeared possible to
generate an akyl iodide from the aldehyde, as it could be
obtained from the hemiacetal via Suarez’'s method.8

The decomposition of benzoyl peroxide in a cyclohexane
solution of peroxy acetal, obtained from dodecand, in the
presence of a stoichiometric amount of ethyl iodoacetate
(relativeratios 0.1:5:1:1.1) afforded the desired 1-iodoundecane
(Scheme 1, path B, R = C11H»3, R” = H) in a 60% yield. In
order to check the general character of this reaction, ethyl
iodoacetate was replaced by CCl,: 1-chloroundecane was
obtained but with a much lower yield than the corresponding
iodide, even when operating in neat perhal ogeno solvent (25%).
Moreover, in addition to the expected epoxide 2 (Z = CCl3), the
formation of epoxide 1 (R = Cy1H»3) with a 46% yield was
observed, showing that competition occurred for the akyl
radical between chlorine atom abstraction and addition to the
activated double bond of the peroxy acetal. Thus, in order to
achieve an effective decarbonylative functionalization of the
aldehyde, it appears that the double bond of the peroxy acetal
should not be too reactive towards the produced akyl radical,
but very reactive towards the radical Z-, formed in the atom
transfer with ZX.

Allylic hydroperoxides, possessing a terminal double bond
with no electron-withdrawing substituent on it, appeared to be
attractive candidates as starting materia sfor the synthesis of the
desired unsaturated peroxy acetals. The easy preparation of
dlylic hydroperoxides by reaction of singlet oxygen with
akenes® prompted us to test the ones produced from the
photooxygenation of 2,3-dimethylbut-2-ene (2,3-dimethyl-
2-hydro-peroxybut-3-ene), 2-methylbut-2-ene (a mixture of
2-methyl-2-hydroperoxybut-3-ene  and  3-methyl-2-hydro-
peroxybut-3-ene) and 6,7,7-trimethylbicyclo[3.1.1]hept-5-ene
(7,7-dimethyl-5-hydroperoxy-6-methylenebicyclo[ 3.1.1] hep-
tane). The thermolysis of benzoyl peroxide in mixtures of the
corresponding peroxy acetals of dodecanal and CCl, (relative
molar ratios: 0.1:1:5) afforded the 1-chloroundecane in 72, 62
and 42% yield, respectively. Theseresultsled usto replace ethyl
2-(1-hydroperoxyethyl)propenoate with 2,3-dimethyl-2-hydro-
peroxybut-3-ene. The general method for achieving dec-
arbonylative functionalization of the aldehydeis summarizedin
Scheme 2.

Having determined the appropriate nature of the unsaturated
peroxide, it was necessary to optimize the temperature of the
reaction. Indeed, in addition to the expected 1-chloroundecane,
methyl dodecanoate was obtained (with a yield of about 5%
relative to the peroxy ketal). The formation of this compound
could be attributed to the disproportionation, in the solvent
cage, of the oxyl radicals formed by the spontaneous decom-
position of the unsaturated peroxy acetal.l© Performing the
samereaction at room temperature with initiation by BEtz—O, (a
BEt; solution in hexane was added slowly to the mixture of the
other reactants prepared under air, the needle of the syringe
being in the liquid) confirmed this origin since no methyl
dodecanoate was detected under these conditions and 1-chloro-
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Scheme 2 Reagents and conditions: i, HC(OMe)3, TsOH; ii, 2,3-dimethyl-
2-hydroperoxybut-3-ene, TSOH.

R* + HCO,Me

undecane was obtained with a yield of 86% relative to the
starting aldehyde. The iododecarbonylation of dodecana re-
alized using the same conditions (ethyl iodoacetate—peroxy-
acetal—cyclohexane: 1.1:1:5; BEtz—O,; room temperature) led
to 1-iodoundecane with ayield of 75% relative to aldehyde.

The halodecarbonylation of 2-methylundecanal confirmed
the general character of this approach since 2-chloroundecane
and 2-iodoundecane were also isolated with yields of about
75%.11 Peroxy acetals formed from aldehydes bearing atertiary
alkyl group have not been studied as a consequence of their
lower stability.22 Moreover, since the decarbonylation of the
corresponding acyl radical is a much faster process!3 than that
for the one bearing primary and secondary alkyl groups, thereis
less synthetic need for the setting of such a reaction.

In order to identify possible extensions of this induced
decomposition of unsaturated peroxy acetals we decided, on the
first hand, to perform the same reaction with both aldehyde
derivatives, replacing ethyl iodoacetate by dodecanethiol to
achieve the reductive decarbonylations. In each case, undecane
was obtained with a yield of about 75%. Thus, this reaction
appears to be an attractive alternative, under less drastic
conditions, to the direct one designed from the aldehyde by
Berman et al .14

On the other hand, the efficiency of this reaction prompted us
to check a possible extension of this methodology to ketones.
We therefore tried to achieve the iododeacylation of cyclo-
hexanone. The peroxy ketal was prepared by addition of the
hydroperoxide to 1-methoxycyclohexene, with acid catalysisby

0-0_ O—Y ‘O_ O—Y
Et0,CCH,
N
EtO,CCH," + > ~\6<
o

\ o, oY o, O—Y
N N

I EtO,CCH,l
EtO,CCH, +

$
o, O
o N\
+
(¢}

When

-,

EtO,CCH,

I
C02 ’ U.

EtO,CCH,l
lU

Scheme 3
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TSOH, since the reaction of the hydroperoxide with the
corresponding acetal leads to a mixture of monoperoxy ketal
and diperoxy ketal. The addition of BEts to a non-degassed
solution of ethyl iodoacetate and 1-(1,1,2-trimethyl prop-2-en-
ylperoxy)-1-methoxycyclohexane in cyclohexane, under the
conditions previously described, afforded the desired methyl
6-iodohexanoate (65%) (Scheme 3, Y = Me). The homolytic
induced decomposition of cyclohexanone diperoxy ketal,
obtained from the corresponding acetal, under the same
conditions, but using 2.2 equiv. of ethyl iodoacetate, produced
1,5-diiodopentane in a 40% vyield (Scheme 3, Y =
CH=CMeCMe0).

In conclusion, homolytic induced decomposition of un-
saturated peroxy acetals and mono- and di-peroxyketal s appears
to be apromising way of achieving decarbonylative functional -
ization of adehydes and deacylative functionalization of
ketones. The search for new X—Z molecules able to generate
other useful transformations is in progress in our laboratory.
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The preparation and Birch reduction of a 1,3,4-tri-substi-
tuted pyrrole is described: the heterocycle is loaded with
electron-withdrawing groups and undergoes a double re-
ductive alkylation reaction to yield cis-3,4-disubstituted
pyrrolidines.

The Birch reduction is a particularly useful synthetic reaction
capable of transforming aromatic substrates into partialy
unsaturated products! We have recently investigated and
developed the partial reduction of heterocycles and found that
Birch reductive alkylation of electron-deficient pyrroles takes
place readily (Scheme 1).2 For example, the transformation of
pyrroles 1 and 2 into either 2- or 3-pyrroline isomersis a high
yielding process that enables introduction of an akyl group
adjacent to the activating ester.3-5 In each case, we believe that
addition of electrons to the pyrrole forms a dianion which
deprotonates ammonia to furnish an enolate; this reacts with an
externa electrophile to produce the observed products.

@\ - Q\COZPr‘

l?l CO,PY' 87% N Me
Boc 1 Boc
Me
CO,Cy CO,Cy
]\ i /
’Tl 72% ’Tl
Adoc 2 Adoc

Adoc = adamantyloxycarbonyl

Scheme 1 Reagents and conditions: i, Na (3 equiv.), NH3/THF, then Mel
(excess), —78 °C.

Recently we have attempted to expand this work by using
more highly-substituted pyrroles as substrates for the Birch
reduction. In these cases diastereoisomeric products can be
formed and we now present data that shows a high level of
stereochemical control ispossible. In addition, we al so describe
adouble reductive a kylation reaction whereby two alkyl groups
can be introduced onto the heterocycle in one step.

Studies began with the preparation of electron-deficient
pyrrole 3 using standard methodology (Scheme 2). Reaction of
TSCH,NC,6 KOBut and diethyl fumarate gave a 3,4-di-
substituted pyrrole which was protected, on nitrogen, as a
adamantyloxycarbonyl (Adoc) derivative using adamantyl
fluoroformate (45% overdl yield from diethyl fumarate).

EtO,C CO,Et

45%
N
CO,Et |
Adoc 3
Scheme 2 Reagents and conditions: i, TSCH,NC, BUutOK, THF; ii, Adoc-F,
MeCN, EtsN.

EtO,C i, ii 7\

Subjection of pyrrole 3 to reductive alkylation conditions (6
equiv. Li in NHy) is described in Scheme 3. We routinely add
(MeOCH,CH3),NH (10 equiv.) to Birch reductions as this
amine appears to ‘mop-up’ lithium amide formed during the
reaction and reduces the presence of undesirable by-products.5t
Isoprene ‘quenches’ excess electrons in the reaction after
reduction is complete (addition of isoprene caused the reaction
to turn from deep blue to yellow—this colour was dissipated
upon addition of an akyl halide). The first reaction was
guenched with Mel and produced asingle product ingood yield.
We identified the pyrrolidine 4 (R = Me) from *H NMR
spectroscopic data (Table 1).+ We were then able to repeat the
reaction and quench with a variety of electrophiles to generate
compounds5-7ingoodyields (Table 1). Inevery case tH NMR
spectroscopy showed that an alkyl group had been introduced «
to each of the two esters, and also revealed the presence of the
four protons adjacent to the pyrrolidine nitrogen.

Unfortunately, the NMR spectra of 4-7 did not alow us to
assign relative stereochemistry and this was subsequently
proved by conversion to the corresponding quarternary ammo-
nium salts via a two step sequence (Scheme 3). Assignment of
cisrelative stereochemistry to compounds 4—7 would mean that
the two N-methyl groups on (meso) sdts 8-11 are diaster-
eotopic, and could therefore resonate at different chemical
shifts. On the other hand, trans stereochemistry would make the
N-methyl groups of 8-11 (now C, symmetrical) homotopic and
they would therefore have identical chemical shifts. Gratify-
ingly, salts 8-11 each displayed two (3H) singlets in the 1H
NMR spectrum, ¥ thus allowing us to assign with confidence the
stereochemistry of 4—7 as shown (Table 2).

R R
EtO:C COEt EtO,C. : COEt
B o Z—f
N See Table 1 ’T‘
|
Adoc 3 Adoc 4-7
See Table 2 [ ii, ii
R R
EtO,C.= : CO,Et
I
N I~

RS
8-11 Me Me

Scheme 3 Reagents and conditions: i, Li (6 equiv.), NH3 THF,
(MeOCH,CH,).NH, —78 °C, then isoprene (3 drops), then RI (excess); ii,
TFA, CHCly; iii, Mel, KHCO3;, MeOH.

Table 1 Birch reduction of 5

Entry RX cisltrans Yield (%) Compound
1 Mel =20:1 7 4
2 Etl =10:1 82 5
3 Buil =10:1 79 6
4 Allyl-l =10:1 70 7
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Table 2 Quaternary ammonium salts

Entry R Sn(NMe) (CDCl3)  Yield (%) Compound
1 Me 3.52, 3.77 52 8

2 Et 3.67,3.81 61 9

3 Bui 3.69, 3.772 55 10

4 Allyl 3.65, 3.83 58 11

NMR run in acetone-ds.

Compounds 4-7 were formed with high levels of ster-
eosel ectivity; such ratioswereformulated by examination of the
NMR spectra of the crude reaction mixtures. As far as the
formation of 4isconcerned we were ableto prepare an authentic
sample of the transisomer by another route and (in comparison
with this standard) could not observe the trans isomer in the
crude reduction reaction. Although each of the other cases was
assigned =10:1 selectivity without comparison to a standard,
we believe this is a conservative estimate. Not only were the
Birch reduced products 5-7 free from detectable impurities but
also the amines formed by Adoc deprotection and the salts8-11
appeared as single isomers by NMR spectroscopy.

We noticed that the alkylation step of the Birch reduction
proceeded at different rates with the electrophiles that were
used. Not surprisingly, reaction with Buil was much slower than
reaction with Mel. Using this information we developed a
protocol for the sequential dialkylation of the pyrrole with two
different electrophiles (Scheme 4). So, reaction of 3 with

}

/ R
EtO,C CO,Et E0,C5 N COsE
/ -
'T‘ '}l 12 R = Me (76%)
Adoc 3 Adoc 13 R = Bn (84%)

Scheme 4 Reagents and conditions: i, Li (6 equiv.), NHz, THF,
(MeOCH,CH,),NH, —78 °C, then isoprene (3 drops), then Buil (excess) ,
then RX (excess).

lithium metal as before but quenching with excess Buil and then
(after 2 min) excess Mel (or BnBr) enabled the synthesis of 12
and 13 in good yields. In both cases the reaction gave a single
product as judged by H NMR spectroscopy. Further proof of
the identity of 12 was obtained by conversion to 14 under
standard conditions (14 appeared as oneisomer) and subsequent
NOE studies (Fig. 1). The NOE experiment described shows
that 14 is the cis isomer. With all of this evidence for cis
stereoselectivity in the dialkylation reaction, compound 13 was
assigned as cis by analogy.

14 Percent NOE observed
3,3 Me? Irradiatej 1 2 3 3
EtO,C.% I COsEt 1 |x 1 o 3
U 2 1 X 4 5
+

N _
RN I 3 1 4 X 9
Me Me 14 3 3 6 8 X

Fig. 1 NOE studies on 14

In terms of mechanism, we suggest that 3 accepts two
electrons and forms dianion A (Fig. 2). Dianion A isthen basic
enough to deprotonate ammonia and form enolate B. Pre-
sumably, the presence of an ester group at C-4 meansthat the C-
4,5 dkenein B is susceptible to further reduction by addition of
two electrons and protonation at C-5 (by ammonia) to give C,”
which is then akylated twice. Presumably, the relative
stereochemistry is determined by the facial selectivity of the
second alkylation step (reaction of D) and it is surprising that
such high levels of control are observed. Additional experi-
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Fig. 2

ments show that both potassium and sodium metals give
identical selectivity to lithium, thus dampening arguments
based on chelation. However, we have preliminary results
which show that, remarkably, the ammonia solvent is essential
in order to achieve high stereoselectivity. We cannot comment
on the exact role of the ammonia at this point, but note that
Schultz has previously observed a similar relationship between
solvent and the stereoselectivity displayed by enolates gen-
erated in the Birch reduction.8

We believe thistype of reaction will be of usein both natural
product synthesis and medicinal chemistry and that, as this
reaction results in the formation of two adjacent quarternary
chiral centres with control of relative stereochemistry, it is
worthy of further study.

Wewish to thank GlaxoWellcome (CASE awardto R. R. H.)
and Zeneca Pharmaceuticals (Strategic Research Fund) for
financia support.
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The first total synthesis of potent cytotoxic makaluvamine F
1, a sulfur-containing pyrroloiminoquinone marine product,
has been accomplished using hypervalent iodine(im)-in-
duced reactions.

The makaluvamines,* a new family of marine alkaloids, were

isolated from the Fijian sponge Zyzzya cf. marsailis (A—F) and
the Indonesian sponge Histodermella sp. (G). Among them,

N
H

Iz

o

makaluvamine F 1 discorhabdin A

(prianosin A)

discorhabdin B

discorhabdin D (prianosin D) (R = H)
prianosin C (R = OH)

makaluvamine F 1 exhibits the most potent biological activity
[e.g. cytotoxicity towards the human colon tumor cell-line
HCT-116 (ICso = 0.17 um) and inhibition of topoisomerase
1112 and has an «-aminodihydrobenzothiophene skeleton
which is a labile N,Sacetal structure present in al sulfur-
containing discorhabdins.3 Synthetic studies towards makalu-
vamines and discorhabdins have been carried out by several
groups.4 We have also reported the total synthesis of dis-
corhabdin C (Scheme 1)5 and afacile and efficient synthesis of
pyrroloiminoguinone derivatives 2 using the hypervalent iodi-
ne(in) reagent, phenyliodine(in) bis(trifluoroacetate) (PIFA)
(Scheme 2).6 However, in most cases these efforts have been

OH
Br
Br Br
N (i) silylation
(ii) PIFA, CF3CH,OH
N N
H H
O

discorhabdin C

Scheme 1

N3
5 steps
(58%)
MeO H MeO l?l
MeO MeO Ac
PIFA-Me3SiOTf
(51%)
N
MeO ITI
O
2
Scheme 2

devoted only towards the preparation of the pyrroloiminoqui-
none and spirodienone units.

To the best of our knowledge, the total syntheses of sulfur-
containing discorhabdins and 1 have not yet been reported, in
spite of their potent cytotoxicity and their unique structure. This
is probably dueto the difficulty of construction of the labile and
highly strained N,S-acetal skeletons. We report herein the first
total synthesis of potent cytotoxic makaluvamine F 1 using
hypervalent iodine(in)-induced reactions. Our synthetic strategy
for the total synthesis of 1 involves a final coupling reaction
between 2 and 2-aminodihydrobenzothiophene derivative 3.

In order to construct 3 bearing the N,S-acetal skeleton, it was
first essential to develop an efficient route for the synthesis of
the starting dihydrobenzothiophene bearing ahydroxy group. In
our previous report, various dihydrobenzothiophenes were
prepared from phenol ethers bearing an alky! sulfide sidechain
via intramolecular cyclization using PIFA-BF3-Et,O followed
by treatment with ag. MeNH, without yielding any sulfoxides
(Scheme 3).7 Using this method, 6-benzyloxy-5-bromodihy-
drobenzothiophene 4 was synthesized effectively.

Next, we attempted to introduce the azido group at the
2-position of 4. Subsequent to the first report by Béhme and
Morf,8 acyclic «-azido sulfides have generally been synthesized
stepwise, via hal ogenation followed by azidation of sulfides,® or
via thioketals1® On the other hand, «-azidation of dihy-

MeO MeO
l PIFA-BF43*Et,0 ‘

~ +
CH,Cl, S 3

(MeQ), \

(96-98%)
Scheme 3

Chem. Commun., 1999, 143144 143



A _ PhI=O-MesSiN;
‘// &/ MecN, 401025 c /
Ry
R = OMe, OAc (42-70%)
Scheme 4

drobenzothiophenes has never been reported, probably due to
readily occurring sidereactions such asaromatization, sulfoxide
formation, benzylic oxidation and «-oxidation of the sulfur
atom under oxidative conditions. We examined the known
stepwise methods to obtain «-azidodihydrobenzothiophene.
However, the aromatization occurred exclusively to give
benzothiophene derivatives in the initial halogenation step.
Very recently, we developed anovel and direct «-azidation of
dihydrobenzothiophenes using a combination of Phi=O and
MesSiN3 (Scheme 4).11 However, the azidation of 4 gave only
a trace amount of the expected «-azido compound. This is
because there appears to be alarge number of reactive sites on
phenol ether 4 toward the hypervalent iodine-induced azidation.
Hence, we then performed the azidation after debenzylation
followed by acetylation of 4 to give the corresponding «-azido
compound 5 in 46% yield. After hydrolytic deprotection of the
6-acetoxy group, 2-azido-5-bromo-6-hydroxy-dihydrobenzo-
thiophene 6 was finally obtained. The route to 6 from
commercially available methyl (4-hydroxyphenyl)acetate is
outlined in Scheme 5.
/©/\002Me iiii LA
(71%
HO

(64 %)

(34%)

DOk
Iﬁ o JQU
JQU

Br.
e RO: : s “Ng

5 R=AcC
(90%)E6 R=H

Scheme 5 Reagents and conditions: i, Br,, ACOH; ii, BnBr, K,COs, EtOH;
iii, LiIAIHg4, THF; iv, |5, PPhs, imidazole, PhMe; v, AcSBn, NaOH, MeOH;
vi, PIFA-BF3-OEty; vii, ag. MeNHy; viii, BF3-OEt,, EtSH; ix, Ac,O,
NaOAc, ag. NaOH; x, PhI=O-Me3SiN3z, MeCN, —40 to —25 °C; xi, 5%
NaOH, MeOH.

Sequential attemptsto transform the azido group to the amino
group by catalytic hydrogenation or other reductive methods
under non-acidic conditions proved unsatisfactory (i.e.
2-amino-5-bromo-6-hydroxydihydrobenzothiophene 3  was
found to be quite labile under basic conditions). Furthermore,
Wittig-type reactions between the phosphine imine prepared
from 6 and several quinoneswere also unsuccessful. Finally, we
found that the catalytic hydrogenation of 6 using 10% Pd-C in
the presence of 4 equiv. of TFA resulted in complete reduction
to give 3 as a TFA sdt in quantitative yield without any side
reactions. The final coupling reaction in MeOH between both
synthetic precursors, 3 (TFA salt) and 2, proceeded in 86% yield
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Scheme 6 Reagents and conditions: i, H,, 10% Pd-C, EtOH-TFA; ii, 2,
MeOH, room temp.

to give the TFA salt of 1, whose spectral datawere identical to
those previously reported! (Scheme 6).

In conclusion, thefirst total synthesisof (+)-makaluvamine F
has been achieved via a facile construction of the labile N,S
acetal skeleton by a combination of hypervalent iodine
oxidation reactions. Synthetic studies towards more compli-
cated sulfur-containing discorhabdins and their analogs are now
underway.
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Photochemical C—H bond activation of the diruthenium bridging methylene
complex, Cp,Ru,(u-CHy),(CO),: insertion of norbornadienesinto the
methylene C—H bond and unprecedented intramolecular H-D exchange

between the two methylene units
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Two photochemical reactions of the diruthenium bis-p-
methylene complex (15-CsHs),Ru,(n-CH,),(CO), are de-
scribed: (i) insertion reaction of norbornadiene into the
methylene C-H bonds leading to (15-CsHs),Ruy(un-
CHR’),(CO), (R’ = 5-exo-norbornenyl) and (ii) H exchange
between the two methylene units, involve mw-methylidyne
intermediates generated via C-H bond activation of the p-
methylene ligand.

C1 species (CH,) are pivotal intermediates in surface catalyzed
reactions, such as cataytic conversion of CO and hydro-
carbons,® and organometallic compounds containing the CHy
ligands have been studied extensively as model compounds for
surface-bound species.2 Although C—C coupling of C1 species
isakey step of the carbon chain propagation during the catalytic
processes, only a limited number of successful C—C coupling
reactions of bridging hydrocarbyl complexes, in particular, u-
CH, complexes, have been reported so far, and most of the C—C
coupling processes involve coordination of an unsaturated C—C
bond (or alkylidene species) to the metal vacant sitefollowed by
insertion into the M—u-CR, bond.34d During the course of our
studies of the photochemical reactions of the diruthenium di-u-
methylene complex Cp,Ru,(u-CHs),(CO), 1a,4 we found an
unusual C-C coupling reaction at the bridging methylene
carbon atom and unprecedented H exchange between the two
methylene carbon atoms, which should involve u-methylidyne
species as a key intermediate.

Irradiation of a THF solution of the di-u-methylene complex
1a%a in the presence of an excess of norbornadiene (nbd) for 5
h gave a yellow isomeric mixture of products (2a; 89% yield)
after TLC separation (Scheme 1). The significant change in the
1H NMR signal s of the u-CHy part compared to 1a[(i) intensity:
2H (from 4H); (ii) 3] = 11.7 Hzfor u-CH (from2J = 0.6 Hzfor
u-CH,)] 1 suggested the occurrence of a C—C coupling reaction
at the u-methylene carbon atom. The molecular structure of the
n5-CsH Me derivative (2a’) was determined by X-ray crys
tallography,$ which revealed (i) insertion of the C=C bond in
nbd into the C—H bonds of both of the u-methylene ligands, and
(if) C—C coupling from the less sterically congested exo-side of
nbd. Reaction of the u-methylene-u-ethylidene complex 1b
resulted in exclusive insertion into the u-methylene part to give
the 1:1 adduct 3b, asindicated by asimilar changein the u-CH,
signals and the unchanged u-CHCH; pattern. T Furthermore, the
photochemical C—C coupling reaction was also observed for the
cyclohexy! isocyanide complex 1c, whilethe dppe derivative 1d
remained unreacted.§ We aso attempted the C—C coupling of
la with a variety of unsaturated hydrocarbons such as 2- or
7-substituted nbd, norbornene, cyclohexa-1,4-diene, butadiene,
quadricyclene, ethyl acrylate and 1,1-diphenylethylene. How-
ever, only afew 2-substituted nbds (Me and MesSi derivatives)
afforded 1:1 adducts 3 (R = H); theothersdid not giveany C—C
coupling product.s

For elucidation of the reaction mechanism, a labeling
experiment using la-ds [(u-CD2),] was carried out and the

distribution of the deuterium atoms was determined by *H and
13C NMR, asiillustrated in Scheme 2. The D distribution over
the moiety originating from the C=C bond in nbd clearly
indicated that the C—C coupling process was not a simple
insertion reaction into the C-D bonds, but consisted of a multi-
step reaction sequence. Theresult may beinterpreted in terms of
a u-methylidyne intermediate 4 as summarized in Scheme 2.
Possible candidates for 4 are the decarbonylated u-methylidyne
species CpzRu,(u-CH)(H)(u-CH,) (CO) 4, suggested by the H—-
D exchange reaction (see below)® and the radical species 4”,
generated by H abstraction. Addition of 4’ or 4” to the n-

H\ /H
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CpRu RuCp
L L
L ,CL (L)
H R
1
AVITHE ‘ ﬁb
C L C
D\R / D\ /
u
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7 Ru g u
/N /N
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2 3
L products
1a co 2a (89 %)
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ib CH; CO 3b (38 %)
1c H  CNCy 2¢ (23 %)
1d H dppe -

(1a', 2a'": n’-C5H,CHjg derivatives)

Scheme 1
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electrons of nbd should form intermediate 5. Direct H
recombination gives 2-d, deuterated at either of sites a or b,
whereas a 1,2-H shift finally leads to deuteration at the site c,
and the driving force for the 1,2-H migration should be
formation of thetertiary cation (or radical), whichismore stable
than the secondary one (5). Subsequently, the C—C coupling
reaction will be completed by either intramolecular H(D)
migration (4’) or intermolecular H(D) abstraction [4””: from 2-d,
(radical chain reaction)]. Although the mechanism involving H
migration can account for the D distribution, the reaction is not
retarded by addition of cation and radica quenchers (e.g.
MeOH and hydroquinones, respectively) and intermediate 4
cannot be trapped by diphenylethylene and ethyl acrylate
(cation and radical trapping agents).

In order to obtain further information on the properties of the
u-methylene complexes, a benzene-dg solution of the labeled
compound Cp,Ru,(u-CHy)(u-*CD2)(*CO), (1a-*CDy; *C =
ca. 30% 13C-enriched) was subjected to irradiation in the
absence of nbd (Scheme 3). As a result, the intensity of the
quintet u-*CD, signals of 1a-*CD, [6c 107.4 (cis isomer),
108.8 (transisomer)] diminished and instead there appeared the
triplet (cis-1a-* CDH: 6c 107.7) and then the singlet signals(cis-
la-*CH,: 6c 108.8) as shown in Fig. 1.1 An equilibrated
mixture of the isotopomers was obtained after 40 h irradiation.
The spectral changes unequivocally indicates that the hydrogen
atoms attached to the two methylene carbon atoms exchange
with each other. Similar isomerization was also observed for
Cp2Rux(u-CD5)(u-CHCH3)(CO), 1b-d,, which was converted

H_ H H_ D b_ D
C C C
v /N /N
CpRu RuCp ———— CpRu—RuCp + CpRu—RuCp 1)
(:co) N (:co)  CeDs (*CO)\*C (*CO)  (*CO) ¢ (*CO)
/ \ & / \
D D p° H H H
1a-*CD, la-*CDH 1a-*CH,
(*C = 30% 3C-enriched)
Scheme 3
*CH, *CDH
trans *CD, ﬁ
cis
l I CIs «CD2

trans

f ) T
110 109 108 107 106 110 109 108 107 106
8
C

Fig. 1 *H decoupled 13C NMR spectra of 1a-* CD,:expanded views of the
u-CH region (a) before and (b) after irradiation for 40 h.
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to Cp2Ruy(u-CDH)(u-CDCH3)(CO),. A plausible intermediate
for the exchange reaction of la is the u-methylidyne species
Cp2Ru,(u-CH)(u-CH,)(H)(CO) 4’ formed by decarbonylation
followed by H migration from the bridging carbon atom to the
ruthenium center; the H-D exchange reaction would be
completed by a1,3-H(D) shift, reversed H(D) migration and CO
recombination.

In summary, we have reported the two photochemical C—H
bond cleavage reactions of the bridging alkylidene complexes1;
the present work reveals a new type of functionalization of
bridging akylidene complexes by way of u-alkylidyne inter-
mediates. In addition, combined with our previous results of the
CH3«<CH>—H4P and CH,«CH-H interconversions?c on dir-
uthenium systems, our results suggest the occurrence of
analogous interconversions of CH, species (x = 1-3) on a
catalyst surface.

Wearegrateful to the Ministry of Education, Science, Sports,
and Culture of the Japanese Government for financial support of
this research.
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X-Ray crystallographic structures of [(oetpp)P(Me)(X)]PF¢
revealed that the axial ligand (X) plays a major role in
changing the conformation of the porphyrin core from
saddle (X = Me) to ruffled (X = OH and F).

There has been considerable interest in the conformations of
metalloporphyrins since they have a profound influence on the
physicochemical properties of the macrocycle such as redox
potential and electron transfer rates, and therefore its reactivity
in a protein.® The interest has prompted the synthesis of many
substituted porphyrins in which deformations (mainly saddle
type deformation) from planarity are induced by crowding of
substituents at the periphery of the macrocycle.2 Thereisnow a
considerable body of information describing the structural and
spectroscopic  properties of highly non-planar octaalkyl-
tetraphenylporphyrins bearing transition metals3 which show
saddle conformations. Although those bearing main group
elements have not been reported, phosphorus octaalkyl-
tetraphenylporphyrins are interesting because phosphorus has
been the smallest atom which can occupy the center of a
porphyrin ring. Recent report on X-ray crystallographic struc-
tures of [(0ep)P(X)(Y)]*Z— reveded essentialy ruffled con-
formations in order to accommodate the small phosphorus
atom. The electronegativities of the axial ligands (X and Y)
played a major role in determining the deformation, for
example, [(oep)P(Me),]PFs showed a planar conformation.4
Here we report the synthesisand X-ray structures of phosphorus
octaethyltetraphenylporphyrins, [(oetpp)P(Me)(X)]PFs (X =
OH 2, Me 3, F 4), which showed strong effects of the axia
ligands on the conformations, i.e., a saddle conformation was
observed in [(oetpp)P(Me),] PFs (3-PFg) but ruffled ones were
observed in [(oetpp)P(Me)(OH)]ClO,4 (2-ClO4) and [(oetpp)P-
(Me)(F)]PFg (4-PFe).

The reaction of oetppLi, 1 with MePCl, was carried out
under dichloromethane reflux for 12 h. After remova of the
solvent and excess of MePCl,, the residue was subjected to
neutral alumina column chromatography (CH.Cl,) to give
[(oetpp)P(Me)(OH)]CI (2-Cl) (Scheme 1). After counter anion
exchange 2-ClO,4 was obtained pure for elemental analysis.

The hydroxy group of 2-Cl was substituted by amethyl group
by the reaction of 2-Cl with phosphorus trichloride followed by
treatment with an excess of trimethylaluminium in dichloro-
methaneto yield [(oetpp)P(Me),] PFg (3-PFg) in 79% yield after
counter anion exchange according to the method recently
reported by us for group 15 element porphyrins.s [(oetpp)P-
(Me)(F)]PFs (4-PFg) was obtained in 61 % yield by the reaction
of 2-PFg with phosphorus trichloride (Scheme 1).6

Crystals of 2-ClO,4, 3-PFg and 4-PFg suitable for X-ray
analysis were grown from dichloromethane—n-hexane. The
crystallographic analyses of 3-PFg and 4-PFg are not of good
quality owing to extensive disorder of the counter anion (PFg—)
and dichloromethane as a solvent in 4-PFg, but the structures of
the porphyrin core could be definitely determined. Figs. 1-3
show ORTEP drawings of 2-ClQ,, 3-PFg and 4-PFg (counter
anions and dichloromethane in 4-PFg are omitted for clarity).
The crystal structure of 3-PFg exhibits a distorted saddle
conformation which is characterized by large displacements of
Cpyrrole-p atomsfrom the mean plane of the core. By contrast, the

Scheme 1 Reagents and conditions: i, MePCl,, CH,Cl,, reflux, 12 h;
ii, PCl3, CH.Cl,, reflux, 3 h, then AlMes in hexane, CH,Cl,, room temp.,
12 hy; iii, KPFg; then PCl3, CH,Cl,, room temp., 12 h.

crystal structures of 2-ClO4 and 4-PFg exhibit ruffled conforma-
tions which are characterized by significant Cpeso displace-
ments from the core and twist of the pyrrole rings so that the
carbons lie above and below the core plane. 4-PFs is more
distorted than 2-ClO, as is evident from the average displace-
ment of the Cpeso atoms from the mean plane of the molecule
(4-PFg, 1.20 A; 2-CIO,, 1.07 A).

The results can be explained based on the conclusions found
for [(oep)P(X)(Y)]Z.# The introduction of the electronegative
axial substituents[X = OH2and X = F4in (oetpp)P(Me)(X)]
reducesthe size of the central phosphorus atom and the average
P—N bond distances become shorter [1.94(1) A in 3-PFs (X =
Me), 1.849(4) A in 2-ClO, (X = OH) and 1.810(8) A in 4-PF¢
(X = F)], and leads to the ruffled conformation becoming
preferable in 2-ClO4 and 4-PFg in order to accommodate the

@)

Fig. 1 Molecular structure of 2-ClO,. Selected bond lengths (A): P-C1
1.854(4), P-O1 1.657(3), P-N1 1.838(4), P-N2 1.850(4), P-N3 1.845(4),
P-N4 1.861(4).
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Fig. 2 Molecular structure of 3-PFs. Selected bond lengths (A): P-C1
1.85(1), P-C21.82(1), P-N11.949(9), P-N2 1.94(1), P-N3 1.918(9), P-N4
1.95(1).

Fig. 3 Molecular structure of 4-PFs. Selected bond lengths (A): P-C1
1.83(2), P-F 1.648(9), P-N1 1.827(8), P-N2 1.793(8).

smaller phosphorus atom. Although metal size dependence of
the degree of deformation of saddle conformations has already
been investigated for transition metals,3 such large electronic
effects of the axia ligands to change the fundamental
conformations have never been observed. The structures of
2-ClO,4 and 4-PF¢ are the first examples for metallooctaal k-
yltetraphenylporphyrins showng ruffled conformations.
Itisinteresting that the Q(0,0) band of ruffled 2 (627 nm) and
4 (622 nm) are siginificantly blue shifted in the UV-VIS in
comparison with that of 3 (667 nm) and free base octaethylte-
traphenylporphyrin (686 nm) with saddle conformation.2 Since
such a large shift has not been observed in the [(oep)P-
(Me)(Y)]Z series, the shift can be ascribed to the difference of
core conformations. In order to rationalize the results further
structural and spectroscopic studies are now in progress.

Notes and references
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Hz). 31P NMR (CDCl3) 6 —195.3 (s), —143.9 (spt, J 715 Hz). UV-VIS
(CH.Cl3) Amax (l0g €) 391 (4.87), 467 (5.49), 596 (4.06), 667(4.34). 4-PF;
1H NMR (CDCl3) 6 —4.14 (d, 3H, J 12 Hz), 0.85 (t, 24 H, J 7 Hz), 2.7-3.3
(brm, 16 H), 7.54 (t, 8H,J 7 Hz), 7.6-7.7 (br t, 4H), 7.62 (d, 8 H, J 7 Hz).
31PNMR (CDCl3) § —203.1(d, J 730 Hz), —143.8 (spt, J 715 Hz). UV-VIS
(CH2Cl3) Amax (l0g €) 443 (5.37), 481 (3.96), 575 (4.13), 622 (3.83).
b CI’yStaJ data: 2-C|O4'CH2C|2: C62H66N405C|3P, M = 10845, or-
thorhombic, space group P2,2,2,, a = 17.30(1), b = 20.64(3), ¢ =
15.196(6) A, U = 5426(6) A3, Z = 4, DC = 1.22gcm-3, T = 297 K.

4- PFe CH2C|2 C61H63N4F7C|2P2, = 11180 mOnOC“mC Space group
P2,/m, a = 11.560(2), b = 25.797(5), ¢ = 11.533(2) A, B = 107.01(1)deg,
U = 328889) A3, Z = 2D, = 1.13gcm=3, T = 297

Both data sets were collected on a Mac Suence DI P2030 imaging plate
equipped with graphite-monochromated Mo-K« radiation (A = 0.710 73
A). Unit cell parameters were determined by autoindexing several imagesin
each data set separately with program DENZO.” For each data set, rotation
images were collected in 6° increments with a total rotation of 180° about
¢. Data were processed by using SCALEPACK.” The structure was solved
using the teXsan (Rigaku) system and refined by full-matrix least squares.
Fina Rl = 0.052 (R, = 0.048) for 5580 observed reflections (676
parameters) with | > 30(l) in 2-CIO4-CH.Cl,, and R1 = 0.134 (R, =
0.150) for 2530 observed reflections (392 parameters) with | > 40(l) in
4-PFg-CH.Cl>. 3

3-PFs: CasHesN4FsCloP,, M = 1128.1, triclinic, space group P1, a =
13.303(3), b = 13.911(5), ¢ = 17.602(3) A, o = 73.49(2), B = 69.76(1),
y = 71.46(2)°, U = 2841(1) A3, Z = 2, D, = 1.32gem-—3, T = 297 K.
Crystal data for the product were collected on a Mac Science MXC-3
diffractometer and irradiated with graphite-monochromated Cu-K« radia-
tion (A = 1.5418 A). The structure was solved using the teXsan (Rigaku)
system and refined by full-matrix least squares. Final R1= 0.105 (R, =
0.122) for 4308 observed reflections (663 parameters) with | > 50(1).
CCDC 182/1107. See http://www.rsc.org/suppdata/cc/1999/147/ for crys-
tallographgic filesin .cif format.

1 For reviews: M. O. Senge, J. Photochem. Photobiol. B: Biol., 1992, 16,
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The redox behaviour of a Cegg3Zrp3,0, mixed oxide is
reversibly modified by alternating high temperature (1223
K) reduction with either mild (823 K) or high temperature
(1223 K) re-oxidation treatments.

Cerialzirconiamixed oxides constitute areal alternative to pure
ceriain advanced three way catalyst (TWC) formulations.12 It
has been shown that the incorporation of zirconium into the
ceria lattice improves its textural stability34 and redox behav-
iour.>7 The Ce/Zr mixed oxides also show enhanced OSC
(oxygen storage capacity)8 which has been interpreted as due to
the occurrence of bulk reduction at moderate temperatures.®
This would also explain the remarkably high OSC values they
exhibit even when heavily sintered.1° Moreover, in spite of the
inherent loss of surface area, the high temperature ageing
treatments under reducing conditions may actualy improve
their reducibility and OSC properties.” This behaviour contrasts
with the severe deterioration of redox properties aways
observed for pure ceria on ageing.11.12 Recent studies which
directly compare the reduction behaviour of Ce/Zr mixed oxides
with that of pure CeO, clearly demonstrate this point.7.10

We report on the strong influence of the re-oxidation
conditions on the redox behaviour of Ceg ggZro 320, previously
reduced at high temperature. Alternate mild (823 K) and high
temperature (1223 K) re-oxidation treatments, after reduction at
1223 K in each case, result in very different, but reversible,
redox behaviours. The mild re-oxidation leads to enhanced
oxide reducibility whereas subsequent high temperature re-
oxidation induces the opposite effect: severe loss of reducibil-
ity. This behaviour can be reproduced in a cyclic manner,
demonstrating the reversibility of this effect.

The starting Ce/Zr oxide, hereafter denoted LS, had a BET
surface area of 23 m2 g—1 and was prepared by coprecipitation,
calcination and then prolonged ageing (140 h) in wet synthetic
air at 1173 K.

Fig. 1 shows the TPR-MS (temperature programmed reduc-
tion-mass spectrometry) traces for H,O (m/z 18) evolution
recorded when a series of the above-mentioned redox treat-
ments were applied successively. The TPR experimental
conditions were: amount of sample: 200 mg; Hx(5%)-Ar flow
rate. 60 cm3min—1; heating rate: 10 K min—1; top limit
temperature: 1223 K; heating time at 1223 K: 2 h. Before
running any of the TPR-M S experiments, the oxide sample was
routinely oxidised either under mild (MO) or high temperature
(HTO) conditions. The MO treatment consisted of: heating
from 298 to 823K in flowing Oy(5%)/He a 10 K min—1
followed by a 1 h isothermal step at 823 K, cooling to 473 K,
also under flowing Ox(5%)—He, and finally cooling to 298 K in
aflow of He. The HTO treatment is similar to the MO, the only
difference being that the top limit re-oxidation temperature was
1223 K. As confirmed by the magnetic balance data, both MO
and HTO protocols ensure the full oxidation of the sample.
Likewise, our magnetic balance and TPD studies confirm that
thefinal cooling step from 473t0 298 K, in flowing He, does not

induce any significant reduction of the oxide. However, it
alows us to avoid any possible contribution to the TPR-MS
traces from chemisorbed oxygen species. TPD-M S results also
show that both MO and HTO re-oxidation treatments lead to
heavily dehydroxylated oxide samples. In summary, the
reported TPR-MS traces should be interpreted as due only to
the sample reduction with inherent creation of oxygen va
cancies.

The high temperature reduction treatment consisted of
heating the MO pre-treated LS oxide under flowing H, (60
cm3 min—1) from 298 up to 1223 K (heating rate: 10 K min—1),
followed by a dwell at 1223 K for 5 h, evacuation at 1223 K
(2 h) in aflow of He, cooling to 298 K aso in flowing He, and
a further MO re-oxidation treatment. The resulting oxide
sample will be hereafter referred to as SR.

Traces (@) and (b) in Fig. 1 present the TPR-MS diagrams
recorded for the LS and SR samples respectively. Compared

=18 (arbitrary units)

MS Signal, m/z

L i n: 1
473 673 873 1073 1273
Temperature/K

Fig. 1 Influence of the pre-treatment conditions on the reducibility of a Ce/
Zr mixed oxide (CZ-68/32-LS). TPR-MS traces corresponding to the
sample pre-treated as follows: (a) fresh oxide sample, (b) SR pre-treatment,
() HTO, (d) MO, (e) MO, (f) HTO, (g) MO, (h) MO, (i) HTO, (j) MO.
Experiments (b)—(f) were recorded successively on the same oxide sample.
For details of the SR, HTO and MO treatments, see text.
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Fig. 2 Reduction percentage of Cep egZr0.320- obtained from the magnetic
susceptibility measurements and expressed as Ce3*/(Ce3* + Ce#*) as a
function of the reduction temperature [1h at each temperature under
H>(5%)—He flow].

with the LS oxide, the reducibility of the SR sample is
significantly enhanced. The Faraday microbalance has proved
to be particularly useful in characterising the redox behaviour of
ceria based catalytic materials11-14 As in pure ceria, the
reduction of Ce/Zr mixed oxides transforms diamagnetic Ce#*
cations into paramagnetic Ce3+ species. Thus, the evolution of
the magnetic susceptibility as a function of the step by step
reduction treatment provides direct information about the
changing redox state of the oxide. In Fig. 2, the evolution of the
reduction percentage expressed as Ce3*+/(Ce3* + Ce**) clearly
confirms the improved reducibility of the SR sample.

Theoxideresulting from the TPR experiment in Fig. 1(b) was
further re-oxidised at high temperature by following the HTO
protocol. The resulting sample is referred to as SR-HTO. The
corresponding TPR-MS diagram is shown in Fig. 1(c).
Compared with Fig. 1(b), the main reduction peak in Fig. 1(c) is
strongly shifted upwards in temperature, implying a consider-
able deterioration of samplereducibility. Thisisalso seeninthe
magnetic balance results reported in Fig. 2.

Fig. 1(d)—(j) show the evolution of the redox properties of the
oxide during the series of successive TPR—MS/Re-oxidation
(MO or HTO) treatments. When the sample resulting from the
TPR-MS experiment shown in Fig. 1(c), is re-oxidised by
following the MO protocol, the subsequent TPR-MS diagram
[Fig. 1(d)] shows a 200 K shift in the reduction peak towards
lower temperatures. By repeating the MO and TPR-M Sroutine,
atrace [Fig. 1(e)] very close to the previous one was obtained.
By contrast, the TPR-MS reduction peaks are then shifted
upwards again [Fig. 1(f)] by applying the HTO re-oxidation
procedure to this sample. Thelast four TPR-MSdiagrams[Fig.
1(g)—(j)] alow us to confirm that this behaviour is fully
reversible. No change of the BET surface area was observed
throughout the whole series of experiments.

The above results prompted us to investigate the effect of an
intermediate re-oxidation temperature (923 K). Fig. 3(b) shows
the corresponding TPR-M S trace. The diagrams recorded after
re-oxidation at 823 K (a) and 1223 K (c) are also included for
comparison. We can conclude that the choice of there-oxidation
conditions may critically modify the redox properties of the
oxide. Fig. 3 shows that a moderate increase of the re-oxidation
temperature, from 823 to 923 K, has a strong influence on the
reducibility of the oxide.

In conclusion, these results may help towards a better
understanding of the behaviour of this family of TWC redox
materials. Our results suggest the convenience of performing
specific studies aimed at establishing the effect of the ageing
treatments under real TWC operation conditions on the redox
behaviour of these mixed oxides. Finaly, our observations are
also relevant for comparative purposes. the pre-treatment
conditions appear to play an important role in determining the
redox behaviour of the resulting oxides. Consequently, the pre-
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Fig. 3 Influence of the oxidising pre-treatment on the reducibility of aCe/Zr
mixed oxide (CZ-68/32-LS). TPR-MS traces corresponding to: (a) SR
sample (MO pre-oxidation protocol); (b) SR sample further heated under
0,(5%)—He at 923 K (experimental pre-oxidation protocol similar to the
MO and HTO procedures); (c) SR sample further submitted to the HTO
treatment.

treatment routine should be carefully controlled when compar-
ative evaluations of Ce/Zr mixed oxides are to be made.

This work has received financia support from the TMR
Program of the EU (CEZIRENCAT Project, Contract No.:
ERB-FMRX-CT-96-0060), the CICYT (Project: MAT96-
0931), the DGICYT (Project PB95-1257) and the Junta de
Andalucia.
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a-Fluorovinylphosphonium salts 3 and 4 were synthesized
and underwent Michael addition followed by Wittig olefina-
tion to give the corresponding monofluoroethylene com-
pounds in good yields.

The replacement of a hydrogen atom by a fluorine atom often
causes large changes in the biological activity of organic
compounds, and the preparation of such fluorinated compounds
has recently received much attention in the fields of medical and
agricultural chemicals.t Although some methods for the direct
exchange of the hydrogen by the fluorine are well-accepted,
specia techniques and equipment are required.2 Thus, the
development of versatile fluorinated building blocks has
become a significant task in this field.3 We have considered the
title compounds as promising candidates for a monofluorinated
building block which would be stable and easy to handle. As
vinyltriphenylphosphonium bromide (Schweizer reagent) ex-
hibits excellent performance4 we would expect similar re-
activity for the title compound. This report describes the first
preparation and reaction of the «-fluorovinylphosphonium salts
as useful reagents for introducing a monofluoroethylene moiety
into carbonyl compounds.>

+ —
PPh3OTf  RricHo
RONa +

RO‘>—<R’

F H

Our synthetic route for the preparation of the «-fluor-
ovinylphosphonium sdlts 3 or 4 is depicted in Scheme 1.
Initially, we examined the convenient preparation of «-
fluorovinyldiphenylphosphine 2 as a precursor for the salts.
Since it iswell-documented that nucleophilic addition followed
by elimination of the fluoride for producing 1,1-difluoro-
ethylene derivatives is facile,® it was therefore anticipated that
the reaction of lithium diphenylphosphide” and 1,1-difluoro-
ethylene 1 should afford the facile preparation of the phosphine
2. The modest yield we encountered when conducting the
reaction in THF—oluene at —78 °C led us to controlling the
reaction temperature. When the reaction was conducted over the
temperature range of —60 to —40 °C, the yield improved to

F F

LiPPh,
i THF-toluene
F —60 to —40 °C PPh;
1 2
+ —
Mel PPh,oMesl
F
3
2
+ + _
Ph,IOTf PPh3OTf
cat. CuCl
140 °C F
4
Scheme 1

Table 1 Reaction of «-fluorovinylphosphonium salts with variuos alde-
hydes

Entry R R’ Yield (%)2 E:ZP
Ic Me Ph 43 52:48
2 Me Ph 63 40:60
3c Et Ph 52 53:47
4 Et Ph 75 43:57
5 Et 4-MeOCgH4 80 35:65
6 Et 4-PhCgHg, 70 47:53
7 Et 4-NCCgH4 69 52:48
8 Et 2-naphthyl 77 41:59
9 Et (E)-PhCH=CH 82 37:63
10 Et PhCH,CH, trace —

a|solated yield. P Determined by capillary GC-MS analysis. ¢ Salt 3 was
used in place of 4.

86%. However, if the reaction temperature exceeded —40 °C,
undesirable 1,1-bis(di phenyl phosphinyl)ethylene was produced
as a by-product.

Quaternization of the phosphine 2 with Mel proceeded
smoothly to give the «-fluorovinyldiphenylmethylphosphon-
ium iodide 3 in 91% yield; however, reaction of 2 with aryl
halides or aryl triflates did not take place under various
conditions. Kitamura and co-workers have described the direct
S-arylation of benzo[b]thiophenes to produce the 1-arylben-
zo[b]thiophenium salt.8 This prompted us to use the diarylio-
donium salts for P-arylation of the phosphine 2 instead of S
arylation of the sulfides. After many unsuccessful experiments,
the «-fluorovinyltriphenylphosphonium triflate 4 was finally
obtained by the reaction of diphenyliodonium triflate in the
presence of CuCl in 1,1,2,2-tetrachloroethane at 140 °C in 82%
yield.T We believe that this P-arylation method provides a new
route for the synthesis of the aryl phosphonium salts.

The B-ethoxy-«-fluoroethyltriphenylphosphonium  ylide,
generated via the addition of an ethoxide anion to 4 in ethanol
at room temperature, reacted with benzaldehyde to provide
1-benzylidene-1-fluoro-2-ethoxyethane as a 43:57 mixture of
the E and Z isomersin 75% yield (Table 1, entry 4).3 The E:Z
ratio was determined by capillary GC-MS anaysis. The
geometrical isomers were characterized from their NMR
spectra. The coupling constants with fluorine showed a value of
20 Hz for the E isomer and 39 Hz for the Z isomer. The effects
of the reaction conditions on these relative E:Z ratios have not
been studied. Some selected data are shown in Table 1. The
reactivity of salt 4 was much higher than that of salt 3 (compare
the yields in entries 1 vs. 2 and 3 vs. 4). Although aromatic
adehydes and an «,[3-unsaturated aldehyde gave good results,
the diphatic aldehyde gave poor results. Studies on the
synthesis of a variety of monofluorinated heterocyclic ring
systems are now in progress in our laboratory.

Thiswork was supported by the Mitsubishiyuka Foundation,
the Yamanouchi Foundation, and a Grant-in-Aid for Scientific
Research (10650836) from the Ministry of Education, Science,
and Culture, Japan.
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T Preparation of 2: To asolution of lithium wire (0.54 g, 83.8 mmol) in 40
ml of THF was added diphenylchlorophosphine (6.0 ml, 33.4 mmol) at
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room temperature under argon. The solution was stirred for 3 h and followed
by the addition of 40 ml of toluene. After stirring for an additional 1 h, the
solution was cooled to —60 °C. At this temperature, argon was replaced
with 1,1-difluoroethylene. The mixture was gradually warmed to —40 °C
and quenched with sat. NH4Cl solution. After the usual workup, the residue
was chromatographed on silica gel (hexane-EtOAc 100:1) to give the
desired product (6.3 g, 86%): v(neat)/cm—1 3056, 1622, 1482, 1435, 1153,
1095, 1027, 997, 916, 885, 742 and 694; 6(CDCl3) 4.97 (1H, ddd, J 2.9,
6.3, 50.8), 5.39 (1H, ddd, J 2.9, 21.0, 23.4), 7.25-7.80 (m, 10 H); HRMS:
230.0661(M+); Calc. for C14H1FP: C, 73.04; H, 5.25. Found: C, 72.96; H,
5.28%.

Preparation of 4: A mixture of «-fluorovinyldiphenylphosphine2 (1.47 g,
6.4 mmol), diphenyliodonium triflate (3.30 g, 7.7 mmol), copper(i) chloride
(63.3 mg, 0.64 mmol), a catalytic amount of Cu wire (30 mg) and 4 A
molecular sieves (0.5 g) in 1,1,2,2-tetrachloroethane (1.5 ml) was heated at
140 °C for 30 min under argon. After cooling the reaction mixture to room
temperature, it was chromatographed on silica gel (CH,Cl, then CH,Cl—
acetone 2:1) to give the desired product (2.41g, 82%). Further purification
for the combustion analysis was conducted by recrystallization from
ButOH-Et,0: mp 101.2-101.7 °C; v(KBr)/cm—1 3137, 3062, 3007, 1632,
1588, 1581, 1486, 1482, 1441, 1370, 1257, 1227, 1172, 1152, 1114, 1029,
995, 935, 913, 760, 736, 709, 689 and 641; 54(CDCl3) 5.79 (1H, ddd, J 6.4,
7.3,49.3), 6.49 (1H, ddd, J 6.4, 21.5, 29.8), 7.7-8.0 (m, 15 H); m/z (FAB)
307 (M*+ — QTf); Calc. for CxH17F403PS: C, 55.27; H, 3.75. Found: C,
55.08; H, 3.67%.

t General procedure: To a solution of NaH (1.2 equiv.) in EtOH (5 ml)
under Ar was added «-fluorovinyltriphenyl phosphonium triflate (0.5 mmol)
a room temperature. The resulting solution was stirred for 10 min,
benzaldehyde (1.2 equiv.) was added to the solution, and the reaction
mixture was stirred for 16 h. After the usual workup, column chromatog-
raphy (silica gel, hexane-EtOAc 30:1) of the residue afforded 27.7 mg of
(E)-1-benzylidene-2-ethoxy-1-fluoroethane and 39.1 mg of (2)-1-benzyli-
dene-2-ethoxy-1-fluoroethane (total 75% yield). (E)-isomer: v(neat)/cm—1
2978, 2924, 2873, 1685, 1598, 1489, 1447, 1380, 1261, 1143, 1098, 997,
883, 750, 699 and 630; 5,4(CDCl3) 1.25 (3H, t, J 6.84), 3.58 (2H, g, J 6.83),
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4.18 (2H, d, J 22.95), 6.45 (1H, d, J 20.02), 7.24-7.38 (5H, m); m/z 180 (30,
M+), 151 (46), 135 (60), 133 (56), 115 (80), 109 (100), 104 (30); Calc. for
CyiH13FO: C, 73.31; H, 7.27. Found: C, 73.54; H, 7.44%. (Z)-isomer:
v(neat)/cm—1 3025, 2978, 2865, 1695, 1598, 1496, 1450, 1351, 1099, 880,
755 and 694; 6,4(CDCl3) 1.27 (3H, t, J6.83), 3.60 (2H, g, J 6.83), 4.12 (2H,
d, J15.14), 5.76 (1H, d, J 38.57), 7.21-7.53 (5H, m); m/z 180 (52, M+), 151
(52), 135 (76), 133 (62), 115 (90), 109 (100); Calc. for Cy;H1sFO: C, 73.31;
H, 7.27. Found: C, 73.44; H, 7.35%.
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Addition of hydrolysed trimethylgallium to an excess of
18-crown-6 in water affords an alkyl p-hydroxo bridged
Ga(1m) trimer in solution (pH ca. 6) and the solid, isolated as
the hydrogen bonded assembled supermolecule [{Me,Ga(u-
OH)}3-3H,0],-18-crown-6.

The oxidation and reaction of group 13 alkyl compounds with
water is often extremely exothermic and under controlled
conditions it is possible to isolate some metal oxide/hydroxide
intermediate compounds en route to complete hydrolysis to the
alkane and metal hydroxides.1 These compounds have provided
information about the hydrolysis reactions and certain deriva
tives have also been found to function as co-catalysts in the
Ziegler—Natta polymerisation of olefins.2 The oxide, hydroxide
and mixed oxide-hydroxide chemistry of aluminium, and also
indium, has been extensively studied.3 In contrast, there have
been relatively few studies concerning analogous gallium
chemistry.3-11 Thefirst organogallium—oxo compound reported
[ButGa(us-0O)]o was characterised by mass spectrometry and
NMR spectroscopy,12 soon followed by the synthesis and
structural authentication of the only known cyclic trimeric
hydroxy derivative of gallium, [But,Ga(u-OH)]s.5 This com-
pound was originally identified as an impurity formed during
the synthesis of [But,Ga(u-PH,)]s.13 More recently, the struc-
tural characterisation of the largest gall oxane hydroxideisolated
thus far, [GaButio(us-O)g(u-O)x(u-OH)4l, has been de-
scribed.4 Further studies on the stabilization and structural
characterisation of controlled hydrolysis products of [Ga(2,4,6-
MesCeH3)3] by deprotonation reactions involving akyllithium
reagents have also been reported.14

In addressing the difficulties associated with isolating the
intermediates formed during the hydrolysis of substitutionally
labile alkyl metal compounds from agueous solution we use a
crown ether to promote supramolecular complexation and
crystallisation. A similar technique has been used to crystalise a
known dinuclear agua cation formed during the hydrolytic
polymerisation of Cr(1r).25 In the present study we show that
using this supramolecular self assembly approach resultsin the
formation of a new alkyl pu-hydroxo bridged Ga(im) trimer,
[{ MeGa(u-OH} 3-3H,0] »-18-crown-6, which has been charac-
terised in solution and in the solid state.

Addition of an agueous solution of hydrolysed trime-
thylgallium to 2 equiv. of 18-crown-6 in water at room
temperature (pH of the mixture ca. 6) resultsin the formation of
colorless crystals of [{MeGa(u-OH)}3-3H,0]»-18-crown-6
(Fig. 1)t suitable for X-ray crystallography. It is noteworthy
that the product yield is enhanced by increasing the concentra-
tion of 18-crown-6 relative to hydrolysed Me;Gain the reaction
mixture; molar ratios for 18-crown-6: hydrolysed MesGa of
2:1,1:1and 0.5:1 afford the trimer in 70, 40 and 20% yield
respectively. The 1H NMR spectrum of the complex in acetone
exhibitsasinglet at 6 —0.45, assigned to the Me,Gaunits, aless
intense singlet at 6 4.46, assigned to the GaOH protons, and a
singlet a 6 3.59 assigned to the ethylene groups of the
18-crown-6. The integration, 6: 1: 4 respectively, is consistent
with the proposed formulation. In acetone hydrogen bonding
interactions (Fig. 2) between GaOH groups and solvent are
likely and in this context we note that in chloroform the singlet

Fig. 1 The molecular structure of [{ Me,Ga(u-OH)} 3-3H,0] »-18-crown-6.

for GaOH shifts to ¢ 1.43. The trimeric complex was found to
be insoluble in hexane and water which contrasts with previous
findings for the tert-butyl analogue [But,Ga(u-OH)]5.6

The variable-temperature *H NMR spectra of the complex
show shifts in the singlet due to GaOH from ¢ 4.4 (+30 °C) to
a doublet (2:1) at 5.2 (—60°C) which may be due to the
hydrogen bonding interactions of two of the three possible
bridging OH groups with water molecules hydrogen bonded to
the crown ether (Fig. 1). This change was not observed in the
variable-temperature 1H NMR spectraof [But,Ga(u-OH)] 3% and
is consistent with the presence of the crown ether complex in
solution. Addition of D,O to the complex in acetone results in
the spontaneous disappearance of the O—H signal, indicating
very fast proton exchange on the bridging OH groups. By
comparison the OH signa for [But.Ga(u-OH)]z in DO
disappeared slowly over 120 h (slow proton exchange).6 Thisis
to be expected since terminal methyl groups sterically crowd the
bridging OH groups less thus providing greater access to the
bulk solvent (for exchange) than tert-butyl groups on the same
galium trimer.

The 13C{1H} NMR spectrum at 20 °C contains two singlets
a 6 11.04 and 71.40 due to 18-crown-6 and Me,Ga groups,
respectively. The positive ion electrospray mass spectrum
(ESMS) confirmed the trimeric nature of the complex inthe gas
phase {[Me,Ga(OH)]; = 350.1 u}. IR spectroscopic data
confirm the presence of the O-H and C-O (18-crown-6) groups
(VO—H 3420 cm—1, Vco 1110 Cmfl). _

The compound crystallises in the space group P1 with the
asymmetric unit comprised of one [GaMe,(OH)]5 cluster and
half acrown ether molecule, bound together by a chain of three
hydrogen bonded water molecules (Fig. 1).1 Crystallographic
symmetry places one cluster on each side of the crown ether
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Table 1 Hydrogen bonding distances (A) and angles (°) in the super-
molecule

A H B A-B A-H H---B A-H---B
0@ H(36) O(7) 26933 0950(2) 1940(3) 134.5(2)
O(3) H(35) 09 2.824(4) 0950(2) 2.104(3) 1315(2)
O(7) H(33) 08 2687(5) 085(4) 1845  173(4)
O(7) H(34) O@2) 2887(4) 086(6) 207(6) 158(5)
O® H@EB) 09 2767(5) 080(5) 2005  163(5)
OB H(32) O(4) 2.834(4) 0.75(4) 211(4)  164(4)
09 H(29) O() 2882(4) 091 1.98 177.1
O H(30) O() 2816(5) 0.66 2.16 170.9

molecule which is arranged with adjacent oxygen atoms
alternating between pointing towards one of the gallium clusters
and to its symmetry relative, i.e. three up and three down. Two
water molecules hydrogen-bond with each face of the crown,
the first bridging two crown ether oxygens, O---O 2.88(1) and
2.82(1) A, while the second bridges the first water molecule
0---02.68(1) A and the remaining crown ether oxygen O---O
2.83(1) A. The hydrogen bonding sphere of the first water
molecule is completed by a hydrogen bond to one of the
hydroxy groups from the gallium cluster O---O 2.82(1) A while
athird water molecule connects the second water molecule and
thegallium cluster via hydrogen bonding to asecond hydroxy of
the cluster O---O 2.69(1) A. Hydrogen bonding distances and
angles in the supermolecule are shown in Table 1.

In conclusion we have shown the supramolecular hydrogen
bonded self assembly of a novel cyclic trimeric hydroxy
galium(i) derivative with  18-crown-6  [{ MexGa(u-
OH)} 3-3H,0]-18-crown-6. Evidence for the presence of the
supermol ecul e was obtained from both solid state and solution
studies. Furthermore, X-ray crystallographic data showed that
in the solid state each supermolecule exists as a discrete unit
comprising of two galium trimer clusters hydrogen bonded
through six lattice water moleculesto acentral crown ether. We
are currently investigating using this approach to crystallise
other group 13 akyl hydroxy compounds from aqueous
solution.

This work was supported by the Australian Research
Council.

Notes and references

T Synthesis and characterisation of [{ Me,Ga(u-OH)} 3-3H,0] »-18-crown-6:
MesGa (1 ml) was added to distilled water (30 ml) in an extremely
exothermic reaction (CAUTION!) Aliquots of this solution were taken and
added to agueous solutions of 18-crown-6 such that the ratio of 18-crown-6
to hydrolysed MesGawas 2: 1 at pH ca. 6. Thisresulted in the formation of
colorless crystals over a period of aweek. Yield: 70% with respect to Ga.
Mp 64-66 °C. Insoluble in hexane and water; soluble in acetone and
chloroform. IR (KBr disk): 3420m br, 2956m, 2912m, 1637w, 1473vw,
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1353w, 1253vw, 1202w, 1109s, 962m, 838vw, 802vw, 734m, 583m, 532m
cm—1 1H NMR [300.07 MHz, 20°C, (CD3),CO] 6 —0.45 [s, 18H,
(MeyGa)], 3.59 (s, 24H, 18-crown-6), 4.46 {s, 3H, [Ga(OH)]3}. tH NMR
(200.13 MHz, 20 °C, CD3Cl) 6 —0.34 [s, 18H, (MexGa)3]), 1.43 {s, 3H,
[Ga(OH)]3}, 3.68 (s, 24H, 18-crown-6). 13C{1H} NMR (75.45MHz, 20 °C,
(CD3),CQO] 6 11.04 (s, 18-crown-6), 7140 [s, (MeGa)s]. ESMS (Ml,
Me,CO), m/z 480.1 {[Me,Ga(OH)]>Me,CO-4H.0}, 408.1 {[Me,Ga
(OH)]s:Me,CO}, 3632 (MeGal8-crown-6), 350.1 {[MeGa
(OH)]s}. Anal. Cdc. for [GasOgCi2H39)2: C, 26.84; H, 7.27. Found: C,
2701; H, 7.40%.

¥ Data collected on an Enraf Nonius CCD diffractometer at 123 K using
graphite-monochromated Mo-K« radiation (A = 0.71013 A) were corrected
for Lorenzian and polarisation but not absorption. The structure was solved
using TEXSAN. All non-hydrogen atoms were refined using a full-matrix
least-squares refinement against F. All hydrogen atoms, other than those
attached to water molecules, were included at calculated positions with a
riding model. Those hydrogen atoms attached to water molecules were
included by the detection of electron density between heteroatoms situated
at hydrogen-bonded distances i.e. <2.9 A and refined. Crystal data.
Ca3H78015Gas. M, = 1073.18, triclinic, space group P1, a = 8.9725(3), b
= 11.3120(3), ¢ = 12.8986(5) A, o = 77.522(1), B = 75.876(1), y =
67.686(6)°, U = 1163.35(6) A3,Z = 2, u = (Mo-K«) = 8.935 mm—1, 3139
reflections, 242 parameters, R; = 0.0309, wR = 0.0338. CCDC 182/1106.
See http://www.rsc.org/suppdata/cc/1999/153/ for crystallographic files in
.cif format.
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A new anion exchange method of intercalation in layered
double hydroxides (LDHs), based on the formation and
organic phase extraction of a salt between dodecylsulfate
anions and a cationic surfactant (CTA), is described which is
shown to be a very fast and efficient way to obtain a wide
variety of LDH-intercalated organic and inorganic anions,
using the precursor Zn(11)-Cr(i1)-dodecylsulfate LDH.

Layered double hydroxides (LDHSs), or the so-called hydro-
talcite-like compounds, can be represented by the general
formula [M"; _ ;M1 (OH),] (A )wmnNH20. The structure of
this kind of compound, based on the stacking of positively
charged layers with hydrated anions in the interlamellar
domain, confers relatively high mobility on these anions.1-3

Direct synthesis of LDHs can be conducted by various
methods, e.g. coprecipitation,2:2 the sat-oxide method,23
hydrothermal synthesis,? as well as less studied methods.45
However, there are some indirect methods based on the use of
LDH precursors prepared by direct synthesisin order to obtain
a new different compound. Indirect synthesis can traditionally
be conducted using three main techniques: (i) direct anion
exchange, using an LDH intercalated with chloride (sometimes
nitrate or perchlorate) as the precursor;23.6 (ii) anion exchange
by elimination of the precursor interlamellar species (usually
carbonate or terephthalate) susceptible to acid attack;7-° and
(iii) regeneration of the material obtained by the calcination of
an LDH intercalated with carbonate (eventually others), in a
solution containing the anion of interest.1.10-12

In thiswork anew method of anion exchange in a surfactant-
intercalated LDH is described. The mechanism involved is
based on the formation of a salt between an anionic surfactant
(sulfated or sulfonated) and a cationic one (e.g. N-cetyl-N,N,N-
trimethylammonium bromide, CTAB, or benzyldimethylalk-
ylammonium chloride, BAC).13 The salt is then removed from
the aqueous medium into an organic phase such as dichloro-
methane, chloroform, di- and tri-chloroethanes or hexane.

The LDH precursor used in this method should contain an
anionic surfactant (in this work dodecylsulfate, DS, was used)
in the interlayer domain. The precursor was synthesised by the
coprecipitation method at constant pH (7.0 + 0.2), withaZn: Cr
ratio of 3: 1.2 This one-step synthesisis very easy to perform.
The product obtained is well-crystallised without further
treatments, as can be seen from the powder X-ray diffraction
(PXRD) pattern of this precursor in Fig. 1la (Siemens X-ray
diffractometer D5005, Cu-K, = 1.5406 A). This fact can be
atributed to the self organisation of DS anions in the
interlamellar domain, promoted by interactions between the
hydrophaobic chains. The obtained basal spacing isvery closeto
those reported in the literature.® The high crystalinity of the
precursor is very important for the synthesis of LDHs by
indirect methods since the crystallinity of the product isdirectly
related to that of the precursor.1.9.12

The anion exchange was carried out by adding 20 mL of a
0.15 M CTAB solution to an aqueous mixture containing 20 g
of asuspension of the precursor (approximately 1.3 g of Zn—Cr—
DS-LDH), 50 mL of the solution of the anion of interest
containing an excess of the amount necessary for a quantitative
exchange and the organic phase (30 mL of chloroform was
used). The surfactant anion was removed from the interlayer
domain by the formation of the salt with the cationic surfactant,

which migrates to the organic phase favouring the concomitant
intercalation of the anion of interest. The formation of this salt
and itsmigration to the organic phase arefast and so isthe anion
exchange process. The surfactant salt is insoluble (or only
sparingly soluble) in the aqueous phase, so its migration to the
organic medium enhances the efficiency of the process by
displacing the equilibrium to the surfactant salt formation. A
schematic illustration of the process is shown in Fig. 2. The
contact time was 30 minutes, after which the material obtained
was washed three times with chloroform, once with acetone and
twicewith water, and separated by centrifugation. The materials
obtained were dried under vacuum. No pH control was carried
out, except in the case of polyoxometalate, where the pH was
adjusted to 5.0 in order to obtain the decavanadate species.14

To test this method a great variety of anions, including
chloride, carbonate, some carboxylates, decavanadate and a
tetrasulfonated phthalocyanine, were used to displace the DS
anion. The occurrence of anion exchange without the addition
of the cationic surfactant was tested using the carbonate anion to
substitute the DS anion. The choice of carbonate anion to test
the exchange without the addition of CTAB was made duetoits
high stability when intercal ated, compared with the other anions
used. The occurrence of the exchange starting from the dried
precursor was also checked.

The presence of bromide anions (CTAB counter ion) in the
obtained materials was also tested using a model 9635 ionplus
series bromide electrode from Orion Res. Inc.

The PXRD patterns of the samples obtained by anion
exchange are shown in Fig. 1. A well-organised hydrotalcite-

Fig. 1 PXRD patterns for the prepared samples: (a) DS-intercalated LDH
precursor; and LDH anion-exchanged by (b) carbonate; (c) decavanadate;
(d) terephthalate; (€) cholate; and (f) copper(n) phthal ocyaninetetrasulfo-
nate.
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like compound with a basal spacing close to reported data3 was
obtained (see Fig. 1b) by the exchange of dodecylsulfate by
carbonate anions (using the precursor suspension). Similar
results were obtained when the precursor was dried and re-
suspended (particles were dispersed by brief sonication, for less
than 1 min). The exchange of DS with chloride anion (data not
shown, d = 7.78 A) presented similar results to those obtained
for carbonate anion. Without the addition of CTAB, the anion
exchange of DS with carbonate did not occur. Even when the
contact time was increased to 24 h, the resulting PXRD pattern
was very close to that obtained from the precursor.

Based on these results, it is possible to conclude that the
presence of CTAB in the medium is necessary to promote anion
exchange. The extraction of the sat formed between the
cationic and anionic surfactants into the organic phase should
enhance the exchange process, making it faster and more
efficient. The exchange process by this method is not affected if
the precursor is dried before use. This is a very important
observation, sincetheliterature reportsthat drying the precursor
can hinder the anion exchange when using both methods, the
one based on chloride (or nitrate or perchlorate) containing
precursors?6 and the one based on the acidification of carbonate
(or terephthalate) containing precursors.”°

The PXRD pattern for decavanadate anion exchange is
showninFig. 1c. Thelow crystalinity obtained is characteristic
of LDHs intercalated with decavanadate, and the basal spacing
obtained is close to reported data.8® The intercalation of
carboxylate anions al so presented good results, as can be seenin
Fig. 1d and e for terephthalate and cholate respectively. High
structural organisation is again observed, as well as phase
purity. Similar results were obtained for the naphthoate anion
(data not shown, d = 20.54 A). Note that, even though cholate
is considered to be a surfactant, the exchange occurs success-
fully, emphasising the fact that the formation of the water-
insoluble salt is characteristic of sulfated and sulfonated
surfactants. Furthermore, the cholate anion was successfully
intercalated with a basal spacing (34.70 A) greater than that
obtained for the DS anion, showing that it is possible to expand
theinterlayer spacing by this anion exchange method. The basal
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Fig. 2 Schematic representation of the proposed mechanism.
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spacing obtained for the naphthoate intercalate is close to
reported data, 1 and indicates that this anion was intercalated as
abilayer in the interlayer domain.

The intercalation of the phthalocyanine anion showed a
material with crystallinity and basal spacing (see Fig. 1f)
comparable with those reported for a similar compound.2 In
this case it is also important to note that the negative charge of
this anion is derived from sulfonate groups, although no salt
formation was observed between this macrocycle anion and
CTA. This was demonstrated by the observation that the
chloroform phase collected at the end of the preparation process
did not show the characteristic blue colour of this anion.

A quantity of the anionic—cationic surfactant salt was
prepared separately in order to take its PXRD pattern, which
showed very intense and sharp peaks (data not shown). These
peaks were not observed in the solid PXRD patterns, but were
observed in the PXRD pattern of the residue from the
evaporation of the organic phase used in the anion exchange.
Chemica analysis showed the presence of a small amount of
sulfur in some samples, which is probably due to high affinity
adsorption of DS anions with LDHs.15

The analysis of bromide in the materials obtained showed a
concentration in the range 0.15 to 0.22% (in mass). Thisamount
of bromide anions can be assigned to both adsorbed and
intercalated bromide. However, if we consider that all this
bromide is intercalated, neutralising the layer charges, we will
obtain arelation of only 1.0 to 1.5% of substitution by bromide
anions.

Based on these results, we conclude that through this method
it is possible to obtain a wide variety of organic or inorganic
anionsintercalated in LDHs in a simple manner. The synthesis
of aprecursor containing DS anions is required, but this can be
carried out very easily. Moreover, this method presents great
versatility: (i) it can be applied within a large range of pH
values, depending only on the pH range supported by the
substituting anion and by the LDH; (ii) the anion exchange is
very fast and efficient; (iii) the maintenance of the precursor in
a suspension is not necessary; and (iv) the formation of the
water-insoluble salt with an ammonium quaternary surfactant is
specific for sulfated and sulfonated surfactants.

We thank the Brazilian agencies. FAPESP (95/5752-0,
95/3735-1, 96/6030-1 and 96/12373-9), CNPg/PADCT and
CAPES for financial support.
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The first free-base meso-tetraarylporphyrin coordination
polymer is assembled from meso-tetrapyridylporphyrin and
HgBr, via 4-connected peripheral ligation, and it possesses a
novel one-dimensional structural motif with large inter-
porphyrin cavities.

There has been recent research interest in crystal engineering
supramolecular architectures assembled from metal ions and
polydentate ligands by coordinate covalent bonding. Function-
alized meso-tetraarylporphyrin ligands have been employed to
ligate metal ions using the donor atoms (e.g. N) on the four
meso-aryl substituents.2 Incorporation of such tetraarylpor-
phyrin units into supramolecular oligomers or polymers via
peripheral ligation is attractive for several reasons. Tetra-
arylporphyrin molecules are robust, rigid and highly symmet-
rical and thus serve as desirable, slab-like building blocks for
synthesizing microporous materials with large cavities and
channels that have potential catalytic activity.3 Supramolecular
systems containing multiporphyrin units have applications as
biomimetic models for the study of energy/electron transfer
processesin photosynthesis.4~7 Understanding such processesis
fundamental for developing molecule-based opto-electronic
materials.8

However, investigations of the aforementioned meso-tetra-
arylporphyrin coordination polymers are still lacking in scope.
To our knowledge, only three infinite network structures have
been reported by Robson and coworkers,2 which contain
metalloporphyrin units connected by additional metal ions via
all four meso-peripheral functions on each metalloporphyrin
molecule. Also noteworthy are the structures of severa
coordination polymers obtained by recrystallization of Zn- or
Cu-meso-tetraarylporphyrins from certain organic solvents
without additional metal ions.® In these materids, it is the
ligation of two of the functionalized aryls on each metallo-
porphyrin molecule to the metal centers of two adjacent
metalloporphyrins that forms the infinite structures. Although
several groups have described the use of free-base meso-
tetrapyridylporphyrin in assembling porphyrin oligomers,6.10
no coordination polymers built upon free-base meso-tetra-
arylporphyrin units have been reported in the literature. We are
interested in exploring self-assembly of free-base meso-
tetraarylporphyrin building blocks and metal ions of various
coordination environments. Our strategy involves using func-
tionalized meso-aryl groups to ligate metal ions. These
porphyrins are readily available commercially or syntheti-
cally.® The use of unmetallated porphyrins avoids the possible
ligation of the metal center in the cavity of one metallo-
porphyrin molecule to the periphery of another metalo-
porphyrin molecule. Such additional linkages could complicate
the design and engineering of solid state structures. In this
communication, we report the synthesis and X-ray crysta
structure of anovel one-dimensional infinite polymer in which
free-base meso-tetrapyridylporphyrin (hereafter HTPyP) units
areinterconnected by mercury(i1) centers via peripheral pyridyl
ligation.

Under ambient conditions, a methanol solution (50 mL) of
HgBr, (0.111 mg, 0.31 mmol) was added to a chloroform
solution (50 mL) of H,TPyP (0.047 mg, 0.076 mmol), leading
tothe precipitation of apurple, microcrystalline solid. Thissolid
wasisolated by filtration, washed thoroughly with methanol and
then chloroform, and dried under vacuum for 12 hto give 0.071
g of product (70% yield based on H,TPyP). Asshowninthe IR
spectra (KBr), the pyridine ring vibrational band of H,TPyP
(1629 cm—1) issignificantly shifted to 1600 cm—1 upon pyridyl
N-coordination to mercury. A combustion analysis (for C, H
and N) of the product supports an empirical formula of
HO(H2TPyP)o sBr, (CooH13N4BrHg) T that isfurther confirmed
by single crystal X-ray analysis (see below). This materia is
insolublein common solvents. Moreover, it isair- and moisture-
stable, exhibiting no sign of decomposition or degradationin the
EA and IR analyses after being exposed in air for weeks. Theair
and moisture stability of Hg(H>TPyP)o.sBr» is as expected for
Hg(r) complexes with pyridine-type ligands.1t

Crystals suitable for single crystal X-ray anaysis were
obtained by layering a dilute methanol solution of HgBr, (0.01
M, 4 mL) over adilute chloroform solution of H,TPyP (0.0025
M, 4 mL). Platelike red—purple crystals were formed as the
solvate of empirical formula Hg(H,.TPyP)osBr,-CHCl; as
revedled by X-ray crystalography.f The infinite solid state
structure may be viewed as composed of the building-block unit
Hgo(H-TPyP)Br4-2CHCI 3 shown in Fig. 1. Inthe extended one-
dimensional motif showninFig. 2, the Hg(11) center isligated to
two bromides and two pyridyl nitrogens, thereby adopting a
distorted tetrahedral geometry. This is a rare example of a
crystallographically characterized tetrahedral mercury(i1)—

Ci3

ci21
Cii2)

cin
Fig. 1 Molecular structure of the building-block  unit
Hg(H2TPyP)Brs-2CHCI3, with all hydrogen atoms omitted except the two

in the porphyrin cavity. Atoms labeled with A are related to atoms without
this letter by an inversion symmetry operation.
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one-dimensional motif in

extended
Ho(H,TPyP)osBr,-CHCI3. H,TPyP molecules are bridged by HgBr,
moieties through pyridy! ligation, forming interporphyrin cavities. Solvent
molecules (CHCl3) are not shown.

Fig. 2 View of the

nitrogen complex of general formula HgL,X,, where L =
pyridine or its derivatives and X = halide.1! In addition, the
four pyridyl rings are twisted with respect to the plane of the
parent porphyrin ring. The N(3)- and N(3A)-containing pyridyl
rings each form a dihedral angle with the porphyrin ring at
73.2°. The corresponding dihedral anglesfor N(4)- and N(4A)-
containing pyridyl rings are 67.8° each. The Hg(1)-Br(1) and
Hg(1)-Br(2) bond distances are 2.4671(10) and 2.4770(10) A
respectively; the average of 2.472 A is close to the average
shortest Hg-Br distance (2.48 A) in H%Brz.12 The Hg-N
distances range from 2.482(6) to 2.410(6) A.

The one-dimensiona structural motif shown in Fig. 2 is
unprecedented in porphyrin- or metalloporphyrin-based coor-
dination polymers. In this framework HgBr, moieties act as
linkersto bridge the H,TPyP molecules with each Hg(ir) center
connecting two pyridyls from adjacent porphyrins. This results
inrelatively large interporphyrin cavitiesin the extended chain.
Thesize of the cavity ismeasured by the Hg-: --Hg distance (14.2
A) and the shortest distance between the two meso-carbons of
two adjacent porphyrins (9.72 A). Inside the cavity, the
distances between the van der Waals surfaces are estimated at
8.4 A between the diagonal pyridyls and 3.7 A between the f-
hydrogens of the two adjacent porphyrin molecules. The two
neighboring porphyrin ring planes within a chain are parallel
but are canted by ca. 1.60 A. Solvent (CHCl5) molecules (not
shown) partialy fill the interchain space, and they are not
included in the interporphyrin cavities. When removed from the
mother liquor, crystalsof Hg(H-TPyP)q sBr-CHCI 3 lose CHCl 3
and collapse rapidly, showing no sharp peaksin X-ray powder
diffraction patterns. The resultant solid does not absorb CH.Cl,
CHCl3, CH3OH or benzene to form inclusion compounds. It
seems that crystallinity of the one-dimensional
Hg(H>TPyP)osBr,-CHCls cannot be sustained after loss of
interchain space-filling solvent of crystallization. Networks of

158 Chem. Commun., 1999, 157-158

higher dimensionalities may be required for porphyrin coor-
dination polymers to function like porous materials.

Currently, we are studying the physical properties of
Hg(H-TPyP)osBr. using a combination of photoacoustic,
reflection UV-VIS and fluorescent spectrometries. Addition-
aly, we are examining different metal ions as potential linkers
to assemble porphyrin coordination polymers of higher di-
mensionalities, including 2-D sheets and 3-D networks.

The authors gratefully acknowledge support for this work
from the University of Colorado at Denver in the forms of
startup funding and Junior Faculty Development Awards
(X.W.).
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T Calc. (found) for CxoH13N4BraHg: C, 35.87 (36.15); H, 1.96 (2.08); N,
8.37 (8.31)%.

¥ Crystal data for Hg(H>TPyP)osBro-CHCl3: M = 1578.24, space group
P1, a = 9507(3), b = 11.641(2), ¢ = 12.732(4) A, o = 73.418(9), B =
80.316(16), ¥ = 66.294(7)°, U = 1234.2(6) A3, Z = 1, D, = 2.123 Mg
m-3, F(000) = 738, A(Mo-K«) = 0.71073 A, crystal size = 0.11 x 0.05
x 0.02 mm, 16409 reflections collected on a Siemens SMART CCD
diffractometer at 171 K, 6489 independent reflections, final R1 = 0.0548
for 4487 reflections with | > 20(1), wR2 = 0.0831, GOF = 1.032. The
structure was solved by using Patterson heavy atom method. CCDC
182/1104. See http://www.rsc.org/suppdata/cc/1999/157/ for crystallo-
graphic filesin .cif format.
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Two new borate ligands, PhB(CH,SCHj3),(pz)~ (1) and
Ph,B(CH,SCH3)(pz)~ (27) (pz = 1-pyrazolyl), have been
prepared to provide mixed donor sets, ‘NS,” and ‘NS’,
respectively, to transition metal ions.

Metalloenzyme catalytic sites often contain coordination
spheres that consist of a mixture of nitrogen and sulfur ligands
in the forms of histidine, cysteine and methionine residues.
Representative examples include the zinc sitesin liver alcohol
dehydrogenase! and methionine synthase,2 the nickel sites in
carbon monoxide dehydrogenase/acetyl coenzyme A synthase®
and cobalt- and iron-containing nitrile hydratases.4 A funda-
mental understanding of the chemical transformations per-
formed by these enzymes would be advanced by the preparation
of synthetic representations of these sites. To this end, we have
designed and prepared a new series of borate ligands that
contain nitrogen and sulfur donors. This first report highlights
the preparation, and spectroscopic and structural character-
ization of representative metal ion derivatives of a tridentate
‘NS’ ligand (1-) and a bidentate ‘NS’ ligand (2—). Face-
capping ‘N,S,’ chelate complexes derived from borates have
been reported recently by Parkin and co-workers.> However,
our contribution combinesthe synthetic flexibility of pyrazolyls
and thioethers into a versatile ligand class wherein steric and
electronic properties may be intimately tuned by judicious
choice of subgtituents at the 3-pyrazolyl position and on
sulfur.67 While the ligands may be viewed as hybrids of
Trofimenko's hydridotris(pyrazolyl)borates, Tp—,82 and our
phenyltris((alkylthio)methyl)borates, PhTt—,° we find that the
metal complexes possess properties not predicted from such a
simplified extrapolation.

The synthesis of ligands 1— and 2— proceeded smoothly
using the one-pot, stepwise protocol outlined in Scheme 1.
Using the appropriate borane, the thioether substituent(s) was/
were added first followed by the pyrazolyl group. The ligands
were isolated cleanly by precipitation from water as either the
TI* or N*Bu, sdlts in moderate to good yield. The metal
complexes were prepared via metathesis from the appropriate
metal halide (Scheme 1). For example, synthesis of cis{1],Ni
proceedsin 60% yield from the reaction of 2 equiv. of [NBu,]1
and NiCl,-6H,0 in methanol. Recrystallization from CH,Cl—
Et,O yielded purple blocks. Analytical and combustion datat
were consistent with the indicated formula that was corrobo-
rated by X-ray diffraction analysis.¥ The molecular structure of
cis{1].Ni isdepicted in Fig. 1 with selected metric parameters
given in the caption. The coordination geometry is octahedral
with four sulfur and two nitrogen donors. The most noteworthy
and unexpected feature of the structure is the cis configuration.
The Ni-N bond lengths of 2.063(2) and 2.053(2) A are similar
to those in the all-nitrogen analogue containing two different

Tp— ligands, [Tp3iPr4-Br][Tp35Me2]Ni, 2.05-2.16 A.10 The
four Ni—S distances are al similar averaging to 2.47 A. This
value matches that in the Sg derivative, [PhTt]oNi, 2.433 A .9
The transinfluence of pyrazolyl and thioether donorsis similar
in this case as evidenced by experimentally indistinguishable
Ni—S distances for sulfur trans to nitrogen vs. sulfur trans to
sulfur. Consistent with little-to-no preference for cis vs. trans
structures in NiS;N, complexes are the trans structures of

[([9]aneS;N)2Ni]2+ and [([10]aneS;N)-Ni]2* in which nine- and
ten-membered macrocycles, respectively, are the chelating
ligands.1! The macrocycles differ from 1— in that secondary
amines are the nitrogen donors rather than pyrazoles. Analo-
gous derivatives of Fe() and Co(i1) have been prepared.
Spectroscopic data are consistent with exclusive production of
cis{1].Fe and cis{1],Co.T cis{1].Fe appears to be a spin-
crossover complex with a room temperature magnetic moment
of 4.1 ug. cis{1]>Co is high spin with a magnetic moment of
4.1ug, close to the spin-only value. For comparison, in the all
sulfur analogs, [PhTt].Fe exhibits spin-crossover behavior and
[PhTt].Co is low-spin.1® Complete details will be reported
elsewhere.12

1) 2 LICH,SCH3/TMEDA

a
2) Li /
@B/ ) Lipz - g, 41 %)
No 3 ThsO "—S
P
[NBu,J1
NBu
/ / "] INBug]
Q 1) LICH,SCH4/TMEDA @ N—N
BB oo B (75 %)
3) [NBug]CI

!

cis —[1],M
MX, = FeCl,, CoCl,, NiCl,
2 [NBU4]1T

MX;

2 [NBug2 l

PPN
SASATAS
[2]-M
MX5, = CoCly, NiCl,, ZnBr,

Scheme 1
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Fig. 1 (@) Thermal ellipsoid plot of cis-[1],Ni at 30% probability level
showing the atom labeling scheme. The hydrogen atoms are omitted for
clarity. Selected bond distances (A) and bond angles (°): Ni-N(11) 2.053(2),
Ni—-N(31) 2.067(2), Ni-S(1) 2.4678(8), Ni—-S(2) 2.4545(7), Ni-S(21)
2.4859(6), Ni—S(22) 2.4620(7), S(1)-Ni-S(2) 82.92(3), S(1)-Ni—N(11)
92.27(6), S(2)-Ni—N(11) 86.46(6), N(11)—-Ni—N(31) 92.99(8), N(11)—Ni-
S(21) 176.87(6), S(1)-Ni—S(22) 161.22(3).

Four coordinate complexes [2],M, (M = Ni, Co and Zn),
have been prepared in 70-80% yield from the bidentate ligand,
2—, (Scheme 1).T The molecular structure of pink [2],Co has
been determined (Fig. 2).1 The geometry istetrahedral with two
sulfur and two nitrogen donors. The solution magnetic moment,
4.0 ug, is consistent with three unpaired electrons. While this
represents the first crystallographically determined structure of
Cof(1r) with two nitrogen and two thioether sulfur ligands, there
are molecular precedents that contain two nitrogen and two
thiolate donors.*3 The ligand bond angle of 100.11(1)° (N-Co—
S) is larger than that of the bis[(methylthio)methyl] chelate,
Ph,Bt— [86.31(1)°], reflecting the sp? hybridization of the
pyrazolyl nitrogens.14 Each six-membered chelatering isin the
twist-boat conformation. [2],Co and the isostructural Zn
complex, [2],Zn, are chira possessing C, point symmetry.
Consistent with C, symmetry, the *H NMR spectrum of [2].Zn
contains well resolved methylene resonances for the diaster-
eotopic protons.t Although the phenyl substituents on boron are
also expected to be magnetically inequivalent, their resonances
are not well separated and appear as broad features. [2],Ni is
square planar based on its NMR (diamagnetic) and electronic
spectra. Interpretation of the proton NMR spectrum of [2],Ni,
displaying signals qualitatively analogous to those observed for
[2]2Zn, specifically diastereotopic methylene and broad aryl
resonances, is consistent with a single isomer in solution. To
date, crystallographic data collected on [2],Ni has not yielded a
chemically reasonable solution. Consequently, the identity of
the single isomer, cis or trans, remains unknown. Given the
disposition of ligand substituents in [1]oNi, it is attractive to
propose that the single isomer is cis[2],Ni. This geometry
provides the favorable electronic configuration of placing the

Fig. 2 (a) Thermal ellipsoid plot of [2]2C0*2CgH14 at 30% probability level
showing the atom labeling scheme. The hydrogen atoms and solvent
molecules are omitted for clarity. Selected bond distances (A) and bond
angles (°): Co-S(1) 2.362(1), Co-N(1) 1.957(3), S(1)-Co-N(1) 101.1(1),
$(1)-Co-S(1A) 117.67(7), S(1)-Co—N(1A) 100.1(1), S(1A)-Co-N(1)
100.1(1).
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strong o-donor nitrogen ligands trans to the thioethers. Efforts
to improve the quality of the crystas for X-ray anaysis
continue. Additionally, we aim to distinguish the isomeric form
of [2]oNi in solution using molecular dipole moment meas-
urements.

Research in progress is directed toward utilizing the new
donor sets as supporting ligands for the preparation of synthetic
analogues for the zinc sites in methionine synthase, cobalt-
containing nitrile hydratase and the nickel sites in CO
dehydrogenase.

We thank the Petroleum Research Fund administered by the
ACSfor partial support of this research (30627-AC3). C. G. R.
thanks National Science Foundation for a National Young
Investigator Award (CHE-9896001). We are grateful to Dr S.
Trofimenko for helpful discussions.
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K. CCDC 182/1114.
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The acridine substituted Troger’s base 4 was prepared,
resolved and the (—)-(7R,17R) enantiomer was shown to
bind preferentially to calf-thymus B-DNA.

The development of molecular probes to study local conforma-
tionsin DNA is of major interest; until now, only chira metal
complexes have been studied for enanti osel ective recognition of
DNA conformations.t We report herein that combining the
geometry and chirality of Troger's base2 (methanodibenzo-

Troger's Base 1

[1,5]diazocine) 1 with the DNA binding properties of acridines?
leadsto anew family of Co-chiral DNA binding molecules, such
as4. Thegeometry of the Tréger’ s base unit givesthe molecules
ahelix shape which can be similar or opposite to the helicity of
DNA (Fig. 1). A preliminary molecular modelling study 4
suggested that the binding of such probes to DNA should be
enantioselective.

Compound 4 was prepared in two steps from monoacetylated
proflavine 2 (Scheme 1).5 Condensation of 2 with formaldehyde
in TFA87 gave the diacetamido derivative (x)-3 (76%).
Treatment of 3 under basic conditions (EtOH, NaOH) cleaved
the two acetamido groups without affecting the methanodiazo-
cine bridge, to give (+)-4 (90%). The structure of 4 was
supported by detailed 2D *H NMR studies.8

Resolution of (+)-4 was achieved by crystallisation of its
dibenzoyltartrate salts; (+)-4 showed = [¢]&’ +4650 (c 9 X
10-3, 95% EtOH). The enantiomeric excess (ee) was close to
80% (NMR).T Similarly, (+)-dibenzoyltartaric acid gave (—)-4.
The circular dichroism (CD) spectra of both enantiomers are
shown in Fig. 2.

The presence of the primary amino functions on the acridine
rings of 4 turned out to be of major importance in the design of
a molecule binding selectively to DNA. Solubility in water is
considerably increased as compared to the parent unsubstituted
molecule.b Moreimportant, the basicity ismuch higher (pK5 5.5
and 6.8 cf. 3.2 for 1)° and protonation occurs on the acridinering
nitrogens and not on the nitrogens of 1 (UV-VIS data). This
protects 4 from racemization as is usually observed in acidic
media for Troger's base (such as 1).1° Indeed compound 4 did
not racemize in 0.1 m HCl in DMF (20 °C, 40 days).

(=-TRITR

(+17S,178

Fig. 1 Molecular modelling representation of the two enantiomers of 4.

A
s
HoN N NHAC

O
3 R=Ac

ii
—»4R H

Scheme 1 Reagents and conditions: i, HCHO (1.5 equiv.), TFA, room
temp., 4 h; EtOH-NaOH (10 m) (3:1), 85 °C, 6 h.

The absolute configuration of the enantiomers was assigned
as follows. Enantiomer (+)-4 displays a broad positive band of
weak intensity at low energy (380—470 nm, Ag+26 M—1cm—1),
and astrong bisignate system at high energy with maximaat 290
(Ag +218 M—1 cm—1) and 250 nm (Ae —163 M—1cm—1). The
low energy CD band corresponds to a broad UV absorption at
350450 nm, whereas the bisignate pattern is centred on a
strong UV band at 272 nm (e 101400 M—1 cm—1). There is
evidence that each component of the bisignate system com-
prises at least two mutually overlapping bands. Given the two-
fold symmetry of 4 and the nature of its chromophore, we
assume that the bisignate pattern isdueto the exciton couplingt
of some long-axis polarised transitions of the aminoacridine
units. Based on simple geometric arguments, we expect that in
4 the symmetric (A) coupling and the antisymmetric (B)
coupling of these transitions in the two acridine units are
polarised aong the C, axis and perpendicularly to that axis,
respectively. This picture together with the further assumption
that the A coupling is at higher energy than the B coupling!2
leads us to assign the (SS) configuration to (+)-4.

In the past, application of the exciton chirality method to 1
itself has lead to a wrong assignment of its absolute configura-
tion,13 because the direction of polarisation of the considered
transitions have not been correctly established. For this reason
we found it desirable to verify the consistency of our

+200-
f (+)-isomer

Ae
o

(=)-<isomer

-200 3

300 200 500
A/nm

Fig. 2 Circular dichroism spectraof (+)-4 (solid line) and (—)-4 (dotted line)

in ethanol (10—4 m). For (+)-4: [o]&° +4200 (c 1.6 x 103, ethanol) and for

(—)-4: [0]& —4800 (c 1.5 x 10-3, ethanol).
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Fig. 3 (a) Percent of 4 extracted in butanol as a function of DNA(bp): 4
ratio. The concentration was calculated from the absorbance measured at
390 nm (¢ = 18 800 M—1 cm—1 in butanol); (b) Optica activity of the
butanol layer as a function of the DNA(bp) : 4 ratio. The specific rotation
([e]&°) was recorded in 95% ethanol, the concentration being calculated
from the absorbance at 390 nm (¢ = 20 000 M—1 cm—1 in 95% ethanal).

assumptions regarding the exciton mechanism in 4. This was
done by semi-empirical calculations'4 of the electronic transi-
tions in 4 and in the corresponding monomeric fragment. The
caculated absorption spectrum of the monomer shows two
strong transitions at 325 and 310 nm, which are polarised along
the long axis. The corresponding transition levels in the dimer
are each split into two levels which are almost degenerate and
orthogonally polarised (314/314 nm and 283/282 nm); in each
pair, one of the componentsis parallel and the other perpendicu-
lar to the C, axis. These features are in line with the exciton
mechanism and account for the splitting of each component of
the bisignate couplet in the experimental CD spectrum.

The UV-VIS spectrum of (z)-4 was recorded in the presence
of increasing concentrations of calf thymus DNA in phosphate
buffered solutions (pH 7). Large changes of the spectrum were
observed, characterised by the appearance of a new broad band
centred at 467 nm, whose intensity increased when the DNA to
drug ratio r wasincreased in the range 0—10. These experiments
demonstrate that 4 interactswith DNA. The variations observed
in the presence of increasing amounts of DNA are similar to
those occurring when the spectrum of 4 was recorded at acidic
pHs. The simplest interpretation is that the interaction with
DNA is accompanied by protonation of the two acridines. The
existence of acidic domains surrounding the DNA molecule has
already been proposed by Lamm et al.15> Comparison of the CD
spectraof 4 in the presence of calf thymus DNA andin 3m HCI
solution leads to the same conclusion.

LiquidHiquid partitioni®é of (+)-4 between an aqueous
solution of DNA and butanol revealed that the binding of 4 to
caf thymus DNA is enantioselective. Solutions containing
various ratios of (£)-4 and caf thymus DNA in phosphate
buffered agueous solution (pH 7) were mixed with butanol, in
which 4 is soluble and DNA is not. After vigorous stirring, the
two phases were separated and analysed by CD spectroscopy.
The butanol layers gave spectra showing a broad positive band
centred at 420 nm, similar to that of the (+)-enantiomer recorded
independently under the same conditions. The intensity of this
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band increased with the DNA: 4 ratio r. The spectra of the
aqueous phases were similar to those of solutions of (—)-4
added to various concentrations of calf thymus DNA in
phosphate buffer (pH 7). These results indicate that (+)-4 and
(—)-4 distribute differently between the DNA-containing
aqueous phase and butanol, and that (—)-4 preferentialy
associates to calf thymus DNA. The enantioselectivity was
evaluated by determining the quantitiesand ees of 4 extracted in
the butanol layer (from the UV absorbance and rotation,
respectively). The results are reported in Fig. 3(a) and 3(b) for
DNA :drug ratios r varying in the range 1-40. As expected,
when the DNA : 4 ratio increased, the quantity of 4 extracted in
the butanol phase decreased, while the corresponding ee
increased (e.g. 30% eewhen 50% of 4 was extracted and 70%
ee when only 20% of 4 was extracted).

The 7R,17R configuration of (—)-4 is consistent with the best
fit of this enantiomer to right-handed B-DNA,17 either through
intercalation or by interaction in the groove. Work isin progress
to determine the mode of interaction.
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The singlet excited state of the 4-aminonaphthalimide
fluorophore in 1a and 1b directs electron transfer from
intramolecular but external amine groups along only one of
two available paths.

The availability of high-resolution X-ray structural information
concerning the engines of photosynthesis, such as the bacteria
reaction centres! and the antenna complexes,2 challenges
chemiststo emulate their functions.3 One of the most enigmatic
aspects of PRC function is the unidirectional, path-selective
electron transfer from the photoexcited porphyrin special pair to
aquinone moiety along the L-branch rather than the symmetry-
related M-branch. The path-selectivity in the PRC was
established by picosecond transient absorption signatures which
distinguished between the nearly identical bacterichlorophyll
stations along the two possible electron paths.# In the present
instance, we use pH-dependent steady-state fluorescence spec-
troscopy to distinguish between the two possible PET pathsin
a small supramolecular system> by means of the acid-base
characteristics of two rather similar amine PET donors. As an
additional point of interest, unidirectionality is much sought
after in severa research areas of photoscience and molecular
electronics.® We now provide a simple basis for unidirec-
tionality in PET processes.

Many aminoalkyl substituted fluorophores show weak fluo-
rescence in basic solution owing to rapid PET from the amine
unit to the fluorophore. Protonation of the amine arrests this
PET process and causes a sharp fluorescence recovery.” We use
the fluorescent 4-aminonaphthalimide chromophore® as the
core of our system 1 since its photogenerated molecular-scale

f) u

electric field can be used to control electron transfer rates.® Two
nearly identical PET paths are provided for the fluorophore to
choose from, in the form of two dialkylaminoethyl sidechains
only differingintheir dialkyl substituents. Such achoice of PET
pathsis also available to the porphyrin special pair in the PRC.
The thermodynamic driving force for PET isequal in 1aand 1b
for any given amine receptor. 1la and 1b are isomers which
differ only in the placement of one oxygen and two hydrogen
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1a<— 41— ﬂ»

Scheme 1 Reagents i, 2-(morpholino)ethylamine, PhMe; ii, 2-(diethyl-
amino)ethylamine; iii, 2-(diethylamino)ethylamine, PhMe; iv, 2-(mor-
pholino)ethylamine.
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atoms at the termini. So the mgjor difference between 1laand 1b
regarding PET is the relative orientation of the photogenerated
electric field of the 4-aminonaphthalimide excited state towards
agiven amine receptor. Supramolecular systems composed of a
fluorophore flanked by two dissimilar receptors are also useful
as selective sensors'® and as AND logic gates.! Synthesisof 1a
and 1bt iseasily achieved in two steps (Scheme 1) starting from
commercially available materials.

The electronic absorption and fluorescence emission spectra
of 1la and 1b are measured as a function of pH. The absorption
spectra show variations across some pH ranges. These ab-
sorbance (A) changes are analyzed according to egn. (1)12 and
the pK, values obtained are given in Table 1. The variationsin
fluorescence emission spectraarelargely confined to changesin
the quantum yield (¢m,). These are plotted in Fig. 1 and
analyzed according to egn. (2).13

Table 1 Optical and acid-base parameters of 1a and 1ba

la 1b
AabspH = zo/nm (log €)P 432 (4.19) 433 (4.21)
AnbspH = 7.0/nm (log g)° 432 (4.19) 452 (4.23)
AnbspH = 108/nm (log g)b 450 (4.20) 452 (4.23)
lI sosbestic 439 437
pKa (morpholinoethyl)e —d 5.8
pK, (diethylaminoethyl)e 8.6 —d
Ar/nme 526 524
¢Flu pH =3.0 0.53 0.52
OriupH = 7.0 0.66 0.062
PFiupH = 108 0.030 0.070
FEpH = 3.0pH = 7.0f 0.81 8.4
FEph = 7.0/pH = 108" 21 0.83
pKa' (morpholinoethyl)g 5.8 5.7
pKy' (diethylaminoethyl)9 8.7 9.1

a 10-5 M la or 1b in aerated H,O-MeOH (1:1, v/v). Fluorescence
emission spectra are obtained by excitation at the isosbestic wavelength.
b Extinction coefficient € in units of dm3 mol—1 cm—1. ¢ via Absorbance
measurements. 4 Absorbance change is not large enough to permit analysis
according to egn. (1). © Vaue changes little with pH. f Fluorescence
enhancement factor due to protonation in the specified pH range. ¢ via
Fluorescence measurements.
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log[(Amax — A)(A — Amin)] = pH — pKa (@)
log[(drrumax — P (P — Prumin]l = PH — pKY (2
Considering 1a, wefind thereisonly one clear sigmoidal step
corresponding to proton-triggered fluorescence recovery as
expected of a PET system. The fluorescence is enhanced by an
order of magnitude. The corresponding pK,' value (8.7) clearly
belongs to the strongly basic diethylaminoethy! unit attached to
the 4-amino position. There is a smaler sigmoidal step
corresponding to weak fluorescence quenching due to protona-
tion. Thisis due to the formation of an intramolecular hydrogen
bond between the protonated amine and the imide carbonyl
oxygen.24 The corresponding pKy value (5.8) can be easily
assigned to the morpholinoethyl unit attached to the imide
position. We note that the two dialkylamino groups are held far
enough apart by therigid chromophorein 1a (and 1b) to prevent
mutual perturbation of pK, values.
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Fig. 1 Fluorescence quantum yields of 1a and 1b as a function of pH.

System 1b shows the fluorescent PET switch behaviour with
emission enhancement due to protonation of the morpholino-
ethyl unit connected to the 4-amino position. The dominant
sigmoidal step has pKy = 5.7. The minor sigmoidal step has
pKa = 9.1 which can be associated with the diethylaminoethyl
group on the imide position. The dight fluorescence quenching
seen upon protonation is again due to the intramolecular
hydrogen bonding discussed above for la.

The above analysis shows that in each case the electron
transfer originates from the dialkylamino unit attached to the
4-amino position irrespective of the difference in PET driving
force for the two akylamino moieties. In the case of 1b it is
particularly remarkable that the PET path of apparently smaller
PET driving forceis selected by the supramol ecular system. The
morpholino unit is clearly a poorer PET donor than the
diethylamino group when used in conjunction with porphyrin
fluorophores for instance.’> The PET path selection by the
supramolecular system shows the remarkable marshalling
efficiency of the excited state dipole of the 4-aminonaph-
thalimide fluorophore.® Unidirectional PET (but not path
selectivity) has also been arranged with the ground state dipole
of «-helical oligopeptides.16 Taken together, these results
demonstrate the capability of local electric fields to direct
electron traffic. It is interesting that local electric fields due to
the protein matrix of the PRC are among the possible causes
advanced for the path-selectivity of PET.17

In conclusion, the simpl e technique of pH-dependent fluores-
cence is combined with the carefully designed, but structurally
simple supramolecular systems 1a and 1b in order to emulate
the one-way electron transfer seen within the PRC.

We thank EPSRC, DENI and Dr H. Q. Nimal Gunaratne for
support and help.
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A new open-framework zinc phosphate, possessing two
interpenetrating 8-membered helical channels, has been
synthesized under mild hydrothermal conditions.

Materials required for enantiosel ective separation and synthesis
are becoming increasingly important in recent years.l For
example, it is known that chiral rhodium complexes supported
on azeolite matrix give rise to asymmetric hydrogenation of N-
acyldehydrophenylalanine derivatives with an enantiosel ectiv-
ity of >95%.2 In this context, it is desirable to have materials
which are chiral or possess helical channels. There have been
some efforts to make chira solids which could aso be shape-
selective. Zeolite-p (polymorph A) is chiral with a4-fold screw
axis but it has not been possible to synthesize this materia in a
pure form.3 Chira open-framework phosphates have been
prepared in the presence of chiral meta complexes and
structure-directing agents.45 Recently, achiral tin(ir) phosphate
has been prepared using an achiral template, and both the
enantiometers of this material have been isolated and charac-
terized.6 A helical metal borophosphate with the helix running
along the 6, screw axis has also been reported.” Very recently,
Gier et al.8 have reported chiral zinc and beryllium arsenates
with three-dimensional helical structure containing two inde-
pendent crosslinked helical channels. We have been able to
isolate a new chiral zinc phosphate formed under hydrothermal
conditions in the presence of an achira structure-directing
amine, diethylenetriamine. Here we report the synthesis and
structure of a chira zinc phosphate,
[NH5(CH2),NH,(CH2).NH3]3+[Zn(PO,)s(HPO,)]3—H,0, 1.

Compound 1 was synthesized hydrothermally using diethyl-
enetriamine (DETA) as the structure-directing agent® and
characterized by single crysta X-ray diffraction using the
Siemens SMART system.10 The asymmetric unit contains 32
non-hydrogen atoms and the atomic coordinates are given as
supplementary data (see http://www.rsc.org/suppdatal/cc/
1999/165). The structure is built from the networking of ZnO,,
PO, and HPO, tetrahedral units. The vertex linkage between
these units creates an anionic framework of formula
[ZNn4(PO4)3(HPO,4)]3— and charge compensation is achieved by
the protonated amine [NH3(CH2)2NH2(CH2)2NH3]3+. The
structure has one water molecule in the channels formed by the
networking of the various units.

The most interesting aspect of this Zn phosphate is that it
crystallizesin apolar space group P2;. The entire framework of
1, can be considered to be built from the networking of three-,
four-, six- and eight-membered rings. The three- and four-
membered rings are connected together, edge wise, forming
one-dimensional helical columns along the b axis as shown in
Fig. 1 which shows how these columns are interconnected via
the HPO, group forming an eight-membered channel system
along the a axis. This eight-membered channel along the a axis
is connected to another eight-membered channel along the b
axis, forming a helical interconnected one-diemsional channel
system within which the amine and water molecules are
situated. Fig. 2 shows the connectivity between the ZnO,4 and
PO, moieties that creates the other eight-membered channel
system along the b axis. Thus, 1 possesses an interpenetrating
eight-membered channel system. There is a strong hydrogen
bonded interaction between the framework and the structure-

directing amine providing structural stability. The framework
densityl® (number of tetrahedral framework atoms in 1000 A3)
for this material is 16.7, indicating a degree of openness
comparable to aluminophosphate moecular sieves such as
AIPO-1211 gnd AIPO-16.11

A few comments on the structural parameters of | would be
in order. Of the sixteen oxygens in the asymmetric unit, one

Zn
PO

F|g 1 Structure of [NH3(CH2)2NH2(CH2)2NH3]3+[Zn4(PO4)3(H-
PO4)]3—-H,0 showing the eight-membered cavities (channels) along the
100 direction and the helical channels. Amine and water molecules are
omitted for clarity. The connectivity in the one-dimensional columnsisalso
shown.
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Flg 2 Structure  of [NH3(CH2)2NH2(CH2)2NH3]3+[Zn4(PO4)3(H-
PO4)]3—-H,O showing the eight-membered channels along the 010
direction. Amine and water molecules are not shown.

makes atrigonal connection with two Zn atoms and one P atom
forming a three-membered ring and one is a terminal oxygen
whilethe remainder of the oxygensform Zn-O-P linkages. The
P-O bond distances are in the range 1.502-1.581 A (av. 1.537
A) and the bond angles are in the range 104.8-114.5° (av.
109.5°), in agreement with those observed previously in such
materials. The P-O distance of 1.581 A [P(3)-O(16)] indicates
protonation leading to the formation of the HPO, unit. The Zn
atomsare al connected with P through oxygens, with the Zn-O
distancesin the range 1.890-2.004 A (av. 1.954 A). The O-Zn—
O bond angles are in the range 94.5-120.6° (av. 109.4°). The
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longest Zn—O distance and the largest O-Zn-0 angle are found
for oxygens involved in three-coordination.
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The regio- and stereo-selective ring expansion of chiral N-(a.-
amino acyl)aziridine-2-imides to oxazolines and subsequent
ring opening to optically pure threonine-containing dipep-
tides with the desired stereochemistry is described.

B-Hydroxy «-amino acids are structural units present in alarge
number of naturally occurring biologically active compounds.?
For instance, hexadepsipeptide antibiotic azinothricin,2 de-
psipeptides variapeptin and citropeptin,3 and the macrocyclic
lactone antiobiotic lysobactin contain in their sequence several
B-hydroxy-a-amino acids linked together.

The importance of these amino acids has stimulated the
development of numerous methods for their stereoselective
synthesis.> Nevertheless a conceptually new strategy for the
preparation of non-proteogenic «-amino acid derivatives start-
ing from suitable heterocyclic compounds has been recently
investigated for direct use in peptide coupling reactions. Ring-
opening coupling reactions of enantiomerically pure 3-hydroxy
B-lactams with various (§-amino acid esters to give the
corresponding dipeptides have been described by Ojimacet al.,8
while access to non-proteogenic peptide fragments of lyso-
bactin from chiral azetidin-2-ones has been recently reported by
Palomo et al.”

We describe here a new and efficient strategy for the
synthesis of threonine-containing dipeptides starting from
enantiomerically pure aziridine-2-imidesvia aring expansion to
oxazolines® that occurs in a regio- and stereo-controlled
manner.9

Thusthe enantiopure aziridine (2’R, 3'S)-110 was treated with
N-acetylleucine and DCC in CH,Cl,—~MeCN giving compound
2ain 95% yield, which spontaneously converted into oxazoline-
4-imide 3a (Scheme 1), obtained in quantitative yield and
purified by flash chromatography. Hydrolysis of 3a performed
with TsOH in MeOH-H,O gave dipeptide 4a in amost
guantitative yield. The trans configuration of aziridine 2a was
retained in 3a as shown by the oxazoline coupling constant
value of H4 and H5 (Jugns = 4.7 Hz; lit., 21 Jyans = 4—7 HZ).
The regiochemistry of the aziridine ring expansion was easily
established by *H NMR analysis of 3a and confirmed by 1H
NMR decoupling experiments on 4a.

Inasimilar way, 2b was obtained by treatment of 1 with N-
Boc-phenylalanine and DCC. The ring expansion of 2b was
promoted by BFsEt;O in the presence of trace water and
afforded at oncethe (9-Phe-(2’R, 3'S)-Thr derivative 4b, which
isimmediately treated with Ac,O to give 5.22 Under these acidic
conditions, fast ring opening of oxazoline 3b to 4b was
observed, 3b being detected in only trace amounts in the 1H
NMR spectrum of the crude reaction mixture.

These results show that (2R, 39)-threonine can be easily
introduced in a polypeptide sequence. The design and synthesis
of modified peptides offers opportunities for drug preparation.
Among the modifications designed to obtain higher biological
activity and greater resistance to enzymatic hydrolysis, the
substitution of non-proteinogenic amino acids in a polypeptide
sequence is of current interest.

In order to prepare the (2S, 3R)-threonine-containing dipep-
tide, the trans aziridine 61° was treated with N-Boc-phenyl-

o OE o
\N)J\NJ """ \>S\ * HOJK/\Rl
\/ R RZHN
Ph 1 )
%95%
Rl

99% “, O
&, HN_ _o S
Ph " \i/ R!
4
5 R* RZHN

a Rl=Pr, R2=Ac
b R!=Ph, R?=Boc

Scheme 1 Reagents and conditions: i, DCC (1.1 equiv.), CH,Cl—MeCN,
12 h, room temp.; ii, BF3-Et,O (1 equiv.), CH.Cl,, room temp.; iii, TSOH
(1.1 equiv.), MeOH-H,0, room temp.; iv, Ac,O (1.2 equiv.), pyridine (1.2
equiv.), CH,Cly, 2 h, room temp.

aanine and DCC to give 7. The ring expansion was performed
under the conditions reported for 2b and compound 8 was
finally isolated in good yield after acetylation. The'H NMR and
13C NMR spectra confirmed the structure (Scheme 2).

H
|

o H Boc” I\Ph
N O (o)
~ )L M ) N O
\ S >05% \N)J\N """

Ph 7

O OAc

Ph
BocHN

Scheme 2 Reagents and conditions: i, DCC (1.1 equiv.), CH,ClI,—MeCN,
12 h, room temp.; ii, BF3-Et;0 (1 equiv.), CH,Cl,, room temp.; iii, Ac,O
(1.2 equiv.), pyridine (1.2 equiv.), CH,Cl5, 2 h, room temp.
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Scheme 3 Reagents and conditions: i, LiOH (3 equiv.), H,O, (4 equiv.),
THFH,0, 2 h, 0 °C; ii, CH,N,.

Finally, to obtain the free dipeptide, 4a was submitted to non-
destructive removal of the chira auxiliary under Evans
conditions,*3 by means of LiOOH in THF-H,0O (Scheme 3).
After 2 h the N-acetyl-(9-Leu-(2R, 39)-Thr dipeptide 9a was
recovered in good yield. Longer reaction times should be
avoided; indeed, after 6 h the reaction mixture contained 10% of
epimerized product.

On the basis of these results, 5b was hydrolysed over 2 h
giving without any epimerization the N-Boc-(S)-Phe-(2R, 39)-
Thr dipeptide 9b,24 which was essentially pure after work-up
according to analysis of the crude reaction mixture. Compound
9b was converted by means of CH,N, into the corresponding
methyl ester 10b.15

In order to confirm the stereochemistry of the aziridine ring
expansion via an Syi mechanism for 2 and 7, an authentic
sample of dipeptide 8b was prepared from commercially
available (2R, 39)-threonine and (S)-phenylalanine (Scheme 4).

o
HOJ\/\Ph

NHBoc NH,

(0] OH

+ MeO P iy
60% 100 95% 9

Scheme 4 Reagents and conditions: i, DCC (1.1 equiv.), CH,Cl~MeCN,
12 h, room temp.; ii, LiOH (2 equiv.), H,O, (3 equiv.), THF-H,0, 1 h,
0°C.

The (2R, 39)-threonine methyl ester and N-Boc-(S)-phenyl-
alanine were coupled with DCC in CH,CI-MeCN and the
desired dipeptide derivative was obtained in satisfactory yield.
This compound was treated with LiOOH in THF—H,03 and
afforded the corresponding carboxylic acid. Both 9b and 10b
showed H NMR and 13C NMR spectra which were identical,
and optical rotation values which were comparable, with the
authentic samples.

In conclusion, we have reported a new method that permits
the synthesis of 3-hydroxy «-amino acids coupled with other «-
amino acids, starting from aziridine derivatives. Furthermore,
due to the observed retention of configuration in the ring
expansion of the starting aziridine, the stereochemistry of the
final dipeptide can be fixed by using the appropriate starting
material.

We thank the University of Bologna for funds for selected
research topics.
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Silicate matrices effectively replicate both the isolation and
preorganization found in the active sites of flavoenzymes.

The peptide scaffolding found in proteins performs two crucial
roles in defining the active site environment. First, it provides
isolation of this active site from unwanted interactions with
water and other entities. Second, it presents reactive function-
ity in the geometry required for efficient recognition and
catalysis. While researchers have been able to use solution-
based model systems to explore key aspects of both isolation?
and recognition,2 the creation of models that simultaneously
replicate both functions remains an intimidating prospect.3

One means of obtaining isolation is through the use of
nanoporous* and mesoporous® media. In recent research we
have demonstrated efficient hydrogen bond recognition of
flavin mononucleotide (FMN)® in sol-gel silicates.” In these
systems, incorporation of the flavin into the cybotactic region of
the silicate effectively modeled the isolation provided by the
active site. Hydrogen bond recognition of the flavin was then
provided by doping with a diaminopyridine-based receptor,
replicating the enzyme-cofactor hydrogen bonding found in the
flavoenzymes.8

Aromatic-aromatic interactions are an important motif in
flavoenzyme architecture (Fig. 1). As with hydrogen bonding,
aromatic stacking plays a dua role in flavoenzyme function,
providing efficient recognition of the flavin cofactor, and
serving to modulate its reactivity.® In recent investigations, we
created effective solution-phase models for enzyme-—cofactor
aromatic stacking.1© We report here the use of silicate sol-gels
to provide both isolation and preorganization for flavin—
aromatic complexes, effectively replicating the role of the
protein scaffolding.

Flavin-containing sols were prepared via the addition of
dilute acid and tetraethyl orthosilicate (TEOS) to an aqueous
solution of flavin mononuclectide (FMN) 1, followed by
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sonication to homogeneity. Aromatic stacking interactionswere
probed by addition of varying quantities of anthracene deriva-
tive 2 to the sol.12 Sols were then poured into cuvettes and
sealed: wet gels formed within 100 h.

The optical transparency of the silicate matrix allowed direct
spectroscopic observation of aromatic stacking. As shown in
Fig. 2, increasing quantities of receptor 2 resulted in decreased
flavin fluorescence emission. This is consistent with solution-
based studies, where we have established that aromatic stacking
between the electron-rich anthracene and the electron-poor
flavin effectively quenches flavin fluorescence. 13

During the course of hydrolysis and gelation, there is
negligible change ( < 2%) in the volume of our sol-gels. We can
therefore calculate an approximate pore volume by calculating
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FMN 1 H?«—B’_\rn .
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Fig. 1 Flavin binding site of the flavodoxin isolated from Desulfovibrio
vulgaris (ref. 11).

the quantity of EtOH released during the hydrolysis of the
orthosilicate. Assuming complete hydrolysis of TEOS, the final
gel will be 17% silicate and 83% EtOH. Given this volume, the
association constant for the FMN 1—receptor 2 complex can be
fitted to a 1:1 binding isotherm,*4 providing an estimated
binding constant of 200 + 50 m—1 (Fig. 3).15 This is
considerably higher than that observed for N1%-isobutylflavin
316 with acylated aminoanthracene 4 (<3 m—1), demonstrating

A
(]
3 4

an active role of the silicate matrix in preorganizing the flavin
1—+receptor 3 complex in the sol-gel. This result is consistent
with our previous studies,1? further demonstrating this unusual
matrix-assisted recognition enhancement.

In summary, we have demonstrated that aromatic stacking to
a sol-gel-bound flavin can be established through addition of an
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Fig. 2 Flavin fluorescence emission profiles of sol-gels containing FMN 1
and receptor 2: (a) 0, (b) 10, (c) 20 and (d) 30 equiv. 2. [FMN] = 0.0196
mmol dm—3. Excitation wavelength = 445 nm; uncertainty of fluorescence
vaues = +5%.
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Fig. 3 Plot of flavin (1/3) fluorescence emission vs. receptor (2/4)
concentration ((J) 1+ 2in sol-gel and () 3+ 4in EtOH. [FMN] = 0.0196
mmol dm—3, [3] = 0.236 mmol dm—3 (calculated concentration of FMN
inside the porous sol-gel matrix).

anthracene-based receptor. Thisinteraction is greatly enhanced
in the sol-gel relative to solution-phase studies. This indicates
that the silicate matrix replicates the two-fold role of the protein
scaffolding of flavoenzymes: isolation of the active site,8 and
preorganization of the active site functionality. Application of
silicate sol-gels to the creation of functiona flavoenzyme
models is currently underway, and will be reported in due
course.
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X-Ray structure analysis of the diprotonated cage of 3 and
its silver(1) and copper(1) complexes reveals in all three cases
the in,in conformation and a significant shortening of the
intrabridgehead distance from 5.05 A in 3 to 4.85 A for
3-2H+, 4.23 A for 3-Cu+ and 4.61 A for 3-Ag*.

Investigations of bicyclic compounds with nitrogen atoms at the
bridgehead positions prove that mono- and di-protonation
depends on the intrabridgehead distance and on the conforma-
tion(s) at the nitrogen atoms.® In the case of 1,6-diazabicyclo-
[4.4.4]tetradecane 1, where the nitrogen atoms adopt the in,in

CLo0T S
& =

conformation,2 monoprotonation yields a very stable species
dueto avery strong intramolecular hydrogen bond between the
two bridgehead positions,2 rendering diprotonation rather
difficult.3 For the [1.1.1]cryptand 2,46 which also shows the
injin conformation, inside protonation of both nitrogens has
been reported. This finding can be traced back to the larger
N---N distance in 2 [3.88(2) A]5 as against in 1 [2.806(3) A].2
In2-2H* the N---N distance was found to be enlarged to 3.91(1)
A5 Reports on the accommodation of ions other than H* in
bicyclic bridgehead diamines are sparse. For the encapsulation
of Li* in 26 the other functions were held at least partly
responsible.

Our recently prepared 1,8-diazabicyclo[6.6.6]eicosa
4,11,17-triyne 37 resembles a stretched 1 and shows an even
larger N---N distance [5.049(2) A] than 2. However, the steric
effects of the bridges, as encountered in 1 and related species,
should be reduced due to the linear and rigid triple bonds.
Therefore we studied the reactions of 3 with protons and metal
ions.

The protonation of 3 with TFA was investigated in CDCl3,
CD30D and D,0 as solvents.t In CDCl3 1.5 equiv. of TFA are
necessary to generate 3-H+, whilein CD30D only 0.5 equiv. are
required. Monoprotonation reduces the symmetry of 3 (D3) to
Cs, which yields six signals in the 13C NMR spectrum of 3-H+.
In the tH NMR spectrum (CDz;0D, 200 MHz) only four lines
arefoundat §2.43,2.79, 3.43 (inaratioof 2: 1: 1) and 7.89 (the
proton at the nitrogen atom). Five equivalents of TFA in CDCl;
have to be added to obtain a two-fold protonation of 3.1 The
shape of the 1H NMR spectra of 3-H+ and 3-2H+ prove that the
rapid equilibration between the two enantiomorphic helical
conformations found in 3 is still present.

In all cases the protonation equilibrium is achieved instantly
after addition of the acid. Even deprotonation succeeds easily
with molar amounts of KOH. In 3-H* and 3-2H* we find a fast
intermolecular proton exchange with solvents such as CD;0D
and D,0. Thisbehaviour isin contrast to the experiences gained
from 1 and 2 and can be classified as the reaction of a normal
tertiary amine. X-Ray investigations of 3-2H*+ showt that both
bridgehead hydrogens are inside the cage [Fig. 1(a)].

Interestingly, the encapsulation of two protons in the cavity
of 3 causes a contraction of the N---N distance by 0.2 A to
4.845(3) A (see Table 1) and an increase of the inward
pyramidization of the nitrogens by about 3° to ca. 112°, which
is close to the idedl tetrahedral angle. The torsiona angle
between the triple bonds is reduced to 42.7(5)°. The distance
between the two bridgehead protons in 3-2H* amounts to
3.066(3) A. An intramolecular proton exchange of 3:H* in
1,1,2,2-tetrachloro[2H]ethane could not be detected up to
130 °C.

Stirring a solution of 3 under argon in CH,Cl, with a small
excess of MOTf (M = Cu, Ag) at room temperature for three
days leads to 1:1 complexes for both metals in almost
quantitative yields. The spectroscopic properties of 3-Cu* and
3-Ag* suggest that the metal is situated in the center of the
cage.t NMR and IR studies give no hints of a binding
interaction between the metal ion and the surrounding triple
bonds, so it can be said that the ligand coordinates mainly with
the bridgehead nitrogens, effecting alinear N-M*—N geometry.
The structural assignment is supported by X-ray investigations
of single crystals of both complexes.f It is seen [Fig. 1(b), (c)]
that the metal ion islocated in the center of the cage, forcing the
bridgehead positions even closer together. 3-Ag* displays, like
3, D3 symmetry, while 3-Cu* reveals Cz, symmetry. The N—

(b)

Fig. 1 ORTEP plots (50% ellipsoid probability) of the molecular structures
of (a) 3-2H*, (b) 3-Cu*+ and (c) 3-Ag*.
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Table 1 Most relevant distances and angles for 3, 3:2H*, 3-Cu* and 3-Ag* (standard deviations given in parentheses)

3 32H+ 3.Ccu* 3-Ag+b
N---N/A 5.049(2) 4.845(3) 4.227(5) 4.614(5)
4.630(5)
N-M/A — — 2.110(2), 2.118(2) 2.306(3), 2.308(3)
2.313(3), 2.317(3)
M—X¢c/A — — 2.460(4)—2.576(4) 2.493(4)-2.527(4)
2.498(4)-2.539(4)
©d () 55.5(3) 42.5(3)-42.9(3) 6.3(3)-7.9(3) 8.2(3)
16.2(3)
d(C=C)/A  1.188(2) 1.192(4) 1.189(6)-1.195(6) 1.194(6)-1.199(6)

1.195(6)—1.204(6)

a Ref. 7. b Data in italics refer to the second independent complex cation in the asymmetric unit. ¢ M—X is the distance between the metal and the center

of the triple bonds. d Torsional angle between the triple bonds.

M+-N bond anglesfor 3-Cu* and 3-Ag* amount to 176.6(3) and
178.9(3)°, respectively. Relevant data for 3-Cut and 3-Ag* are
collected in Table 1 and compared with 3 and 3-2H+.

As a consequence of the shortening of the N---N distancein
3, the torsion angle between the triple bonds is reduced
considerably in 3-Cu* and 3-Ag*. The distances between the
centers of the akyne groups and the metal ions
[3-Cut:2.460(4)-2.576(4), 3-Ag*:2.493(4)-2.539(4) A] are
larger than for other alkyne silver or copper complexes [Cut—
center of alkyne: 2.02(1) A, Ag*—center of alkyne: 2.33(1) A].8
In both metal complexes the bridgehead atoms show an ideal
tetrahedral conformation. The mean N-Ag+* and N-Cu* dis-
tances [2.311(3) and 2.114(2) A, respectively] are rather
expanded with regard to the values reported for homoleptic two-
coordinated silver(r) amine complexes, eg. Ag(NH3)oNO3
[2.121(1) A]® and comparable complexes of copper(1) (average
vaue: 1.88 A).1°© Many of the known mononuclear two-
coordinated copper(1) complex cations deviate considerably
from the ideal linear structure to coordinate further ligands and
come up to the preferred four-coordinate tetrahedral geometry.
Althoughin 3-Cu+ potential ligands (the triple bonds) are within
reach, this tendency seems to be effectively blocked due to the
extended N-Cu+—N arrangement.

The triflate salts of 3-Cu+ and 3-Ag* are stable to air and not
light sensitive. None of the silver(i) halides is obtained by
treatment of solutions of 3-Ag* TfO— in CH,Cl, or MeOH with
MeNH.CI, EtsNHBr and BugNI at room temperature, indicat-
ing remarkable stability. The aptitude of 3 as a flexible ligand
for further meta ions is currently under investigation.

We thank the Deutsche Forschungsgemeinschaft (SFB 247),
the Fonds der Chemischen Industrie, DEGUSSA AG and the
BASF Aktiengesellschaft, Ludwigshafen, for financial sup-
port.

Notes and references

T Selected data for 3-2H+(CF3CO,~),: 64(CD30D, 200 MHz) 3.01 (t, J 5.6,
12H), 3.60 (t, J 5.4, 12H), 7.87 (s, 2H); 6c(CD30D, 50.3 MHz) 16.6, 55.5,
81.1, 113.2, 114.1, 118.9, 119.8, 158.6, 159.4, 160.3, 161.0. For 3-Cu*
TfO—: 6(CD,Cl,, 300 MHz) 2.63 (s, 24H); 6c(CH,Cl,, 50.3 MHz) 18.9,
53.0, 80.3; Calc. for CygH24N85Cu: 331.1235, found: 331.1241. For 3-Ag+
TfO—: 64(CD30D, 500 MHz) 2.64 (s, 12H), 2.69 (s, 12H); 6c(CD30D, 125
MHz) 18.9, 54.1, 79.0; Cac. for CigH24N,107Ag: 375.0990, found:
375.0986.

I Crystal data for 3-2H+ (CF3C02_'CF3C02H)2: C26H23F12N208, M =
724.50, colourless crystals from CDCl3, monoclinic, a = 16.0744(1), b =
10.2190(2), ¢ = 18.9058(3) A, B = 91.5930(1)°, V = 3104.35(8) A3, p. =

172 Chem. Commun., 1999, 171-172

1.55Mgm—3, T = 200(2) K, space group C2/c, Z = 4, uy(Mo-Kx) = 0.16
mm~—1, 11183 reflections collected, 2687 independent reflections (R =
0.0239), R; (F) = 0.046, wR> (F2) = 0.112. The structure contains two
hydrogen-bonded trifluoroacetate dimers as anions for each dication.

For 3:Cu* TfO—: Cy9H24CuF3N,03S, M = 481.00, colourless crystals
from MeOH, monoclinic, a = 11.7163(4), b = 7.4458(3), ¢ = 23.4107(8)
A, B = 99.8520(1)°, V = 2012.17(13) A3, p. = 1.59 Mgm~3, T = 200(2)
K, space group P2,/n, Z = 4, y(Mo-K«) = 1.24 mm~—1, 14503 reflections
collected, 3478 independent reflections (Rx = 0.0291), R; (F) = 0.029,
WR; (F2) = 0.069. The copper atom is refined with a free site occupancy
factor (it refines to a partial site occupancy of 0.8), because the copper
position is partially occupied by a proton (20% occupancy). 10% of the
complex cations are disordered, showing a D3 symmetry like 3-Ag*.

For 3Ag+ (Tf07025 CH2C|2): C19.25H24,50AgC|0A50F3N2033, M
546.56, colourless crystals from CH,Cl,, triclinic, a = 13.4273(2), b
13.9115(3), ¢ = 14.0299(3) A, o = 65.5820(1), B = 73.2750(1), y
64.6590(1)°, V = 2137.02(7) A3, p. = 1.70Mgm—3, T = 200(2) K, space
group P1, Z = 4, u(Mo-Ka) = 1.15 mm—1, 15934 reflections collected,
7079 independent reflections (Ry = 0.0200), R; (F) = 0.032, wR; (F?) =
0.075. Two independent complex cations in the asymmetric unit. The unit
cell contains four complex cations, four triflate anions and one disordered
CH,Cl, molecule. CCDC 182/1102. Crystallographic data is available as
.cif files from the RSC web site, see: http://www.rsc.org/suppdata/cc/
1999/171
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The crystal structure of tetrakis(4-ethynylphenyl)methane 1
shows interwoven diamondoid lattices formed by weak
hydrogen bonds between the acetylenic groups, while
1,3,5,7-tetrakis(4-ethynylphenyl)adamantane 2 crystallizes
in a non-symmetrical network.

Organic crystals or polymers having large and dimensionally-
fixed cavities are expected to exhibit unprecedented structural
and physical properties® A particularly attractive kind of
network with a regular array of cavities can be obtained, in
theory, by connecting the four vertices of tetrahedral organic
molecules.le2 This mode of assembly has been termed
diamondoid due to its resemblance to the lattice structure of
diamond.

Tetraphenylmethane and adamantane are useful building
blocks for diamondoid networks. We are studying a series of
derivatives bearing acetylenic groups on al four vertices.
Ethynes are versatile functional groups for connecting building
blocks because they possess rigid-rod geometry, complex with
metals and undergo coupling and polymerization reactions.3

Fortuitoudy, the crystal structuref of the first model
compound, tetrakis(4-ethynylphenyl)methane 1, contained
highly symmetric diamondoid networks formed by van der
Waals association, or weak hydrogen bonding, between acet-
ylenic groups. Crystal structures reported by others for a series
of terminal alkynes show that the acidic C=CH groups act as
hydrogen donors and form close contacts with hydrogen
bonding groups and a so with mt-systems, including ethynyl and
phenyl groups# These kinds of interactions possess the
properties of weak (1-2.2 Kcal mol—1) hydrogen bonds and are
caled C(akyne)H--- hydrogen bonds.42

While numerous examples exist of diamondoid networks
formed by strong hydrogen bonding groups, such as carboxylic
acids'e and pyridones,tc or by metal complexes,*d only a few
involvevan der Waalsinteractions, such asBr---N and Br---Ph.1a
To the best of our knowledge, the crystal structure of 1 is the
first diamondoid network sustained by C=CH:-C=C close
contacts. Interestingly, C=CH---Ph interactions, often observed
inthecrystal structures of phenylsubstituted alkynes,42 were not
observed in 1.

Compound 18 was prepared in two steps and 67% yield from
the known tetrabromide 3° (Scheme 1). Compound 1 crystal-
lizes in a body-centered space group, 14, and molecules sit on
unit cell center and corner sites that require S, symmetry
(Fig. 1). A three-dimensional network is formed by weak
hydrogen bonds between the alkynyl groups from four separate
molecules that meet (i.e. come close) at nodes in the network
that are also & in their local symmetry. The molecule at the
center of the cell forms linkages only to molecules that are 1.5
unit cells up and down in the ¢ axis direction; they, in turn, link
to other molecules that are 3.0 ¢ axis trandations above and
below the origin molecule, and in so doing form cages that
resemble super-adamantane models, which are outlined in
Fig. 2. The super-adamantane cages are distorted, with a cross-

T Experimental details and extra crystallographic views are available from
the RSC web site, see: http://www.rsc.org/suppdata/cc/1999/173/

cage distance of 21.7 A (3 unit cell lengths) in the c direction,
and two equal cross-cage distances of only 18.3 A perpendicu-
lar to the ¢ axis. The structural topology mimics closely that of
tetrakis(4-bromophenyl)methane, 2 which crystallizes in the
same space group, and has nodes where four bromine atoms
approach one another.

Br

C(Ph)A—i>
Br O Cﬂ

ii ; EiaiMes

Scheme 1 Reagents and conditions: i, Br,, Fe (ref. 5); ii, EtsN, Cul,
[PhsP],PdCl,, MesSiC=CH, reflux, 81%; iii, TBAF, MeCN, 85%; iv, AICl3,
CGHG, reflux, 50% (ref 7), V, (CF3C02)2| Ph, Io, CHC|3, 70% (ref 7)

L0

Fig. 1 Crystal structure of 1. Molecules sit on four-fold S, sites at (0, 0, 0)
and (0.5, 0.5, 0.5). The quartet-clusters of H-bonds shown about the S, sites
(05,0, —0.25) and (0.5, 1.0, —0.25) are 5.43 A (viz. 3/4c) below the plane
passing through the central atom. The C=CH---C=C distanceis 2.76 A, and
the H-bond makes an angle of 152° with CH and 86° with C=C.
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Fig. 2 A schematic view of the three interwoven diamondoid nets, one of
which isaccented in bold. For clarity, the phenyl groups have been replaced
by three ‘atoms’ in a straight line.

The repetition of a single linked cage by crystal lattice
translations produces a three-dimensional network, but origin
moleculeslocated at +c and +2¢ serve as generators of two more
networks which penetrate the holes of the first network, and
coexist without (close) interaction. The assembly is thus
comprised of three identical interwoven diamondoid networks
(Fig. 2). The hydrogen bonded alkyne moieties are neither
perpendicular (inter-line angle of 90°) nor antiparallel (180°),
but approach at an intermediate inclination, with an inter-linear
angle of 110.6° between lines passing through the ethynes of H-
bonded neighbors in the cluster. The inter-alkyne hydrogen
bond H4B--C4B’ (2.76 A), is the only intermolecular distance
less than the expected van der Waals contact (2.90A).6
Hydrogen atom positions were normalized to givelinear 1.08 A
C-H bonds before caculating all H-bond parameters. The
closest C—H approach isto the terminal C atom; distancesto the
other alkyne C atom and to the midpoint of the alkyne bond are
greater.

To assess whether a diamondoid motif would occur upon
changing the tetrahedral core, we prepared 1,3,5,7-tetrakis(4-
ethynylphenyl)adamantane 2§ (Scheme 1.)7 In the crystal
structuret of 2, both C=CH---C=C and C=CH---Ph interactions
are present, but the lattice is not diamondoid. Compound 2
crystallizes from benzene-hexane in a monoclinic packing
arrangement (C2/c), with two molecules of 2 and a half-
molecule of benzene in the asymmetric unit of the crystal
(Fig. 3). Crystals of 2 grown from a few solvents other than
benzene also showed asymmetric lattices.

Fig. 3 Crysta structure of 2. Sixteen molecules of 2 and four benzene
molecules occupy each cell; those on the bottom and top faces are shown
twice. For clarity, the phenyl groups have been replaced by three ‘atoms’ in
astraight line.
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In contrast to 1, where all akynes are involved in extended
CH---t networks, only two of eight independent alkyne termini
of 2 participate in close contacts. One alkyne hydrogen atom
points directly at the face of a neighboring near-perpendicular
phenyl ring, with CH---C(Ph) approaches of 2.55, 2.60 and
2.75A, a typical CH--xt interaction mode. The other close
contact is an amost antiparallel (side-by-side) approach
between two C=CH termini related by a 2-fold rotation, with a
C--H distance of 2.60A and a C--C distance of 3.17 A
(expected® van der Waals contacts are 2.9 and 3.4 A). Similar
alkynyl contacts of both types have been reported before.22.8

In summary, the crystal structure of 1 is the first example of
adiamondoid packing motif formed by weak hydrogen bonding
between acetylenic groups. We are currently investigating
hydrogen bonding of 1 and 2 with other compounds and
expanding the family of ethynyl-substituted tetrahedral building
blocks.

This work was supported by the U.S. National Science
Foundation (CHE-9709330) and the Office of Naval Research.
We thank Ms Jagruti Patel for synthesizing 3.

Notes and references

¥ Intensity datafor 1 and 2 were measured on a Bruker diffractometer with
Cu-Ka radiation (A = 1.54178 A) at T = 293 K. Structures were solved by
direct methods, aided by program XS, and refined with full-matrix least-
sguares program XL, from SHELXTL (ref. 9). Crystal data for 1: Ca3H 2o,
M = 416.49, tetragonal spacegroup 14; a = b = 12.9197(4), ¢ = 7.2357(5)
A,V = 1207.8(1) A3, Z = 2, and D(X-ray) = 1.145 mg mm-3. Clear
colorless 0.54 x 0.26 X 0.17 mm crystal; 1204 data measured to a 26 max
of 116°. Absorption correction by integration over crystal volume (u =
0.493 mm~—1). Least-squares refinement on F2 differences, R-factors: R =
0.0367, wR2 = 0.0993 for all 848 unique refl. For 2: C4oHzp-1/4(CsHg), M
= 556.20, monoclinic space group C2/c, a = 48.460(4), b = 10.5467(13),
c = 28.759(3) A, B = 121.896(4)°, V = 12479(2) A3, Z = 16, and D(X-
ray) = 1.184 mg mm—3. Clear colorless 0.48 X 0.11 x 0.05 mm crystal;
8609 data measured to 26 = 90°[ <|> was measured to be < 20(]) at
higher angles]. Absorption correction by integration over crystal volume (i
= 0.504 mm—1). Least-squares refinement on F2 differences varied a total
of 785 parameters. R factors were R = 0.0574 for 2985 unique reflections
with [I > 20(1)], and R = 0.1141, wR2 = 0.1376 for all 5051 unique
reflections. CCDC 182/1111. The crystallographic data is available in CIF
format from the RSC web site, see: http://www.rsc.org/suppdata/cc/
1999/173/

§ Selected data for 1: 64 NMR (500 MHz, CDCl3) 7.36 (d, J 4.5, 8H), 7.32
(d, J4.5,8H), 3.04 (s, 4 H, C=CH); 6c (125 MHz, CDCl3) 146.17, 131.64,
130.72, 120.25, 83.13 (C=CH), 77.60 (C=CH), 64.77 (CPhy). HRMS
(FAB): calc. for CaaHoo: 416.1565, found 416.1565. For 2: 84 (500 MHz,
CDCly3) 7.46 (d, J 8.5, 8H), 7.39 (d, J 8.5, 8H), 3.03 (s, 4 H, C=CH), 2.10
(brs, 12H, CHy); 13C 6c (125 MHz, CDCl3) 149.65, 132.23, 124.99, 120.06,
83.43 (C=CH), 76.90 (C=CH), 46.70 [C(ad)-Ph], 39.27 (CH;) HRMS
(FAB): calc. for C4H3p: 536.2504, found 536.2504.

1 (a) D. S.Reddy, D. C. Craigand G. R. Desirgju, J. Am. Chem. Soc., 1996,
118, 4090 and references cited therein; (b) J. S. Moore, Nature, 1995,
374, 495; (c¢) X. Wang, M. Simard and J. D. West, J. Am. Chem. Soc.,
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A novel entry to 5a-car ba-hexopyranoses from carbohydrates based on a
6-exo-dig radical cyclization: synthesis of 5a-car ba-p-p-mannopyranose
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Carbohydrate-derived 2,3:4,6-diacetonides which are homo-
logated at C-1 by reaction with phenyl acetylide undergo a
6-exo-dig radical cyclization, from a radical located at C-5,
to yield highly functionalized cyclohexanes that are corre-
lated with carba-sugars.

The term ‘carba-sugar’ is currently used to describe mono-
saccharide anal ogs having amethylene group instead of thering
oxygen atom.! Carba-sugars derived from hexopyranoses,
‘carba-pyranoses’ (e.g. 1), were first prepared more than three
decades ago by McCasland and co-workers? prior to their
isolation from natural sources as components of important
antibiotics.3 Many of these substances, owing to their close
structural resemblance to carbohydrates, are endowed with an
interesting range of biological activities* which has triggered
the development of different synthetic approaches for their
preparation.1.56 However, to the best of our knowledge only
one synthetic approach involving radical ring closure? leading
to 6-deoxy-5a-carba-pyranosides has been reported.8 A very
recent report by Maudru, Singh and Wightman® on the synthesis
of carba-pyranoses by 6-exo-dig radical cyclization of carbohy-
drate derived alkynes prompts us to disclose our own resultsin
this area.

As a continuation of our interest in the synthesis of highly
functionalized carbocycles!o from carbohydrates,11 we turned
our attention to the preparation of 5a-carba-hexopyranosides by
radical ring closure of carbohydrate derived alkynes. Here we
report some preliminary results which have resulted on the
synthesis of 5a-carba-f3-p-mannose pentaacetate 13. Our gen-
eral approach, outlined in Scheme 1 for b-mannose, correlates
retrosynthetically the methylene group of the carba-pyranoside
(e.g. 1) with an exocyclic double bond in ahighly functionalized
cyclohexane (e.g. 2). The latter could thus be obtained by a
6-exo-dig radical cyclization of a carbohydrate derived alkyne
(e.g. 3) easily derived from a pyranose 2,3:4,6-diacetonide
derivative (e.g. 4).

Accordingly mannose diacetonide 4 (Scheme 2), prepared in
one single step from p-mannose by kinetic acetonation,2 was
treated with lithium phenylacetylide to yield, as a very major

%ﬁ B %@ﬁ;
L

1
.
)Vo o o 5OO/X/
OH OR

D-mannose <—
4 3

Scheme 1

isomer, diol 5 in 65% isolated yield.T Chemoselective protec-
tion of the prop-2-ynylic hydroxy group could be accomplished
by the use of either ethyl chloroformate (6a, 60%)3 or
TBDMSCI (6b, 65%).F The hydroxy group at C-5in 6a, or 6b,
was next treated with phenyl chlorothioformatel4 to furnish
derivatives 7a (85%) and 7b (80%), respectively, which upon
reaction with BusSnH and AIBN?2S (toluene, 90 °C, 0.02 wm)
afforded tricyclic derivatives 88 and 98 in 95% combined yield.
The synthetic scheme was next continued with compound 8b8
[two isomers: 6 2.89 (ddt, Jas = Jseax= 10.8 HZ, J56eq = 4.5
Hz, Js yoier = 2.8 Hz, H-5 one isomer), 2.48 (ddt, J45 = Js6ax
= 111 Hz, Jsgeq = 51 Hz, Jspoes = 2.3 Hz, H-5 other
isomer)]. Accordingly, after a change in the protecting group at
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Scheme 2 Reagentsand conditions: i, PhC=CLi, THF, —78°C; ii, CICO,Et,
Py, CH.Cl,, 0 °C; iii, TBDMSCI, EtzN, DMAP, CH,Cl5; iv, CIC(S)OPh,
Py, MeCN, 85 °C, 1 h; v, BusSnH, AIBN, toluene (0.02 m), 90 °C; vi,
TBAF, THF; vii, HNa, BuyNI, BnBr; viii, Oz, MeOH-CH,CI, (1:1), —78
°C, then M&sS; ix, BHs:SMe,, THF; X, HNa, CS,, Méel; xi, BusSnH, AIBN,
toluene, 90 °C; xii, Hy, Pd/C, MeOH; xiii, ACOH-THF-H,0 (4:2:1), 60 °C;
xiv, Ac0, Py.

b R =TBDMS
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C-1 in 8b (OTBDMS—OBnN), ozonolysis was carried out to
yield ketone 10, which upon reduction (BH3-SMe,) gave, in a
stereosel ective manner, the highly functionalized cyclohexane
11 (Jsa1 = 3.8 Hz) (75%, three steps). The hydroxy function at
C-5a was deoxygenated under radical conditions, via its
xanthate,14.15 to afford 5a-carba-p-mannopyranoside derivative
12 (85%, two steps). Hydrolysis of the acetals followed by
hydrogenation and acetylation gave 5a-carba-p-p-mannose
pentaacetate 13169 (87%, three steps).

In our opinion, several aspects of the synthetic scheme
deserve further comment: (i) the choice of a 2,3:4,6-diacetonide
derivative hasreduced the protecting group manipulationsin the
synthetic scheme to a minimum; (ii) the selection of a
phenylacetylide asthe radical acceptor was made on the basis of
the beneficia effects of the phenyl group in alkyne cycliza-
tions;17.18 (iii) unlike other approaches to carba-sugars from
carbohydrates,89 in this synthetic scheme an hexose is corre-
lated with its corresponding carba-pyranoside; (iv) the present
method permits access to fully functionalized cyclohexanes
(e.g. 11) of potentia interest in the synthesis of biologicaly
active compounds;# (v) by changing the protecting group of the
hydroxy function « to the radical acceptor some stereocontrol
has been attained in the cyclization reaction in favor of the
isomer with trans 6,6-ring fusion1® (8, Scheme 2); (vi) similar
chemistry carried out on 9a or 9b would allow access to 5a-
carba-«-L-gulopyranose.

In conclusion we have disclosed a novel entry into function-
alized cyclohexane derivatives and carba-sugars from mono-
saccharides by 6-exo-dig cyclization of ak-6-ynyl radicals. Our
approach complements the one recently described by Maudru
et al.? in the sense that it allows for functionalization at all
positions of the cyclohexane ring. The application of this
synthetic scheme to other pyranose derived diacetonides is
currently under study.

This research was supported with funds from the Direccién
General de Ensefianza Superior (grants: PB96-0822 and PB97-
1244). A. M. G. thanks the Consejo Superior de Investigaciones
Cientificas for financial support. G. O. D. thanks the Agencia
Espariola de Cooperacion Internacional for a MUTIS scholar-
ship.
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T Compound 5 was the major isomer observed in the crude reaction mixture
and could be easily separated by chromatography. The stereochemistry at C-
1 was probed at alater stage on the synthesis. The corresponding epimer at
C-1 was aso observed (>4:1 ratio) together with some isomeric
2,3:5,6-diacetonides (13C NMR).

+ Compounds resulting from the reaction of both hydroxy groups were
adways present, in yields ranging from 10-15%, and could be easily
separated by chromatography.

§ Compounds 8a and 8b existed as two isomers (ca. 1:1 ratio),
corresponding to the orientation of the phenyl group in the exocyclic double
bond. Conversely, only oneisomer at the phenyl group was observed for the
cis-fused products 9a and 9b.

9 The spectral properties (*H NMR, CgDe, 400 MHZz) were in accord with
those reported in the literature (ref. 16): [a]p +2.0 (c 0.6, CHCly), lit.,162
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+2.9 (¢ 1.1, CHCI3); lit. 160 +2.53 (c 1.67, CHCl); lit.16c +2.9 (c 1.28,
CHCly).
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Structural isomers of M (dca), molecule-based magnets. Crystal structure of
tetrahedrally coordinated sheet-like -Zn(dca), and p-Co/Zn(dca),, and the
octahedrally coordinated rutile-like a-Co(dca),, where dca- = dicyanamide,

N(CN),—, and magnetism of $-Co(dca),
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B-Zn(dca), and 0.12% Co(11) doped P-Zn(dca), contain
tetrahedrally coordinated metal ions within a corrugated
sheet network structure [dca = dicyanamide, N(CN),—], B-
Co(dca), is a spin-canted antiferromagnet (T = 9 K), while
the rutile-like octahedral a-form is a ferromagnet.

We have recently described an important new class of
molecule-based magnets of type M(dca), which possess a
rutile-like single net structure In this «-structural type, the
metal ions are octahedrally coordinated to six dicyanamide
(dca) ligands via the nitrile and amide N-donor atoms, each dca
therefore being a 3-connector. The Co(i1) and Ni (1) compounds
are ferromagnets, with T, = 9 and 20 K respectively, while the
Cu(i) compound is a near-paramagnet, with Jahn-Teller
distorted Cu-N(amide) bond lengths. «-Mn(dca), and -
Fe(dca), are spin-canted antiferromagnets with Ty values of 16
and 19 K, respectively.2 Kepert and Kurmoo3 and Miller and
Epstein and coworkers* have subsequently reported some of the
same «-type compounds. Here, we describe a structural isomer
of the B-type in which the metal ions are each tetrahedrally
coordinated to four dca ligands via nitrile N-donor atoms to
form an infinite sheet structure. This structure has been refined
for colourless crystals of 3-Zn(dca), and for deep blue crystals
of Co(11) doped B-Zn(dca),. Asindicated earlier by Kohler,5 the
blue 3-Co(dca), phase can be prepared by removal of pyridine
from Co(dca),(pyridine),. We report here antiferromagnetic
coupling and magnetic order in 3-Co(dca), prepared in thisway
and compare these to the magnetic behaviour observed in the
ferromagnetic «-isomer.

[-Zn(dca), was prepared by reaction of Zn(NOs),-6H,0 with
sodium dicyanamide in water in a 1:2 mole ratio. Colourless
crystals were obtained by slowly diffusing the reagents
together. The 0.12% Co(11) doped crystals were prepared by
mixing hot agueous solutions of Zn(NO3),-6H,O and Co(N-
03),6H,0 with one of Na(dca). Deep blue crystals formed
from the pink solution. Doubling of some of the C-N bands
from coordinated dca occurs in the IR spectrum probably
because of the presence of two structurally distinct dca ligands
in Zn(dca), and in Co/Zn(dca),. T

The structures of «-Co(dca),, p-Zn(dca), and 0.12% 3-Co/
Zn(dca), were solved by single-crystal X-ray crystallography.
The structure of «-Co(dca), is isomorphous with the other
members of the «-M(dca), compounds discussed above.14 It
possesses a rutile-like structure with octahedral cobalt ions and
three-connecting dca ligands [Co-N(nitrile) 2.092(2) A, Co-
N(amide) 2.150(3) A].1+ These val ues are obviously much closer
together than in the Jahn-Teller distorted Cu [1.975(1) and
2.478(2) A, respectively],! and are shorter than those found in
Mn[2.189(1) and 2.290(2) A].2 In al three structures the metal—
amide bonds are longer than the metal—nitrile bonds.

Asboth 3-isomer structures areisomorphous, we will discuss
only the Zn(dca), structure in detail .+ The structure consists of
tetrahedral Zn atoms[N—-Zn—N 108.05(9)—111.9(2)°]bridged by
two-connecting dicyanamide ligands[Zn—N 1.958(4), 1.936(4)

and 1.960(3) A]. The kinked nature of the dca bridge, aided by
some bending at the coordinating nitrogen donors [C-N-Zn
155.3(3), 165.4(4) and 171.9(4)°], alowsthe tetrahedral ionsto
be bridged into a corrugated square-grid sheet structure (Fig. 1).
The sheets stack in the direction of the c axis and are
interdigitated. As a result, the shortest Zn--Zn distances (4.447
A) are between sheets, with the intrasheet Zn--Zn distances (via
the dca bridges) being 7.584 and 7.606 A. The structure of the
3D rutile-like o« isomer is obviously markedly different to the
2D sheet structure for the 3 isomer described here. The former
contains octahedral metal ions and three-connecting dca
ligands, while the latter containstetrahedral metal ions and two-
connecting dca ligands (i.e. the amide nitrogens do not
coordinate).

The structures described above of [-Zn(dca), were deter-
mined at 123 K. The room temperature structure was also
determined, and found to possess a different space group
(Cmem, vs Pnma at 123 K). Further investigation showed a
reversible phase change occurring between 210 and 220 K. A
second phase change occurred at 120 K which resulted in
fragmentation of the crystal. The topology and connectivity of
the structure in the room temperature phase isthe same asin the
123 K phase. The phase change arises due to ordering of one of
the two crystallographically unique dcaligands (dcal). At room
temperature dcal is disordered over two positions, which are
related by amirror plane. Theligand ‘leans over’, with itsmean
plane making an angle of 16.6° to thismirror plane (onwhichlie
the metal atoms and nitrile nitrogen atoms of dcal). The mirror
plane arises because the lean of dcal is disordered equally
between the two alternative directions. In the 123 K structure,
however, thisligand becomes ordered, with all the dcal ligands
in a sheet tilting in the one direction only, and the mirror plane
symmetry islost.

The deep blue p-Co(dca), was produced by depyridination
under vacuum of Co(dca),(pyridine),.5 Although the powder
was largely amorphous and diffracted extremely weakly, the
pattern was suggestive of being isomorphous with 3-Zn(dca),.
The visible spectra (diffuse reflectance) of neat 3-Co(dca), and
of Co doped Zn(dca), are identical thus indicating that the
tetrahedral coordination geometry around Co(m) is the same;
Amax/nm 602, 565(sh), 483w (sh). Upon exposure to the
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Fig. 1 The puckered, square-grid sheets of 3-Zn(dca),.
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atmosphere, the powder turns from blue to pink. Again,
although the diffraction was very weak, the X-ray powder
diffraction pattern was suggestive of the presence of the rutile-
like «-Co(dca),. The diffuse reflectance visible spectrawas also
now reminiscent of the « phase; Ana/nm = 1131(br), 510,
481.

The magnetic moment, per mol of Co, of the 0.12% Co(1r)
doped Zn(dca), sample remains constant at 4.6 ug over the
range 30015 K. This was anticipated for amagnetically dilute
tetrahedral d” ion having a4A, ground state influenced by spin—
orbit coupling. Together with the lack of any observed long-
range order under small applied-fields, the data are consistent
with random doping of the diamagnetic Zn(m1) sites by Co(i),
much like traditional doping into zinc oxide hosts. In contrast,
the magnetic properties of neat 3-Co(dca), are indicative of
antiferromagnetic coupling and a magnetic phase change
occurring at ca. 9 K, due to spin canted antiferromagnetism
(weak ferromagnetism). This contrasts markedly with -
Co(dca), which displaysaferromagnetic transition, alsoat 9K.*
In amagnetic field of 1 T, the effective magnetic moment, per
Co, of the B-isomer decreases a little from 4.55 g at 300 K to
4.3 ug at 22 K before increasing sharply to reach a maximum of
4.45 g, then decreasing rapidly towards 2.39 g at 2K (Fig. 2).
The corresponding X values show small deviation from Curie-
Weiss behaviour above 25 K with 8 = —4.5 K [cf. «-Co(dca),,
6 = +6.1K]. Long range magnetic order isclearly evident inthe
magnetisation data measured in small applied fields. It can be
seenin Fig. 2 that the field-cooled (FCM) and zero-field cooled
(ZFCM) magnetisation values increase rapidly below 9.5 K
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Fig. 2 (a) Plot of u(per Co) vstemperature for 3-Co(dca), inafieldof 1 T.
(b) Plots of field-cooled (FCM) (M) and zero-field cooled (ZFCM) ()
magnetisation vs temperature for 3-Co(dca), in fields of 10, 50 and 100
Oe.

178 Chem. Commun., 1999, 177-178

under fields of 10, 50 and 100 Oe. The temperature at which the
FCM and ZFCM data diverge changes alittle with field viz. 9.0
K (10 Oe), 8.83 K (50 Oe), 8.65 K (100 Oe). The ZFCM data
likewise pass through a field-dependant maximum.

A powder sample of B-Co(dca), displays hysteresis in
magnetisation with a coercive field of 538 Oe and remanent
magnetisation of 0.22 Nug at 2 K. High field magnetisation data
in fields of up to 5 T show small diversions from linearity
without reaching saturation and with asmall value of only 2.37
Nug a 5 T. This contrasts markedly with the rapid saturation
behaviour noted in the ferromagnetic «-isomer and isindicative
of antiferromagnetic coupling. The nature of the ordered stateis
therefore one of a spin-canted antiferromagnet as was aso
found in a-Mn(dca), and «-Fe(dca),. Such ordering is becom-
ing increasingly common in homometallic molecular mag-
netsl2—4,6

This work was supported by a grant (to K. S. M.) and a
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T IR (em—1, Nujol) Zn(dca),: vas(C=N) 2298m, 2280m; v4(C=N) 2209s;
Vas(C-N) 1417(sh), 1408s, v(C-N) 964 vw.

¥ Crystal data for «-Co(dca),: C4NeCo, M = 191.02, orthorhombic, Pnhm
(no. 58), a = 7.0433(2), b = 5.9748(3), ¢ = 7.4039(4) A, U = 311.57(2)
A3, T = 123K, Z = 2, F(000) = 186, D. = 2.036 g cm—3, u(Mo-Ka) =
26.81 cm—1, pink acicular crystal (0.10 x 0.03 x 0.03 mm), 4200 total
reflections (20max = 56.5°), 473 independent reflections (R« = 0.047), 336
observed [I > 30(l)], refined against F, 29 parameters, Ry [| > 30(1)] =
0.0281, R, = 0.0285, goodness of fit = 2.57.

For B-Zn(dca), at 123 K: C4NeZn, M = 197.46, orthorhombic, Pnma (no.
62),a = 7.6060(3), b = 7.5844(3), c = 11.8422(4) A, U = 683.14(8) A3,
Z = 4, F(000) = 384, D, = 1.920 g cm—3, u(Mo-Ka) = 35.28 cm—1,
colourlesstablet (0.20 x 0.16 X 0.08 mm), 9157 total reflections (26max
56.4°), 1019 independent reflections (R, = 0.048), 700 observed [l
30(1)], refined against F, 61 parameters, Ry [| > 30(l)] = 0.0225, R,
0.0226, goodness of fit = 2.24.

For 0.12% Co doped -Zn(dca),: structure refined assuming 100% Zn,
C4NgZn, M = 197.46, orthorhombic, Pnma (no. 62), a = 7.6070(3), b =
7.5828(4), ¢ = 11.8468(6) A, U = 683.35(10) A3, T = 123K, Z = 4,
F(000) = 384, D. = 1.919 g cm—3, y(Mo-Kw) = 35.27 cm—1, blue tablet
(0.20 x 0.20 x 0.07 mm), 8876 total reflections (20max = 56.5°), 1020
independent reflections (R, = 0.059), 667 observed [| > 3o(1)], refined
against F, 61 parameters, R; [| > 30(1)] = 0.0273, R, = 0.0244, goodness
of fit = 2.25.

For $-Zn(dca), at 293 K: orthorhombic, Cmcm (no. 63), a = 7.5526(3),
b = 12.2167(8), ¢ = 7.5882(4) A, U = 700.15(7) A3, Z = 4, F(000) = 384,
D. = 1.873gcm—3, y(Mo-Ka) = 34.41 cm—1, colourless prism (0.3 x 0.2
X 0.1 mm), 2534 total reflections (26max = 60°), 567 independent
reflections (Rx = 0.036), 512 observed [ > 20(1)], refined against F2, 39
parameters, Ry [| > 20(1)] = 0.0390, WR; (all data) = 0.1246, goodness of
fit = 1.217.

CCDC 182/1120. See http://www.rsc.org/supp.data/cc/1999/177/for
crystallographic filesin .cif format.
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Palladium(1r) salts catalyse the carbonylation of methyl
iodide in methanol to methyl acetate (5 atm CO, 140 °C) in
the presence of a large excess of iodide, even without amine
or phosphine co-ligands; platinum(ir) salts show similar
reactions but are a little less effective.

The substantial current interest in reactions catalysed by
palladium—phosphine or palladium—aminel2  complexes
prompts us to disclose new data on methanol carbonylation
catalysts. We find that palladium(ii), in the presence of an
excess of iodide, catalyses the carbonylation of methyl iodidein
methanol to methyl acetate at 5 atm CO, 140 °C. Under these
conditions phosphine or amine co-ligands are not required.

The BP-Monsanto process for making acetic acid, methyl
acetate, and/or acetic anhydride from methanol reliesin its key
(organometallic) steps on the carbonylation of methyl iodide
catalysed by arhodium and iodide system.3 The Cativa process
recently developed by BP Chemicals uses a closely related but
more effective system based on a promoted iridium/iodide
catalyst.4#5 A number of other catalyst systems have been
examined,® but because of the economic importance of the
process, the search for new catalysts continues.

Although various carbonylation reactions involving palla-
dium complexes have been described, they generally require co-
ligands such as amines or phosphines.” If they are not present,
the process is quickly deactivated with the formation of
(inactive) palladium metal.

A palladium catalysed carbonylation of methyl iodide would
be expected to comprise acycle with individual steps similar to
those found for rhodium and iridium, and since palladium
complexes generally undergo carbonylation, migratory inser-
tion and reductive elimination very easily, the slow rate
determining step in the methyl iodide carbonylation cycle is
probably the oxidative addition. In rhodium and iridium
chemistry this step is enhanced by a more nucleophilic metal
centre,8 which can be achieved for example, by increasing the
electron density at the metal with basic ligands. This could
account for the reported use of ligands such as bipy in the
palladium catalysed carbonylations.

We first investigated methyl iodide carbonylation using
chelate N-ligands (‘N-N’), including bipyridyl and the very
convenient Ar-BIAN ligands [bis(arylimino)acenaphthenes,
derived from acenaphthenequinone and an aromatic primary
amine, ArNH,, Ar = phenyl, 4-tolyl, etc.] which can easily be
‘tuned’ by changesinthe aryl substituents.2 Reactionsrelated to
methanol carbonylation have also been modelled on palladium
complexes, for example,?

[Pd(tmEda)(ME)(OR)] + CO (l atm, 2500) Me,CO
MeCO,R + Pd° [tmeda = Me,NCH,CH,NMe,;
R = Ph, CH(CF),]

but we found no catalytic turnover (<1 in 16 h) on
carbonylating the chelate-iodomethyl complexes, [Pd(‘ N-N’)-
(Me)(D)] in neat methanol.

However, catalytic reactions occurred in the presence of
methyl iodide (Table 1). The complexes [Pd(4-Tol-BIAN)-
(Me)(1)], and [Pd(bipy)(Me)(1)], [Pd(PPhs).Cl,] al gave turn-

overs in the range 10-20/16 h; the Ar-BIAN ligands were
dightly better than bipy, and both were comparable to
triphenylphosphine.

Substantial further improvements were achieved on addition
of 40-100 equiv. per paladium of either a base or an ionic
iodide.t Under our operating conditions the highest turnovers
(ca. 110/16 h) were found using [Pd(PPhs),Cl;] and BusNI as
additive. Slightly lower turnovers were obtained for other
additives such as triethylamine, Lil, and other quaternary
ammonium iodides. Higher amounts of a given iodide led to
higher turnovers. Addition of small amounts of water (100-500
equiv./Pd) led to decreased turnovers but did not quench the
reaction. Separate investigations showed that the role of amines
was to generate the quaternary ammonium iodides by reaction
with Mel.

When the solution containing [Pd(PPhs),Cl,] and BuyNI was
examined by 31P NMR spectroscopy at the end of a catalytic
reaction, there was no sign of PPhs coordinated to palladium.
The only signal (6 22.2) that could be detected was due to
[PPhsMe]l.

Thus the PPh; has become detached during the catalysis. To
examine whether the ligand plays an important role, we
investigated the catalytic behaviour of simple salts of palladium
without any amine or phosphine co-ligands. Palladium iodide
proved to be an effective catalyst by itself in the presence of
excess iodide (but with no other stabilising ligand), giving a
typical turnover of ca. 75/16 h.

A rather paralel reactivity sequence was provided by
platinum. Again here [Ptl4]2— (formed in situ) was effective
(turnover ca. 70/16 h), as were phosphine and amine complexes
[PtLCly] [L, = (PPhg), > 4-Tol-BIAN = bipy, =
{P(CgH11)3}2].% Again, 3P NMR examination of the catalyst
solution using [Pt(PPh3),Cl;] at the end of the reaction showed

Table 1 Carbonylation of methyl iodide and methanol to methyl acetate
promoted by palladium or platinum complexes and anionic iodide2

Catalyst |odide additive/mmol Turnover
[Pd(4-Tol-BIAN)(Me)(N]P — <1
[Pd(4-Tol-BIAN)(Me)()]e — 10+ 2
[Pd(4-Tol-BIAN)(Me)()] — 205
[PdCI,(PPhs),] — 9+2
[Pdclz(PPh3)2] Bu;NI (04) or (C5H11)4N| (04) 1105
[PdCI(PPhy)2] Lil (1) or EtsN (1) 95+ 10
[PdCI,(PPhy),] BuyNI (0.4) + water (100-500) 60+5
[PACl ]2~ BusNI (0.5) or Lil (1) 80+5
[PdI] Lil (1) 705
[PtClx(PPhg),] — 9+2
[PtCI(PPhs),] BusNI (0.4) 30+5
[Ptl4]2— BusNI (0.5) or Lil (1) 65+5
[Ni(NOg)2] BuyNI (0.5) or Lil (1) 15+5
[NiCl(PPhs)] BusNI (0.4) 15+5

a Conditions: catalyst (0.01 mmol), methyl iodide (6 mmol, except where
indicated) and iodide (as specified), and methanol (50 mmol) in Fisher—
Porter tubes operating at a pressure of 5 atm CO, 140 °C, for 16 h. Analysis
of the product (methyl acetate) was by GC (PE 8700; 10 m supel-Q-plot
column, FID). Total turnover = number of equivalents of methyl acetate
produced per equivalent of catalyst. b As a above but without any methyl
iodide. ¢ As for a above but with 0.6 mmol methyl iodide.
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Scheme 1 A possible catalytic cycle for methanol carbonylation based on
Pd”/PdIV.

the presence of only [PPhsMe]l (6 22.2). When K,PtCl, +
MeOH + Mel + BuyNI + CO (5 atm/16 h/140 °C) was used as
the catalyst system, a v(CO) 2063 cm—1 was observed inthe IR
spectrum of the residue once the volatiles had been removed.
This is precisely the wavenumber quoted by Calderazzo and
coworkers for [Pt(CO)I3]—,° and suggests that this species is
involved in our catalytic cycle. No metal carbonyl was detected
at the end of our palladium catalysed reactions, but Calderazzo
and coworkers noted that [Pd(CO)I3]— readily lost al its CO
when the pressure was removed, and thusit isnot surprising that
we did not observeit.

Palladium catalysed methanol carbonylation, in the presence
of very large amounts of specific promoters, such as sulfolane,
and preferably an amine (e.g. 2,2’-bipyridyl) has been described
in patents by van Leeuwen (Shell).1° Those methanol carbony-
lation reactions required both quite severe conditions (for
example, 182 °C/110 bar CO) and the addition of promoters
such as bipyridyl; methanol carbonylation in the absence of
such promoters was not claimed and platinum salts were
specifically excluded from the Shell patents.

There do not appear to have been any reports of platinum
catalysed carbonylationsto methyl acetate, though the carbony-
lation of methanol to methyl formate has been noted,® and
Kozitsynaand Moiseev reported that an unusua diphenylphos-
phido—platinum species in the presence of BF; did catalyse the
carbonylation of methyl acetate to acetic anhydride.1t

Nickel in the presence of iodide has long been known to
catalyse methanol carbonylation, but only under drastic condi-
tions (200-300 atm/230-350 °C).12 We have tried nickel
catalysts under our conditionsand find activity but at quitealow
level in the presence of 50-100 equiv. of iodide.

In summary, we have shown that, in the presence of excess
iodide, palladium and platinum salts catalyse the carbonylation
of methyl iodide in methanol to methyl acetate at 5 atm CO,
14 °C. The reactions taking place are best described by,

Mel + MeOH + CO — MeCO,Me + HI
followed by,
HI + MeOH — Mel + H,O

Catalytic cycles involving either M'/M!V or MO/M!I (M =
Pd, Pt) seem possible and an example of theformer isillustrated
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in Scheme 1. It may be noted that iodide can stabilise Pd'V asin
Cs,Pdlg.13

We thank BP Chemicals for support and Dr G. Sunley for
carrying out some extra experiments.
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T Bromide and chloride were also effective as promoters but less so than
iodide.

¥ The ligands do seem to have a (second order) effect on the reaction; for
exampl e the tricyclohexylphosphine complexes [M{ P(Ce¢H11)3} 2Cl5] (M =
Pd, Pt) are significantly less effective than the corresponding triphenyl phos-
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points are currently under investigation.
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Co-crystals involving C-methylcalix[4]resorcinarene 1 and
substituted pyridines obtained from MeNO,-benzene and
MeCN-benzene yields multi-component complexes 1.4(4-pi-
coline)-MeNO, 2 and 1-4(1,10-phenanthroline)-MeCN-ben-
zene 3 in which the cavity of 1 is extended by four pyridines
supramolecularly and the included solvent serves as a
guest.

There is currently a great deal of interest in utilizing
noncovaent forces for the construction of multi-component
host frameworks (e.g. molecular capsules) that display recogni-
tion properties analogous to their monomolecular predecessors
(e.g. carcerands).13 These frameworks typicaly involve re-
placing covalent bonds with supramolecular synthons that
retain the structural integrity of the parent host molecule.
Notably, in addition to providing access to systems which are
difficult to obtain using conventional molecular synthesis,3 such
frameworks can display properties not found in the molecular
analog (e.g. reversible formation)4 which, in some instances,
can bear relevance in understanding related biological phenom-
ena (e.g. virus formation).5

(b)

Fig. 1 ORTEP perspective of (a) the six-component assembly 2, and (b)
self-inclusion displayed by 2. Selected interatomic distances (A):
O(1)---O(4) 2.840(3), O(1)---N(1) 2.740(3), O(2)---O(3) 2.806(3),
0(2)---N(2) 2.704(3).

Along these lines, we have recently shown that it is possible
to extend the cavities of resorcin[4]arenes (e.g. C-methyl-
calix[4]resorcinarene 1) supramolecularly using aromatic-
based hydrogen bond acceptors.2 Our initial attempt at a
discrete system, 1-4(py)-py (py = pyridine), consisted of six
mol ecules comprised of two different componentsin which four
molecules of py participatein four O-H---N hydrogen bonds, as
two stacked dimers, along the upper rim of 1, to form a cavity
large enough to host afifth py. Here, we now demonstrate that
it is possible to isolate a guest within a discrete supramolecular
cavity based upon 1, in 1-4(4-pic)-MeNO, 2 (4-pic = 4-pico-
line), which is different than that of the ‘ substituents’ hydrogen
bonded to the upper rim of the macrocycle. By employing
similar conditions used to form 2, we also demonstrate that is
possible to expand the chemistry of these systemsto achelating
agent, 1,10-phenanthroline (1,10-phen), in 1-4(1,10-phen)-
MeCN-benzene 3, which assembles to form both conventional
and bifurcated O—H---N hydrogen bonds a ong the upper rim of
1. Such observations areimportant since, in addition to showing
that it is possible to fully mimic host—guest properties of
monomolecular calix[4]arenes supramolecularly, they confirm
generality in this approach with respect to both upper rim
substitution and guest inclusion.

Addition of 1 (0.020 g) to a boiling aliquot of 4-pic (2 ml)
yielded a yellow precipitate. Attempts to grow crystals of this
material suitable for single crystal X-ray analysis failed. The
precipitate was then heated and MeNO, (3 ml) followed by
benzene (2 ml) were added dropwise, with continuous heating,
according to egn. (1), until the solid dissolved. Y ellow crystals
of 2 suitable for X-ray analysis formed, upon cooling, within a
day. Theformulation of 2 was confirmed by singlecrystal X-ray
analysist and *H NMR spectroscopy.

1 + 4-pic (excess) + MeNO, (excess)
+ benzene (excess) — 1-4(4-pic)-MeNO, 2 1)
A view of the six-component complex 2 isshownin Fig. 1(a).
In a similar way to 1-4(py)-py,2 four molecules of 4-pic have
assembled along the upper rim of 1 such that they form stacked
dimers and participate in four O—H---N hydrogen bonds with
two opposite resorcinol units of 1 [O---N separations (A):
O(1)---N(1) 2.740(4), O(2)---N(2) 2.704(4)]. Unlike
1-4(py)-py, however, the cavity created by the five moleculesis
occupied by aguest which isdifferent than the walls of the host.
Specificaly, a molecule of MeNO,, which lies disordered
across a crystallographic two-fold rotation axis, has assembled
within 1 and interacts with 1 via C—H---;t-arene interactions.
Thus, by selecting a guest with an appropriate size, shape, and
chemical exterior to assemble within 1-4(4-pic), full structural
mimicry, in a single step and virtually quantitative yield, of
those host—guest properties displayed by upper rim substituted
monomolecular calix[4]arenes has been achieved.® In other
words, this approach to discrete, extended cavity frameworks
based upon 1 is not limited to two component 1-4(pyr)-pyr
(where pyr = pyridine, substituted monopyridines) systems.2
A view of the crystal structure of 2 is shown in Fig. 1(b).
Unlike 1-4(py)-py, 2 self-assembles in the solid state such that
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the complexes self-include and lie in an antiparallel fashion
along the crystallographic b axis. Indeed, the ability of 2 to
exhibit self-inclusion may be attributed to the small size the
MeNO, guest which, unlike 1-4(py)-py, alows neighbouring
molecules of 1 to assemble within the cavities created by the
4-pic moieties.F

That this approach to discrete extended cavity frameworks
based upon 1 may be expanded to a system involving a
bifurcated hydrogen bond and a different guest is demonstrated
by 3. When 1 (0.020 g) was added to aboiling aliquot of MeCN
(4 ml) in the presence of 1,10-phen (0.027 g) a white
microcrystalline solid formed. Attempts to grow single crystals
of this material suitable for single crystal X-ray analysis failed.
Colorlesscrystals of 3 suitablefor X-ray analysiswere obtained
by redissolving the solid, by heating, in the presence of benzene
(2ml), according to egn. (2), and allowing the solution to slowly
cool. The formulation of 3 was confirmed by single crystal
X-ray analysis§ and *H NMR spectroscopy.
1 + 4(1,10-phen) + MeCN (excess) + benzene (excess)

— 1-4(1,10-phen)-MeCN-benzene 3 2

A view of the seven-component complex 3 is shown in Fig.
2. In a similar way to 2, four molecules of 1,10-phen have
assembled along the upper rim of 1 and lie approximately
orthogonal to two opposite resorcinol units of the macrocycle.
Unlike 2, however, in addition to conventional O—H---N forces,
the phenanthroline moiety interacts with 1 via a bifurcated
hydrogen bond. In particular, three phenanthroline units
participate in conventional O—H---N hydrogen bonds [O---N
separations (A): O(1)---N(1,2) 2.77(1), 3.20(1); O(2)---N(3,4)
2.67(1), 3.38(1); O(5)---N(5,6) 2.73(1), 3.40(1)] while afourth
participates in a bifurcated interaction [O---N separations (A):
O(6)---N(7,8) 2.77(1), 3.00(1)]. Interestingly, in the case of the
former, the longest O---N separations are associated with the
‘outer’ region of the upper rim of 1 while, in the case of the
latter, the longest distance is associated with the ‘inner’ region.
As a consequence of these forces, a cavity has formed, inside
which a molecule of MeCN is located, interacting with 1, in a
similar way to the MeNO, guest of 2, via C-H---m-arene
interactions.| The molecule of benzene, which completes 3, is
then observed to lie sandwiched between two opposite phenan-
throline moieties, in aregion above aresorcinol unit of 1, such
that the aromatic participates in two edge-to-face m—m inter-
actions with the bipyridines.10 To the best of our knowledge, in
addition to 3, an assembly involving ‘resorcinol’ and achelating
agent such as 1,10-phen has not been observed.

Inasimilar way to 1-4(py)-py,2 3 self-assembles in the solid
state such that the cavities of 1 lie at approximately right angles

@] Q

Fig. 2 ORTEP perspective of the seven-component assembly 3. Selected
interatomic distances (A): O(1)---O(3) 2.73(1), O(1)---N(1) 2.77(1),
O(1)---N(2) 3.20(1), O(2)---O(8) 2.76(1), O(2)---N(3) 2.67(1), O(2)---N(4)
3.38(1), O(4)---O(5) 2.75(1), O(5)---N(5) 2.73(1), O(5)---N(6) 3.40(1),
O(6)---O(7) 2.78(1), O(6)---N(8) 2.77(1), O(6)---N(7) 3.00(1).
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to each other. Thus, in asimilar way to the guest of 1-4(py)-py,
the 1,10-phen moieties, owing to their size and location above
1, preclude self-inclusion of 1 as observed in 2.

The results reported herein demonstrate that by using
appropriately functionalized molecular components, it is possi-
ble to mimic host—guest properties of calix[4]arenes supramole-
cularly with respect to both upper rim substitution and guest
inclusion. With these observations realized, focus can be placed
upon determining if mimicry of those methods that involve
sterochemical control to extending the cavity of 1 (e.g. C4 vs.
C.\) can be achieved.1! If one also considers that this approach
stemmed from a crystal engineering design strategy,12 such
observations attest to the utility in using a supramolecular
synthon, such as the resorcinol-based system3 employed here,
for rational solid state design.

We are grateful for funding from the National Science
Foundation and the Natural Sciences and Engineering Research
Council of Canada (doctoral scholarship, L. R. M.).
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T Crystal data for 2: monoclinic, space group P2/c, a = 11.481(1), b =
7.566(1), ¢ = 29.501(2) A, B = 96.434(1)°, U = 2546.5(3) A3, D, = 1.28
g cm—3, Mo-K« radiation (A = 0.71070 A) for Z = 2. Least-squares
refinement based on 2523 reflections with Ine > 2.00(Ine) (Out of 3304
uniquereflections) led to afinal value of R = 0.048. Aromatic and hydroxy
hydrogen atoms were placed by modelling the moieties asrigid groups with
idealised geometry, maximising the sum of the electron density at the
calculated hydrogen positions. Structure solution was accomplished using
SHEL XS-86 (ref. 6) and refinement was conducted using SHEL XL 93 (ref.
7) localy implemented on a pentium-based IBM compatible computer.
Structure refinements and production of the figures were accomplished with
the aide of RES2INS (ref. 8).

T We aso note an O4---O4’ (O-4’ —x + 1, +y, —z + 1.5) separation of
3.025(3) A between self-included strands of adjacent layers which suggests
aweak hydrogen bond involving a disordered hydroxy hydrogen atom.

§ Crystal data for 3: orthorhombic, space group P2;2;2;, a = 14.504(1), b
= 15.752(1), ¢ = 31.097(2) A, U = 7104.3(6) A3, D, = 1.29gcm—3, Mo-
K radiation (A = 0.71070 A) for Z = 4. Least-squares refinement based
on 6469 reflections with I > 2.00(l ) (0ut of 9237 unique reflections)
ledto afinal value of R = 0.068. Aromatic hydrogen atoms were placed by
modelling the moieties asrigid groups with idealised geometry, maximising
the sum of the electron density at the calculated hydrogen positions.
Structure solution and refinement was conducted as described for 2. CCDC
182/1117.

1 We note that the included MeCN lies dightly tilted towards one of the
resorcinol units of 1 such that the positioning of the molecule conforms to
the cavity defined by the 1,10-phen moieties.
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Cyclopropyl tethered methylenecyclopropanes can function
in the intramolecular Pauson—-Khand reaction either as
simple alkene components, or give rearranged hydro-
indenones in which neither of the two carbon atoms of the
alkyne component form part of the cyclopentenone unit in
the product.

Extensive and elegant studies by Binger! have established that
transition metal mediated reactions of akylidenecyclopropanes
with olefinic and acetylenic acceptors provide a vauable
method for cyclopentanoid construction. The essentialy con-
temporaneous introduction of the intramolecular variant by
ourselves?a and by the Nakamuragroup?® hasled, via aseries of
systematic studies using both nickel(o) and palladium(o)
catalysts,2 to greatly improved level s of regiocontrol, and recent
detailed stereochemical studies by Lautens?h have further
enhanced the synthetic potential of this methodol ogy.

Within this framework, it was therefore of interest to extend
our studies to encompass the intramolecular variant of the
highly useful Pauson—Khand reaction3 using such substrates.
Our primary objective, as encapsulated in Fig. 1(a), was to
attach the tethering chain to the cyclopropyl unit, and hence to
examine the possibility of generating highly strained tricyclic
systems. During the course of our own work, a systematic study
describing the contrasting tethering connectivity implied in Fig.
1(b) has been published.# In this latter case, however, asin the
similarly precedented concept of using the enhanced reactivity
of an alylidene cyclopropane as the diene component in Diels—
Alder reactions,5 aspiro fused cyclopropyl adduct is necessarily
formed.

In the first instance, we elected to study the behaviour of the
readily prepared2’9 methylenecyclopropanes 1la and 1b using
octacarbonyldicobalt and the mild amine N-oxide protocol
developed by Schreiberé (Scheme 1). The obtention of the

@ ® V\4

(0c) \% o) | X

LN R
Fig. 1

la R=H
b R=CgHio

2a 41%
b 38%

Scheme 1 Reagents and conditions: i, Cox(CO)g (1.0 equiv.), benzene,
room temp., 1 h; ii, NMO (6 equiv.), benzene, reflux, 2 h.

T Present address. Laboratoire de Chimie Organique et Organométallique,
URA CNRS no. 35, Université Bordeaux 1, 351 Cours de la Libération,
33405 Talence Cedex, France.

tricyclic adducts 2a and 2b confirmed the validity of this
approach and theisolation of 2b asasingle diastereoisomer also
established, as expected, that the trans stereochemistry of the
substituents around the methylenecyclopropane was preserved
in the cycloaddition product.

We were therefore encouraged to extend the scope of this
approach to the methylenecyclopropane 1c, in which the
additional methyl group was expected to lead to the formation
of the adducts 2, containing two contiguous quaternary carbon
centres (Table 1). In the event, under the previously described
reaction conditions, the anticipated tricyclic product 2c was not
formed, and initial spectral data clearly indicated that cyclopro-
py! ring opening had occurred to give abicyclic hydroindenone
derivative containing an exocyclic carbon—carbon double bond.
The full complexity of this bizarre rearrangement and the
precise structures 3 of the rearranged cycloadducts were only
revealed however through a careful systematic study of further
substrates 1d—f in which the progressive incorporation of
additional substituents on the cyclopropyl ring and on the
akyne provided regio- and stereo-chemica markersto trace the
outcome of the reaction in terms of carbon atom connectivity
(Table 1, entries 1-4). Therelative location and stereochemistry
of the substituents in cycloadducts 3c—f was rigorously
established using a combination of 2D NMR, NOESY and

Table 1 Reaction of compounds 1c—f

R
z o
P> i, ii 2c—f
‘u,,,/x\/

lc X=0, =H, Z=H -

d X=0, R=Et, Z=H

e X=0, R=Et, Z=Me;Si

f X=CH,, R=H, ZzZ=H

3c—f
Reaction conditions?
Products

Entry Substrate Solvent t/h T/°C (% yield)
1 1c benzene 1 reflux 3c (51
2 1d benzene 2 reflux 3d (47)
3 le benzene 15  reflux 2e (10), 3e (40)
4 1f benzene 1 reflux 3f (51)
5 1c THF 10 room temp.  2c (44), 3c (12)
6 1d benzene 24 roomtemp.  2d (20), 3d (26)
7 le THF 2 reflux 2e (28), 3e(28)

a Reagents and conditions: i, Co,(CO)s (1.0 equiv.), benzene, room
temp., 1 h; ii, NMO (6 equiv.) and reaction conditions above.
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HMBC experiments. Thus, careful scrutiny of structures 3
uncovers the remarkable fact that neither of the two carbon
atoms of the tethered alkyne have been incorporated into the
cyclopentenone unit of the final product in this intramolecular
variant of the Pauson—Khand reaction. It was also of interest to
note that cyclisation proceeded smoothly using the all-carbon
tethering chain in the termina akyne 1f, thereby providing a
concise route to the usefully functionalised bicyclo[4.3.0]non-
1-en-3-one 3f (entry 4). From both a mechanistic and pre-
parative standpoint the preservation of the original cisoid
geometry of the substituents (R and CH3) around the cyclopro-
py! ring in the rearranged adducts is also significant, as is the
fact that 3e was isolated as a single geometrical isomer, most
probably of E configuration.

Finally, from a preparative standpoint, we have also been
able, through ajudicious choice of experimental conditions, to
suppress the rearrangement pathway, and hence to redirect the
course of the reaction towards the formation of our originally
desired tricyclic systems, as shown for the prototypica
substrates 1c, 1d and 1e (Table 1, entries 5, 6 and 7).

From the foregoing examples, it is clear that the presence of
the additional methyl group is necessary in order to isolate the
skeletally rearranged products 3. While detailed mechanistic
speculation is premature at this stage, it seems reasonable to
postulate that the formation of the standard metallacycle 4
(Scheme 2) occursin all casesas an early common intermediate.
At lower temperatures and preferably in the presence of amore
coordinating cosolvent such as THF, the major reaction
pathway then follows the normal sequence of events to give
products of type 2. At higher temperaturesin refluxing benzene,
however, the relief of strain in those substrates possessing the
additional methyl group engenders rearrangement. A formal
mechanistic rationale involves ‘edge’ attack” on the proximal
bond of the cyclopropyl ring by the suitably aligned neighbour-

184 Chem. Commun., 1999, 183-184

ing cobalt atom (Cog) to give a m-alyl complex whose
protonolysis on the sp2? carbon would lead to the cation 5. Such
an opening would proceed with retention of configuration at the
migrating terminus. Formation of the metallacycle 6 followed
by proton lossto liberate the diene system then leads to 7 which
can either rearrange or formally be considered as an equivalent
of the necessary metallacyclic framework 8 for insertion of
carbon monoxide and reductive elimination to afford products
of type 3.

The inherent reactivity of the methylenecyclopropane unit in
the present intramolecular variant of the Pauson—Khand
reaction can therefore be harnessed, by virtue of controlling a
bifurcated reaction pathway, either for the construction of
tricyclic systems with preservation of the cyclopropyl ring, or
for the preparation of heavily functionalised and stereochem-
ically complex bicyclo[4.3.0]non-1-en-3-one derivatives.

We acknowledge the Centre National de la Recherche
Scientifique (CNRS) and the Royal Society for the award of a
Fellowship (to E. F.), Atochem for the provision of a
studentship (to H. C.) and the Ministere des Affaires Etrangéres
for a Bourse Lavoisier (E. M.). We also thank Drs W. J. Kerr,
D. A. Widdowson and especialy Dr P. KoCovsky for very
helpful mechanistic discussions. We are aso grateful to the
University of London Intercollegiate Research School (ULIRS)
for mass spectral measurements.
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The reaction of [InH3z(NMes)] with P(C¢Hy,); affords the
first example of a phosphine-indium trihydride complex,
[InH3{P(C¢H11)3}], which exhibits remarkable thermal sta-
bility; the X-ray crystal structure of the complex is de-
scribed.

Theutility of Lewisbase adducts of AlH3 and GaH3 as chemical
vapour deposition precursors to thin films of the group 13
metall or semiconducting materials? has led to their chemistry
being extensively studied over the last decade.3 Until very
recently no corresponding InH;z complexes were known,
presumably because of thermal instability that arises from the
weakness of the In-H bond. We have reversed this situation
with the syntheses of [InH3{ CNPRIC:Me;NPri}] 1 and [In-
Hs(NMejg)] 2,45 the former being stabilised by coordination to
ahighly nucleophilic ‘ Arduengo’ carbene. Despite this, 1 isnot
stable in the solid state above —5 °C (decomp. >—20 °C in
solution) and 2 is only stablein dilute solutions below —30 °C.
It seems likely that if InHsz complexes are to find similar
applications to their aluminium and gallium counterparts, then
examples will need to be found that are stable a room
temperature. Herein we report the synthesis and structural
characterisation of such a compound, [InH3(PCy3)] 3 (Cy =
cyclohexyl), which represents the first example of a phosphine
adduct of InHz, and the first InHz complex to have had its
hydride ligands located by X-ray crystallography.

Treatment of an ethereal solution of [InH3z(NMe3)]5 with 1
equiv. of PCys at —40 °C led to the high yield formation (71%)
of 3 after recrystalisation from toluene (Scheme 1). Inter-
estingly, 3 could not be formed from the direct reaction of PCys
with LilnH,4 (LiH elimination) which isin contrast to the high
yield preparation of [GaH3(PCys)] 4 from the reaction of
LiGaH, and PCys in diethyl ether.6 In addition, there was no
evidence for the formation of 3 from the reaction of a 1:1
mixture of PCy; and anhydrous HCI with LilnH, in diethyl
ether at —40 °C {cf. the formation of [AlH3(PCys)] 5 by a
similar route’}.

Compound 3 is remarkably thermally stable and decomposes
in the solid state only at temperatures in excess of 50 °C
to indium metal, hydrogen gas and PCys (cf. 4, decomp.
>130°C;65, decomp. > 160 °C7). At room temperature (25 °C)
crystalline samples of 3 showed only minimal decomposition
over a period of 7 days under an argon atmosphere, as
determined from the IH NMR of the sample after that period.
Surprisingly, 3 also displays considerable stability to oxygen
and moisture in the solid state as it shows no decomposition in
air over 24 h at room temperature. In benzene solutions samples
of 3 are less stable but still take ca. 1 h to decompose at 25 °C.
As has been suggested for 4 and 5, the unusual stability of 3 can
probably be attributed to the steric properties of the phosphine
ligand.

Cy, H
InH;(NMe,) Cy~2pord
-
Cy \H

3
Scheme 1 Reagents and conditions: i, PCys, —NMejs, Et,0, —40 °C, 2 h.

The solution NMR datat for 3 support its proposed structure.
Its 1H NMR spectrum exhibits the expected resonances for the
phosphine ligand in addition to a broad hydride resonance that
integratesfor three hydrogensat 6 5.61 (cf. 65.58in 145) which
issignificantly downfield with respect to the related resonances
in 4 (64.32% and 5 (6 4.257%). The 31P NMR spectrum of 3
displaysasinglet at 6 7.43 which can be compared to 6 11.1 for
the free ligand.” A strong, broad In—H stretching absorbance
was observed at 1661 cm—1 (cf. 1640 cm—1 for 15) in its IR
spectrum (Nujol mull). Thisis at a lower frequency than the
corresponding M—H stretches in 4 (1800 cm—1)6 and 5 (1750
cm—1)7 and reflects the relative weakness of the M—H bondsin
3. No molecular ion was seen in the mass spectrum of 3 but a
fragment corresponding to the free phosphine ligand was
observed.

An X-ray crystal structure analysist of 3 (Fig. 1) was carried
out and it was found to be isomorphous to its aluminium and
galium counterparts, 5 and 4, respectively. The quality of the
X-ray data allowed the three hydride ligands to be located from
difference maps and their positional and isotropic thermal
parametersto be refined. The complex is monomeric and shows
no evidence of intermolecular interactions through bridging
hydrides. As in 4, the metal centre has a dlightly flattened
tetrahedral geometry [P-in-H 101.4° (av.), H-In-H 116.2°
(av.)] with an average In-H distance of 1.68 A. This distance
compares well with the only other structurally characterised
terminal In-H bond in a neutral complex, viz. 1.69(3) A in
[INH{2-Me;NCH4(CgHa,)}12.8 Not surprisingly both these dis-
tances are shorter than bridging In-H distances, e.g. 1.87 A (av.)

Fig. 1 Molecular structure of [InHz{ P(CgH11)3}] 3. Selected bond lengths
(A and angles (°): In(1)-P(1) 2.6474(6), In(1)-H(01) 1.81(2), In(1)-H(02)
1.62(3), In(1)-H(O3) 1.62(3), P(1)-C(13) 1.8433(17), P(1)-C(7)
1.8448(17), P(1)—C(1) 1.8632(17); P(1)-In(1)-H(01) 103.4(7), P(1)-In(1)—
H(02) 97.3(11), P(1)-In(1)-H(03) 103.6(11), H(01)-In(1)-H(02)
121.3(13), H(01)—In(1)-H(03) 111.0(13), H(02)—In(1)-H(03) 116.4(16).
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in [Li(tmeda),][Mesln-H-InMeg].® The In-P distance in 3
[2.6474(6) A] is in the normal region for such interactions
though is slightly longer than In—P distancesin four co-ordinate
tertiary phosphine adducts of indium halides, e.g. 2.569 A in
[Inl3(PPrig)]10 and 2.603 A in [Inl5(PPhg)].1t

The remarkable thermal stablity of 3 has prompted us to
begin an investigation of its chemistry and the preparation of a
range of related phosphine— and arsine-indium hydride com-
plexes. Theresults of these investigations will form the basis of
alater publication.

We gratefully acknowledge financial support from the
EPSRC (studentship for N. A. S)).
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All crystallographic measurements were made using an Enraf-Nonius
CADA4 diffractometer. The structure was solved by heavy atom methods
(SHEL X'S86)12 and refined on F2 by full matrix least squares (SHEL X93)13
using al unique data. All non-hydrogen atoms are anisotropic with H-atoms
[except those attached to In(1)] included in calculated positions (riding
model). Neutral-atom complex scattering factors were employed.13 Empiri-
cal absorption corrections were carried out by the DIFABS method.24 Final
R (on F) and wR (on F2) were 0.0199 and 0.0513 for | > 20(l), and 0.229
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and 0.559 for all data. CCDC 182/121. See http://www.rsc.org/suppdata/cc/
1999/185 for crystallographic files in .cif format.
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Bis(trimethylsily)ketene acetals of the general structure 2
(R! = H, Me, R2 = Me, Et, Pri, CMe = CH,) react at —78 °C
in the presence of ButOK with a series of arenechromium
tricarbonyl complexes 3 to give as expected, after oxidation
with I, followed by silica gel chromatography, arylcarboxylic
acids 7. In the case of anisolechromium tricarbonyl 8, besides
the m-methoxyarylcarboxylic acids, tetrahydrobenzofuran-
2,5-diones 11, are formed as the result of a double
nucleophilic addition.

Complexation of an arene group to Cr(CO)s allows, via an
addition—oxidation sequence, the introduction of various sub-
stituents on the arene nucleus and, as a result, the construction
of complex molecules.t Although a large array of substituted
aryls bearing various functional groups (CN, CO2R, etc.) have
been prepared since the pioneering work of Semmelhack and
Card,23 amethod to directly introduce acarboxylic acid has till
been lacking.

During our investigations directed towards the synthesis of
pyrrole-containing aryl acids from arenechromium tricarbonyl
complexes,* we were faced with this problem. Here we describe
a successful approach based on the interaction of arenechro-
mium tricarbonyl complexes with potassium enolates originat-
ing from bis(trimethylsilyl)ketene acetal s5.6 which leads to not
only arylcarboxylic acids, but aso to the unexpected formation
of y-functionalized cyclohexenones from anisole.

Thefollowing set of transformations allowed the reactivity of
such potassium enolates towards arenechromium tricarbonyl to
be assessed.

Thus, a solution of complex 3 (R = OPh, 1.53 g, 5 mmol)
and of the ketene acetal 1 (1.36 g, 7.5 mmol) in THF (10 ml)
was treated at —78 °C with a dight excess of BUtOK (1 M) in
THF (8 ml) in the presence of HMPA (6 ml). After 1.5 h at this
temperature, a solution of 1, (6.20 g, 5 equiv.) in THF (15 ml)
cooled to —78 °C was slowly added. The solution was then
progressively warmed to room temperature overnight. Treat-
ment with Et,O and aqueous sodium bisulfite, followed by
extraction with Et,O and evaporation of the solventsin vacuo,
left an oil which was chromatographed on silica gel. Elution
with mixtures of light petroleum-Et,O gave the aryl ester 4
(0.72 g, 52%) (Scheme 1).7 Under the same conditions, the silyl
enol ether of butyrolactone 5 led to «-phenylbutyrolactone 6
(30%).7

The bis(trimethylsilyl) acetals 2 behaved similarly. For
example, asolution of complex 3 (R = OPh, 0.6 g, 2 mmol) and
acetal 2(R! = H,R2 = Mg, 0.9 9,4 mmol) in THF (10 ml) was
treated at —78 °C with a THF solution of BUtOK (5 ml) in the
presence of HMPA (3 ml), then with I, (2.1 g) in THF (10 ml)
to give, after workup and silica gel chromatography as above,
fenoprofen 7 (0.38 g, 79%).7 Thistransformation is of ageneral
scope giving the known acids in fairly good yields (Table 1).

Surprisingly, in the case of complex 8, derived from anisole,
the course of the reaction was different. Under exactly the same

R Me /2
; R OEt
Me, OSiMe3 (\‘j 1) BUIOK, —78°C Me
> < + —
Me OEt S g; :_2|’2678 ¢
Cr(CO)3
1 3 4
Ph
\
D\OSiMeg, v 3
0 o
)
5 R=H 6
Scheme 1

reaction conditions, this complex gave with 2 (Rt = H, Rz =
Pri) a mixture of two compounds which could be separated by
silica gel chromatography. The physical data of the less polar
product corresponded to those of the expected arylcarboxylic
acid 9c (41%).7 The 13C NMR spectrum of the more polar
compound (23%), obtained aswhite crystals, mp 72 °C, showed
signals at 6 195.50, 142.73 and 131.49, typical for a cyclohex-
enone, and also signalsat § 175.92 and 72.27, which agree with
the presence of a y-lactone. The *H NMR spectrum is also in
accord with the presence of these two functiona groups, with
signalsat 6 6.76 (dd) and 6.19 (d) for the protons of the double
bond, and at § 5.15 (dm) for a proton geminated to oxygen.
Taken together, these data are fully consistent with
11c, 3-isopropyl-3,3a,4, 7a-tetrahydrobenzofuran-2,5-dione
(Scheme 2).7 11a and 11b (together with the known acids) were

Tablel
R

R! OSiMes

1) BU'OK, -78 °C R OH

>:< + - . RZ
R?  OSiMes @ Y orecc
crcoy, It
2 3 7
Yield

Entry 2/equiv. R R2 R of 7 (%)
1 2 H Me H 68
2 2 H Me OPh 79
3 2 H Et H 66
4 15 H Et OPh 61
5 2 H Pri H 9%
6 15 H Pri OPh 85
7 2 Me Me H 63
8 2 Me Me OPh 77
9 1 H CMe=CH, H 23
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b R'=H R?zEt 37% 17%
c R'=H R2=Pr 41% 23%
Scheme 2

obtained under the same conditions. A final confirmation of the
structure came from a radiocrystallographic study on 11a,
shown in the CAMERON projection in Fig. 1.8

Fig. 1 X-Ray structure of 11a. Important bond distances (A): C(5)-O(3),
1.209(2); C(6)—C(7), 1.313(3); C(7a)-0O(1), 1.457(2); O(1)-C(2), 1.351(2):
C(2)-0(2), 1.193(2).

As expected for anisole,210 addition of the enolate to the
arenechromium system took place at the meta position to give
10, but it was followed by the concomitant formation of a
cyclohexenone (originating from the dienol ether) and of a
lactone (originating from the trimethylsilyl carboxylate group).
Although the formation of 3-substituted cyclohexenones via
nucleophilic addition to anisolechromium tricarbonyl com-
plexesis a known and important process,11-13 the formation of
fused systems containing a4-substituted cyclohexenone such as
11 has to the best of our knowledge not been observed up to
Now.

The mechanism of this transformation, which corresponds to
aformal (3 + 2) cycloaddition, is still a matter of speculation.
Nevertheless, the presence of the methoxy group isfundamental
since no lactones were detected in its absence (vide supra): its
roleis probably to activate the y-position or to stabilize acrucial
intermediate for the ring-closing step. Moreover, two observa-
tions could militate in favour of two successive exo addition
reactions, the second one taking place after the oxidation step,
probably on an iodinated ring. First, 11 could not be detected
before the iodine treatment of the intermediate 10,1415 second,
the cis junction of the two rings could indicate that the
carboxylato group entersalso in an exo way although isomeriza-
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tion of a trans-fused system to a cis-fused one could occur
during the purification step (Scheme 3).

To summarise, arylcarboxylic acids can be obtained in one
step from readily available bis(trimethylsilyl)ketene acetal s and
arenechromium tricarbonyl complexes together with products
resulting from an intramolecular trapping reaction. Work isin
progressto establish the mechanism of thelatter transformation,
to find the conditions that would make the bicyclic lactones the
exclusive products of the reaction, and to attempt their
enantioselective synthesis since in the case of 11b,c three
contiguous chiral centers are formed with high diastereo-
selectivity.
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(%)-S-Imino-4,5-dihydro-3H-dinaphtho[2,1-c:1’,2’-e]thie-
pine, a novel asymmetric N-unsubstituted sulfimide, under-

goes slow, quantitative NS bond cleavage in CDCl; solution
at 20 °C with a half-life of 20 h.

Sulfimides, sulfoxides and sulfur ylides 1 (X = NR, O or CRy)
belong to a general family of ‘non-classical’ moleculesthat are
associated with three-centre, four-electron [3c-4€] bonds.1t
This large family includes 1,3-dipoles, e.g. 2,2 and hypervalent
compounds, eg. 3.34 Whether represented by 1,3-dipolar,

R X X
\+ - +/ |
S—X R— R—l

/ \ - |

R Y Y
1 2 3

hypervalent or hetero-ylide structures, the fundamentally sim-
ilar bonding in these non-classical molecules leads to common
modes of reaction.? These include ‘syn-addition’ and ‘ligand
coupling’: in the latter mode of reaction the [3c-4€] bond is
transformed into a lone pair and either a o-bond between
ligands X and Y (e.g. 1,3-dipoles 2 and hypervalent molecules
3) or a second lone pair on a single ligand X (e.g. ylides and
hetero-ylides 1).1 Transfer of nitrene or an akylnitrene from a
chiral sulfimide 1 (X = NH or N—alkyl) to prochiral substrates
isapotentially useful application of ligand coupling and thishas
prompted us to seek a suitably reactive chiral N-unsubstituted
sulfimide for evaluation.

N-Unsubstituted diarylsulfimides 1 (R = Ar, X = NH) are
stable compounds and rel atively unreactive, decomposing to the
diarylsulfide only at 100 °C or above.5>7 In contrast, the dialkyl
derivatives 1 (R = akyl, X = NH) are reported to be very
unstable with respect to decomposition to the dialkylsulfide.”-°
To be synthetically useful a suitable sulfimide should be
sufficiently stable for convenient preparation but ideally should
be reactive at ambient temperature. The sulfide precursor must
also be accessible and robust enough to facilitate recovery and
regeneration of the sulfimide. We have now identified a novel
chiral N-unsubstituted sulfimide that fulfils these requirements.
In particular, we report the preparation of the asymmetric (C,)
unsubstituted sulfimide 4 from the dissymmetric (C,) sulfide 5
and its slow and quantitative first-order thermal dissociation
back to the sulfide precursor 5 (Scheme 1). The process 4 — 5
can be formally classified as a ligand coupling in which the
ligand is nitrene (:NH), and in principle this reaction provides a
source of singlet nitrenein achiral environment. This behaviour

9¢ 99

+ -
$-NH —— S

4 )
Scheme 1

is consistent with the general classification described above but
the ease of dissociation is surprising since thioethers are not
particularly good leaving groups in related reactions.10 Since
the enantiomers of sulfide 5 can be separated using column
chromatography (triacetylcellulose),1! sulfimide enantiomers 4
can be separately prepared by amination of homochiral sulfide
5 and, furthermore, homochiral sulfide regenerated during
reactions of sulfimide enantiomers 4 can be recycled without
the need for resolution.

Initially we attempted to prepare the novel sulfimide4 viathe
N-tosyl derivative 6. Treatment of the racemic sulfide 5 in
CH.Cl, with chloramine-T (1.12 equiv.) and hexadecyl-
tributylphosphonium bromide (0.06 equiv.) gave the ()-N-
tosylsulfimide 6, mp 225 °C (decomp.) (86%).1 All attemptsto

9@ SO NE;
.
S-NR ~NHR
6 R=Ts 8 R=H, X=0Mes
7 R =CONHPh 9 R=Ts, X=ClI
Ny
S-0 SO,

10
obtain thefree sulfimide 4 by acid catalysed removal of thetosyl
group®:6 were unsuccessful. In an alternative approach, reaction
of the sulfide 5 with O-mesitylenesulfonylhydroxylamine!2 (1.5
equiv.) gave the (x)-Saminosulfonium sat 8, mp 199 °C
(decomp.) (87%). All spectroscopic properties of compounds 6
and 8 supported the assigned structures. In particular, the 1H
NMR spectrum (CDCl3) of the salt 8 showed two pairs of
doublets (J 12 and 14.5 Hz) at § 3.71, 3.94, 4.42 and 4.78 due
to the four non-equivalent methylene protons.

For direct comparison of spectroscopic properties we have
also made the asymmetric (C,) sulfoxide 10 and the dissym-
metric (C,) sulfone 11. Oxidation of the sulfide 5 with sodium
perborate tetrahydrate (1.0 equiv.) in glacial AcOH gave the
novel sulfoxide 10, mp 239-241 °C (92%) and use of 2 equiv.
gavethe novel sulfone 11, mp > 260 °C (75%). As expected the
IH NMR spectrum (CDCl3) of the sulfoxide showed four
discrete doublets (6 3.26, 3.51, 3.92 and 4.36), (J 12 or 14 Hz)
for the non-equivalent methylene protons. In CDCls the
spectrum of the sulfone showed only a singlet (6 4.11) for the
four methylene protons but in CgDg solution two doublets (6
349, J 14 Hz and 6 3.62, J 14 Hz) consistent with the
dissymmetric structure 11 were observed.
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Fig. 1 A bond forming—bond breaking analysis and the possible role of
solvent in the S-N bond dissociation of N-unsubstituted sulfimides.

The sat 8 can be converted into the free sulfimide 4 in
solution by treatment with a number of bases including LDA,
DBU and DABCO. The N-unsubstituted sulfimide 4 is too
unstable to be isolated but is sufficiently stable in solution at
room temperature to allow investigation of its properties, and it
appears to be indefinitely stable in solution at 0 °C and below.
Treatment of atoluene solution of compound 8 at —80 °C with
LDA (1.0 equiv.) followed by addition of phenyl isocyanate
(3.0 equiv.) gave the adduct 7, mp 142 °C (decomp.) (67%). In
a similar manner the N-tosylsulfimide 6 (88%), identical to an
authentic sample, was obtained via the salt 9 by in situ treatment
of the sulfimine 4 with TsCl. The H NMR spectrum of the free
sulfimide 4 in CDCl3 solution was obtained by treatment of the
salt 8 with 1 equiv. of base. Using DBU, a spectrum with two
pairs of doublets (6 3.03, 3.56, 3.72 and 4.16), (J 12 or 14 Hz)
assignable to the four non-equivalent methylene protons was
obtained. As expected, this spectrum closely resembles that of
the stable and closely related sulfoxide 10 and the signals are
up-field relative to those for the corresponding protons in the
cation 8. In agreement with their C; symmetry, non-equivalence
of the CH,, groups was also observed in the 13C NMR spectra of
sulfimide 4 (6 54.25 and 56.59) and sulfoxide 10 (6 54.62 and
57.08). In contrast, the C, symmetric sulfide 5 and sulfone 11
each show a single CH,, signal, which appear at ¢ 32.35 and &
58.24, respectively.

When an NMR sample of the sulfimide 4 was re-examined
after 24 h the spectrum showed that a significant amount of the
sulfide 5 was present. The rate of transformation of the
sulfimide, generated in CDCl 3 solution using LDA (1.0 equiv.),
was followed by monitoring the decay of the proton doublet at
6 4.16 using CHCI,CHCI, in a seaded capillary (6 5.96) as
internal reference. Slow but quantitative transformation to the
sulfide 5 took place over a period of 4 days, during which the
sulfide proton signals appeared and simultaneoudly the sulfi-
mide signalsdecayed. The dissociation 4 — 5 hasahalf-life (ca.
20 h) which is independent of concentration, suggesting
reaction kinetics that are first-order or pseudo-first-order. We
have not yet been able to determine the fate of the NH fragment,
the products of which may include N, and NH3.5-°

Thermal dissociation of a simple N-unsubstituted sulfimide
to a sulfide and singlet nitrene at room temperature is an
unexpected process in which an electron-rich nitrogen atom is
transformed in one step into an electron-deficient nitrogen. In
the gas phase this process is also extremely endothermic. Using
the AM1 semi-empirical MO method,13 we have calculated the
energy of dissociation for the process Me;S+-N—H — MeS +
NH to be 106.8 kcal mol—1 and to have an energy profile of the
type described by the curve (b) in Fig. 1. Solvation of the
sulfimide and sulfide are unlikely to change this profile but
solvation of the nitrene may be significant. Singlet nitrene hasa
low energy, unoccupied p-orbital that can interact with a lone
pair on solvent molecules such as CHClI; to form a hetero-ylide
(i.e. HN——CI*—R). Participation of the solvent may therefore
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facilitate the reaction by providing an alternative mechanism
(‘ligand transfer’) as shown by curve (c) in the Bell-Evans—
Polanyi analysis!4 in Fig. 1. This mechanism is consistent with
pseudo-first-order kinetics and the proposed iminochlorinane
intermediate is analogous to the isolable iminoiodinanes, e.g.
TsN—-1#Ph.15 This mode of stabilisation of singlet nitrenes is
consistent with experimental observations that CH,Cl, stabi-
lises the singlet-state character of nitrenes.’6 A similar model
for lone pair stabilisation of nitrenes has been proposed by
Gleiter and Hoffmann.l” NMR studies in inert solvents to
eliminate solvent participation, e.g. saturated hydrocarbons,
were precluded by solubility and availability. When the
sulfimide 4 was generated in CgDg solution sulfide formation
still occurred but the reaction was not as clean as in CHCl3: a
very complex mixture of additional products was observed and
none were formed in any significant amount.

In conclusion, we have obtained a chiral N-unsubstituted
sulfimide having sufficient levels of stability and reactivity to
enable studies of its nitrene transfer onto prochiral substrates.
Cleavage of the S-N bond probably occurs by interaction with
solvent (ligand transfer) to give a reactive intermediate rather
than by formation of the free nitrene (ligand coupling). These
preliminary results may be relevant to the role of solvent in
nitrene mediated reactions. We plan further investigations of the
chemistry and modes of reaction of this interesting system and
related species.
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