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Molecular electronics is a fascinating field of research contributing to both fundamental science and
future technological achievements. A promising starting point for molecular devices is to mimic existing
electronic functions to investigate the potential of molecules to enrich and complement existing
electronic strategies. Molecules designed and synthesized to be integrated into electronic circuits and to
perform an electronic function are presented in this article. The focus is set in particular on rectification
and switching based on molecular devices, since the control over these two parameters enables the
assembly of memory units, likely the most interesting and economic application of molecular based
electronics. Both historical and contemporary solutions to molecular rectification are discussed,
although not exhaustively. Several examples of integrated molecular switches that respond to light are
presented. Molecular switches responding to an electrochemical signal are also discussed. Finally,
supramolecular and molecular systems with intuitive application potential as memory units due to their
hysteretic switching are highlighted. Although a particularly attractive feature of molecular electronics
is its close cooperation with neighbouring disciplines, this article is written from the point of view of a
chemist. Although the focus here is largely on molecular considerations, innovative contributions from
physics, electro engineering, nanotechnology and other scientific disciplines are equally important.
However, the ability of the chemist to correlate function with structure, to design and to provide
tailor-made functional molecules is central to molecular electronics.


Introduction and motivation


Molecular electronics is currently a very active research area
and the number of research groups from different disciplines of
science contributing to this field is steadily increasing.1–5 What
is the reason for this recent interest? Is it only the availability
of suitable tools for investigation at the nanometre range or
is the interest based on the perspective of potential future
applications? At first glance, the concept to profit from molecules
as functional units has numerous very appealing advantages.
Molecules are probably the smallest units still capable of providing
a rich structural variety. Thus the development of an integration
platform for molecules should in principle enable an enormous
variety of different functions through the design of its molecular
structure. Furthermore, an outstanding functional density has
been predicted as a consequence of the minute size of molecules.6–8


Fig. 1 depicts the reduction in size of amplification devices used
in electronic circuits over the last century, and the further size
reduction potential of molecules. Currently, integrated circuits
can be produced with a resolution greater than 100 nm. Hence,
molecular electronics could be considered as the ultimate target to
follow for the ongoing miniaturization trend in electronic circuitry.


Silicon based electronic circuits demonstrate that only a very
limited number of electronic functions is required in order to as-
semble highly functional devices. The potential for high integration
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Fig. 1 Miniaturization of amplification devices used in electronic circuits
over the last century. From left to the right starting with the vacuum tube
over the transistor to current integrated circuits. The last picture on the
right side displays a hypothetical single molecule quantum interference
transistor for which, based on calculations, interesting transport features
have been predicted.9 However, contacting a minute object like a single
molecule with three independent electrodes remains an unsolved experi-
mental challenge.


density using molecules should, however, not be stressed in view
of the limited number of massive parallel contacting concepts,
poor reliability prospects, and the anticipated heat management
challenges.10–12 Furthermore, the minute size of molecules is more
of a scientific challenge than an advantage, which must be
overcome to enable their integration. Such size restrictions further
limit the potential of molecules, since, for example, the number of
contacts to a molecular structure will be restricted to two.1 Then
what is the motivation to integrate molecules?
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The electronic miniaturization trend described and predicted
in the mid sixties by Intel co-founder Gordon Moore is solely the
consequence of costly silicon wafers consisting of numerous copies
of integrated circuits, entitled ’chips”. A large number of chips on
each wafer allows division of production costs by the number
of units produced. The miniaturization known as Moore’s law is
only driven by the prospect to reduce the price per unit.13,14 The
true motivation of molecular electronics is not to further reduce
the size of each functional unit, but rather to provide specific
solutions for electronic functions based on molecules of lower cost,
since molecular integration assemblies may be of comparable size
or even larger. In this respect, a particularly interesting aspect is
the cost development of semiconductor production plants, often
referred to as Moore’s second law.14,15 The even more striking
exponential increase in the cost of semiconductor production will
most likely stop the miniaturization trend before the physical limits
are reached.


The physical size of molecules has already been addressed
as a disadvantage, which restricts the number of contacting
electrodes to no more than two. To investigate the correlation
between their structural features and electronic transport prop-
erties, complex physical setups such as mechanically controlled


break junctions (MCBs),16–19 scanning probe based molecular
junctions,20–22 crossed wire junctions23,24 and other investigations
are required.24–27 Furthermore, the restricted number of electrodes
limits the electronic functions in a circuit which might be substi-
tuted by molecular devices. Amplification of an electronic signal
requires subunits that are connected to at least three electrodes
such as tubes or transistors.2,6 There currently exists no apparent
concept of how this basic function of electronic circuits will be
realized using molecules. As amplification is required in almost
every logic circuit, there is a rather low substitution potential for
molecular devices in this area of electronics. However, there are
particular applications for which molecule based solutions might
be very appealing and hence, molecular devices might supplement
CMOS circuits in the future, resulting in hybrid CMOS-molecular
electronic circuits.3 For example the production of memory cells
using CMOS technology is laborious and expensive, since numer-
ous production steps are required to arrange several transistors to
store one bit of information. A molecular device which displays
hysteretic switching between two metastable states could also
act as a memory cell.28,29 Furthermore, it is likely that the cost
of its production and integration will be competitive with the
current expenses of CMOS strategies. However, whether or not
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its reliability and stability will also be competitive remains to
be investigated following the identification, design, synthesis and
integration of suitable devices.


To integrate and address molecular devices in a hybrid CMOS-
molecular electronic circuit, the large difference in sizes between
molecules and CMOS electrodes needs to be overcome. The most
appealing concept is the crossbar structure, consisting of two
series of parallel electrodes between which a molecular film is
sandwiched.8,28,30–32 As shown in Fig. 2, the top electrodes are
perpendicular to the bottom electrodes, defining a small area
of the sandwiched molecular film, which consists of numerous
molecules at each intersection, addressable by applying an electric
current at the corresponding junction between the top and bottom
electrodes. In the ideal case, the junction would consist of a
molecular monolayer comprising metastable molecular structures
whose states may be defined (written) and altered by strong current
pulses. The read-out of the state of the junction is accomplished
by applying lower voltages, which do not alter the state of the
junction. Such crossbar architectures might provide the required
reliability since each junction consists of numerous molecules in
parallel feeding the hope for robust molecular memory cells.28


As illustrated in Fig. 2, leaking currents through neighbouring
closed junctions might result in false answers. To overcome this
drawback, rectification within the molecular film is of particular
importance.33,34 Unidirectional current transport through the film,
e.g. only from the top to the bottom electrode, guarantees the
exclusive inspection of the junction under investigation. Further-
more, although amplification of the signal remains a challenge,
complementation of the switching device with rectification enables
the assembly of basic logic circuits.28 Hence, an ideal molecular
memory cell displays not only voltage induced hysteretic switching
but also unidirectional current transport through the molecular
film.


Fig. 2 Crossbar architecture for the integration of molecular devices as
potential memory cells. While switching junctions (left side) might lead
to wrong read-outs due to leaking currents through neighbouring closed
junctions, the combination of a switching and rectifying junction (right
side) inhibits such leaking currents.


Other particularly interesting applications of molecular devices
integrated into electronic circuits are sensors and antennas.1,27


Molecules display highly selective interactions with external
stimuli such as chemical compounds or electromagnetic radiation.
While the minute size of integrated molecules will not be able
to overcome the thermodynamics of binding and occasionally
encountered concepts of single molecule sensors consisting of
an immobilized single molecule as host to detect a single an-
alyte molecule as guest remain questionable, it might allow an


unprecedented large surface area for the analyte combined with
an immediate coupling of the binding event to the electronic
signal. The principle of photosynthesis profits from light as
an energy source and is based on the interaction between the
electromagnetic wave and molecular structures. The study of such
interactions on a single molecule level will be very challenging
given the discrete and minute number of electrons. However,
differences in electronic transport properties due to light-triggered
photoreactions are already under investigation, and help to further
elucidate molecular switching mechanisms.35–37


In view of the intrinsic application potential of hybrid
molecular–electronic devices, the growing interest in integration
strategies for molecules in general and in electronic transport
investigations through molecular structures in particular is not
surprising. Future solutions based on integrated molecules re-
quire significant contributions from very different and classically
separated scientific disciplines ranging from synthetic chemistry
through experimental physics to electronic engineering and circuit
design. However, the focus of this perspective article is set on
the contribution of synthetic chemistry to the field while equally
important contributions from other areas of applied science like,
e.g., experimental physics or electronic engineering are mentioned
at most.


Within this article, investigations towards both basic elec-
tronic functions required for molecular memory devices, namely
rectification and hysteretic switching, are discussed. While the
reported single molecule investigations are rather focused towards
fundamental comprehension of the correlation between molecular
structure and the physical properties of the resulting junction,
devices based on small assemblies of supramolecular systems
have already reached an impressive level of complexity and are
geared towards electronic applications. To investigate molecular
switching mechanisms and to unravel the potential and the limits
of molecular systems, optical or electrochemical triggers are of
fundamental interest, however, there remain difficulties to realize
these stimuli inside a CMOS based integrated circuit. With a few
recently reported examples, this perspective article displays the
promising potential of molecular systems as functional units in
electronic circuits, without neglecting the remaining challenges
and potential drawbacks of the molecular approach. The field of
molecular electronics, still in its infancy, is currently exploring the
potential but also the limits of this concept.


Basic electronic functions transferred to a molecular
level


The most fundamental electronic function is charge transport,
classically realized by wires and conductors between subunits.
Molecular wires have been suggested and investigated as inter-
connectors on the nanometre scale. Saturated alkanes turn out to
be poor conductors, but very useful models for both theoretical
and experimental investigations.21,22,38–42 To improve electronic
communication over larger distances, delocalized p-systems with
smaller HOMO–LUMO gaps are more promising.1 Increased
electron mobilities, in the range of classical semiconductors, have
been observed for delocalized p-systems.7,19,20,39,43 Arranged with
increasing complexity in terms of electronic functions, the next
basic electronic feature is rectification. Diode-like systems that


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 2343–2353 | 2345







allow the electric current to pass more easily in one direction than
the other. Followed by bistable switching devices providing two
different transparencies for the electronic current, which can be
altered by a stimulus. As already pointed out in the introduction,
lagged switching systems resulting in hysteretic behaviour are of
particular interest. Even though numerous other electronic devices
based on molecules like insulators44 or transistors45,46 showing
either Coulomb blockade47 or the Kondo effect47,48 have been
proposed and investigated; this article will exclusively focus on
molecular rectifiers and switches comprising light-triggered, redox
active and hysteretic elements.


Molecule based rectifying systems


The concept of a rectifier based on the use of a single organic
molecule was first discussed by Aviram and Ratner.49 They
designed the molecular rectifier 1, consisting of a donor p-system
(D) and an acceptor p-system (A) separated by a r-bonded
(methylene) tunnelling bridge (Fig. 3).


Fig. 3 Hypothetic molecular rectifier 1 consisting of a tetracyanoquin-
odimethane (TCNQ) moiety as acceptor and a tetrathiafulvalene (TTF)
as donor linked by a rigid triple methylene r-electron system as tunnel
junction.49 Zwitterionic molecule 2 displaying rectification assembled
as Langmuir-Blodgett monolayer between two electrodes.50 Rectifying
molecular rod 3 consisting of electron rich and electron poor subunits
separated by a twist in the backbone of the molecule.51


To ensure correct functioning of the device, the donor and
acceptor units need to be electronically separated from one
another; if not, the two units interact and one single donor level is
predicted. In a Gedankenexperiment, the molecule was addressed
with metallic electrodes on each side to form a metal–molecule–
metal junction. Electric current is predicted to pass at lower voltage
from the acceptor to the donor rather than in the other direction.
The response of such a molecule to an applied field was calculated
and rectification was predicted.


These promising predictions solely based on semi-quantitative
calculations encouraged and fuelled the search for both suitable
molecular systems and experimental integration setups.


As already discussed in the introduction, rectification is of
particular interest for the modular assembly of molecular devices.
Since the principle of a molecular electronic device was proposed
by Aviram and Ratner in 1974,49 several molecular diodes have
been realised.


Metal-D–r–A-metal molecular devices have been assembled
with molecular films between two parallel planar electrodes, prof-
iting from the self-assembly properties of amphiphilic molecules
in Langmuir–Blodgett (LB) films at the water–air interface.50


Metzger investigated the zwitterionic molecule 2, carrying a
positive charge on a quinolinium part and a negative charge on
a dicyanomethylene moiety. In a LB film between two aluminium
electrodes, 2 displayed rectification ratios up to 26 : 1. While the
devices displayed very limited stability features, it was the first
conceptual example of molecular based electronic rectification.
Even though its dipole moment and LB film-forming properties
were the selection criteria for the design of 2, the observed
rectification is rather explained by the asymmetric proximity of
the p-chromophore to one electrode.52


Rectification was also observed in self-assembled monolayers
(SAMs) of diblock oligomers, consisting of an electron-rich
oligothiophene and an electron-deficient oligothiazole subunit.53


Different molecule–electrode contacts on both ends of a molecu-
lar rod also provide asymmetric current voltage curves (I–Vs),19,54


as reported by Kushmerick et al. investigating oligophenylene-
ethynylene (OPE) derivatives with various anchor groups. While
all investigated molecules have a sulfur anchor group in common,
the second anchor group was either a pyridine or a nitro function.
Immobilized between two gold electrodes, asymmetric I–Vs were
observed.


Only 33 years after the proposal of Aviram and Ratner, the
investigation of a prototype single molecule diode has been
reported. A terminally sulfur functionalized molecular rod (3)
with two weakly coupled p-systems with mutually shifted energy
levels was synthesized by Elbing et al.51 Single molecules were
immobilized between the two electrodes of a MCB and electronic
transport was investigated. In transport experiments, the donor
and acceptor properties are less important, since the accepting–
donating process is taken over by the reservoirs. But if a single
molecular rod is fixed between two electrodes, the D–A system
implies a broken symmetry in the electronic transport, which is
comparable with the principle of a semiconductor diode. On a
single molecule level in a MCB, the recorded I–Vs displayed a
weak diode-like behaviour with a rectification ratio of about 1 : 5
at U = ±1.5 V.


Molecular switches


As already mentioned in the introduction, a particularly appealing
molecule based functional device would be a bistable system that
can be toggled between two distinct states on request, providing a
molecular switch. On the nanometre scale, molecular switches are
the most relevant elements to be developed, studied and integrated
into electronic circuits.2 Mainly light-triggered switches and redox
active systems have been reported recently as molecular systems
comprising switchable electronic transport properties. While in
light-triggered systems a reversible photoreaction provides two
different molecular structures with different transport proper-
ties, systems based on redox chromophores provide transport
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differences due to variations of the electronic population of their
frontier orbitals. Prominent candidates in each category will be
described and discussed, such as photochromic dithienylethenes
and systems based on redox chromophores like viologens, an-
thraquinone and tetrathiafulvalene.


Light-triggered molecular switches


Light turns out to be an attractive physical stimulus as it can
be easily addressed in various media with short response times.55


Photochromic systems displaying light-induced reversible trans-
formation (e.g. an isomerization) accompanied by spectral changes
in absorption are particularly appealing.56,57 The most prominent
photoswitches are dithienylethene derivatives, which have been in-
vestigated in detail by Irie.58 Their absorption properties, together
with their stability features, make them ideal subunits for materials
displaying light-triggered alteration of physical properties. In
solution, either the open-ring isomer (4o) or the closed-ring isomer
(4c) can be enriched upon irradiation with a suitable wavelength
(Fig. 4). Typically, 4o requires UV light to be converted into 4c,
the open-state being enriched again by exposing 4c to visible light.


Fig. 4 Principle of reversible photoswitching between the open-ring (4o)
and the closed-ring (4c) isomers of a dithienylethene in solution.


The two isomers offer different absorption spectra, that of the
closed form extends towards longer wavelengths up to the visible
region, suggesting the delocalization of p-electrons over the entire
structure in 4c. In 4o, delocalization of p-electrons is restricted to
each half of the molecule and electronic communication through
the unsaturated bond of the middle ring is interrupted. The struc-
tural subunit with two optically addressable isomers, which consid-
erably differ in the delocalization of their p-systems and hence in
the electrical communication between both sides of the molecule,
provides ideal features for a photoswitch in an electronic circuit.
Functionalized with suitable anchor groups and immobilized
between two electrodes in a junction, 4c would then correspond to
the ON state while the less conducting form 4o would be referred
to as the OFF state. Dithienylethenes are of particular interest
due to the thermal irreversibility of their ring-opening reaction.
Such photochromic switches can usually undergo a large number
of colouration–decolouration cycles without loss of their spectral
features due to side reactions or decomposition. With thermal
stability and fatigue resistance, two critical technical requirements
for optoelectronic devices are already fulfilled.58 To inhibit the
cis to trans photoisomerization side reactions, the ethene moiety
is often part of a cyclopentene ring. Furthermore, such a five-
membered ring substructure helps to increase both, the cyclization
quantum yield and the absorption maximum shift. The aryl groups
are also often bound to a perfluorocyclopentene unit, allowing
the compound to reach superior photochromic performances
(fatigue resistance, spectral splitting of the isomers).58 But are
these promising properties of the dissolved molecule conserved


immobilized in a macroscopic surrounding? Several studies have
been reported recently to contribute to this fundamental issue for
the integration of molecular switches in electronic circuits, which
will be discussed in the following section (Fig. 5).


Fig. 5 Diarylethene derivatives 5–8 have been synthesized to investi-
gate the electronic coupling between the switching subunit and gold
electrodes.59,61 Due to the thiophene-based spacer, derivatives 5 and 6
display enhanced coupling resulting in quenching of the excited state and
inhibiting the light-triggered ring-closing reaction.61


The deprotected derivative of 5 was self-assembled on gold
and investigated by combining transport and optical spectroscopy
in a MCB.59 The central switching unit is functionalized with
a thiophene ring bearing an acetyl-protected sulfur group at
each end, ideally suited for the immobilization of the molecule
between both gold electrodes of a MCB.19,59 The metal–molecule–
metal junction was formed with the molecule in its closed state
5c and then illuminated with visible light while monitoring the
resistance as a function of time. After a short time, a sharp
increase in resistance from the MX regime to the GX range
was observed and attributed to the switching of the immobilized
molecule from the closed form 5c to the open form 5o. The
reverse isomerization to the closed form 5c, which occurs with
a high quantum yield in solution, failed upon exposure of the
junction to UV light. Theoretical investigations of the switching
process revealed quenching of the open form excited state by the
Fermi level of the gold electrode as a possible explanation of the
inhibition of the closing reaction.


This unexpected irreversibility of the switching process of
immobilized 5 in the former MCB setup motivated the use of
a model system mimicking molecule–gold electrode interactions,
allowing the fast screening of properties of functional molecules
grafted on gold surfaces. Monolayer-protected gold nanoparticles
have been functionalized with dithienylcyclopentene derivatives
6–8 comprising aromatic linkers of varying electronic commu-
nication to their anchor groups.61 In particular, a thiophene
ring in 6 and a meta- or para-substituted benzene ring in 7
and 8, respectively, were used as linkers to tailor the extent
of coupling to the electrode.60 The acetyl-protected derivatives
6–8 displayed reversible photochromic behaviour in solution.
Immobilized on gold particles, successful ring-opening reactions
have been observed for all three derivatives, while exclusively in
the case of 6o, the ring-closing reaction upon irradiation with UV
light failed. These findings are consistent with the interpretation of
the unidirectional switching behaviour of 5 immobilized between
two gold electrodes in a junction.59
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Fig. 6 Examples of diarylethene derivatives immobilized on electrode surfaces to enable electrochemical read-out of their states. While 9 is immobilized
on a transparent semiconductor electrode,63 10 is immobilized on a gold electrode.64


The reversible switching of SAMs of 7 on Au(111) was also
studied by a scanning tunnelling microscopy (STM) experiment.62


As the difference in molecular length between the open and closed
forms is very small (0.1 nm), the two different STM apparent
heights were attributed to two different conductive states of a single
molecule. Thus, reversible switching from an OFF state (7o as low-
contrast spots) to an ON state (7c as bright spots) was achieved
upon irradiation with the corresponding wavelength. Statistics
were used to unequivocally separate light-induced switching from
stochastic switching from Au–S bond fluctuations or tip-induced
conformational modifications. Obviously, the switching behaviour
depends crucially on the nature, the length and the position of the
spacer linking the switching unit to the anchor group, leading
to either uni- (5 and 6) or bi-directional (7 and 8) switching.
These results do not only display how subtle changes in the
molecular structure can have a large effect on the electronic
transport properties, but also motivate the detailed investigation of
various linkers in order to correlate properly molecular structures
and switching properties, and to permit the development of
photoswitches combining full reversibility and high photochromic
performances.


Aside from switching applications, diarylethene deriva-
tives have been investigated as information storage devices
(Fig. 6). Particular dithienylcyclopentene derivatives combine
photochromism and electrochromism, thus their isomerization
reactions can also be triggered electrochemically.65,66 For example,
the dithienylethene 9o was immobilized on an indium-tin oxide
(ITO) electrode and was switched either photochemically or
electrochemically between both isomers.63 Interestingly, a non-
destructive electrochemical read-out of the state of the monolayer
(either open or closed) was exploited to perform a read–write–
erase sequence that was repeated several times. Obviously, these
molecular devices can be grafted on a non-metallic conduc-
tive surface without loss of functionality. Also, cysteamine-
modified gold electrodes have already been functionalized with
the dithienylethene derivative 10o comprising carboxymethyl-
pyridinium end-groups.64 The corresponding electroactive and
photoisomerizable monolayer was exploited as a read–write–erase
information processing unit as well as a set–reset flip-flop memory
element. Read-out signal amplification was accomplished by a


secondary electrocatalytic process. The read-out of the state has
been achieved in both examples (9 and 10) electrochemically.


Photochromic dithienylethenes are not only exciting in the
investigation of fundamental switching and information storage
concepts, they are also appealing for numerous other devices like,
e.g., chiroptic applications,67 photoregulation in metal catalysis68


and photodelivery applications.69 However, their integration as
molecular switching units in future hybrid molecular CMOS
devices seems rather unlikely. In particular, systems operated by
light raise numerous issues like nature, size and integration of the
light source into the circuit, control over the illuminated area and
the number of illuminated molecules.


Electrochemically-triggered molecular switches


In a molecule integrated in an electronic circuit, the current is
assumed to pass through one of both frontier orbitals (HOMO
or LUMO) through the molecular structure. A strong effect of
the electron population of these orbitals, which can be tuned
electrochemically, on the passing current is thus expected and has
already been displayed in conductance experiments.


Schiffrin et al.70 investigated transport properties through
molecules with redox centres that were used to link metal
nanoparticles to the substrate in a STM experiment. As displayed
in Fig. 7, the investigated molecule 11 (n = 6) consisted of a
dialkyl pyridinium as a redox centre, also referred to as viologen,
with two terminal sulfur anchor groups at both ends of the alkyl
chains. The molecules were assembled on a gold surface and
gold nanoclusters were placed on top of the sulfur functionalized
molecules. The STM tip was positioned on top of a nanoparticle to
measure the tunnelling current through the substrate–molecule–
nanoparticle–STM tip junction. Scanning tunnelling spectroscopy
(STS) enabled monitoring of the tunnel current through the junc-
tion, while the redox state of the viologen subunits in the linking
molecules was controlled electrochemically without affecting the
bias between the STM and the substrate. Increased conductivity
was observed for reduced viologen linkers V•+ compared to their
dicationic state V2+ by these measurements.


In 2003, a straightforward technique used to measure the
conductivity of single molecules as a function of their redox
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Fig. 7 Viologen derivative 11 (n = 6) has been investigated in several
electrochemical STM setups like the sketched single molecule junctions
(A)71–73 or Au–nanoparticle covered junctions.70 (B) displays typical pulling
traces for 11 (n = 6) during the electrochemical STM experiment reported
in ref. 72. Statistical analysis of the current plateaus of a large number
of measurements suggested the formation of junctions consisting of a
discrete number of molecules as the origin of the effect.72 Reprinted with
permission from ref. 72.


state was reported by the same group.71 Viologen derivatives with
terminal sulfur functionalized alkyl spacers were assembled in a
low coverage phase on a gold(111) substrate. Upon dipping an
STM tip into the assembly, the spontaneous formation of stable
molecular junctions between the substrate and the STM tip was
observed. Subsequently, the current was measured and plotted
as a function of the distance between the tip and the substrate.
For a considerable amount of such pulling traces, reproducible
plateaus have been observed exclusively for distances below the
length of the stretched linking molecule (∼2.5 nm), which have
been interpreted as results from a concrete number of molecules
linking the substrate and the tip. In similarity to the nanoparticle
junction experiment, an increased conductivity was observed for
the linking viologen derivative in its reduced form.


A more comprehensive investigation of viologen derivatives
as electrochemical potential dependent structures to gain infor-
mation about the relationship between molecular and electronic
structure in macroscale and nanoscale molecular assemblies has
been reported by Wandlowski and coworkers. In particular,
self-assembly and redox properties of viologen derivatives on
gold electrodes have been reported.72,73 Three different types of
addlayers were found, low coverage (disordered), striped, and
high coverage monolayers, depending on the assembly conditions.
Electron-transport properties were explored by in situ STM


experiments. Again substrate–molecule–STM tip junctions were
formed and analyzed statistically. The redox state dependent
transport currents through single molecule junctions revealed
a sigmoidal potential dependence, which was attributed to the
electronic structure change.72 Variation of the length of the alkyl
chains (11 (n = 5,6,7,8)) separating the viologen subunit in the
junction from the substrate and the tip, revealed a surprising low
tunnelling decay constant for the molecular system.73


The difference in electronic transport properties through violo-
gen functionalized junctions is based on the electronic population
of the redox chromophore, which is separated from the electrodes
by rather insulating alkyl spacers. For redox chromophores com-
prising conjugated linkers to the electrodes, additional new effects
are expected. In analogy to the optically addressed diarylethene
derivatives, the conjugation through a redox chromophore may be
addressed electrochemically. Hummelen and coworkers suggest
the integration of anthraquinone subunits as displayed in Fig. 8.74


While the reduced hydroquinone form of 12 should provide a
fully conjugated pathway for the tunnelling current, the oxidized
anthraquinone form divides the p-system in two.


Fig. 8 Anthraquinone based molecular rod 12 proposed as potential
electrochemically addressable molecular switch.74 The extent of expected
p-delocalization in the oxidised (top) and reduced (bottom) form of 12 is
indicated by a grey background.


The molecular rod 12 consists of the central electrochemical
active moiety as a conjugation divider and is functionalized with
terminal acetyl-protected sulfur anchor groups. Cyclic voltam-
metry (CV) investigations displayed a two-step reversible redox
process with a semiquinone intermediate upon reduction to the
hydroquinone dianion. Considerable differences are reported for
the absorption spectra of the fully conjugated reduced state
and the oxidized state already pointing at the differences of
delocalization of the chromophore’s p-system. Molecular orbital
calculations have further supported the proposed switch, but
transport investigations through an immobilized molecule in an
electrochemically addressable junction have, to the best of our
knowledge, not been reported yet.


Also based on the idea of addressing the p-conjugation through
a chromophore electrochemically, Nielsen and coworkers suggest
the extended TTF derivative 13 (Fig. 9).75 The proposed and
synthesized molecule 13 is an OPE derivative with two sulfur
groups on each end enabling the immobilization between noble
metal electrodes. The central moiety bears an electrochemically
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Fig. 9 Electrochemically triggered switch 13 comprising an extended TTF
derivative as a redox active central unit.75


addressable extended TTF subunit. The conjugation of the
molecule is supposed to be interrupted by oxidation, and consider-
able changes in electron transport are expected. CV measurements
and computational calculations support the proposed switching
mechanism. However, immobilization between two electrodes and
physical measurements have not been reported yet to the best of
our knowledge.


Voltage-triggered hysteretic molecular switches


While an immediate switching event upon reduction or oxidation
is observed or expected for the above described electrochemically
triggered molecular switches, hysteretic switching properties are
required to enable data storage with such devices. Hysteresis, in
general, describes the behaviour of a system that does not respond
instantly to an applied force but rather displays a delayed reaction.
By plotting the applied force against the state of the system, loop-
like graphs are obtained. For applied forces within the region of
the hysteretic loop, the system is bistable and remembers its latest
state.


Furthermore, read-out becomes feasible within the force regime
of the loop without altering the state, an ideal situation for
logic applications or memory cells as already elaborated in the
introduction.


To achieve hysteretic switching in molecular devices, Stoddart
and coworkers combined electrochemical triggered systems with
supramolecular rearrangement reactions. These most advanced
and sophisticated hysteretic molecular switches are based on
interlocked supermolecules like catenanes or rotaxanes.76 While
catenanes consist of two interlocked cyclic molecules, rotaxanes
are assembled from a molecular axis surrounded by a cyclic system.
For both supermolecules, the intended switching mechanism
is based on Coulomb interactions between the mechanically
interlocked molecules, which can be altered by electrochemical
charging. The differences in conductivity solely depend on the
spatial arrangement of the components, as during the read-
out process both states have the same redox state. However,
temporal charging of subunits is assumed to alter the spatial
arrangement. The considerable stability of the supermolecules in
two different spatial arrangements is the origin of the bistability
and the hysteretic switching.77 The modular synthesis of these
rotaxanes and catenanes allows these supermolecules to be tailored
for different electrode materials and integration setups. Thus,
both supermolecules have been tailored and developed for several
integration setups and have been investigated in detail.78–80 For
example, the rotaxane 14 displayed in Fig. 10 was able to
store information integrated in a crossbar architecture.28 Recent


improvements of these rotaxane based memory cells even enabled
the fabrication of a 160-kilobit memory unit with a lateral density
of 1011 bits per square centimetre.34


The underlying switching mechanism has been investigated in
detail and is discussed briefly with the rotaxane 14 as an example.
The axis of rotaxane 14 provides two coordination sites for the
CBQT4+ ring system, namely a TTF and a dioxynaphthalene
(DNP) site resulting in the two translational conformers displayed
in Fig. 10 A. In the ground state co-conformer 14(GSCC), the
CBQT4+ ring encircles the TTF site and in the meta-stable co-
conformer 14(MSCC), the ring encircles the DNP site. Temporal
electrochemical charging of the TTF subunit allows control of
the equilibrium of two different translational conformers. As the
CBQT4+ ring is able to slip from one coordination site to the other,
oxidation of the TTF subunit results in electrostatic repulsion
and the CBQT4+ ring moves to the DNP site. After reducing the
TTF unit back to its initial state, the CBQT4+ ring remains at the
DNP site for a while providing the required hysteretic features. In
the solution phase, these types of molecular-mechanical switches
have been investigated extensively.78–80 To explore solid state appli-
cations at a fundamental level, suitably functionalized rotaxanes
were immobilized within a solid state polymer and an electro-
chemical cell was used to enable electrochemical triggering.77 The
polymer environment slows down mass transport and mechanical
motion, but the overall mechanism remains the same. Thermody-
namic properties of the switch were quantified through time and
temperature dependant cyclovoltammetry. By CV, the MSCC and
the GSCC are readily distinguishable due to the considerable lower
oxidation potential of the bare TTF in the MSCC (200 mV less
positive).77 The [2]rotaxane 14 was further investigated in the solid-
state in a molecular switch tunnel junction (MSTJ).28 In a crossbar
architecture, a Langmuir–Blodgett film of 14 was sandwiched
between a polySi bottom electrode and a Ti/Al top electrode
(Fig. 10 B). The resulting MSTJ displayed two distinguishable
signals for the low voltage (0.1 V) tunnel current depending on
the prior applied voltage. Fig. 10 C displays the hysteresis window
opened by the bistability of the MSTJ. Switching cycles upon
applying voltage pulses (±2 V) are displayed in Fig. 10 D. In
analogy to the behaviour of comparable rotaxanes in solution, the
observed bistability is expected to emerge from a rearrangement of
some of the immobilized supermolecules upon temporal charging
of subunits by the voltage pulse. According to ground state
equilibrium thermodynamics and switching kinetics of bistable
[2]rotaxanes in solution, polymer gels and molecular electronic
devices, the low-conductance (switch-open) state is related to the
MSCC–GSCC ratio at equilibrium while the high-conductance
state (switch-closed) probably corresponds to the immobilized
MSCC.81


Another very interesting example of hysteretic switching be-
haviour was reported recently with molecule 15, consisting of a
terminal sulfur-functionalized OPE rod comprising a bipyridyl-
dinitro central unit (Fig. 11). SAMs of 15 were investigated using
three different techniques (STM, crossed-wire tunnel junction and
magnetic bead junction).82 I–V measurements revealed a unipolar
voltage-triggered conductance switching. While sweeping the bias
voltage, the molecule suddenly switches from a low conductance
state to a high conductance state, which is maintained until the
applied bias approaches 0 V. This reversible process allows the
system to be cycled many times between both discrete states.
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Fig. 10 (A) Rotaxane 14 providing two binding sites for its CBQT4+ ring resulting in two co-conformers, namely the thermodynamically favoured ground
state co-conformer 14(GSCC) and the meta-stable co-conformer 14(MSCC).81 (B) MSTJ consisting of two crossed electrodes sandwiching an LB-film of
14. (C) Hysteresis loop of the tunnel current through the MSTJ as function of the prior applied switching voltage. (D) Repetitive switching of the MSTJ
between both states.28 Reprinted with permission from ref. 28.


Fig. 11 (A) Sketch of the immobilized molecules 15 and 16 in a MCB. (B) Repeatedly recorded I–V curves of 15 immobilized in a MCB displaying
hysteretic switching cycles. The system switches from the OFF state to the ON state when the applied voltage exceeds a certain positive threshold
(V Switch, pos). The molecule is reset to the initial OFF state below V Switch, neg.29 Reprinted with permission from ref. 29.


Even though the measuring technique influences the threshold
voltage, it is reproducible within each setup. Furthermore, the
voltage-induced switching behaviour is an intrinsic feature of the
molecule which depends neither on neighbouring molecules nor on
the technique used. Voltage-triggered conductance switching was
clearly differentiated from random statistical switching (stochastic
switching) originating from molecular motion or Au–S bond
fluctuations.


The intrinsic molecular functionality of 15 was further investi-
gated on single molecules in contact with two symmetric gold leads


in a MCB setup.29 A hysteretic switching behaviour was revealed by
I–V measurements (Fig. 11), in contrast to the reference molecule
16 lacking the nitro groups, which only exhibits monotonic
traces. The origin of the conductance switching is currently under
investigation. Conformational change, electrostatic charging and
tilting have been hypothesized as the origins of the observed
behaviour so far. The reversible and controllable voltage-triggered
switching ability of 15 has already been used as single molecule
memory element by reading and erasing bits by simple voltage
pulses. Even though the switching mechanism of the system is not
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yet fully understood, it is a beautiful example of a rather simple
molecular structure comprising promising electronic features.
Further inspection of the origin of its switching will hopefully
enable the improvement of the electronic properties by rational
design of the molecular structure.


Conclusions


As has been illustrated with several examples, beautiful synthetic
chemistry has been developed to contribute considerably to the
progression of molecular electronics, and basic electronic func-
tions such as rectification or switching have been demonstrated
on the molecular level with various systems. However, the design
and assembly of molecule based electronic devices is a strongly
interdisciplinary challenge, with the chemists’ contribution as
a fundamental one, namely the design and synthesis of the
functional unit itself—the molecular device. While the ability
of the chemist to provide tailor-made molecules is a crucial
requirement, their interaction and communication skills with
colleagues from neighbouring disciplines will be equally important
for the further successful development of molecular electronics.


Further improvements of the integrated molecular structures
enable us to go beyond proof of principle devices and perfection
of their performance and fatigue properties will provide promising
functional building blocks to complement existing electronic
circuits. Apart from the developments of molecular structures,
considerable contributions are expected from the development
of the interface between molecules and electrodes. While for
numerous fundamental studies the already well explored interface
between molecules and gold electrodes has been used, semicon-
ductor electrodes are much more appealing from an application
view-point. A further challenge in the area of nanotechnology is
to overcome the size gap between molecules and electrodes and to
develop concepts for the massive parallel integration of molecular
devices.


All together, the integration of molecular devices into electronic
circuits as a strongly interdisciplinary enterprise has recently
made impressive developments. Enriching participating disci-
plines, molecular electronics equally profits from and contributes
to synthetic chemistry and beautiful molecular structures have
been developed and synthesized. Currently, the potential, as well as
the limits of the molecule based approach to electronic functions,
is being explored.
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Redox-active nanoscale racks and nanoladders were prepared as proof of principle in a directional
heteroleptic approach towards internally functionalised aggregates. Using the HETTAP concept,
zinc(II) phenanthroline terpyridine nanoladder and nanorack structures with internal ferrocene units
were prepared. Proximal effects exerted by the ferrocene units in the nanoladders could be read out by
comparison of their redox potentials with those of nanorack R1 and of the parent ligand. The
increasing compression of the ferrocene units when going from the larger nanoladder L1 to the smaller
aggregate L2 manifested itself in an enlarged anodic shift. Thus, the redox potential series (vs. DMFc:
E1/2 = 0.462 V for R1, 0.480 V for L1 and 0.491 V for L2) reveals convincingly the supramolecular
effect on a redox transition. At cathodic potentials the zinc(II) phenanthroline terpyridine complexes
were decomposed due to a reduction of the ligands, as could be detected from an evaluation of the
ferrocene redox potential.


Introduction


Due to their great potential as novel redox-active, catalytic,
optical, and mechanical materials,1 the construction of functional
supramolecular assemblies is a topic of current interest.2,3 While
over the years substantial progress has been made to fabricate
impressive structures,4 the focus has recently turned towards
the interplay of energy- and electron-harvesting units, such as
multiple chromophore or redox relay systems, in supramolecular
aggregates.5,6 As indicated in Scheme 1, metallosupramolecular
assemblies are usually constructed by one of two main strategies
in order to set up polyfunctional aggregates. For some time,
approach A, positioning functional units as ligands on the
metal fragments, was the method of choice, mainly due to its
simplicity and flexibility.7 More recently, Hupp,8 Lehn,9 Stang,10


and Würthner11 have explored approach B1 leading to square
motifs, in which functional units were introduced along with the
organic spacer ligands. However, due to free rotation11c about
the central ligand axis these examples11 lack any directionality,
as either external or internal positions may be occupied. As a way
out, functional units were placed both externally and internally
(Scheme 1; eqn (2)). The problem is better addressed by the
directional approach B2 developed by Fujita et al.12 Using the
concept depicted in eqn (3), they have prepared diverse 3D self-
assembled spherical complexes with endohedral functional units.
To supplement this, we now disclose strategy B2, eqn (4), providing
a way of incorporating highly-aligned functional units into ladder
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formulae for NMR assignments; NMR spectra; crystal data for 5; 3D
structure representations. See DOI: 10.1039/b703633g


motifs.13 This approach, requiring heteroleptic aggregation, goes
along with a conformational re-orientation of the functional units
in the linear ligand.


Recently, we have developed a strategy for multicomponent
ladder assemblies using the HETTAP (HETeroleptic Terpyridine
And Phenanthroline complexes) concept,14 which was used to en-
gineer 2-dimensional nanoscaffolds14,15 with 2D cavities ≥290 Å2.
The nanoscaffolds were readily prepared from linear shielded
bisphenanthrolines16 and linear bisterpyridines15 in the presence of
various metal ions, such as Zn2+, Cu+, and Hg2+. As this concept
provides an entry both to multicomponent aggregates17 whose
size can be varied depending on the length of the ligands, and
to directional attachment of various internal units (Scheme 1;
eqn (4)), we decided to explore its use for the preparation of
nanoscaffolds functionalised internally with redox relays. Based on
this conception, two nanoladders of different size were prepared
from bisphenanthroline 5 carrying two ferrocene units and from
bis-terpyridines 6 and 7 of varying length (Chart 1). Ferrocene
was chosen as a redox-active building block in 5 due to its well
defined redox properties. A flexible linkage was incorporated to
ensure some degree of self-organisation of the ferrocene group. The
length of the linkage was optimised from force field modelling of
the ladder structures. Accordingly, ferrocene units attached to a
hexamethylene linker should allow for easy arrangement within
the cavity of the suggested nanoscaffold L2 (see Fig. 1). Filling the
cavity with redox-active units should enable us to investigate the
supramolecular effect on the redox potential.18


Results and discussion


Synthesis of ligand 5


As a starting point for the preparation of the ferrocene-containing
bisphenanthroline 5 we resorted to phenanthroline 1 (Scheme 2).19


After removal of both protecting groups using 3 N KOH as
base, phenanthroline 2 was afforded in 89% yield. Following
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Scheme 1 Cartoon representation of the various approaches currently used for setting up supramolecular aggregates with functional units.


a Sonogashira cross-coupling protocol with [Pd(PPh3)2Cl2] and
CuI, the desired bisphenanthroline 3 was always accompanied
by a minor amount of the homo-coupling product of 2 (5%),
which caused major problems in the chromatographic purification.
Luckily, when [Pd(PPh3)4] was used as catalyst system, 3 was af-
forded in 90% yield after purification. Finally, a double Williamson
reaction of 1-(6-bromohexyl)ferrocene (4)20 with 3 generated the
bisferrocene-functionalised bisphenanthroline 5 in 80% yield.


X-Ray structure of 5


Following a full (NMR, IR, MS) solution-state characterisation,
the formation of single crystals obtained by slow evaporation of
a DCM–acetonitrile (9 : 1) solution of 5 allowed for an X-ray
crystallographic analysis. Due to its conformational flexibility,
5 was present in a transoid conformation in the solid state. As
depicted in Fig. 2, the two ferrocene groups are well separated,


exhibiting a distance between the two iron atoms of 2.95 nm.
The structure is centrosymmetric with a centre of inversion at the
midpoint of the central benzene ring. The distance of the two
terminal phenanthrolines is 1.75 nm. The crystal packing shows a
number of weak intermolecular C–H · · · p interactions.


Self-assembly of the ferrocene nanoladders L1 and L2 based on the
HETTAP concept


With ligand 5 at hand and ligands 6–8 available through
earlier work15 and commercial suppliers, all ingredients for
the HETTAP synthesis14 were available. The synthesis of lad-
ders L1 ([Zn4(5)2(6)2)]8+) and L2 ([Zn4(5)2(7)2)]8+) and rack R1
(Zn(5)(8)2)]4+) was readily accomplished by treating (for example,
in the case of L1) 1 equiv. of 6 with a mixture of 1 equiv. of 5 and
2 equiv. of Zn(CF3SO3)2 in DCM–methanol (8 : 2) (Scheme 3).
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Chart 1 Ligands used in the present study.


Fig. 1 Side (a) and top (b) views of space-filling presentations of
nanoladder L2 [Zn4(5)2(7)2)]8+ as generated from force field modelling
(HyperChem R©). The atoms/groups are colour coded for clarity: carbon:
cyan; nitrogen: blue; oxygen: red; zinc: (hidden); ferrocene group: green.


All 1H NMR spectral data point to the successful formation of
R1, L1 and L2. For example, the spectra of L1 and L2 in CD2Cl2–
CD3OD (8 : 2) (see ESI†) showed only one set for each ligand,
suggesting that a single species was obtained. Characteristic
upfield shifts of the mesityl protons (from d ∼ 6.7 and 6.9 ppm
in 5 to 5.8 and 6.2 ppm in R1, to 5.9 and 6.3 ppm in L1, and
to 5.9 and 6.2 ppm in L2 (see Table 1) and downfield shifts of
the phenanthroline protons (Dd ∼ 1.0 ppm) are in strong support
of the formation of the phen-Zn(II)-terpy complex units. Upon
complexation, the 1H NMR signals of the ferrocenyl protons
for R1 and L1 were shifted slightly downfield from d = 4.08 to
4.22 and 4.24 ppm, respectively, but the splitting patterns changed
dramatically in both cases. In contrast, the signals of ferrocenyl
protons in L2 showed that the splitting pattern was similar to that
of 5, except that the 10′′′-H were shifted upfield slightly rather than
downfield by 0.22 ppm.


Rewardingly, the ESI-MS spectra of L1 and L2 showed the
complete pattern of signals corresponding to 3+ to 8+ charged
species of L1 (Fig. 3) and L2, with the isotopic distribution of all
fragments exactly matching with the calculated ones after loss of
the counter-anions.


Electroanalytical investigations


While the combination of the spectroscopic data furnished strong
evidence for the proposed structures of L1 and L2, direct proof for
supramolecular interaction between ferrocene groups were derived


Scheme 3 Cartoon representation of the preparation of nanorack R1 and
nanoladders L1 and L2.
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Scheme 2 Preparation of 5.


Fig. 2 Molecular structure of the ferrocene-appended rigid bisphenanthroline 5 as a stick representation. Carbon: gray, hydrogen: white, nitrogen: blue,
oxygen: red, iron: yellow. CCDC reference number 639848. For crystallographic data in CIF or other electronic format see DOI: 10.1039/b703633g
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Table 1 1H NMR shifts (in ppm, in CD2Cl2–CD3OD (8 : 2) at 400 MHz) of the ligand 5 and nanoscaffolds R1, L1 and L2


Bisphenanthroline protons Ferrocene protons


Compound Mes2-H (s) Mes1-H (s) 8-H (d) 7-H (d) 4-H (s) 8′′′,9′′′-H (m) 10′′′-H (s)


5a 6.67 6.94 7.57 8.33 8.49 4.01–4.07 4.08
Rack R1 5.86 6.18 8.03 9.04 9.07 4.22 (br s)
Ladder L1 5.93 6.27 8.05 9.08 9.16 4.24 (br s)
Ladder L2 5.91 6.21 8.09 9.09 9.21 3.92–3.98 3.86


a In CD2Cl2.


Fig. 3 Left: ESI-MS spectrum of the nanoladder L1. Right: Isotopic distributions in the ESI-MS of L1 (black = experimental, red = calculated) showing
all charged species from 3+ to 8+.


from cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) investigations.


All measurements were performed in acetonitrile using de-
camethylferrocene (DMFc) as internal standard. In contrast to
Würthner’s squares, for which a peak splitting of redox wave of
ferrocene units had been reported, suggesting the presence of
internal and external ferrocene units,11 a single oxidation wave
was observed for the Fc0,+ couple in 4, R1, L1 and L2 in CV
measurements (Fig. 4). This result suggests that ferrocene units
in the various structures are all placed in identical environments
on the time scale of the experiment.21 As indicated in Table 2, the
ferrocene unit of 4 shows an oxidation potential of 0.451 VDMFc,
while that of R1 is 0.463 VDMFc. This small anodic shift22 of 12 mV
is most likely caused by formation of the phen-Zn(II)-terpy coordi-
nation unit, which ought to have some influence on the ferrocenes’
oxidation potential. Less likely is an intramolecular interaction
of the two ferrocene units, as we expect the conformation of R1
to correspond to that of 5. Accordingly, the ferrocenes should
be separated by 3 nm. The oxidation of the ferrocenes in ladders
L1 and L2 (0.483 VDMFc and 0.487 VDMFc) was effected at higher
anodic potentials (20–24 mV) than that in R1. The anodic shift
is attributed to the ladder structure, which should lead to a
compression of the four ferrocenes inside its inner void. As a result,
the “intramolecular” interaction of ferrocenes should become
perceptible. From the molecular structure of 5, we derive a distance
between the two ferrocene iron atoms of 29.5 Å. Assuming that


Fig. 4 CVs of compound 4, R1, L1 and L2 recorded in 0.10 M nBu4NPF6


in acetonitrile at a scan rate of 100 mV s−1.


R1 has the same conformation as 5, the two ferrocene units in
R1 should be separated by the same distance. Evaluation of the
average distances of the four ferrocene iron atoms in the two
phen-Zn(II)-terpy ladders as obtained from HyperChem R© energy-
minimised structures provided values of 18.5 Å and 15.2 Å for
L1 and L2, respectively (see ESI† and Fig. 1). The short average
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Table 2 Reversible redox potentials of compounds vs. DMFc by cyclic voltammetry at a scan rate 100 mV s−1


Compound E1/2
ox (Fc2+/3+) DEp E1/2


red (terpy0/−) DEp


4 0.451 V 68 mV N/A N/A
R1 0.463 V 67 mV −1.162 V 110 mV
L1 0.483 V 87 mV −1.135 V 88 mV
L2 0.487 V 77 mV −1.079 V, −0.941 V 94 mV, 64 mV


distance between the four iron atoms in L1 and L2 is enforced
by the supramolecular framework and should be the dominating
effect for the above-described anodic shifts.


DPV investigations on compounds 4, R1, L1 and L2 provided
further strong support for the above hypothesis (Table 3). When
the voltage was scanned from −0.30 V to 1.00 V, the peak values
corresponding to ferrocene units in 4, R1, L1 and L2 were 0.452,
0.462, 0.480 and 0.491 VDMFc, respectively (Fig. 5). These results are
in perfect agreement with those from CV measurements. Intrigu-
ingly, upon recording DPVs for 4 and R1 from −1.60 V to 1.00 V,
the oxidation potentials of ferrocene units for both compounds
nearly coincided at 0.452 and 0.454 V, respectively. Clearly, the ca.
10 mV anodic shift observed for R1 as compared to 4, attributed
to the formation of the phen-Zn(II)-terpy coordination unit, has
disappeared in this experiment. This suggests, that upon starting
the measurement at −1.60 V, the terpyridine unit of R1 is reduced,
leading to a dissociation of the coordination complex, which is not
repaired on the DPV time scale. As a consequence, the released
ligand 5 is then detected in the DPV of R1, quite obviously
exhibiting the same oxidation potential for the ferrocene unit as
4. In contrast, DPVs of L1 and L2 starting from −1.60 V showed
no change compared to those starting from −0.30 V. Since the
reduction potential of the terpyridine units in L1 and L2 is more


Fig. 5 DPVs of compounds 4, R1, L1 and L2 recorded in 0.10 M
nBu4NPF6 in acetonitrile. Step potential 2 mV, scan range from −0.30 V
to 1.00 V.


Table 3 DPV measurements. Step potential 2 mV, scan range from
−0.30 V to 1.00 V


Compound 4 R1 L1 L2


E1/2
ox (Fc2+/3+) 0.452 V 0.462 V 0.480 V 0.491 V


anodic than those of R1, the 2 + 2 ladder frameworks seem to
resist dissociation of the reduced coordination sites much more
than R1, most likely due to cooperative effects. But when more
negative DPV starting potentials of −1.80 V and −2.00 V were
applied to L1 and L2, the ferrocene potentials now showed up
at 0.451 V for L1 and 0.462 V for L2 (Fig. 6). Under these
conditions, as for R1, reduction seems to lead to a disintegration
of the ladders. There are, however, differences between L1 and L2.
Upon starting the DPV investigation for L1 at −1.80 V, the ladder
showed disintegration as evidenced by an oxidation potential of
the ferrocene units at 0.451 V. The sweep does not only entail
reduction of the terpyridine, but also of the phenanthroline unit,
thereby causing irreparable dissociation of the phen-Zn(II)-terpy
coordination centres. L2 proved to be less susceptible to negative
starting potentials. Even when the DPV scan was initiated at
−2.00 V, the oxidation potential of the ferrocenes emerged at
0.462 V. We assign this small shift of 10 mV tentatively to a partially
broken ladder of L2. Due to its smaller size, ladder L2 suffers
probably less dissociation upon reduction than L1, as cooperative
effects are more pronounced.


Fig. 6 DPVs of compounds 4, R1, L1 and L2 recorded in 0.10 M
nBu4NPF6 in acetonitrile. Step potential 2 mV, starting scan in between
−2.00 and −1.60 V, finishing scan at 1.00 V.


Conclusion


Employing a directional approach using the HETTAP concept,
we have achieved the synthesis of three internally functionalised
supramolecular aggregates: the nanoscale rack R1, and nanolad-
ders L1 and L2, containing two and four ferrocenes, respectively.
The redox potential of the ferrocene units in R1 was slightly
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anodically shifted by ca. 10 mV compared with that of 4, due
to the influence of the remote phen-Zn(II)-terpy coordination
centre. In contrast, the ladder structure of L1 and L2 forces four
ferrocene units into close proximity, thereby dramatically increas-
ing their through-space interaction as demonstrated by the redox
potential results. The redox potential series (vs. DMFc: E1/2 =
0.462 V for R1, 0.480 V for L1 and 0.491 V for L2), as determined
by DPV, thus revealed convincingly the supramolecular effect on
a redox process.


Experimental


All reagents were commercially available and used without further
purification. Thin-layer chromatography was performed using
silica gel 60 TLC plates (F254, Merck). Silica gel (0.063–0.2 mm)
was used for column chromatography. Confirmation of structures
was obtained from 1H-NMR and 13C-NMR data (Bruker AC200
and Avance 400 spectrometer) using the deuterated solvent as
the lock and residual solvent as the internal reference. The
numbering of carbon atoms of molecular formulae as provided
below is only used for the assignment and is not in accordance
with the IUPAC nomenclature rules. Melting points were taken
using the melting point apparatus of Dr Tottoli (Büchi) and are
uncorrected. Electrospray mass spectra (ESI-MS) were recorded
on a ThermoQuest LCQ Deca instrument. Infrared spectra were
recorded on a Perkin Elmer 1750 FT-IR spectrometer. Cyclic
voltagram (CV) and differential pulse voltammograms (DPV)
were recorded on a Parstat 2273 instrument from Princeton
Applied Research.


3-Ethynyl-2-(4-hydroxy-2,6-dimethylphenyl)-9-mesityl-
[1,10]phenanthroline (2)


Compound 119 (7.00 g, 10.4 mmol, 2-(4-triisopropylsilyloxy-2,6-
dimethylphenyl)-9-mesityl-3-(trimethylsilylethynyl)-[1,10]phenan-
throline) was dissolved in a mixture of methanol (100 mL) and
THF (100 mL), and KOH (3 N in H2O, 100 mL) was added slowly.
After stirring for 24 h at room temperature, the solution was
neutralised with sat. NH4Cl and extracted with dichloromethane
(200 mL). The organic layer was dried over MgSO4. After
removal of the solvent at reduced pressure, the crude product was
recrystallised from dichloromethane to afford the product as a
white solid (4.11 g, 9.28 mmol; 89%). Mp 290–291 ◦C. IR (KBr):
m̃ = 3408 (w), 3312 (w), 2918 (w), 1616 (s), 1600 (s), 1583 (s), 1539
(w), 1506 (w), 1458 (s), 1395 (m), 1319 (s), 1152 (s), 1034 (m),
910 (m), 891 (w), 851 (s), 778 (w), 637 (s), 616 (m). 1H-NMR
(200 MHz, DMSO-d6): d = 1.86 (s, 6H, 7′-, 8′-H), 1.96 (s, 6H,
7′′′-, 9′′′-H), 2.29 (s, 3H, 8′′′-H), 4.32 (s, 1H, 2′-H), 6.54 (s, 2H, 3′,
5′-H), 6.97 (s, 2H, 3′′′-, 5′′′-H), 7.68 (d, J = 8.1 Hz, 1H, 8-H), 8.03
(d, J = 8.9 Hz, 1H, 6-H), 8.10 (d, J = 8.9 Hz, 1H, 5-H), 8.56 (d,
J = 8.1 Hz, 1H, 7-H), 8.77 (s, 1H, 4-H), 9.35 (br s, 1H, 9′-H).
13C-NMR (50 MHz, DMSO-d6): d = 19.7, 19.8, 20.8, 80.6, 85.9,
113.9, 118.7, 121.9, 125.0, 125.7, 126.4, 127.1, 127.5, 128.1, 130.7,
135.1, 136.6, 136.9, 137.8, 140.3, 144.3, 145.0, 156.8, 159.6, 160.9.
ESI-MS Calcd for [M + H]+: m/z 443.2, Found: m/z 443.2. Anal
calcd for C31H26N2O·1.5H2O: C, 79.29; H, 6.22; N, 5.97; found:
C, 79.04; H, 5.96; N, 6.16.


1,4-Bis[(2-(4-hydroxy-2,6-dimethylphenyl)-9-mesityl-
[1,10]phenanthroline-3-ylethynyl]benzene (3)


Phenanthroline 2 (91.2 mg, 206 lmol), 1,4-diiodobenzene
(34.0 mg, 103 lmol) and [Pd(PPh3)4] (11.5 mg, 10.0 lmol) were
dissolved in dry DMF (15 mL) and dry triethylamine (15 mL).
After deoxygenating the reaction mixture with nitrogen for 15 min,
it was heated to 60 ◦C for 4 h. Then the solvents were removed at
reduced pressure, and the residue was washed with water (30 mL)
and dichloromethane (30 mL) to afford the crude product. It was
recrystallised from DMF to afford a light yellow solid (88.9 mg,
92.7 lmol, 90%). Mp >300 ◦C. IR (KBr): m̃ = 3363 (w), 2963 (w),
2920 (w), 2212 (w), 1614 (s), 1586 (s), 1506 (m), 1458 (s), 1396
(m), 1317 (s), 1159 (s), 1034 (w), 909 (m), 889 (m), 850 (s), 776
(w), 639 (m). 1H-NMR (200 MHz, DMF-d7): d = 2.02 (s, 12H,
7′-, 8′-H), 2.05 (s, 12H, 7′′′-, 9′′′-H), 2.32 (s, 6H, 8′′′-H), 6.70 (s, 4H,
3′, 5′-H), 6.99 (s, 4H, 3′′′-, 5′′′-H), 7.30 (s, 4H, 4′-, 5′-H), 7.78 (d,
J = 8.1 Hz, 2H, 8-H), 8.15 (d, J = 8.8 Hz, 2H, 6-H), 8.20 (d,
J = 8.8 Hz, 2H, 5-H), 8.66 (d, J = 8.1 Hz, 2H, 7-H), 8.87 (s, 2H,
4-H), 9.56 (br s, 2H, 9′-H). 13C-NMR (50 MHz, DMSO-d6): d =
19.7, 21.0, 21.7, 80.6, 85.6, 113.9, 114.0, 118.7, 121.9, 125.0, 125.7,
126.4, 127.2, 127.5, 128.1, 128.2, 130.7, 135.1, 136.6, 136.9, 137.8,
140.5, 144.3, 145.0, 156.8, 159.6, 160.9. ESI-MS Calcd for [M +
H]+: m/z 959.4, Found: m/z 959.6; ESI-MS Calcd for [M + 2H]2+:
m/z 480.2, Found: m/z 480.3. Anal calcd for C68H54N4O2·H2O: C,
83.58; H, 5.78; N, 5.73; found: C, 83.96; H, 5.71; N, 5.81.


1,4-Bis{2-[2,6-dimethyl-4-(6-ferrocenylhexyloxy)phenyl]-9-
mesityl-[1,10]phenanthroline-3-ylethynyl}benzene (5)


Compound 3 (100 mg, 104 lmol) was dissolved in dry DMF
(30 mL). NaH (60% in mineral oil, 60 mg, 2.50 mmol) was added
and the mixture was then stirred for 1 h at room temperature. After
addition of 6-bromohexylferrocene (4)20 (140 mg, 400 lmol), the
reaction mixture was heated to 80–90 ◦C (oil bath temperature)
for 24 h. The reaction was quenched by careful addition of water
(50 mL) and neutralised with saturated NH4Cl solution. After
extraction with DCM (3 × 50 mL), the organic layer was dried
over MgSO4. Then the solvent was removed at reduced pressure
and the crude product was purified by column chromatography
(SiO2, dichloromethane) to afford the product as a yellow solid
(124 mg, 82.9 lmol, 80%). Mp >300 ◦C. IR (KBr): m̃ = 2924 (s),
2855 (m), 2210 (w), 1605 (s), 1583 (m), 1500 (w), 1459 (s), 1396 (w),
1316 (m), 1160 (s), 1105 (w), 1071 (w), 887 (m), 849 (s), 637 (w),
485 (w). 1H-NMR (400 MHz, CD2Cl2): d = 1.40–1.61 (m, 12H,
3′′′-, 4′′′-, 5′′′-H), 1.80–1.87 (m, 4H, 2′′′-H), 2.06 (s, 12H, 7′-, 8′-H),
2.07 (s, 12H, 7′′-, 9′′-H), 2.34 (s, 6H, 8′′-H), 2.36 (t, J = 7.6 Hz, 4H,
6′′′-H), 4.00–4.07 (m, 12H, 1′′′-, 8′′′-, 9′′′-H), 4.08 (s, 10H, 10′′′-H),
6.72 (s, 4H, 3′-, 5′-H), 6.97 (s, 4H, 3′′-, 5′′-H), 7.15 (s, 4H, 4′-, 5′-H),
7.57 (d, J = 8.1 Hz, 2H, 8-H), 7.86 (d, J = 8.8 Hz, 2H, 6-H),
7.91 (d, J = 8.8 Hz, 2H, 5-H), 8.33 (d, J = 8.1 Hz, 2H, 7-H), 8.49
(s, 2H, 4-H). 13C-NMR (100 MHz, CD2Cl2): d = 20.3, 20.4, 21.2,
26.3, 29.6, 29.7, 29.8, 31.5, 67.3, 68.3, 68.4, 68.8, 89.3, 89.8, 94.5,
113.6, 120.0, 123.2, 125.2, 125.9, 127.2, 127.3, 128.0, 128.6, 131.8,
132.9, 136.0, 136.4, 137.8, 138.0, 138.4, 139.0, 145.4, 146.4, 159.0,
160.9, 161.8. ESI-MS Calcd for [M + H]+: m/z 1495.6, Found:
m/z 1495.9, Calcd for [M + 2H]2+: m/z = 748.3, Found: m/z =
748.4. Anal calcd for C100H94Fe2N4O2: C, 80.31; H, 6.34; N, 3.75;
found: C, 80.10; H, 6.34; N, 3.71.
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Nanorack R1


The ferrocene ligand 5 (5.00 mg, 3.34 lmol) and Zn(CF3SO3)2


(2.43 mg, 6.68 lmol) were dissolved in deuterated
dichloromethane–methanol (8 : 2, 0.6 mL),14 and terpyridine (8)
(1.54 mg, 6.68 lmol) was added. The resulting suspension was
heated for a few minutes until a clear solution had formed. It
was analysed by ESI-MS, 1H-, 13C-NMR and elemental analysis
without any further purification. Mp >300 ◦C. IR (KBr): m̃ =
3422 (w), 3081 (w), 2927 (m), 2855 (m), 2213 (w), 1602 (m),
1579 (m), 1479 (w), 1456 (m), 1407 (w), 1322 (w), 1262 (s), 1223
(m), 1155 (s), 1031 (s), 854 (w), 638 (s). 1H-NMR (400 MHz,
CD2Cl2–CD3OD (8 : 2)): d = 1.12 (s, 24H, 7′-, 8′-, 7′′-, 9′′-H),
1.31–1.37 (m, 8H, 3′′′-, 4′′′-H), 1.48–1.60 (m, 8H, 2′′′-, 5′′′-H), 1.79
(s, 6H, 8′′-H), 2.25 (br s, 4H, 6′′′-H), 3.46 (t, J = 6.3 Hz, 4H,
1′′′-H), 4.22 (br s, 18H, 8′′′-, 9′′′-, 10′′′-H), 5.86 (s, 4H, 3′-, 5′-H),
6.18 (s, 4H, 3′′-, 5′′-H), 7.00 (s, 4H, 4′-, 5′-H), 7.53 (ddd, J =
7.7 Hz, 5.1 Hz, 1.0 Hz, 4H, b-H), 7.76 (dd, J = 5.1 Hz, 1.0 Hz,
4H, a-H), 8.03 (d, J = 8.1 Hz, 2H, 8-H), 8.27 (dt, J = 7.7 Hz,
1.6 Hz, 4H, c-H), 8.42–8.50 (m, 14H, d-, e-, f-, 5-, 6-H), 9.04 (d,
J = 8.1 Hz, 2H, 7-H), 9.07 (s, 2H, 4-H). 13C-NMR (100 MHz,
CD2Cl2–CD3OD (8 : 2)): d = 19.2, 19.4, 20.7, 26.2, 29.3, 29.6,
29.7, 31.2, 68.2, 68.4 (Fc), 69.3 (Fc), 70.0 (Fc), 86.2, 97.8, 112.7,
122.7, 123.1, 123.6, 124.5, 127.9, 128.0, 128.2, 128.5, 129.0,
129.1, 129.6, 130.0, 132.1, 134.7, 135.3, 137.3, 139.8, 140.5, 141.4,
143.1, 143.2, 144.2, 144.7, 146.8, 147.6, 149.5, 160.1, 161.6, 162.8.
ESI-MS: calcd. for [M − 4OTf−]4+: m/z 523.2, found: m/z 523.2,
calcd. for [M − 3OTf−]3+: m/z 747.3, found: m/z 746.9, calcd. for
[M − 2OTf−]2+: m/z 1195.5, found: m/z 1195.4. Anal calcd for
C134H116F12Fe2N10O14S4Zn2·0.5CH2Cl2: C, 59.14; H, 4.32; N, 5.13;
S, 4.70; found: C, 59.16; H, 4.16; N, 5.10; S, 4.65.


Nanoladder L1


Ligand 5 (5.00 mg, 3.34 lmol) and Zn(CF3SO3)2 (2.43 mg,
6.68 lmol) were dissolved in deuterated dichloromethane–
methanol (8 : 2, 0.6 mL),14 and bisterpyridine 6 (2.33 mg,
3.34 lmol) was added. The resulting suspension was heated for
a few minutes until a clear solution had formed. It was analysed
by ESI-MS, 1H-, 13C-NMR and elemental analysis without any
further purification. Mp >300 ◦C. m̃ = 3083 (w), 2926 (m), 2854
(m), 2211 (w), 1603 (s), 1577 (m), 1476 (m), 1420 (w), 1261 (s),
1223 (m), 1160 (s), 1031 (s), 852 (w), 797 (w), 638 (s). 1H-NMR
(400 MHz, CD2Cl2–CD3OD (8 : 2)): d = 1.18 (s, 24H, 7′-, 8′-H),
1.22 (s, 24H, 7′′-, 9′′-H), 1.17–1.40 (m, 24H, 2′′′-, 3′′′-, 4′′′-H), 1.54
(br s, 8H, 5′′′-H), 1.90 (s, 12H, 8′′-H), 2.19–2.26 (m, 32H, 6′′′-, g-H),
3.53 (t, J = 6.3 Hz, 8H, 1′′′-H), 4.24 (br s, 36H, 8′′′-, 9′′′-, 10′′′-H),
5.93 (s, 8H, 3′-, 5′-H), 6.27 (s, 8H, 3′′-, 5′′-H), 7.05 (s, 8H, 4′-, 5′-H),
7.55–7.58 (m, 16H, b-, f-H), 7.81 (d, J = 4.8 Hz, 8H, a-H), 8.05
(d, J = 8.3 Hz, 4H, 8-H), 8.24–8.28 (m, 16H, c-, e-H), 8.40 (d,
J = 8.1 Hz, 8H, d-H), 8.48 (d, J = 9.4 Hz, 4H, 6-H), 8.53 (d,
J = 9.4 Hz, 4H, 5-H), 9.08 (d, J = 8.3 Hz, 4H, 7-H), 9.16 (s, 4H,
4-H). 13C-NMR (100 MHz, CD2Cl2–CD3OD (8 : 2)): d = 19.3,
19.6, 20.9, 21.0, 26.1, 29.4, 29.6, 29.7, 31.2, 68.4, 69.5 (Fc), 86.2,
90.2, 97.8, 112.8, 119.3, 122.4, 122.8, 123.6, 124.1, 124.6, 124.8,
128.0, 128.5, 128.9, 129.1, 129.3, 129.7, 130.0, 131.7, 132.2, 134.7,
135.5, 135.9, 137.1, 137.6, 140.0, 140.4, 141.6, 143.4, 144.7, 146.5,
148.0, 149.6, 158.7, 160.3, 161.8, 162.7. ESI-MS: calcd. for [M −
8OTf−]8+: m/z 580.8, found: m/z 580.7, calcd. for [M − 7OTf−]7+:


m/z 685.0, found: m/z 685.0, calcd. for [M − 6OTf−]6+: m/z 824.1,
found: m/z 823.9, calcd. for [M − 5OTf−]5+: m/z 1018.7, found:
m/z 1018.5, calcd. for [M − 4OTf−]4+: m/z 1310.6, found: m/z
1310.6, calcd. for [M − 3OTf−]3+: m/z 1797.2, found: m/z 1796.9.
Anal calcd for C304H260F24Fe4N20O28S8Zn4·3CH2Cl2: C, 60.51; H,
4.40; N, 4.60; S, 4.21; found: C, 60.78; H, 4.24; N, 4.51; S, 4.33.


Nanoladder L2


Ligand 5 (5.00 mg, 3.34 lmol) and Zn(CF3SO3)2 (2.43 mg,
6.68 lmol) were dissolved in deuterated dichloromethane–
methanol (8 : 2, 0.6 mL),14 then bisterpyridine 7 (1.81 mg,
3.34 lmol) was added. The resulting suspension was heated for
a few minutes until a clear solution had formed. It was analysed
by ESI-MS, 1H-, 13C-NMR and elemental analysis without any
further purification. Mp >300 ◦C. m̃ = 3402 (w), 3094 (w), 2922
(m), 2855 (m), 2212 (w), 1605 (s), 1577 (m), 1477 (w), 1459 (m),
1400 (w), 1279 (s), 1254 (s), 1161 (s), 1031 (s), 854 (w), 639 (s).
1H-NMR (400 MHz, CD2Cl2–CD3OD (8 : 2)): d = 1.10 (s, 24H,
7′-, 8′-H), 1.16 (s, 24H, 7′′-, 9′′-H), 1.12–1.37 (m, 32H, 2′′′-, 3′′′-,
4′′′-, 5′′′-H), 1.72 (s, 12H, 8′′-H), 2.10 (br s, 8H, 6′′′-H), 3.43 (t,
J = 6.4 Hz, 8H, 1′′′-H), 3.86–3.98 (m, 36H, 8′′′-, 9′′′-, 10′′′-H), 5.91
(s, 8H, 3′-, 5′-H), 6.21 (s, 8H, 3′′-, 5′′-H), 7.00 (s, 8H, 4′-, 5′-H),
7.53 (td, J = 5.1 Hz, 1.2 Hz, 8H, b-H), 7.76 (d, J = 5.1 Hz,
8H, a-H), 8.08 (d, J = 8.1 Hz, 4H, 8-H), 8.30 (td, J = 8.1 Hz,
1.2 Hz, 8H, c-H), 8.48 (d, J = 8.8 Hz, 4H, 6-H), 8.52 (d, J =
8.8 Hz, 4H, 5-H), 8.60 (s, 8H, e-H), 8.92 (d, J = 8.1 Hz, 8H,
d-H), 9.03 (s, 8H, f-H), 9.08 (d, J = 8.1 Hz, 4H, 7-H), 9.21 (s,
4H, 4-H). 13C-NMR (100 MHz, CD2Cl2/CD3OD (8:2)): d = 19.4,
19.5, 20.7, 25.4, 26.0, 29.5, 29.9, 31.3, 67.7, 68.3, 68.6, 70.0, 86.4,
97.79, 101.4, 109.2, 112.9, 116.4, 119.5, 120.6, 122.8, 124.5, 125.9,
128.1, 128.5, 129.3, 130.1, 132.4, 134.9, 135.4, 137.6, 138.0, 140.0
(2C), 140.8, 141.5, 142.2, 143.5, 144.7, 146.8, 147.3 (2C), 148.5,
149.4, 155.5 (2C), 161.4, 161.9, 162.8. ESI-MS: calcd. for [M −
8OTf−]8+: m/z 541.7, found: m/z 541.6, calcd. for [M − 7OTf−]7+:
m/z 640.4, found: m/z 640.3, calcd. for [M − 6OTf−]6+: m/z 772.0,
found: m/z 772.2, calcd. for [M − 5OTf−]5+: m/z 956.2, found: m/z
955.9, calcd. for [M − 4OTf−]4+: m/z 1232.5, found: m/z 1232.2,
calcd. for [M − 3OTf−]3 m: m/z 1693.1, found: m/z 1692.8. Anal
calcd for C280H236F24Fe4N20O28S8Zn4·CH2Cl2: C, 60.15; H, 4.28; N,
4.99; S, 4.57; found: C, 59.89; H, 4.16; N, 4.87; S, 4.77.
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b-1,3-Glucans having carbohydrate-appendages (a-D-mannoside, N-acetyl-b-D-glucosaminide and
b-lactoside) at the C6-position of every repeating unit can be readily prepared from curdlan (a linear
b-1,3-glucan) through regioselective bromination/azidation to afford 6-azido-6-deoxycurdlan followed
by chemo-selective Cu(I)-catalyzed [3 + 2]-cycloaddition with various carbohydrate modules having a
terminal alkyne. The resultant carbohydrate-appended curdlans can interact with polycytosine to form
stable macromolecular complexes consistent with two polysaccharide strands and one polycytosine
strand. Furthermore, these macromolecular complexes show strong and specific affinity toward
carbohydrate-binding proteins (lectins). Therefore, one can utilize these carbohydrate-appended
curdlans as a new family of glycoclusters.


Introduction


Carbohydrates are recognized as key substances to construct
major cell surface antigens, to mediate cell–cell recognition and
to control signal transductions through cell membranes.1 The
carbohydrate chains on cell surfaces also function as receptors
for various viruses in the first stage of infection. These functions
are highly dependent on the density of carbohydrate chains on cell
surfaces: that is, clustered or multivalent carbohydrate chains are
essential to induce strong and specific carbohydrate recognition
events.


The clustered carbohydrate arrays on artificial molecular sys-
tems (artificial glycoclusters) also induce strong and specific
carbohydrate recognition processes owing to their multivalent car-
bohydrate arrays, and their applications have been expanded into a
vast research area including therapeutics.2 For example, artificial
glycoclusters based on simple linear polymers (polyacrylamide,3


polystyrene,4 etc.) have great potential to: 1) neutralize fatal
viruses/toxins,5 and 2) inhibit cancer metastases,6 mainly by
blocking interactions between carbohydrate-recognition proteins
on their surfaces and the carbohydrate chains on target cell
surfaces.


Besides the enhanced affinity toward carbohydrate-recognition
proteins, additional functions originated from their polymeric
scaffolds make the glycoclusters quite interesting biomaterials,
and various glycoclusters based on functional polymers have
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been reported. For example, polythiophene-based glycoclusters
were designed as potential sensory systems for lectins, viruses
and toxins.7 Furthermore, cyclodextrin-,8 fullerene-9 and DNA-
based glycoclusters10 have been also developed for cell-specific
drug delivery, cell-specific photodynamic therapy and cell-targeted
gene therapy, respectively.


Recently, we have been interested in natural polysaccha-
rides as scaffolds for artificial glycoclusters, since they have
unique bioactivities, such as activation of immune systems
(chitin/chitosan) and anti-blood-coagulation (heparin/heparin
sulfate).11 Polysaccharide-based glycoclusters should be therefore
potential biomaterials in pharmaceutical and medicinal purposes.
The design and synthesis of polysaccharide-based glycoclusters
with homogeneous chemical structures is quite important to
reveal their structure–function relationship and to improve their
functions.


One potential approach to obtain polysaccharide derivatives
having functional groups at the desired positions is a chemo-
enzymatic strategy reported by S. Kobayashi et al. and others.12


In this strategy, chemically modified carbohydrate monomers are
enzymatically polymerized to the corresponding polysaccharides
(the bottom-up approach, Fig. 1a). However, the molecular weights
of the resultant polysaccharides are relatively low due to enzyme-
mediated hydrolysis (reverse reaction), and polysaccharides with
large molecular weights are, therefore, hardly ever obtained.
Furthermore, since the enzymes (glycosynthases) have strong
specificity for their substrates, the functional groups attached onto
the carbohydrate monomers are limited to small and therefore
less functional ones (such as the methoxy group), and introduced
bulky substituents (carbohydrate units) strongly lower the binding
affinity of the corresponding carbohydrate monomers to the
enzymes. Tedious synthetic routes to the modified carbohydrate
monomers are also a serious obstacle, especially for those who
are not expert at synthetic organic chemistry. No glycocluster has
therefore been developed through this bottom-up strategy so far.


Direct introduction of carbohydrate modules onto polysaccha-
ride scaffolds (the polymer-modification approach, Fig. 1b) is an
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Fig. 1 Three approaches to prepare polysaccharide-based glycoclusters:
(a) the enzymatic polymerization of chemically modified carbohydrate
monomers (bottom-up approach), (b) the direct glycosylation of polysac-
charides (polymer-modification approach) and (c) the click chemistry on
polysaccharides, discussed in this paper.


alternative approach to access polysaccharide-based glycoclusters;
however, is quite difficult to obtain glycoclusters with a well-
defined chemical structure by regioselective glycosylation of the
native polysaccharides.13 Since their hydroxy groups have similar
reactivities toward electrophiles, regioselective and quantitative
reactions are hardly ever accomplished. Many research groups
have directed intense research effort into exploiting chemical glyco-
sylation procedures to obtain polysaccharide-based glycoclusters
with homogeneous structure; however, no successful example has
been reported so far.


Recently, two new synthetic methods have emerged. One is a
direct bromination/azidation reaction of a linear b-1,3-glucan
(curdlan) to afford 6-azido-6-deoxy-curdlan.14 A great advantage
of this reaction is its exclusive C6 regioselectivity and high
yield (100% conversion). The other method is a Cu(I)-catalyzed
chemo-selective coupling between organic azides and terminal
alkynes which has attracted increasing research interest owing
to its convenient, quick and quantitative reaction.15 This chemo-
selective coupling, now termed “click chemistry”, has been
used for various applications, including chemical modification of
self-assembled monolayers (SAMs),16 ligation between polymer
strands,17 etc. These excellent studies encouraged us to establish
“click chemistry” on polysaccharides, that is, chemo-selective
coupling between azido-appended polysaccharides and alkyne-
terminated oligosaccharide modules to provide polysaccharide-
based glycoclusters having both chemically pure structures and
large molecular weights (Fig. 1c).18


Among the natural polysaccharides, b-1,3-glucans are one of the
most interesting polysaccharide families, because they have unique
structural and conformational properties: that is, the b-1,3-glucans
exist as triple-stranded helices in water but they dissociate into
single-stranded random coils in dimethylsulfoxide (DMSO) (de-
naturing process, Fig. 2a).19 This solvent-induced conformational
transition is entirely reversible, and addition of water to the b-1,3-
glucans in DMSO induces re-construction of their triple-stranded
helical structures (re-naturing process). Recently, we found that,
when certain polynucleotides (polycytosine, polydeoxyadenosine,
etc.) are present during the re-naturing process, unique triple-
stranded macromolecular complexes composed of one polynu-
cleotide strand and two polysaccharide strands are formed.20


In the course of our research, we found several advantages of


Fig. 2 Solvent-induced structural transition of (a) curdlan and (b) carbo-
hydrate-appended curdlans and their complexation with polynucleotides.


the macromolecular complexes: 1) they are thermally stable un-
der physiological conditions,21 2) the complexed polynucleotides
are protected against degradation by DNase/RNase,22 and
3) the complexed polynucleotides can be quickly released in
the presence of their DNA/RNA complement.23 In addition to
the expected long blood-circulation time arising from lack of
b-1,3-glucanase in human body, these characteristics suggest a
potential utility of b-1,3-glucans as polynucleotide-carriers toward
human cells. Furthermore, since a variety of mammalian cells
have their unique patterns of carbohydrate-binding proteins on
their cell surfaces, b-1,3-glucan-based glycoclusters should have
great potential as cell-specific polynucleotide carriers.24 Recently,
we reported that a curdlan modified with b-lactoside appendages
can form a triple-stranded macromolecular complex with poly(C),
and that the resultant complex can interact with a specific lectin.18


Herein, we report the synthesis of various b-1,3-glucan-based
glycoclusters having a-D-mannoside- (CUR-Man), N-acetyl-b-
D-glucosaminide- (CUR-GlcNAc) and b-lactoside-appendages
(CUR-Lac) and their binding properties both with polycytosine
and lectins (Fig. 2b).


Results and discussion


Synthesis of alkyne-terminated carbohydrate-modules


Carbohydrate modules carrying a terminal alkyne group were pre-
pared through two different synthetic routes.25 The first was direct
acetylation of all hydroxy groups of the corresponding natural car-
bohydrates and subsequent glycosylation with propargyl alcohol
(mediated by boron trifluoride) followed by deacetylation. 1-O-
(2′-Propargyl)-a-D-mannoside and 1-O-(2′-propargyl)-b-lactoside
were prepared through this synthetic procedure (Scheme 1 for 1-
O-(2′-propargyl)-a-D-mannoside as a representative). The other
was applied to D-glucosamine hydrochloride to afford an alkyne-
terminated N-acetyl-b-D-glucosaminide module. In this synthetic
procedure, the amino-functionality of D-glucosamine hydrochlo-
ride was first protected with 2,2,2-trichloroethyl chloroformate
(TrocCl) in the presence of sodium bicarbonate. The subsequent
acetylation of all hydroxy groups and the following glycosy-
lation with propargyl alcohol afforded 3,4,6-tri-O-acetyl-1-(2′-
propargyl)-2-N-(2′,2′,2′-trichloroethoxy)-b-D-glucosaminide. The
subsequent zinc-mediated deprotection of the Troc group followed
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Scheme 1 Synthesis of the a-D-mannoside module. Reagents and condi-
tions: a) Ac2O, Py, r.t., 6 h, 94%; b) 2-propargyl alcohol, BF3·OEt2, CH2Cl2,
r.t., 45 h, 52%; c) aqueous ammonia, THF, MeOH, r.t., 2 h, 95%.


by acetylation of the amino group afforded 2-N-acetyl-3,4,6-tri-
O-acetyl-1-(2′-propargyl)-b-D-glucosaminide. Deacetylation of all
its O-acetyl groups afforded 2-N-acetyl-1-O-(2′-propargyl)-b-D-
glucosaminide (Scheme 2).


Scheme 2 Synthesis of the N-acetyl-b-D-glucosaminide module. Reagents
and conditions: a) TrocCl, NaHCO3, water, 1 day, 87%, b) Ac2O, Py, r.t.,
6 h, 98%; c) 2-propargyl alcohol, BF3·OEt2, CH2Cl2, r.t., 46 h, 32%; d), Zn
powder, acetic acid, r.t., 1 h; e) acetic anhydride, acetic acid, r.t., 2 h, 68%
(2 steps); f) aqueous ammonia, THF, MeOH, r.t., 2 h, 91%.


Preparation of 6-azido-6-deoxy-curdlan. Curdlan (CUR) was
first converted into 6-bromo-6-deoxycurdlan (CUR-Br) according
to the literature, namely, activation of the primary hydroxy groups
with triphenylphosphine followed by bromination with carbon
tetrabromide (Scheme 3). The resultant CUR-Br shows a simple
13C NMR spectrum, in which the peak due to the bromomethyl
group (-CH2Br, 44.27 ppm) has replaced that of the hydroxymethyl
group (-CH2OH, 60.90 ppm). There are no unassignable peaks,
confirming the quantitative and selective bromination of all the
C6 positions of native curdlan. The resultant CUR-Br can then be
quantitatively converted into 6-azido-6-deoxycurdlan (CUR-N3)
through nucleophilic substitution with sodium azide in DMSO
(85 ◦C, 36 h). The subsequent reprecipitation in methanol afforded
pure CUR-N3 as a brown powder. The quantitative and exclusive
conversion of primary hydroxy groups into azido groups was
confirmed by a 13C NMR spectrum of the product, in which a
peak due to the azidomethyl group (-CH2N3, 50.72 ppm) was
observed, and there were no peaks assignable to the hydroxymethyl
or bromomethyl groups. Gel permeation chromatography (GPC)
analyses of CUR-Br and CUR-N3 show decreases in molecular
weight for the bromination/azidation steps, indicating that the
b-1,3-glucan main-chain is cleaved to some extent under these
reaction conditions. It should be, however, emphasized that the


Scheme 3 Synthesis of curdlan derivatives having a-D-mannoside
(CUR-Man), N-acetyl-b-D-glucosaminide (CUR-GlcNAc), b-lactoside
(CUR-Lac) and hydroxy groups (CUR-OH). Reagents and conditions:
a) triphenylphosphine, DMF, LiCl, r.t., 3 h, and then carbon tetrabromide,
60 ◦C, 24 h; b) sodium azide, DMSO, 85 ◦C, 36 h; c) alkyne-terminated
carbohydrate modules, CuBr2, ascorbic acid, propylamine, r.t., 12 h,
DMSO.


molecular weight of CUR-N3 is still high enough (MW = 82 kDa)
to be a scaffold for the artificial glycoclusters.


Cu(I)-catalyzed [3 + 2]-cycloadditions of the alkyne-terminated
saccharide modules onto CUR-N3. Addition of the alkyne-
terminated carbohydrate modules onto CUR-N3 was achieved in
DMSO containing CuBr2, ascorbic acid and propylamine. Other
solvent systems, such as methanol and water, are also widely
recognized as being excellent for this coupling reaction, but the low
solubility of CUR-N3 in these solvent systems, however, strongly
restricts utilization of these solvents. In contrast, DMSO can
easily dissolve CUR-N3 to provide a homogeneous solution, and
therefore the reaction proceeds smoothly. We confirmed that N-
methyl-2-pyrrolidone (NMP) is also a good solvent to dissolve
CUR-N3 and to smoothly mediate this reaction. It should be
noted that, as we already reported in the literature,18 propylamine
acts as a base to accelerate the reaction, and the reaction is
completed within one hour. This coupling reaction has several
advantages as mentioned below. 1) Since the procedure for this
reaction is quite easy and no stringent conditions (viz. water-
free or degassed solvents) are required, this synthetic strategy
can be widely accepted even for non-specialists. 2) Since CUR-N3


shows a strong IR peak at 2100 cm−1 and no other functionality
shows any peaks around this region, the reaction can be easily
monitored in situ by an ATR-IR spectrometer. The resultant
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curdlan derivatives having various carbohydrate-appendages can
be obtained as white powders after purification through dialysis
(MWCO8000) and subsequent lyophilization.


In addition to their IR spectra showing no residual azido-
peak, the 13C NMR spectra clearly showed quantitative conversion
of CUR-N3 into the corresponding CUR-derivatives (Fig. 3 for
CUR-GlcNAc as a representative), which is clearly evidenced
by: 1) no residual signal of the azido-methyl group, 2) new
peaks assignable to the carbohydrate-appendages, 3) two new
peaks (145 and 124 ppm) assignable to the 1,4-triazole-linker
and 4) no unassignable peaks. It should be emphasized that these
extremely bulky carbohydrate modules cannot be introduced into
polysaccharides through the chemo-enzymatic bottom-up strat-
egy. Furthermore, GPC analysis revealed that the carbohydrate-
appended CUR-derivatives have large molecular weights (MW =
123 kDa, 129 kDa and 145 kDa for CUR-Man, CUR-GlcNAc
and CUR-Lac, respectively), which cannot obtained through the
chemo-enzymatic bottom-up approach. Here, it should again be
emphasized that our approach is the only one enabling access to
chemically pure multivalent b-1,3-glucan-based glycoclusters.


Macromolecular complex formation between the carbohydrate-
appended curdlans and polycytosine. Macromolecular complexes
composed of the b-1,3-glucan-based glycoclusters and polycyto-
sine (poly(C)) were easily prepared by mixing the b-1,3-glucan-
based glycoclusters in DMSO and poly(C) in water. Evidence for
complex formation was obtained from the CD spectra (Fig. 2).
For example, the CUR-Man/poly(C) complex shows CD spectra,
in which: 1) the predominant negative peak (275 nm) observed
for free poly(C) was strongly enhanced and slightly blue-shifted
(∼3 nm) and 2) a new positive (242 nm) peak appeared (Fig. 4).
The observed CD spectral changes are consistent with those of a
CUR/poly(C) complex with two CUR strands and one poly(C)
strand. Together with this CD spectral change, stoichiometric
analysis based on job plots indicate the formation of triple-
stranded macromolecular complexes composed of two CUR-Man
strands and one poly(C) strand.


We measured the CD spectra at various temperatures to assess
the thermal stability of the complexes (Fig. 5). For example, the


Fig. 4 CD spectra of CUR-Man/poly(C) (black line), CUR-Glc-
NAc/poly(C) (red line), CUR-Lac/poly(C) (blue line), CUR-OH/poly(C)
(green line) and free poly(C) (orange line). [poly(C)] = 0.08 mg ml−1,
[CUR-derivatives] = 20.4 mMrepeating-unit ml−1, [DMSO] = 8.4% v/v, 5 ◦C,
d = 1.0 cm, Tris-buffer (0.83 mM, pH 8.0).


CD spectrum of the CUR-Man/poly(C) complex was indepen-
dent of the temperature up to 41 ◦C; however, it suddenly changed
at around 45 ◦C into that assignable to free poly(C), indicating the
cooperative dissociation of the complex. The CUR-Man/poly(C)
complex showed a melting temperature (Tm) at around 44 ◦C,
which is sufficiently higher than physiological temperature.


The other b-1,3-glucan-based glycoclusters (CUR-GlcNAc and
CUR-Lac) can also interact with poly(C) to form triple-stranded
macromolecular complexes with similar CD spectra to CUR-
Man/poly(C). Their melting temperatures are, however, different
from each other depending on the structure of their carbohy-
drate appendages; that is, the melting temperatures of CUR-
Man/poly(C) (44 ◦C) and CUR-GlcNAc/poly(C) (43 ◦C) are
significantly higher than that of CUR-Lac/poly(C) (36 ◦C). At
the present time, we have no decisive information to explain


Fig. 3 13C NMR spectrum of CUR-GlcNAc: 600 MHz, DMSO-d6, 60 ◦C.
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Fig. 5 Temperature-dependent CD intensities of CUR-Man/poly(C)
(black line), CUR-GlcNAc/poly(C) (red line), CUR-Lac/poly(C) (blue
line), CUR-OH/poly(C) (green line) and free poly(C) (orange line).
[poly(C)] = 0.08 mg ml−1, [CUR-derivatives] = 20.4 mMrepeating-unit ml−1,
[DMSO] = 8.4% v/v, 5 ◦C, d = 1.0 cm, Tris-buffer (0.83 mM, pH 8.0).


this difference in Tm values, but we consider, however, that
comparison between the Tm values of the macromolecular com-
plexes composed of these curdlan-derivatives and that composed
of curdlan without a carbohydrate-appendage (CUR-OH) can
supply useful information to explain the difference.26 Since CUR-
OH/poly(C) shows a relatively low Tm value, the high Tm values of
CUR-GlcNAc/poly(C) and CUR-Man/poly(C) could arise from
multiple hydrogen-bonding between the carbohydrate appendages
and the complex main-chains, stabilizing the macromolecular
complexes. The relatively low Tm value of CUR-Lac/poly(C)
could be attributable to steric hindrance between the bulky
disaccharide appendages and the triple-stranded complex main-
chain, which should compensate for the stabilization due to
multiple hydrogen-bonding between the b-lactoside appendages
and the complex main-chain.


Specific affinity between the carbohydrate-appended com-
plexes and carbohydrate-binding proteins. Affinities between
the carbohydrate-appended macromolecular complexes and
carbohydrate-binding proteins (lectins) were assessed through
surface plasmon resonance (SPR) assays using lectin-immobilized
Au surfaces. In this assay, we used concanavalin A (ConA),
wheat germ agglutinin (WGA) and Ricinus communis agglutinin
(RCA120) as lectins that specifically bind to a-Man-, b-GlcNAc-
and b-Lac-residues, respectively.


As shown in Fig. 6, an injection of the CUR-Man/poly(C)
complex induced a rapid increase in the resonance unit for ConA-
immobilized Au surfaces, indicating a strong binding of this
macromolecular complex onto the ConA-immobilized Au surface.
On the other hand, no such increase was observed for any other
macromolecular complexes, including CUR-GlcNAc/poly(C),
Lac/poly(C) and CUR-OH/poly(C). These results clearly indicate
that: 1) the binding between CUR-Man/poly(C) and ConA-
immobilized Au surface is specific, and 2) this specific interaction
is mediated by the a-Man-appendages of CUR-Man/poly(C)
and the immobilized ConA on the Au surface. Such specific


Fig. 6 SPR sensorgrams obtained by ConA-, RCA120- and WGA-im-
mobilized Au surfaces: 0.83 mM Tris-HCl buffer (pH 8.0) containing
CaCl2 (8.3 mM), MnCl2 (8.3 mM) and DMSO (4.2 wt%), 25 ◦C, flow
rate = 20 ll min−1, [poly(C)] = 0.04 mg ml−1, [CUR-Lac], [CUR-Man],
[CUR-GlcNAc], or [CUR-OH] = 10.2 mMrepeating-unit.


interactions can be also observed for other lectins: CUR-
GlcNAc/poly(C) specifically interacts with WGA, and CUR-
Lac/poly(C) specifically interacts with RCA120. Association (ka)
and dissociation rate constants (kd) of these specific bindings were
estimated through computational curve fitting on the association
and dissociation phases, and their affinity constants (Ka =
ka/kd) were estimated to be 1.7 × 106 M−1 (CUR-Man/poly(C)),
8.5 × 105 M−1 (CUR-GlcNAc/poly(C)) and 5.5 × 105 M−1


(CUR-Lac/poly(C)). These high Ka values should arise from the
enhanced affinity between the clustered carbohydrate appendages
of these macromolecular complexes and the lectins on the Au
surfaces.
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The specific lectin-affinity of these macromolecular complexes
is also confirmed through staining assay of lectin-immobilized
agarose beads. Here, it should be noted that the agarose beads
have a spherical shape with an average size (∼50 nm) similar to
that of most native cells, and therefore, lectin-immobilized agarose
beads can be recognized as the simplest model of native cells. In this
assay, rhodamine-labeled macromolecular complexes were used to
fluorescently stain the agarose beads. The carbohydrate-appended
curdlan-derivatives were first dissolved in DMSO and then mixed
with water containing rhodamine-labeled poly(C) (Rho-poly(C))
to give the corresponding macromolecular complexes carrying
fluorescent probes. The resultant macromolecular complexes were
incubated with the lectin-immobilized agarose beads in Tris-HCl
buffer (pH 7.2). The resultant agarose beads were then washed
with fresh Tris-HCl buffer repeatedly to remove non-specifically
adsorbed macromolecular complexes. Confocal laser scanning
microscopic (CLSM) images of the resultant agarose beads
show specific interactions between the carbohydrate-appended
macromolecular complexes and the lectin-immobilized agarose
beads (Fig. 7). For example, ConA-immobilized agarose beads
were fluorescently stained by CUR-Man/Rho-poly(C) although
no other macromolecular complex, such as CUR-GlcNAc/Rho-
poly(C) or CUR-Lac/Rho-poly(C), could stain them. These data
clearly indicate that the observed binding of CUR-Man/Rho-
poly(C) onto ConA-immobilized agarose beads is attributable to
the specific interaction between the a-Man-appendages of CUR-
Man/Rho-poly(C) and the ConA-units of ConA-immobilized
agarose beads. Such specific binding properties were also observed
for other carbohydrate-appended macromolecular complexes:
WGA- and RCA120-immobilized agarose beads were fluorescently


Fig. 7 Confocal fluorescent microscopic images of (top) ConA- (mid-
dle) RCA120- and (bottom) WGA-agarose beads stained by (left)
CUR-Man/Rho-(C)45 complex, (middle) CUR-Lac/Rho-(C)45 complex
and (right) CUR-GlcNAc/Rho-(C)45 complex: 25 oC, Tris-buffer (20 mM,
pH 7.2) containing CaCl2 (10 mM) and MnCl2 (10 mM), kex = 548 nm.


stained by CUR-GlcNAc/Rho-poly(C) and CUR-Lac/Rho-
poly(C), respectively, in a specific manner.


Since the fluorescent probes are attached onto the polynu-
cleotide components in the macromolecular complexes, these
CLSM images indicate that the oligosaccharide-appended curd-
lans deliver the complexed polynucleotides onto the surface
of agarose beads based on the specific carbohydrate–lectin
interactions. Together with the fact that natural cells express
carbohydrate-binding proteins on their surfaces in a cell-specific
manner (e.g., the asialo-glycoprotein receptor in hepatocytes),
these data strongly support the potential of oligosaccharide-
appended curdlans as cell-specific polynucleotide carriers.


Conclusions


We prepared glycoclusters with a b-1,3-glucan main-chain through
the direct addition of multiple copies of carbohydrate modules
onto curdlan. Since the reaction is highly selective for primary
hydroxy groups, the glycoclusters are homogeneous in the chem-
ical structures of their repeating units: that is, the carbohydrate
modules are attached not onto the C2 or C4 positions but onto the
C6 position of every repeating unit. Such structural homogeneity
cannot be achieved through conventional glycosylation onto
natural polysaccharides (the polymer-modification approach).
Furthermore, the glycoclusters have large molecular weights that
are not possible through the chemo-enzymatic polymerization
of carbohydrate-monomers (the bottom-up approach). Since
our glycoclusters have both homogeneous structures and large
molecular weights, they show unique properties arising from the
b-1,3-glucan main-chain; namely, they interact with poly(C) to
form stable macromolecular complexes composed of two polysac-
charide strands and one polynucleotide strand. Furthermore, SPR
and CLSM assays using the lectin-immobilized Au surfaces and
agarose beads show the strong and specific lectin-affinity of these
macromolecular complexes. Along with these unique binding
properties, various great advantages of b-1,3-glucans, such as non-
cytotoxicity and long-blood circulation time, ensure the potential
of b-1,3-glucan-based glycoclusters as polynucleotide carriers.


Experimental


General


1H and 13C NMR spectra were acquired on a Bruker DRX600
spectrometer in CDCl3, D2O or DMSO-d6 at 600 MHz. The
chemical shifts were reported in ppm (d) relative to Me4Si. IR
spectra were recorded on a Perkin–Elmer Spectrum One Fourier
transform infrared spectrometer attached with a universal ATR
sampling accessory. Circular dichroism (CD) spectra were mea-
sured on JASCO 720WI circular dichroism spectrometer. Matrix-
assisted laser desorption ionization time-of-flight (MALDI-TOF)
mass spectra were recorded on PerSeptive Biosystems Voyager-
DERP biospectrometry workstation. Silica gel 60 N (particle
size 40–50 lm) for column chromatography was purchased from
Kanto Chemical Co. Inc. Thin layer chromatography (TLC) was
carried out with Merck TLC aluminium sheets pre-coated with
silica gel 60 F254.


CD spectral measurements. CUR with oligosaccharide-
appendages (24.5 mmolrepeating-unit) were dissolved in DMSO (100 ll)
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and then mixed with a poly(C) aqueous solution (1 mg ml−1,
100 ll). The resultant mixtures were then diluted with Tris-buffer
(10 mM, pH 8.0), incubated for 2 days at 4 ◦C and then used for
CD spectral measurements.


SPR sensorgram measurements. Au surfaces immobilized with
carboxymethyl dextran were used for the SPR measurements.
Before the measurements, the carboxyl groups on the Au
surfaces were first activated with 1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide hydrochloride/N-hydroxysuccinimide
(EDC/NHS) and then rinsed with pure water several times. The
lectins in pure water were then immobilized onto the Au surfaces
by coupling with the activated carboxy groups. After rinsing and
stabilizing with 0.83 mM Tris-HCl buffer (pH 8.0) containing
CaCl2 (8.3 mM), MnCl2 (8.3 mM) and DMSO (4.2 wt%),
the macromolecular complexes composed of CUR-derivatives
and poly(C) in the same buffer systems were loaded and the
sensorgrams obtained.


Synthesis of 2,3,4,6-tetra-O-acetyl-1-(2′-propargyl)-a-D-man-
noside. BF3·OEt2 (10 ml) was added to 1,2,3,4,6-penta-O-acetyl-
D-mannose (2.1 g) and propargyl alcohol (5.0 ml) in anhydrous
CH2Cl2 (5.0 ml) at room temperature, and stirring continued for
45 h under a nitrogen atmosphere. The resultant mixture was
diluted with ethyl acetate and washed with saturated aqueous
NaHCO3. The organic layer was dried over anhydrous MgSO4,
filtered, and concentrated to dryness. Although the residue was
subjected to the purification by silica gel column chromatography
(hexane only → hexane–ethyl acetate (1 : 1)), the Rf values of
the starting material and the product were so close that the pure
product could not be obtained. Thus, a deacetylation (in a mixture
of aqueous ammonia, MeOH and THF) of this product was
performed for purification purposes (silica gel, CHCl3–MeOH–
H2O (4 : 5 : 1)). Re-acetylation of the compound was carried
out by treatment with a mixture of pyridine (200 ml) and acetic
acid (150 ml). An excess of EtOH was added to the resultant
mixture to quench the reaction and the solution was concentrated
in vacuo. The mixture was diluted with ethyl acetate and the organic
layer was washed with 0.5 N aqueous HCl and saturated aqueous
NaHCO3 several times. The organic layer was dried over anhy-
drous magnesium sulfate, filtered, and concentrated to dryness
to give 2,3,4,6-tetra-O-acetyl-1-(2′-propargyl)-a-D-mannoside as
a white powder in 52% yield. 1H NMR (CDCl3, TMS): 5.34–5.28
(m, 3H), 5.04 (s, 1H), 4.31–4.28 (m, 3H), 4.12 (dd, J = 2.13 and
12.2 Hz, 1H), 4.04–4.02 (m, 1H), 2.49 (s, 1H), 2.12 (s, 3H), 2.11 (s,
3H), 2.05 (s, 3H), 2.00 (s, 3H); [M + Na]+ = 409.12 (calc. 409.11);
IR (KBr, cm−1) 1756.


Synthesis of 1-(2′-propargyl)-a-D-mannoside. Aqueous ammo-
nia (50 ml) was added to 2,3,4,6-tetra-O-acetyl-1-(2′-propargyl)-a-
D-mannoside (1.0 g) in THF–MeOH (200 ml, 1 : 1) and stirring was
continued for 2 h at room temperature. The solvent was evaporated
and the resultant residue was subjected to the purification by silica
gel column chromatography (CHCl3–MeOH (4 : 1) → CHCl3–
MeOH–H2O (4 : 5 : 1)) to obtain 1-(2′-propargyl)-a-D-mannoside
in 95% yield as a white powder after lyophilization. 1H NMR
(DMSO-d6 containing a small amount of D2O, HOD): 4.96 (d,
J = 1.03 Hz 1H), 4.28 (dd, J = 2.07 and 15.9 Hz, 1H), 4.23 (dd,
J = 2.02 and 15.9 Hz, 1H), 3.87 (dd, J = 1.51 and 3.36 Hz, 1H),
3.81 (dd, J = 1.40 and 12.4 Hz, 1H), 3.73–3.67 (m, 2H), 3.61–


3.58 (m, 2H), 2.84 (s, 1H); [M + Na]+ = 241.09 (calc. 241.07); IR
(KBr, cm−1) 2970.


Synthesis of 2,3,6,2′,3′,4′,6′-hepta-O-acetyl-1-(2′-propargyl)-b-
lactoside. BF3·OEt2 (10 ml) was added to 1,2,3,6,2′3′4′6′-octa-O-
acetyllactose (3.3 g) and propargyl alcohol (5.0 ml) in anhydrous
CH2Cl2 (5.0 ml) at room temperature, and stirring continued for
44 h under a nitrogen atmosphere. The resultant mixture was
diluted with ethyl acetate and washed with saturated aqueous
NaHCO3. The organic layer was dried over anhydrous MgSO4,
filtered, and concentrated to dryness. Although the residue was
subjected to purification by silica gel column chromatography
(hexane only → hexane–ethyl acetate (1 : 1)), the Rf values of
the starting material and the product were so close that the pure
product could not be obtained. Thus, a deacetylation (in a mixture
of aqueous ammonia, MeOH and THF) of this product was
performed for purification purposes (silica gel, CHCl3–MeOH–
H2O (4 : 5 : 1)). Re-acetylation of the compound was carried
out by treatment with a mixture of pyridine (200 ml) and acetic
acid (150 ml). An excess of EtOH was added to the resultant
mixture to quench the reaction and the solution was concentrated
in vacuo. The mixture was diluted with ethyl acetate and the
organic layer was washed with 0.5 N aqueous HCl and saturated
aqueous NaHCO3 several times. The organic layer was dried
over anhydrous MgSO4, filtered, and concentrated to dryness to
give 2,3,6,2′,3′,4′,6′-hepta-O-acetyl-1-(2′-propargyl)-b-lactoside as
a white powder in 49% yield. 1H NMR (CDCl3, TMS): 5.35 (d,
J = 2.81 Hz, 1H), 5.23 (t, J = 9.34 Hz, 1H), 5.11 (dd, J = 8.31
and 10.3 Hz, 1H), 4.96 (dd, J = 3.40 and 10.4 Hz, 1H), 4.92 (t,
J = 8.40 Hz, 1H), 4.74 (d, J = 7.98 Hz, 1H), 4.50 (dd, J = 1.52
and 12.8 Hz, 1H), 4.49 (d, J = 8.08 Hz, 1H), 4.34 (s, 1H), 4.34
(s, 1H), 4.15–4.07 (m, 3H), 3.88 (t, J = 6.80 Hz, 1H), 3.82 (t, J =
9.49 Hz, 1H), 3.64 (m, 1H), 2.47 (s, 1H), 2.15 (s, 3H), 2.12 (s, 3H),
2.06 (s, 6H), 2.06 (s, 3H), 2.05 (s, 6H), 1.97 (s, 3H); [M + Na]+ =
697.31 (calc. 697.21); IR (KBr, cm−1) 1752.


Synthesis of 1-(2′-propargyl)-b-lactoside. Aqueous ammo-
nia (50 ml) was added to 2,3,6,2′,3′,4′,6′-hepta-O-acetyl-1-(2′-
propargyl)-b-lactoside (1.1 g) in THF–MeOH (200 ml, 1 : 1)
and stirring was continued for 3 h at room temperature. The
solvent was evaporated and the resultant residue was subjected to
purification by silica gel column chromatography (CHCl3–MeOH
(4 : 1) → CHCl3–MeOH–H2O (4 : 5 : 1)) to obtain 1-(2′-propargyl)-
b-lactoside in 93% yield as a white powder after lyophilization. 1H
NMR (D2O, HOD): 4.53 (d, J = 7.93 Hz, 1H), 4.35 (dd, J = 1.90
and 8.66 Hz, 1H), 4.32 (d, J = 7.72 Hz, 1H), 3.85 (d, J = 11.5 Hz,
1H), 3.80 (d, J = 3.03 Hz, 1H), 3.70–3.58 (m, 5H), 3.55–3.52 (m,
3H), 3.49–3.48 (m, 1H), 3.42 (t, J = 8.11 Hz, 1H), 3.32 (t, J =
8.28 Hz, 2H), 2.82 (s, 1H); [M + Na]+ = 403.09 (calc. 403.12); IR
(KBr, cm−1) 2971.


Synthesis of N-acetyl-3,4,6-tri-O-acetyl-1-O-(2′-propargyl)-b-D-
glucosaminide. To glucosamine hydrochloride in saturated aque-
ous NaHCO3, 2,2,2-trichloroethoxycarbonyl chloride (TrocCl)
was added and the resultant mixture was stirred at room
temperature for 1 day. The white precipitate was filtered off
and washed with water and ethanol to give N-(2′,2′,2′-trichloro-
ethoxycarbonyl)-D-glucosamine as white powder. The resultant
white powder was treated with acetic anhydride in pyridine
for 6 h at room temperature. After the reaction was complete,
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the resultant mixture was diluted with ethyl acetate and
washed with 0.5 N aqueous HCl. The organic layer was
dried, filtered, concentrated and chromatographed (silica gel,
toluene–ethyl acetate (2 : 1)) to give 1,3,4,6-tetra-O-acetyl-N-
(2′,2′,2′-trichloroethoxycarbonyl)-D-glucosamine. BF3·OEt2 (10 ml)
was added to 1,3,4,6-tetra-O-acetyl-N-(2′,2′,2′-trichloroethoxy-
carbonyl)-D-glucosamine (2.5 g) and propargyl alcohol (5.0 ml)
in anhydrous CH2Cl2 at room temperature and stirring continued
for 46 h under a nitrogen atmosphere. The resultant mixture was
diluted with ethyl acetate and washed with saturated aqueous
NaHCO3. The organic layer was dried over anhydrous MgSO4,
filtered, and concentrated to dryness. The obtained crude product
was treated with zinc powder in acetic acid at room temperature
for 1 h. After the reaction was complete, acetic anhydride was
added and the mixture was stirred for 2 h at room temperature.
The mixture was filtered, diluted with ethyl acetate and washed
with saturated aqueous NaHCO3 several times. The organic layer
was dried over anhydrous MgSO4, filtered, concentrated and chro-
matographed (CHCl3–MeOH (25 : 1)) to give N-acetyl-3,4,6-tri-
O-acetyl-1-O-(2′-propargyl)-b-D-glucosaminide as a white powder
in 23% yield (6 steps). 1H NMR (CDCl3, TMS): 5.52 (br s, 1H),
5.28 (t, J = 9.62 Hz, 1H), 5.10 (t, J = 9.63 Hz, 1H), 4.86 (d,
J = 8.41 Hz, 1H), 4.39 (s, 2H), 4.27 (dd, J = 4.70 and 12.3 Hz,
1H), 4.15 (dd, J = 1.80 and 12.2 Hz, 1H), 3.96 (dd, J = 8.78 and
19.0 Hz, 1H), 3.74–3.71 (m, 1H), 2.47 (s, 1H), 2.09 (s, 3H), 2.04 (s,
3H), 2.03 (s, 3H), 1.97 (s, 3H); [M + Na]+ = 408.21 (calc. 408.13);
IR (KBr, cm−1) 1751, 1649, 1531.


Synthesis of N-acetyl-1-O-(2′-propargyl)-b-D-glucosamine.
Aqueous ammonia (50 ml) was added to N-acetyl-3,4,6-
tri-O-acetyl-1-O-(2′-propargyl)-b-D-glucosaminide (1.0 g) in
THF–MeOH (200 ml, 1 : 1) and stirring was continued for
2 h at room temperature. The solvent was evaporated and
the resultant residue was subjected to the purification by
silica gel column chromatography (CHCl3–MeOH (4 : 1) →
CHCl3–MeOH–H2O (4 : 5 : 1)) to obtain N-acetyl-1-O-(2′-
propargyl)-b-D-glucosaminide in 91% yield as a white powder
after lyophilization. 1H NMR (CD3OD): 4.50 (d, J = 8.10 Hz
1H), 4.27 (s, 1H), 4.26 (s, 1H), 3.79 (dd, J = 2.1 and 12.0 Hz,
1H), 3.61–3.15 (m, 5H), 2.75 (m, 1H), 1.88 (s, 3H); [M + Na]+ =
282.21 (calc. 282.10); IR (KBr, cm−1) 2970, 1655, 1535.


Synthesis of 6-bromo-6-deoxycurdlan (CUR-Br). Native curd-
lan (0.51 g) and LiCl (1.3 g) in dry DMF (30 ml) were stirred at
80 ◦C for 1 day to obtain a homogeneous curdlan solution. After
cooling the resultant solution to room temperature, triphenylphos-
phine (2.0 g) in DMF (10 ml) was added to it and the resultant
mixture stirred at room temperature for 3 h. Carbon tetrabromide
(2.5 g) in DMF (6.0 ml) was then added and the resultant mixture
stirred at 60 ◦C for 12 h. Subsequent reprecipitation from methanol
and centrifugation gave CUR-Br as a brown powder in 31% yield.
13C NMR (DMSO-d6): 102.29 (Glc), 84.23 (Glc), 73.95 (Glc),
72.62 (Glc), 68.17 (Glc), 44.27 (Glc).


Synthesis of 6-azido-6-deoxycurdlan (CUR-N3). CUR-Br (0.50 g)
and NaN3 (2.0 g) in DMSO (50 ml) were stirred at 85 ◦C for 48 h.
The subsequent reprecipitation from water and centrifugation gave
CUR-N3 as a brown powder in 76% yield. 13C NMR (DMSO-d6):
102.26 (Glc), 83.71 (Glc), 73.98 (Glc), 72.90 (Glc), 68.29 (Glc),
50.72 (Glc).


Chemo-selective coupling between 6-azido-6-deoxycurdlan and
functional modules. CuBr2 (2.7 mg), ascorbic acid (25 mg),
propargyl glycoside (400 mg) and propylamine (100 ll) were added
to 6-azido-6-deoxycurdlan (50 mg) in DMSO (2.0 ml) and the
mixture incubated at room temperature for 12 h. The mixture was
dialyzed (water, MWCO8000) followed by lyophilization to give
the desired curdlan derivatives as white powders with yields of
65–82%.


CUR-Man. 13C NMR (DMSO-d6): 143.76 (triazole), 125.35
(triazole), 102.06 (Glc), 99.05 (Man), 83.94 (Glc), 73.67 (Glc),
73.44 (Man), 73.24 (Glc), 70.77 (Man), 70.25 (Man), 68.78 (Glc),
66.93 (Man), 61.13 (Man), 55.29 (methylene), 50.48 (Glc).


CUR-GlcNAc. 13C NMR (DMSO-d6): 169.65 (acetoamide),
143.76 (triazole), 125.35 (triazole), 102.60 (Glc), 100.35 (GlcNAc),
84.14 (Glc), 76.88 (GlcNAc), 74.27 (GlcNAc), 73.67 (Glc),
73.24 (Glc), 70.89 (GlcNAc), 68.78 (Glc), 61.35 (GlcNAc), 61.29
(GlcNAc), 55.58 (methylene), 50.43(Glc), 22.98 (acetoamide).


CUR-Lac. 13C NMR (DMSO-d6): 143.61 (triazole), 125.60
(triazole), 103.70 (Lac), 102.60 (Glc), 101.88 (Lac), 84.10
(Glc), 80.51 (Lac), 75.51 (Lac), 74.95 (Lac), 73.83 (Glc), 73.33
(Lac), 73.19 (Glc), 70.73 (Lac), 68.88 (Glc), 68.20 (Lac), 61.59
(Lac), 60.76 (Lac), 60.46 (Lac), 59.61 (Lac), 55.14 (methylene),
50.46 (Glc).


CUR-OH. 13C NMR (DMSO-d6): 147.71 (triazole), 123.97
(triazole), 102.49 (Glc), 83.94 (Glc), 74.04 (Glc), 73.19 (Glc),
68.91 (Glc), 55.02 (methylene), 50.38 (Glc).
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Engineered nanoparticles are emerging as useful tools for different purposes in life sciences, medicine
and agriculture. Nanomedicine, an emerging discipline, involves the application of nanotechnology
(usually regarded within the size range of 1–1000 nm) in the design of systems and devices that can
facilitate our understanding of disease pathophysiology, nano-imaging, nanomedicines and
nano-diagnostics. Among the different nanomaterials used to construct nanoparticles, are organic
polymers, co-polymers and metals. Some of these materials can self assemble, and depending on the
conditions under which the self-assembly process occurs, a vast array of shapes can be formed.
Frequently, the nanoparticle morphology is spherical or tubular, mimicking the shape, but thus far, not
the functions of subcellular organelles. We discuss here several representative nanoparticles, made of
block copolymers and metals, highlighting some of their current uses, advantages and limitations in
medicine. Nano-oncology and nano-neurosciences will also be discussed in more detail in the context of
the intracellular fate of nanoparticles and possible long-term consequences on cell functions.


Nanoparticles, their properties and applications


Engineered nanomaterials, in particular nanoparticles, are be-
ginning to be widely used for different purposes in agriculture,1
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automobile and other industries, inks, bar coding, electronic
devices,2,3 cosmetic products,4 clothing and medicine.5 Nanopar-
ticles and other nanotechnological products are becoming in-
creasingly sophisticated; these nanoparticles can be presented
as products of four generations: (i) passive nanostructures,
(ii) active nanostructures for multiplexing, (iii) more sophisticated
nanosystems with interacting components and (iv) hierarchical
systems potentially mimicking cellular functions. The fourth stage
nanoparticles are still emerging, however, several examples have
reached stage (ii) and (iii) and these will be briefly discussed in the
following sections.


Engineered nanoparticles have unique properties, which are
different from their individual constitutive components.6–8 An
abundance of biological, chemical, toxicological and other basic
scientific and clinical facts are available for metals of groups II,
III, V, VI in the periodic table. However, much less information is
available about the nanoparticles (e.g. quantum dots) whose cores
are made of these metals. The novel properties of nanoparticles
are being exploited in many imaginative ways and the number of
new constructs is increasing exponentially. Several studies provide
evidence for marked differences in usability of different types
of tailor made and commercial Q-dots for live cell and animal
imaging. They suggest that short-term imaging does not seem to
damage the tissue locally at the site of administration, but that
multiple exposures to external light (from lasers and/or ambient
light sources) can induce phototoxic cell killing. This suggests
that fluorescent nanoparticles could be favorably used for tumor
elimination but should be used with caution since the Q-dots can
be sequestered to healthy tissues where, if degraded, they may
cause local tissue damage.


Remarkable advances in the synthesis of Q-dots, design of new
surfaces and coatings as well as their integration with biomolecules
(reviews on Q-dots9–12) place Q-dots as nanoparticle forerunners in
terms of reaching clinical diagnostic laboratories.13,14 Significant
advances have also been made in the field of biosensors based
on Q-dots. Other nanoparticle types that can respond to various
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pathological or physiological stimuli are of particular interest for
applied cell biology and medical investigations.15–17


Bioluminescent Q-dot conjugates for in vivo imaging were
recently developed by Rao’s group.18 Instead of excitation from an
external illumination source, these Q-dot nanocrystals are excited
by bioluminescence resonance energy transfer and consequently
significantly reduce the autofluorescence of tissue;18 a lucrative
approach using bioluminescent Q-dot conjugates, particularly in
small animal imaging. Several types of nanoparticles employed for
drug delivery and imaging are illustrated (Fig. 1).


Fig. 1 Nanoparticles used for drug delivery and imaging in medicine and
some of their physical and chemical properties.


Nanoparticle types made of block copolymers containing
fluorescent probes, gold, or super paramagnetic particles are
among the most frequently employed in studies of subcellular
distribution and the fate of nanoparticles. When covered with
polyethylene glycol (PEG), they are usually innocuous; they enter
cells passively and the core content can be visualized either by
confocal (e.g. fluorescent micelles, quantum dots) or electron
microscopy (gold and iron nanoparticles).


Dendrimers are one of the most beautiful and attractive classes
of synthetic polymers with nearly perfect molecular structures.
They were envisaged by Paul Flory in 1941,19 but synthesized and
characterized much later.20,21 A wide range of dendrimers are used
commercially and/or prepared in laboratories with modifications
for specific applications.22–24 Dendrimer characterization by var-
ious analytical techniques such as nuclear magnetic resonance,
infrared spectroscopy, Raman spectroscopy, fluorescence, circular
dichroism, X-ray diffraction, mass spectrometry, SANS, EPR,
dielectric spectroscopy and others were reported.25 Dendrimer–
drug interactions26 with an emphasis on drug entrapment within
the dendrimer structure, dendrimer-based transfection agents27


and dendrimers as carriers of contrast agents were also recently
discussed.28


Among the most extensively studied and commercially available
dendrimers are the poly(amido) amine PAMAMs. They were used
for delivering anticancer agents, vaccines and genes. Depending
on the type of dendrimer, route of administration, dose and
cell type, they could be well tolerated when in contact with
living cells. The biocompatibility and toxicity of dendrimers
can be regulated by synthesis, particularly through judicious
choice of functional groups at the periphery.29 However, even
these particular chemistries can only yield intrinsically “safe”
dendrimers related to a specific application.30 Some ex vivo
applications of dendrimer formulations will most likely enter
the market rather rapidly, but their approval for clinical use is
much slower. Nevertheless, recent progress in the development


of dendrimer-based nanocarriers combined with their superior
physico-chemical properties are a strong impetus for considering
these tree-like polymers as promising carriers of drugs and imaging
agents as well as versatile materials for the development of sensitive
bioassay systems.22


Nanoparticles for imaging and drug delivery in
oncology and neuroscience


Promising applications of nanotechnology in oncology seem to be
for passive and targeted drug delivery, tumor imaging and possibly
biodiagnostics. Several examples are given here to illustrate these
possibilities, but let us first consider “cancer nanotech” as defined
by Ferrari, “cancer nanotechnology as a vast and diverse array of
devices derived from engineering, biology, physics and chemistry,
including nanovectors for the targeted delivery of anticancer drugs
and imaging contrast agents and those detection systems such
as nanowires and nanocantilever arrays under development of
the early detection of precancerous and malignant lesions form
biological fluids.”31


The most advanced area of nanomedicine is the application of
polymer-based nanomedicines for the diagnosis and treatment of
cancer. These encompass polymer–drug conjugates and polymer–
protein conjugates, polymeric micelles and multi-component
polyplexes.32–34 Q-dots conjugated with specific antibodies, ligands,
small molecules or mimetics, which interact with specific cancer
cell surfaces, are attractive options for tumor imaging. There
are reasons why polymer–drug conjugates should be considered
as viable approaches in cancer therapy:35 first of all, linking
the anticancer drug to a polymeric carrier can limit cellular
uptake to the endocytic route and provide long-circulating drug
reservoirs. Conjugates, which also contain targeting ligands such
as antibodies, peptides or sugars, targeting particular cancer
cells, could further promote tumor targeting by receptor-mediated
endocytosis. Many polymers are not suitable for drug delivery,
even if cell death is the ultimate goal, because although polymers
may enhance the killing effect, target specificity is still lacking. A
polymer moiety in a drug–polymer conjugate must be non-toxic.
Several binding sites on the polymer is desirable so that it is able
to carry an adequate payload, and the link between the two must
be adequately strong, and not be broken en route to the tumor,
but rather within the tumor. Lastly, intracellular delivery must be
achieved if the target is a pharmacological intracellular receptor. A
good example of such a delivery system is a conjugate containing
doxorubicin linked by Gly-Phe-Leu-Gly, which releases the drug
within 24 to 48 hours. In many cases, an intracellular delivery
can be achieved only by polymers smaller than 100 000 g mol−1,
which is small enough to be internalized by many different tumor
cells. Significant contributions from a number of laboratories
were made in this regard.32–39 Today, polymer–protein conjugates
are used routinely as anticancer therapeutics, as an adjunct to
chemotherapy and a component of combination therapy. There
are several such examples: SMANCS (styrene maleic anhydride-
neocarzinostatin), PEG-asparaginase, PEG-granulocyte colony
stimulated factor, PEG-interferon 2alpha, 2beta, and others.35


Polyglutamate-paclitaxel (PGA-paclitaxel) has already reached
phase III clinical trials and is used for various cancers, particularly
non-small cell lung cancer and ovarian cancer. Paclitaxel is linked
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to PGA (Mwt 17 000 g mol−1) and the conjugate contains a high
drug loading (37 wt%). Enhanced permeability and retention
(EPR)-mediated tumor targeting and the greater efficacy of
PGA-paclitaxel was obtained in preclinical tumor models.35 In
phase III clinical studies, PGA-paclitaxel was compared with
gemcitabine or vinorelbine as a first-line treatment for poor
performance status in non-small cell lung cancer and the studies
showed that some side effects were reduced. An ongoing study
should provide comparative data for PGA-paclitaxel conjugate
and non-conjugated paciltaxel in women with non-small cell lung
cancer. Several comprehensive reviews on polymer conjugates as
anticancer nanomedicines provide a useful platform for further
directions in exploring polymeric drugs in oncology.35,36,38


Polymeric micelles, self-assembled nanoparticles from am-
phiphilic block copolymers, provide a unique core-shell archi-
tecture wherein the hydrophobic core serves as a natural carrier
environment for hydrophobic drugs and the hydrophilic shell
provides particle solubilization and stabilization in an aqueous
environment. Improved drug delivery and cancer specificity can
be achieved by active targeting whereby the corona contains a
cancer-specific marker. Integrin alpha v beta3 is a molecular
target highly expressed in angiogenic endothelial cells in many
solid tumors. Gao’s group has recently developed multifunctional
polymeric micelles as cancer-targeting, MRI-ultrasensitive drug
delivery systems.40 The study presents an elegant approach to
imaging and therapy of tumors. The micelles are composed of three
components: (i) chemotherapeutic agent doxorubicin: released
from the core in a pH-dependent manner; (ii) RGD ligand that
recognizes alpha v beta3 integrins on the tumor endothelial
cell surface and (iii) superparamagnetic iron oxide nanoparticles
(SPION) within the micelle core for magnetic resonance imaging
(MRI) detection. High loading density of SPION (up to 50 w/w%)
allows detection of micelles at nanomolar concentrations. The
uptake and intracellular distribution of these micelles was assessed
by flow cytometry and confocal laser scanning microscopy in
SLK endothelial cells, which express a high number of integrin
receptors. These in vitro studies are promising and require further
testing of RGD-doxorubicin-SPION micelles in in vivo animal
models. The approach is worth testing for other chemotherapeutic
agents in other tumor types in combination with non-invasive
tumor imaging by MRI.


Nanotubes and nanowires are being developed and tested for
biomolecular nanosensing.41,42 Carbon nanotube properties range
from semi-conducting to conducting, single or multi-walled, and
they can change their properties by aggregating and forming dif-
ferent heterogeneous forms. An example of cancer biomarker PSA
using microcantilevers was reported43 but nanosensing devices in
cancer based diagnostics are only developing and are not ready
for routine use.


Unique photophysical properties of quantum dots make them
promising candidates for molecular imaging of tumor and other
cells and tumors in whole animals and eventually humans. Their
sustained luminescence, high fluorescent yield, small size and
functional flexibility are only some of the key features that indicate
the potential of Q-dots as contrast agents for in vivo cancer
detection and imaging (Fig. 2). Nie’s group’s report was among
the first examples of in vivo cancer targeting and imaging with
semiconductor quantum dots.44 The study shows encapsulated
luminescent Q-dots in an ABC triblock copolymer and func-


Fig. 2 Nanoparticles for tumor imaging and drug delivery in oncology.


tionalization of the corona with a tumor-targeting ligand, PSMA
monoclonal antibodies. As a model system in vitro, the authors
used human prostate cancer cells and then grew them in nude mice.
Q-dot-PSMA specific uptake and retention, non-specific uptake,
blood clearance and organ distribution were examined. The results
showed that few or no Q-dots were detectable in the brain, the
heart or kidney and that the presented multicolor fluorescence
imaging of cancer cells in vivo was clearly possible. However,
further modifications and improvements of Q-dot properties are
required to be suitable for imaging in large animals. One of the
reasons for relatively poor uptake of one class of Q-dots was an
excessive negative charge on the probe surface, i.e. carboxylic
groups on the polymer coating. In contrast, when compared to
the photophysical properties of common organic dyes, Q-dots had
significantly longer excited state lifetimes (20–50 ns) than organic
dyes (about 1 ns) and pointed towards the usefulness of Q-dots in
longer imaging sessions.45


In summary, recent studies point towards the application of
multimodal Q-dots for molecular cancer diagnosis and therapy.
In addition, multifunctional nanoparticle probes could enable
surgeons to visually identify small tumors or other small lesions
and facilitate removal of the undesirable growth more effectively.
Nanoparticles such as micelles could deliver a cocktail of an-
ticancer drugs in a more controllable manner than individually
injected components. Finally, a combination of photo- and MRI
imaging could provide an elegant non-invasive tool for localization
of small tumors, guidance for surgical procedures and evaluation
of chemotherapeutic efficacy. The realization of practical appli-
cations of these multi-functional nanodevices requires careful
research of a multidisciplinary nature and is ongoing in several
laboratories.


Neuroscience is another emerging area where nano-technology
is beginning to make marked progress. Due to the complexities and
intricacies of the nervous system, nanoparticles have tremendous
potential to be exploited in order to address some of the key
biological questions, such as those related to neuronal repair
and degenerative processes. To date, there are only few such
examples. The application of nanotechnology provided an insight
into fundamental processes such as single molecule trafficking
(e.g. NMDA and glycine receptor17,46), very basic information on
fluorescent labeling of model neural cells (PC12 cells) and primary
neural cells from cortical cultures (neurons and glia).47,48 Attempts
have been made to track nanoparticle fate in neural cells47–50 and
nanofiber scaffold for axon regeneration with the aim to return
functional vision51 has been reported.
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Although currently available Q-dots provide excellent (though
primarily non-functionalized and non-specific) tools for molecular
imaging in real-time in cells, their application for real-time
imaging in animals is limited because they require excitation
from an external illumination source to fluoresce, resulting in
considerable autofluorescence; and at high laser powers there
could be non-selective tissue damage at the illuminated site. To
avoid these obstacles So et al. have devised nanoparticles which
self-illuminate, thereby avoiding the need for an external light
source.52 The authors took advantage of Renilla luciferase, which
is constitutively active (when substrate is provided) as it can show
exactly where Q-dots are located (if the enzyme has not detached
or been cleaved on its way to the desired site). Although this
approach is a very appealing tool for basic research, the major
limitation for in vivo imaging is the uneven tissue distribution
of coelentrazole (the luciferase substrate needed for generating
photoluminescence), which can cause errors in interpreting signal
intensities. Hence, this approach can be used for small animal
imaging to qualitatively assess the sites of Q-dot distribution and
serve for real-time imaging with minimal background because the
excitation/emission wavelengths are outside the range of strong
absorption/emission of tissue biomolecules (e.g. hemoglobin).
Since luciferase-functionalized Q-dots are still not a satisfactory
tool for real-time animal imaging and eventually clinical stud-
ies, alternative approaches must be developed. Multifunctional
nanoparticles providing optical detection together with MRI or
PET are emerging tools complementing the existing armamentar-
ium of luminescent quantum dots.


Nanoparticles and their intracellular fate


Despite the remarkable development of nanoscience, relatively
little is known about the interaction of nanoparticles with
biological systems. This is an emerging area of research bridging
chemistry, physics, biology and medicine. An example of intracel-
lular location of Q-dots and labeled organelles is shown in Fig. 3.


The internalization of block copolymer micelles and Q-dots in-
volves endocytosis.53–55 Endocytotic pathways involve pinocytosis,
caveolae, clathrin, and caveolae–clathrin independent processes.
The best characterized pathway is clathrin-dependent endocytosis
involving a number of accessory factors,56 their regulation of spe-
cific proteins and their phosphorylation status. Other approaches
used to explore nanoparticles and macromolecule endocytosis are
genetic mutations and pharmacological manipulations.


Physical stability of nanoparticles is a fundamental requirement
for an effective drug delivery system. In contrast to low molecular
mass surfactants, and natural micelle-forming biomolecules, poly-
meric micelles exhibit significantly lower values for the critical
association constant (CAC), indicating greater thermodynamic
stability. The rate at which the micelles tend to dissociate is related
to their composition, their physical state and the cohesion of the
micelle core. Micellar stability correlates well with the length of the
hydrophobic segment in the amphiphilic copolymer, with higher
proportions of hydrophobic polymer conferring greater thermo-
dynamic stability. Recent studies by Savić et al. demonstrated
marked differences in PCL-b-PEO micelle stability depending
on the microenvironment.57 Fluorogenic dye incorporated into
micelles was rapidly converted into the fluorescent agent in serum-


Fig. 3 Multiple labeling of cell and intracellular location of Q-dots:
confocal micrographs of MCF-7 cells treated with green Cys-CdTe
QDs (10 lg mL−1). Top left: a schematic representation of the cellular
compartments observed. Top right: visualization of green QDs in the
intracellular compartment. Bottom left: staining of lysosomes with red
fluorescent lysotracker dye. Bottom right: overlay of Q-dots and lysosome
micrographs.


containing medium and in vivo. These studies are the first to show
PCL-b-PEO micelle instability in live animals.


Intracellular trafficking and fluorescence imaging of micelles
has been recently reviewed.58 Ultrasensitive and high-resolution
microscopic techniques are beginning to provide insights into the
real-time dynamics of cellular components and macromolecular
pharmacological agents as they are delivered into and travel
within single cells. By combining genetic manipulations of cells
with fluorescent markers and labeling of individual cellular
organelles, the journeys of nanoparticles and the intricacies of
their interactions with cellular components within the single cells
are being elucidated.


Uncapped or inadequately capped Q-dots are not very stable
and can produce reactive oxygen species (ROS). Consequently,
ROS can damage multiple organelles (Fig. 4). Electron spin
resonance spectroscopy, which is suitable for in vitro studies, can be
cumbersome with tissues and cells, therefore, a battery of fluores-
cent dyes is used for ROS detection. All of these dyes have limited
specificity and must be used with caution. Dichlorodihydrofluores-
cein diacetate detects nearly all ROS nonspecifically and is useful
in preliminary screening. Generation of superoxide can be detected
by dihydroethidium (mainly detects superoxide anion), and singlet
oxygen as detected by singlet oxygen sensor green. Extracellular
and intracellular cadmium concentrations are difficult to measure
but they can be determined by using ion selective electrodes,
fluorescent kits or atomic emission spectroscopy.


Nanoparticles in biological fluids (e.g. plasma) become coated
with proteins and as such can exert biological effects. There-
fore, comprehensive studies will be needed to explore protein–
nanoparticle interactions and their consequences. In this context
we need to gather information regarding the binding affinities and
stoichiometries for different protein–nanoparticle combinations.


2338 | Org. Biomol. Chem., 2007, 5, 2335–2342 This journal is © The Royal Society of Chemistry 2007







Fig. 4 Organelle states and functions under normal conditions and
under oxidative stress. Top: schematic representation of the cellular
compartments observed. Top row: organelles under normal conditions.
Bottom row: changes in organelles exposed to quantum dots for 24 hours.
Column 1: nuclei are deformed and often have condensed chromatin.
Column 2: mitochondria are swollen and often localized in the perinuclear
region. Column 3: lysosomes are swollen in Q-dot treated cells. Column
4: lipid droplets are more abundant and enlarged in CdTe Q-dot (10 lg
mL−1) treated cells than in the untreated controls. Cells were stained with
Draq5 (0.5 uM, nucleus), MitoTracker deep red (0.5 lM, mitochondria);
LysoTracker DND 99 (0.5 lM, lysosomes and oil red O (1 uM, lipid
droplets).


Kinetics of nanoparticle association and dissociation with proteins
and the concurrent exchange processes with free proteins play
an important role in determining the interactions of protein-
modified nanoparticles with biological receptors and the resulting
biological effects. The lifetimes of typical protein–protein com-
plexes range from microseconds to weeks, and protein–ligand
complexes typically have lifetimes spanning microseconds to days.
To gain quantitative data for the lifetimes of nanoparticle–
protein complexes, several methods have been employed (e.g.
isothermal titration calorimetry, surface plasmon resonance or
gel filtration59); and many others are currently being developed.


Relatively little is known about the fate of fluorescent nanopar-
ticles in different cell types and in the whole animal. This area is
relatively new, and many fluorescent dyes or nanoparticles do not
have sufficient stability and are not resistant to photobleaching
upon multiple exposure to lasers. The synthesis of fluorescent
polymers is not a trivial matter, and some dyes simply cannot
be conjugated to the polymer. Additional problems include
the autofluorescence of the tissue and a limited resolution of
available instrumentation for in vivo imaging. An additional factor
complicating the determination of the fate of biodegradable block
copolymer micelles and Q-dots in vivo is the interference associated
with components from blood and other biological molecules. One
of the first studies with fluorogenic dyes incorporated into micelles
demonstrates how the increasing complexity of the biological
environment impacts on the micelle disintegration.57 Further
studies with fluorogenic dyes may yield a product emitting in the
near-infra region, and might provide an important tool in the
quest for new information on micelle fate in vivo.


The first studies on Q-dot pharmacokinetics were done by
Ballou et al.60 and more recently by Fischer et al.61 The latter
studies showed that Q-dots with lysine and bovine serum albumin


(BSA) have considerably different distribution patterns, uptake
in different organs, and clearance. In contrast, the volume of
distribution was comparable for both types of Q-dots (66–
68 mL kg−1). Half-lives for the two types of Q-dots were deduced
from inductively coupled atomic emission spectroscopy (ICP-
AES) by measuring cadmium concentration correlated to the Q-
dot concentration. This approach provided an indirect measure
of Q-dot tissue vs. plasma concentrations; better approaches are
needed for such studies.


Q-dots that can emit infrared or near infrared light are particu-
larly suitable for deep tissue imaging because autofluorescence
of hair and tissues in this range is minimal. Q-dots emitting
within 650–800 nm conjugated with polyethylene glycol (PEG) and
specific ligands recognizing receptors could be particularly useful.
If administered intravenously, the liver does not immediately elim-
inate PEG-Q-dots; their protracted circulation permits adequate
time so that their fate may be followed using different imaging
set-ups. Injected Q-dots with PEG coatings or functionalized Q-
dots can be detected with standard in vivo imaging systems for
several days when administered subcutaneously or intravenously.
In vivo monitoring of Q-dots is appealing because it can provide
information required on time-dependent Q-dot distribution and
accumulation in tissues, which is important in the evaluation of
potential therapeutic applications. Data for the biodistribution
and pharmacokinetics of Q-dots is emerging and more systematic
studies are needed to demonstrate how rapidly these particles can
be eliminated from the body, where they accumulate, and what
non-specific tissue damage they may eventually cause.


Nanoparticles and their adverse effects on cells


Nanoparticles can exert a multitude of effects in biological systems
and individual cells. The kind and extent of these effects depend on
physico-chemical properties of nanoparticles, their concentration,
duration of contact with cells, cellular and subcellular distribution
and cell/tissue types. In addition, the cell status before and
during the nanoparticle exposure also plays an important role. For
example, the same type highly luminescent, purified nanoparticles
in relatively low nanomolar or even picomolar concentrations
suitable for bioimaging in a short contact with cells may not
cause any noticeable change on or in these cells. In contrast, the
same cells exposed to the same nanoparticles but for a prolonged
time period or preconditioned so that they are more vulnerable
to such a mild stress, could result in marked impairments of
cellular functions. The most common mechanisms associated with
nanoparticle-induced cell death are apoptosis and necrosis,62 but
there are many more forms of cell death. In addition, a degree
of damage can lead from one type of cell death to the other.
For instance, short term exposure to uncapped CdTe Q-dots
(5 ug mL−1) in the presence of serum does not kill almost any cell
type but in the long-term presence of these unprotected CdTe Q-
dots, there are multiple intracellular damaged sites63 showing both
apoptotic and necrotic cells. Cells in a nutrient enriched medium
and not in a fast metabolizing state will generally deal well with
small insults, and once the nanoparticles are removed they will
recover. In contrast, these same particles under starvation/serum
deprivation are sensitized to Q-dot insult and die in different ways,
including apoptosis and necrosis. Common characteristic changes
in cells undergoing necrotic cell death are: mitochondrial swelling
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and clustering in the perinuclear region, calpain and cathepsin
activation, lysosomal and plasma membrane rupture. Necrosis was
long considered as an uncontrolled process. However, evidence is
emerging that mitochondrial dysfunction, enhanced generation of
reactive oxygen species, ATP depletion and membrane ruptures do
not occur haphazardly. By looking at the morphological changes
in Q-dot-induced cell death, one can often notice a transition
from apoptosis to delayed necrosis. Nondividing cells such as
neurons, in complete chemically defined medium supplied with
trophic factors, vitamins, antioxidants and serum, usually cope
with pegylated nanoparticles well and do not die, at least not within
a few days (unpublished observation). In contrast, if cells are
“preconditioned” thereby made more vulnerable to an additional
insult (e.g. malnourished, hypoxic), they will be severely damaged
in a concentration- and time-dependent manner. Oxidative stress is
considered an important contributor to nanoparticle-induced cell
death and several organelles respond to it in different manners.


An interesting example of organelles “sensing” stress induced
by nanoparticles is a lipid droplet. This organelle has been mainly
considered as an energy storage site and it was extensively studied
in adipocytes. However, most cells produce lipid droplets at some
point in their life. Lipid droplets seem to play multiple roles
in different cell types and under different conditions. In Q-dot-
treated cells, exposed to oxidative stress, their number and size
changes (unpublished observation). An example of oil red O
stained lipid droplets in PC12 cells treated with Q-dots is shown
(Fig. 3). Studies on the role of lipid droplets in the physiology of
various cell types is already a blossoming area of research64 and
may well become an attractive new direction in nanomedicine.


Due to their multiple roles in cell death and survival, mito-
chondria and individual mitochondrial proteins are also targets
for drug development in different areas of medicine, e.g. cancer
and arthritis therapies, cardiovascular, and neurodegenerative
diseases.65–68 A summary of the effects of Q-dots on mitochondria
and other organelles is illustrated (Fig. 5) and discussed in several
studies.56,63


Lysosomes are organelles commonly associated with paradigms
of necrosis and apoptosis.69,70 Lysosomes and lysosomal hydrolases
participate in the engulfment and digestion of dying and dead cells
and in cellular/tissue autolysis during necrosis. Christian de Duve
was the first to define lysosomes as “sacks, suicide bags” in 1955,
and ever since then their role was repeatedly confirmed in different
cell death paradigms. Among the signaling pathways, PI3K plays
a prominent role as demonstrated by using wortmannin; which
caused the swelling of the perinuclear lysosomes and mis-sorting of
cathepsin D in secretory granules.71 The lysosomal compartment is
a target dealt with in drug development of anticancer therapies. In
this context, Rabs, Sigma 2-receptors, microtubules, and HSP70
are the proteins of particular interest as targets.72 The limited
availability of drug delivery systems of polypeptide, DNA or RNA
therapeutics is a big problem in targeting lysosomes. Nanoparticle-
based drug delivery systems with target-peptidomimetic moieties
may offer novel ways of tackling this problem. Our limited
knowledge about the mechanisms of nanoparticles impacting
on living cells and in the whole body raises concerns about
possible adverse effects on biological systems. We are beginning
to explore their effects at local sites and in individual cells and
how interactions with subcellular organelles could mimic or cause
changes in cellular functions (Fig. 5).73


Fig. 5 Proposed mechanisms of Q-dot induced cell death. Exposure of
cells to Q-dots (e.g. uncapped and/or destabilized CdTe or CdSe) often
results in the generation of ROS. ROS can be detected both extracellularly
and intracellularly. They can affect plasma membranes leading to lipid
peroxidation and to Fas upregulation. Apoptotic cell death is induced by
activation of Fas and its downstream effectors (e.g. caspases). Depending
on the cell status, duration of exposure to nanoparticles and physico-chem-
ical characteristics of the nanoparticles, e.g. positively charged Q-dots,
lysosomes can become enlarged, destabilized and eventually disrupted.
Lipid peroxidation also occurs at the mitochondrial membranes, degrading
cardiolipin, changing the mitochondrial membrane potential, eventually
leading to the release of cytochrome c, and promoting apoptotic cascades.
Low nanomolar concentrations of Cd ions or ROS interacting with
nuclear components can induce epigenomic changes. These are particularly
relevant for the chronic exposures to barely detectable intracellular
concentrations of nanoparticles and their integral components.


An intriguing question in nanomedicine and the nano-
environment is that of a nanohazard. Wide disagreement between
the two extreme views, i.e. they are safe and they are dangerous, is
exacerbated by the lack of knowledge of nanoparticle–biological
system interactions, especially by those which cannot be easily
detected by robust techniques. For instance, our most recent
studies strongly suggest that even small, hardly detectable or
even undetectable concentrations of quantum dots can cause
epigenomic changes.74 Epigenetic changes may have long-term
effects on gene expression, programmed long after the initial signal
has been removed, and if these changes remain undetected they
could lead to long-term untoward effects in biological systems.
Nanoparticle or metal ion-induced oxidative stress leading to
cell death has been previously reported at the genomic level,
but has not yet been investigated at the epigenomic level.75 Cells
undergo chromatin condensation in response to insult by cadmium
and selenium, both common elements constituting Q-dot cores.
Epigenomics, a new scientific discipline merging epigenetics and
genomics, provides new insights into our understanding of genetic
regulation and its role in cellular growth, differentiation, cell
death, diseases and aging.76 Epigenetic variations operate through
methylation of cytosine nucleotides in DNA or post-translational
modification of histones such as acetylation, phosphorylation,
methylation and sumoylation, all of which may be involved in
modulating gene activation and expression.77 Epigenetics can
also be understood as the mediator of interactions between the
environment and genetics.78 Q-dot-induced oxidative stress has
been well established in different cell types,63 however, their effects
on the epigenome, including histone modifications (acetylation
and methylation) and DNA methylation is only beginning to be
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examined. Our studies with easily degradable cadmium telluride
quantum dots show that aside from genotoxic effects, nanoparti-
cles can cause more subtle, epigenetic changes and that these merit
thorough examination of environmental nanoparticles and novel
candidate nanomaterials for medical applications.


In summary, the novel and unique properties of nanoparticles,
which have been enthusiastically explored for their advancement as
potential therapeutics and diagnostics, could also be the source of
undesirable effects on biological systems.79,80 The factors that play
important roles include nanoparticle size, chemical composition,
surface structure, shape, solubility and aggregation. Our most
recent studies showed that both gold nanoparticle-containing
micelles and indium-galium phosphate (InGaP) nanoparticles
aggregate in the presence of serum proteins and these can
be detected by confocal and electron microscopy both in the
intracellular compartments and outside the cells. Most of the
non-functionalized and PEG-nanoparticles end up in lysosomes.
However, if functionalized they can easily reach other intracellular
locations. For example, Hoshino et al., achieved subcellular
targeting with luminescent Q-dots conjugated with nuclear and
mitochondria-targeting ligands.81


Are we there yet? Current status and future directions


Nanoparticles have a great potential for diagnosis, therapy and
biosensing in medicine.


A current problem is how to establish a testing platform
for predicting and assessing the potential hazard of new and
available nanomaterials: shall we just apply common sense and
apply toxicological tests as for any other drug? Or shall we treat
them with additional rigor to increase the probability of correct
predictions?


My personal view is that first and most importantly we should
not exaggerate the good or bad properties of nanoparticles.
Secondly, there is no general approach on how to treat different
types of nanoparticles. Surely, they should be screened for biocom-
patibility but we do not need excessive and unnecessary additional
tests if they are either applied in extremely low picomolar concen-
trations and for a short time. In contrast, stringent testing should
be applied to diagnostic nanoparticles if they are to be repeatedly
introduced into the human body. Cumulative effects of multiple
administered small doses of nanoparticles cannot be ignored due
to their possible epigenomic effects and sequestration in some
organs.61 Lastly, the most promising application of nanomaterials,
including fluorescent, luminescent, superparamagnetic and other
types of nanoparticles, functionalized or not, may be for diagnostic
and analytical purposes by using biological fluids and easily
accessible tissue samples in combination with functionalized
nanoparticles for biosensing.


A partnership between nanotechnology, medicine and the
environment is in many ways similar to others, beginning with
fascination and high hopes. We have embraced nanotechnology
with enthusiasm and we are also becoming aware of the potential
hazards by some, but not all, of the new nanomaterials. The
examples of the current uses, advantages and limitations of nano-
materials in medicine discussed herein, show that our increasing
understanding of the possible adverse effects of nanoparticles
in the human body and in our environment will help us to
overcome hurdles and gain benefit from the companionship


between nanomedicines and humans rather than witness their
doomed relationship with live cells.
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Gel-phase 19F NMR spectroscopy is a useful monitoring technique for solid-phase organic chemistry
due to the high information content it delivers and swift acquisition times, using standard NMR
spectrometers. This paper describes the synthesis of the novel linker 2-(2-fluoro-4-
hydroxymethyl-5-methoxy-phenoxy)acetic acid in 29% yield over seven steps, using nucleophilic
aromatic substitutions on 2,4,5-trifluorobenzonitrile as key steps. Following standard solid-phase
synthesis a peptide could be cleaved from the linker using 20% TFA in CH2Cl2 in 30 minutes, in contrast
to a previously described monoalkoxy linker that requires 90% TFA in water at elevated temperature. A
resin-bound peptide could be successfully glycosylated using only two equivalents of a thioglycoside
donor, activated with N-iodosuccinimide and trifluoromethanesulfonic acid, and subsequent cleavage
and deprotection gave the target glycopeptide. Direct glycosylation of the linker itself followed by mild
acidic cleavage gave a fully protected hemiacetal for further chemical manipulation.


Introduction


Solid-phase syntheses of peptides1 and oligonucleotides2 have
become standard procedures, with automated methods and
synthesizers. Non-peptidic solid-phase organic synthesis is also
developing strongly, but mostly for rather simple chemistry with
few steps and good regio- and diastereoselectivity. For more
complex targets, e.g. oligosaccharides, the lack of methods for
reaction monitoring still hampers progress.3 One method that
overcomes this problem is gel-phase 19F NMR spectroscopy
using fluorine containing linkers, reactants and/or protecting
groups. Spectra showing the yield, and in many cases also the
diastereomeric ratio, can be recorded in a few minutes using
standard NMR spectroscopy equipment. This method has been
successfully used in both oligosaccharide and small molecule solid
phase organic synthesis.4–18 In order to accomplish this, several
linkers e.g. 1,17 2,6,15 and 314 (Fig. 1) have been developed that can
be cleaved under acidic, basic or oxidative conditions respectively.
However, linkers 1 and 2 demand rather harsh conditions for
cleavage, such as 90% trifluoroacetic acid (TFA) in water at 60 ◦C
for six hours for 1.6,17 Even though more advanced automated or
semi-automated synthesizers have the ability to warm and cool the
reaction, solid-phase synthesis is greatly simplified if the reactions
can be performed at room temperature. To this end, and to
further extend the range of linkers and enable more gentle cleavage
methods, more acid labile linkers are needed. In non-fluorinated
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Fig. 1 Examples of fluorinated linkers and the Wang resin 4. Carboxylic
acids attached to 1, 2, and 4 are cleavable under acidic or basic conditions,
those attached to 3 are cleavable under oxidative conditions.


versions, alkoxy substituted benzyl alcohols have been widely used
as linkers, with the classical Wang-linker19 4 as the most common
one.20 The Wang-linker is normally cleaved with TFA at room
temperature, but the introduction of an electron withdrawing
fluorine atom (cf. linker 1) decreases the acid lability of the linker.6


Increasing the number of electron donating alkoxy groups on the
linker conversely increases the acid lability,20 indicating that the
introduction of a methoxy group into the fluorinated linker 1
could give the desired properties. In this study we describe the
synthesis and application of the fluorinated dialkoxy linker 2-(2-
fluoro-4-hydroxymethyl-5-methoxy-phenoxy)acetic acid.


Results and discussion


To synthesize the new linker 2-(2-fluoro-4-hydroxymethyl-5-
methoxy-phenoxy)acetic acid 12, a method based on nucleophilic
aromatic substitutions was envisioned. Wells et al. demonstrated
this method with both tert-butyl trifluorobenzoate and triflu-
orobenzonitrile 5.21 Our first strategy was based on the tert-
butyl trifluorobenzoate pathway with two nucleophilic aromatic
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Scheme 1 Synthesis of linker 12. Reagents and conditions: a) t-BuOK, BnOH, THF, −78 ◦C–room temperature. b) t-BuOK, MeOH, THF, −50 ◦C–0 ◦C.
c) NaOH, EtOH, reflux. d) H2 (g), Pd/C, AcOH. e) BH3·DMS, B(OMe)3, THF. f) Ethyl bromoacetate, DBU, MeCN, reflux. g) LiOH, THF–MeOH–water
3 : 1 : 1.


substitutions as initial steps, first with methyl glycolate in the
para position and then methoxide in the ortho position. The
nucleophilic aromatic substitutions, especially the second one,
gave low yields due to decomposition of the starting mate-
rial and transesterification. Instead the linker 12 was prepared
from the trifluorobenzonitrile 5 in 29% yield over seven steps
(Scheme 1). Nucleophilic aromatic substitutions with potassium
benzoxide and methoxide, followed by hydrolysis of the nitrile
and hydrogenolysis of the benzyl ether gave the benzoic acid 9 in
53% yield over 4 steps. 9 is an analogue of 3-fluoro-4-hydroxy-
benzoic acid, the starting material in our previous synthesis of
linker 14.17 Unfortunately, the increased electron density of 9
disturbed both the reduction to alcohol 10 and the following
alkylation. The reduction could however be performed using the
same conditions as before in a good yield but the product was
very sensitive, most likely due to oxidation, and the product was
only briefly characterized before continuation of the synthesis.
Alkylation of the phenolic oxygen using ethyl bromoacetate and
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) proceeded faster than
for the non-alkoxy version. During the reaction the product was
surprisingly dimerized on the benzylic position to form 13 (Fig. 2).
Since 11 and 13 have very similar spectroscopic properties, and
both give the benzylic cation as main ion in LC-MS analysis,
X-ray crystallography was used to distinguish them (supporting
information§). By reducing the reaction time, the formation of 13
could be suppressed. Finally, basic ester hydrolysis furnished the


Fig. 2 Dimer formed in the alkylation of 10.


§ CCDC reference numbers 644117 and 644118. For crystallographic data
in CIF or other electronic format see DOI: 10.1039/b704472k


linker 12 after chromatographic purification. With the linker in
hand, studies to confirm its acid lability were performed.


Linker 12 and its monoalkoxy analogue 14 were attached to
TentaGel HL-NH2 resin through amide bonds to form linker
resins 15 and 1 respectively (Scheme 2). Amides were formed in
DMF using N,N ′-diisopropyl-carbodiimide (DIC) and 1-hydroxy-
benzotriazole (HOBt) and monitored with bromophenol blue.
Fmoc-glycine was then connected to the benzylic alcohols of 15
and 1 through ester bonds formed with 1-(2-mesitylenesulfonyl)-3-
nitro-1H-1,2,4-triazole (MSNT) and N-methyl-imidazole (MeIm)
to give resin 16 and 17. Continued amide formations with Fmoc-4-
fluorophenylalanine and 2,4-difluorobenzoic acid gave the resin-
attached peptides 18 and 19. Carboxylic acids attached to non-
fluorinated versions of linker 12 are cleavable with 1% TFA in
CH2Cl2. Based on this, and the electron withdrawing character of
the fluorine atom in 12, the cleavage study was performed using
5% and 20% TFA in CH2Cl2 (Fig. 3).


Fig. 3 Cleavage of peptide from resins 19 (black circles) and 18 (black
triangles) using 5% TFA in CH2Cl2 and 18 (black squares) using 20% TFA
in CH2Cl2.


The resins 18 and 19 were treated with the 5% cleavage solution
for 30 minutes and gel-phase 9F NMR spectroscopy revealed
∼10% cleavage from resin 18 and none from resin 19. Another
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Scheme 2 Synthesis and cleavage of test peptide Reagents and conditions: a) TentaGel HL-NH2, DIC, HOBt, DMF. b) Fmoc-Gly-OH, MSNT, MeIm,
CH2Cl2. c) i. Piperidine, 20% in DMF. ii. Fmoc-p-F-Phe-OH, DIC, HOBt, DMF. iii. Piperidine, 20% in DMF. iv. 2,4-Difluorobenzoic acid, DIC, HOBt,
DMF. d) 5% TFA in CH2Cl2 (from 18).


portion of cleavage solution was added and the mixture was shaken
for 90 minutes and gel-phase 19F NMR spectroscopy then showed
∼40% cleaved from resin 18. The procedure was repeated and after
a total of four hours ∼90% was cleaved from resin 18 while resin
19 still was intact. Prolonged treatment for up to seven hours of 19
did not result in any cleavage. When resin 18 was treated with 20%
TFA in CH2Cl2 for 30 minutes ∼90% of the peptide was cleaved.
Interestingly, about 5% of the resin bound peptide could not be
cleaved with either 5% or 20% TFA despite increased reaction
time. This indicates that some of the peptide is bound to the resin
matrix in a non-cleavable way. Cleavage of resin 18 with both 5%
and 20% TFA in CH2Cl2 gave peptide 20 in ∼95% yield based
on the loading capacity of resin 16. Resin 19 was then cleaved
using the previously described method of TFA–water at 60 ◦C.18


Analytical data for 20 was in agreement with those published.18 In


a preliminary study, the Tentagel linker resin 2, a regioisomer of
14, seemed to have an acid lability in between 12 and 14 (data not
shown).


To test the utility of linker 12 during solid-phase glycosylations,
a glycopeptide was assembled. The peptide 21 was prepared as
described by Mogemark et al.15 The serine hydroxyl was then
glycosylated to give 23 in a remarkable 89% yield using only two
equivalents of the galactose donor 2215 under promotion by N-
iodosuccinimide (NIS) and trifluoromethanesulfonic acid (TfOH)
without loss of peptide from the resin (Scheme 3). The yield was
determined by comparison of the gel-phase 19F NMR signals from
the N-terminal p-fluorobenzoyl amide groups with signals from
the fluorine containing protecting groups on the glycosyl donor
(Fig. 4). From the gel-phase 19F NMR spectra it was concluded
that the glycosylation was b-selective since no signals from the


Scheme 3 Synthesis of glycopeptide 25. Reagents and conditions: a) i) Fmoc-Val-OH, MSNT, MeIm, CH2Cl2, room temperature, 14 h. ii) Peptide
synthesis according to previously reported procedure.22 b) NIS, TfOH, CH2Cl2. c) TFA–water 9 : 1, room temperature, 2 h. d) LiOH (20 mM in
MeOH–water 4 : 1).
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Fig. 4 Gel-phase 19F NMR spectra with integral values for 23.


a-anomer were seen. Cleavage and simultaneous deprotection
of the benzylidene protecting group with TFA–water (9 : 1) at
room temperature followed by preparative HPLC gave partially
protected glycopeptide 24 in a modest 29% yield based on the
resin loading. Debenzoylation with LiOH in MeOH–water (4 : 1)
finally yielded glycopeptide 25 in 47% yield.


To test the potential for direct glycosylation the linker resins
15 and 1 were both subjected to four equivalents of galactosyl
donor 22, NIS and a catalytic amount of TfOH (Scheme 4).
The donor carries fluorinated versions of common protective
groups in carbohydrate chemistry i.e. a benzylidene acetal and
two benzoates. Examination of the resins with gel-phase 19F
NMR spectroscopy revealed that 100% of the more acid stable
resin 1 was glycosylated to give 26, while 40% of the new acid
labile linker 15 was glycosylated under the same conditions to
give 27. Resin 27 was obtained in 63% yield after a second
glycosylation. The glycosylation gave resin 27 as an anomeric
mixture (a : b, 1 : 10) as determined by gel-phase 19F NMR
spectroscopy. Obviously resin 15 is more difficult to glycosylate
than 1 using our standard protocol. When the glycosylated resins
26 and 27 were treated with the mild cleavage solution 5% TFA
in CH2Cl2 gel-phase 19F NMR spectroscopy revealed that nothing


Scheme 4 Glycosylation of the linkers 1 and 15. Reagents and conditions:
a) 4 or 6 equivalents of 22 and NIS, TfOH (catalytic amount), CH2Cl2,
room temperature, 4 h or 6 hours. b) 5% TFA in CH2Cl2, room temperature,
7 h.


was cleaved from resin 26 while the spectra for resin 27 indicated
that approximately 72% was cleaved to give the hemiacetal 28.
Despite another seven hours with the cleavage solution a small
amount of the galactose moiety was not cleaved. The isolated total
yield of 28 was 58% based on loading capacity of the linker resin
16. The mild cleavage conditions make it possible to maintain
sensitive protecting groups such as benzylidene acetals during
the cleavage step from the solid-phase. An attractive strategy
would be to assemble oligosaccharides on the linker and the
protected hemiacetals obtained after cleavage can be transformed
into various donators e.g. trichloroacetamides and phosphates for
further glycosylations, in a convergent manner. This strategy is
currently under investigation in our laboratory.


Conclusions


Gel-phase 19F NMR spectroscopy is a technique well suited for
monitoring solid-phase organic synthesis due to its simplicity and
sensitivity. Fluorinated linkers with diverse cleavage methods are
of great use for this technique. We have prepared a new acid labile
fluorinated linker analogue to the commercial 4-hydroxymethyl-
phenoxy acetic acid (HMPA) linker. The synthesis was based on
nucleophilic aromatic substitutions and the acid lability of the
resulting linker was evaluated. It was shown that a test peptide
could be cleaved from the resin using 5% TFA in CH2Cl2 and
after four hours ∼90% of the peptide was cleaved. Under the
same conditions a previously described linker, an analogue to the
Wang-linker, was not affected at all. When the peptide was treated
with 20% TFA in CH2Cl2 ∼90% was cleaved from the new acid-
labile linker in only 30 minutes. In addition, the new linker is
stable during glycosylation with thioglycosides with NIS–TfOH,
as demonstrated by the synthesis of a glycopeptide. It was also
shown that the new linker could be directly glycosylated with a
thioglycoside using NIS and TfOH as promoters. This implies
that the linker can be used for the synthesis of oligosaccharides.
The process for glycosylation of the linker however needs to be
optimized since six equivalents of glycosyl donor were required.
The glycosylation protocol is currently being optimized by our
group. The protected hemiacetal was cleaved from the new acid
labile resin under mild conditions using 5% TFA in CH2Cl2 for
a total of 14 hours leaving the benzylidene protective groups
intact. The resulting hemiacetal can be transformed into a new
glycosyl donor allowing this approach to be employed in a
convergent manner. The yield and diastereomeric ratio could easily
be determined from the gel-phase 19F NMR spectrum pointing
out the value and applicability of this linker for solid-phase
glycoconjugate synthesis.


Experimental


Solid-phase synthesis was performed on TentaGel HL-NH2 resin
(0.42 mmol g−1) from Rapp Polymere. CH2Cl2 was distilled from
calcium hydride, THF from potassium and DMF was distilled
under vacuum. Before concentration, all organic solvents were
dried over Na2SO4 and filtered. Solvent mixtures are reported as
v/v ratios. TLC was run on Silica Gel 60 F254 (Merck) and the spots
were detected in UV-light and stained with phosphomolybdic acid
(12 g in 250 ml ethanol) and heat. Silica gel (Matrex, 60 Å, 35–
70 lm, Grace Amicon) and solvents of analytical grade were
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used for flash column chromatography. The NMR-spectra were
recorded on a Bruker DRX-400 or ARX-500 spectrometer with
CDCl3, MeOH-d4 or DMSO-d6 as solvents and residual CHCl3


(dH 7.27 ppm), MeOH-d3 (dH 3.30 ppm) or DMSO-d5 (dH 2.50
ppm) as internal standard for 1H and CDCl3 (dC 77.23 ppm) or
MeOH-d4 (dC 49.15 ppm) as internal standard for 13C. CFCl3


(dF 0.00 ppm) was added to the solvents as internal standard
for 19F. Peaks that could not be assigned are not reported. J
values are given in Hz. J values for the glycopeptide 25 were
determined from DQF-COSY. 13C-NMR resonances from the
fluorine labeled protective groups are split by JC–F couplings,
leading to complex spectra. Since the coupling patterns and hence
the actual shift, could not be assigned unambiguously, the peaks
are not reported. Gel-phase proton decoupled 19F NMR spectra
were recorded on resin suspensions in CDCl3 or MeOH-d4 with
CFCl3 (dF 0.00 ppm) as internal standard. Two peaks appear in
the spectra around 0 ppm. One originates from CFCl3 inside the
polymer and one from CFCl3 outside the polymer. The peak with
higher shift was used as internal standard. Preparative reversed
phase LC-MS was performed on an XTerra C-18 column (50 ×
19 mm, 5 lm, 125 Å), eluted with a linear gradient of MeCN in
water, both of which contained formic acid (0.2%). A flow rate of
25 ml min−1 was used and detection was at 214 and 254 nm and
with positive and negative electrospray mass analysis. Preparative
HPLC separations were performed on a Beckman System Gold
HPLC, using a Supelco Discovery Biowide Pore C18 column
(250 × 212 mm, 5 lm) with a flow rate of 11 ml min−1 and detection
at 214 nm. Analytical HPLC were performed on a Beckman
System Gold HPLC, using a Supelco Discovery Biowide Pore C18
column (250 × 46 mm, 5 lm) with a flow rate of 1.5 ml min−1


and detection at 214 nm. Mass spectra were performed on a
Waters Micromass ZG 2000 with positive electrospray. Positive
fast-atom-bombardment mass spectra were recorded on a Jeol
SX102 mass spectrometer. Ions were produced by a beam of
Xenon atoms (6 keV) from a matrix of 3-nitrobenzyl alcohol. IR
spectra were recorded on an ATI Mattson Infinity Series FTIRTM


spectrometer.


4-Benzyloxy-2,5-difluorobenzonitrile (6)


Potassium tert-butoxide (1.57 g, 12.9 mmol) was suspended in
THF (15 ml) and the mixture was cooled to 0 ◦C. Benzyl alcohol
(2.64 ml, 25.5 mmol) was added and the solution was stirred
at 0 ◦C for 30 min followed by dropwise addition to 2,4,5-
trifluorobenzonitrile (2.00 g, 12.7 mmol) in THF (15 ml) at
−78 ◦C. The solution was stirred at −78 ◦C for 3 h, warmed
to room temperature over 1.5 h and stirred at room temperature
for 20 h 15 min. The solution was diluted with EtOAc (100 ml) and
washed with water (2 × 70 ml). The water phases were reextracted
with CH2Cl2 (100 ml) and the combined organic phases were
concentrated yielding 4.4 g crude product. Recrystallization from
EtOH resulted in 6 (2.63 g, 84%). Mp 118–119 ◦C; mmax/cm −1


(solid) 2240 (C≡N); 1H NMR (CDCl3) d 7.48–7.36 (m, 5H, C6H5),
7.32 (dd, 1H, J = 9.9, 6.0, H-6), 6.84 (dd, 1H, J = 10.0, 6.7, H-3),
5.19 (s, 2H, PhCH2); 19F NMR (CDCl3) d −108.5 (d, 1F, J = 14.3,
F-2), −136.4 (d, 1F, J = 13.3, F-5); 13C NMR (CDCl3) d 134.6,
129.1, 129.0, 127.6, 71.8; HRMS (FAB) calcd for C14H10F2NO
2460730 (M + H)+, found 246.0724.


4-Benzyloxy-5-fluoro-2-methoxybenzonitrile (7)


Potassium tert-butoxide (1.65 g, 13.5 mmol) was suspended in
THF (15 ml), cooled to 0 ◦C, and methanol (545 ll, 13.5 mmol)
was added. The slurry was stirred at 0 ◦C for 30 min and added
to a solution of difluorobenzonitrile 6 (2.36 g, 9.62 mmol) in THF
(30 ml) at −50 ◦C. The mixture was stirred at −50 ◦C for 1 h,
warmed to 0 ◦C over 30 min, and stirred at 0 ◦C for 21 h. The
solution was diluted with EtOAc (100 ml), washed with water
(2 × 100 ml), and the water phases were extracted with CH2Cl2


(100 ml). The combined organic phases were concentrated and
recrystallization from EtOH game 7 (1.96 g, 79%). Mp 125 ◦C;
mmax/cm −1 (solid) 2213 (C≡N); 1H NMR (CDCl3) d 7.49–7.35 (m,
5H, C6H5), 7.26 (d, 1H, J = 10.2, H-6), 6.57 (d, 1H, J = 6.7,
H-3), 5.22 (s, 2H, PhCH2), 3.85 (s, 3H, CH3); 19F NMR (CDCl3) d
−142.2; 13C NMR (CDCl3) d 135.3, 129.0, 128.8, 127.6, 71.7, 56.7;
HRMS (FAB) calcd for C15H13FNO2 258.0930 (M + H)+, found
258.0931.


4-Benzyloxy-5-fluoro-2-methoxybenzoic acid (8)


Benzonitrile 7 (499 mg, 1.94 mmol) was suspended in EtOH (5 ml),
NaOH (2 M aq, 3.9 ml, 7.8 mmol) was added and the mixture
was refluxed for 39 h and concentrated. The residue was separated
between EtOAc and NaOH (1 M aq). The water phase was washed
with EtOAc, acidified (pH 1) with HCl (conc. aq), and extracted
twice with EtOAc. The combined organic phases from the acidic
extraction were concentrated yielding 8 (494 mg, 92%). Mp 126–
127 ◦C; mmax/cm −1 (solid) 2942 (OH), 1662 (C=O); 1H NMR
(MeOH-d4) d 7.61 (d, 1H, J = 11.8, H-6), 7.50–7.43 (m, 2H, C6H5),
7.42–7.30 (m, 3H, C6H5), 6.85 (d, 1H, J = 6.8, H-3), 5.26 (s, 2H,
PhCH2), 3.87 (s, 3H, CH3); 19F NMR (MeOH-d4) d −144.3; 13C
NMR (MeOH-d4) d 168.1, 137.7, 129.8, 129.5, 128.9, 72.4, 57.3;
HRMS (FAB) calcd for C15H14FO4 277.0876 (M + H)+, found
277.0870.


5-Fluoro-4-hydroxy-2-methoxybenzoic acid (9)


Benzoic acid 8 (597 mg, 2.16 mmol) and palladium (10% on
carbon, 607 mg) were dissolved/suspended in AcOH (300 ml)
and stirred under H2 (g, 1 atm) for 23 h at room temperature.
The mixture was filtered through Celite and the solvents were
evaporated and coevaporated with MeOH–hexane yielding 0.4 g
crude product. The residue was dissolved in EtOAc and washed
with water. The water phase was reextracted with EtOAc and the
combined organic phases were concentrated yielding 9 (347 mg,
86%). Mp 170 ◦C; mmax/cm −1 (solid) 3220 (OH), 1689 (C=O); 1H
NMR (MeOH-d4) d 7.58 (d, 1H, J = 11.7, H-6), 6.62 (d, 1H, J =
7.1, H-3), 3.85 (s, 3H, CH3O); 19F NMR (MeOH-d4) d −147.0;
13C NMR (MeOH-d4) d 57.1; HRMS (FAB) calcd for C8H7FO4


187.0407 (M + H)+, found 187.0411.


5-Fluoro-4-hydroxy-2-methoxybenzyl alcohol (10)


Benzoic acid 9 (150 mg, 806 lmol) was dissolved in THF (3 ml)
and added slowly to trimethyl borate (0.73 ml, 6.4 mmol) and
borane–dimethyl sulfide complex (0.5 ml, 5 mmol) in THF (6 ml).
The solution immediately became milky with a white precipitate
and was then stirred at room temperature for 24 h. After 4 h the
mixture was clear. The reaction was quenched with MeOH (10 ml)
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and the solvents were evaporated and the residue was evaporated
from MeOH. Flash column chromatography (heptane–EtOAc 2 :
1) yielded 10 (128 mg, 92%) as an oil. mmax/cm −1 (oil) 3297 (OH);
1H NMR (MeOH-d4) d 7.01 (d, 1H, J = 11.5, H-6), 6.51 (d, 1H,
J = 7.3, H-3), 4.49 (s, 2H, PhCH2), 3.75 (s, 3H, CH3); 19F NMR
(MeOH-d4) d −148.8; HRMS (FAB) calcd for C8H9FO3 172.1537
(M)+, found 172.0546.


Ethyl (2-fluoro-4-hydroxymethyl-3-methoxyphenoxy)acetate (11)


Phenol 10 (305 mg, 1.77 mmol) and ethyl bromoacetate (395 ll,
3.56 mmol) in MeCN (22 ml) were stirred at room temperature
and DBU (400 ll, 2.65 mmol) was added dropwise. The solution
was refluxed for 4.5 h. The yellow solution was allowed to reach
room temperature, poured into EtOAc (100 ml), and washed with
HCl (0.05 M aq, 100 ml) and brine (100 ml). The organic phase
was evaporated yielding 0.5 g crude material as a yellow oil. A first
chromatography (heptane–EtOAc 3 : 1) gave 0.36 g partly purified
material. A second chromatography (CH2Cl2–MeOH 100 : 1) gave
11, sufficiently pure for further use (329 mg, 72%). Mp 47 ◦C;
mmax/cm −1 (solid) 3282 (OH), 1766 (C=O); 1H NMR (CDCl3) d
7.03 (d, 1H, J = 11.6, H-6), 6.54 (d, 1H, J = 6.8, H-3), 4.66 (s, 2H,
C(O)CH2O), 4.55 (s, 2H, PhCH2), 4.24 (q, 2H, J = 7.1, CH3CH2),
3.76 (s, 3H, CH3O), 2.57 (br s, 1H, OH), 1.27 (t, 3H, J = 7.1,
CH2CH3); 19F NMR (CDCl3) d −143.6; HRMS (FAB) calcd for
C12H15FO5 258.2429 (M)+, found 258.0907.


2-(2-Fluoro-4-hydroxymethyl-5-methoxyphenoxy)acetic acid (12)


Acetate 11 (321 mg, 1.24 mmol) was dissolved in THF–MeOH–
water (3 : 1 : 1, 25 ml) and cooled to 0 ◦C. LiOH (1 M aq, 1.74 ml)
was added slowly and the resulting solution was stirred at 0 ◦C
for 30 min. The solution was allowed to reach room temperature
and stirred for additional 2 h 15 min. After cooling to 0 ◦C the
solution was acidified with HCl (1 M aq) and extracted with EtOAc
(2 × 25 ml). The organic phases were washed with brine (25 ml)
and evaporated yielding 0.36 g crude product. Chromatography
(heptane–EtOAc 1 : 1 + 2.5% AcOH) gave 12 (233 mg, 81%).
Mp 124 ◦C; mmax/cm −1 (solid) 3370 (OH), 1978 (C=O); 1H NMR
(MeOH-d4) d 7.10 (d, 1H, J = 11.9, H-6), 6.67 (d, 1H, J = 7.0, H-3),
4.72 (s, 2H, C(O)CH2O), 4.52 (s, 2H, PhCH2), 3.79 (s, 3H, CH3O);
19F NMR (MeOH-d4) d −144.5; 13C NMR (MeOH-d4) d 172.5,
67.9, 59.6, 56.6; HRMS (FAB) calcd for C10H11FO5 230.1897 (M)+,
found 230.0598.


Resin 1, 17 and 19


Preparation and analytical data in agreement with those previously
reported.18,23


Resin 15. Tentagel-HL-NH2 (600 mg, 0.260 mmol) was swelled
in distilled DMF (4 ml) and filtered. Linker 12 (88 mg, 0.382 mmol)
and HOBt (55 mg, 0.407 mmol) were dissolved in distilled DMF
(3 ml) and DIC (61 ll, 0.392 mmol) was added. After stirring at
room temperature for 5 min bromophenol blue (2 mM in DMF,
20 ll) was added and the solution was added to the resin. The
mixture was mechanically agitated for 15 h (until the mixture
became yellow). The resin was washed with DMF and CH2Cl2


(5 × 5 ml each). CH2Cl2–Ac2O–pyridine (1 : 1 : 1, 6 ml) was added
to the resin and the mixture was agitated mechanically for 5 h. The


resin was washed with DMF, CH2Cl2, DMF (5 × 5 ml each) and
dry MeOH (2 × 5 ml). NaOMe (0.2 M in MeOH, 5 ml, 1.0 mmol)
was added to the resin and the mixture was agitated mechanically
for 15 h. The resin was washed with DMF (2 × 5 ml), MeOH
(5 ml), and CH2Cl2 (5 × 5 ml) to give 15. 19F NMR (CDCl3) d
−144.7.


Resin 16. Fmoc-Gly-OH (232 mg, 0.780 mmol) and MSNT
(233 mg, 0.786 mmol) was suspended in dry CH2Cl2 (3 ml) and
N-methylimidazole (MeIm, 60 ll, 0.753 mmol) was added. The
mixture was stirred for 5 min until the solution was clear. The
solution was added to resin 1 (0.260 mmol), prewashed with dry
CH2Cl2, and the mixture was agitated mechanically for 22 h. The
resin was washed with CH2Cl2, DMF (3 × 5 ml each), and CH2Cl2


(2 × 5 ml). 19F NMR (CDCl3) d −144.5. Fmoc determination24


was performed on 16 in order to determine the loading capacity of
the resin bound linker yielding a loading capacity of 0.35 mmol g−1


(given as a mean value of three independent measurements)
instead of 0.42 mmol g−1 given by the supplier.


Resin 18


Resin 16 (211 mmol) was treated with piperidine (20% in DMF,
2 × 7 ml, 5 and 15 min respectively). The resin was washed
with DMF (3 × 5 ml) and distilled DMF (3 × 3 ml). Fmoc-
pF-L-Phe-OH (422 mg, 1.041 mmol) and HOBt (211 mg, 1.562
mmol) were dissolved in distilled DMF (3 ml). DIC (160 ll, 1.027
mmol) was added and the solution was stirred at room temperature
for 5 min before bromophenol blue (2 mM in DMF, 20 ll) was
added. The solution was added to the resin and the mixture was
agitated mechanically for 2 h (until the mixture became yellow).
The resin was washed with DMF and CH2Cl2 (3 × 5 ml each).
19F NMR (CDCl3) d −116.4, −144.4. The resin was treated with
piperidine (20% in DMF, 2 × 7 ml, 5 and 15 min respectively) and
washed with DMF (3 × 5 ml) and distilled DMF (3 × 3 ml). o,p-
Difluorobenzoic acid (165 mg, 1.044 mmol) and HOBt (211 mg,
1.562 mmol) were dissolved in distilled DMF (3 ml). DIC (160 ll,
1.027 mmol) was added and the solution was stirred at room
temperature for 5 min before bromophenol blue (2 mM in DMF,
20 ll) was added. The solution was added to the resin and the
mixture was agitated mechanically for 1 h 30 min (until the mixture
became yellow). The resin was washed with DMF and CH2Cl2 (3 ×
5 ml each) to give resin 18. 19F NMR (CDCl3) d −104.0, −108.8,
−116.3, −144.5.


[N-(2,4-Difluorobenzoyl)-4-fluorophenylalanyl]glycine (20)


To resin 18 (53 lmol) TFA (5% or 20% in CH2Cl2, 2 ml) was
added and the mixture was mechanically agitated for 30 min. After
extensive washings and 19F NMR spectroscopy the procedure was
repeated three times. After a total of 7 h the combined filtrates
were concentrated and preparative LC-MS gave 20 (20 mg, 96%
based on Fmoc determination24 of the linker resin 16). Analytical
data in agreement with previously reported.18


Resin 21


Preparation and analytical data in agreement with previously
reported.15
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Resin 23


Resin 21 (302 lmol), glycosyl donor 22 (387 mg, 608 lmol) and
NIS (140 mg, 622 lmol) were dried under vacuum overnight in the
absence of light. Distilled CH2Cl2 (4 ml) was added, followed by
TfOH (1 ll, 0.01 mmol). The mixture was agitated mechanically
for 3.5 h in the absence of light. The resin was washed with CH2Cl2,
THF, piperidine (20% in DMF), DMF, and CH2Cl2 (3 × 15 ml
each). Gel-phase 19F NMR spectroscopy indicated that resin 23
was prepared in a yield of 89%. 19F NMR (CDCl3) d −105.1,
−105.4, −108.6, −113.4 and −144.5.


4-Fluorobenzoyl-L-glycyl-O-(b-D-galactopyranosyl)-L-seryl-L-
valine (25)


A solution of TFA in H2O (9 : 1, 10 ml) was added to resin 23
(150 lmol). The mixture was agitated mechanically at room tem-
perature for 2 h. The resin was removed by filtration and washed
with H2O, THF and CH2Cl2. The filtrate was concentrated.
Preparative HPLC yielded the partially deprotected glycopeptide
24 (34 mg, 29%). 24 was dissolved in MeOH (5 ml) and aqueous
LiOH (0.81 ml, 0.1 M) was added dropwise. After 1 h the solution
was neutralized with AcOH, concentrated, diluted with AcOH
(2 ml), and lyophilized. Preparative HPLC yielded 25 (10.8 mg,
47%) with analytical data in agreement with those previously
reported15 except for the data for the galactose hydrogens H-1 to
H-4 which instead should be as follows. 1H NMR (DMSO-d6) Gal:
4.15–4.12 (m, 1H, J = 9.2, H-1), 3.97–3.93 (m, 1H, H-4), 3.64–
3.62 (m, 1H, H-3), 3.31–3.28 (m, 1H, H-2) 19F NMR (DMSO-d6)
d −109.2.


Resin 26


Resin 1 (0.120 mmol) and the glycosyl donor 22 (0.305 g, 0.479
mmol) were put under vacuum for one hour followed by addition
of NIS (0.102 g, 0.453 mmol) in the absence of light. Distilled
CH2Cl2 (4 ml) and a catalytic amount of TfOH were added. The
mixture was stirred at room temperature for 3.5 h in the absence of
light. The resin was washed with CH2Cl2, THF, 20% piperidine in
DMF, DMF, and CH2Cl2 (3 × 15 ml). According to gel-phase 19F
NMR spectroscopy the yield was 100% and only one isomer was
formed. 19F NMR (CDCl3) d −105.0 (s, 1F, 4-FPhCO2), −105.4
(s, 1F, 4-FPhCO2), −113.5 (s, 1F, 3-FPhCHO2), −134.0 (s, 1F,
linker F).


Resin 27


Resin 15 (0.120 mmol) and the glycosyl donor 22 (0.301 g, 0.473
mmol) were put under vacuum for 1 h followed by addition of NIS
(0.108 g, 0.480 mmol) in the absence of light. Distilled CH2Cl2


(4 ml) and TfOH (1.0 M in CH2Cl2, 0.017 mmol, 17 lmol) were
added. The mixture was stirred at room temperature for 4 h in
absence of light. The resin was washed with CH2Cl2, THF, 20%
piperidine in DMF, DMF and CH2Cl2 (3 × 15 ml). According
to gel-phase 19F NMR spectroscopy the yield was ∼40%. When
the glycosylation was repeated with glycosyl donor 22 (0.153 g,
0.240 mmol), NIS (0.051 g, 0.227 mmol) and catalytic amount
of TfOH (1.0 M in CH2Cl2, 0.017 mmol, 17 lmol) for 2 h, the
yield was increased to 63%. According to gel-phase 19F NMR
spectroscopy two isomers were formed with the ratio 1 : 10. 19F


NMR (CDCl3) d major isomer −105.0 (s, 1F, 4-FPhCO2), −104.5
(s, 1F, 4-FPhCO2), −113.5 (s, 1F, 3-FPhHCO2), −144.6 (s, 1F,
linker F); minor isomer −105.7 (s, 1F, 4-FPhCO2), −106.0 (s, 1F,
4-FPhCO2), −113.2 (s, 1F, 3-FPhHCO2), −145.0 (s, 1F, linker F).


2,3-Di-O-p-fluorobenzoyl-4,6-O-m-fluorobenzylidene-D-galactose
(28)


The resin 27 (0.060 mmol) was treated with 5% TFA in CH2Cl2 for
7 h. The filtrate was washed with CH2Cl2 and the procedure was
repeated. After extensive washing with CH2Cl2 the filtrates were
combined and concentrated. Preparative LC-MS gave 15.4 mg 28
(58% total yield based on Fmoc determination of the linker resin
16). According to NMR spectroscopy two isomers were formed
with the ratio 3.8 : 1. 1H NMR (CDCl3) d 8.11–7.99 (m, 4H, ArH),
7.42–7.24 (m, 3H, ArH), 7.14–7.04 (m, 5H, ArH); major isomer
5.87 (dd, 3.4, 1H, J = 3.4, 10.6, H-3), 5.33–5.75 (m, 2H, H-2, H-1),
5.59 (s, 1H, 3-FPhCHO2), 4.68 (d, 1H, J = 3.3, H-4), 4.36 (dd, 1H,
J = 1.2, 12.5, H-6), 4.23–4.15 (m, 2H, H-5, H-6); minor isomer
5.66 (dd, 1H, J = 8.0, 10.3, H-2), 5.60 (s, 1H, 3-FPhCHO2), 5.49
(dd, 1H, J = 3.6, 10.4, H-3), 4.61 (d, 1H, J = 3.4, H-4), 4.48 (dd,
1H, J = 1.4, 12.4, H-6), 3.77 (s-br, 1H, J = 10.2, H-5); 19F NMR
(CDCl3) d major isomer −105.1 (s, 1F, 4-FPhCO2), −105.2 (s, 1F,
4-FPhCO2), −113.6 (s, 1F, 3-FPhHCO2); minor isomer −104.7
(s, 1F, 4-FPhCO2), −104.8 (s, 1F, 4-FPhCO2), −113.5 (s, 1F, 3-
FPhCHO2); 13C NMR (CDCl3) d 99.9, 91.5, 74.4, 69.3, 69.1, 68.9,
62.4; HRMS (FAB) calcd form C27H21F3NaO8 553.4358 (M +
Na)+, found 553.1089.
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Raman and coherent anti-Stokes Raman scattering (CARS) microscopies have the potential to aid in
detailed longitudinal studies of RNA localization. Here, we evaluate the use of carbon–deuterium and
benzonitrile functional group labels as contrast agents for vibrational imaging of hepatitis C virus
(HCV) replicon RNA. Dynamic light scattering and atomic force microscopy were used to evaluate the
structural consequences of altering HCV subgenomic replicon RNA. Modification with benzonitrile
labels caused the replicon RNA tertiary structure to partially unfold. Conversely, deuterium-modified
replicon RNA was structurally similar to unmodified replicon RNA. Furthermore, the deuterated
replicon RNA provided promising vibrational contrast in Raman imaging experiments. The functional
effect of modifying subgenomic HCV replicon RNA was evaluated using the luciferase gene as a
genetic reporter of translation. Benzonitrile labeling of the replicon RNA prevented translation in
cell-based luciferase assays, while the deuterated replicon RNA retained both translation and
replication competency. Thus, while the scattering cross-section for benzonitrile labels was higher, only
carbon–deuterium labels proved to be non-perturbative to the function of HCV replicon RNA.


Introduction


First identified in 1989, hepatitis C virus (HCV) is a human
pathogen that has developed into a global health problem.1–3 Much
of the recent effort towards understanding HCV pathogenesis has
focused on elucidating structural and functional components of
the HCV genome and the proteins for which it codes, as well as
identifying host–virus interactions that serve as molecular key-
stones in the HCV life-cycle. However, there is little information
pertaining to the in situ dynamics of HCV viral processes. This is
largely due to a lack of techniques suited to such analyses.


One method of studying HCV in situ is to infect primary
hepatocytes in cell culture or certain cell lines with HCV-infected
sera. Alternatively, culturing primary cells isolated from persis-
tently infected patients can also be performed.4 While attempts to
develop chimpanzee and small animal models of HCV infection
met with modest success, recent work has led to the development of
a number of cell-based models of HCV replication and infectivity
that have become the primary systems used to study the virus.4–10


Importantly, the in vitro transcription (IVT) of HCV subgenomic
replicon RNA (HCV RNA; Fig. 1) to accommodate transient
expression of viral RNA and proteins, which was the method used
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Fig. 1 Schematic representation of the organization of HCV subgenomic
replicons. The 5′- and 3′-UTRs and the NS3–NS5B regions are requisite
for viral replication in cell culture. Expression of the HCV coding region
is driven by the EMCV promoter. Two variants contain either the firefly
luciferase reporter gene (top) or the neomycin resistance selection gene
(bottom), both of which are controlled by the HCV IRES. UTR =
untranslated region; IRES = internal ribosomal entry site; NS3–NS5B
region represents the region coding for the HCV polyprotein.


in the current study, is known to elicit effects similar to those
observed in other infectious models.11,12


The most common approach to visualizing HCV components
in cell culture is to use indirect immunofluorescence.11–14 However,
usually this approach necessitates fixing cells to a substrate prior
to staining and imaging, thus providing only static images.15 To
try and obtain real-time information on RNA dynamics in live
cells, researchers have developed a variety of techniques based on
fluorescence that, due to photobleaching effects, only give infor-
mation about RNA localization over short timeframes.16–23 Also
noteworthy is the limited number of attempts to directly localize
HCV RNA in vivo.12,24 Several groups have used 5-bromouridine-
5′-triphosphate metabolic labeling to indirectly localize positive-
sense RNA by showing that negative-sense RNA co-localizes
with components of the viral replication complex.19,25 However,
new methods applicable to live-cell imaging are required to move
beyond static/indirect images of HCV viral processes.
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Vibronic imaging modalities such as infrared and Raman imag-
ing offer several advantages over fluorescence-based techniques,
the main benefits being that these methods are non-invasive
and provide chemically selective image contrast. Disadvantages
include slow image acquisition time, and low spatial resolution.
Coherent anti-Stokes Raman scattering (CARS) microscopy
surmounts these issues and has been used for 3D imaging, at
diffraction-limited subcellular resolution, in live cells using the
natural spectroscopic (vibrational Raman) signatures of cellular
components to generate image contrast.26 CARS microscopy has
also been utilized to investigate changes in the lipid droplet profile
of Huh-7 cells containing replicating HCV following treatment
with a small molecule that perturbs the HCV life-cycle.13 In
addition, a novel study that combines CARS with two-photon
fluorescence to simultaneously examine the localization of HCV
RNA and the changes in lipid homeostasis associated with viral
replication and translation has been conducted.24


In order to track specific biomolecules in real-time in vivo using
Raman/CARS microscopy, there must be a mechanism of gen-
erating image contrast that is unique to particular biomolecules.
Achieving this requirement necessitates the incorporation of ex-
ogenous Raman labels to specific biomolecules. Such Raman labels
should possess the following desirable properties: 1) they should
present a Raman signature that is orthogonal to all endogenous
Raman modes; 2) covalent attachment of the probe should be easy
and reproducible; 3) they should be chemically inert in a biological
context; and 4) the structure of the Raman mode should enable
the lowest possible detection limit with current instrumentation
(i.e., it should have a high Raman scattering cross-section). Nitrile
(CN) groups have been used previously for modifying proteins for
various applications and have favorable properties, as do carbon–
deuterium (C–D) bonds.26–29 Herein, we describe the incorporation
of both CN and C–D vibrational resonances as Raman labels
for the functionalization of HCV replicon RNA. The HCV
RNA construct used for this study is large and contains many
functionally integral secondary and tertiary structural elements
that could be perturbed upon functionalizing the RNA. Therefore,
we performed detailed studies of the deuterated and nitrile-
functionalized HCV RNA to evaluate which strategy may be most
suitable for generating image contrast while retaining viral RNA
function.


Results and discussion


An obvious choice to generate vibrational contrast would be
to exploit the O–P–O nucleotide backbone mode (∼1090 cm−1),
which is spectrally well-resolved and has a strong scattering cross-
section. However, the presence of endogenous O–P–O modes
precludes resolving host-cell from replicon RNA resonances. To
determine where unique vibrational contrast could be introduced,
the Raman spectrum of homogenized Huh-7 hepatoma cells was
examined (Fig. 2). An important feature of this spectrum is
the Raman-transparent region from 1800 to 2700 cm−1. Raman
resonances in this region are generally cumulene (CO2, ketene,
etc.) or triple-bonded (acetylenes, molecular nitrogen, azides and
nitrile) systems. Also of note is the C–D vibrational resonance
around 2200 cm−1. Our study focuses on the CN and C–D groups
as contrast agents because of their biostability and the ease of
functionalizing HCV replicon RNA with these vibrational modes.


Fig. 2 Designing Raman and CARS contrast agents. The Raman-trans-
parent region from 1800 to 2700 cm−1 contains a variety of Raman modes
that could be used to develop CARS contrast agents. When weighed against
all other considerations, the C–D and CN modes are the most amenable
to this task. The spectrum was integrated over 30 sec. R1, R2 = contrast
agent scaffold.


Preparation and characterization of fully deuterated HCV RNA
(D-HCV RNA)


Deuterium does not have additional steric requirements over that
of hydrogen. As such, incorporating deuterium into structurally
complex molecules (i.e., HCV RNA) was attempted to deter-
mine if such substitutions elicit any functional and structural
perturbations. The substitution of deuterium for hydrogen does
not implicitly require the addition of exogenous functional
groups to facilitate conjugation of a deuterated probe to the
biomolecule. Rather, deuterated building blocks can be fed to an
organism or used in vitro to enzymatically synthesize deuterium-
modified biomacromolecules.30–32 The synthesis of D-HCV RNA
was successfully accomplished using deuterated nucleotides as
components in the IVT reaction (Fig. 3). The yields of D-
HCV RNA were 80–90% relative to those of normal HCV RNA


Fig. 3 Validation of D-HCV RNA synthesis. A) Deuterium substitutions
in the nucleobase and ribose sugars that will be used as CARS contrast
agents. R = nucleotide backbone. B) Electrophoretic migration (left) of
HCV RNA (N) and D-HCV RNA (D) were identical, indicating that
the D-HCV RNA reaction produced a full-length (∼10 000 nt) transcript
population. The electropherograms (right) illustrate the lack of early
termination products for HCV RNA and D-HCV RNA. L = RNA ladder.
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transcripts, which is reasonable when compared to the yields of
other IVT reactions using modified substrates (45–100%).33–36


Raman spectroscopic analysis showed that D-HCV RNA
retained all the spectroscopic information of HCV RNA from
1050–2000 cm−1. However, the entire aliphatic region shifted into
the Raman transparent window of the cell, which was conclusive
evidence that deuterated nucleotides were incorporated during
the IVT reaction (Fig. 4). In addition to the C–D modes from
2050–2300 cm−1, the presence of the O–P–O nucleotide backbone
resonance (1090 cm−1) gave confirmation that it was the D-
HCV RNA being analyzed and not residual D-rNTPs. The
spectroscopic data also illustrated that the bulk scattering cross-
section of the C–D mode can be quite prominent despite the
weak cross-section of individual C–D modes. Raman imaging
of D-HCV RNA showed that contrast specific to the C–D
mode was generated. Subsequent attempts to localize D-HCV
RNA in vivo were hindered due to the limited sensitivity of
Raman microscopy under cellular imaging conditions. Future
work will focus on tracking D-HCV RNA with CARS microscopy,
which is several orders of magnitude more sensitive than Raman.
Quantitative analysis of the C–D cross-section was not performed


Fig. 4 Raman microscopy analysis of D-HCV RNA. A) Raman spectra
of D-HCV RNA (top) and HCV RNA (bottom) illustrating the shift of
the aliphatic resonances to the C–D region of the spectrum. The O–P–O
nucleotide backbone stretch (1090 cm−1; black arrow) gave confirmation
that it was RNA under examination. Spectra were acquired with 5 s
integrations from 10 lg lL−1 spots that were dried onto a silicon substrate.
B) The Raman map (left) shown is a summation of all Raman modes
from 2050–2300 cm−1. The striations observed are uncontrolled artefacts
acquired during the deposition of D-HCV-RNA onto the silicon substrate.
The optical image (right) shows the 40 × 40 lm area that was imaged to
create the Raman map. The Raman spectrum shown is from an area of
bright intensity in the Raman image, which is indicative of an abundance
of C–D modes. This image clearly showed that image contrast specific to
the C–D mode of D-HCV RNA could be generated.


due to the logistics of obtaining samples with consistent thickness.
Regardless, this proof-of-principle in vitro experiment showed that
D-HCV RNA has the potential to function as a tool in the study
of HCV RNA using Raman/CARS microscopy.


Preparation and characterization of aminoallyl uridine HCV RNA
and benzonitrile-labeled HCV RNA


Initial investigations into the CN mode focused on acetonitrile as
a model compound. Following normalization to 10 mM (which
is a conservative estimate of eventual in vivo localized probe
concentration), the Raman scattering cross-section of acetonitrile
was determined to be below current CARS detection limits (data
not shown). Therefore, if the CN mode was to be used as a CARS
contrast agent, the scattering cross-section needed to be increased.
This was achieved by increasing the polarizability of the CN mode
by conjugation with an aromatic system. The validity of this
approach for generating vibrational image contrast was recently
demonstrated using N-((4-cyanobenzyl)hydroxyl)succinimide (4-
CN-NHS).27,28


Building from these studies, ((4-cyanobenzamido)ethyl)-
maleimide (4-CN-M) was prepared with the goal of modifying
HCV RNA containing a terminal thiol (Fig. 5A). The 5′-CN-
modified HCV RNA (5′-CN HCV RNA) was analyzed by
electrophoretic comparison with HCV RNA and 5′-fluorescein-
modified HCV RNA (5′-F HCV RNA; Fig. 5B). The results
implied that the labeling reaction was successful. However, the
width of the 5′-labeled RNA bands indicated that theses samples
had different chemical properties than unmodified HCV RNA,
which may lead to a change in their electrophoretic migration
(apparent mass-shift did not correlate with the mass of 5′-F or
5′-CN HCV RNA). This strategy incorporates only one labeled
nucleotide into a whole HCV RNA replicon (∼10 000 nt), which
is below the current Raman/CARS microscopy detection limits.
Therefore, we attempted to modify multiple ribonucleobases with
Raman labels.


Fig. 5 Synthesis and analysis of 5′-labeled HCV RNA products.
A) (i) the 5′-OH is exchanged for a thiophosphate group through the action
of T4 polynucleotide kinase (only the thiol has been shown for simplicity);
and (ii) the 5′-thiol then reacts via 1,4-addition with a maleimide probe to
yield 5′-labeled RNA. B) Relative to HCV RNA (N) the electrophoretic
migration of 5′-F HCV RNA (5′-F) and 5′-CN HCV RNA (5′-CN)
displayed a large mass-shift, indicating a much higher molecular weight,
which did not correlate with the mass of fluorescein-M or 4-CN-M.


Labeling nucleotide bases with N-hydroxysuccimide-activated
benzonitrile compounds necessitated the incorporation of a reac-
tive handle into HCV RNA. A variety of nucleotide analogues
have been developed to incorporate additional functionality
to DNA and RNA.37–40 Notable amongst these derivatives is
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5-(aminoallyl)uridine (aaU; Fig. 6A), which has been used ex-
tensively as a reactive handle to which various tags are conjugated
for downstream applications.41–43


Fig. 6 Validation of aaU-HCV RNA synthesis. A) Structure of aaU. B)
Electrophoresis of HCV RNA (N) and aaU-HCV RNA, which was
synthesized with increasing ratios of aaUTP:UTP (indicated above the
remaining lanes). C) A similar trend in migration was observed for smaller
transcripts. Lanes 1 and 3 are aaU-modified 163-mer/270-mer transcripts,
respectively. Lanes 2 and 4 are unmodified control transcripts. R = ribose.


The synthesis of aaU-modified HCV RNA (aaU-HCV RNA)
was successfully demonstrated, with acceptable yields of 50–
70% when compared to normal IVT of HCV RNA (Fig. 6B).
Further analysis of the electropherograms revealed that aaU-
HCV RNA displayed an abnormal migration velocity relative to
unmodified HCV RNA. This observation suggested that either an
early termination product was the primary transcript or that the
electrophoretic migration of aaU-HCV RNA was altered relative
to HCV RNA. A similar trend in migration was observed for aaU-
modified 163 nt and 270 nt transcripts (data not shown). This
demonstrated that the migration shift was a general consequence
of using aaU, and supported the conclusion that the aberrant
electrophoretic migration of aaU-HCV RNA was likely due to
altered physicochemical properties rather than a predefined early
termination site.


In addition to the slower migration velocity, there was a
heterogeneous mixture of transcripts present in IVT reactions that
used aaUTP (data not shown). This is a common problem when
working with modified nucleobases that stems from premature
termination of transcription. Importantly, the polymerase used
in the current study (T7) has been used to incorporate aaU and
other 5-modified uridine derivatives into short in vitro-generated
transcripts. In these reactions, a significant quantity of early
termination products were produced using small (10–50 nt) tran-
scripts and modified nucleotides, including aaU.33–36 Thus, it was
expected that such products would also be produced during the
synthesis of larger transcripts (i.e., HCV RNA). By augmenting
the ratio of UTP:aaUTP in the IVT reaction the presence of early


termination products was minimized (Fig. 6B). Moreover, when
a 4 : 1 UTP:aaUTP ratio was used, the electrophoretic migration
and sample heterogeneity of the aaU-HCV RNA products were
closer to unmodified HCV RNA (Fig. S1A†).


Since a mixture of UTP and aaUTP was used to generate
aaU-HCV RNA, the number of aaU residues present in the
aaU-HCV RNA transcript was dependant upon the probability
of T7 incorporating wild-type versus modified substrates. To
quantitatively determine the amount of aaU incorportated into
aaU-HCV RNA, several techniques were considered. Matrix-
assisted laser desorption ionization (MALDI) MS is often used
to identify modified ribonucleobases.44,45 However, there is a size
restriction for MALDI-MS analysis of RNA of around 1200 nt,
and it is difficult to obtain quantitative data.46–48 Since HCV RNA
is a 10 000 nt transcript and quantitative data is required, MALDI-
MS was unsuitable. Two other techniques used to characterize
modified ribonucleobases that are capable of providing diagnostic
and quantitative data are HPLC and LC-MS.49–51 However, before
transcripts as large as aaU-HCV RNA and benzonitrile-modified
aaU-HCV RNA (CN-HCV RNA) could be analyzed they needed
to be degraded to their constituent monomers.


An important consideration when designing a protocol for the
digestion and dephosphorylation of modified RNAs is the speci-
ficity of the nuclease and phosphatase for unnatural substrates.
While several studies have used snake venom phosphodiesterase
to mediate RNA digestion for HPLC analysis, it was postulated
that this enzyme cannot fully degrade RNA containing uridine
analogues, including aaU.36,49–51 As a result, S1 nuclease was chosen
to develop this methodology, as it has been shown to efficiently
digest alkylated, depurinated and UV-irradiated substrates.52 S1
is also known to catalyze the digestion of double-stranded and
single-stranded RNA segments, which was important due to the
highly complex secondary and tertiary structural elements present
in HCV RNA.52


Once the validity of the digestion/dephosphorylation and
HPLC/LC-MS analyses were demonstrated (Fig. S2, S8 and S9),
it was possible to investigate the extent of aaU incorporation into
aaU-HCV RNA with the surety that the results obtained were
representative of the entire modified transcript. Previous studies
specifically investigated the efficacy with which T7 incorporated
various 5-modified uridine analogues, two of which bear similar-
ities to aaU.35 In this study, it was found that uridine derivatives
bearing a positively charged group (primary amine or histidine) at
the 5-position produced full-length transcripts from a sequence
designed to be difficult for T7 to transcribe as well or better
than reactions using wild-type substrates. This finding fits very
well with the experimentally determined aaU:U ratio in aaU-
HCV RNA transcripts of 1 : 1.1 to 1 : 1.3, which implied that
aaUTP was incorporated more efficiently than UTP. There are
2166 uridines in HCV replicon RNA, which meant that there were
1100–1200 aaU residues incorporated into aaU-HCV RNA. This
also meant that there are 1100–1200 reactive primary amines
amenable to modification with benzonitrile groups. Additionally,
HPLC analysis demonstrated that the extent of aaU incorporation
could be regulated by adjusting the amount of aaUTP in the IVT
reaction (Fig. S1B).


Repeated attempts at modifying aaU and aaU-HCV RNA
with 4-CN-NHS were unsuccessful. Believing this to be a stere-
oelectronic effect, the labeling reaction was attempted using
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N-(benzoyloxy)succinimide (Bz-NHS). HPLC analysis of the aaU
monomer, as well as short transcripts and full-length aaU-HCV
RNA, confirmed that the reaction proceeded to completion when
Bz-NHS was used in place of 4-CN-NHS (Fig. S3 and S4). Bz-
NHS labeling was next applied to an aaU-modified 163-mer.
Examination of the electrophoretic migrations again indicated
a successful reaction, since the increased apparent mass of the
labeled RNA was consistent with the chemical conjugation of the
benzyl group (Fig. S4).


Next, we successfully labeled aaU-HCV RNA using N-((3-
cyanobenzyl)hydroxyl)succinimide (3-CN-NHS), which has a rel-
ative reactivity between 4-CN-NHS and Bz-NHS. HPLC analysis
of the monomer reaction, as well as modification of short and full-
length aaU-HCV RNA transcripts, revealed a clear disappearance
of the aaU peak and a corresponding appearance of a new eluent
that was identified as the CN-modified aaU monomer (Fig. S4 and
S5). Also noteworthy from these experiments was the finding that
>90% labeling efficiency was achieved for all RNA modification
reactions. This translates into approximately 10% (ca. 1000 nt)
of the HCV replicon RNA that were modified with benzonitrile
contrast agents.


To further confirm the benzonitrile modification of aaU-HCV
RNA, Raman imaging of CN-HCV RNA was conducted. Analy-
sis revealed a spectrally well-resolved signal corresponding to the
CN mode at 2238 cm−1 (Fig. 7A), whereas the 1050–2000 cm−1 and
2800–3000 cm−1 regions retained all the spectroscopic information
of HCV RNA. Additionally, image contrast specific to CN-HCV
RNA could be generated by integrating the Raman image from
2200–2260 cm−1 (Fig. 7B). Similar to D-HCV RNA, in vivo
imaging was hindered due to the sensitivity limits associated with
cellular imaging using Raman microscopy. However, when coupled


Fig. 7 Raman microscopy analysis of CN-HCV RNA. A) A clear peak
at 2238 cm−1 was final evidence that the 3-CN-NHS modification of
aaU-HCV RNA was successful. Also evident was the O–P–O nucleotide
backbone resonance at 1090 cm−1 (arrow), which gave confirmation that
it was RNA under examination. B) Raman image contrast was generated
by integrating the CN band from 2230–2260 cm−1. An intensity difference
was observed when compared to an off-resonance image.


with the HPLC/LC-MS data presented thus far, the Raman data
indicated that the modification of aaU-HCV RNA with 3-CN-
NHS was successful.


Biophysical characterization of aaU-HCV RNA and CN-HCV
RNA


Dynamic light scattering (DLS) is a spectroscopic technique used
primarily to size particle suspensions. In particular, due to the
intense scattering of light from the metallic surface, DLS has been
used extensively to characterize colloidal nanoparticle solutions to
measure the degree of polydispersion.53 DLS has also been used to
characterize the hydrodynamic radius of biomolecules, including
proteins, lipids and oligonucleotides.54–59 As a first-line means of
investigating the structural effects of modifying HCV RNA, the
hydrodynamic radii of modified HCV RNAs were measured. The
results showed negligible differences between the modified RNAs
(D-HCV RNA, aaU-HCV RNA and CN-HCV-RNA) and HCV
RNA (Fig. S6).


Atomic force microscopy (AFM) has been used extensively in
the study of DNA. Recently, it was extended to the investigation
of RNA secondary structure and viral RNAs.60–68 We employed
AFM to investigate the bulk structural effects of modification to
aaU-HCV RNA and CN-HCV RNA relative to HCV RNA. These
samples are the most amenable to study with AFM because the
nature of their modifications imply that they would experience the
largest structural perturbations and were, therefore, likely to be
within the resolution limits of AFM.


To facilitate the adhesion of polyanionic RNA to the anionic
mica surface, a sufficient concentration of Mg2+ (mM) must be
present in the AFM analysis buffer to overcome the coulobmic
repulsion between the like charges of RNA and mica.69,70 The
apparent radii of the modified RNAs following surface deposition
appeared similar, with the dispersion consistently ranging from
80–120 nm. It is well established that during deposition long
polymers often undergo 3D-to-2D transition.71 This is caused by
partial dissolution of the condensed state due to interactions with
surface Mg2+ that become energetically favorable as the deposition
buffer is removed. The discrepancy between the AFM and DLS
radii was likely the result of these transitions.


The morphology of the RNA following deposition provided
valuable information regarding the structural changes introduced
into aaU-HCV RNA and CN-HCV RNA. While the observed
condensed state was not representative of native tertiary structure,
it contained non-specific structural elements that could be used as
a model for the effects of labeling on native HCV RNA structure.69


Comparison of the AFM images acquired for aaU-HCV RNA,
CN-HCV RNA and HCV RNA revealed distinct differences in
morphology that implied the modified RNAs adopted a more
open conformation on the mica surface (Fig. 8). Also, single-
stranded RNA fragments were observed with higher frequency
for the modified RNAs.


These results were best explained by considering the ener-
getics of the condensed state tertiary (and possible secondary)
structural elements in the modified versus unmodified RNAs.
The morphology of HCV RNA suggested a tightly packed
condensed state in which non-specific tertiary interactions were
largely maintained during the deposition process. Energetically
this meant that the Mg2+-induced non-specific tertiary interactions
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Fig. 8 AFM analysis of modified HCV RNAs. Unmodified HCV RNA
appeared as tight clusters, indicating that non-specific tertiary interactions
in the collapsed state remained intact. The presence of single-stranded
segments and generally more relaxed appearance of aaU-HCV RNA
and CN-HCV RNA implied that the collapsed state tertiary interactions
were dissociating in favor of coordinating with surface Mg2+. This was
concluded to be a direct result of aaU and aaU-CN destabilizing these
interactions such that coordinating with surface Mg2+ was energetically
favored. All scale bars are 100 nm.


were more favorable than RNA interactions with the Mg2+-coated
mica surface. Application of identical reasoning to the images
of aaU-HCV RNA and CN-HCV RNA led to the conclusion
that the non-specific tertiary interactions in the condensed states
were weakened as result of the modifications introduced to enable
live-cell RNA tracking using Raman/CARS microscopy. Thus,
the more relaxed conformation of the modified RNAs showed
that Mg2+-induced intramolecular interactions were energetically
higher than interactions with the Mg2+-coated mica surface.


Functional validation of modified HCV RNAs


The structural complexity of the HCV genome underscores the
importance of characterizing the functional and structural con-
sequences of biomolecular modification. Such investigations are
especially relevant to the present study because research shows that
subtle changes to the primary sequence of HCV RNA can result
in drastic functional consequences.72–75 It follows from this that
incorporating a heavily modified nucleotide analogue throughout
the length of the genome was likely to have significant deleterious
effects. Owing to this, functional validation of the modified HCV
RNAs using a luciferase reporter gene was performed.


In the presence of Mg2+, ATP and the beetle luciferin substrate,
the luciferase protein catalyzes the production of light, and the
amount of light produced can be correlated to the amount of


luciferase that was translated in vivo.11,76 We utilized an HCV
replicon system containing the luciferase gene under the control
of an HCV IRES.13 With this system, changes in luciferase
expression can be directly correlated to translational perturbations
and indirectly correlated to replicative changes that resulted from
the modifications introduced to enable tracking by Raman and
CARS microscopy.


The expression of the luciferase reporter gene was investigated
following RNA modification at the transcriptional and post-
transcriptional level (Fig. 9). The results showed that the luciferase
activity was severely affected for aaU-HCV RNA (5%), CN-
HCV RNA (15%), 5′-CN HCV RNA (20%) and 5′-F HCV RNA
(50%) when compared to unmodified HCV RNA. In contrast, D-
HCV RNA maintained approximately 60% of wild-type luciferase
activity when contrasted against unmodified HCV RNA. The
fact that these trends continued through the 48 hour time-point
was indicative of a replicative and/or translational deficiency
introduced by the modification of HCV RNAs.


Fig. 9 Luciferase activity of modified HCV RNAs. 24 h (A) and 48 h (B)
endpoints were examined. Data showed that aaU-HCV RNA, CN-HCV
RNA and 5′-CN HCV RNA suffered severe functional deficits as a result
of modification. Mock treatment was with transfection reagent only. All
measurements were made in triplicate and are reported as mean values ±
one standard deviation.


These results suggest that although the incorporation of
benzonitrile groups into HCV RNA is possible, the functional
consequences of these modifications preclude their use in live-cell
imaging. Conversely, C–D bonds appear to function as reasonable
vibrational labels while retaining the function of the HCV replicon.
Furthermore, when HCV RNA transcripts containing one of
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the deuterated nucleosides per IVT reaction were analyzed, the
luciferase activity of G/C and A/U substitutions clearly deviated
from each other and showed that the activity of D-HCV RNA
could be increased to near wild-type levels (Fig. S7).


It should be noted that the decreased luciferase activity in
these modified RNAs can be attributed to a variety of sources—
decreased transfection efficiency, RNA stability, altered RNA–
RNA or RNA–protein interactions, etc. However, while the precise
cause is unclear, the AFM data presented herein suggested that
the decreased luciferase activity was causally linked to structural
perturbations introduced upon modification of the HCV RNA.


Conclusions


In summary, the incorporation of deuterium and CN Raman
modes into very large HCV RNA molecules was carried out to
establish a means of tracking processes related to RNA processing,
motility and localization using Raman/CARS microscopy. Char-
acterizations of these materials by HPLC and LC-MS demon-
strated the validity of the methodologies used to incorporate these
endogenous Raman modes into HCV RNA. Additionally, Raman
microscopy and spectroscopy provided evidence that contrast
specific to C–D and CN modes could be generated, suggesting
that these materials could be used to track modified RNAs
in vivo. Although the nitrile functionality has a stronger Raman
cross-section than the C–D bond, D-HCV RNA has the least
perturbation to HCV replicon function relative to unmodified
HCV RNA. The results presented here provide a solid frame-
work for understanding the response of HCV replicon RNA to
modifications, and demonstrated that HCV RNA functionalized
with C–D and CN modes can be specifically visualized by tuning
to these modes using confocal Raman microscopy. Furthermore,
given the advantages of CARS microscopy, the Raman imaging
experiments indicate that CARS microscopy would be well suited
to investigating C–D- and CN-modified biomolecules.


Experimental


Materials and methods


All chemicals were purchased from Aldrich (Oakville, ON,
Canada) and used as received. Eighteen megaohm H2O was
obtained from a NANOpure R© DIamondTM Life Science Series
1370 water filtration system (Barnstead International, Dubuque,
IO, USA) and was used for all applications not requiring RNase-
free conditions. The pFKI389luc/NS3-3′/5.1 plasmid, which codes
for the HCV subgenomic replicon, was obtained from Ralph
Bartenschlager (Institute of Hygiene, University of Heidelberg,
Germany). Huh-7 cells were generously provided by Lubica
Supekova (Scripps Research Institute, USA). RNA quantification
was performed on a ND-1000 spectrophotometer (NanoDrop
Technologies, Rockland, DE, USA) and RNA integrity was
verified by electrophoresis using the Agilent 2100 bioanalyzer
with the RNA LabChip R© Nano and Pico kits according to
the manufacturer’s protocol (Agilent Technologies, Palo Alto,
CA, USA). RNA migration behavior and the heterogeneity of
transcript populations were determined using the gel and elec-
tropherogram functions of the 2100 Expert software, respectively
(Agilent Technologies). The synthesis of the benzonitrile labels


is described in the Electronic supporting information† and the
literature.28


Cell culture


Huh-7 cells were cultured at 37 ◦C and 5% CO2 in complete
cell culture medium that consisted of Dulbecco’s modified Eagle
medium (DMEM; Invitrogen, Burlington, ON, Canada) supple-
mented with 10% (v/v) fetal bovine serum (FBS; Cansera Interna-
tional, Rexdale, ON, Canada), 100 nM minimal essential medium
nonessential amino acids (Invitrogen), 50 U mL−1 penicillin and
50 lg mL−1 streptomycin (Invitrogen).


In vitro transcription


HCV RNA was generated using the MEGAscript(tm) IVT
kit (Ambion Incorporated, Austin, TX, USA). In brief,
pFKI389luc/NS3-3′/5.1 template DNA was linearized with the
Sca I restriction enzyme (New England BioLabs, Pickering,
ON, Canada). Following an ethanol precipitation, the linearized
vector was resuspended in RNase-free H2O (Ambion) to a final
concentration of 0.5 lg lL−1. The transcription reaction was set
up according to the manufacturer’s protocol and incubated at
37 ◦C for 2 hours. Additionally, the pTriEx-4 Neo vector (EMD
Biosciences Incorporated, San Diego, CA, USA) was digested
with Nco I and Sma I restriction enzymes to yield template DNA
that produced 163-mer and 270-mer RNA transcripts, respectively,
following IVT as described above.


To generate transcripts incorporating aaU (Aldrich), a 1 : 1
(v/v) mixture of 75 mM UTP and 75 mM aaUTP (Aldrich)
was prepared and used in place of UTP in the IVT reaction—all
other steps were performed as above. To generate deuterated HCV
replicon RNA (D-RNA), perdeuterated rNTPs (50 mM; Silantes
GmbH, München, Germany) were substituted for normal rNTPs
in the transcription reaction—all other steps were performed
as above. For transcripts containing only one of the deuterated
rNTPs, the appropriate nucleotide was substituted with the deuter-
ated analogue and the IVT reaction was performed as above. All
transcripts were cleaned using a MEGAclearTM RNA purification
kit (Ambion) according to the manufacturer’s protocol.


RNA labeling


HCV RNA transcripts were conjugated to either fluorescein
(32 mM; Vector Laboratories, Burlingame, CA, USA) or 4-CN-M
(32 mM), which were dissolved in RNase-free DMSO (Aldrich),
with the 5′ EndTagTM Nucleic Acid Labeling System (Vector
Laboratories) according to the manufacturer’s protocol. Following
purification by phenol extraction, the labeled RNA was analyzed
for quantity and integrity as outlined above.


To label the reactive amine presented by aaU, 3-CN-NHS, 4-
CN-NHS and Bz-NHS were utilized. In a typical reaction, 10 lg
of RNA containing aaU (or approximately 100 nmol of aaU
mononucleoside) was dissolved in labeling reaction buffer (30 mM
NaHCO3, pH 9). Following this, an equal volume of 25 mM NHS-
activated label in RNase-free DMSO was added. After 1 hour at
37 ◦C, the reaction was diluted 1 : 10 with RNase-free H2O and
purified by passage through a YM10 MWCO filter (Millipore,
Billerica, MA, USA). Following two RNase-free H2O washes
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the collected retentate was analyzed for quantity and integrity
as outlined above.


RNA digestion and dephosphorylation


RNA (modified and unmodified) was digested with S1 nuclease
(Invitrogen) to afford the constituent mononucleotides. In a typical
reaction, 5 lg of RNA was incubated with 50 U of S1 in 30 mM
sodium acetate, 1 mM zinc acetate and 5% (v/v) glycerol, pH 4.6
at 37 ◦C. Digestions were stopped at 1, 2, 4, 8 and 24 hours
by passage through a YM10 MWCO filter to examine the time-
dependence of the digestion reaction. All other digestion reactions
were incubated for 24 hours and subsequently used without
purification. Additionally, the concentration-dependence of RNA
digestion was investigated by conducting the digestion reaction
with 2, 10 and 25 U of S1.


The mononucleotide solution was dephosphorylated by adjust-
ing the buffer conditions to 100 mM NaCl, 50 mM Tris-HCl,
10 mM MgCl2 and 1 mM dithiothreitol, and adding 50 U of
calf intestinal phosphatese (New England Biolabs). Following
incubation at 37 ◦C for 24 hours, the constituent mononucleosides
were analyzed by HPLC and LC-MS.


HPLC and LC-MS analysis


HPLC was performed on an Agilent 1100 Series LC system
equipped with a Waters SunFireTM C18 reverse-phase column
(3.5 lm, 2.1 × 100 mm; Waters Corporation, Milford, MA, USA).
The elution gradient used was adapted from previous studies
investigating RNA by HPLC.49–51 Resolution was achieved by
using a MeOH–0.1 M NH4OAc, pH 6.5 mixed mobile phase
running at 0.2 mL min−1 as follows (percent MeOH, elapsed time
in min): 1, 0; 10, 15; 50, 16; 50, 20; 95, 30; 95, 35. The elution
gradient was linear over all intervals. Typically, 15% (by volume)
of a 5 lg HCV-RNA digestion/dephosphorylation reaction was
analyzed per HPLC run.


LC-MS was carried out on a Waters 2795 Separations equipped
with the above outlined Waters SunFireTM C18 reverse-phase
column. In-line monitoring of column eluate was achieved by
detection with a Waters 996 photodiode array detector set to
254 nm and a Waters Micromass ZQ 2000 MS. The MS was set
to positive ion electrospray detection, with the following defined
parameters: capillary voltage: 3.50 kV; cone voltage: 10 V; source
temperature: 80 ◦C; desolvation temperature: 200 ◦C; desolvation
gas flow: 347 L h−1; cone gas flow: 49 L h−1; scan time: 0.5 s; mass
range: 100 to 1000. Elution conditions were the same as for HPLC.


Standard curves of absorbance as a function of concentration
were constructed for C, U, aaU, G and A (Aldrich) from
0.01–1 mM. The extent of aaU incorporation and 3-CN-NHS
modification of RNA containing aaU was quantified using the
U and aaU standard curves. Concentrations of the constituent
nucleotides following RNA digestion and dephosphorylation were
also determined using the standard curves. This data was then used
to establish the percentage of RNA that was digested.


Transfection of RNA


For transient expression of pFKI389luc/NS3-3′/5.1-derived HCV
RNA, Huh-7 cells were seeded at 5.0 × 104 cells per well in a
24-well plate in 500 lL of complete Huh-7 medium. Cells were


transfected once they reached 90% confluency (usually around
24 hours post-seeding). Prior to transfection cells were washed
once with phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM
KCl, 10.1 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) and placed
in FBS- and antibiotic-free DMEM at 37 ◦C while preparing
transfection complexes.


Transfection complexes were prepared by mixing 500 ng of RNA
with 3.0 lL of DMRIE-C transfection reagent (Invitrogen) in
500 lL per well of FBS- and antibiotic-free DMEM in a 24-well
plate as per the manufacturer’s protocol. After 4 hours of exposure
to the transfection complexes, one equivalent (by volume) of
antibiotic-free DMEM containing 20% (v/v) FBS and 100 nM
minimal non-essential amino acids were added. Transfected cells
were then incubated at 37 ◦C and 5% CO2 until desired endpoint(s).
All transfection conditions were performed in triplicate.


Cell lysis, luciferase assay and protein quantification


All luciferase assays were performed on lysates from 24-well cell
cultures. At the desired time, post-transfection cells were washed
once with PBS and subsequently lysed by the addition of 100 lL
of 1× cell culture lysis buffer (Promega Corporation, Madison,
WI, USA) per well. After 20 min at room temperature the cells
were kept at −20 ◦C for 24 hours to aid lysis.


Luciferase assay substrate (25 mM glycylglycine, 15 mM
KH2PO4, 4 mM EGTA, 2 mM ATP, 1 mM dithiothreitol, 15 mM
MgSO4, 0.1 mM acetyl CoA, and 75 lM beetle luciferin, pH
adjusted to 8.0) was prepared fresh prior to use76. Forty microlitres
of each cellular lysate was transferred to a Microlite white 96-well
plate (VWR International, Mississauga, ON, Canada) and the
luciferase activity was measured on an Lmax luminometer (Molec-
ular Devices, Sunnyvale, CA, USA) equipped with SOFTmax
Pro for Lmax 1.1 L software (Molecular Devices). The following
parameters were used for data acquisition: 50 lL of luciferase
substrate was injected into each well, followed by a 2 s delay and
finally a 10 s integration to quantify the relative light units (RLU)
produced.


Total protein content of cellular lysates was quantified using the
Bio-Rad DC Protein Assay (Bio-Rad Laboratories, Mississauga,
ON, Canada) as per the manufacturer’s instructions, with BSA
(Aldrich) as the protein standard. The absorbance was read using a
BioPhotometer (Eppendorf, Mississauga, ON, Canada) at 595 nm
after 15 min of incubation at room temperature. All luciferase
and protein data was collected in triplicate. The luciferase signal
was normalized against protein content and is presented as mean
values ± one standard deviation.


Raman spectroscopy and microscopy


All samples for Raman analysis were analyzed on a phosphorus-
doped N-type silicon substrate (single-side polished, 250 ± 25 lm
thickness; Virginia Semiconductor Incorporated, Fredericksburg,
VA, USA). Raman spectroscopy and microscopy were carried
out using a confocal Raman microscope (Horiba Jobin Yvon,
Edison, NJ, USA) aligned in a back scattering configuration,
which was coupled to an Olympus BX51 microscope (Olympus
America Incorporated, Center Valley, PA, USA). Scattered light
was collected through a high numerical aperture (Na = 0.95) 100×
objective (Olympus) and was detected on a 1024 × 256 element
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thermo-electrical cooled CCD detector (Andor Technology, South
Windsor, CT, USA). Sample excitation was achieved by a HeNe
laser (k = 632.8 nm) sharply focused to a diffraction-limited
spot, with a focal power density of approximately 105 W cm−2


(10 mW focused to 1 lm2). Typically, spectra were acquired
with three accumulations of 20 s, with multiple accumulations
serving to improve the overall spectral signal-to-noise ratio, as
well as allowing the spectral processing software to efficiently
remove cosmic spikes. All spectral processing was performed
within the manufacturer’s instrumental control software, LabSpec
5.04 (Horiba Jobin Yvon). Spectral smoothing was achieved using
the Savitsky–Golay smoothing routine.


Atomic force microscopy


For imaging, RNA was diluted in AFM imaging buffer (40 mM
HEPES, 10 mM MgCl2, pH 7.0) to 2–5 ng lL−1. Five microlitres
of the diluted RNA solution was dropped onto freshly cleaved
mica (grade V2; Ted Pella Incorporated, Redding, CA, USA) and
allowed to adsorb for 5 min at room temperature. Non-absorbed
RNA was removed by washing three times with RNase-free H2O
(500 lL per wash), after which the sample was dried under a stream
of nitrogen. Imaging was performed under ambient conditions
in tapping mode on a NanoScope IIIa atomic force microscope
(Digital Instruments, Woodbury, NY, USA) equipped with an
E-piezoscanner (Digital Instruments). Pointprobe R© plus non-
contact, high-resonance frequency tips (Nanosensors, Neuchatel,
Switzerland), with a force constant of 21–78 N m−1 and a reso-
nance frequency of 260–410 kHz, were used for all measurements.
Fields of 0.5–3.0 lm were scanned at 1–1.5 Hz. Images were
flattened and approximate cluster diameters were determined
using NanoScope v5.12r4 software (Digital Instruments). The
same software was used to manually determine cluster diameters.
Following imaging, all diluted RNA was analyzed to verify
integrity.


Dynamic light scattering


DLS measurements were recorded on a Zetasizer 3000 HSA
(Malvern Instruments Limited, Worcestershire, UK). Scattered
light was produced by a 633 nm incident beam and was detected
at an angle of 90◦ and a temperature of 25 ◦C. All measurements
were taken in a Quartz SUPRASIL cuvette (Hellma GmbH & Co
KG, Müllheim, Germany) with a 3 mm path length and 45 lL
sample volume. Samples were prepared in AFM imaging buffer
and allowed to incubate for 10 min at room temperature prior
to measurement. The integrity of all RNA was verified following
analysis. Data is reported as the mean hydrodynamic radius (nm) ±
the polydispersion factor calculated by the Zetasizer software.
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A novel photoresponsive functional monomer bearing diaminopyridine and azobenzene moieties was
synthesized and applied to the preparation of photo-regulated molecularly imprinted polymers, which
can recognize porphyrin derivatives through hydrogen bonding. The binding affinity of the imprinted
cavities was regulated by UV irradiation, suggesting that azobenzene groups located inside the binding
sites worked as photosensitizers and the trans–cis isomerization could regulate the affinity for the target
compounds. Repetitive binding of the target compound to trans-IP and cis-IP was directly monitored
by slab optical waveguide spectroscopy and the photo-mediated regulation of binding affinity was
successfully confirmed.


Introduction


Molecular imprinting has been known as a useful technique for the
preparation of molecular recognition materials, which have tailor-
made binding sites for target molecules.1 Molecularly imprinted
polymers (MIPs) have been often compared to enzymes and
antibodies, and applied to various fields ranging from analysis to
catalysis.2 In MIP syntheses, functional monomers are assembled
around a template molecule by covalent or non-covalent inter-
action, and co-polymerized with cross-linking monomer(s). The
template is then removed from the resulting polymer to generate
selective binding sites, which are complementary to the template
in size, shape and functional groups.


External stimuli-responsive polymers have been intensively de-
veloped in modern polymer science. To date, polymers controlled
by external stimuli such as electric fields,3 magnetic fields,4 light,5


etc. have been reported. The stimuli-responses have been utilized
to control chemical functions by on–off switching.


Photoirradiation is one of the external stimuli for stimuli-
responsive materials. Recently, many photoresponsive molecular
systems have been reported.6 It is well known that azobenzene
derivatives show photoreversible isomerization. The azobenzene
chromophore group exists in two isomeric states, a thermodynam-
ically more stable trans and a metastable cis. When irradiated with
light of appropriate wavelength, azobenzene and its derivatives un-
dergo photoisomerization: the trans-form is converted into the cis-
isomer by UV light irradiation, and the cis-isomer can return to the
trans-form photochemically under visible light irradiation or ther-
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cho, Nada-ku, Kobe 657-8501, Japan. E-mail: takeuchi@gold.kobe-u.ac.jp;
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mally in the dark. Quantum yields of the process are generally high
and there are no significant competing reactions. Also, trans–cis
photoisomerization of azobenzene brings about large changes in
the geometry and dipole moment to the chromophore.7 Minoura
et al. reported that dansylamide-imprinted polymer membranes
containing azobenzene chromophore and their binding properties
were regulated by light,8 where p-phenylazoacrylanilide was used
as a functional monomer. In this system, the binding activity and
the selectivity were not high, since the functional monomer may
not form strong hydrogen bonds with the target molecule. Re-
cently, Gong et al.9 reported photoresponsive imprinted polymer
materials capable of photoregulated uptake and release of caffeine,
where the adsorption selectivity in each case of the trans-form and
the cis-form was not fully studied.


Herein we report a newly designed photoresponsive func-
tional monomer having diaminopyridine and azobenzene
moieties, 4-{4-[2,6-bis(n-butylamino)pyridine-4-yl]-phenylazo}-
phenyl methacrylate (FM) for preparing photoresponsive im-
printed polymers for porphyrin derivatives with carboxylic acids
(Scheme 1). Multiple hydrogen bonds could be formed between
the template and FM, facilitating the assembly of FM with the
template in appropriate positions by polymerization, yielding
selective imprinted cavities complementary to the target molecule.


The reversible binding of target molecules to the imprinted
polymer is directly investigated by using optical waveguide
spectroscopy,10 which is internal reflection spectroscopy based on
absorption of an evanescent wave emerging from the outer surface
of a slab-type waveguide where incident light is propagated by
repeated total reflection. It is known that molecular interactions at
a liquid–solid interface can be directly detected by this technique,
therefore, in the present work, the target molecule bound to a thin
film on the waveguide can be directly detected with or without
external light (365 nm), meaning that the effect of light irradiation
on the binding of the target molecule to the prepared polymer thin
film can be directly investigated.
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Scheme 1 Schematic illustration of photoresponsive binding site generation in the imprinted polymer.


Results and discussion


Synthesis and photoisomerization properties of FM


To develop photoresponsive polymer materials possessing molecu-
lar recognition ability, we synthesized a polymerizable azobenzene
derivative as a designed functional monomer (FM). FM has a
polymerizable methacrylate moiety, a photoresponsive azoben-


zene moiety, and a diamino pyridine group capable of forming
hydrogen bonding with a carboxylic acid. The synthesis of FM is
shown in Scheme 2. We prepared FM by Suzuki coupling reaction
and the condensation of methacryloyl chloride. First, a boronate
azobenzene derivative (1) was prepared by a borylation reaction
catalyzed by PdCl2(PPh3)2. 2 was obtained by the coupling of 1
with 4-bromro-N,N′-dibutylpyridine-2,6-diamine under standard
Suzuki coupling conditions in 61% yield. In the final step, FM was


Scheme 2 Synthesis of FM.
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afforded from the reaction of 2 with methacryloyl chloride in 60%
yield.


Absorption spectra of the trans-FM in toluene–DMSO (9 :
1, v/v) solution showed two bands at 349 and 440 nm, related
respectively to the p–p* and n–p* electronic transitions of the
azobenzene chromophore (Fig. 1). trans-FM was photoisomerized
to cis-FM by irradiation with UV light. The cis-form yield in
the photostationary state was estimated to be 74%, which was
measured by 1H-NMR spectroscopy of FM after the irradiation
of UV light for 20 min in toluene-d8–DMSO-d6 (9 : 1, v/v).† In
contrast, the photoisomerization to the trans-form from the cis-
form was induced by Vis light, and both trans–cis and cis–trans
transformations were reversible.


Fig. 1 Absorption spectral changes of FM by photoirradiation.


Preparation and characterization of the photoresponsive polymers


The template molecule (TM): 5-(3,5-dioctyloxyphenyl)-10,15,20-
tri-4-carboxyphenyl-porphyrin has a porphyrin structure with
three p-benzoic acid and one dioctyl benzene moieties at meso
positions. The carboxylic acids can interact with the diamino
pyridine group of FM and the alkyl groups can improve TM’s
solubility in organic solvents. The imprinted polymer (trans-IP)
was prepared by thermally initiated polymerization in the dark,
where the pre-polymerization mixture contained TM, FM (trans-
form), divinylbenzene and styrene in toluene–DMSO (9 : 1, v/v)
(Table 1). After the polymerization, trans-IP was obtained by
washing out the template with aqueous CsCO3 solution, THF–
MeOH (1 : 1, v/v), and toluene–THF (3 : 1, v/v), successively.
After the washing step, 21% of the template was removed from the
polymer. This low template recovery may be due to the large size


Table 1 Polymer recipe for trans-IP


FM 21.5 mg
TM 15 mg
Divinylbenzene 210 lL
Styrene 85 lL
ADVN 22.4 mg
Toluene 450 lL
DMSO 50 lL


of the template molecule and the rigid polymer network formed
by styrene and divinylbenzene. Blank polymer (trans-BP) was
prepared in the same manner without adding TM in the pre-
polymerization mixture.


For examining the photoisomerization of azobenzene residues
in the polymers, we used an integrating sphere-equipped UV–
vis spectrophotometer. The absorption bands arising from the
azobenzene residues in the trans-IP and trans-BP in toluene–
DMSO (9 : 1, v/v) appeared at 334 and 340 nm, respectively.
The absorbance was decreased by the irradiation of UV light,
confirming that the trans-azobenzene moieties in the polymers
were photoisomerized to the cis-form (Fig. 2). The reverse photoi-
somerization to the trans-form was induced by the irradiation of
visible light. These phenomena mean that trans–cis isomerization
of the azobenzene residues also occurs even in the rigid crosslinked
polymer networks.


Fig. 2 Reversibility of the photoisomerization process in the imprinted
polymer and the blank polymer.


Binding activities of TM and structurally related compounds to
trans-IP and trans-BP


The binding selectivity of the polymers (trans-IP and trans-
BP, 3.0 mg) was evaluated by incubation with TM and related
compounds (150 lM in toluene–DMSO, 7 : 3 v/v, 2.0 ml), as
shown in Fig. 3. TM showed the strongest binding to the trans-
IP. In the trans-IP, the diaminopyridine groups of the binding
cavities could be assembled in positions suitable for hydrogen
bond formation with three carboxylic groups at the meso positions
in the porphyrin ring of TM. Compared with TM, structurally
related analogues with two or one p-benzoic acid group(s) at meso
position(s), namely DCPP and MCPP, were weakly adsorbed, and
they were more strongly bound to trans-BP than trans-IP. Strong
hydrogen bond formation cannot be achieved and the apparent
binding may be attributed to weak p–p stacking, resulting in non-
specific binding. THPP, which has four p-hydroxyphenyl groups
at meso positions, and TM(Me), trimethylesters of TM, were
hardly adsorbed. These results indicate that carboxylic acid groups
capable of hydrogen bond formation are necessary for binding
to the trans-IP. TCPP was strongly adsorbed to the trans-IP,
because it has four carboxylic acid groups. However, its binding
activity was inferior to that of TM. This means that the polymer
could recognize the differences between TM and TCPP in their
substitution patterns at one of the meso positions. MCPP was
more strongly bound to trans-BP than trans-IP.
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Fig. 3 Binding activities of the polymer for TM and related compounds.


Photoresponsive adsorption of TM to the imprinted polymer


In order to evaluate the photoresponsive binding of TM to the
imprinted polymer, batch rebinding tests were carried out in the
dark (trans-IP) and under the irradiation of UV light (cis-IP). The
binding isotherm depicted a saturation curve, meaning that a finite
number of binding sites exist in the IP. The binding activities of the
polymers for TM were quantitatively studied by Scatchard analysis
from the binding data (Fig. 4). The association constants (Ka) and
the maximum numbers of binding sites (Bmax) in trans-IP and cis-IP
are listed in Table 2. The values of Ka and Bmax in the trans-IP were
higher than those in cis-IP. At a lower concentration range, the
slope of the Scatchard plot appeared to be steeper,† meaning that
the binding sites constructed by the imprinting process are not
homogeneous as is often the case with non-covalent MIPs. For


Table 2 Association constants (Ka) and maximum numbers of binding
sites (Bmax)


Polymers Ka/M−1 Bmax/lmol g−1


trans-IP 1.8 × 105 3.82
cis-IP 7.9 × 104 3.19


this heterogeneity, we estimated the association constants using a
near concentration range employed in this work.


Since it is difficult to see differences directly in the binding of
TM during reciprocal switching between trans-IP and cis-IP by
common transmittance spectroscopy, we employed slab optical
waveguide spectroscopy for the measurement of absorbance
change on the surfaces of trans-IP and cis-IP thin films, allowing
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Fig. 4 Scatchard plots of TM binding to trans-IP and cis-IP.


the direct observation of TM binding on thin films. The trans-IP
thin film was prepared on a slab-type high reflection optical
waveguide and TM binding tests were conducted, and the binding
was monitored by measuring absorbance at 423 nm. Fig. 5 shows
the continuous measurements of TM binding for the repetitive
photo-switching of trans-IP and cis-IP for 20 h. Although the
template was not completely extracted in this work and it made
the spectroscopic background high, the results clearly show that
the affinity of trans-IP for TM was higher than that of cis-
IP. In previous imprinted polymer studies, binding behaviors of
samples to the polymers have been investigated indirectly by the
determination of unbound samples in bulk solutions. In contrast,
waveguide spectroscopy can provide direct information on the
bound TM, therefore it is confirmed that the specific binding sites
are photo-responsive and the binding affinity can be switched by
photoirradiation. These direct analyses on the films could make
possible the detailed study of binding modes in the imprinted
polymer and help develop highly specific materials with molecular
recognition ability.


Fig. 5 Binding behaviors of TM for the repetitive photo-swiching of
trans-IP and cis-IP. The UV light was irradiated during the grey period
(25 min).


Conclusions


The present study demonstrates photoresponsive imprinted poly-
mers prepared using the newly developed photoresponsive func-
tional monomer. The photoisomerization of azobenzene residues


in the imprinted binding cavities capable of multiple hydrogen
bond formation successfully regulated binding affinity. In the
present work, trans-FM was used for TM imprinting. When
the azobenzene residues in a recognition cavity of the imprinted
polymer is transformed from trans to cis configuration by UV
light irradiation, the arrangement of diaminopyridine groups in
the cavities may not be preserved, therefore, the difference in the
binding affinity between trans-IP and cis-IP can be explained by
this photoisomerization. We believe that further elaboration of
the present system would lead to the design of novel molecularly
imprinted materials with photoswitching functions such as light-
triggered release and capture, light-mediated selective extraction
and separation, and so on.


Experimental


Synthesis of FM and TM


4-[4-(4,4,5,5-Tetramethyl-[1,3,2]dioxaborolan-2-yl)-phenylazo]-
phenol (1). To a toluene (5.6 mL) solution of 4-(4-bromo-
phenylazo)phenol (551 mg, 2.00 mmol), Pd(PPh3)2Cl2 (84.5 mg,
0.12 mmol) and triethylamine (0.89 mL, 6.40 mmol) was added
pinacolborane (0.59 mL, 3.00 mmol). The reaction mixture was
stirred at 90 ◦C for 17 h under a nitrogen atmosphere. After
evaporation, the residue was dissolved in ethyl acetate. The
organic layer was washed with aqueous NaHCO3 and NaCl
solution. The crude product was purified by silica gel column
chromatography (dichloromethane–methanol = 40 : 1, v/v) to
yield 1 (310 mg, 48%); dH (300 MHz; CDCl3; Me4Si) 1.37 (12H, s,
CH3), 6.95 (2H, d, J = 7.1 Hz, ArH), 7.83–7.95 (6H, m, ArH).


4-{4-[2,6-Bis(butylamino)pyridine-4-yl]-phenylazo}-phenol (2).
To a solution of 1 (589 mg, 1.80 mmol), Pd(PPh3)4 (205 mg,
0.18 mmol) and CsCO3 (405 mg, 5.40 mmol) was added 4-bromo-
N,N′-dibutylpyridine-2,6-diamine (530 mg, 1.80 mmol) in DMF
(30 mL). The reaction mixture was stirred at 100 ◦C for 17 h under a
nitrogen atmosphere. After evaporation, the residue was dissolved
in ethyl acetate. The organic layer was washed with aqueous NaCl
solution. The crude product was purified by silica gel column
chromatography (n-hexane–ethyl acetate = 2 : 1, v/v) to yield 2
(460 mg, 61%); dH (300 MHz; CDCl3; Me4Si) 0.97 (6H, t, J =
6.9 Hz, CH3), 1.40–1.47 (4H, m, CH2), 1.60–1.65 (4H, m, CH2),
3.25–3.27 (4H, m, NCH2), 4.48 (2H, s, NH), 5.96 (2H, s, ArH),
6.96 (2H, d, J = 8.4 Hz, ArH), 7.72 (2H, d, J = 8.4 Hz, ArH),
7.87–7.94 (4H, m, ArH).


4-{4-[2,6-Bis(butylamino)pyridine-4-yl]-phenylazo}-phenyl metha-
crylate (FM). A solution of 2 (144 mg, 0.35 mmol), methacryloyl
chloride (0.027 mL, 0.28 mmol) and triethylamine (0.058 mL,
0.41 mmol) in dichloromethane (6.0 mL) was stirred at room
temperature for 2 h. The resulting mixture was washed with
aqueous NaCl solution. The mixture was purified by silica gel
column chromatography (n-hexane–ethyl acetate = 3 : 1, v/v) to
yield FM (100 mg, 60%); dH (300 MHz; CDCl3; Me4Si) 0.96 (6H,
t, J = 7.1 Hz, CH3), 1.38–1.51 (4H, m, CH2), 1.58–1.65 (4H, m,
CH2), 2.35 (3H, s, CH3), 3.24–3.30 (4H, m, NCH2), 4.35 (2H, s,
NH), 5.80 and 6.39 (2H, d, =CH2), 5.95 (2H, s, ArH), 6.96 (2H,
d, J = 8.4 Hz, ArH), 7.31 (2H, d, J = 8.3 Hz, ArH), 7.73 (2H, d,
J = 8.3 Hz, ArH), 7.90–8.01 (4H, m, ArH).
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5-(3,5-Dioctyloxyphenyl)-10,15,20-tri-4-methoxycarbonylphenyl-
porphyrin (TM(Me)). 3,5-Dioctyloxybenzaldehyde (1.09 g,
3.00 mmol), 4-formyl benzoic acid methyl ester (1.48 g,
9.00 mmol) and pyrrole (0.81 g, 9.00 mmol) were dissolved in
propionic acid (45 mL) under a nitrogen atmosphere. The reaction
mixture was refluxed for 3 h. Then the mixture was poured into
methanol and filtered. The resulting solid was purified by silica gel
column chromatography (dichloromethane–methanol = 100 : 1,
v/v) to yield TM(Me) (283 mg, 9%); dH (300 MHz; CDCl3; Me4Si)
−2.82 (2H, s, NH), 0.85 (9H, t, J = 6.8 Hz, CH3), 1.26–1.90 (24H,
m, CH2), 4.07–4.16 (13H, m, CO2CH3 and OCH2), 6.89 (1H, s,
ArH), 7.37 (2H, s, ArH), 8.30 (6H, d, J = 7.9 Hz, ArH), 8.46 (6H,
d, J = 7.9 Hz, ArH), 8.78 (2H, d, J = 4.8 Hz, b-H), 8.80 (4H, s,
b-H), 9.00 (2H, d, J = 4.8 Hz, b-H).


5-(3,5-Dioctyloxyphenyl)-10,15,20-tri-4-carboxyphenyl-porphy-
rin (TM). TM(Me) (130 mg, 0.12 mmol) was treated with 0.5 M
NaOH solution (10 mL) in THF (50 mL)–H2O (5.0 mL) at room
temperature for 4 h. The resulting mixture was neutralized by 1 M
HCl solution and extracted with chloroform. The crude product
was purified by recrystallization from dichloromethane–n-hexane
to yield TM (115 mg, 96%); dH (300 MHz; DMSO-d6; Me4Si)
−2.95 (2H, s, NH), 0.81 (9H, t, J = 6.8 Hz, CH3), 1.23–1.80 (24H,
m, CH2), 4.14 (4H, t, J = 6.6 Hz, OCH2), 6.94 (1H, s, ArH), 7.36
(2H, s, ArH), 8.30 (6H, d, J = 7.9 Hz, ArH), 8.46 (6H, d, J =
7.9 Hz, ArH), 8.82 (6H, bs, b-H), 9.00 (2H, d, J = 3.8 Hz, b-H).


Preparation of trans-IP and trans-BP


A pre-polymerization mixture was prepared according to Table 1.
The mixture was purged with nitrogen for 1 min and was
polymerized at 60 ◦C for 18 h. The resulting polymer was ground to
obtain polymer particles. The polymer particles were suspended
in 2 mM CsCO3 THF–methanol (20 mL, 1 : 1, v/v) solution
and stirred at room temperature for 48 h, then were washed with
toluene–THF (3 : 1, v/v) and methanol. Corresponding blank
polymer was prepared with the same recipe without TM.


Absorption measurements for FM and the prepared polymers with
and without photoirradiation


Absorption spectra of FM (25 lM) in toluene–DMSO (9 :
1, v/v) were measured with a Jasco V-560 spectrophotometer.
trans-FM was photoisomerized to cis-FM by irradiation with a
high-pressure Hg-lamp (500 W, USHIO, USH-500SC) through
a filter (Sigma, UTAF-33U; 230 < k < 430 nm). In contrast,
photoisomerization to the trans-form from the cis-form was
induced by irradiation with a 500 W high-pressure Hg-lamp
through a filter (Sigma, SCF-42L; k > 410 nm).


Absorption spectra of the suspensions of polymer particles
(2.0 mg) in toluene–DMSO (2.7 mL, 9 : 1, v/v) were measured with
a Jasco V-560 spectrophotometer equipped with an integrating
sphere (ISV-469). The photoisomerization of polymers was carried
out in the same manner as that for FM.


Binding tests of TM and structurally related compounds to
trans-IP and trans-BP


The polymer particles (3.0 mg) were incubated with 5-
(3,5-dioctyloxyphenyl)-10,15,20-tri-4-carboxyphenyl-porphyrin


(TM), 5-(4-carboxyphenyl)-10,15,20-triphenyl-porphyrin (MCPP),
5,10-di-(3,5-dioctyloxyphenyl)-15,20-di-4-carboxyphenyl-porphy-
rin (DCPP), 5,10,15,20-tetra-4-carboxyphenyl-porphyrin (TCPP),
5-(3,5-dioctyloxyphenyl)-10,15,20-tri-4-methoxycarbonylphenyl-
porphyrin (TM(Me)) and 5,10,15,20-tetra-4-hydroxyphenyl-
porphyrin (THPP) (150 lM at 25 ◦C) in toluene–DMSO (2.0 mL,
7 : 3, v/v) for 5 h. After incubation in the dark, the suspensions
were filtered, and the filtrates were analyzed by the UV–vis
spectrophotometer.


Scatchard analysis


The polymer particles (3.0 mg) were suspended in toluene–DMSO
(2.0 mL, 9 : 1, v/v) containing various amounts of TM (5.0
to 90 lM). After incubation for 17 h at 25 ◦C in the dark and
under the photoirradiation, the suspensions were filtered, and the
concentrations of free TM (F) were determined with the UV–vis
spectrophotometer. The amount of TM bound to polymers (B)
was calculated by subtraction from the initial TM concentration.
Scatchard analysis was based on the equation B/F = (Bmax −
B)Ka, where Ka is an association constant and Bmax is a maximum
number of binding sites, and was performed from the data of the
binding tests.


Preparation of trans-IP thin films and optical waveguide
spectroscopy


Vinylation of the surface of slab-type optical waveguides. In
order to keep the prepared film sticking on a glass waveguide
(20 mm × 65mm, thickness: 0.2 mm) stably, vinyl groups were
introduced on the waveguide. Acetic acid solution (5% (v/v),
20 lL) containing 42 mM 3-methacryloxypropyltrimethoxysilane
was dropped on the glass waveguide and a cover glass (18mm ×
18mm) was put on it. After 24 h, the cover glass was peeled
from the glass waveguide and the prepared film was washed with
acetone.


Preparation of trans-IP thin films. The pre-polymerization
mixture was prepared according to Table 3. The mixture (2 lL)
was dropped on the vinylated glass waveguide and a cover glass
(9mm × 9mm) was put on it. The polymerization was carried out
for 2 h at 60 ◦C. The cover glass was peeled from the glass waveg-
uide and the trans-IP film formed on the waveguide was washed
with methanol. For preparing the film, the pre-polymerization
mixture was diluted with toluene to obtain homogeneous films on
the waveguide.


Optical waveguide spectroscopy (Scheme 3). Optical waveg-
uide spectroscopy was carried out with an S-SPR6000 (System
Instruments Co., Ltd., Japan). At first, the polymer-grafted glass
waveguide was mounted on the pedestal of S-SPR6000 and the


Table 3 Polymer recipe for the thin films


FM 2.13 mg
TM 1.54 mg
Divinylbenzene 21 lL
Styrene 8.5 lL
ADVN 2.20 mg
Toluene 363 lL
DMSO 5 lL
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Scheme 3 Schematic illustration of the optical waveguide spectrometer setup.


flow cell was attached, then DMSO solution containing 1% (v/v)
acetic acid was pumped into the flow cell at 20 lL min−1 for
20 min to wash the template molecule out, and finally the solvent
was replaced by dichloromethane.


For the target binding to trans-IP film step, the target solution
(1 mM in DMSO–toluene, 1 : 9, v/v) was poured into the flow
cell and kept for 20 min, then washed with dichloromethane for
20 min at 20 lL min−1, and absorbance at 423 nn of the target
molecule bound to trans-IP was measured. After the measurement,
the trans-IP film was washed with DMSO containing 1% (v/v)
acetic acid at 20 lL min−1 for 20 min and dichloromethane at
20 lL min−1 for 5 min, successively.


For the target binding to cis-IP film step, the film was irradiated
with LED light (365 nm, ZUV-C10, OMRON Corporation,
Japan) for 5 min to photoisomerize trans-IP into cis-IP. The target
solution (1 mM in DMSO–toluene 1 : 9, v/v) was poured into
the flow cell and kept for 20 min under UV irradiation, then
washed with dichloromethane for 20 min at 20 lL min−1, and the
absorbance at 423 nn of the target molecule bound to the cis-IP
was measured. After the measurement, the cis-IP film was washed
with DMSO containing 1% (v/v) acetic acid at 20 lL min−1 for
20 min and dichloromethane at 20 lL min−1 for 5 min, successively.
During the washing period, cis-IP was transformed into trans-
IP. The measurements were carried out continuously for 20 h.
The blank value was measured on the waveguide without the thin
film and subtracted from the sample values. DMSO–toluene (1 :
9, v/v) was employed during the binding due to the solubility
of TM, and optical waveguide spectroscopy was conducted in
dichloromethane because DMSO–toluene (1 : 9, v/v) did not give
clear spectra.
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Ambident 1,2-diamines derived from the nitro-Mannich reaction containing both a tosyl amide and a
secondary amine could be regioselectively cyclised through the tosyl amide onto a pendant primary
hydroxyl group to give piperazine (60–75% yields) or 1,4-diazepane (71% yield) ring systems under
Mitsunobu conditions. For some substrates addition of Et3N·HCl encouraged regioselective cyclisation
through the secondary amine leading to aziridine ring systems.


Introduction


We have developed the classic nitro-Mannich reaction,1 for the
stereoselective synthesis of 1,2-diamines 1 via the reduction of b-
nitroamines 2 (Scheme 1).2,3 Both the AcOH-promoted addition
of nitronate anions, and the Lewis acid catalysed addition of
preformed silyl nitronates, to aldimines is highly diastereoselective
for a number of aryl, heteroaryl and alkyl imines.4 The latter
process has been made enantioselective by the use of a chiral
tBu-BOX Cu(II) catalyst.5 Many other groups have also developed
diastereo- and enantioselective nitro-Mannich reactions since our
first contribution to this area.6,7


Scheme 1 Stereoselective synthesis of 1,2-diamines using the nitro-
Mannich reaction.


The use of b-nitroamines as building blocks for heterocyclic
synthesis has only briefly been investigated, probably due to
the propensity of this class of molecule toward b-elimination.8,2


In an early isolated example of the nitro-Mannich reaction,
intramolecular cyclisation of the amino function of a racemic
b-nitroamine onto a pendant ester formed a 2-oxopiperidine.9


Shibasaki et. al. demonstrated the intramolecular cyclisation of
an enantiomerically pure b-nitroamine onto a pendant aldehyde
to give a piperidine.10 We have begun to investigate the more stable
1,2-diamine products, derived from the b-nitroamine products of
the nitro-Mannich reaction, as stereodefined building blocks in
organic synthesis, particularly to access heterocyclic systems. An
inherent problem of this approach is the ambident nucleophile
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character of 1,2-diamines. Initially we have looked at the N-
susbtituent (P, Fig. 1) of the imine partner in the nitro-Mannich
reaction to give cyclisation precursor 3, after reduction of the nitro
function, to investigate cyclisation mode ‘a’ (Fig. 1). In this paper
we report our investigation into inducing this type of cyclisation
and the eventual discovery that the Mitsunobu reaction can be
used to access either cyclisation mode ‘a’ or ‘b’ (Fig. 1) from the
pendant hydroxyl compound (P = (CH2)2OH).


Fig. 1 Possible cyclisation modes.


Results and discussion


The most common methods of synthesising heterocyclic com-
pounds involve cyclisation via condensation or displacement of a
leaving group. We envisaged that piperazine derivatives 4 could be
accessed from either pendant carbonyl derivatives 5 or pendant
leaving groups 6 (Fig. 2). Both of these strategies could be
accessible from pendant alkene 7 or pendant alcohol 8.


Fig. 2 Retrosynthetic access to cyclic systems.


Synthesis of 7 (R = Ph, R′ = Et) was straightforward,3 but
attempts at interconversion of the alkene to a carbonyl group
failed to give any desired product under a variety of oxidation
systems.11 In addition direct electrophile induced cyclisation12 or
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more exotic amination reactions13 also failed. The presence of
both of the amine functions seemed to be deleterious in one way
or another to the desired reactions and this was not alleviated by
tosyl protection of the primary amine in 7.


Synthesis of the pendant hydroxyl compound 9 (8, R =
Ph, R′ = Et) began with TMS protection of 2-aminoethanol
followed by condensation with benzaldehyde to give imine 10
(Scheme 2). An AcOH promoted nitro-Mannich reaction of 10
with the lithium nitronate of nitropropane proceeded in good
yield and diastereoselectivity (87%, dr >95 : 5 by 1H NMR). The
stereochemistry was assigned by analogy to previous examples that
have been correlated by single X-ray crystallography.2,4,5 Diamine
9 was then accessed using our more efficient reduction protocol
involving reduction of the nitro function to the hydroxylamine
with Al–Hg amalgam followed by LiAlH4 reduction of the crude
material to give a 71% yield of diastereomerically pure 9 over 2
steps. The TMS group was conveniently lost in the LiAlH4 step.14


Scheme 2 Reagents and conditions: i, TMSCl, DMAP, Et3N, CH2Cl2,
−15 ◦C then rt, 16 h, 88% crude, ii, PhCHO, CH2Cl2, 4 Å MS, rt, 16 h,
81% crude, iii, 1-nitropropane, n-BuLi, THF, −78 ◦C, 10 min, AcOH,
−78 ◦C then rt, 30 min, 87%; iv, Al–Hg, MeOH, THF, 5 ◦C then rt, 1 h, v,
LiAlH4, Et2O, 0 ◦C then rt, 16 h, 71% over 2 steps, vi, TsCl, Et3N, THF,
rt, 16 h, 75%.


Attempted oxidation of the pendant hydroxyl group of 9
using mild oxidation systems which are known to avoid over
oxidation of b-amino alcohols (SO3–pyridine or PCC), gave only
degradation.15,16 Simple activation of the hydroxyl group as a
tosyl ester was attempted from the sodium alkoxide, but led
to intractable mixtures of N-tosylated primary amine, tertiary
aziridine, pendant –CH2CH2Cl and degradation. Reluctantly we
turned to the Mitsunobu reaction17 which has been shown to
be useful for the synthesis of heterocycles from N-Ts amides.18


Treatment of the unprotected substrate 9 with DEAD and
triphenylphosphine was attempted, but in line with the lack
of literature precedent gave an inseparable mixture of complex
products. Protection of the primary amine as an N-Ts amide was


achieved by standard means to give 12 in 75% yield (Scheme 2).
Initial investigation into the Mitsunobu cyclisation of 12 using
DEAD gave rise to the desired piperazine 13 in a moderate 60%
yield [eqn (1)]. In an attempt to optimise this reaction, repetition
with a different batch of 12 then gave rise to the aziridine 14
[eqn (1)].19 After some control experiments we reasoned that
traces of Et3N·HCl in the starting material 12 from the previous
tosylation reaction was altering the mode of cyclisation. This was
present despite a workup involving an aqueous wash with satd. aq.
NaHCO3 solution. The effect of Et3N·HCl was then investigated
in the Mitsunobu cyclisation of 12 [eqn (1), Table 1].


(1)


Traces of Et3N·HCl could be completely removed from tosylate
12 by a base wash (1 M aq. NaOH) of the crude material
before purification by column chromatography. Cyclisation of
this material under Mitsunobu conditions gave piperazine 13
exclusively by 1H NMR in 71% isolated yield (entry 1). Addition
of stoichiometric Et3N·HCl to pure 12 (entry 3) was found to
completely reverse the mode of cyclisation and give aziridine 14
exclusively by 1H NMR in 83% isolated yield. A catalytic quantity
of Et3N·HCl also perturbed the cyclisation mode (entry 4) to a
3 : 7 mixture of 13 : 14, highlighting that even a small impurity
from tosylation can have a dramatic effect on the Mitsunobu
cyclisation. Changing the solvent from THF to CH2Cl2 reduced
the selectivity of the Mitsunobu cyclisation and led to a lower
yield of isolated products (entry 2). The effect of adventitious
water in the reaction was also considered and addition of a
stoichiometric amount favoured aziridine 14, but in only 50%
conversion (entry 5) and proved anhydrous reaction conditions
were necessary for full conversion. Both products (13, 14) and
the byproduct from DEAD, diethyl hydrazidodicarboxylate, were
added in sub-stoichiometric (0.1 eq.) quantities and in all cases
had no effect on the course of the reaction (entries 6–8). These
experiments show that for these types of ambidentate substrates
standard Mitsunobu cyclisation favours 6-exo-tet cyclisation by
the tosyl protected amine, while addition of Et3N·HCl favours
3-exo-tet cyclisation by the more electron rich secondary amine.


We postulate that the regiochemical switching of the Mitsunobu
cyclisation can be explained by considering the accepted mecha-
nism of the Mitsunobu reaction.17b,20 In the absence of Et3N·HCl,


Table 1 Effect of additives on the mode of Mitsunobu cyclisation of 12a


Entry Additive Mol% additive Solvent Conversion (%) Ratiob 13 : 14


1 None — THF >95%c >95 : 5
2 None — CH2Cl2 >95% 85 : 15
3 Et3N·HCl 1.0 THF >95%d <5 : 95
4 Et3N·HCl 0.2 THF >95% 30 : 70
5 H2O 1.0 THF 50% <5 : 95
6 13 0.1 THF >95% >95 : 5
7 14 0.1 THF >95% >95 : 5
8 (EtO2CNH)2


e 0.1 THF >95% >95 : 5


a 12 (1 eq.), solvent (2.5 mL), PPh3 (1.4 eq.), DEAD (1.4 eq.), rt, 16 h. b Calculated from 1H NMR spectra. c 71% isolated yield. d 83% isolated yield.
e Diethyl hydrazidodicarboxylate.
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the primary alcohol of 12 attacks the phosphonium centre of
betaine21 15 with concomitant proton transfer to give activated
alcohol 16 and 17 (Scheme 3). Deprotonation of NHTs in 16
[pKa(DMSO) ∼16]22 by 17 [pKa(DMSO) ∼20]23 generates an
aza nucleophile 18 in preparation for 6-exo-tet cyclisation to
give piperazine 13. In the presence of Et3N·HCl [pKa(DMSO)
9.0]24 we suggest this weak acid at some point protonates the
carbamate function in 15, the primary alcohol of 12 attacks
the phosphonium centre, with concomitant proton transfer as
before, to give activated alcohol 19, diethyl hydrazidodicarboxy-
late (EtO2CNH)2 and Et3N. Cyclisation of the more nucleophilic
secondary amine of 19 in a 3-exo-tet manner gives protonated
aziridine 20 [pKa(DMSO) <10],25 which provides an acidic proton
to intercept 15 as Et3N·HCl did (Scheme 3).


Scheme 3 Suggested mechanistic explanation for regiochemical switching
of Mitsunobu cyclisation.


With procedures for the regiochemical switching of Mitsunobu
cyclisation of the 1,2-diamine 12 determined, substrates 21a–
d were chosen to investigate the wider scope of this method.
Substrates 21a and 21b containing an identical 2-aminoethanol
appendage would probe the generality of the cyclisation with
respect to other 1,2-diamines we can synthesise. Substrate 21c
would probe whether the 3-exo-tet cyclisation path to aziridines
was possible at an activated secondary carbon and substrate 23d
would probe whether the formation of an azetidine was possible.
The syntheses of diastereomerically pure materials were accom-
plished by the same route as for the preparation of 12 (Scheme 4).
Stereochemistry was inferred by analogy to previous examples that
have been correlated by single X-ray crystallography.2,4,5


Substrates 21a–d containing the required hydroxyl and N-Ts
functionality were screened under Mitsunobu cyclisation condi-
tions with and without Et3N·HCl [eqn (2) and Table 2]. Under
the standard conditions the 2-aminoethanol derived substrates
21a and 21b gave complete conversion to the cyclised products
24/25a and 24/25b in 67% and 75% yield respectively (Table 2,


Scheme 4 Reagents and conditions: i, TMSCl, DMAP, Et3N, CH2Cl2,
−15 ◦C then rt, 16 h, ii, PhCHO, CH2Cl2, 4 Å MS, rt, 16 h, iii, 1-nitro-
propane, n-BuLi, THF, −78 ◦C, 10 min, AcOH, −78 ◦C then rt, 30 min,
iv, Al–Hg, MeOH, THF, 5 ◦C then rt, v, LiAlH4, Et2O, 0 ◦C then rt, 16 h,
vi, TsCl, Et3N, THF, rt, 16 h.


Table 2 Scope of the Mitsunobu cyclisation of 1,2-diaminesa


Entry Substrate
Mitsunobu
protocol


Isolated
yield (%) Ratioc 24 : 25


1 21a A 67 65 : 35
2 21a B 76 35 : 65
3 21b A 75 80 : 20
4 21b B ∼10c 0 : 100
5 21b Bb ∼10c 0 : 100
6 21c A 48 5 : 95
7 21c B 34 0 : 100
8 21d A 71 95 : 5
9 21d B 92 —d


a 21 (1 eq.), solvent (2.5 mL), PPh3 (1.4 eq.), DEAD (1.4 eq.), rt, 16 h. b 0.2
eq. Et3N·HCl. c Calculated from 1H NMR spectra. d Complete conversion
to chloride of 21d.


entries 1 and 3). The ratio of the piperazine 24a,b to aziridine
25a,b was lower than with substrate 12 (65 : 35, 80 : 20 versus 95 : 5
respectively). Addition of Et3N·HCl to the Mitsunobu cyclisation
of 21a successfully reversed the regioselectivity to give a prepon-
derance of aziridine 25a (entry 2, 35 : 65). Unfortunately addition
of either stoichiometric or catalytic quantities of Et3N·HCl to
the cyclisation of 21b seemed to impede cyclisation, only giving
trace conversion to the expected aziridine 25b in 10% yield (entries
4 and 5) with 40% recovered starting material and evidence of
degradation. The failure of this substrate toward aziridine for-
mation remains a mystery, but highlights that Et3N·HCl inhibits
cyclisation from the tosyl amine. Cyclisation of 21c containing
a secondary hydroxyl group gave a low yield of aziridne 25c
with both protocols (48% and with Et3N·HCl 34%, entries 6
and 7). This highlights that the secondary centre decreases the
yield of cyclisation and that the 6-exo-tet cyclisation mode is more
sensitive toward steric hindrance. Cyclisation of 21d under the
standard conditions successfully gave 1,4-diazepane 24d in 71%
yield (entry 8). Addition of Et3N·HCl however gave substitution
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of the hydroxyl group for chlorine in 92% yield (entry 9). This
reflects the higher activation barrier associated with synthesising
4-membered rings and again the inhibiting effect of Et3N·HCl.


(2)


Conclusion


This research has demonstrated that the Mitsunobu reaction can
be used to cyclise ambident 1,2-diamine systems via nucleophilic
substitution at a carbon centre bearing a primary hydroxyl
functionality. The regiochemistry of the Mitsunobu reaction, with
respect to either the tosyl amide or secondary amino function,
could be altered by the addition of Et3N·HCl. This additive was
postulated to deter tosyl amide deprotonation and encourage
cyclisation by the secondary amine to give aziridine products.
In some substrates addition of Et3N·HCl to the Mitsunobu
reaction appeared to have a detrimental effect on the reaction,
either leading to a lower isolated yield of the aziridine ring
systems or shutting the reaction down completely. Alternatively
this could reflect the difficulty in forming three membered rings
with respect to six membered rings. Piperazine, 1,4-diazepane
and aziridine ring systems, that are all structural motifs in
nature, were successfully synthesised. The difficulty associated
with the synthesis of piperazines by nucleophilic attack at a more
functionalised carbon centre and the formation of azetidine ring
systems highlights the inherent susceptibility of the Mitsunobu
cyclisation approach to steric and ring strain factors and thereby
limits the scope of the methodology. Despite the regiochemical
problems faced in this work by the ambident nature of the
nucleophilic 1,2-diamines the synthesis of a variety of cyclic
systems has successfully demonstrated the potential of the nitro-
Mannich reaction in synthesis.


Experimental


Our general experimental details have been published previously.3,4


1H and 13C NMR spectra were recorded as dilute solutions in C6D6


and IR were recorded as a thin film unless otherwise stated.


Benzylidene-(2-trimethylsilanyloxy-ethyl)-amine (10)


To a solution of 2-ethanolamine (1.80 mL, 29.1 mmol) in CH2Cl2


(60 mL) was added Et3N (4.87 mL, 34.9 mmol, 1.2 eq.) and DMAP
(36 mg, 1 mol%). The reaction was cooled to −15 ◦C and stirred
for 10 min before the addition of TMSCl (4.85 mL, 38.4 mmol,
1.3 eq.), to give a cloudy solution that was allowed to warm to
rt and left to stir for 16 h. The reaction was washed with water
(30 mL), dried (MgSO4), filtered through celite R© and concentrated
in vacuo to give crude 2-trimethylsilanyloxy-ethylamine as a yellow
liquid (3.40 g, 25.5 mmol, 88%), in >95% purity by 1H NMR, IR
mmax/cm−1 3363 (N–H), 3500 (N–H), 2956–2600 (C–H), 1604 (N–


H), 1251 (Si–C); dH (CDCl3) 0.12 (9H, s, SiMe3), 0.87 (2H, b,
NH2), 2.79 (2H, t, J 5.3, CH2N), 3.60 (2H, t, J 5.3, CH2O); dC


(CDCl3) 0.0 (CH3), 44.6 (CH2), 65.0 (CH2); m/z 134.0996 (MH+,
100%, C5H15NOSi requires 134.1002).


To a solution of crude 2-trimethylsilanyloxy-ethylamine formed
as above (6.69 g, 50.2 mmol) in CH2Cl2 (250 ml) was added
rigorously dried 4 Å molecular sieves (5.00 g). The suspension
was stirred at rt for 5 min and benzaldehyde (5.60 mL, 55.1 mmol,
1.1 eq.) added. The mixture was left to stir at rt for 16 h, filtered
through celite R© and the solvent evaporated in vacuo to yield the
crude imine as a yellow liquid (9.02 g, 40.8 mmol, 81%) in >95%
purity by 1H NMR that was unstable at rt, IR mmax/cm−1 3500–3282
(N–H), 3062–2868 (C-H), 1648 (C=N), 1251 (Si–C), 841 (Si–C);
dH 0.12 (9H, s, SiMe3), 3.67 (2H, td, J 5.7, 1.2, CH2N), 3.88 (2H, t,
J 5.7, CH2O), 7.09–7.17 (3H, m, ArH), 7.76–7.78 (2H, m, ArH),
8.05 (1H, bs, CH=N); dC 0.0 (CH3), 62.9 (CH2), 64.3 (CH2), 128.7
(CH), 128.9 (CH), 130.8 (CH), 137.3 (Cq), 162.1 (CH); m/z (EI+)
222.1305 (MH+, 100%, C12H20NOSi requires 222.1309), 150 (7).


(2-Nitro-1-phenyl-butyl)-(2-trimethylsilanyloxy-ethyl)-amine (11)


To a solution of 1-nitropropane (0.13 ml, 1.40 mmol. 1.4 eq.) in
THF (20 ml) at −78 ◦C was added dropwise n-BuLi (2.5 M in
hexane, 0.56 ml, 1.4 mmol, 1.4 eq.) and the solution stirred for a
further 10 min. A solution of crude imine 10 (0.221 g, 1.00 mmol)
in THF (10 mL) was added via cannula, the mixture stirred for
10 min and AcOH (0.14 mL, 2.4 mmol, 2.4 eq.) added dropwise.
The reaction was stirred for 20 min at −78 ◦C and then warmed
to rt for a further 30 min. The reaction was quenched by addition
of sat. NaHCO3 (10 mL) and extracted into Et2O (20 mL). The
organic phase was washed with NaHCO3 (10 mL), dried (MgSO4)
and concentrated in vacuo to yield the crude b-nitroamine 11
(223 mg, 0.720 mmol, 72%, de >95%) as a cloudy oil in >95%
purity by 1H NMR, IR mmax/cm−1 3338 (N–H), 3064–2880 (C–H),
1551 (N–O), 1375 (N–O), 1251 (Si–C), 1093 (C–N), 843 (Si–C);
dH 0.08 (9H, s, SiMe3), 0.64 (3H, t, J 7.3, CH2CH3), 1.70 (1H,
dqd, J 14.8, 7.5, 2.9, CH2CH3), 1.97 (1H, ddq, J 14.5, 11.0, 7.2,
CH2CH3), 2.34 (1H, ddd, J 11.7, 6.2, 3.7, CH2N), 2.41 (1H, ddd,
J 11.9, 6.2, 3.9, CH2N), 3.38–3.48 (2H, m, CH2O), 3.97 (1H, d, J
6.4, CHPh), 4.33–4.39 (1H, m, CHNO2), 7.02–7.14 (5H, m, ArH);
dC −0.7 (CH3), 10.0 (CH3), 22.6 (CH2), 49.4 (CH2), 61.6 (CH2),
65.1 (CH), 94.8 (CH), 127.1 (CH), 128.1 (CH), 128.6 (CH), 139.1
(Cq); m/z (EI+) 311.1785 (MH+, 100%, C15H27N2O3Si requires
311.1785), 222 (78); Diastereoselectivity calculated by analysis of
the 1H NMR integrals for the CH2CH3 protons, 0.55syn, 0.64anti.


2-(2-Amino-1-phenyl-butylamino)-ethanol (9)


To a stirred solution of crude b-nitroamine 11 (2.60 g, 8.38 mmol)
in THF (84 mL) at 5 ◦C was added portionwise MeOH (3.39 mL,
83.8 mmol, 10 eq.) and freshly amalgamated Al foil (746 mg,
27.7 mmol, 3.3 eq.). [Coils of Al foil (∼1 mmol) were soaked in
ether to remove machining oils and individually amalgamated by
immersion in a stirring sat. HgCl2(aq) solution (30 s), washed by
immersion in H2O (5 s) then ether (5 s), roughly dried on tissue
and added to the reaction mixture.] The reaction mixture was
allowed to warm to 25 ◦C and stirred for 1 h to give a grey
suspension. The reaction mixture was filtered through celite R©,
washed with THF (2 × 40 mL), MeOH (40 mL) and evaporated
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in vacuo. The product was dissolved in Et2O (80 mL), washed with
water (40 mL), dried (MgSO4), filtered and evaporated to leave the
crude monoprotected hydroxylamine (2.21 g, 7.47 mmol, 89%) as
a cloudy liquid which was reduced further without purification.


Data for N-{1-[phenyl-(2-trimethylsilanyloxy-ethylamino)-
methyl]-propyl}-hydroxylamine; IR mmax/cm−1 3350–3100 (N–H,
O–H), 3062–2873 (C–H), 1251 (Si–C), 842 (Si–C); dH 0.10 (9H, s,
SiMe3), 0.77 (3H, t, J 7.5, CH2CH3), 1.24-1.35 (1H, m, CH2CH3),
1.41 (1H, dqd, J 14.2, 7.6, 4.1, CH2CH3), 2.56 (1H, ddd, J 12.2,
5.7, 4.0, CH2N), 2.70 (1H, ddd, J 12.2, 7.2, 4.1, CH2N), 3.07 (1H,
dt, J 9.0, 3.9, CHNOH), 3.45 (1H, ddd, J 10.3, 5.7, 4.1, CH2O),
3.62 (1H, ddd, J 10.3, 7.2, 3.8, CH2O), 4.23 (1H, d, J 4.0, CHN),
7.10 (1H, t, J 7.3, ArH), 7.22 (2H, t, J 7.6, ArH), 7.42 (2H, t,
J 7.4, ArH); dC −0.5 (CH3), 11.4 (CH3), 19.8 (CH2), 49.7 (CH2),
61.8 (CH2), 65.3 (CH), 68.4 (CH), 127.0 (CH), 128.1 (CH), 128.4
(CH), 141.6 (Cq); m/z (EI+) 297.1981 (MH+, 100%, C15H29N2O2Si
requires 297.1993), 224 (17).


To a stirred solution of LiAlH4 (176 mg, 4.64 mmol, 2 eq.)
in dry Et2O (80 mL) at 0 ◦C was added dropwise the crude
hydroxylamine from above (2.21 g, 7.47 mmol) in dry Et2O (17 mL)
and warmed to rt for 16 h. The resulting grey suspension was
cooled to 0 ◦C and quenched by dropwise addition of iPrOH
(1.62 mL) and brine (0.46 mL). The reaction was dried (MgSO4),
filtered through celite R© and evaporated to yield the crude diamine
9 (1.19 g, 5.74 mmol, 71% over 2 steps); IR mmax/cm−1 3350–3100
(N–H/O–H), 3061–2850 (C–H), 1602 (N–H), 1126 (C–N); dH 0.97
(3H, t, J 7.4, CH2CH3), 1.08-1.16 (1H, m, CH2CH3), 1.28 (1H, d,
J 6.1, NH), 1.50-1.61 (1H, dqd, J 13.7, 7.5, 4.1, CH2CH3), 2.10
(1H, b, OH), 2.60 (1H, ddd, J 12.4, 6.1, 3.9, CH2N), 2.66 (1H, ddd,
J 12.4, 6.7, 4.0, CH2N), 2.88 (1H, ddd, J 9.1, 4.6, 3.3, CHNH2),
3.57 (1H, ddd, J 11.0, 6.1, 4.0, CH2O), 3.61 (1H, d, J 4.7, CHN),
3.63–3.69 (1H, m, CH2O), 7.26–7.39 (5H, m, ArH); dC 10.9 (CH3),
27.3 (CH2), 49.0 (CH2), 57.4 (CH), 61.3 (CH2), 67.1 (CH), 127.3
(CH), 128.2 (CH), 128.3 (CH), 128.5 (CH), 140.4 (Cq); m/z (EI+)
209.1646 (MH+, 7%, C12H21N2O requires 209.1648), 192 (19), 148
(100).


N-{1-[(2-Hydroxy-ethylamino)-phenyl-methyl]-propyl}-4-methyl-
benzenesulfonamide (12)


To a stirred solution of crude diamine 9 (480 mg, 2.32 mmol)
in THF (23 mL) was added Et3N (647 lL 4.64 mmol, 2.0 eq.)
and TsCl (442 mg, 2.32 mmol, 1.0 eq.) and the reaction left to
stir at rt for 16 h. The reaction was diluted with Et2O (11 mL),
washed with NaHCO3 (11 mL) and the aqueous layer extracted
into Et2O (2 × 20 mL). The combined organic layers were washed
with 1 M NaOH(aq) (11 mL), brine (11 mL), dried (MgSO4) and
evaporated in vacuo to leave the crude tosyl protected diamine.
Purification by flash chromatography (Rf = 0.11, 1 : 2 hexanes :
EtOAc) gave 12 (628 mg, 1.74 mmol, 75%) as a yellow solid,
mp = 92–94 ◦C; IR (solution) mmax/cm−1 3696–3377 (O–H/N–H),
2937–2879 (C–H), 1341 (S=O), 1155 (S=O), 1092 (C–N); dH 0.73
(3H, t, J 7.3, CH2CH3), 1.08–1.33 (2H, m, CH2CH3), 2.41–2.47
(1H, m, CH2N), 2.46 (3H, s, ArCH3), 2.67 (1H, ddd, J 12.4, 7.4,
3.8, CH2N), 3.40 (1H, b, CHNHTs), 3.47–3.63 (2H, m, CH2O),
3.66 (1H, d, J 3.4, PhCH), 7.14 (2H, bd, J 7.0, ArH), 7.25–7.38
(5H, m, ArH), 7.83 (2H, d, J 8.2, ArH); dC 10.8 (CH3), 21.6
(CH3), 22.6 (CH2), 49.2 (CH2), 60.4 (CH), 61.3 (CH2), 64.5 (CH),
127.2 (CH), 127.5 (CH), 128.6 (CH), 129.7 (CH), 138.3 (Cq), 139.3


(Cq), 143.4 (Cq); m/z 363.1731 (MH+, 100%, C19H27N2O3S requires
363.1748).


2-Ethyl-3-phenyl-1-(toluene-4-sulfonyl)-piperazine (13)


To a stirred solution of diamine 12 (202 mg, 0.569 mmol) in THF
(20 mL) was added PPh3 (209 mg, 0.797 mmol, 1.4 eq.). The
mixture was stirred at rt for 10 min before addition of DEAD
(126 lL, 0.797 mmol, 1.4 eq.) and the reaction left to stir at rt
for 16 h. The reaction was concentrated in vacuo to leave the
crude product. Purification by flash chromatography (Rf = 0.43,
1 : 2 hexanes : EtOAc) gave 13 (140 mg, 0.403 mmol, 71%) as
a pale cream solid, mp 111–112 ◦C; IR mmax/cm−1 3320–3200
(N–H), 2965–2875 (C–H), 1341 (S=O), 1158 (S=O), 1095 (C–
N); dH (CDCl3) 0.66 (3H, t, J 7.4, CH2CH3), 1.08 (1H, dqd, J
14.5, 7.3, 4.3, CH2CH3), 1.69–1.82 (2H, m, CH2CH3/NH), 2.45
(3H, s, ArCH3), 2.75 (1H, td, J 12.1, 3.4, CH2N), 2.93–2.98
(1H, m, CH2N), 3.15–3.24 (1H, m, CH2N), 3.77–3.84 (2H, m,
CH2N/CHPh), 3.96 (1H, dt, J 10.4, 3.9, CHNTs), 7.24–7.38 (7H,
m, ArH), 7.72–7.76 (2H, d, J 8.2, ArH); dC (CDCl3) 10.7 (CH3),
16.6 (CH2), 21.6 (CH3), 40.5 (CH2), 45.9 (CH2), 60.3 (CH), 62.1
(CH), 126.6 (CH), 127.2 (CH), 127.4 (CH), 128.5 (CH), 129.8
(CH), 139.2 (Cq), 140.9 (Cq), 143.1 (Cq); m/z 345.1630 (MH+,
100%, C19H25N2O2S requires 345.1631).


N-[1-(Aziridin-1-yl-phenyl-methyl)-propyl]-4-methyl-
benzenesulfonamide (14)


To a stirred solution of diamine 12 (54 mg, 0.15 mmol) in THF
(20 mL) was added Et3N·HCl (21 mg, 0.15 mmol, 1.0 eq.). The
mixture was stirred for 10 min before addition of PPh3 (55 mg,
0.21 mmol, 1.4 eq.) and DEAD (33 lL, 0.21 mmol, 1.4 eq.)
and the reaction left to stir at rt for 16 h. The reaction was
concentrated in vacuo to leave the crude product. Purification by
flash chromatography (Rf = 0.32, 1 : 2 hexanes : EtOAc) gave
14 (43 mg, 0.12 mmol, 83%) as a pale cream solid mp 89–90 ◦C;
IR mmax/cm−1 3293 (N–H), 3062–2876 (C–H), 1320 (S=O), 1161
(S=O), 1093 (C–N); dH (CDCl3) 0.61 (3H, t, J 7.4, CH2CH3),
0.91 (1H, dd, J 7.1, 4.2, CH2N), 1.36–1.55 (2H, m, CH2CH3),
1.45 (1H, dd, J 7.1, 4.0, CH2N), 1.62 (1H, dd, J 5.8, 4.0, CH2N),
1.78 (1H, dd, J 5.9, 4.2, CH2N), 2.39 (3H, s, ArCH3), 2.60 (1H,
d, J 3.3, CHPh), 3.29–3.35 (1H, m, CHNTs), 4.60 (1H, d, J 7.2,
NH), 7.20–7.30 (7H, m, ArH), 7.72–7.76 (2H, dt, J 8.3, 1.8, ArH);
dC (CDCl3) 10.6 (CH3), 21.6 (CH3), 23.0 (CH2), 25.9 (CH2), 29.8
(CH2), 61.1 (CH), 76.3 (CH), 127.3 (CH), 127.4 (CH), 128.3 (CH),
129.5 (CH), 138.0 (Cq), 139.9 (Cq), 143.2 (Cq); m/z 345.1639 (MH+,
100%, C19H25N2O2S requires 345.1637).


Furan-2-ylmethylene-(3-trimethylsilanyloxy-ethyl)-amine (22a)


Synthesised in a similar manner to that described for 10. Crude
2-trimethylsilanyloxy-ethylamine (3.37 g, 25.0 mmol) and 2-
furanaldehyde (2.40 g, 25.0 mmol) gave crude 22a (3.39 g,
16.1 mmol, 64%) as a yellow oil in >95% purity by 1H NMR,
IR mmax/cm−1 2956–2800 (C–H), 1645 (C=N), 1251 (Si–C), 841
(Si–C); dH 0.09 (9H, s, SiMe3), 3.57 (1H, d, J 6.2, 0.9, CH2N), 3.81
(2H, t, J 5.7, CH2O), 5.99 (1H, dd, J 3.4, 1.8, FurH), 7.28 (1H,
d, J 3.4, FurH), 7.61 (1H, d, J 1.5, FurH), 7.92 (1H, bs, CH =
N); dC 0.0 (CH3), 62.8 (CH2), 64.4 (CH2), 111.9 (CH), 112.3 (CH),
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128.5 (CH), 144.4 (Cq), 151.3 (CH); m/z 212.1107 (MH+, 100%,
C10H19NO2Si requires 212.1104).


Hexylidene-(2-trimethylsilanyloxy-ethyl)-amine (22b)


Synthesised in a similar manner to that described for 10 except
pre-cooled hexanal (2.58 mL, 21.5 mmol) was added to a solution
of crude 2-trimethylsilanyloxy-ethylamine (2.87 g, 21.5 mmol) in
CH2Cl2 at. −78 ◦C, the reaction was stirred at −78 ◦C for 30 min,
filtered and evaporated to give 22b (4.35 g, 20.2 mmol, 94%) as a
yellow oil in >95% purity by 1H NMR that was used immediately,
IR mmax/cm−1 2956–2860 (C–H), 1672 (C=N), 1251 (Si–C), 842 (Si–
C); dH 0.09 (9H, s, SiMe3), 0.84 (3H, t, J 6.8, CH3), 1.13–1.29 (4H,
m, CH2), 1.43 (2H, p, J 7.2, CH2), 2.09–2.14 (2H, m, CH2), 3.44
(2H, t, J 5.5, CH2N), 3.76 (2H, t, J 5.7, CH2O), 7.41 (1H, s, CHN);
dC −0.1 (CH3), 14.3 (CH3), 23.0 (CH2), 26.0 (CH2), 31.9 (CH2),
36.1 (CH2), 62.6 (CH2), 63.9 (CH2), 165.9 (CH). Compound 22b
was unstable to MS analysis.


Benzylidene-(2-trimethylsilanyloxy-propyl)-amine (22c)


Synthesised in a similar manner to that described for 10, 3-
amino-2-propanol (1.54 mL, 20.0 mmol) and TMSCl (2.70 mL,
21.1 mmol) gave crude 2-trimethylsilanyloxy-propylamine as a
yellow liquid (2.29 g, 15.5 mmol, 78%) in >95% purity by 1H
NMR, dH (CDCl3) 0.11 (9H, s, SiMe3), 1.10 (3H, dd, J 6.2, 1.2,
CHCH3), 1.66 (2H, b, NH), 2.56 (1H, ddd, J 12.8, 7.1, 1.3,
CH2N), 2.62 (1H, ddd, J 12.9, 3.9, 1.1, CH2N), 3.70–3.77 (1H, m,
CHOTMS); dC (CDCl3) 0.3 (CH3), 21.2 (CH3), 49.7 (CH2), 70.1
(CH); m/z 148.1167 (MH+, 100%, C6H18NOSi requires 148.1152).


Crude 2-trimethylsilanyloxy-propylamine (2.20 g, 14.9 mmol)
formed above and benzaldehyde (1.65 mL, 16.2 mmol) gave crude
22c as a yellow liquid (3.33 g, 14.2 mmol, 95%) as a 10 : 1 mixture
of OTMS and OH product that was unstable at room temperature,
IR mmax/cm−1 3063–2841 (C–H), 1647 (C=N), 1250 (Si–C), 840 (Si–
C); dH 0.12 (9H, s, SiMe3), 1.24 (3H, d, J 6.2, CHCH3), 3.51 (1H,
bdd, J 11.4, 7.1, CH2N), 3.64 (1H, ddd, J 11.4, 4.8, 1.3, CH2N),
4.17–4.23 (1H, m, CHO), 7.10–7.18 (3H, m, ArH), 7.77 (2H, d,
J 7.0, ArH), 8.03 (1H, bs, CH=N); dC 0.2 (CH3), 22.3 (CH3),
68.3 (CH), 69.6 (CH2), 128.1 (CH), 128.2 (CH), 128.5 (CH), 136.9
(Cq), 161.6 (CH); m/z 236.1461 (MH+, 100%, C13H22NOSi requires
236.1465).


Benzylidene-(3-trimethylsilanyloxy-propyl)-amine (22d)


Synthesised in a similar manner to that described for 10. 3-
Amino-1-propanol (1.53 mL, 20.0 mmol) and TMSCl (3.22 mL
25.4 mmol) gave crude 3-trimethylsilanyloxy-propylamine (2.63 g,
17.7 mmol, 89%) as a yellow liquid in >95% purity by 1H NMR,
IR mmax/cm−1 3400–3200 (N–H), 2955–2850 (C–H), 1251 (Si–C),
839 (Si–C); dH (CDCl3) 0.11 (9H, s, SiMe3), 1.76 (2H, tt, J 6.8,
6.2, CH2CH2O), 1.71 (2H, b, NH2), 2.79 (2H, t, J 6.8, CH2N),
3.60 (2H, t, J 6.2, CH2O); dC (CDCl3) −0.5 (CH3), 36.2 (CH2),
39.4 (CH2), 60.6 (CH2); m/z 148.1155 (MH+, 100%, C5H15NOSi
requires 148.1163).


Crude 3-trimethylsilanyloxy-propylamine (2.63 g, 17.7 mmol)
formed from above and benzaldehyde (2.00 mL, 19.7 mmol) gave
imine 22d (3.62 g, 15.4 mmol, 86%) as a yellow liquid in >95%
purity by 1H NMR, that was unstable at rt, IR mmax/cm−1 3500–
3250 (N–H), 3084–2738 (C–H), 1646 (C=N), 1251 (Si–C), 841


(Si–C); dH 0.13 (9H, s, SiMe3), 1.98 (2H, p, J 6.2, CH2CH2), 3.65–
3.70 (4H, m, CH2N/CH2O), 7.10–7.16 (3H, m, ArH), 7.72–7.75
(1H, m, ArH), 7.76–7.79 (1H, m, ArH), 8.06 (1H, s, CH=N); dC


−0.6 (CH3), 34.1 (CH2), 57.9 (CH2), 59.9 (CH2), 127.7 (CH), 127.9
(CH), 128.1 (CH), 130.3 (Cq), 160.5 (CH); m/z 236.1466 (MH+,
100%, C13H22NOSi requires 236.1465).


(1-Furan-2-yl-2-nitro-butyl)-(2-trimethylsilanyloxy-ethyl)-amine
(23a)


Synthesised in a similar manner to that described for 11. Crude
imine 22a (3.39 g, 16.1 mmol) gave crude b-nitroamine 23a (4.53 g,
15.1 mmol, 94%, dr 90 : 10) as a yellow oil in >95% purity by 1H
NMR, IR mmax/cm−1 3400–3342 (N–H), 2957–2800 (C–H), 1552
(N–O), 1373 (N–O), 1095 (C–N); dH 0.05 (9H, s, SiMe3), 0.69
(3H, t, J 7.4, CH2CH3), 1.76 (1H, b, NH), 1.82–1.98 (2H, m,
CH2CH3), 2.32–2.40 (1H, m, CH2N), 2.48–2.55 (1H, m, CH2N),
3.38 (1H, ddd, J 10.2, 5.4, 4.2, CH2O), 3.45 (1H, ddd, J 10.2,
7.5, 4.0, CH2O), 4.09 (1H, bt, J 7.5, CHNH), 4.48 (1H, ddd,
J 10.0, 7.6, 3.7 CHNO2), 5.98 (1H, dd, J 3.2, 0.9, FurH), 6.06
(1H, d, J 3.2, FurH), 6.99 (1H, dd, J 1.8, 0.7, FurH); dC −0.7
(CH3), 10.1 (CH3), 23.5 (CH2), 49.7 (CH2), 58.9 (CH), 61.9 (CH2),
92.4 (CH), 108.4 (CH), 110.2 (CH), 128.1 (CH), 142.3 (CH),
152.3 (Cq); m/z 301.1584 (MH+, 100%, C13H25N2O4Si requires
301.1584). Diastereoselectivity calculated by analysis of the 1H
NMR integrals for the CH2CH3 protons, 0.60syn, 0.69anti.


[1-(1-Nitro-propyl)-hexyl]-(2-trimethylsilanyloxy-ethyl)-amine
(23b)


Synthesised in a similar manner to that described for 11. Crude
imine 22b (4.70 g, 21.8 mmol) gave crude b-nitroamine 23a (5.00 g,
16.4 mmol, 75%, dr 90 : 10) as a yellow oil in >95% purity by 1H
NMR, IR mmax/cm−1 3364 (N–H), 2957–2861 (C–H), 1548 (N–O),
1377 (N–O), 1096 (C–N); dH 0.11 (9H, s, SiMe3), 0.74 (3H, t, J 7.3,
CH2CH3), 0.87 (3H, t, J 7.2, CH2CH3), 1.08–1.40 (8H, m, CH2),
1.58 (1H, dqd, J 14.4, 7.2, 3.4, CHCH2CH3), 1.58 (1H, ddq, J 14.3,
10.7, 7.2, CHCH2CH3), 2.48–2.60 (2H, m, CH2N), 2.77–2.82 (1H,
m, CHNCH2), 3.40–3.48 (2H, m, CH2O), 4.23 (1H, ddd, J 10.5,
6.2, 3.2 CHNO2); dC −0.7 (CH3), 10.5 (CH3), 14.0 (CH3), 22.7
(CH2), 23.0 (CH2), 25.6 (CH2), 31.1 (CH2), 31.7 (CH2), 49.6 (CH2),
60.5 (CH), 62.2 (CH2), 92.9 (CH); m/z 305.2237 (MH+, 100%,
C14H32N2O3Si requires 305.2260). Diastereoselectivity calculated
by analysis of the 1H NMR integrals for the CHNO2 protons,
4.23anti, 4.40syn.


(2-Nitro-1-phenyl-butyl)-(2-trimethylsilanyloxy-propyl)-amine
(23c)


Synthesised in a similar manner to that described for 11. Crude
imine 22c (2.35 g, 10.0 mmol) gave crude b-nitroamine 23c (2.86 g,
8.80 mmol, 88%, dr 75 : 25) as a pale yellow oil in >95% purity
by 1H NMR, IR mmax/cm−1 3347 (N–H), 3100–2850 (C–H), 1551
(N–O), 1375 (N–O), 1251 (Si–C), 1094 (C–N), 842 (Si–C); dH 0.12
(9H, s, SiMe3), 0.66 (3H, t, J 7.4, CH2CH3), 0.99 (3H, d, J 6.2,
CHCH3), 1.72 (1H, dqd, J 14.7, 7.3, 3.0, CH2CH3), 1.93–2.02
(1H, m, CH2CH3), 2.23 (1H, dd, J 11.6, 3.7, CH2N), 2.34 (1H,
dd, J 11.6, 7.1, CH2N), 3.71–3.78 (1H, m, CHO), 4.03 (1H, d, J
6.1, CHPh), 4.42 (1H, ddd, J 10.8, 6.3, 3.0, CHNO2), 7.02–7.21
(5H, m, ArH); dC 0.1 (CH3), 10.3 (CH3), 21.5 (CH3), 22.5 (CH2),
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54.9 (CH2), 65.1 (CH), 67.8 (CH), 94.8 (CH), 127.7 (CH), 127.9
(CH), 128.1 (CH), 139.1 (Cq); m/z (EI+) 325.1934 (MH+, 100%,
C16H29N2O3Si requires 325.1942) 236 (78). Diastereoselectivity
calculated by analysis of the 1H NMR integrals for the CHPh
protons, 3.95syn, 4.03anti.


(2-Nitro-1-phenyl-butyl)-(3-trimethylsilanyloxy-propyl)-amine
(23d)


Synthesised in a similar manner to that described for 11. Crude
imine 22d (3.60 g, 15.3 mmol) gave 85% conversion to crude
b-nitroamine 23d (4.22 g, 72% b-nitroamine, dr 80 : 20) as a
yellow oil, IR mmax/cm−1 3500–3344 (O–H/N–H), 3064–2800 (C–
H), 1551 (N–O), 1375 (N–O), 1251 (Si–C), 1093 (C–N), 841 (Si–
C); dH 0.09 (9H, s, SiMe3), 0.67 (3H, t, J 7.4, CH2CH3), 1.51
(2H, p, J 6.5, CH2CH2O), 1.68–1.78 (1H, m, CH2CH3), 1.90–
2.01 (1H, m, CH2CH3), 2.32–2.39 (1H, m, CH2N), 2.43–2.50
(1H, m, CH2N), 3.46 (2H, t, J 6.0, CH2O), 3.67 (1H, q, J 6.4,
NH), 3.94 (1H, d, J 6.0, CHPh), 4.34–4.39 (1H, m, CHNO2),
7.01–7.15 (5H, m, ArH); dC −0.7 (CH3), 10.3 (CH3), 22.9 (CH2),
32.8 (CH2), 45.1 (CH2), 60.8 (CH2), 65.4 (CH), 94.7 (CH), 127.7
(CH), 127.9 (CH), 128.1 (CH), 139.2 (Cq); m/z (EI+) 325.1961
(MH+, 100%, C16H29N2O3Si requires 325.1942), 253 (27), 236
(42). Diastereoselectivity calculated by analysis of the 1H NMR
integrals for the CHPh protons, 3.81syn, 3.94anti.


N-[1-Ethyl-2-(furany-2-yl)-2-(2-hydroxy-ethylamino)-ethyl]-4-
methyl-benzenesulfonamide (21a)


Synthesised in a similar manner to first 9 then 11. Treatment
of b-nitroamine 23a (1.55 g, 5.16 mmol) with Al–Hg amal-
gam gave N-{1-[furan-2-yl-(2-trimethylsilanyloxy-ethylamino)-
methyl]-propyl}-hydroxylamine (1.40 g, 4.89 mmol, 95%) as a
yellow oil that was unstable to chromatography, IR mmax/cm−1


3300–3100 (O–H/N–H), 2958–2875 (C–H), 1252 (Si–C), 1085
(C–N), 842 (Si–C); dH 0.09 (9H, s, SiMe3), 0.88 (3H, t, J 7.5,
CH2CH3), 1.28–1.38 (1H, m, CH2CH3), 1.46 (1H, dqd, J 14.0,
7.5, 4.3, CH2CH3), 2.57 (1H, ddd, J 11.9, 4.9, 4.0, CH2N), 2.78
(1H, ddd, J 12.0, 7.9, 4.3, CH2N), 3.22 (1H, dt, J 9.0, 4.1,
CHNOH), 3.47–3.48 (1H, m, CH2O), 3.56–3.61 (1H, m, CH2O),
4.33 (1H, d, J 3.9, FurCHN), 6.11 (1H, dd, J 3.2, 1.8, FurH),
6.20 (1H, dt, J 3.2, 0.7, FurH), 7.09 (1H, dd, J 1.8, 0.8, FurH);
dC −0.6 (CH3), 11.5 (CH3), 20.5 (CH2), 50.2 (CH2), 57.0 (CH),
62.0 (CH2), 66.9 (CH), 107.0 (CH), 110.2 (CH), 141.5 (CH),
155.8 (Cq); m/z 287.1778 (MH+, 100%, C13H27N2O3Si requires
287.1791).


Reduction of the hydroxylamine formed above with LiAlH4


gave 1-furan-2-yl-N1-(2-trimethylsilanyloxy-ethyl)-butane-1,2-
diamine (978 mg, 3.62 mmol, 70%) as a yellow oil that was
unstable to chromatography, IR mmax/cm−1 3500–3100 (O–H/N–
H), 2959–2875 (C–H), 1598 (N–H), 1252 (Si–C), 843 (Si–C); dH


0.11 (9H, s, SiMe3), 0.96 (3H, t, J 7.4, CH2CH3), 1.12–1.22 (1H,
m, CH2CH3), 1.49 (1H, dqd, J 13.7, 7.5, 4.7, CH2CH3), 2.62
(1H, ddd, J 12.5, 6.3, 3.8, CH2N), 2.72 (1H, ddd, J 12.5, 6.8,
3.8, CH2N), 2.91 (1H, dt, J 8.5, 4.8, CHNH2), 3.61–3.69 (3H,
m, CH2O, NH), 3.66 (1H, d, J 4.8, FurCHN), 6.21–6.22 (1H,
m, FurH), 6.34 (1H, dd, J 3.2, 0.8, FurH), 7.38 (1H, dd, J 1.8,
0.8, FurH); dC −0.4 (CH3), 10.9 (CH3), 28.0 (CH2), 49.0 (CH2),
56.3 (CH), 60.5 (CH), 61.1 (CH2), 108.0 (CH), 110.0 (CH), 141.9


(CH), 154.4 (Cq); m/z 271.1828 (MH+, 100%, C13H27N2O2Si
requires 271.1836).


Tosylation of the primary amine of the diamine formed above
(970 mg, 3.60 mmol) gave crude 21a (1.30 g, 3.06 mmol, 85%) as
a brown oil. Purification by flash chromatography gave pure 21a
(438 mg, 1.24 mmol, 35%) as an orange oil, IR mmax/cm−1 3310
(N–H), 2965–2877 (C–H), 1598 (N–H), 1325 (S=O), 1160 (S=O),
1093 (C–N); dH 0.76 (3H, t, J 7.4, CH2CH3), 1.18–1.28 (2H, m,
CH2CH3), 1.70 (1H, b, NH), 2.42 (3H, s, ArCH3), 2.45 (1H, ddd,
J 12.4, 6.1, 3.6, CH2N), 2.63 (1H, ddd, J 12.4, 7.0, 3.7, CH2N),
3.43 (1H, ddd, J 11.0, 6.2, 3.7, CH2O), 3.48–3.54 (2H, m, CHNTs,
CH2O), 3.63 (1H, d, J 3.7, FurCHN), 4.59 (1H, b, NH), 6.14 (1H,
d, J 3.1, FurH), 6.30 (1H, dd, J 3.1, 1.9, FurH), 7.28–7.36 (3H, m,
FurH, ArH), 7.81 (2H, d, J 8.2, ArH); dC 10.6 (CH3), 21.5 (CH3),
24.7 (CH2), 49.2 (CH2), 58.2 (CH), 58.8 (CH), 61.1 (CH2), 108.1
(CH), 110.1 (CH), 127.1 (CH), 129.7 (CH), 138.4 (Cq), 142.2 (CH),
143.4 (Cq), 153.2 (Cq); m/z 353.1533 (MH+, 100%, C17H24N2O4S
requires 353.1535).


N-[1-Ethyl-2-(2-hydroxy-ethylamino)-heptyl]-4-methyl-
benzenesulfonamide (21b)


Synthesised in a similar manner to first 9 then 11. Treatment of
b-nitroamine 23b (3.55 g, 11.8 mmol) with Al–Hg amalgam gave
O-TMS protected hydroxylamine (2.81 g, 9.80 mmol, 83%) as a
yellow oil that was passed through a plug of silica to give the
desilylated hydroxylamine (1.59 g, 7.38 mmol, 63%, purity 90%
by 1H NMR) that slowly degraded at rt, IR mmax/cm−1 3500–3050
(O–H/N–H), 3000–2750 (C–H), 1464, 1379, 1108, 1064, 909, 733;
dH 0.89 (3H, t, J 6.9, CH2CH3), 0.97 (3H, t, J 7.5, CHCH2CH3),
1.25–1.53 (10H, m, CH2), 2.78 (1H, ddd, J 12.7, 6.4, 3.9, CH2N),
2.80–2.84 (1H, m, CHNOH), 3.22 (2H, m, CH2N/CHN), 3.64–
3.71 (2H, m, CH2O), 4.40 (1H, b, NH); dC 11.7 (CH3), 14.1 (CH3),
19.7 (CH2), 22.6 (CH2), 26.7 (CH2), 30.5 (CH2), 32.1 (CH2), 50.0
(CH2), 58.5 (CH), 61.5 (CH2), 64.5 (CH); Compound was unstable
to MS analysis.


Reduction of the hydroxylamine formed above (649 mg,
4.00 mmol) with LiAlH4 gave 2-[1-(1-amino-propyl)-hexylamino]-
ethanol (384 mg, 1.90 mmol, 40%, purity 90% by 1H NMR) as
an off white liquid that was unstable to chromatography and
degraded at rt, IR mmax/cm−1 3400–3000 (O–H/N–H), 2960–2857
(C–H), 1464, 1378, 1115, 1065, 937, 733; dH 0.90 (3H, t, J 6.9,
CH2CH2CH3), 0.92 (3H, t, J 7.5, CHCH2CH3), 1.10–1.62 (10H,
m, CH2), 2.40–3.96 (4H, m, CH2N/2 × CHN), 3.51–3.70 (2H, m,
CHO); dC 11.4 (CH3), 14.1 (CH3), 22.7 (CH2), 26.2 (CH2), 30.2
(CH2), 32.1 (CH2), 32.2 (CH2), 49.5 (CH2), 54.6 (CH), 61.3 (CH2),
61.9 (CH). Compound was unstable to MS analysis.


Tosylation of the primary amine of the diamine formed above
(380 mg, 1.88 mmol) gave crude 21b (724 mg, >95%) as a brown
oil. Purification by flash chromatography (Rf = 0.59, 1 : 2 hexanes :
EtOAc) gave pure 21b (274 mg, 0.769 mmol, 41%) as a yellow oil,
IR mmax/cm−1 3500–3100 (O–H/N–H), 2950–2850 (C–H), 1598
(N–H), 1327 (S=O), 1159 (S=O), 1094 (C–N); dH 0.79 (3H, t, J
7.4, CHCH2CH3), 0.89 (3H, t, J 7.2, CH2CH2CH3), 1.10–1.43
(10H, m, CH2), 2.21–2.29 (1H, m, CHNTs), 2.43 (3H, s, ArCH3),
2.51 (1H, ddd, J 12.3, 5.4, 3.8, CH2N), 2.73 (1H, ddd, J 12.3,
6.9, 4.2, CH2N), 3.19 (1H, ddd, J 9.3, 5.1, 3.8, CHNCH2), 3.53–
3.57 (2H, m, CH2O), 7.31 (2H, dd, J 8.5, 0.6, ArH), 6.34 (2H,
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dd, J 8.4, 0.8, ArH); dC 10.8 (CH3), 14.1 (CH3), 21.6 (CH3), 22.6
(CH2), 22.8 (CH2), 26.2 (CH2), 30.8 (CH2), 31.8 (CH2), 49.4 (CH2),
57.0 (CH), 59.8 (CH), 61.6 (CH2), 127.1 (CH), 129.6 (CH), 138.3
(Cq), 143.2 (Cq); m/z 357.2201 (MH+, 100%, C18H33N2O3S requires
357.2212).


N-{1-[(2-Hydroxy-propylamino)-phenyl-methyl]-propyl}-4-
methyl-benzenesulfonamide (21c)


Synthesised in a similar manner to first 9 then 11. Treatment
of b-nitroamine 23c (2.83 g, 8.72 mmol) with Al–Hg amalgam
gave N-{1-[phenyl-(2-trimethylsilanyloxy-propylamino)-methyl]-
propyl}-hydroxylamine (2.30 g, 7.41 mmol, 85%) as a cloudy
liquid, IR mmax/cm−1 3500–3150 (N–H/O–H), 2968–2877 (C–H),
1247 (Si–C), 837 (Si–C); dH (CDCl3) 0.09 (9H, s, SiMe3), 0.89 (3H,
t, J 7.4, CH2CH3), 1.02 (1H, m, CH2CH3), 1.08 (3H, d, J 6.2,
CHCH3), 1.22 (1H, dqd, J 14.0, 7.4, 4.6, CH2CH3), 2.46 (1H,
dd, J 11.6, 8.0, CH2N), 2.52 (1H, dd, J 11.6, 3.5, CH2N), 3.04–
3.09 (1H, m, CHNOH), 3.88–3.94 (1H, m, CHO), 4.01 (1H, d, J
3.4, CHN), 7.21–7.35 (5H, m, ArH); dC (CDCl3) 0.3 (CH3), 11.6
(CH3), 20.6 (CH2), 21.7 (CH3), 55.2 (CH2), 65.0 (CH2), 66.4 (CH),
68.0 (CH), 127.3 (CH), 127.7 (CH), 128.5 (CH), 139.7 (Cq); m/z
311.2126 (MH+, 100%, C16H31N2O2Si requires 311.2149).


Reduction of the hydroxylamine formed above (2.28 g,
7.34 mmol) with LiAlH4 gave a crude mixture of hydroxylamine,
O-TMS-protected diamine and unprotected diamine (1.12 g)
as a yellow oil. Purification by chromatography (hexanes :
EtOAc) gave hydroxylamine (65 mg, 0.21 mmol, 3%), O-TMS-
protected diamine (281 mg, 0.954 mmol, 13%) and unprotected
diamine (720 mg, 3.25 mmol, 44%). Data for 1-(2-amino-1-phenyl-
butylamino)-propan-2-ol; IR mmax/cm−1 3500–3100 (O–H/N–H),
3061–2876 (C–H), 1582 (N–H), 1118 (C–N); dH (CDCl3) 0.98 (3H,
t, J 7.4, CH2CH3), 1.12 (2H, d, J 6.2, CHCH3), 1.10–1.20 (1H,
m, CH2CH3), 1.58 (1H, dqd, J 13.7, 7.5, 4.0, CH2CH3), 2.33 (1H
dd, J 12.2, 9.3, NCH2), 2.55 (1H dd, J 12.2, 3.1, NCH2), 2.89
(1H, ddd, J 8.9, 4.8, 4.1, CHNH2), 3.63 (1H, d, J 4.9, CHPh),
3.84 (1H, dqd, J 9.3, 6.2, 3.1, CHOH), 7.30–7.33 (3H, m, ArH),
7.36–7.40 (2H, m, ArH); dC (CDCl3) 10.8 (CH3), 20.5 (CH3), 27.2
(CH2), 54.3 (CH2), 57.6 (CH), 65.5 (CH), 66.7 (CH), 127.2 (CH),
128.2 (CH), 128.3 (CH), 140.3 (Cq); m/z (EI+) 223.1803 (MH+,
90%, C13H23N2O requires 223.1805), 148 (100).


Tosylation of the primary amine a 3 : 1 mixture of hydroxy
and O-TMS protected diamines (4.18 mmol) formed as above
gave crude 21c as a yellow oil (1.36 g, 3.61 mmol). Purification
by flash chromatography (Rf = 0.56, 1 : 1 hexanes : EtOAc) gave
pure 21c (1.22 g, 3.24 mmol, 78%) as a highly viscous yellow
oil, IR mmax/cm−1 3600–3400 (O–H), 3400–3200 (N–H), 2968–
2877 (C–H), 1329 (S=O), 1161 (S=O), 1092 (C–N); dH (CDCl3)
0.71 (3H, t, J 7.4, CH2CH3), 1.06 (3H, d, J 6.3, CHCH3), 1.09–
1.18 (1H, m, CH2CH3), 1.23–1.32 (1H, m, CH2CH3), 2.29 (1H
dd, J 12.2, 8.8, NCH2), 2.34 (1H dd, J 12.2, 3.4, NCH2), 2.44
(3H, s, ArCH3), 3.34–3.39 (1H, b, CHOH), 3.67 (1H, d, J 3.4,
CHPh), 3.70 (1H, ddd, J 8.9, 6.2, 3.4, CHNTs), 4.55 (1H, b,
NH), 7.10–7.15 (2H, m, ArH), 7.25–7.34 (5H, m, ArH), 7.79–
8.82 (2H, m, ArH); dC (CDCl3) 10.7 (CH3), 20.6 (CH3), 21.6
(CH3), 23.4 (CH2), 54.4 (CH2), 60.2 (CH), 64.0 (CH), 66.0 (CH),
127.2 (CH), 127.6 (CH), 128.6 (CH), 129.7 (CH), 138.2 (Cq), 138.9
(Cq), 143.5 (Cq); m/z 377.1884 (MH+, 100%, C20H29N2O3S requires
377.1893).


N-{1-[(3-Hydroxy-propylamino)-phenyl-methyl]-propyl}-4-
methyl-benzenesulfonamide (21d)


Synthesised in a similar manner to first 9 then 11. Treatment of
impure b-nitroamine 23d (1.40 g, 85% conversion) with Al–Hg
amalgam gave a 1 : 1 mixture of O-TMS protected hydroxylamine
and deprotected hydroxylamine (1.03 g, 3.76 mmol) as a yellow
oil. Purification by chromatography (hexanes : EtOAc) gave
3-(2-hydroxyamino-1-phenyl-butylamino)-propan-1-ol (520 mg,
2.05 mmol, 66%) as a pale yellow highly viscous oil, IR mmax/cm−1


3500–3027 (N–H/O–H), 2950–2870 (C–H), 1493, 1376, 1072 (C–
N), 1028; dH 0.90 (3H, t, J 7.5, CH2CH3), 1.26 (1H, ddq, J 14.3,
9.1, 7.3, CH2CH3), 1.39 (1H, dqd, J 14.3, 7.6, 4.2, CH2CH3),
1.59–1.67 (1H, m, CH2CH2N), 1.73–1.83 (1H, m, CH2CH2N),
2.73–2.77 (2H, m, CH2N), 3.03 (1H, dt, J 9.1, 4.1, CHNOH),
3.80–3.83 (2H, m, CH2O), 4.05 (1H, d, J 4.1, CHN), 7.26–7.41
(5H, m, ArH); dC 11.4 (CH3), 20.1 (CH2), 31.2 (CH2), 47.3 (CH2),
63.6 (CH2), 64.3 (CH), 67.7 (CH2), 127.1 (CH), 127.9 (CH), 128.6
(CH), 139.6 (Cq); m/z 239.1754 (MH+, 100%, C13H23N2O2 requires
239.1754).


Reduction of the hydroxylamine formed above (520 mg,
2.05 mmol, 66%) with LiAlH4 gave crude diamine (324 mg,
1.46 mmol, 39%) as a yellow oil. Purification by chromatography
(hexanes : EtOAc) gave pure 3-(2-amino-1-phenyl-butylamino)-
propan-1-ol (220 mg, 0.994 mmol, 27%) as a pale yellow highly
viscous oil, IR mmax/cm−1 3500–3026 (N–H/O–H), 2932–2870 (C–
H), 1601 (N–H), 1072 (C–N); dH 0.98 (3H, t, J 7.4, CH2CH3),
1.20–1.33 (1H, m, CH2CH3), 1.52–1.61 (1H, m, CH2CH3), 1.62–
1.70 (1H, m, CH2CH2), 1.74–1.81 (1H, m, CH2CH2), 2.47–2.76
(3H, m, CH2N/NH), 2.88–2.96 (1H, m, CHNH2), 3.61 (1H, J 4.9,
PhCHN), 3.80–3.87 (2H, m, CH2O), 7.29–7.43 (5H, m, ArH); dC


10.9 (CH3), 27.1 (CH2), 31.4 (CH2), 47.1 (CH2), 57.2 (CH), 63.4
(CH2), 67.8 (CH), 127.2 (CH), 128.2 (CH), 128.4 (CH), 139.9 (Cq);
m/z (EI+) 223.1802 (MH+, 100%, C13H23N2O requires 223.1805),
148 (61).


Tosylation of the primary amine of the diamine formed above
(160 mg, 0.723 mmol) gave crude 21d (233 mg, 0.594 mmol, 82%).
Purification by flash chromatography (Rf = 0.13, 1 : 2 hexanes :
EtOAc) gave pure 21d (189 mg, 0.503 mmol, 70%) as an orange
oil, IR mmax/cm−1 3600–3000 (N–H/O–H), 2970–2870 (C–H), 1598
(N–H), 1318 (S=O), 1160 (S=O), 1091 (C–N); dH 0.63 (3H, t,
J 7.3, CH2CH3), 1.06–1.16 (1H, m, CH2CH3), 1.26–1.35 (1H,
m, CH2CH3), 1.56–1.64 (1H, m, CH2CH2), 1.66–1.73 (1H, m,
CH2CH2), 2.43 (3H, s, ArCH3), 2.51–2.56 (1H, m, CH2N), 2.66
(1H, ddd, J 11.1, 8.7, 4.4, CH2N), 3.32–3.37 (1H, m, CHNTs), 3.49
(1H, b, NH), 3.72 (1H, m, CHPh), 3.75–3.80 (2H, m, CH2O), 7.17
(2H, d, J 7.5, ArH), 7.25–7.38 (5H, m, ArH), 7.80 (2H, d, J 8.1,
ArH); dC 10.8 (CH3), 21.6 (CH3), 23.4 (CH2), 31.2 (CH2), 46.9
(CH2), 60.0 (CH), 63.5 (CH2), 65.1 (CH), 127.2 (CH), 127.7 (CH),
128.7 (CH), 129.7 (CH), 137.9 (Cq), 138.4 (Cq), 143.5 (Cq); m/z
377.1883 (MH+, 100%, C20H29N2O3S requires 377.1893).


2-Ethyl-3-(furan-2-yl)-1-(toluene-4-sulfonyl)-piperazine (24a)


Synthesised in a similar manner to 13, diamine 21a (45 mg,
0.13 mmol) gave, after chromatography (silica), a 65 : 35 mixture
of piperazine 24a, and aziridine 25a (29 mg, 0.086 mmol, 67%)
as a pale yellow oil which could be separated by chromatography
(alumina) to give pure piperazine 24a (15 mg, 0.045 mmol, 35%)
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a pale yellow oil [Rf = 0.23 (1 : 2 hexanes : EtOAc)]; IR mmax/cm−1


3329 (N–H), 2967–2875 (C–H), 1598 (N–H), 1333 (S=O), 1159
(S=O), 1092 (C–N); dH (CDCl3) 0.72 (3H, t, J 7.5, CH2CH3),
1.16 (1H, dqd, J 14.4, 7.4, 4.6, CH2CH3), 1.27 (1H, b, NH),
1.68 (1H, ddq, J 14.4, 10.0, 7.5, CH2CH3), 2.43 (3H, s, ArCH3),
2.68 (1H, td, J 12.4, 3.6, CH2N), 2.90 (1H, ddd, J 12.2, 3.2, 1.3,
CH2N), 3.14 (1H, ddd, J 15.8, 12.6, 3.2, CH2N), 3.73 (1H, ddt,
J 14.2, 3.4, 1.3, CH2N), 3.89 (1H, d, J 3.6, FurCHN), 3.89 (1H,
dt, J 9.9, 4.0, CHNTs), 6.12 (1H, dt, J 3.3, 1.0, FurH), 6.31
(1H, dd, J 3.2, 1.9, FurH), 7.30–7.36 (3H, m, FurH, ArH), 7.78
(2H, d, J 8.3, ArH); dC (CDCl3) 10.6 (CH3), 17.6 (CH2), 21.6
(CH3), 40.5 (CH2), 45.2 (CH2), 56.4 (CH), 58.0 (CH), 105.6 (CH),
111.2 (CH), 127.1 (CH), 129.8 (CH), 139.0 (Cq), 141.6 (CH), 143.2
(Cq), 154 (Cq); m/z 335.1420 (MH+, 100%, C17H22N2O3S requires
335.1429).


N-{1-[Aziridin-1-yl-(furan-2-yl)-methyl]-propyl}-4-methyl-
benzenesulfonamide (25a)


Synthesised in a similar manner to 14, diamine 21a (45 mg,
0.13 mmol) gave, after chromatography, a 65 : 35 mixture of
aziridine 25a and piperazine 24a (33 mg, 0.098 mmol, 76%) as a
yellow oil which could be separated by chromatography (alumina)
to give aziridine 25a (21 mg, 0.062 mmol, 48%) [Rf = 0.23 (1 : 2
hexanes : EtOAc)]; IR mmax/cm−1 3293 (N–H), 3062–2876 (C–H),
1599 (N–H), 1320 (S=O), 1161 (S=O), 1093 (C–N); dH (CDCl3)
0.73 (3H, t, J 7.5, CH2CH3), 1.15 (1H, dd, J 7.2, 4.2, CH2N),
1.22 (1H, dd, J 7.2, 4.1, CH2N), 1.37–1.47 (2H, m, CH2CH3),
1.60–1.67 (2H, m, CH2N), 2.43 (3H, s, ArCH3), 2.63 (1H, d, J
3.6, FurCHN), 3.41 (1H, qd, J 6.9, 3.7, CHNTs), 5.03 (1H, d, J
6.5, NH), 6.25 (1H, dt, J 3.2, 0.7, FurH), 6.33 (1H, dd, J 3.2, 1.9,
FurH), 7.28–7.31 (2H, m, ArH), 7.37 (1H, dd, J 1.9, 0.9, FurH),
7.81 (2H, d, J 6.5, ArH); dC (CDCl3) 10.4 (CH3), 21.6 (CH3), 24.9
(CH2), 26.1 (CH2), 28.3 (CH2), 58.7 (CH), 69.3 (CH), 108.3 (CH),
110.1 (CH), 127.5 (CH), 129.5 (CH), 137.8 (Cq), 142.4 (CH), 143.1
(Cq), 152.5 (Cq); m/z (EI+) 335.1417 (MH+, 100%, C19H25N2O2S
requires 335.1429), 292 (63).


2-Ethyl-3-pentyl-1-(toluene-4-sulfonyl)-piperazine (24b)


Synthesised in a similar manner to 13, diamine 21b (207 mg,
0.581 mmol) gave a 75 : 25 mixture of piperazine 24b and
aziridine 25b (142 mg, 72%) as a yellow oil which could be
separated by chromatography (silica) to give piperazine 24b
(100 mg, 0.292 mmol, 50%) as a yellow oil [Rf = 0.17 (1 : 1
hexanes : EtOAc)]; IR mmax/cm−1 3300 (N–H), 2957–2872 (C–
H), 1343 (S=O), 1154 (S=O), 1091 (C–N); dH 0.89 (3H, t, J
7.2, CH2CH2CH3), 0.90 (3H, t, J 7.4, CHCH2CH3), 1.14–1.33
(8H, m, CH2), 1.40 (1H, dqd, J 14.3, 7.4, 4.2, CHCH2CH3), 1.70
(1H, ddq, J 14.4, 10.9, 7.0, CHCH2CH3), 2.42 (3H, s, ArCH3),
2.49–2.54 (1H, m, CHNH), 2.54 (1H, td, J 12.4, 3.5, CH2N),
2.75 (1H, dd, J 12.2, 2.0, CH2N), 3.05 (1H, ddd, J 14.4, 12.7,
3.2, CH2N), 3.62–3.67 (1H, m, CH2N), 3.74 (1H, dt, J 7.2, 3.7,
CHNTs), 7.28 (2H, d, J 8.4, ArH), 7.72 (2H, d, J 8.3, ArH); dC


(CDCl3) 10.7 (CH3), 14.1 (CH3), 16.2 (CH2), 21.5 (CH3), 22.5
(CH2), 25.6 (CH2), 31.9 (CH2), 33.0 (CH2), 40.9 (CH2), 45.4
(CH2), 57.7 (CH), 58.1 (CH), 127.0 (CH), 129.7 (CH), 139.3
(Cq), 142.9 (Cq); m/z 339.2085 (MH+, 100%, C18H30N2O2S requires
339.2106).


N-(2-Aziridin-1-yl-1-ethyl-heptyl)-4-methyl-benzenesulfonamide
(25b)


Synthesised in a similar manner to 14, diamine 21b (207 mg,
0.581 mmol) gave a 25 : 75 mixture of piperazine 24b and
aziridine 25b with the reaction byproducts PPh3O and diethyl
hydrazidodicarboxylate. Chromatography (silica) gave aziridine
25b (26 mg, 0.077 mmol) as a 1 : 1 mixture with diethyl
hydrazidodicarboxylate as a yellow oil [Rf = 0.20 (1 : 1 hexanes :
EtOAc)], further purification by chromatography (alumina) led
to degradation of the substrate, IR mmax/cm−1 3296 (N–H), 2956–
2858 (C–H), 1599 (N–H), 1330 (S=O), 1160 (S=O), 1093 (C–
N); dH (CDCl3) 0.80 (3H, t, J 7.4, CHCH2CH3), 0.85 (3H, t,
J 7.3, CH2CH2CH3), 0.95–1.77 (14H, m, CH2), 2.42 (3H, s,
ArCH3), 2.42–2.45, CHNH), 3.19 (1H, q, J 7.6, CHNTs), 5.32
(1H, d, J 7.7, NH), 7.29 (2H, d, J 8.8, ArH), 7.77 (2H, d,
J 8.2, ArH); dC (CDCl3) 10.1 (CH3), 14.2 (CH3), 14.5 (CH3),
22.7 (CH2), 24.8 (CH2), 26.2 (CH2), 26.5 (CH2), 28.0 (CH2), 31.5
(CH2), 32.1 (CH2), 57.8 (CH), 69.9 (CH), 127.0 (CH), 129.5 (CH),
138.8 (Cq); m/z 339.2089 (MH+, 100%, C18H31N2O2S, requires
339.2106).


4-Methyl-N-{1-[(2-methyl-aziridin-1-yl)-phenyl-methyl]-propyl}-
benzenesulfonamide (25c)


Synthesised in a similar manner to 13 or 14, diamine 21c (104 mg,
0.277 mmol) gave aziridine 25c (34 mg, 0.094 mmol, 34%) [Rf =
0.48 (1 : 2 hexanes : EtOAc)]; IR mmax/cm−1 3293 (N–H), 3100–
2875 (C–H), 1322 (S=O), 1160 (S=O), 1093 (C–N); dH (CDCl3)
0.76 (3H, t, J 7.4, CH2CH3), 1.03 (3H, d, J 5.4, CHCH3), 1.21–
1.52 (4H, m, CH2CH3/2 × CH2N/CHCH3), 1.55–1.64 (1H, m,
CH2CH3), 2.46 (3H, s, ArCH3), 2.69 (1H, d, J 3.4, CHPh), 3.35–
3.43 (1H, m, CHNTs), 4.71 (1H, d, J 7.7, NH), 7.28–7.39 (7H, m,
ArH), 7.83 (2H, d, J 8.3, ArH); dC (CDCl3) 10.6 (CH3), 18.0 (CH3),
21.4 (CH3), 23.7 (CH2), 32.5 (CH), 36.6 (CH2), 60.7 (CH), 75.9
(CH), 127.3 (CH), 128.0 (CH), 128.2 (CH), 129.4 (CH), 138.2 (Cq),
140.0 (Cq), 143.0 (Cq); m/z 359.1792 (MH+, 100%, C20H27N2O2S
requires 359.1788).


2-Ethyl-3-phenyl-1-(toluene-4-sulfonyl)-1,4-diazepane (24d)


Synthesised in a similar manner to 13, diamine 21d (100 mg,
0.270 mmol) gave 1,4-diazepane 24d (69 mg, 0.191 mmol, 71%) as
a pale yellow oil [Rf = 0.41 (2 : 1 hexanes : EtOAc)]; IR mmax/cm−1


3340 (N–H), 3061–2876 (C–H), 1598 (N–H), 1332 (S=O), 1155
(S=O), 1089 (C–N); dH (CDCl3) 0.31 (3H, t, J 7.4, CH2CH3),
1.14 (1H, dqd, J 14.8, 7.5, 4.1, CH2CH3), 1.58 (1H, ddq, J 14.8,
11.2, 7.4, CH2CH3), 1.77–1.92 (1H, m, CH2CH2N), 2.05–2.14
(1H, m, CH2CH2N), 2.41 (3H, s, ArCH3), 2.84 (1H, ddd, J 13.6,
10.7, 4.6, CH2NTs), 3.11 (1H, ddd, J 14.8, 7.0, 6.8, CH2NH),
3.23 (1H, ddd, J 13.6, 6.1, 3.5, CH2NTs), 3.78 (1H, ddd, J 14.9,
7.9, 4.3, CH2NH), 3.96 (1H, dt, J 11.2, 3.6, CHNTs), 4.10 (1H,
d, J 3.2, PhCHN), 7.22–7.35 (7H, m, ArH), 7.77 (2H, d, J 8.2,
ArH); dC (CDCl3) 10.8 (CH3), 17.1 (CH2), 21.5 (CH3), 30.6 (CH2),
40.1 (CH2), 47.5 (CH2), 64.6 (CH), 70.6 (CH), 126.8 (CH), 127.1
(CH), 128.4 (CH), 129.5 (CH), 138.6 (Cq), 142.0 (Cq), 142.9 (Cq);
m/z (EI+) 359.1788 (MH+, 100% C20H26N2O2S requires 359.1793),
212 (12).
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N-{1-[(3-Chloro-propylamino)-phenyl-methyl]-propyl}-4-methyl-
benzenesulfonamide


Synthesised in a similar manner to 14, diamine 21d (90 mg,
0.24 mmol), gave chloride (86 mg, 0.22 mmol, 92%), as a yellow
oil [Rf = 0.48 (2 : 1 hexanes : EtOAc)]; IR mmax/cm−1 3288 (N–
H), 2969–2874 (C–H), 1598 (N–H), 1334 (S=O), 1161 (S=O),
1092 (C–N); dH (CDCl3) 0.77 (3H, t, J 7.3, CH2CH3), 1.10–1.21
(1H, m, CH2CH3), 1.24–1.33 (1H, m, CH2CH3), 1.82 (2H, p, J
6.6, CH2CH2CH2), 2.36 (1H, dt, J 11.9, 6.6, CH2N), 2.47 (3H, s,
ArCH3), 2.62 (1H, dt, J 11.9, 6.6, CH2N), 3.35 (1H, b, CHNTs),
3.54–3.64 (3H, m, CH2Cl, CHPh), 4.94 (1H, bd, J 8.5, NH), 7.11
(2H, dd, J 8.3, 1.2, ArH), 7.26–7.39 (5H, m, ArH), 7.86 (2H,
bd, J 8.3, ArH); dC (CDCl3) 10.7 (CH3), 21.6 (CH3), 23.0 (CH2),
32.9 (CH2), 43.0 (CH2), 44.4 (CH2), 60.1 (CH), 64.6 (CH), 127.2
(CH), 127.3 (CH), 127.5 (CH), 128.6 (CH), 129.8 (CH), 138.3 (Cq),
139.1 (Cq), 143.5 (Cq); m/z 395.1550 (MH+, 100%, C20H28ClN2O2S
requires 395.1555).
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An efficient general synthetic approach giving the possibility for facile, rapid and cheap access to a wide
range of novel nitrogen-bisphosphonates (N-BPs) as potent drug candidates, based on the reaction of
mono- and bis-propargyl-substituted bisphosphonates with a variety of azides under Cu(I) catalysis
(“click” methodology), has been developed. The method allows the incorporation of two functionalities
into the N-BP molecule simultaneously, as well as to ligate in situ two N-BPs to one another via the
one-pot reaction of organic dibromides with propargyl-substituted bisphosphonates, generating both
the diazide and Cu(I) moieties.


1. Introduction


Bisphosphonates (BPs), being analogs of naturally occurring
diphosphates, are powerful inhibitors of bone resorption, and
some of them are currently clinically applied to treat malignant
hypercalcemia.1 For this reason, their main therapeutic uses are
in diseases connected with calcium disorders, such as Paget’s
disease, osteoporosis and bone tumoral metastasis.2 BPs are also
of interest in the context of cancer and immunotherapy, as they
possess potent effects against the parasites responsible for sleeping
sickness, Chagas’ disease, malaria and leishmaniasis.3


To date, most of the highly potent third-generation BP drugs
contain an additional moiety in the molecule, namely a nitrogen
heterocycle,4 as in risedronate and zoledronate (Fig. 1). These
cyclic nitrogen bisphosphonates (N-BPs) are up to 10 000-fold
more active1b than, for example, etidronate—the first BP used
for treating humans. These drugs act by directly and selectively
inhibiting the activity of osteoclasts, cells responsible for bone
resorption. The detailed inhibitory mechanism of N-BPs is well
documented in the literature.5,6


Fig. 1


The results obtained to date regarding the inhibitory potency of
N-BPs indicate that: (1) the presence of two geminal phosphonate
groups is responsible for interaction with the molecular target,
(2) the presence of a basic nitrogen in the heterocyclic side
chain affects potency, (3) the 3-dimensional orientation of this
basic nitrogen atom is critical for effective inhibition, (4) the
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geminal hydroxy group does not influence the ability of N-BPs
to act at the cellular level, and (5) the introduction of lipophilic
groups into the N-BP backbone can significantly improve their
pharmacokinetics, increasing their availability in soft tissues.
Therefore, the purposeful synthesis of new members of the N-
BP family is of current interest for further development of more
potent drugs.


Modern drug discovery requires the identification and the op-
timization of synthetic routes to specifically acting low molecular
weight molecules. That is why simple methods that can quickly and
easily generate large libraries of compounds have become more
and more used.7 The “click” methodology recently introduced
by Sharpless et al.8 is one of these methods based on reactions
which are of wide scope, give high yields, and use highly energetic
reactants to form irreversible carbon–heteroatom bonds. The
Huisgen 1,3-dipolar cycloaddition9 perfectly illustrates this kind of
reaction. It consists of the ligation of azides and terminal alkynes
to give triazoles. As has been recently shown,10 under copper(I)
catalysis, the rate of this coupling event is dramatically accelerated
and only the corresponding 1,4-disubstituted regioisomer is ob-
tained. At the same time, 1,2,3-triazoles are versatile compounds,
which have been applied for a variety of purposes, including
as anticorrosive agents, dyes, agrochemicals and photographic
materials.11 Although the 1,2,3-triazole structural moiety does not
occur in nature, it features in diverse biologically active substances,
displaying anti-HIV and antimicrobial behavior as a selective b3-
adrenergic receptor agonist.12


Recently we have developed a simple method for the prepara-
tion of functionalized a-trifluoromethyl-substituted histidine aza
analogs via Cu(I)-catalyzed 1,3-dipolar Huisgen cycloaddition be-
tween a-propargyl-a-trifluoromethyl-a-amino esters and organic
azides.13 In this paper we disclose an efficient general approach
opening up the possibility for facile, rapid and cheap synthesis of
a wide range of novel N-BPs (e.g. aza-analogs of zoledronate—
the most potent drug to date among bisphosphonates1b) as potent
drug candidates based on “click” methodology.


2. Results and discussion


Despite the synthesis of propargyl-substituted bisphosphonate 2
based on the alkylation of methylene bisphosphonate by propargyl
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bromide (with deprotonation by NaH) being reported in the
literature,14 in our experience this reaction is accompanied by sub-
stantial double alkylation (up to 35% of 3). Moreover, separation
of mono- and dipropargyl-substituted bisphosphonates 2 and 3
using column chromatography is not effective due to the similar Rf


values of these compounds. Therefore, we developed an alternative
method for the preparation of 2, which comprises selective
addition of sodium acetylenide to ethylidene bisphosphonate 4.
This reaction gives excellent results even on a multi-gram scale
(Scheme 1). After ordinary work-up the product 2 obtained in
92% yield does not require additional purification and can be used
directly in further transformations.


It should be noted that alkylation of methylene bisphosphonate
1 by 2 equivalents of propargyl bromide using deprotonation with
NaH in THF is a facile route to disubstituted bisphosphonate 3,
as described by Choi et al.15


Thus, having in hand the mono- and dipropargyl-substituted
bisphosphonates 2 and 3, we investigated the possibility of their ap-
plication in cycloadditions with a variety of azide-functionalized
substrates. To the best of our knowledge, the alkene–azide type of
1,3-dipolar addition has not yet been applied in bisphosphonate
chemistry.


In the standard procedure for regioselective Cu(I)-catalyzed
alkyne–azide coupling, the catalyst can be directly introduced as a
Cu(I) salt or generated in situ by reduction of Cu(II) salts,16 usually
in organic–aqueous systems. For the synthesis of the N-BPs 5
from propargyl-substituted bisphosphonate 2, we have applied
both of the above-mentioned procedures, namely: A) use of CuI as
a catalyst in an organic solvent (THF) in the presence of an organic
base (DIPEA); and B) generation of Cu(I) in situ from CuSO4 and
sodium ascorbate in a water–alcohol medium (Table 1).


1,3-Dipolar Huisgen cycloaddition of propargyl-containing
bisphosphonate 2 with various azides was found to proceed
smoothly at room temperature to afford functionalized 1,2,3-
triazoles 5a–f in high yields after 68 h. Even highly functionalised
azides (Table 1, entries 5 and 6) are good partners for propargyl-
bisphosphonate 2 in these copper-catalyzed reactions. In spite of
the fact that both methods give good-to-excellent results, method
B is preferable due to a simpler isolation procedure (in the majority
of cases column chromatography was not required).


In a similar manner, Huisgen copper-catalyzed 1,3-dipolar
cycloaddition of bisphosphonate 3 with azides was accomplished
using method B (being more preferable in terms of purification)
to afford the corresponding bistriazols 6 and 7 in a good yield
(Scheme 2).


Scheme 2


The structure of bisphosphonate 6 was confirmed by X-ray
data (Fig. 2). Molecules in the crystal have an approximately
C2 symmetry (a two-fold axis passes through the C9 atom). The
principal geometrical parameters of 6 are within the range of
standard values.


Fig. 2 A general view of 6, representing atoms by thermal ellipsoids
(p = 50%). The disorder is omitted for clarity. Selected bond lengths (Å):
P1–C9 1.837(4), P2–C9 1.837(4), P1–O1 1.458(3), P2–O4 1.456(3), C9–C10
1.572(5), C9–C20 1.571(5), C10–C11 1.503(5), C20–C21 1.500(5); bond
angles (◦): P1–C9–P2 109.7(2), P1–C9–C10 108.1(3), P1–C9–C20 109.3(3),
P2–C9–C20 107.7(3), P2–C9–C10 109.7(2), C10–C9–C20 112.8(3).


It should be noted that such a 1,3-cycloaddition can also be
performed as a one-pot reaction starting from organic bromides
and sodium azide (generation of the corresponding azide in situ
normally takes about 12 hours) followed by propargyl-substituted


Scheme 1
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Table 1 Reaction of 2 with alkynes


Entry R–N3 Product Methoda Yield (%)


1 A 79
B 87


2 A 73
B 80


3 A 81
B 85


4 B 72


5 B 68


6 B 92


a Method A: CuI (10 mol%), DIPEA (3 equiv.), THF. Method B: CuSO4 (5 mol%), sodium ascorbate (30 mol%), H2O–t-BuOH.


bisphosphonate addition (Scheme 3). Thus, the above-mentioned
bisphosphorylated triazole 5b was obtained starting directly from


Scheme 3


benzyl bromide, while for the synthesis of tetraphosphonates 8
and 9 isomeric bis(bromomethyl)benzenes were used. Due to
the complexing ability of the methylenebisphosphonate moiety
towards metals, under these one-pot conditions tetraphosphonates
8 and 9 form strong chelates with sodium bromide (the side
product of the reaction), and these complexes were isolated after
column chromatography (Scheme 3).


To obtain free N-BP 11, the N-pivaloylmethyl derivative 5d
was selected as the most suitable precursor. We found that the
pivaloylmethyl group could be selectively removed under basic
conditions for few minutes at room temperature in methanol to
afford 10 in good yield. Finally, hydrolysis of the ester groups at the
phosphorus atoms was quantitatively performed by treatment of
10 with trimethylsilyl bromide in chloroform followed by treatment
with aqueous MeOH (Scheme 4).
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Scheme 4


Conclusion


In conclusion, we have developed an efficient general synthetic
approach giving the possibility for the facile, rapid and cheap
synthesis of a wide range of novel N-BPs as potent drug candidates
based on “click” methodology. The method allows the incorpora-
tion of two functionalities into the N-BP molecule simultaneously,
as well as the ligation of two N-BPs to one another by a one-
pot reaction of organic dibromides with propargyl-substituted
bisphosphonates, generating both the diazide and Cu(I) moiety
in situ.


Experimental


General remarks


Solvents were freshly distilled from the appropriate drying agents
before use. All other reagents were recrystallized or distilled
when necessary. Syntheses of mono- and bispropargyl substituted
bisphosphonates 2 and 3 were performed under an atmosphere of
dry nitrogen. Analytical TLCs were performed with Merck silica
gel 60 F254 plates. Visualization was accomplished by UV light or
spraying by Ce(SO4)2 solution in H2SO4. Flash chromatography
was carried out using Merck silica gel 60 (230–400 mesh ASTM).
Melting points were determined with an Electrothermal IA9100
digital melting point apparatus and are uncorrected. NMR spectra
were obtained on Bruker DPX-200 (1H, 200.13, 31P, 80.99, 19F,
188.31, and 13C, 50.32 MHz) and Bruker Avance-300 (1H, 300.13,
31P, 121.49 and 13C, 75.47 MHz) spectrometers using the residual
proton signals of the deuterated solvent as an internal standard
(1H, 13C) relative to TMS, H3PO4 (31P) or CFCl3 (19F) as external
standards. High-resolution mass spectra were obtained on a
Varian MAT CH7A instrument at 70 eV. IR spectra were recorded
using a thin layer of the sample on a Fourier-transform “Magna-
IR750” (Nicolet) spectrometer (resolution 2 cm−1, 128 scans).


Tetraethyl but-3-yne-1,1-diyldiphosphonate (2)


To a solution of ethylidenbisphosphonate 1 (10 g, 34.4 mmol)
in dry THF (100 mL) a slurry of sodium acetylenide in xylene
(9.1 mL, 18% solution) was added dropwise at −15 ◦C. The
reaction mixture was allowed to warm to r.t. and stirred overnight.
To the reaction solution, ether (100 mL) and 1 N HCl (50 mL)
were added. The organic layer was washed with 1 N HCl (50 mL),
brine (2 × 50 mL) and dried over magnesium sulfate. After
evaporation of the solvent under reduced pressure, the product
was used for subsequent reactions without purification. Yield 92%
(colorless oil). 31P NMR (80.99 MHz, CDCl3) d: 22.8. 1H NMR


(200.13 MHz, CDCl3) d: 1.31 (t, 12H, CH3, 3JHH = 7.2 Hz), 2.03
(s, 1H, C≡H), 2.61–2.92 (m, 3H, CHP + CH2), 4.22–4.28 (m,
8H, OCH2); 13C (50.32 MHz, CDCl3) d: 16.7 (d, CH3, 3JCP =
6.1 Hz), 39.6 (CH, t, 1JCP = 134.3), 63.3 (d, OCH2, 2JCP = 6.5 Hz),
70.4 (HC≡), 81.6 (t, CH2C≡, 3JCP = 9.4). IR (thin layer) m/cm−1:
1025 (P–O–C), 1249 (P=O), 2120 (C≡C). HRMS: calculated for
C12H26O6P2 (M+) 326.1048, found 326.1040.


Tetraethyl hepta-1,6-diyne-4,4-diyldiphosphonate (3)


Obtained according to the procedure described in ref. 15. Yield
78% (white crystals), mp 57–61 ◦C. 31P NMR (80.99 MHz, CDCl3)
d: 22.9. 1H NMR (200.13 MHz, CDCl3) d: 1.34 (t, 12H, CH3,
3JHH = 7.0), 2.04 (s, 1H, C≡H), 2.90 (dt, 4H, CH2, 3JHH = 3.1,
2JHP = 15.9 Hz), 4.23 (quintet, 8H, OCH2). 13C (50.32 MHz,
CDCl3) d: 14.3 (d, CH3, 3JCP = 6.1 Hz), 19.0 (CH2), 41.7 (t,
C(CH2)2, 1JCP = 133.8 Hz), 61.1 (d, OCH2, 2JCP = 7.2 Hz), 69.6
(HC≡), 76.8 (t, CH2C≡, 3JCP = 10.9 Hz). IR (thin layer) m/cm−1:
1025 (P–O–C), 1255 (P=O), 2120 (C≡C). HRMS: calculated for
C15H26O6P2 (M+) 364.1205, found 364.1204.


Procedures for the synthesis of triazoles


Method A. A mixture of organic azide (1.0 mmol), acetylene
2 (1.0 mmol), DIPEA (2.0 mmol) and CuI (0.1 mmol) in THF
(10 mL) was stirred at r.t. for 68 h. The resulting reaction mixture
was treated with 1 N HCl (15 mL), and extracted with ether (3 ×
15 mL). The combined organic layers were dried over MgSO4 and
filtered. The solvent was removed under reduced pressure and the
crude product was purified by flash chromatography on silica gel
(acetone–petroleum ether).


Method B. The organic azide (2.0 mmol) and acetylene 2
(2.0 mmol) were suspended in 1 : 4 H2O–t-BuOH (8 mL). To
this was added CuSO4·5H2O (5 M solution, 0.1 mmol, 5 mol%)
and sodium ascorbate (0.6 mmol). The mixture was stirred at
r.t. for 24 h, after which time TLC (silica, acetone–petroleum
ether) indicated complete conversion. The resulting solution was
concentrated under reduced pressure (rotary evaporator). The
residue was dissolved in 30 mL of brine and then extracted with
ethyl acetate (3 × 30 mL). The combined organic layers were
washed with 5% aq. NH4OH (2 × 10 mL), dried over MgSO4,
filtered, and the solvent removed under vacuum to give analytically
pure product.


Tetraethyl 2-(1-phenyl-1H-1,2,3-triazol-4-yl)ethane-1,
1-diyldiphosphonate (5a)


Yield 87%, colorless oil. 31P NMR (80.99 MHz, CDCl3) d: 23.7. 1H
NMR (200.13 MHz, CDCl3) d: 1.31 (t, 12H, CH3, 3JHH = 7.1 Hz),
3.03 (tt, 1H, CHP, 3JHH = 6.4, 2JHP = 23.1 Hz), 3.40 (dt, 2H, CH2,
3JHH = 6.4, 3JHP = 16.0 Hz), 4.22–4.31 (m, 8H, OCH2), 7.45–7.55
(m, 5H, arom), 7.71 (s, 1H, CH). 13C (50.32 MHz, CDCl3) d: 16.7
(d, CH3, 3JCP = 3.0 Hz), 16.8 (d, CH3, 3JCP = 2.5 Hz), 22.6 (CH2),
37.1 (t, CP, 1JCP = 132.9 Hz), 62.9 (OCH2), 63.3 (OCH2), 120.8
(CH=), 128.9, 128.6, and 130.2 (CHAr), 137.6 (CArN), 146.9 (C=).
IR (thin layer) m/cm−1: 1023 (P–O–C), 1255 (P=O), 1597 (C=C),
1500 (N=N). HRMS: calculated for C18H29N3O6P2 (M+) 445.1532,
found 445.1543.
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Tetraethyl 2-(1-benzyl-1H-1,2,3-triazol-4-yl)ethane-1,
1-diyldiphosphonate (5b)


Yield 89%, colorless oil. 31P NMR (80.99 MHz, CDCl3) d: 23.6. 1H
NMR (200.13 MHz, CDCl3) d: 1.3 (t, 12H, CH3, 3JHH = 6.5 Hz),
2.91 (tt, 1H, CHP, 3JHH = 6.3, 2JHP = 23.0 Hz), 3.32 (dt, 2H, CH2,
3JHH = 6.4, 3JHP = 15.9 Hz), 4.21–4.26 (m, 8H, OCH2), 5.52 (s, 2H,
CH2), 7.30–7.33 (m, 5H, arom.), 7.52 (s, 1H, CH). 13C (50.32 MHz,
CDCl3) d: 16.7 (CH3), 22.6 (CH2), 37.1 (t, CP, 1JCP = 132.9 Hz),
55.2 (NCH2), 62.9 (d, OCH2, 2JCP = 6.5 Hz), 63.2 (d, OCH2, 2JCP =
6.2 Hz), 122.6 (CH=), 128.5 and 128.6 and 129.4 (CAr), 135.3 (CAr),
145.9 (C=). IR (thin layer) m/cm−1: 1024 (P–O–C), 1248 (P=O),
1498 (N=N), 1555 (C=C). HRMS: calculated for C19H31N3O6P2


(M+) 459.1688, found 459.1685.


Tetraethyl 2-[1-(4,4,5,5,6,6,7,7,8,8,9,9,9-tridecafluorononyl)-1H-
1,2,3-triazol-4-yl]ethane-1,1-diyldiphosphonate (5c)


Yield 92%, colorless oil. 31P NMR (80.99 MHz, CDCl3) d: 23.7. 1H
NMR (200.13 MHz, CDCl3) d: 1.31 (t, 12H, CH3, 3JHH = 7.0 Hz),
2.41–2.93 (m, 3H, CHP + CH2), 3.40 (dt, 2H, CH2, 3JHH = 6.1 Hz,
3JHP = 16.1 Hz), 4.22–4.31 (m, 8H, OCH2), 4.72 (t, 2H, CH2,
3JHH = 7.2 Hz), 7.61 (s, 1H, CH), (m). 19F NMR (188.34 MHz,
CDCl3) d: −81.9 (m, 3F, CF3), −114.3 (m, 2F, CF2CH2), −123.0
(m, 2F, CF 2CF3), −124.0 (m, 2F, CH2CF2CF2CF 2), −124.6 (m,
2F, CH2CF2CF 2), −127.2 (m, 2F, CF 2CF2CF3). 13C (50.32 MHz,
CDCl3) d: 16.6 (d, CH3, 3JCP = 3.0 Hz), 16.8 (d, CH3, 3JCP =
2.5 Hz), 22.5, 32.2 (t, CH2CF2, 2JCF = 21.7 Hz), 37.0 (t, CP, 1JCP =
133.1 Hz), 42.5 (NCH2), 62.9 (d, OCH2, 2JCP = 6.5 Hz), 63.3 (d,
OCH2, 2JCP = 6.2 Hz), 109.3, 121.1 (CH=), 123.4, 145.9 (C=). IR
(thin layer) m/cm−1: 1028 (P–O–C), 1241 (P=O), 1367 and 1394
(CH2), 1550 (C=C), 3460. HRMS: calculated for C20H28N3O6P2F13


(M+) 715.1245, found 715.1235.


tert-Butyl {4-[2,2-bis(diethoxyphosphoryl)ethyl]-1H-1,2,
3-triazol-1-yl}acetate (5d)


Yield 64%, oil. 31P NMR (121.49 MHz, CDCl3): d 22.4. 1H NMR
(300.13 MHz, CDCl3): d 1.23 (s, 9H, CH3), 1.34 (t, 12H, CH3,
3JHH = 7.08 Hz), 2.97–3.04 (m, 1H, CH), 3.38 (dt, 2H, CH2, 3JHH =
16.20 Hz), 4.15–4.22 (m, 8H, OCH2), 6.24 (s, 2H, CH2), 7.76 (s,
1H, CH). Calculated for C18H35N3O8P2: C, 44.75; H, 7.24; N, 8.70.
Found: C, 44.67; H, 7.31; N, 8.49.


Tetraethyl 2-[1-(2,3,4,6-tetra-O-acetyl-b-D-glucopyranosyl)-
1H-1,2,3-triazol-4-yl]ethane-1,1-diyldiphosphonate (5e)


Yield 66%, oil. 31P NMR (121.49 MHz, CDCl3): d 22.33. 1H NMR
(300.13 MHz, CDCl3): d 1.28–1.40 (m, 12H, CH3), 1.93 (s, 3H,
CH3), 2.11 (d, 9H, CH3, 3JHH = 11.2 Hz), 2.89–3.09 (m, 1H, CH),
3.32–3.47 (m, 2H, CH2), 4.01–4.29 (m, 8H, OCH2, 3H), 5.28 (t,
1H, CH, 3JHH = 10.05 Hz), 5.45 (t, 1H, CH, 3JHH = 9.12 Hz), 5.54
(t, 1H, CH, 3JHH = 9.12 Hz), 5.89 (d, 1H, 3JHH = 9.12 Hz), 7.76
(s, 1H, CH). Calculated for C26H43N3O15P2: C, 44.64; H, 6.15; N,
6.01. Found: C, 44.15; H, 6.14; N, 5.58.


Tetraethyl (2-{1-[3-(hydroxymethyl)-5-(5-methyl-2,4-dioxo-3,
4-dihydropyrimidin-1(2H)-yl)tetrahydrofuran-2-yl]-1H-1,2,3-
triazol-4-yl}ethane-1,1-diyl)diphosphonate (5f)


Yield 92%, oil. 31P NMR (80.99 MHz, CDCl3): d 24.73. 1H NMR
(200.13 MHz, CDCl3) d: 1.28–1.35 (m, 12H, CH3), 1.96 (s, 3H,
CH3), 2.97–3.00 (m, 3H, CH2CH), 3.35–3.37 (m, 3H, CH2CH),
3.86 (dm, 1H, CH), 4.09–4.12 (dm, 1H, CH2), 4.16–4.18 (m, 8H,
OCH2), 4.39–4.42 (m, 1H, CH2), 5.35–5.39 (m, 1H, CH), 6.20–
6.24 (m, 1H, CH), 7.43 (s, 1H, =CH), 7.75 (s, 1H, CH), 8.55
(br s, 1H, NH). 13C (50.32 MHz, CDCl3) d: 12.9 (CH3), 16.7 and
16.8 (CH3CH2O), 22.5 (CH2), 37.0 (t, CP, 1J CP = 133.6 Hz), 59.3
(CHN), 60.8 (CH2OH), 63.3 (dd, OCH2, 2JCP = 6.5 Hz), 85.5
(NCH), 87.5 (CHCH2OH), 111.2 (=CCH3), 123.6 (NCH=C),
137.6 (=CH2N), 145.5 and 145.6 and 145.7 (CAr), 151.0 (C=O),
164.8 (C=O). Calculated for C22H37N5O10P2: C, 44.48; H, 6.23; N,
11.79. Found: C, 44.35; H, 6.24; N, 11.58.


Tetraethyl 1,3-bis(1benzyl-1H-1,2,3-triazol-4-yl)propane-2,
2-diyldipshopshonate (6)


Yield 88%, white crystals, mp 86–88 ◦C. 31P NMR (80.99 MHz,
CDCl3) d: 25.1. 1H NMR (200.13 MHz, CDCl3) d: 1.33 (t, 12H,
CH3, 3JHH = 7.3 Hz), 3.32 (dd, 4H, CH2, 3JHP(1) = 16.0 Hz 3JHP(2) =
12.2 Hz), 4.21–4.27 (m, 8H, OCH2), 5.52 (s, 4H, CH2), 7.30–7.35
(m, 10H, arom.), 7.91 (s, 2H, CH). 13C (50.32 MHz, CDCl3) d:
16.6 (d, CH3, 3JCP = 3.3 Hz), 16.7 (d, CH3, 3JCP = 3.1 Hz), 26.6
(PCH2), 47.6 (t, CP, 1JCP = 130.9), 54.2 (NCH2), 63.1 & 63,2
(POCH2), 125.0 (CH=), 128.5 and 128.9 and 129.4 (CHAr), 135.6
(ipso-CAr), 143.4 (C=). HRMS: calculated for C29H40N6O6P2 (M+)
630.2484, found 630.2480.


X-Ray crystallography. Crystals of 6 suitable for X-ray diffrac-
tion were grown from diethyl ether. Crystallographic data for 6
(C29H40N6O6P2) at 173(2) K: Crystal size 0.42 × 0.30 × 0.22 mm,
triclinic, space group P1̄, a = 8.615(6), b = 12.829(4), c =
14.996(5) Å, a = 88.06(3), b = 78.28(4), c = 75.70(4)◦, V =
1572.3(13) Å3, Z = 2 (Z′ = 1), M = 630.61, dcalc = 1.332 g
m−3, l(MoKa) = 1.90 cm−1, F(000) = 668. The intensities of
6834 reflections were measured with an Siemens P4 diffractometer
at 173(2) K (k(MoKa) = 0.71072 Å, 2h < 50◦, 2h-scans), and
5524 independent reflections (Rint = 0.0273) were used in the
further refinement. The structure was solved by direct methods and
refined by the full-matrix least-squares technique against F 2 in the
anisotropic-isotropic approximation. Analysis of Fourier density
synthesis revealed that the ethyl groups (C(3)–C(4) and C(7)–
C(8)) are disordered over two positions with equal occupancies.
The positions of the hydrogen atoms were calculated from a
geometrical point of view. The refinement converged to wR2 =
0.1940 and GOF = 1.035 for all independent reflections (R1 =
0.0702 was calculated based on F for 3621 observed reflections
with I > 2r(I)). All calculations were performed using SHELXTL
PLUS 5.0.17 CCDC reference number 645541. For crystallographic
data in CIF or other electronic format see DOI: 10.1039/b705510b


Tetraethyl 1,3-bis[1-(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)-
1H-1,2,3-triazol-4yl]propane-2,2-diyldiphosphonate (7)


Yield 92%, white crystals, mp 126–129 ◦C. 31P NMR (80.99 MHz,
CDCl3) d: 29.8. 1H NMR (200.13 MHz, CDCl3) d: 1.30 (t, 12H,


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 2361–2367 | 2365







CH3, 3JHH = 7.1 Hz), 2.91–2.95 (m, 4H, CH2), 3.41 (dd, 4H, CH2,
3JHP = 16.0 Hz), 4.21–4.27 (m, 8H, OCH2), 4.73 (t, 4H, CH2,
3JHH = 7.4 Hz), 8.01 (s, 2H, CH), (m). 19F NMR (188.31 MHz,
CDCl3) d: −76.9 (3F, m, CF3), −110.3 (2F, m, CF2CH2), −117.9
(2F, m, CF 2CF3), −118.9 (2F, m, CH2CF2CF2CF 2), −119.6 (2F,
m, CH2CF2CF 2), −122.2 (2F, m, CF 2CF2CF3). 13C (50.32 MHz,
CDCl3) d: 16.6 (d, CH3, 2JCP = 6.2 Hz), 26.5 (PCCH2), 30.4 (t,
CH2CF2, 2JCF = 21.9 Hz), 41.6 (t, CP, 1JCP = 133.1), 42.7 (NCH2),
63.4 (d, OCH2, 2JCP = 7.2 Hz), 109.3–121.1, 125.6 (CH=), 142.7,
143.5 (C=). Calculated for C31H34N6O6P2F26: C, 32.59; H, 3.00.
Found: C, 32.28; H, 3.21.


Octaethyl 2,2′-[1,1′-(1,4-phenylenebis(methylene)][bis(1H-1,2,
3-triazol-4,1-diyl)]bis(ethane-2,1,1-triyl)tetraphosphonate (8)


Yield 67%, colorless oil. 31P NMR (CD3CN) d: 29.3. 1H NMR
(CD3CN) d: 1.13–1.18 (m, CH3, 24H), 3.00–3.05 (m, CHP + CH2,
6H), 3.85–4.04 (m, OCH2, 16H), 5.48 (s, CH2, 4H), 7.32 (s, Ha, 4H),
7.63 (s, Hc, 2H). 13C (50.32 MHz, CDCl3) d: 16.1 (d, CH3, 2JCP =
6.1 Hz), 22.0 (PCH2), 37.1 (t, CP, 1JCP = 133.8 Hz), 54.2 (NCH2),
63.2 (d, OCH2, 2JCP = 6.4 Hz), 63.4 (d, OCH2, 2JCP = 6.3 Hz),
120.7 (CH=), 129.3 (CAr), 136.3 (CAr), 149.6 (C=). Calculated
for C32H56Br2N6O12P4Na2: C, 36.68; H, 5.35. Found: C, 37.11; H,
5.55.


Octaethyl 2,2′-[1,1′-(1,3-phenylenebis(methylene))bis(1H-1,2,
3-triazol-4,1-diyl))bis(ethane-2,1,1-triyl]tetraphosphonate (9)


Yield 65%, colorless oil. 31P NMR (CD3CN) d: 24.0. 1H NMR
(CD3CN) d: 1.30–1.33 (m, CH3, 24H, 3JHH = 7.3 Hz), 2.93–
2.96 (m, CHP + CH2, 6H), 3.82–4.13 (m, OCH2, 16H), 5.50
(s, CH2, 4H), 7.32 (s, Ha, 4H), 7.65 (s, Hc, 2H). Calculated for
C32H56Br2N6O12P4Na2: C, 36.68; H, 5.35. Found: C,37.18; H, 5.73.


Tetraethyl [2-(1H-1,2,3-triazol-4-yl)ethane-1,
1-diyl]bis(phosphonate) (10)


To a solution of 5d (0.48 g, 0.9 mmol) in MeOH (3.6 mL), NaOH
(1 M aq. solution, 3.6 mL) was added. The reaction mixture was
stirred at r.t. for 3 h and subsequently neutralized with 1 N HCl
(5 mL), diluted with H2O (20 mL) and extracted three times with
ethyl acetate (45 mL). The organic layer was dried over MgSO4


and evaporated under vacuum to yield the product in pure form.
Yield 65%, oil. 31P NMR (121.49 MHz, CDCl3): d 22.4. 1H NMR
(300.13 MHz, CDCl3): d 1.35 (t, 12H, CH3, 3JHH = 7.08 Hz), 2.93–
3.01 (m, 1H, CH), 3.36–3.42 (m, 2H, CH2), 4.17–4.23 (m, 8H,
OCH2), 5.77 (s, 1H, NH), 7.61 (d, 1H, CH, 3JHH = 10.95 Hz).
Calculated for C12H25N3O6P2: C, 39.05; H, 6.77; N, 11.39. Found:
C, 38.69; H, 6.72; N, 10.22.


[2-(1H-1,2,3-Triazol-4-yl)ethane-1,1-diyl]bis(phosphonic acid) (11)


A solution of trimethylsilyl bromide (0.54 g) in 2 mL of CHCl3


was added dropwise to a solution of 10 (0.26 g) in CHCl3 (7 mL).
The reaction mixture was allowed to stir at r.t. overnight, then the
solvent was removed under reduced pressure (rotary evaporator)
and the residue was dissolved in methanol (10 mL). After stirring
for 1 h, the methanol was removed in vacuum to give the crude
product (0.14 g, 77%), mp 203–205 ◦C (ethanol–hexane). 31P NMR
(121.49 MHz, CDCl3): d 20.1. 1H NMR (300.13 MHz, d6-DMSO):


d 3.15–3.07 (m, 2H, CH2), 3.88–3.84 (m, 1H, CH), 7.61 (s, 1H, CH).
Calculated for C4H9N3O6P2: C, 18.67; H, 3.50; N, 16.33. Found:
C, 18.69; H, 3.52; N, 16.21.
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Seven synthetic anion transporters (SAT) of the general form
R2N-COCH2OCH2CO-(Gly)3-Pro-(Gly)3-OR′ were prepared. Three pairs of compounds each
contained twin n-hexyl, n-decyl, and n-octadecyl (R) groups at the N-terminus and one contained twin
n-tetradecyl groups. Three of the compounds were C-terminated by benzyl and three by heptyl (R′)
residues. The ability of these compounds to mediate ion release from phospholipid vesicles was
assessed. Chloride release was measured by ion selective electrode measurements and by chloride
quenching of the fluorescent dye lucigenin. Transport of the anion carboxyfluorescein (CF) was
measured by fluorescence dequenching. Differences in both the C- (R′) and N-terminal (R) residues
within the ionophores affected anion transport. The chloride release data acquired by ion selective
electrode and fluorescence methods were similar but not identical. A possible carrier mechanism for Cl−


transport was discredited. Both Cl− and CF anions were released from vesicles by these compounds.
The results of CF and Cl− transport showed good consistency when the ionophore’s N-terminal chains
were either decyl or octadecyl but not when they were hexyl. The transport of CF and Cl− appears to be
fundamentally different when R is C6 compared to C10 or C18. Differences between the behavior of SATs
with Cl− and CF were also reflected in negative ion mass spectrometric studies.


Introduction


Natural bilayer membranes exist in an almost infinite variety. The
possibilities for different fatty acid tails and head groups alone in
phospholipid monomers are enormous. More than that, natural
membranes incorporate integral proteins, receptors, transporters,
and a variety of small molecules such as sterols, sphingomyelin,
ceramide, and others. During the past two decades, novel synthetic
structures have been devised that transport cations, anions, and
small molecules through bilayer membranes. These transporters
may function as carriers or channels. In the latter case, they may
form a unimolecular channel or an oligomeric pore. The challenge
to the chemist to design, synthesize, and characterize compounds
that have membrane active properties is significant. Beyond that,
however, lies the requirement to demonstrate the function or
efficacy of the new structure. Such methods as planar bilayer
voltage clamp and whole cell patch clamp that are well known to
electrophysiologists1 require complex apparatus and considerable
training.


A number of analytical approaches have been developed to
evaluate ion transport through phospholipid bilayers. Notable
among these are the NMR methods developed by Riddell and
coworkers to detect lithium,2 sodium,3 and potassium4 cations,
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and chloride anion.5 Ion selective electrodes (ISEs) have been used
to detect the egress of both cations6 and anions from liposomes.
Fluorescent methods have proved to be particularly popular, in
part because of their sensitivity.7


In a recent series of papers, we described several properties of
a family of synthetic anion transporters (SATs) that function in
phospholipid bilayers. Our initial success was with an amphiphilic
heptapeptide having the structure (H37C18)2NCOCH2OCH2CO-
(Gly)3-Pro-(Gly)3-OCH2Ph, 1.8,9 Planar bilayer voltage clamp
(BLM) experiments showed that 1 exhibited at least one con-
ductance state that was selective for Cl− over K+ by ≥10-fold.
Encouraging as these results were, the complexity of the planar
bilayer method led us to assay most of the compounds prepared
by monitoring anion release from liposomes. This can be done
in a variety of ways. Release of Cl− from vesicles was measured
directly by using a chloride-selective electrode.10,11 In addition,
Cl− complexation by 1 and several relatives was demonstrated by
NMR methods.12–14


Recently, an alternative method has been developed that is
based on a fluorescent dye, lucigenin.15 It has already found
application in other transporter systems.16 The method relies upon
the chloride-induced fluorescence quenching of lucigenin. Thus,
the dye is enclosed within a liposome that is free of Cl− and baseline
fluorescence is observed. Addition of an anion transporter permits
the entry of chloride from the external medium through the
vesicular bilayer membrane. The resulting quenching is observed
as a decrease in lucigenin fluorescence that is proportional to the
amount of chloride transported. Whether an ion selective electrode
or lucigenin is used analytically, it is Cl− that is detected passing
either into or out of the vesicle.
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A fluorescent method to assess pore formation and anion
transport that has been used in a variety of biological appli-
cations is carboxyfluorescein (CF) release from liposomes.17–21


Such studies often quantitate CF release but do not compare the
results with the transport of other species. In several studies of
the SAT family of transporters developed in our lab, we have
used carboxyfluorescein release to assay anion transport through
vesicular bilayers.22–24 Other variations on this theme have also
been reported.25 The carboxyfluorescein (CF) release method
relies on the self-quenching of encapsulated CF. When a pore
forms in a liposome containing internal CF, its release is detected
quantitatively as an increase in fluorescence.


Planar bilayer voltage clamp (BLM) experiments and anion
release from liposomes differ in the information that can be
obtained from them. The BLM experiment permits an assessment
of one or a few pores that form in a planar membrane of limited
dimensions. In fact, more than one type of pore may occur
and be detected simultaneously and this will be manifested as
different conductance states.26 Release of anions such as chloride
or carboxyfluorescein from liposomes gives an overall view of the
process, but lacks the detail available from the BLM experiment.
Indeed, in liposome experiments, the average of many pores (and
perhaps many different pores) is reflected in the results. Because of
the macroscopic nature of this measurement, the data show good
reproducibility.


Hill plots27 showed that pores formed by 1 had a molecularity
of ≥2.24 Additional support for a dimer pore was obtained by
preparing derivatives in which two molecules of 1 were covalently
linked at either the C- or N-terminal ends of the heptapeptide
to give an analog of the presumed pore. Both “covalent analog
dimers” were found to release Cl− from liposomes more readily
than twice the concentration of 1.28 Studies with molecular models
suggested that a non-covalently linked dimeric pore should be 6–
8 Å across, a size appropriate to accommodate Cl− in its hydrated
state. The size of Cl− as the “free” ion is typically quoted at 3.5 Å.
The hexahydrated ion (see below) was calculated to be ∼6.5 Å in
diameter.29


In the studies reported here, amphiphilic heptapeptide
ionophores mediated transport of the ions from within phospho-
lipid vesicles. Chloride ion release was assayed by both ion selective
electrode methods and by use of the fluorescent dye lucigenin.
Fluorescence was also used to quantitate carboxyfluorescein
release. We report here an exploration of three issues. First, what is
the effect on transport efficacy in changing the C- and N-terminal
anchors of amphiphilic heptapeptides? Second, how comparable
are the ion selective electrode and lucigenin methods for assaying
chloride release? Third, do chloride and carboxyfluorescein anion
release from vesicles give similar information about transport
efficacy?


Results and discussion


We may consider the family of SATs described here in the semi-
schematic form (anchor)2NCOCH2OCH2CO-(Gly)3-Pro-(Gly)3-
(ester). The N- and C-anchor (ester) designations represent a
variety of chain lengths and both aromatic and aliphatic residues.
We have previously reported the effect on Cl− and CF release from
liposomes of changes in the N- and C-terminal anchor chains.
We concluded, based on those studies, that when the N-terminal


anchor was bis(octadecyl), medium-sized C-terminal alkyl groups,
such as n-heptyl, gave the highest anion release rates. In this report,
we compare and contrast the effects of N- and C-terminal anchors
on Cl− and CF transport.


Compounds studied


Seven amphiphilic heptapeptides (1–7) were considered in the
present study. Typically, a dialkylamine that will become the N-
terminal anchor is heated with diglycolic anhydride to give the
amphiphilic oxyacetic acid derivative apparent in structures 1–7.
This is coupled to a triglycine residue, then to proline, and finally
to another triglycine. The latter is coupled on the N-terminal side
to (Gly)3Pro and this product is protected on the C-terminal side
by a residue that will become the C-terminal anchor.10


Compounds 1–4 and 7 have been described previously.10 The
syntheses of 5 and 6 are described in the Experimental section.
All of the compounds incorporate the same ∼COCH2OCH2CO-
(Gly)3-Pro-(Gly)3∼ sequence, which includes a heptapeptide and
the midpolar regime mimic. These compounds comprise three
pairs of structures that are identical except for the C-terminal
anchor: 1,4; 2,5; and 3,6. Compound 7 is intermediate in alkyl
chain length between 1 and 2 and was used for mass spectrometric
studies (see below).


Analytical methods


Anions such as Cl− and CF are typically well-contained by
liposomes. Transport through the phospholipid bilayer occurs
with the assistance of a carrier molecule or through a pore formed
by appropriate ionophores. Influx or egress of anions may be
detected in a variety of ways. If anion release is studied, it is
necessary to charge the liposomes with the anion of interest and
free the surrounding medium of it. When the ionophore is added
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to the liposome suspension, detection of the anion where it was
previously absent is an indication of transport. In the lucigenin
experiment, the liposomes contain no internal chloride, but are
created in the presence of the dye to encapsulate it. Thus, the three
analytical methods used are release of CF detected by fluorescence
dequenching, Cl− influx detected by lucigenin quenching, and
chloride efflux detected by an ion selective electrode. In all cases,
anion release was mediated by a member of the family 1–6.


Chloride release from phospholipid vesicles: ISE method


Phospholipid liposomes (7 : 3 w/w DOPC–DOPA, see Experimen-
tal section) of approximate diameter 200 nm were prepared in the
presence of KCl and HEPES buffer. External Cl− was removed by
gel filtration. The external solution contained K2SO4 buffer. The
ionophore (1–6) was added to the liposome suspension as a 2-
propanol solution and release of chloride was monitored by using
an Accumet chloride combination electrode. The data obtained
are graphed in Fig. 1.


Fig. 1 Chloride ion release from DOPC–DOPA liposomes (310 lM
lipids) mediated by 1–6, [ionophore] = 65 lM.


The key observation in this set of experiments is that 6, which
has N-terminal hexyl groups and a C-terminal heptyl ester, is
the most active ionophore. In fact, it is significantly more active
than 1–5, which all exhibit a generally similar transport efficacy.
Because different ionophores exhibit different curve shapes, we
have chosen an arbitrary time point to compare ion release. The
values obtained for fractional chloride release from phospholipid
liposomes, mediated by compounds 1–6, are shown in Table 1.


Although the curves in the graph of Fig. 1 show that compounds
1–5 mediate similar levels of chloride release, the tabular data
allow some distinction. The order of transport efficacy can be
summarized as 6 > 2, 3, 5 > 1, 4. Two key features are apparent
in these data. First, dihexylamide/heptyl ester 6 is significantly
better at transporting Cl− than is any of its relatives studied here.


Table 1 Percentage of chloride released from liposomes mediated by 1–6a


Compound
number


N-terminal
alkyl group Ester


% Cl− release
at 1500 s


1 Octadecyl Benzyl 29
2 Decyl Benzyl 45
3 Hexyl Benzyl 42
4 Octadecyl n-Heptyl 36
5 Decyl n-Heptyl 43
6 Hexyl n-Heptyl 92


a 3:7 DOPC:DOPA liposomes, 310 lM lipids and [ionophore] = 65 lM.


Second, the two poorest ionophores for Cl− are 1 and 4, which have
twin N-terminal octadecyl groups. The two octadecyl derivatives,
1 and 4, are clearly the poorest ion transporters, although their
long alkyl chains suggest that, of the compounds in this group,
they should form the most stable pores.


Chloride release from phospholipid vesicles: lucigenin assay


In recent work, Smith, Davis, and their coworkers15 have used the
fluorescent dye lucigenin to monitor chloride transport through
a bilayer membrane. Lucigenin fluorescence is quenched by the
presence of halide ions. In a typical application, the dye is encap-
sulated within a phospholipid vesicle in a chloride-free medium.
Chloride ions are added to the external medium and chloride
leakage is assessed.16 When the transporter is encapsulated within
the liposomes, addition of external chloride results in fluorescence
quenching if Cl− transport occurs. Detergent-induced vesicular
lysis gives a final Cl− concentration, to which the data are
normalized.


In the studies concerning lucigenin, liposomes were pre-
pared from DOPC phospholipids. The DOPC–DOPA mixture
described for vesicles used in the ISE method afforded less
reproducible results. The final lipid concentration was maintained
at 0.31 mM. The liposomes (pH ∼6) contained lucigenin (1 mM)
and NaNO3 (225 mM). Aqueous NaCl was incorporated to give
a chloride gradient (190 mM external, 0 mM internal). The
compound of interest was added as a 2-propanol solution and
the change in fluorescence was monitored. A final Cl− value was
determined after detergent lysis.


As noted by Seganish, et al. for their system,16 some Cl−


leakage was apparent in the absence of any ionophore. Significant
fluorescence changes were noted subsequent to addition of the
transporter. Chloride release data as a function of time observed
for compounds 1–6 are shown in the graph of Fig. 2. Lucigenin
fluorescence decreases as Cl− is transported through the bilayer
into the vesicular compartment containing the dye.


Fig. 2 Chloride ion release from DOPC vesicles (310 lM lipids) mediated
by 1–6 (0.135 lmoles) assayed by lucigenin dye fluorescence.


It is interesting to compare the results of the Cl− transport
experiments shown in Fig. 1 and Fig. 2. In principle, of course,
they should be identical because both the ISE and fluorescent
dye methods purport to measure the same thing. In fact, they
are only similar. Some differences are inevitable owing to exper-
imental variation. A difference that should be noted is the lipid
composition used to form the vesicles (DOPA–DOPC mixture vs.
DOPC) in the two different cases. Chloride release mediated by 6 in
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DOPA–DOPC vesicles, when assayed by the ISE method, is clearly
most effective and poorest when the ionophore is 1. We obtained
the same result whether the ISE or the dye method (in DOPC
vesicles) was used. In the data shown in Fig. 2, the release rates
are clustered, with Cl− release being similar for compounds 2 and
5, and slightly greater than for 3 and 4. When assayed by the ISE
method (Fig. 1), Cl− release by 2–5 was essentially similar. The
two methods therefore give comparable results notwithstanding
the differences in vesicle composition or concentration ratios.


Carboxyfluorescein release from vesicles


As noted in the introduction, CF release from phospholipid
vesicles has been widely used to monitor pore formation and
membrane stability. The rapidity of detection and sensitivity of the
fluorescence technique make it useful for monitoring ion release at
micromolar concentrations. The structure of carboxyfluorescein is
shown in Fig. 3 both in its lactone form and with the free carboxyl
protonated.


Fig. 3 Structures of carboxyfluorescein in the lactone (left) and open
forms.


Release of carboxyfluorescein from phospholipid vesicles


Fig. 4 plots the results of CF release mediated by 1–6. We note that
the vesicles have the same lipid composition in this experiment as
they do in the ISE method experiments. The time scale is different
because, in part, the higher concentration of ionophore relative
to lipids used in this experiment leads to faster ion release. It
is obvious from the line trends that the order of relative release
rates would not change if the times were identical. Differences in
experimental conditions are required to achieve stability and to
obtain reproducible results. Despite such differences, the trends
apparent for both Cl− and CF− release have proved to be generally
similar.10


Fig. 4 Carboxyfluorescein release from 7 : 3 DOPC–DOPA vesicles
mediated by 1–6; [lipids] = 0.9 lM; [ionophore] = 3.5 lM.


The data obtained in these experiments may be compared in
two different ways. Compounds 1–3 and 4–6 have the same C-
terminal ester groups and vary in N-terminal chain length. The
pairs of compounds 1,4; 2,5; and 3,6 have identical N-terminal
chains, but differ in their C-terminal ester residues. For the benzyl
ester compounds, decreasing CF release occurs in the following
order: 2 > 1 > 3. Expressed in terms of N-terminal side chains,
this is didecyl > dioctadecyl > dihexyl. For the n-heptyl esters, the
order is equivalent: 5 > 4 > 6 or didecyl > dioctadecyl> dihexyl.
The magnitude of CF release is clearly different for the benzyl and
heptyl esters, but the activity in both cases is C10 > C18 > C6 in
terms of N-terminal anchor chains.


The alternate series of comparisons gives the following results:
4 > 1, 2 > 5, and 6 > 3. Thus, when the N-terminal side chains
are dioctadecyl or dihexyl, the n-heptyl esters are more active than
the benzyl esters. The situation is reversed for didecyl derivatives
2 and 5, which are the most active compounds assessed in this
study. A further comparison reveals that compounds 2, 4, and 5
are more active than are 1, 3, and 6. It is significant that two of the
least active CF-release compounds have hexyl anchors.


Carboxyfluorescein carrier transport through a CHCl3 membrane


Evidence obtained in previous studies was consistent with CF
release as a result of pore formation.23 It is also possible that CF
transport could occur in whole or in part by a carrier mechanism.
Carboxyfluorescein release from liposomes is normally very rapid,
suggesting that carrier transport is playing little or no role in ion
release. We have not previously explored this possibility, however,
nor has any assessment of host-CF transport by a carrier system
been reported to our knowledge.


The transport experiments were conducted by using a concentric
tube device of a type previously reported.30 It was charged with
CHCl3, which serves as a hydrophobic membrane. An ion gradient
was created by charging the aqueous source phase with CF, which
was absent from the receiving phase. Two different experiments
were undertaken with [ionophore] = 12 mM. In the first, the source
phase was a neutral aqueous solution containing CF (20 mM),
KCl (100 mM) and HEPES buffer (10 mM, pH 7). The receiving
phase was identical except that CF was absent. This mimics the
conditions of Cl− release from vesicles. Chloride transport can
occur simultaneously but there is no chloride gradient and hence
no driving force for transport.


Buffer, but no chloride ion, was present in the second type of
experiment. A previous study demonstrated that heptapeptides of
the type R2N-COCH2OCH2CO-(Gly)3-Pro-(Gly)3-OR′ bind Cl−


in CDCl3 with an equilibrium constant of ∼1700.13 It was therefore
possible that very little CF transport would be observed under
carrier conditions because the host molecule was bound by Cl−


rather than CF−. Of course, if the binding constant for 1·Cl−


is less than for 1·CF−, CF transport will dominate, but only in
proportion to the respective complexation constants.


During the transport experiment, the receiving phase solution
was continuously pumped (8 mL min−1) into a cuvette within a
Perkin Elmer LS 50B fluorimeter and the solution’s fluorescence
was monitored. The results, obtained over a period of 6 hours, are
shown in Fig. 5. Transport of CF (20 mM in the source phase) was
mediated by compounds 1 and 2. The upper and middle traces
show the result when 100 mM KCl is present in both the source
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Fig. 5 Comparison of carboxyfluorescein (20 mM) transport mediated
by 1 in the presence and absence of KCl (100 mM).


and receiving phases. The lower trace shows the result when no
KCl is present.


Two observations can be made about these experiments. First,
the presence of KCl causes the transport rate of CF to be higher
than when it is absent. This is true for either 1 or 2. This
is surprising and counter-intuitive. Second, the amount of CF
transported during 6 h is extremely small. Carboxyfluorescein
transport is ultimately limited by the amount present in the source
phase. Only half of the initial 20 mM concentration will transport
because there is no ion gradient when the source and receiving
phase each reach 10 mM. In fact, over 5 hours, the receiving phase
is only about 1 lM in CF in the absence of Cl−. In the presence of
Cl−, the concentration reaches about 4 lM. The concentration
ratios are such that well under 0.1% of the available CF is
transported in 5 hours. We conclude that the carrier mechanism
may occur but does not contribute significantly to CF release.


The structure of carboxyfluorescein


A goal of this study was to compare and contrast the release of
chloride and carboxyfluorescein ions from liposomes mediated
by 1–6. Chloride ion is certainly transported through bilayer
membranes by protein channels. Carboxyfluorescein release has
been used to detect pore formation or the loss of membrane
integrity. Chloride ion and carboxyfluorescein seem impossibly
dissimilar in size and shape. In order to gain insight into
similarities, we undertook a search of the Cambridge Structural
Database. It failed to reveal any structure of CF although several
structures of fluorescein derivatives were identified.


We therefore initiated a computational study of CF in its
lactone and open forms, with the carboxyl groups meta or
para to the xanthene-phenyl bond, and with the system in its
neutral, monoanionic, or dianionic form. The computational
package, Gaussian 03, was used in these studies. All structures
were optimized using the DFT method (B3LYP/6-31g) without
imaginary frequencies. The results are shown in the left panel of
Fig. 6.


When the benzoic acid residue is lactonized to the xanthene,
the two ring systems are calculated to be perpendicular. This
is consistent with the published structure of fluorescein·acetone
(CSD: FLSCAC).31 In the ring-open form shown in Fig. 6, the
torsion angle from the ortho-carboxyl group to xanthene is −84.9◦


(lower left panel). The corresponding torsion angle observed in the
solid state structure of fluorescein perchlorate (CSD: BALZIK)32


is 92◦. Notwithstanding this deviation from perpendicularity, the


Fig. 6 Left panel: calculated structure of carboxyfluorescein. Center:
calculated solvent exposed surface of CF. Right panel: calculated hydrated
chloride ion.


approximate size of CF is similar whether lactonized or not. These
calculations are for the gas phase and do not show the presence,
or effect, of solvent. Even so, the results are consistent with the
solid state structures reported for close relatives.


The center panel of Fig. 6 shows the calculated solvent exposed
surface of CF at the left and compares it with an hydrated chloride
anion. The right panel of the figure was generated by considering
Cl− to be a symmetrical, octahedrally hydrated anion. It was
rendered in X-Seed33 to achieve a format that accurately conveys
its overall size. The circle apparent in the center is the van der
Waals volume of the chloride anion. The Cl(H2O)6]− structure is
nearly spherical and has a diameter of about 6.5 Å. Although CF
looks far larger, it is no more than ∼10 Å in any dimension, at least
in the absence of solvent. We surmise that the carboxylate anion
is strongly solvated by water but that hydration of the molecule’s
hydrophobic surface is less organized.


Comparison of anion transport


We considered two issues in comparing the results of the exper-
iments presented here. The first is the difference in the anions.
Chloride and CF are obviously different in size and shape and
probably in solvation. Second, their charge densities and charge
states differ. Indeed, the number of charges in CF is an issue
because one or both carboxyls may be ionized. We use the reported
pKA value of 6.4 for the lactone. The experiments described here
were conducted in HEPES buffer at pH = 7.0. Under these
conditions, an acid of pKA 6.4 would be approximately 80%
ionized. Chloride will be completely ionized at neutral pH, but
the solvation state of neither ion is known.


There is a further difference between the experimental determi-
nations of CF and Cl−, despite the effort to maintain comparabil-
ity. The conditions used for the CF experiments are 0.9 lM lipids
and 3.5 lM solutions of ionophores compared to 310 lM lipids
and 65 lM solutions of ionophores for the Cl− determinations.
The excess of ionophore is required for experimental reasons in
the CF release experiments. The fact that different concentration
ratios are required suggests that the transport process is different.
Notwithstanding, we have generally observed a good correlation
between data obtained by the two methods. For example, we
directly compared Cl− and CF release from liposomes mediated by
C8 to C18 variants of (Cn)2NCOCH2OCH2CO-(Gly)3-Pro-(Gly)3-
OCH2Ph and found the parallel almost exact.10 Of course, the
present case extends the question to different esters, but more
importantly, to the hexyl N-terminal group.
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Table 2 Summary of ion release data obtained for 1–6 by various methods


Terminal groups % Ion releasea (rank)b


Compound number N-chain Ester Cl− [by ISE] Cl− [by dye] CF−


1 C18 OCH2Ph 32 (6) 22 (6) 19 (4)
2 C10 OCH2Ph 49 (2) 90 (2) 100 (1)
3 C6 OCH2Ph 45 (4) 50 (5) 7 (6)
4 C18 C7H15 39 (5) 62 (4) 37 (3)
5 C10 C7H15 47 (3) 85 (3) 72 (2)
6 C6 C7H15 100 (1) 100 (1) 16 (5)


a Normalized for data points at 1000 s for CF and 1500 s for Cl−. b Anion transport efficacy rank within the series for the method.


A direct comparison of the data can be made by considering
release at fixed time points. Table 2 was prepared from data
obtained for CF or Cl− release. An arbitrary time point was chosen
in each case. The time points were: ISE-chloride, 1500 s; lucigenin-
chloride, 500 s; and carboxyfluorescein dequenching, 1000 s. The
data shown in Table 2 were normalized in each case so that release
by the most effective ionophore was set to 100%. This expanded the
scale to facilitate comparisons. This approach fosters the problem
of increasing the apparent difference between compounds that
may be essentially similar and the data should be considered with
this in mind. Adjacent to each percent value, the rank within the
series is given in parentheses.


The data recorded in Table 2 show that the first compound
prepared in this series, 1,8 is at or near the bottom of ion trans-
porter efficacy as judged by any of the three methods. Compound
2, which was previously found to be much more effective as
a chloride transporter than 1,24 is the best of the benzyl ester
compounds. Compound 2, as a chloride transporter, is superior to
other benzyl ester compounds in this study although only slightly
better than its counterpart n-heptyl ester, 5. Compounds 2 and
5, which have twin, N-terminal decyl chains, are also the most
effective CF transporters.


The variations in analytical methodology notwithstanding,
significant differences in ion transport are observed as the N-
and C-terminal chains are varied. Both Cl− and CF release
from liposomes appear to be very favorable when (C10H21)2N-
COCH2OCH2CO-(Gly)3-Pro-(Gly)3-OCH2Ph, 2, is added to the
suspension. The results obtained for compound 6, (C6H13)2N-
COCH2OCH2CO-(Gly)3-Pro-(Gly)3-O(CH2)6CH3, are surprising.
Chloride release is highest when it is the ionophore but CF release
is second lowest. It was already known that the C-terminal heptyl
ester gave Cl− release results superior to those observed for the
corresponding benzyl esters. Two results are surprising concerning
6. First, it was not expected that 6 would be superior in Cl−


transport to the other five compounds. That dihexyl-heptyl 6 is
so much more effective at Cl− release than is dihexyl-benzyl 3 was
also unanticipated. It is unclear why the combination of two hexyl
and a heptyl group should be so effective for Cl− release and so
unfavorable for CF release.


The data of Table 2 have been plotted in Fig. 7 with the omission
of compounds 3 and 6. These two structures have N-terminal
hexyl chains and their interaction with CF is clearly different from
the other ionophores studied here. There is general consistency
between the ISE and dye methods used to measure Cl− transport,
although the ISE method gives a somewhat more compressed
data set. Carboxyfluorescein is clearly subject to a different


Fig. 7 Comparison of ion release from vesicles mediated by 1, 2, 4, and
5. The blank area in each graph indicates the omission of data for 3.


set of variables, although the data obtained for the octadecyl
and decyl compounds is consistent with data obtained for Cl−


release. It is only the six-carbon sidechained ionophores 3 and 6
that behave very differently with CF than with Cl−. A possible,
but speculative, explanation for this is that the hexyl sidechains
do not anchor effectively in the bilayer and therefore interact
more strongly with the hydrophobic surface of CF. In principle,
of course, any of the methods can be used within any given
series. The challenge is comparing the results when the liposomal
compositions, concentrations, and detection methods all differ.


Electrospray mass spectrometry


In order to gain additional insight about the SAT-anion complex-
ation process, we undertook a negative ion (low resolution) mass
spectrometric analysis (see Experimental section). The upper panel
of Fig. 8 shows the spectrum observed for a 1 : 1 : 1 mixture
of (H21C10)2NCOCH2OCH2CO-(Gly)3-Pro-(Gly)3-OCH2Ph (2),
(H13C6)2NCOCH2OCH2CO-(Gly)3-Pro-(Gly)3-OC7H15 (6), and
Bu4NCl. The spectrum was scanned over the mass range (m/z)
600–1529 (600–1200 shown). The base peak in the spectrum was
observed at m/z 873.2, which corresponds to [6·Cl]−. A peak (93%)
was observed at m/z 977.0, which corresponds to [2·Cl]−. The
masses of non-ionized 6 and 2 are 838.5 and 950.6, respectively.
Both peaks show the expected isotope distributions for chloride
in the respective complexes. The spectrum shows that both SATs
effectively bind Cl− in the gas phase and in CH3CN, the solvent in
which the complexation initially occurs. The fact that the 2–6–Cl−


ratio was 1 : 1 : 1 means that 2 and 6 must compete for Cl−. The
nearly identical peak heights for [2·Cl]− and [6·Cl]− suggest similar
complex stabilities under these conditions. When detected by
lucigenin quenching, the transport of Cl− by 2 and 6 were similar.
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Fig. 8 Top panel: negative ion mass spectrum of 2–6–Bu4NCl in CH3CN in a ratio of 1 : 1 : 1. Lower panel: negative ion mass spectrum of
2–3–carboxyfluorescein (CF) in CH3CN in a ratio of 1 : 1 : 4. [DGA] represents diglycoyl; 102[DGA]G3PG3OBzl represents (C10H21)2N-COCH2OCH2CO-
(Gly)3-Pro-(Gly)3-OCH2Ph.


The lower panel of Fig. 8 shows results obtained when benzyl
ester SATs 2 and 3 were sprayed in CH3CN with carboxyflu-
orescein. The use of compound 2 in both studies provides
a point of comparison. In this case, a 1 : 1 : 4 mixture
of (C10H21)2N-COCH2OCH2CO-(Gly)3-Pro-(Gly)3-OCH2Ph (2),
(C6H13)2N-COCH2OCH2CO-(Gly)3-Pro-(Gly)3-OCH2Ph (3), and
carboxyfluorescein in CH3CN were sprayed as described above.
The base peak in this spectrum is observed at m/z 751.6, which
corresponds to [(CF)2]−. A substantial peak (49% of base) is also
observed at m/z 1126.8 that is assigned to [(CF)3]−. Two additional
prominent peaks are observed at m/z 1205.1 (69%) and 1317.1
(66%). These correspond to [3·CF]− and [2·CF]−, respectively.


Thus, a considerable difference is observed in the ability of SATs
to complex Cl− and CF−. Table 2 shows that CF− transport by
2 and 3 is significantly different. Since complexation, expected
to principally involve the heptapeptide, is similar, we surmise
that aggregation involving the hydrocarbon chains and CF or its
aggregates plays a significant role in transport.


Conclusion


The results obtained in this study show that assay of Cl− release
from liposomes will give generally similar, but not identical,
results if determined by ISE or lucigenin detection methods.
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The results obtained for carboxyfluorescein release are consistent
with previous studies and consistent with Cl− release for longer-
chained ionophores. These studies also show that (C6H13)2N-
COCH2OCH2CO-(Gly)3-Pro-(Gly)3-O(CH2)6CH3, 6, is superior
to longer-chained relatives in Cl− transport but not effective at
all in releasing CF from liposomes. A limited study has shown
that a carrier mechanism is not likely for transport in these cases
but not all compounds have been examined. Thus, the length
and disposition of alkyl chains must impact either the interaction
between host and guest or pore formation and stability. Studies
are in progress to gain insight into the latter question.


Experimental


General


1H-NMR spectra were recorded at 300 MHz in CDCl3 and
are reported in ppm (d) downfield from internal (CH3)3Si. 13C-
NMR spectra were recorded at 75 MHz in CDCl3 unless other-
wise stated. Infrared spectra were recorded on a Perkin-Elmer
1710 Fourier Transform Infrared Spectrophotometer and were
calibrated against the 1601 cm−1 band of polystyrene. Melting
points were determined on a Thomas Hoover apparatus in
open capillaries and are uncorrected. Thin layer chromatographic
(TLC) analyses were performed on aluminium oxide 60 F-254
neutral (Type E) with a 0.2 mm layer thickness or on silica gel 60
F-254 with a 0.2 mm layer thickness. Preparative chromatography
columns were packed with activated aluminium oxide (MCB 80–
325 mesh, chromatographic grade, AX 611) or with Kieselgel 60
(70–230 mesh).


All reactions were conducted under dry N2 unless otherwise
stated. All reagents were the best (non-LC) grade commercially
available and were distilled, recrystallized, or used without further
purification, as appropriate. Molecular distillation temperatures
refer to the oven temperature of a Kugelrohr apparatus. Combus-
tion analyses were performed by Atlantic Microlab, Inc., Atlanta,
GA, and are reported as percents. Where water is factored into the
analytical data, spectral evidence is presented for its presence.


In the experimental descriptions below, R2NCOCH2OCH2CO-
(Gly)3-Pro-(Gly)3-OR′ may be abbreviated as R2[DGA]-
GGGPGGG-OR′, in which [DGA] represents the diglycolic
acid unit and R is the chain length of the dialkylamine.


[CH3(CH2)17]2NCOCH2OCH2CO-(Gly)3-Pro-(Gly)3-
OCH2C6H5, 1


was prepared as previously described.10


[CH3(CH2)9]2NCOCH2OCH2CO-(Gly)3-Pro-(Gly)3-
OCH2C6H5, 2


was prepared as previously described.10


[CH3(CH2)5]2NCOCH2OCH2CO-(Gly)3-Pro-(Gly)3-OCH2C6H5,
3


was prepared as previously described.10


[CH3(CH2)17]2NCOCH2OCH2CO-(Gly)3-Pro-(Gly)3-
O(CH2)6CH3, 4


was prepared as previously described.10


[CH3(CH2)9]2NCOCH2OCH2CO-(Gly)3-Pro-(Gly)3-
O(CH2)6CH3, 5.


102[DGA]-GGGPGGG-OH. 102[DGA]-GGGPGGG-OCH2Ph
(0.26 g, 0.27 mmol) was dissolved in absolute EtOH (20 mL) and
10% Pd/C (0.1 g) was added, and this mixture was shaken under
60 psi pressure of H2 for 3 h. The reaction mixture was heated
to reflux and filtered (Celite pad). The solvent was evaporated to
afford a crude product, which was used in the next step without
further purification.


102[DGA]-GGGPGGG-OC7H15. To 102[DGA]-GGGPGGG-
OH (0.24 g, 0.28 mmol) suspended in CH2Cl2 (30 mL) were added
1,3-diisopropylcarbodiimide (0.05 mL, 0.36 mmol) and DMAP
(0.02 g, 0.14 mmol), and the mixture was stirred at room tempera-
ture. After 0.5 h, 1-heptanol (0.04 mL, 0.28 mmol) was added and
the reaction was stirred at room temperature for 48 h. The reaction
mixture was evaporated in vacuo, and the residue was chro-
matographed (SiO2, 2–10% MeOH–CHCl3) and afforded a white
solid (0.15 g, 53%), mp 124–125 ◦C. 1H NMR: 0.85–1.00 (9H, over-
lapping signals due to –CH2CH3), 1.25–1.50 (36H, overlapping
signals due to CH3(CH2)4CH2CH2O and CH3(CH2)7CH2CH2N),
1.5–1.7 (6H, overlapping signals due to CH3(CH2)7CH2CH2N and
CH3(CH2)4CH2CH2O), 1.9–2.25 (4H, m, Pro NCH2CH2CH2),
3.07 (2H, t, J = 7.5 Hz, CH3(CH2)7CH2CH2N), 3.26 (2H, t,
J = 7.5 Hz, CH3(CH2)7CH2CH2N), 3.50–4.30 (21H, overlap-
ping signals due to Pro NCH2CH2CH2, Gly NCH2, COCH2O,
CH3(CH2)4CH2CH2O and Pro NCH), 7.6 (1H, bs, Gly CONH),
7.7 (1H, bs, Gly CONH), 7.91 (1H, bs, Gly CONH), 8.0 (1H,
bs, Gly CONH), 8.27 (1H, bs, Gly CONH), 8.4 (1H, bs, Gly
CONH). 13C NMR: 14.0, 14.1, 22.5, 22.6, 25.1, 25.8, 26.9, 27.0,
27.6, 28.4, 28.8, 28.9, 29.1, 29.3, 29.4, 29.5, 29.6, 31.6, 31.8, 41.2,
41.9, 42.6, 42.8, 43.4, 46.4, 47.0, 61.3, 65.7, 69.3, 71.2, 168.6,
168.9, 170.1, 170.3, 170.4, 170.9, 171.2, 173.5. IR (CHCl3): 3302,
2925, 2854, 1745, 1655, 1549, 1466, 1377, 1337, 1247, 1206, 1129,
1029 cm−1. High resolution mass spectral analysis for C48H86N8O11.
Theoretical: [MNa]+ 973.63141. Found: 973.6314.


[CH3(CH2)5]2NCOCH2OCH2CO-(Gly)3-Pro-(Gly)3-
O(CH2)6CH3, 6.


62-[DGA]-GGGPGGG-OH. 62-[DGA]-GGGPGGG-OCH2Ph
(0.37 g, 0.45 mmol) was dissolved in absolute EtOH (20 mL) and
10% Pd/C (0.2 g) was added, and this mixture was shaken under
60 psi pressure of H2 for 3 h. The reaction mixture was heated
to reflux and filtered (Celite pad). The solvent was evaporated to
afford a crude product, which was used in the next step without
further purification.


62[DGA]-GGGPGGG-OC7H15. To 102[DGA]-GGGPGGG-
OH (0.31 g, 0.42 mmol) suspended in CH2Cl2 (30 mL) were added
1,3-diisopropylcarbodiimide (0.09 mL, 0.55 mmol) and DMAP
(0.03 g, 0.21 mmol), and the mixture was stirred at room temper-
ature. After 0.5 h, 1-heptanol (0.06 mL, 0.42 mmol) was added
and the reaction was stirred at room temperature for 48 h. The
reaction mixture was evaporated in vacuo, and the residue was
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chromatographed (SiO2, 10% MeOH–CHCl3) and afforded a
white solid (0.31 g, 88%), mp 120–121 ◦C. 1H NMR: 0.85–0.95
(9H, overlapping signals due to –CH2CH3), 1.25–1.40 (16H,
overlapping signals due to CH3(CH2)2CH2CH2O and CH3(CH2)3-
CH2CH2N), 1.5–1.7 (6H, overlapping signals due to CH3(CH2)3-
CH2CH2N and CH3(CH2)4CH2CH2O), 1.9–2.25 (4H, m, Pro
NCH2CH2CH2), 3.08 (2H, t, J = 7.5 Hz, CH3(CH2)3CH2CH2N),
3.27 (2H, t, J = 7.5 Hz, CH3(CH2)3CH2CH2N), 3.50–3.75 (2H,
m, Pro NCH2CH2CH2), 3.7–4.15 (16H, overlapping signals due
to Gly NCH2, COCH2O, and CH3(CH2)4CH2CH2O), 4.30 (2H, s,
COCH2O), 4.36 (1H, t, J = 6.5 Hz, Pro NCH), 7.37 (1H, t, J =
6.0 Hz, Gly CONH), 7.51 (1H, t, J = 6.0 Hz, Gly CONH), 7.85
(1H, t, J = 6.0 Hz, Gly CONH), 7.89 (1H, t, J = 6.0 Hz, Gly
CONH), 7.96 (1H, t, J = 6.0 Hz, Gly CONH), 8.31 (1H, t, J =
6.0 Hz, Gly CONH). 13C NMR: 14.0, 14.1, 22.5, 25.2, 26.5, 26.7,
27.5, 28.5, 28.8, 28.9, 29.0, 31.4, 31.5, 31.7, 41.2, 41.9, 42.8, 42.9,
46.2, 46.8, 61.2, 65.6, 69.6, 71.5, 168.4, 168.7, 170.0, 170.2, 170.6,
171.7, 173.3. IR (CHCl3): 3306, 2955, 2928, 2857, 1748, 1657,
1543, 1454, 1410, 1377, 1336, 1245, 1200, 1129, 1029 cm−1. High
resolution mass spectral analysis for C40H70N8O11. Theoretical:
[MNa]+ 861.50616. Found: 861.5046.


[CH3(CH2)13]2NCOCH2OCH2CO-(Gly)3-Pro-(Gly)3-OCH2Ph, 7


was prepared as previously reported.10


Vesicle preparation. Dry films of 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-phosphate
monosodium salt (DOPA, both from Avanti Polar Lipids, 20 mg,
7 : 3) were dissolved in Et2O (0.5 mL) and 0.5 mL of aque-
ous HEPES buffer (600 mM KCl, 10 mM, N-2-hydroxyethyl
piperazine-N-2-ethanesulfonic acid pH = 7.0) was added. Sonica-
tion (10–20 s) gave an opalescent dispersion, which was evaporated
in vacuo to a suspension that was filtered through a 200 nm filter
membrane (5×) using a mini extruder. The suspension was then
passed through a Sephadex G25 column, previously equilibrated
with external 400 mM K2SO4, 10 mM HEPES, pH = 7.0 buffer.
Laser light scattering (Coulter N4MD) confirmed their diameter:
∼200 nm.


Determination of chloride release by ISE methods. Liposomes
were prepared as above, and loaded with 600 mM KCl and 10 mM
(HEPES, pH = 7.0), then equilibrated with an external buffer
(400 mM K2SO4, 10 mM HEPES, pH = 7.0). The pH of the buffers
prepared was adjusted using 10% NaOH. An Accumet chloride
combination electrode was equilibrated (5 min) in external buffer
(2.0 mL) and the vesicle solution was added. After recording the
baseline voltage, aliquots of the amphiphile solution (5–9 mM
in 2-PrOH) were added. The amount of isopropyl alcohol was
limited to ≤20 lL to avoid alcohol-induced leakage. Vesicles were
lysed by addition of aqueous Triton X100 (100 lL, 2%). The lipid
concentration used in the studies presented here was 0.65 mM.


Determination of chloride release by lucigenin quenching. Vesi-
cles were prepared from a dry film of dioleoylphosphatidylcholine
(DOPC). Diethyl ether (375 lL) and 1 mM lucigenin–225 mM
NaNO3 (375 lL) solution were added to 15 mg of lipids and
then sonicated (2 × 10 s). The ether was subsequently evaporated
under mild vacuum at 30 ◦C. The resulting solution was extruded
5 times through a 200 nm membrane filter and then passed through
a Sephadex column equilibrated with 225 mM NaNO3. The size


of the collected vesicles was ascertained to be 200 nm by light
scattering analysis. The concentration of the lipids in the final
vesicle suspension was measured with the colorimetric method
previously described.


The vesicles were diluted to a 0.31 mM concentration and then
a 2 mL aliquot was placed in a quartz cuvette to be used for the
lucigenin quenching experiment. The excitation wavelength was
set to 455 nm and the emission wavelength to 506 nm, with both
slits set to 5 nm. After a brief initial equilibration phase, 100 lL
of a 4 M NaCl solution were added in order to create a chloride
gradient between the outside (190 lM) and the inside (0 lM) of
the vesicles. When the fluorescence reached a stable reading, 15 lL
of a 9 mM solution (0.135 lmoles) of the desired compound in
i-PrOH were added. At the end of each experiment the vesicles
were lysed with 100 lL of a 2% Triton X-100 solution.


A calibration line for transforming fluorescence intensity into
chloride concentration was obtained using the conditions of the
described experiments. 2 mL of a 0.31 mM vesicles suspension in
225 mM NaNO3 were lysed with 100 lL of a 2% Triton X-100
solution and then titrated with aliquots of a 4 M NaCl solution.
The Stern–Volmer constant was found to be 119.7 M−1.


Determination of carboxyfluorescein release. DOPC–DOPA
liposomes (7 : 3 w/w, 20 mg) were prepared as above except 20 mM
5(6)-carboxyfluorescein (CF), 100 mM KCl and HEPES (pH =
7.0) were added. In order to dissolve CF, sodium hydroxide (1 M)
was added dropwise until pH = 11. The solution was then carefully
acidified to pH = 7.0 (1M aq. HCl). Free CF was removed by gel
filtration and exchanged for 100 mM KCl and 10 mM HEPES
(pH = 7.0). These were diluted to 3 lM lipid. CF dequenching
was followed by emission at 520 nm (excitation at 497 nm). For
each experiment, the initial (F 0) and total (F triton, 1% Triton X100)
fluorescence were determined and used to determine the final
value: (F − F 0)/(F triton − F 0). In the CF release experiments, the
concentration of amphiphile is present in large excess compared
with the phospholipid concentration. This ratio ensures that
pore activation kinetics rather than insertion kinetics are being
observed.


Carboxyfluorescein carrier experiments. A concentric tube de-
vice was used.30 The bottom was filled with CHCl3 containing the
SAT compound (12 mM) and a stirring bar. A blank experiment
was also done in which the SAT was absent. The (external ring)
source phase was a neutral aqueous solution containing CF
(20mM), KCl (100 mM) and HEPES buffer (10 mM, pH = 7)
while the (inner) receiving phase was a neutral aqueous solution
containing KCl (100 mM) and HEPES buffer (10 mM, pH =
7). The solution was pumped (8 ml min−1) in a continuous loop
from the receiving phase to a cuvette inside a Perkin Elmer LS
50B fluorimeter. The CF released from the receiving phase was
detected immediately. All experiments were processed for at least
7 h. The recording time was limited by the data recording capacity
of the fluorimeter.


Calculational details. Calculations were performed using the
GAUSSIAN 03 suite of programs. Semi-empirical (PM3) and
density functional (B3LYP) methods were used to optimize the
geometries and perform frequency analysis. The B3LYP method
combines Becke’s three-parameter function34 with the non-local
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correlation provided by the correlation function of Lee, Yang and
Parr,35 which is suitable for vibrational calculations.


All geometries were completely optimized without any imag-
inary frequencies (gas phase). The proline amino acid residue
based peptide sequence was optimized by using the semi-empirical
method (PM3) followed by the DFT method (B3LYP) with 6-
31g as the basis set. It has been shown that the semi-empirical
method can be a good choice for large systems with much
cheaper computational resource cost. The 6-carboxyfluorescein
anion was optimized using B3LYP/6-31 g. The complex of the
combination of these two molecules was optimized using the PM3
method with appropriate frequency and conformational analysis
under gas phase. Considering the entire complex system, other
conformations might exist. The conformation presented is the
energy minimum of all those computed.


Negative ion mass spectrometry. Mass spectra were obtained
using a JEOL MStation [JMS-700] mass spectrometer equipped
with an electrospray ionization source, operating in the negative
ion mode and scanning from m/z 600 to 2400. Slits were set to
achieve a resolution of about 2000. Six different 1 mM stock
solutions were prepared in CH3CN from the amphiphilic peptides
2, 3 and 6, tetrabutylammonium chloride, and carboxyfluorescein
and mixtures of these, as indicated in the text, were perfused
at 50 lL min−1 by using a Harvard Syringe Pump. The spray
voltage was 2.00 kV, and the capillary temperature (desolvating
temperature) was 200 ◦C. Each trial was processed using the
MSMP9020D software supplied by JEOL with a minimum of
10 scans averaged for the final spectral presentation.
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Novel blue emitters were synthesized based on the fullerene fragment corannulene. 1,2-
bis(corannulenylethynyl)benzene and 1,4-bis(corannulenylethynyl)benzene were designed, synthesized,
and shown to exhibit significant red shifts in their absorption spectra as compared to that of the parent
corannulene. Photoluminescence studies show both 1,2- bis(corannulenylethynyl)benzene and 1,4-
bis(corannulenylethynyl)benzene gives enhanced blue luminescence compared to the parent
corannulene structure. 1,4-bis(corannulenylethynyl)benzene was observed to give intense blue
luminescence when excited at 400 nm. DFT and TD-DFT calculations were performed and shown to
be consistent with the observed experimental results.


Introduction


The advancement of technology in various fields is reliant upon the
discovery of new and promising materials. Organic molecules are
desirable since they are light and flexible. Two classes of molecules
that have spearheaded the area of organic materials are fullerenes
and nanotubes. These molecules have shown promise in medicine,
photovoltaics, optical limiters, organic light-emitting diodes, and
many other emerging fields.1 Due to the difficulty to selectively
modify fullerenes and the complexity in the processing of nan-
otubes, neither has made it very far in commercial production.


A vast amount of research has focused on the development of
fullerene and nanotube-based materials, conversely, the area of
fullerene fragments has virtually been ignored in this endeavour.
Corannulene (1)2 (Fig. 1), which represents 1/3 of fullerene[60], is
a molecule that has been known for almost forty years, but due
to its lengthy original synthesis only microscopic quantities were
available for analysis.3 The pioneering work of Scott et al.,4 Siegel
et al.,5 and others6 has made it possible to obtain macroscopic
quantities of corannulene and other fullerene fragments. Given the
greater availability of these novel molecules many of the properties
of corannulene have been uncovered.


Corannulene has been shown to have a significant dipole
moment7 and to form complexes with fullerenes,8 various metals9


and even molecular hydrogen.10 Corannulene can accept up to
four electrons, and it has been shown that each reduction causes
significant changes in its absorption spectrum.11 Several publi-
cations have reported on the fluorescence and phosphorescence
properties of this unique molecule.12 Corannulene’s electrochromic
and fluorescent properties suggest organic materials based on its
molecular framework could show promise in the display industry.


To further advance organic light-emitting diode (OLED)
technology there is a continual need to seek molecules that
embody the necessary properties. Robust materials that emit blue
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Fig. 1 Top view of corannulene (1) (top left). Side view of corannulene
(bottom). Electron-density map of corannulene (top right, red indicates
high electron density while blue represents low electron density.


light are in constant demand for various display applications.13


Previous reports show extending the conjugation of corannulene
causes a red shift in the absorption spectrum along with in-
creased fluorescence.5b Bicorannulenylacetylene was synthesized
and shown to give a strong blue fluorescence with a quantum
yield of 0.57; more than eight times that of the parent corannulene
(ca. U = 0.07).5b Unfortunately, bicorannulenylacetylene rapidly
decomposes, even at temperatures as low as −16 ◦C. Our research
group looks to develop and further understand the potential of
fullerene fragments as prominent organic-based materials. We
designed two molecules, 1,2-bis(corannulenylethynyl)benzene (5)
and 1,4-bis(corannulenylethynyl)benzene (6) for use as organic
blue emitters. These molecules were designed to extend the
conjugation between corannulene moieties, which is expected to
cause a significant red shift in the absorption spectrum, further we
expect these molecules will give enhanced luminescent properties.


Results and discussion


Corannulene (1) was prepared according to the published
method.5,6 5 and 6 were synthesized according to Scheme 1.
Bromocorannulene (2) was prepared from corannulene using
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Scheme 1 i) IBr, DCE 90%, ii) TMS-acetylene, CuI, Pd(PPh3)2Cl2,
NEt3–THF, 12 h, 97%, iii) K2CO3, MeOH–CH2Cl2, 94%, iv) 1,2-C6H4Br2,
CuI, Pd(PPh3)2Cl2, diisopropylamine–THF, 12 h, 15%, v) 1,4-C6H4Br2,
CuI, Pd(PPh3)2Cl2, diisopropylamine–THF, 12 h, 12%.


iodobromide in anhydrous 1,2-dichloroethane in 90% yield. Sono-
gashira coupling of 2 with trimethylsilylacetylene was achieved in
the presence of copper iodide, diisopropylamine, anhydrous THF
and catalytic trans-dichlorobis(triphenylphosphine)palladium(II)
in 97%. Deprotection of (trimethylsilylethynyl)corannulene (3)
in methanol–THF and potassium carbonate provided ethynyl-
corannulene (4) in 94% yield. Pure 4 was immediately cou-
pled with 1,2-dibromobenzene and 1,4-dibromobenzene due
to the rapid decay of 4 in light and an open atmosphere.
Sonogashira coupling of 4 with 1,2-dibromobenzene and 1,4-
dibromobenzene gave 1,2-bis(corannulenylethynyl)benzene (5)
and 1,4-bis(corannulenylethynyl)benzene (6) in 15% and 12%
yield, respectively (Scheme 1). Upon purification, 3.9 lM CH2Cl2


solutions of 1, 5, and 6 were made and their absorption (Fig. 2)
and emission spectra (Fig. 4 and Fig. 5) were recorded.14


Fig. 2 Absorption spectra for corannulene (1), 1,2-bis(corannulenyl-
ethynyl)benzene (5) and 1,4-bis(corannulenylethynyl)benzene (6).


Compound 1 gives two prominent absorption bands centered
at 254 nm (e = 79 900), and 289 nm (e = 30 900). Two prominent
absorption bands were observed for 5 centered at 254 nm (e =
31 300) and 299 nm (e = 26 900) with a long tail that trails into the
visible region of the spectrum. Compound 6 gives three prominent
absorptions centered at 250 nm (e = 41 700), 302 nm (e = 34400),


Table 1 Calculated TD-DFT wavelength (nm) and oscillator strength,
f , for most relevant transitions. Experimental values are added for
comparison


Molecule
Experimental
wavelength/nm


Calculated
wavelength/nm f


1 254 254 0.1907
1 289 283 0.2496
5 299 293 0.2819
6 250 244 0.1352
6 302 303 0.3153
6 371 401 1.7661


and 371 nm (e = 23 300) with a broad shoulder trailing into the
visible region of the spectrum.


To gain insight into the absorption spectra we performed density
functional theory (DFT) and time-dependent-density functional
theory (TD-DFT) calculations on the geometry and absorption
spectra for 1, 5, and 6. We employed the B3LYP exchange–
correlation functional with a 6–31G* basis set, as implemented in
the Gaussian 03 suite of programs.15 It has been shown that B3LYP
theory with a 6–31G* basis set accurately reproduces bond lengths,
bond angles and dihedral angles for corannulene, therefore we feel
confident in the geometrical output.16 TD-DFT calculations were
also obtained at the B3LYP level of theory with a 6–31G* basis
set. Calculated wavelengths and oscillator frequencies (f ) are listed
in Table 1.


The B3LYP/6–31G* geometry optimized structure for 5 places
the outer rim of each corannulene moiety directly over the
interior of the other corannulene (Fig. 3). This is similar to
the X-ray crystallographic data of corannulene that places two
corannulene units in a similar arrangement.17 Each bowl is twisted
(with a twist angle of ca. 7◦)18 with respect to the benzene ring.
Compound 6 is calculated to be a planar structure with both
corannulene moieties twisted less than 1◦ with respect to the
benzene ring.


Fig. 3 B3LYP/6–31G* calculated geometries for 5 (top left and top right)
and 6 (bottom).


According to TD-DFT calculations for 1, significant transitions
are predicted to be observed at 220 nm (f = 0.1335), 254 nm (f =
0.1907), and 283 nm (f = 0.2496). These calculated transitions
correlate very well with the observed bands at 220 nm, 254 nm,
and 286 nm.
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TD-DFT calculations for 5 predict a transition at 293 nm (f =
0.2819), which is observed at 299 nm.19 The HOMO-to-LUMO
transition is predicted at 425 nm (f = 0.225) but this band is
observed at 360 nm. We believe there are intramolecular bowl-to-
bowl interactions which are not accounted for by the TD-DFT
B3LYP level of theory, this leads to the inaccuracy of the HOMO-
to-LUMO transition in structure 5.


TD-DFT calculations of 6 predicts significant absorption bands
centered at 244 nm (f = 0.1352), 303 nm (f = 0.3153) and
401 nm (f = 1.7601). These transitions correlate well with the
observed absorption at 250, 302 and 371 nm. Comparing TD-
DFT calculations with the observed absorption spectra we see that
TD-DFT at the B3LYP level of theory does a relatively good job
of predicting the effect of extended conjugation on corannulene-
based structures.


As we expected, extending the conjugation of corannulene led
to a significant red shift of the absorption spectrum. We further
expected the fluorescence spectra for both 5 and 6 to emit at
longer wavelength than the parent corannulene and give increased
fluorescence. Compounds 1, 5 and 6 were excited at 300 nm (Fig. 4)
and 400 nm (Fig. 5). Exciting 1 at 300 nm gives low intensity blue
fluorescence with two emission bands, one centered at 420 nm and
the other centered at 440 nm, which is consistent with previous
reports.12


Fig. 4 Fluorescence spectra of corannulene (1), 1,2-bis(corannulenyl-
ethynyl)benzene (5) and 1,4-bis(corannulenylethynyl)benzene (6) excited
at 300 nm.


Fig. 5 Fluorescence spectra of corannulene (1), 1,2-bis(corannulenyl-
ethynyl)benzene (5) and 1,4-bis(corannulenylethynyl)benzene (6) excited
at 400 nm.


Somewhat to our surprise 5 and 6 give similar emission spectra
to the parent corannulene. Compounds 5 and 6 give two strong


emissions at 420 nm and 440 nm, which is what was observed
for corannulene. Although 5 and 6 do not give longer wavelength
emissions, they do give higher fluorescence intensity. Excitation
of 5 at 300 nm provides slightly higher fluorescence intensity
(ca. U = 0.08) to that of the parent corannulene, while 6 gives
greatly increased fluorescence intensity (ca. U = 0.60).20 Excitation
of corannulene at 400 nm gives no significant fluorescence.
Excitation of 5 gives a slightly increased fluorescence compared
to corannulene, while 6 gives a significantly stronger fluorescence
intensity.


Compound 5, which has each corannulene unit out of plane
with respect to the benzene ring, has lower absorbance in the visible
region of the absorption spectrum thus lower subsequent emission
when excited at 400 nm. Compound 6, on the other hand, has both
corannulene units planar to the benzene ring providing stronger
absorbance in the visible region of the absorption spectrum and a
much higher emission when excited at 400 nm.


To determine the viability of these molecules as blue emitters we
irradiated a sample vial of each with a 405 nm laser beam (Fig. 6).
Irradiation of the corannulene solution gave light scattering
without any significant observed fluorescence. Irradiation of 5
shows a soft light blue fluorescence, while irradiation of 6 shows a
bright blue fluorescence.


Fig. 6 Solution of corannulene (1) excited with 405 nm laser. 1,2-Bis-
(corannulenylethynyl)benzene (5) excited with 405 nm laser. 1,4-Bis(cor-
annulenylethynyl)benzene (6) excited with 405 nm laser.


Compounds 1, 5, and 6 are all stable to an open atmosphere
and have shown no signs of degradation since they were originally
synthesized (ca. 6 months). TGA/DSC analysis of 1 gives a
sublimation trace between 200–300 ◦C. Both 5 and 6 show no
significant changes up to 200 ◦C with only 30% loss of material
after ramping to 600 ◦C.


Conclusions


We have studied the optical properties of corannulene
(1), 1,2-bis(corannulenylethynyl)benzene (5) and 1,4-bis(coran-
nulenylethnyl)benzene (6) to determine the effect of extended con-
jugation on the absorption and emission spectra of corannulene-
based molecules. We have shown that by extending the conjugation
of corannulene, we can increase the wavelength of absorption
and greatly enhance its luminescence properties, thus making
corannulene-based molecules a viable material for blue emission.
Further, we determined these molecules are stable and have
potential in OLED technology. We are in the process of designing
and synthesizing other corannulene-based molecules for many
other technological advances. We expect the further engineering of
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corannulene-based molecules that absorb further into the visible
region will allow us to make corannulene-based materials that can
be tuned throughout the full range of the absorption and emission
spectrum.


Experimental


General experimental information


Column chromatography was carried out using an Isco Comb-
iflash Companion column system with silica gel columns pur-
chased from Silicycle Inc. 1H NMR spectra were recorded on a
Bruker Avance 400 spectrometer. Deuterated NMR solvents were
obtained from Cambridge Isotope Laboratories, Inc., Andover
MA, and used without further purification. Molecular masses
were determined by a Bruker Biflex III matrix-assisted laser
desorption–ionization time of flight mass spectrometer (MALDI-
TOF-MASS) with a tetracyanonapthaquinone matrix. Absorp-
tion and emission spectra were measured in CH2Cl2 in a 1 cm
path quartz cell using a Cary 50 UV-Vis spectrophotometer
and a Cary Eclipse fluorescence spectrophotometer, respectively.
Thermal gravametric analysis (TGA) and differential scanning
calorimetry (DSC) was conducted using a Netzsch STA 409
PC/PG. A Power Technologies 405 nm, 2mW laser was used for
luminescence studies.


Materials and synthesis


All chemicals were purchased from Acros Organics, and used
without further purification unless otherwise noted. trans-
Dichlorobis(triphenylphosphine)palladium(II) was purchased
from Strem chemicals. Anhydrous solvents were obtained via an
MBraun solvent-purification system.


Bromocorannulene (2)


To a solution of corannulene (1.0 g, 4 mmol) in anhydrous 1,2-
dichloroethane (20 mL) under a blanket of nitrogen was added
iodobromide (2.53 g, 12.2 mmol). The mixture was stirred at
room temperature for a period of 12 h. The crude mixture
was evaporated under reduced pressure and purified by column
chromatography using a gradient cyclohexane–CH2Cl2 eluent to
provide a yellowish solid (1.2 g, 90%). 1H NMR (400 MHz, CDCl3)
d = 8.03 (s, 1H), 7.93 (d, 1H, J = 8.6 Hz), 7.87–7.78 (m, 6H), 7.71
(d, J = 8.6 Hz, 1H) 13C NMR (CDCl3) d = 122.1, 126.7, 127.2,
127.7, 127.9, 128.0, 128.4 (2C), 128.8, 130.1, 130.9, 131.5, 131.8
(2C), 132.7, 135.5, 135.8, 136.4, 136.6. All spectroscopic data are
consistent with published results.5a


(Trimethlysilylethynyl)corannulene (3)


In a dry box with an argon atmosphere, to a pressure ves-
sel was added bromocorannulene (0.495 g, 1.5 mmol), copper
iodide (0.032 g, 0.16 mmol), trimethylsilylacetylene (0.516 g,
5.27 mmol) trans-dichlorobis(triphenylphosphine)palladium(II)
(0.085 g, 1.2 mmol), triethylamine (30 mL) and anhydrous THF
(30 mL). The pressure vessel was sealed and the reaction stirred
for 12 h at 75 ◦C. The crude mixture was washed with 10% HCl
(3 × 10 mL), and extracted with CH2Cl2 (25 mL). The organic
layer was dried over magnesium sulfate and evaporated under


reduced pressure. The crude mixture was purified by column
chromatography using a gradient cyclohexane–CH2Cl2 eluent,
which gave the title compound (0.524 g, 97%). 1H NMR (400 MHz,
CDCl3) d = 0.16 (s, 9H), 7.40–7.58 (m, 6H), 7.68 (d, J = 8.8 Hz,
1H), 7.77 (s, 1H), 7.78 (d, J = 8.8 Hz, 1H). 13C NMR (CDCl3)
d = 0.3, 98.4, 103.1, 121.2, 126.0, 126.5, 126.9, 127.0, 127.2,
127.3, 127.5, 130.0, 130.7, 130.9, 131.0, 131.6, 134.9, 135.2, 135.4,
135.5, 135.9. All spectroscopic data are consistent with published
results.5b


Ethynylcorannulene(4)


To a stirred solution of potassium carbonate (0.627 g,
4.54 mmol) in methanol (15 mL) was added (trimethylsilylacety-
lene)corannulene (0.524 g, 1.5 mmol) dissolved in CH2Cl2 (10 mL).
The reaction was stirred for 0.5 h at room temperature. The
crude reaction was treated with water (50 mL), and extracted
with CH2CL2 (3 × 15 mL). The organic layer was dried over
magnesium sulfate and evaporated under reduced pressure. The
crude mixture was purified by column chromatography using a
cyclohexane eluent, which gave the title compound (0.386 g, 94%).
1H NMR (400 MHz, CDCl3) d = 3.38 (s, 1H), 7.71–7.77 (m, 6H),
7.82 (d, J = 8.8 Hz, 1H), 7.97–8.00 (m, 2H). 13C NMR (CDCl3) d =
80.6, 81.8, 120.3, 126.0, 126.7, 127.3, 127.6, 127.7, 127.8, 130.2,
131.1, 131.2, 131.3, 131.4, 135.2, 135.6, 135.7. All spectroscopic
data are consistent with published results.5b


1,2-Bis(corannulenylethynyl)benzene (5)


In a dry box with an argon atmosphere, to a pressure ves-
sel was added ethynylcorannulene (0.389 g, 1.2 mmol), 1,2-
dibromobenzene (0.141 g, 0.6 mmol), copper iodide (0.032 g,
0.16 mmol), trans-dichlorobis(triphenylphosphine)palladium(II)
(0.085 g, 0.12 mmol) diisopropylamine (15 mL) and anhydrous
THF (15 mL). The pressure vessel was sealed, and the reaction
stirred for 12 h at 75◦ C. The crude mixture was washed with 10%
HCl (3 × 10 mL), and extracted with CH2Cl2 (3 × 15 mL). The
organic layer was dried over magnesium sulfate and evaporated
under reduced pressure. The crude mixture was purified by column
chromatography using a gradient cyclohexane–CH2Cl2 eluent,
which gave the title compound (0.055 g, 15%). HRMS: calcd
for C50H22, 622.1722 found [M+] 622.1778. 1H NMR (400 MHz,
CDCl3) d = 7.10 (d, J = 8.8 Hz, 1H), 7.46 (d, J = 8.8 Hz, 1H),
7.49 (d, J = 8.8 Hz, 1H), 7.62 (d, J = 8.8 Hz, 1H), 7.72–7.81 (m,
5H), 8.08 (d, J = 8.8 Hz, 1H), 8.11 (s, 1H). 13C NMR (CDCl3)
d = 92.2, 92.3, 121.4, 126.0, 126.3, 126.6, 127.1 (2C), 127.2, 127.4
(2C), 127.5, 128.3, 130.3, 130.8, 131.0, 131.1, 131.5 (2C), 132.2,
135.1, 135.4, 135.5, 135.7, 136.0.


1,4-Bis(corannulenylethynyl)benzene (6)


In a dry box with an argon atmosphere, to a pressure ves-
sel was added ethynylcorannulene (0.389 g, 1.41 mmol), 1,4-
dibromobenzene (0.145 g, 0.615 mmol), copper iodide (0.032 g,
1.2 mmol), trans-dichlorobis(triphenylphosphine)palladium(II)
(0.085 g, 1.2 mmol), diisopropylamine (15 mL) and anhydrous
THF (15 mL). The pressure vessel was sealed, and the reaction
stirred for 12 h at 75 ◦C. The crude mixture was washed with
10% HCl (3 × 10 mL), extracted with CH2Cl2 (3 × 15 mL),
and evaporated under reduced pressure. The crude mixture was
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purified by column chromatography using a gradient cyclohexane–
CH2Cl2 eluent, which gave the title compound (0.043 g, 12%).
HRMS: calcd for C50H22, 622.1722 found [M+] 622.1669. 1H NMR
(400 MHz, CDCl3) d = 7.69 (s, 2H), 7.74–7.88 (m, 7H), 8.05 (s,
1H), 8.11 (d, J = 8.8 Hz, 1H). 13C NMR (CDCl3) d = 90.7, 93.6,
121.3, 123.5, 126.0, 126.1, 126.8, 127.1, 127.3, 127.5, 127.6, 127.7,
130.3, 130.9, 131.0, 131.2, 131.3, 131.5, 131.9, 133.2, 135.4, 135.6,
135.9, 136.4.
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The triplex-forming abilities of some conformationally restricted nucleotide analogs are disclosed and
compared herein. 2′-Amino-LNA monomers proved to be less stabilising to triplexes than LNA
monomers when incorporated into a triplex-forming third strand. N2′-functionalisation of
2′-amino-LNA monomers with a glycyl unit induced the formation of exceptionally stable triplexes.
Nucleotide analogs containing a C2′,C3′-oxymethylene linker (E-type furanose conformation) or a
C2′,C4′-propylene linker (N-type furanose conformation) had no significant effect on triplex stability
proving that conformational restriction per se is insufficient to stabilise triplexes.


Introduction


Antigene technology offers the potential of modulating gene
expression by molecular interactions at the level of DNA. To
achieve this, double stranded DNA (dsDNA) must be sequence-
specifically targeted, and one approach is to use triplex-forming
oligonucleotides (TFOs).1 A TFO is an oligonucleotide (ON)
that binds to dsDNA in the major groove of the duplex thereby
forming a triplex. Polypyrimidine TFOs are the subject of this
investigation and they are able to bind to a stretch of polypurine
dsDNA in a parallel orientation forming Hoogsteen hydrogen
bonds. The requirement of a polypurine target sequence limits the
number of available TFO target sites. Furthermore, DNA cytosine
monomers must be protonated in order to efficiently recognise
guanine nucleotides within dsDNA which makes the formation
and stability of these triplexes highly dependent on an acidic
medium (e.g. pH <6). The main challenge of this research area
is therefore to develop TFOs that have sufficiently high affinity to
dsDNA at physiological conditions.


Many oligonucleotide modifications have been tested for their
ability to form stable triplexes with dsDNA.1 One promising
approach is known as the dual recognition strategy. In this
approach, the nucleobase or the sugar part of one or more
nucleotide monomers is linked to a unit that contains one or
more amines that are sufficiently basic to be at least partly
protonated under physiological conditions.1a,2,3 These protonated
amines can potentially make favourable electrostatic interactions
with e.g. the negatively charged oxygens of the phosphate back-
bone of the dsDNA target duplex. Particularly noteworthy are
studies involving 2′-O-(2-aminoethyl)-RNA modified ONs.3 A
TFO containing four incorporations of a 2′-O-(2-aminoethyl)-
RNA monomer furnished a triplex that was more thermally stable
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than the unmodified reference by 3.5 ◦C per modification. Distance
dependence was observed in that the equivalent TFO with four
incorporations of a 2′-O-(3-aminopropyl)-RNA monomer showed
only 2.1 ◦C stabilisation per modification.3a


Another very successful approach has been to conformationally
restrict the sugar part of one or more of the nucleotides of a
TFO into a C3′-endo (N-type) conformation,4,5 with LNA (locked
nucleic acid)6 monomers being a prime example (Fig. 1, monomer
B). LNA monomers have previously been shown to significantly
enhance triplex stabilities,7 although TFOs composed entirely of
LNA monomers do not form triplexes.7b O2′,O4′-ethylene-linked
nucleic acid (ENA) induces slightly lower thermal stabilities of
triplexes than LNA, but fully modified ENA-TFOs are able to
form stable triplexes even at pH 7.2.4 This deviating behavior of
LNA and ENA can be explained by their different sugar puckering
amplitudes.8


The amino analog of LNA, 2′-amino-LNA (Fig. 1, monomer
D), has been shown to stabilise duplexes to the same extent as
LNA.9 However, the triplex-forming ability of TFOs containing
2′-amino-LNA monomers has so far not been studied. One advan-
tage of 2′-amino-LNA monomers could arise as a consequence
of protonation of the N2′-atom. However, as a pKa value for
the corresponding acid of 6.17 has been reported,10 this effect is
unlikely to be significant at physiological conditions. However,
in addition to effects related to the conformationally locked
furanose moiety of a 2′-amino-LNA monomer, its secondary
amino group can function as a chemical handle onto which various
molecular units can be attached.11,12 Thus, N2′-functionalisation
could introduce a unit containing another amino group which,
in case of its protonation under physiological conditions, would
combine the effects of conformational restriction and a dual
recognition strategy. Therefore we included the N2′-glycyl 2′-
amino-LNA monomer (Fig. 1, monomer F) in this study. In
addition, we wanted to investigate what the effect would be of
having other amino groups in various distances from the 2′-amino-
LNA scaffold. Thus, monomers H, I and J (Fig. 1) were examined
for triplex-forming ability.


Monomers containing large planar aromatic groups have been
reported to stabilise a triplex by intercalation.13 As pyrene is known
to be an efficient intercalator of dsDNA, we conjugated pyrene to
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Fig. 1 Structures of the modifications tested.


the N2′-atom of a 2′-amino-LNA monomer (Fig. 1, monomers
K and L) and studied the effect of these monomers on triplex
stability.


Furthermore, we wanted to investigate the effects of other
conformationally restricted nucleotide monomers as constituents
of TFOs. To study the effect of the O2′-atom in LNA and
ENA, we included the C2′,C4′-propylene-linked monomer M
(Fig. 1). This monomer is like LNA and ENA locked in an
N-type furanose conformation. In studies on duplex stabilities,
this monomer was found to destabilise duplexes with DNA
complements but to strongly stabilise duplexes towards RNA
complements.14 Conformational restriction into an O4′-endo (E-
type) furanose conformation was studied by inclusion of the
2′,3′-bicyclo arabino nucleic acid monomers N and O (Fig. 1).15


We judged these monomers to be of interest as the nucleotide
monomers of some TFOs of completely unmodified triplexes have
been found to adopt southeast-type furanose conformations.1c


For comparative purposes we also included a flexible non con-
formationally restricted C4′-hydroxymethyl-DNA monomer in
this study (Fig. 1, monomer P). DNA strands containing this
monomer have shown binding towards single stranded DNA and
RNA of similar stability as unmodified DNA,16 and the additional
hydroxy group of this monomer could induce a different hydration
pattern of a triplex.


Results and discussion


The modifications tested are shown in Fig. 1. The dsDNA target
for the TFOs contains a 16 nucleotide-long stretch of purines
known as the HIV-1 polypurine tract (Fig. 2).17 TFOs having
the modified monomers in different positions were synthesised
using the phosphoramidite approach (Table 1) on an automated
DNA synthesizer (see Experimental for details). The synthesis
of the phosphoramidites of monomers B,6 D,9 I,18 M,14 N15a,15c§
and P16 have been published in the literature. Synthesis of the
phosphoramidites of monomers E,19 F,19 H,19 J,20 K19 and L19 will
be published elsewhere.


Fig. 2 Sequence of the target duplex and the unmodified TFO reference.
“x” denotes Hoogsteen hydrogen bonds.


Table 1 shows the thermal stabilities (melting temperatures; Tm


values) recorded for the triplex-to-duplex transitions in buffers
adjusted to pH 6.0 and pH 7.0. The difference in melting
temperature per modified monomer relative to the unmodified
DNA TFO-1 is also shown. The unmodified triplex melts at
26.5 ◦C at pH 6.0 whereas no triplex-to-duplex transition was
observed above 5 ◦C in the pH 7.0 buffer. The target DNA duplex
melts at 69 ◦C.


As reported earlier,7 LNA-modified TFOs (TFO-2 and TFO-
3) show increased thermal stabilities relative to TFO-1 with
DTm/modification of 10.0 and 7.0 ◦C at pH 6.0 for one and
three modifications, respectively. Also at pH 7.0, triplex-to-duplex
transitions were observed. However, although triplexes containing
LNA monomers in the third strands are stable, the stabilities at
neutral pH still need to be improved. To gain further insight
into the properties of LNA TFOs we investigated the effect of
the parent 2′-amino-LNA modification (monomer D). As seen in
Table 1, TFO-4 and TFO-5 containing 2′-amino-LNA monomer
D produce triplexes that are somewhat less stable than their LNA
counterparts. The fact that TFOs containing LNA or 2′-amino-
LNA monomers display more stable triplexes than unmodified
TFOs is most certainly a result of their locked N-type furanose
conformation. At pH 6.0, but not pH 7.0, the N2′-atom of 2′-
amino-LNA is likely to be protonated assuming that the pKa


value determined for the monomer10 is valid also in a TFO, but
this protonation seems not to positively influence triplex stability.
This suggests that geometrical constraints prevent the formation
of stabilising ion-pair like interactions between the protonated
N2′-atom and, e.g., phosphate groups on the dsDNA scaffold,
and that the cations present in the buffer limit the effect of a lesser
overall negative charge of the TFO.


The triplex-forming abilities of TFOs containing N2′-
functionalised 2′-amino-LNA monomers were investigated. The
2′-N-acetyl 2′-amino-LNA monomer E (TFO-6 and TFO-7)
induced increased triplex stability in all cases tested and fur-
nished results similar to the LNA-modified TFO-2 and TFO-3.


§Monomer O was introduced using the 4-(triazol-1-yl) phosphoramidite
prepared from the thymine phosphoramidite15a,c using a literature
method.23
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Table 1 Melting temperatures of triplexes containing modified monomers


pH 6.0 pH 7.0


Modification TFO sequence Tm
a DTm/modb Tm


a


None TTT TCT TTT CCC CCC T TFO-1 26.5 — n.t.c


LNA TTT TCT TTB CCC CCC T TFO-2 36.5 10.0 9.5
LNA TTB TCB TTB CCC CCC T TFO-3 47.5 7.0 23.0
2′-Amino-LNA TTT TCT TTD CCC CCC T TFO-4 35.5 9.0 n.t.c


2′-Amino-LNA TTD TCD TTD CCC CCC T TFO-5 45.5 6.3 16.0
N2′-Acetyl-2′-amino-LNA TTT TCT TTE CCC CCC T TFO-6 36.5 10.0 11.5
N2′-Acetyl-2′-amino-LNA TTE TCE TTE CCC CCC T TFO-7 45.5 6.3 24.0
N2′-Glycyl-2′-amino-LNA TTT TCT TTF CCC CCC T TFO-8 38.0 11.5 13.0
N2′-Glycyl-2′-amino-LNA TTF TCF TTF CCC CCC T TFO-9 51.5 8.3 28.0
N2′-Bis(pyridylmethyl)glycyl-2′-amino-LNA TTT TCT TTH CCC CCC T TFO-10 40.5 14.0 n.t.c


N2′-Bis(pyridylmethyl)alanyl-2′-amino-LNA TTT TCT TTI CCC CCC T TFO-11 37.5 11.0 n.t.c


N2′-Bis[(aminoethoxy)ethyl]amino-2′-amino-LNA TTT TCT TTJ CCC CCC T TFO-12 34.0 7.5 n.t.c


N2′-Bis[(aminoethoxy)ethyl]amino-2′-amino-LNA TTJ TCJ TTJ CCC CCC T TFO-13 43.5 5.7 n.t.c


N2′-Pyrenylcarbonyl-2′-amino-LNA TTT TCT TTK CCC CCC T TFO-14 29.0 2.5 n.t.c


N2′-Pyrenylcarbonyl-2′-amino-LNA TTK TCK TTK CCC CCC T TFO-15 n.t.c <−7.2 n.t.c


N2′-Pyrenylbutanoyl-2′-amino-LNA TTT TCT TTL CCC CCC T TFO-16 25.5 −1.0 n.t.c


N2′-Pyrenylbutanoyl-2′-amino-LNA TTL TCL TTL CCC CCC T TFO-17 n.t.c <−7.2 n.t.c


2′,4′-Propylene-“LNA” TTT TCM TTT CCC CCC T TFO-18 26.0 −0.5 n.d.d


2′,4′-Propylene-“LNA” TTM TCM TTM CCC CCC T TFO-19 30.5 1.3 n.d.d


2′,4′-Propylene-“LNA” TTT TCM MMM CCC CCC T TFO-20 29.0 0.6 n.d.d


2′,3′-Oxymethylene-arabino TTT TCN TTT CCC CCC T TFO-21 25.5 −1.0 n.d.d


2′,3′-Oxymethylene-arabino TTN TCN TTN CCC CCC T TFO-22 25.5 −0.3 n.d.d


2′,3′-Oxymethylene-arabino NTT NCT NTT OCC OCC T TFO-23 27.5 0.2 n.d.d


2′,3′-Oxymethylene-arabino NTN TOT NTN COC OCO T TFO-24 24.5 −0.3 n.d.d


2′,3′-Oxymethylene-arabino NNN NON NNN OOO OOO T TFO-25 29.0 0.2 n.d.d


C4′-Hydroxymethyl-DNA TTT TCP TTT CCC CCC T TFO-26 27.5 1.0 n.t.c


C4′-Hydroxymethyl-DNA TTP TCP TTP CCC CCC T TFO-27 27.5 0.3 n.t.c


C4′-Hydroxymethyl-DNA TTT TCT PPP CCC CCC T TFO-28 28.0 0.5 n.t.c


a Melting temperatures obtained from the maxima of the first derivatives of the melting curves (A260 vs. temperature) in a buffer containing 10 mM sodium
cacodylate, 150 mM NaCl and 10 mM MgCl2. The concentration of the duplex was 1 lM and the concentration of the TFO was 1.5 lM. b Difference in
melting temperature per modification compared with the reference TFO1. c n.t. = no transition observed above 5 ◦C. d n.d. = not determined.


Interestingly, stability is gained in comparison to TFOs containing
the unfunctionalised 2′-amino-LNA monomer D. With respect
to duplex-forming capability we have observed that N2′-acyl
functionalised 2′-amino-LNAs display higher thermal stabilities
than N2′-alkyl functionalised 2′-amino-LNAs.11 It is possible that
the N2′-carbonyl structural unit allows more favourable hydration
which could lead to duplex and triplex stabilisation.


TFO-8 and TFO-9 containing N2′-glycyl functionalised 2′-
amino-LNA monomer F formed very stable triplexes displaying
Tm values even higher than those induced by LNA monomer B. As
the distal amino group of monomer F is expected to be protonated
both at pH 6.0 and pH 7.0, this points to the possibility of triplex-
stabilising electrostatic interactions similar to those reported for
TFOs containing 2′-O-(2-aminoethyl)-RNA monomers.3 Thus,
the most stable triplexes at pH 7.0 of this study were observed
with three incorporations of monomer F giving triplexes that were
at least 23 ◦C more stable than the unmodified reference at pH 7.0.


Previous studies of a TFO almost fully modified with 2′-O-
(2-aminoethyl)-RNA monomers suggested its triplex stabilising
effect to be caused by an increased association rate constant.3a The
stabilising effect of incorporating the conformationally restricted
LNA monomer into a TFO has been shown to arise from a
significantly decreased dissociation rate constant at pH 6.8.7c It
is possible that the exceptional stability of triplexes containing
monomer F is the result of combining conformational and elec-
trostatic effects leading potentially to both increased association
rates and decreased dissociation rates.


Investigation of protonated aromatic amines as potential triplex
stabilisers led us to include monomers H (TFO-10) and I18 (TFO-
11) that contain N2′-linked bis(2-pyridylmethyl)amino moieties.
Both these monomers induced the formation of very stable
triplexes at pH 6.0, and TFO-10 showed the highest increase
in Tm value per modification of the entire study. Increasing the
linker length by one methylene group (from a glycine to a b-
alanine derived linker) resulted in a slightly less stable triplex
at pH 6.0 (TFO-11). This underlines the importance of linker
length for optimally positioning a protonated amine for favourable
electrostatic interactions. Extension of the linker by one methylene
group was observed to reduce triplex stability in the correspond-
ing, but not similar, 2′-O-(2-aminoethyl)-RNA system (extension
to 2′-O-(2-aminopropyl)-RNA).3a Although exceptionally stable
triplexes were formed at pH 6.0 no triplex-to-duplex transition
was observed above 5 ◦C at pH 7.0 for the TFOs containing
monomers H and I. The bis(2-pyridylmethyl)amino moieties of
these monomers are known to chelate metal ions and we have
reported strong effects on duplex stabilities of these monomers
upon addition of different divalent metal ions.18 We cannot rule
out that metal chelation plays a role for the triplex results reported
herein. Unfortunately it was not possible to obtain TFOs with
three incorporations of monomers H or I.


To evaluate if several protonated amino functionalities in one
monomer could give even more stable triplexes, we incorporated
monomer J into TFO-12 and TFO-13. Triplexes with these
TFOs displayed lower Tm values than the corresponding TFOs


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 2375–2379 | 2377







containing the parent 2′-amino-LNA monomer D at pH 6.0. At
pH 7.0, no triplex transition was observed demonstrating that
protonated amino functionalities have to be linked appropriately
to a TFO in order to induce a stabilising effect.


Conjugation of pyrene to 2′-amino-LNA using a short carbonyl
linker11 (monomer K) or a flexible butanoyl linker (monomer L)
allowed us to attempt to combine intercalation and conforma-
tional restriction. TFO-14 and TFO-16 having one incorporation
of monomers K and L, respectively, formed triplexes of only
approximately the same stability as the unmodified reference TFO-
1 at pH 6.0. No triplex-to-duplex transition was observed for TFO-
15 and TFO-17, each containing three modifications. This shows
that the pyrene units, possibly for steric reasons, have a detrimental
effect on triplex stability and that they are not intercalating into
the dsDNA target duplex.


The triplexes containing the monomer M (TFO-18–TFO-20)
were of comparable stability as that formed by the unmodified
reference TFO-1. The C2′,C4′-propylene linkage of monomer M
restricts the sugar to an N-type furanose conformation.14 Based
on this, it could be expected that this monomer could give rise
to very stable triplexes as do LNA,7 2′-amino-LNA and ENA4


monomers. Therefore, the absence of the O2′-atom in monomer M
is the likely reason why this LNA-type monomer does not produce
very stable triplexes. It should be noted that the fact that monomer
M contains a uracil and not a thymine nucleobase cannot explain
the lack of triplex-stabilising effect. These results, together with
those obtained for monomer D, reveal that the presence of an
O2′-atom is important for triplex stability, likely by promoting
favourable triplex hydration.


Monomers N and O are arabino-configured nucleotides having
a C2′,C3′-oxymethylene linker. These have previously by NMR
been shown to adopt an E-type conformation.15b As nucleotides
with this restricted conformation have not yet been investigated
within TFOs, both the thymine and 5-methylcytosine derivatives
were included in order to study also a fully modified sequence.
Monomers N and O were incorporated into TFOs in different
numbers (TFO-21–TFO-25). All the corresponding triplexes dis-
played thermal stabilities similar to that of the unmodified triplex.
Hence, the C2′,C3′-oxymethylene linker has no effect on triplex
stability at pH 6.0. The exchange of the nucleobase cytosine for
5-methylcytosine is expected to give a small stabilising effect21


which indicates that the effect of restricting the furanose ring in
an E-type conformation might even be slightly destabilising. It is
noteworthy that the triplex formed by the fully modified TFO-25¶
was not destabilised relative to the one formed by the unmodified
reference TFO-1. Thus, a TFO composed entirely of nucleotides
restricted into an E-type furanose conformation can form a stable
triplex.


Finally, we determined that the C4′-hydroxymethyl modifica-
tion16 (monomer P) is neutral or slightly beneficial with respect
to triplex stability (TFO-26–TFO-28). This modification can be
considered as a monocyclic variant of LNA monomers by having,
relative to DNA monomers, an additional carbon–oxygen unit
for interaction with water molecules. Our results indicate that
restriction of monomers into an N-type furanose conformation
is more important than presence of additional oxygen atoms, i.e.,
hydration per se, for increased triplex stability.


¶ For synthetic reasons, the nucleotide at the 3′-end was unmodified.


Conclusions


This comparative study has underlined that restriction of the
furanose ring of nucleotide monomers of a triplex-forming
oligonucleotide (TFO) into an N-type conformation is a pre-
ferred approach to stabilise triplexes. The importance of a 2′-
heteroatom of these conformationally restricted monomers has
been demonstrated, but also that an -O-CH2- (LNA) or an -
N(COR)-CH2-(N2′-acylated 2′-amino-LNA) linkage between the
C2′ and C4′ carbon atoms is more stabilising than an -NH-CH2-
linkage. Among the acyl groups attached to the N2′-atom of
2′-amino-LNA monomers, a glycyl group induces very strong
stabilisation. We have, in addition, shown that the incorporation of
arabino-configured monomers restricted into an E-type furanose
conformation into a TFO has no effect on triplex stability. The
continued search for triplex-stabilising nucleotide modifications is
important to realise the promises of the antigene approach for gene
silencing. With the results reported herein, important advances
have been achieved, and further structural and biophysical studies
are ongoing to further improve design and performance of triplex-
forming oligonucleotides.


Experimental


Synthesis of oligomers


Unmodified oligodeoxynucleotides (dsDNA target and TFO-1)
were purchased from TAG Copenhagen A/S. Modified ONs were
obtained by automated DNA synthesis using an Applied Biosys-
tems Expedite 8909 Nucleic Acid Synthesis System. Syntheses
were carried out on a 0.2 lmol synthesis scale. Modified monomers
(see Fig. 1) were incorporated into oligodeoxynucleotides using the
corresponding phosphoramidites§ with tetrazole as an activator
to give TFO-2–TFO-28. The amino functionalities of the N2′-
linked units of the phosphoramidite derivatives of monomers D,
F and J, were protected as trifluoroacetyl amides and the free
hydroxy group of the phosphoramidite of monomer P as its
benzoyl ester. The following step-wise coupling times were used
(coupling yield): monomer B: 15 minutes (99%); monomer D:
15 minutes (99%); monomer E: 10 minutes (88%); monomer F:
15 minutes (98%); monomer H: 25 minutes (98%); monomer I:
25 minutes (98%); monomer J: 20 minutes (97%); monomer K:
16 minutes (87%); monomer L: 16 minutes (95%); monomer M:
15 minutes (94%); monomer N: 20 minutes (96%); monomer O:
20 minutes (96%); monomer P: 20 minutes (97%). All oligomers
were deprotected by standard conditions (12 h, 55 ◦C) using
concentrated aqueous ammonia. Oligomers containing monomer
J were flushed with a solution of Et3N and MeCN (1 : 1)
for 2 h followed by washing with MeCN before deprotection
with aqueous ammonia.22 The oligomers were synthesised in
the DMT-ON mode and were purified by reverse phase HPLC
using a 7.8 × 150 mm Xterra MS C18 10 lm column on a
Waters 600 system. The purity of the oligomers after standard
detritylation and desalting was confirmed as above 80% by anion-
exchange HPLC using a 4 × 250 mm analytical DNAPac PA-
100 column on a LaChrom system. Masses of the oligomers
were measured by MALDI-TOF-MS recorded on an Applied
Biosystems Voyager-DE STR spectrometer. Measured masses of
the oligomers (calculated masses for MH+): TFO-2: 4729 (4729);
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TFO-3: 4787 (4785); TFO-4: 4730 (4728); TFO-5: 4783 (4782);
TFO-6: 4768 (4770); TFO-7: 4907 (4908); TFO-8: 4784 (4785);
TFO-9: 4956 (4954); TFO-10: 4966 (4968); TFO-11: 4979 (4982);
TFO-12: 5034 (5034); TFO-13: 5704 (5703); TFO-14: 4956 (4957);
TFO-15: 5466 (5467); TFO-16: 5001 (4999); TFO-17: 5591 (5593);
TFO-18: 4728 (4726); TFO-19: 4778 (4778); TFO-20: 4804 (4804);
TFO-21: 4730 (4728); TFO-22: 4786 (4784); TFO-23: 4870 (4868);
TFO-24: 4981 (4980); TFO-25: 5218 (5218); TFO-26: 4727 (4730);
TFO-27: 4789 (4790); TFO-28: 4790 (4790).


Thermal denaturation studies


Tm values were determined on a Perkin Elmer Lambda 35 UV–
VIS spectrometer equipped with a PTP-6 Peltier temperature
controller. Quartz optical cells with a path length of 1.0 cm were
used. The concentrations of oligomers were calculated using the
following extinction coefficients (OD260/lmol): G, 12.01; A, 15.20;
T, 8.40; C, 7.05; pyrene, 20.4. The oligomers (1.0 lM of each duplex
strand and 1.5 lM of the TFO) were thoroughly mixed, denatured
by heating, and subsequently cooled to 4 ◦C. The measuring
interval was 5–90 ◦C. Thermal denaturation temperatures (Tm


values) were determined as the maximum of the first derivative of
the thermal denaturation curve (A260 vs. temperature) recorded in
a buffer containing 10 mM sodium cacodylate, 150 mM NaCl
and 10 mM MgCl2. The pH was adjusted to either 6.0 or
7.0. A temperature ramp of 0.5 ◦C min−1 was used. Reported
thermal denaturation temperatures are an average of at least two
independent measurements within ±1.0 ◦C.
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A novel pyridine-containing DTPA-like ligand, carrying additional hydroxymethyl groups on the
pyridine side-arms, was synthesized in 5 steps. The corresponding GdIII complex, potentially useful as
an MRI contrast agent, was prepared and characterized in detail by relaxometric methods and its
structure modeled by computational methods.


Introduction


Complexes of trivalent lanthanide cations are currently employed
in several areas of chemistry, material science, biology and
medicine.1 The large and increasing interest for these compounds
is explained by the rich variety of magnetic, optical and radio-
chemical properties associated with the different metal ions of
the lanthanide series that can be partly modulated by controlling
the stereochemical and electronic properties of their complexes.
At the same time, the chemical and structural properties of the
lanthanide complexes typically show only minor variations across
the series as a function of the atomic number, thus simplifying
their characterization. In fact, information gained on a complex
of a given LnIII cation can often be safely assumed to apply to a
different metal ion.


A further, great impulse to the study of these compounds has
been given by the advent of magnetic resonance imaging (MRI)2,3


into clinical practice as a fundamental diagnostic technique and
the concomitant discovery that GdIII chelates could markedly
improve the image contrast and thus their diagnostic information
content. Finally, in recent years we have observed a growing
importance of various radionuclides for use in both molecular
imaging and therapy; even in nuclear medicine, lanthanides ions
play a significant role.4


aIstituto di Chimica Farmaceutica e Tossicologica “Pietro Pratesi”, Univer-
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For biomedical in vivo applications toxicity is a major concern
and then the LnIII cation needs to be strongly complexed in order to
avoid dissociation under physiological conditions. As the trivalent
lanthanide ions typically exhibit a coordination number (CN)
of 8–10, this requirement implies the use of chelators with a
denticity of 6–8 in order to obtain complexes endowed with a
sufficiently high thermodynamic stability. In addition, complexes
with macrocyclic ligands are characterized by a marked kinetic in-
ertness towards acid catalyzed dissociation. Polyaminocarboxylic
acids represent the most common and studied class of chelators
for biomedical applications. The complex [Gd(DTPA)(H2O)]2−


(DTPA = diethylenetriamine-N,N,N ′,N ′′,N ′′-pentaacetic acid),
commercially known as Magnevist R©, was the first contrast en-
hancing agent (CA) to be approved for in vivo use in MRI.3 The
bis-methylamide derivative, GdDTPA-BMA (Omniscan R©), was
also introduced into clinical practice with the aim of reducing
the osmotic potential in the case of applications requiring high
doses of CA.


For all the different applications in biomedical studies the
improvement in the properties of the probe is closely related to
a better understanding of the relationship between the details
of the solution structure and the physico-chemical properties
of the Ln chelates. Furthermore, a rational modification of the
ligand backbone with different donor groups can affect not
only its coordinating ability but also the size, the charge, and
the lipophilicity of the corresponding complexes thus affecting
their affinity for different biological targets. The success of LnIII


complexes with DTPA-like ligands has stimulated further studies
based on the modification of their basic structure,3b,5–6 but, to the
best of our knowledge, the substitution of structurally different
chelating groups on the 1,4,7-triazaheptane skeleton has been
scarcely investigated. The contribution of various donor groups
to the stability of lanthanide complexes has been evaluated on
different ligand platforms and some indications of their relative
stability are now available.7


For this reason, we reasoned that the replacement of the
two CH2COOH moieties on N-1 and N-7 (1,4,7-triazaheptane
numbering) by 6-hydroxymethyl-2-pyridylmethyl groups in the
DTPA structure would possibly lead to a novel, potentially
octadentate and efficient chelator for LnIII ions (1, Fig. 1). The
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Fig. 1 Ligand 1.


corresponding neutral complexes should be characterized by a
thermodynamic stability comparable to that of the LnDTPA-
BMA chelates. In addition, the hydroxymethyl moieties would
provide suitable handles for further functionalizations, thereby
facilitating the molecular recognition towards specific targets.
Functionalization offers the possibility to modulate several prop-
erties of the complexes, i.e. liphophilicity, size, charge by means of
an appropriate choice of the substituents at the O-atoms. Here we
report on the synthesis of the ligand 1 and the characterization of
its Gd complex by computational studies and 1H and 17O NMR
relaxometric techniques.


Synthesis of ligand 1


The synthetic pathway we envisioned for the preparation of ligand
1 is depicted in Scheme 1.


The commercially available 2,6-di(hydroxymethyl)pyridine was
monooxidized with manganese dioxide in chloroform under reflux
(according to the procedure described by Ziessel and coworkers)8


affording 6-hydroxymethyl-pyridine-2-carboxaldehyde 3 in 70%
isolated yield. Subsequent reaction of 3 with 1,4,7-triazaheptane
in dichloromethane in the presence of anhydrous sodium sulfate
gave the diimine 4. Simple evaporation of the reaction mixture
allowed the quantitative recovery of 4 which could be used without
further purification. Reduction of 4 with sodium borohydride in


refluxing ethanol led to the isolation of the derivative 5 in 70%
overall yield from 3 after purification by silica gel chromatography.
Attempts were made in order to perform the reductive amination
of 3 in one step. Treatment of 3 with 1,4,7-triazaheptane in the
presence of sodium cyanoborohydride or triacetoxyborohydride9


in methanol or ethanol proved troublesome, affording a complex
reaction mixture where the desired compound 5 could be isolated
in poor yields. The success of the alkylation step of 5 with
t-butyl bromoacetate leading to 6 strongly depended on the
solvent used. The best results were uniformly obtained with
N-methylpyrrolidone in the presence of anhydrous potassium
carbonate at 60 ◦C (75% yield after purification by silica gel
chromatography). Conversely, the use of N,N-dimethylformamide
or acetonitrile, which were successfully employed as solvents in
alkylation reactions on polyamines, led to sluggish and incomplete
conversion. Furthermore, treatment of 5 with oxoacetic acid in the
presence of sodium cyanoborohydride10 or triacetoxyborohydride
with the aim of obtaining directly ligand 1 gave unsatisfactory
results (yields <5%). Unmasking of 6 with trifluoroacetic acid
followed by evaporation in vacuum and treatment with diethyl
ether to induce precipitation of the ligand, gave 1 in 63% yield,
pure enough for the subsequent studies. Ligand 1 was fully
characterized by means of high resolution 1H- and 13C-NMR
spectra and mass spectra.


Structure modeling


In the absence of the X-ray crystal structure, the ground state
geometries were obtained by molecular mechanics methods and all
the potential starting arrangements of the donor atoms around the
GdIII metal ion for ligand 1 were considered. The most promising
results were then refined using quantum chemical semiempirical
methods, giving rise to a set of low-energy structures (Table 1).


For molecular mechanics calculations, an extension of the
MM2 force field for GdIII complexes11 was used. Semiempirical


Scheme 1 Synthesis of ligand 1.
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Table 1 Resulting minimized geometries obtained using the Sparkle/AM112,13 semiempirical method


Heat of formation/kcal mol−1 Dipole moment/Debye Ion potential/eV


Gd-1-H2O 1A −376.31 7.66 9.71
1B −377.30 8.68 9.55
1C −391.70 4.77 9.59


molecular orbital calculations use the Sparkle/AM1 method,12,13 a
computational chemistry model which is faster than ab initio/ECP
calculations, with a comparable accuracy for ligands with directly
coordinating nitrogen or oxygen atoms. The resulting (calculated)
geometry of the coordination polyhedra for Gd-1-H2O was in
agreement with the ideal geometry of other GdIII complexes with
acyclic ligands, like Gd-DTPA,14,15 Gd-BOPTA16 and the neutral
complex Gd-DTPA-BEA.17 The arrangements of the donor atoms
around the GdIII metal ion, comprising two pyridine nitrogens,
three amine nitrogens, three carboxylic oxygens and a water
molecule, give rise to a nine-coordinated distorted tricapped
trigonal prism (D3h geometry, Fig. 2), according to Guggenberger
and Muetterties,18 who indicate that this kind of geometry is the
preferred one for ML9-type complexes.


Fig. 2 Coordination polyhedron showing the tricapped trigonal prismatic
coordination of the GdIII atom, together with the two configurations
arising from the mutual disposition of the two pyridine moieties.


This is confirmed also by the values of the dihedral angles
between the mean least-square planes forming the faces of the
coordination prism, values that compare favourably with those
calculated for perfect D3h geometry.18


For the Gd-1-H2O complex, three minima geometries were
found (structures 1A–C in Table 1). The main difference between
the three calculated structures is attributable to the mutual
disposition of the two pyridine moieties (Fig. 2), a disposition that
gives rise to a syn configuration for 1A and 1B, while 1C adopts
the anti configuration, which is the energetically favourable one,
with an energy gap of ∼14 kcal mol−1 (Table 1).


This difference led to a situation in the first two structures (1A
and 1B) where the capping positions are occupied by the oxygen
atom of the coordinated water molecule (Ow) and by the terminal
N2 and N4 nitrogen atoms of the polyaminopolycarboxylate
ligand, while atoms N1, O2, N5 and O1, N3 and O3 constitute the


vertices of the two triangular faces of the coordination polyhedron
(syn configuration in Fig. 2). For 1C, the capping positions are
still occupied by Ow, N2 and N4, but in this case the vertices of
the two triangular faces of the coordination polyhedron are now
constituted by N1, N3, O3 and O1, O2 and N5, respectively (anti
configuration in Fig. 2).


The GdIII ion is near the centre of the prism for all of the
structures, though shifted slightly towards the face capped by the
water molecule (Table 2) and the triangular face, composed of
the O1, N3, O3 donor atoms. This feature is common to other
gadolinium complexes having a tricapped trigonal prism as the
coordination polyhedron.


The mean Gd–N and Gd–Ocarboxylate distances compare well with
those reported for other GdIII complexes with acyclic ligands, while
the Gd–Owater distance is slightly different with respect to those
previously published. In particular, the analysis of the most stable
structure (1C) shows for the Gd–Owater a bond length of 2.44 Å,
very close to that found for other neutral complexes having a water
molecule in the inner coordination sphere (2.42 Å for Gd-DTPA-
BEA). The difference of 0.02 Å for this distance can be attributed
to the presence (in 1C) of two intermolecular hydrogen bonds
(see Fig. 3) that can be responsible for both the lowest heat of
formation and the shortening of the Gd–Owater distance.


Fig. 3 View of the 1C structure along the Ow-capped rectangular face,
showing the intermolecular hydrogen bonds. Hydrogen atoms are not
shown for clarity.


Relaxometric characterization of the GdIII complex


The longitudinal proton relaxivities, r1p, of Gd-1, GdDTPA and
GdDTPA-BMA measured at 20 MHz, 25 ◦C and pH close to


Table 2 Distances (Å) involving the central nine-coordinated GdIII atom


Ow face N2 face N4 face Gd–Ow Gd–N1 Gd–N2 Gd–N3 Gd–N4 Gd–N5 Gd–O1 Gd–O2 Gd–O3


Gd-1-H2O 1A 0.78 0.98 0.94 2.4111 2.5350 2.6295 2.6117 2.6411 2.5467 2.3880 2.3860 2.3999
1B 0.78 1.03 0.97 2.4139 2.5649 2.6340 2.6592 2.6256 2.5759 2.4046 2.3877 2.3874
1C 0.79 0.96 1.01 2.4355 2.5339 2.6421 2.6209 2.6090 2.5398 2.3946 2.3979 2.3941
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neutrality are 4.03, 4.72 and 3.53 mM−1 s−1, respectively. Thus, r1p


of Gd-1 falls in the range of values typical of q = 1 systems and
indicates that the complex has a 9-coordinate ground state with
one inner sphere water molecule.3 The occurrence of q = 1 also
excludes the possible involvement of the OH groups of the ligand
in the coordination of the metal ion. In addition, the intermediate
relaxivity value between those for GdDTPA and GdDTPA-BMA
suggests a mean residence lifetime, sM, of the bound water molecule
sufficiently long so as to limit the relaxivity. In fact, it has been
shown that the relevant difference in the relaxometric properties
of GdDTPA and GdDTPA-BMA has to be attributed to their
different sM values, i.e. sM = 300 ns for the former and sM =
1.1 ls for the latter (298 K).19 Thus, all three complexes are likely
to be isostructural, with an identical hydration state and with a
small difference in relaxivity that can be accounted for in terms of
different values of the exchange lifetime of the coordinated water
molecule.


The pH dependence of the relaxivity, measured at 20 MHz
and 298 K, confirms this hypothesis. In the case of Gd-1 we
observe a constant r1p in the pH range 4 to 8 and an increase
in both the acidic and basic regions (see ESI†). The increase from
pH 4 to 1 is simply due to the progressive dissociation of the
complex and release of the metal ion following the protonation
of the basic sites of the ligand, as is typical for GdIII complexes
of acyclic polyaminopolycarboxylic ligands.20 In the pH range 8
to 10, r1p increases from 4.04 to 5.71 mM−1 s−1. This behaviour
parallels that observed in the case of cationic complexes and
is interpreted in terms of the presence of an exceedingly long
residence lifetime of the coordinated water molecule.21 This allows
the detection and evaluation of the effects associated with the
prototropic exchange. In fact, at pH near neutrality, the proton
exchange on a coordinated water molecule is much slower than
the rate of exchange of the whole water molecule, but it can be
significantly increased by catalysis of OH− groups. When sM ≥ ca.
1 ls, the prototropic exchange can make a dominant contribution
to the overall (proton and oxygen) exchange rate at high pH values.
Thus r1p is limited by sM at neutral pH, but shows an increase due
to the increase of kex at high pH values.19,21


A more reliable evaluation of the water exchange dynamics is
provided by the measurement of the temperature dependence of
the solvent water 17O transverse relaxation rate, R2p. In this experi-
ment we extract information from the temperature dependence of
the modulation of the Gd–Ow scalar interaction which depends
directly on kex (kex = 1/sM) and the electronic relaxation times
T 1,2e.22 Many low molecular weight GdIII complexes have been
investigated over the last 10 years and, as a consequence, a great
deal of information has been acquired on the water exchange
mechanisms and their dependence from the structural, electronic
and stereochemical properties of the metal chelates.22 The data are
typically interpreted in terms of the Swift–Connick equations that
depend on several parameters including: (i) the parameters related
to the electronic relaxation times T 1,2e: i.e. the trace of the square
of the zero-field splitting, D2; the correlation time describing the
modulation of the zero-field splitting, sV; and its activation energy,
Ev; (ii) the enthalpy, DHM


#, and entropy, DSM
#, of activation for


the water exchange process; (iii) the hyperfine Gd-17Ow coupling
constant, A/�.


The experimental data present maxima at low–intermediate
temperatures for systems in relatively fast-exchange (e.g.


GdDTPA) whereas they are shifted towards high temperatures for
slowly-exchanging complexes (e.g. GdDTPA-BMA). In the case
of Gd-1 the experiment was carried out at 9.4 T and pH = 7 on a
16 mM solution of the complex over the range of temperatures 286
to 340 K. The results are plotted in Fig. 4 with the corresponding
calculated curves for GdDTPA and GdDTPA-BMA. We clearly
see that the R2p values increase nearly exponentially by increasing
temperature, in a manner quite similar to the behaviour observed
for GdDTPA-BMA, to indicate a long value of sM. The parameters
obtained from the fit of the data to the standard theory are
reported in Table 3.


Fig. 4 Temperature dependence of the paramagnetic contribution to the
water 17O NMR transverse relaxation rate (R2p) for Gd-1. Experimental
conditions: 16.0 mM, pH 7.1, 9.4 T. The dashed and dotted lines represent
curves for GdDTPA and GdDTPA-BMA, respectively.23


The water exchange lifetime at 298 K is ca. 2 ls, as for GdDTPA-
BMA, and also very similar are their DHM


# and A/� values. The
main difference of Gd-1 over the other two complexes is the value
of the electron relaxation parameters that most directly reflect the
effects of the presence of a different set of donor groups in the new
chelator.


NMRD. Having assessed the value of sM, we measured the
magnetic field dependence of the proton relaxivity on a fast-field
cycling relaxometer over the frequency range 0.01–70 MHz, at
298 K and pH = 7.1 (Fig. 5).


The relaxivity is constant from 0.01 to ca. 1 MHz, it shows
a dispersion around 7 MHz and originates a small hump at


Table 3 Selected best-fit parameters obtained from the analysis of the
1/T 1 NMRD profile (298 K, pH = 7.1) and 17O NMR data (9.4 T) of
Gd-1.


Parameter Gd-1 Gd-DTPA-BMAa Gd-DTPAa


D2/s−2 10−19 12.1 ± 0.4 4.1 ± 0.2 3.6 ± 0.1
298sV/ps 7.0 ± 0.3 25 ± 1 25 ± 1
EV/kJ mol−1 2.5 ± 0.9 3.9 ± 1.4 1.6 ± 1.8
298sM/ls 2.4 ± 0.3 2.2 ± 0.1 0.30 ± 0.03
DH#


M/kJ mol−1 43.9 ± 0.6 47.6 ± 1.1 51.6 ± 1.4
DS#


M/J mol−1 K−1 +10.0 ± 1.7 +22.9 ± 3.6 +53 ± 4.7
298sR/ps 107 ± 5 66 ± 11 81 ± 2
r/Åb 3.10 3.15 3.1
qb 1 1 1
a/Åb 4.0 4.0 4.0
D/cm2 s−1 10−19b 2.24 2.24 2.24


a From ref. 24. b Fixed during the least-squares procedure.
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Fig. 5 1/T 1 NMRD profiles of Gd-1 at pH = 7.1 and 298 K. The solid
curve through the data points is calculated with the parameters reported
in Table 1. The dashed and dotted lines represent the calculated NMRD
profiles of GdDTPA and GdDTPA-BMA, respectively.23


high fields. The calculated NMRD (nuclear magnetic relaxation
dispersion) profiles for GdDTPA and GdDTPA-BMA are also
reported for comparison. Clearly, the relaxivity is consistent with
q = 1 and also evident is a quenching effect of the long sM at low
fields, as for GdDTPA-BMA. The experimental data were fitted to
the standard models of Solomon–Bloembergen–Morgan for the
inner-sphere relaxation mechanism and Freed for the outer sphere
components, by making reasonable assumptions for some of the
physico-chemical parameters.3 The diffusion coefficient, D, was
set to 2.24 × 10−5 cm2 s−1, the distance of minimum approach of
the outer sphere water molecules to the GdIII was set to 4.0 Å,
the hydration number q was fixed to 1, the distance between the
metal ion and the protons of the bound water molecule was fixed
to 3.1 Å and finally for sM we used the value obtained from the
17O data. The result of the best fit procedure is very good and
the experimental data are well reproduced with a value of 107 ps
for the rotational correlation time sR and with values for D2 and
sV quite similar to those obtained from the analysis of the 17O
data. The sR value is significantly longer than for the other two
complexes and reflects the larger size of Gd-1 and it also explains
the presence of a hump in the high magnetic fields region.


An alternative way of assessing the exchange dynamics of the
coordinated water molecule is the measurement of the water
proton relaxivity at a fixed frequency as a function of temperature.
We performed the experiment at 20 MHz and analysed the
data according to an established procedure, recently discussed
in detail.24 The data are shown in Fig. 6 along with the curves
calculated with the parameters of Table 1. The outer sphere
contribution to the relaxivity increases by decreasing temperature,
whereas the inner sphere term has a maximum at ca. 310 K and, at
lower temperatures, it decreases because of the limiting effect of the
long sM value. The nice correspondence between the experimental
and calculated data provides good support to the validity of the
previous analysis.


Experimental


Reagents were obtained from Aldrich and used without further
purification. 1H-NMR and 13C-NMR spectra were registered on
a Jeol Eclipse ECP300 spectrometer at 300 MHz and 75.4 MHz,
respectively. Mass spectra were performed on a ThermoFinningan
LCQ-deca XP-PLUS, operating in ESI-MS mode. Elemental


Fig. 6 Variable temperature proton relaxivity for Gd-1, at 20 MHz and
pH = 7.1, showing the calculated inner and outer sphere contributions.


analyses were carried out with a Perkin Elmer Serie II CHNS/O
2400 analyzer.


6-Hydroxymethylpyridine-2-carboxaldehyde (2)


In a 500 mL round bottomed flask, 2,6-bis(hydroxymethyl)-
pyridine (10.0 g, 71.9 mmol) is dissolved in hot trichloromethane
(150 mL). The flask is cooled to room temperature and activated
MnO2 (12.5 g, 144 mmol) is slowly added. After the addition, the
mixture is stirred and refluxed for 2 h, then further MnO2 (10.0 g,
116 mmol) is added and reflux is resumed for a further 1 h.


The suspension is cooled and filtered through Celite R©, washing
the inorganic salts with methanol. The combined filtrate and
washings are evaporated in vacuo. The oily residue is subjected
to flash chromatography (silica gel, hexanes–ethyl acetate–2-
propanol 85 : 5 : 10) obtaining pure 2.


Yield 6.9 g (70%). Mp 63–65 ◦C (Lit.25 66–69 ◦C). Found: C,
61.08; H, 5.35; N, 10.17. Calc. for C7H7NO2: C, 61.31; H, 5.14;
N, 10.21%. Mass spectrum (ESI): m/z 138.2 (MH+). Calc. for
C7H7NO2: 137.1 u.m.a.1H-NMR (CDCl3) 10.06 (s, 1H), 7.91–7.85
(m, 2H), 7.55–7.49 (m, 1H), 4.86 (s, 2H), 3.72 (bs, 1H). 13C-NMR
(CDCl3) 193.2 [CH], 160.3 [C], 151.7 [C], 137.9 [CH], 125.0 [CH],
120.6 [CH], 64.2 [CH2].


N ,N ′′-Bis(6-hydroxymethyl-2-pyridylmethyl)diethylene-triamine
(5)


In a 100 mL round bottomed flask, 6-hydroxymethylpyridine-
2-carboxaldehyde (2, 6.62 g, 48.3 mmol) is dissolved in
dichloromethane (20 mL). A solution of diethylenetriamine
(2.49 g, 24.2 mmol) in dichloromethane (20 mL) is slowly added
into the reaction flask, maintaining the temperature at <25 ◦C by
means of a cold water bath. After the addition, sodium sulfate is
added until the turbid emulsion becomes clear and homogeneous.
The reaction mixture is stirred overnight and then filtered. The
filtrate is evaporated in vacuo to give the crude diimine 4. The
latter is redissolved in methanol (50 mL). After cooling with
an ice–water bath, sodium borohydride (1.83 g, 48.4 mmol) is
added portionwise. The resulting solution is refluxed for 2 h,
then cooled to room temperature. Conc. aqueous HCl is added
dropwise until effervescence ceases, then the solution is brought
to pH >10 with conc. aqueous ammonia and evaporated in vacuo.
The solid residue is then purified by column chromatography
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(silica gel, dichloromethane–methanol–conc. aq. NH3 70 : 27 :
3), and dried in vacuo obtaining pure 5 as white powdery
solid.


Yield 5.8 g (70%). Mp 76.2–78.8 ◦C. Found: C, 62.30; H, 8.01;
N, 20.17. Calc. for C18H27N5O2: C, 62.59; H, 7.88; N, 20.27%.
Mass spectrum (ESI): m/z 368.5 (MNa+), 346.5 (MH+). Calc. for
C18H27N5O2: 345.4 u.m.a. 1H-NMR (D2O) 7.79 (t, 2H, J = 8.0 Hz),
7.42 (d, 2H, J = 8.0 Hz), 7.36 (d, 2H, J = 8.0 Hz), 4.63 (s, 4H),
4.11 (s, 4H), 3.08–2.96 (m, 8H). 13C-NMR (D2O) 159.6 [C], 152.4
[C], 139.2 [CH], 122.4 [CH], 121.3 [CH], 64.1 [CH2], 51.6 [CH2],
46.1 [CH2], 45.1 [CH2].


N ,N ′′-Bis(6-hydroxymethyl-2-pyridylmethyl)-N ,N ′,N ′ ′-
diethylenetriaminetriacetic acid tri-tert-butylester (6)


In a 10 mL round bottomed flask, compound 5 (0.600 g,
1.74 mmol) is dissolved in N-methylpyrrolidone (2 mL). Pow-
dered potassium carbonate (1.082 g, 7.83 mmol) is added and
the suspension stirred while tert-butyl bromoacetate (1.188 g,
6.09 mmol) is added dropwise in 10 min. The mixture is stirred at
room temperature overnight, then filtered and the inorganic salts
washed with dichloromethane. The combined filtrate and washings
are evaporated in vacuo, and the oily residue subjected to column
chromatography (silica gel, hexanes–ethyl acetate–2-propanol 80 :
15 : 5), obtaining pure 6 as slightly yellow oil.


Yield 0.897 g (75%). Found: C, 62.72; H, 8.44; N, 9.95. Calc. for
C36H57N5O8: C, 62.86; H, 8.35; N, 10.18%. Mass spectrum (ESI):
m/z 710.0 (MNa+), 687.9 (MH+). Calc. for C36H57N5O8: 687.0
u.m.a. 1H-NMR (CDCl3) 7.61 (t, 2H, J = 7.6 Hz), 7.36 (d, 2H,
J = 7.4 Hz), 7.10 (d, 2H, J = 7.7 Hz), 4.70 (s, 4H), 3.90 (s, 4H),
3.33 (s, 2H), 3.29 (s, 4H), 2.77 (m, 8H), 1.44 (s, 18H), 1.40 (s, 9H).
13C-NMR (CDCl3) 170.8 [C], 170.7 [C], 158.7 [C], 158.4 [C], 137.2
[CH], 121.7 [CH], 118.9 [CH], 81.0 [C], 80.9 [C], 64.2 [CH2], 60.1
[CH2], 56.3 2 × [CH2], 52.6 [CH2], 52.4 [CH2], 28.3 [CH3], 28.2
[CH3].


N ,N ′′-Bis(6-hydroxymethyl-2-pyridylmethyl)-N ,N ′,N ′ ′-
diethylenetriaminetriacetic acid (1)


In a 10 mL screw-cap vial, compound 6 (0.837 g, 1.22 mmol)
is dissolved in neat trifluoroacetic acid (3.7 mL). The solution is
stirred at room temperature overnight and then excess diethyl ether
is added to precipitate the ligand, isolated by centrifugation and
repeatedly washed with diethyl ether. The crude product is charged
on a XAD-1600 column and eluted with a gradient water → water–
methanol 100 : 0 → 50 : 50, collecting the fractions containing pure
1. The combined fractions are evaporated in vacuo and the product
dried under a high vacuum, obtaining compound 1 as a colourless
glass.


Yield 0.399 g (63%). Found: C, 51.78; H, 6.92; N, 12.50. Calc. for
C24H33N5O8·2H2O: C, 51.88; H, 6.71; N, 12.61%. Mass spectrum
(ESI): m/z 542.2 (MNa+), 520.2 (MH+). Calc. for C24H33N5O8:
519.2 u.m.a. 1H-NMR (D2O) 7.79 (t, 2H, J = 7.7 Hz), 7.37 (m,
4H), 4.66 (s, 4H), 3.83 (s, 4H), 3.47 (s, 2H), 3.21 (s, 4H), 3.18 (t,
4H, J = 5.8 Hz), 2.92 (t, 4H, J = 5.8 Hz). 13C-NMR (D2O) 178.6
[C], 173.9 [C], 159.5 [C], 156.9 [C], 139.3 [CH], 123.5 [CH], 120.8
[CH], 64.4 [CH2], 59.8 [CH2], 57.9 [CH2], 55.6 [CH2], 51.5 [CH2],
50.0 [CH2].


1H and 17O relaxometry


The 1H longitudinal water proton relaxation rates were measured
at 20 MHz on a Spinmaster spectrometer (Stelar, Mede, Italy)
operating in the range 0.45–1.6 T (corresponding to 20–70 MHz
proton Larmor frequencies). The standard inversion recovery
method was used with typical 90◦ pulse width of 3.5 ls, 16
experiments of 4 scans. The reproducibility of the T 1 data was
±4%. The temperature was controlled with a Stelar VTC-91
airflow heater equipped with a calibrated copper-constantan
thermocouple (uncertainty of ±0.1 ◦ C). The proton 1/T 1 NMRD
profiles were measured on a Stelar fast field-cycling FFC-2000
(Mede, Pv, Italy) relaxometer on about 0.25–1.0 mmol gadolinium
solutions in non-deuterated water. The relaxometer operates under
computer control with an absolute uncertainty in 1/T 1 of ±1%.
The NMRD profiles were measured in the range of magnetic fields
from 0.00024 to 1.6 T (corresponding to 0.01–70 MHz proton
Larmor frequencies).


Variable-temperature 17O NMR measurements were recorded
on JEOL ECP-400 (9.4 T) spectrometer equipped with a 5 mm
probe. Solutions containing 2.0% of the 17O isotope (Cambridge
Isotope) were used. The observed transverse relaxation rates were
calculated from the signal width at half-height. Other details of
the instrumentation, experimental methods, and data analysis have
been previously reported.24


Conclusions


The pyridine group can be inserted into a diethylenetriamine
backbone and act as a donor group towards lanthanide ions.
The ligand 1 thus represents a new example of an octadentate
ligand which forms neutral and stable complexes with trivalent
lanthanide cations suitable for biomedical applications. A com-
putational study suggests that the complex adopts a tricapped
trigonal prismatic structural arrangement in which one capping
position is occupied by a water molecule. The hydroxyl groups
of the pyridine moieties form H-bonding interactions with the
coordinated water molecule and, as a result, its mean residence
lifetime is increased over that measured for GdDTPA and results
in the complex being long enough to affect the water proton
relaxation efficacy of the GdIII derivative. This slow water exchange
rate represents a clear limit for the development of Gd-based MRI
CAs, but at the same time it could be of interest for the design
of novel PARACEST agents.26 Clearly, these hydroxyl groups
could eventually be replaced by different, less hydrophilic moieties
in order to weaken or remove the H-bonding interaction and
enhance the rate of water exchange. Finally it must be outlined
that in view of a possible in vivo utilization, a high kinetic and
thermodynamic stability of the complex is required. This problem
appears particularly critical for complexes with acyclic ligands and
will be tackled in future work.


Acknowledgements


Financial support from CIRCMSB and PRIN 2005 is gratefully
acknowledged.


Notes and references


1 (a) J.-C. Bünzli and G. R. Choppin, Lanthanide Probes in Life,
Chemical and Earth Sciences, Elsevier, Amsterdam, 1989; (b) J. Rocha


2446 | Org. Biomol. Chem., 2007, 5, 2441–2447 This journal is © The Royal Society of Chemistry 2007







and L. D. Carlos, Curr. Opin. Solid State Mater. Sci., 2003, 7, 199–205;
(c) D. Parker, Chem. Soc. Rev., 2004, 33, 156–165; (d) J.-C. Bünzli and
C. Piguet, Chem. Soc. Rev., 2005, 34, 1048–1077; (e) S. Pandya, J. Yu
and D. Parker, Dalton Trans., 2006, 2757–2766.


2 P. A. Rinck, Magnetic Resonance in Medicine, ABW Wissenschaftsver-
lag GmbH, Berlin, 2003.


3 (a) P. Caravan, J. J. Ellison, T. J. McMurry and R. B. Lauffer, Chem. Rev.,
1999, 99, 2293–2352; (b) S. Aime, M. Botta and E. Terreno, Gd(III)-
based Contrast Agents for MRI in Advances in Inorganic Chemistry,
ed. R. van Eldik and I. Bertini, Elsevier, San Diego, 2005, vol. 57,
pp. 173–237.


4 (a) L. Thunus and R. Lejeune, Coord. Chem. Rev., 1999, 184, 125–155;
(b) F. Rosch and E. Forssell-Aronsson, Met. Ions Biol. Syst., 2004, 42,
77–108.


5 (a) M. A. Williams and H. Rapoport, J. Org. Chem., 1994, 59, 3616–
3625; (b) I. Fraser Pickersgill and H. Rapoport, J. Org. Chem., 2000,
65, 4048–4057; (c) S. G. Gouin, J.-F. Gestin, A. Reliquet, J. C. Meslin
and D. Deniaud, Tetrahedron Lett., 2002, 43, 3003–3005; (d) Y. Sun,
A. E. Martell, J. H. Reibenspies, D. E. Reichert and M. J. Welch, Inorg.
Chem., 2000, 39, 1480–1486; (e) H.-S. Chong, K. Garmestani, L. H.
Bryant, Jr. and M. W. Brechbiel, J. Org. Chem., 2001, 66, 7745–7750.


6 (a) H. Schmitt-Willich, M. Brehm, C. L. J. Ewers, G. Michl, A. Müller-
Fahrnow, O. Petrov, J. Platzek, B. Radüchel and D. Sülzle, Inorg. Chem.,
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Sialyl Tn (STn) and sialyl lactoside derivatives containing O-acetylated sialic acid residues have been
chemoenzymatically synthesized using a one-pot three-enzyme system and conjugated to biotinylated
human serum albumin (HSA) using an adipic acid para-nitrophenyl ester coupling reagent. This
approach provides an efficient and general protocol for preparing carbohydrate–protein conjugates
containing base-sensitive groups.


Introduction


Carbohydrates presented on the surface of mammalian cells and
microorganisms are believed to play important roles in various
molecular recognition processes.1 Many cell surface carbohydrates
have terminal sialic acid residues2 which are directly involved
in a variety of biological and pathological processes, including
bacterial and viral infection, regulation of the immune system,1a,3


and cancer metastasis.4


Some sialic-acid containing carbohydrates are considered to
be tumor-associated carbohydrate antigens (TACAs) which are
overexpressed by certain types of cancers.5 Sialyl–Tn antigen
(STn, O-linked disaccharide Neu5Aca2,6GalNAc) is one of these
TACAs. STn is expressed by 30% of breast carcinomas6 and has
been considered as an independent indicator for poor prognosis
of cancer.7 Synthetic STn conjugated to a protein carrier [keyhole
limpet haemocyanin (KLH)] has been developed by Biomira, Inc.
(Edmonton, Alberta, Canada) as a cancer vaccine (Theratope R©)
for breast cancer patients.8 STn has also been used as one
of seven epithelial cancer antigens and one of five prostate
tumor-associated antigens in preparing unimolecular multivalent
vaccines.9 A variety of chemical methods have been developed for
the synthesis of STn and other sialylated oligosaccharides.10 More
recently, enzymatic synthesis of STn oligosaccharides and gly-
copeptides has been achieved by using sialyltransferases, such as
recombinant mouse ST6GalNAc-I,11 chicken ST6GalNAc-I12 and
a2,6-sialyltransferase from Photobacterium damsela (Pd2,6ST).13


The only type of sialic acid residues in these compounds,
however, is N-acetylneuraminic acid (Neu5Ac), the predominant
form of naturally-occurring sialic acid. In nature, more than 50
structurally-different sialic acid forms have been found, including
Neu5Ac, N-glycolylneuraminic acid (Neu5Gc), ketodeoxynonu-
losonic acid (KDN), and their methylated, sulfated, lactylated and
singly/multiply acetylated derivatives.2 Our groups have been in-
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terested in understanding the biological significance of naturally-
occurring sialic acid modifications. One of the approaches to
elucidate the function of sialic acid modifications is to synthesize
sialosides with naturally-occurring modifications and couple them
individually to an inert protein carrier for 96-well plate-based high-
throughput screening of sialic acid binding proteins. A general
coupling method would be necessary to produce sialoside–protein
conjugates, including those containing base-sensitive groups (e.g.
acetyl groups).


Among coupling reagents that have been used for producing
carbohydrate–protein conjugates, succinimide esters are very
convenient and effective for amide bond formation.14 Their
instability during chromatographic purification, however, lim-
its their application. Maleimide-promoted conjugation, on the
other hand, often results in disappointingly low yields as the
result of a nonproductive disulfide dimerization of glycosides.15


Homobifunctional squaric acid diesters (e.g. diethyl squarate or
didecyl squarate) have been used commonly as efficient cross-
linking reagents for preparing carbohydrate–protein conjugates.16


The basic conditions used for coupling (usually an aqueous
solution of pH 9), however, limit their application on compounds
containing base-sensitive groups such as O-acetyl groups. Bis(p-
nitrophenyl) esters are known cross-linking agents for compounds
with primary amines.17 Recently, one of these linkers, adipic acid
p-nitrophenyl ester, has been used by the Bundle group as an
efficient cross-linker for preparing neoglycoproteins.18 The neutral
conditions for the coupling reaction make this coupling reagent
attractive. Here, we report that the adipic acid p-nitrophenyl
ester can be used as a general and efficient coupling reagent for
producing sialoside–protein conjugates containing base-sensitive
groups. The method has been used for conjugating biotiny-
lated human serum albumin (HSA) and chemoenzymatically-
synthesized STn analogues containing Neu5Ac, Neu5Gc and their
9-O-acetylated derivatives. Conjugation of biotinylated human
serum albumin (HSA) and chemoenzymatically-synthesized a2,6-
linked sialyl lactosides containing Neu5Ac, Neu5Gc and their
9-O-acetylated derivatives has been similarly achieved. The re-
tention of the O-acetyl group in the biotinylated HSA–sialoside
conjugates throughout the coupling conditions is confirmed
by sialidase hydrolysis of the conjugate followed by ESI-MS
analysis.
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Results and discussion


Synthesis of sialyl–Tn (STn) derivatives


In order to prepare the sialyltransferase acceptor for chemoenzy-
matic synthesis of STn, 3-chloropropyl N-acetamido a-galactoside
2 was chemically synthesized by incubating N-acetylgalacto-
samine 1 with 3-chloropropanol at 70 ◦C in the presence of acetyl
chloride. The chlorine group of 2 was displaced by an azido group
by treating 2 with sodium azide in N,N-dimethylformamide and
a catalytic amount of tetra-n-butylammonium iodide at 60 ◦C to
form 3-azidopropyl-N-acetamido-a-galactoside 3 in quantitative
yield (Scheme 1). Although 2 and 3 showed similar Rf values
on TLC, they could be distinguished by 13C NMR spectra. The
chemical shift of the carbon linked to the azido group in 3 was
48.29 ppm, while that of the carbon linked to chlorine in 2 was
41.52 ppm.


Scheme 1 Chemoenzymatic synthesis of STn antigen analogs using
a one-pot three-enzyme system. (a) 3-Chloropropanol, acetyl chloride,
70 ◦C, 87%; (b) NaN3, NaI, DMF, 60 ◦C, 95%; (c) 3 (20 mM), 4, 5, 6, or
7 (30 mM), pyruvate (150 mM), CTP (30 mM), MgCl2 (20 mM), a sialic
acid aldolase, a CMP–sialic acid synthetase, Pd2,6ST, Tris-HCl (100 mM,
pH 8.5 for 4 and 5; pH 7.5 for 6 and 7).


Chemoenzymatic sialylation of 3 was achieved using a highly
efficient and convenient one-pot three-enzyme system established
in our laboratory.19,21 In this system—containing three recom-
binant bacterial enzymes including an E. coli K-12 aldolase,20


an N. meningitidis CMP–sialic acid synthetase (NmCSS),20 and
a Photobacterium damsela a2,6-sialyltransferase (Pd2,6ST), N-
acetylmannosamine (ManNAc), N-glycolylmannosamine (Man-
NGc) and their chemically synthesized 6-O-acetylated deriva-
tives 4–719b were used as sialic acid precursors to obtain STn
analogs containing Neu5Ac, Neu5Gc, 9-O-acetylated Neu5Ac,
and 9-O-acetylated Neu5Gc 8–11 in yields varying from 51–61%
(Scheme 1). The reactions were carried out at 37 ◦C in a Tris-
HCl buffer (100 mM, pH 8.5 for substrates without O-acetyl
groups; pH 7.5 for substrates with O-acetyl groups) containing
Mg2+, pyruvate, CTP, a sialic acid precursor selected from 4–
7, and 3 as a sialyltransferase acceptor. After the addition of
appropriate amounts of aldolase (2.0 mg), NmCSS (0.8 mg)
and Pd2,6ST (0.5 mg), the reaction was monitored by thin-layer
chromatography (TLC) analysis (EtOAc : MeOH : H2O : HOAc =


5 : 2 : 1 : 0.1, by volume) and stained with p-anisaldehyde sugar
stain. Sialoside products were purified by Bio-Gel P-2 gel filtration
chromatography and the structures of all sialylated products were
characterized by 1H and 13C NMR as wells as high resolution mass
spectrometry (HRMS).


Synthesis of biotinylated HSA–STn conjugates


As shown in Scheme 2, biotinylated HSA was obtained by
incubating one equivalent of HSA with four equivalents of
the N-hydroxy succinamide ester of biotin (biotin-NHS). The
introduced biotin can be used to immobilize the final conjugates
onto streptavidin-coated surface or to label the conjugates with
streptavidin-linked molecules. In order to obtain sialoside and
biotinylated HSA conjugates, half esters 12–15 were prepared by
reducing the azido group in 8–11 to an amino group by catalytic
hydrogenation (Pd/C in water) then reacting with an excess
amount (5 equivalents) of adipic acid p-nitrophenyl diester18a in
anhydrous DMF. The reaction was monitored by TLC (EtOAc :
MeOH : H2O : HOAc = 4 : 2 : 1 : 0.1, by volume) under UV light.
The disappearance of the starting material and the appearance
of a UV absorbent product with a larger Rf value indicated the
completion of the reaction. Products 12–15 were purified using a
short silica gel column to remove the unreacted adipic acid ester.
The presence of the 9-O-acetyl group at the sialic acid residue
in 14 and 15 was confirmed by proton NMR, indicating the
stability of the O-acetyl group during hydrogenation and half ester
formation.


Scheme 2 Conjugation of STn antigens to human serum albumin (HSA)
using adipic acid p-nitrophenyl diester coupling reagent. (a) Pd/C, H2,
H2O; (b) adipic acid p-nitrophenyl diester, DMF, rt, > 90%; (c) phosphate
buffer (100 mM, pH 7.4). Average numbers of sialoside molecules
incorporated were determined by MALDI-TOF.
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Finally, for coupling reactions, the purified sialoside half
esters 12–15 (40 equivalents) were incubated individually with
biotinylated HSA in phosphate buffer (100 mM, pH 7.4) for
24 h at room temperature before the produced conjugates were
purified by HPLC using a gel filtration column. The purified
conjugates were analyzed by MALDI-TOF mass spectroscopy
to determine the numbers of the sialoside molecules that have
been conjugated to the biotinylated HSA. The numbers obtained
for the most populated conjugates are listed in Table 1. For
example, MALDI-TOF data indicated a molecular ion of m/z
75752 for glycoconjugate 17. By comparison to the m/z 67218 for
biotinylated HSA 16, one can estimate that 17 has an average of 12
sialoside molecules. The same estimation can be applied to other
glycoconjugates 18–20.


In order to study whether the O-acetyl group is preserved
throughout the conjugation conditions, the conjugate 19, con-
taining Neu5,9Ac2a2,6GalNAc, was treated with commercially-
available Arthrobacter ureafaciens sialidase and Clostridium perfin-
gens sialidase (type VI) (both sialidases can hydrolyze terminal
9-O-acetylated Neu5Ac residue) in ammonium acetate buffer at
pH 5.0.22 The sialidase reaction mixture was subjected to mass
spectrometric analysis (ESI-MS). Only hydrolyzed Neu5,9Ac2 was
detected, and no signal was observed for Neu5Ac, indicating
that the 9-O-acetyl group on Neu5,9Ac2a2,6GalNAc was well
preserved during the conjugation process.


Synthesis of biotinylated HSA–sialyl lactoside conjugates


In order to evaluate the generality of applying the adipic acid p-
nitrophenyl diester in carbohydrate–protein conjugation, another
set of sialoside–biotinylated HSA conjugates were prepared simi-
larly. In this case, a2,6-linked sialyl lactosides 21–24 were synthe-
sized by the one-pot three-enzyme system using 3-azidopropyl b-
D-galactopyranose-(1→4)-b-D-glucopyranoside (LacbProN3) as
a sialyltransferase acceptor, as described previously.19b Follow-
ing the same coupling protocol as described above for the
production of biotinylated HSA–STn conjugates, biotinylated
HSA–sialyllactose conjugates 29–32 were successfully obtained
(Scheme 3). MALDI-TOF analysis gave the average numbers of
sialosides incorporated into the conjugates (Table 1).


Comparing the results listed in Table 1, one can conclude that
the degree of incorporation of a disaccharide STn sialoside to
HSA (11–14) is similar to, but a little bit higher, than that for
the conjugation of a trisaccharide sialyllactoside to HSA (10–12).
Overall, 10 to 14 sialoside molecules were incorporated onto one
molecule of HSA when 40-fold equivalents of activated STn or
sialyl lactosides were used. These results are close to those reported
for the coupling of oligosaccharides to bovine serum albumin
(BSA) or tetanus toxoid (TT),18b,c although higher conjugation
yields were achieved for coupling monosaccharides or a lactoside
disaccharide to bovine serum albumin.18a


Scheme 3 Conjugation of sialyllactosides to human serum albumin
(HSA) using adipic acid p-nitrophenyl diester coupling reagent. (a) H2,
Pd/C, H2O; (b) adipic acid p-nitrophenyl diester, DMF, rt, > 90%;
(c) phosphate buffer (100 mM, pH 7.4). Average numbers of sialoside
molecules incorporated were determined by MALDI-TOF.


Conclusions


In summary, we have demonstrated that the one-pot three-enzyme
system is very efficient in synthesizing STn analogs containing
different forms of sialic acid. In addition, we have also proven that
the adipic acid p-nitrophenyl ester is a very effective and general
coupling reagent to produce carbohydrate–protein conjugates,
including those with base-sensitive groups. The conjugates can
now be used to study the significance of 9-O-acetyl groups in the
binding properties of sialoside to various lectins and antibodies
that recognize sialic acids.


Experimental


General methods


Chemicals were purchased and used without further purification.
1H NMR (300, 400, or 600 MHz) and 13C NMR (75 or 100 MHz)
spectra were recorded on a Varian Mercury-300, a Varian Inova-
400, or a Varian Inova-600 spectrometer. Low and high resolution
electrospray ionization (ESI) mass spectra were obtained at the
Mass Spectrometry Facility in the Ohio State University. Silica
gel 60 Å (40–63 lm, Sorbent technologies) was used for flash
chromatography. Analytical thin-layer chromatography was per-
formed on silica gel plates 60 GF254 (Sorbent technologies) using
anisaldehyde stain for detection. Gel filtration chromatography
was performed using a column (100 cm × 2.5 cm) packed with
BioGel P-2 Fine resins (Bio-Rad, Hercules, CA). Arthrobacter


Table 1 The average numbers of sialosides that have been conjugated to biotinylated HSA determined by MALDI-TOF analysis


Conjugate 17 18 19 20 29 30 31 32 16 (Biotin-HSA)


Peak m/z in MALDI-TOF spectrum 75 752 76 826 77 853 75 971 76 827 77 079 75 938 75 871 67 218
Average number of sialosides per conjugate 12 13 14 11 11 12 10 10 0
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ureafaciens (type VI) sialidase was purchased from MP Biomedi-
cals. Clostridium perfingens sialidase (type VI) was from Sigma.


Starting materials


Sodium pyruvate and ManNAc 4 were bought from Sigma.
GalNAc derivative 3, ManNGc 5, 9-OAc-ManNAc 6, 9-OAc-
ManNGc 7, and sialosides 21–24 were synthesized as described
previously.19,20


3-Azidopropyl O-[sodium (5-acetamido-3,5-dideoxy-D-glycero-a-
D-galacto-2-nonulopyranosyl)onate]-(2→6)-O-2-acetamido-2-
deoxy-a-D-galactopyranoside (8, Neu5Aca2,6GalNAcaProN3)


Yield, 61%; white foam. 1H NMR (600 MHz, D2O) d 4.70 (d, 1H,
J = 3.6 Hz), 3.97 (dd, 1H, J = 3.6 and 10.8 Hz), 3.87 (dd, 1H,
J = 4.2 and 7.8 Hz), 3.83 (d, 1H, J = 3.0 Hz), 3.76–3.61 (m, 5H),
3.55–3.26 (m, 9H), 2.56 (dd, 1H, J = 4.8 and 12.0 Hz, H-3eq


′′), 1.87,
1.86 (2s, 2CH3), 1.74 (m, 2H), 1.51 (t, 1H, J = 12.0 Hz, H-3ax


′′);
13C NMR (75 MHz, D2O) d 175.16, 174.68, 173.57, 100.49, 97.20,
72.69, 71.91, 69.74, 69.62, 68.66, 68.38, 67.61, 65.28, 63.97, 62.75,
51.99, 50.07, 48.29, 40.40, 28.06, 22.18, 22.08. HRMS (ESI) m/z
calcd for C22H36N5O14Na2 (M+Na) 640.2054, found 640.2070.


3-Azidopropyl O-[sodium (5-glycolylamido-3,5-dideoxy-D-glycero-
a-D-galacto-2-nonulopyranosyl)onate]-(2→6)-O-2-acetamido-2-
deoxy-a-D-galactopyranoside (9, Neu5Gca2,6GalNAcaProN3)


Yield, 60%; white foam. 1H NMR (600 MHz, D2O) d 4.71 (d, 1H,
J = 3.6 Hz), 3.97 (dd, 1H, J = 3.6 and 11.4 Hz), 3.95 (s, 2H), 3.87
(dd, 1H, J = 3.6 and 7.8 Hz), 3.83 (d, 1H, J = 3.6 Hz), 3.77–3.58
(m, 8H), 3.53–3.26 (m, 8H), 2.57 (dd, 1H, J = 4.8 and 12.6 Hz, H-
3eq


′′), 1.87 (s, CH3), 1.74 (m, 2H), 1.53 (t, 1H, J = 12.0 Hz, H-3ax
′′);


13C NMR (75 MHz, D2O) d 175.97, 174.71, 173.60, 100.56, 97.25,
72.47, 72.00, 69.68, 68.71, 68.37, 68.16, 67.68, 65.35, 64.03, 62.77,
61.16, 51.73, 50.12, 48.35, 40.49, 28.10, 22.13. HRMS (ESI) m/z
calcd for C22H36N5Na2O15 (M+Na) 656.2003, found 656.2015.


3-Azidopropyl O-[sodium (9-O-acetyl-5-acetamido-3,5-dideoxy-D-
glycero-a-D-galacto-2-nonulopyranosyl)onate]-(2→6)-O-2-
acetamido-2-deoxy-a-D-galactopyranoside (10, Neu5,9Ac2a2,
6GalNAcaProN3)


Yield, 51%; white foam. 1H NMR (600 MHz, D2O) d 4.74 (d,
1H, J = 3.6 Hz), 4.28 (dd, 1H, J = 2.4 and 11.4 Hz), 4.06 (dd,
1H, J = 6.6 and 12.0 Hz), 4.00 (dd, 1H, J = 3.6 and 10.8 Hz),
3.97–3.47 (m, 5H), 3.40–3.29 (m, 6H), 2.59 (dd, 1H, J = 4.8 and
12.6 Hz, H-3eq


′′), 1.99, 1.90, 1.89 (3s, 3CH3), 1.77 (m, 2H), 1.54
(t, 1H, J = 12.0 Hz, H-3ax


′′); 13C NMR (75 MHz, D2O) d 175.13,
174.69, 174.53, 173.56, 100.52, 97.21, 72.50, 69.66, 69.39, 68.67,
68.40, 67.63, 65.82, 65.31, 64.00, 51.96, 50.08, 48.30, 40.42, 28.07,
22.19, 22.07, 20.40. HRMS (ESI) m/z calcd for C24H38N5Na2O15


(M+Na) 682.2160, found 682.2174.


3-Azidopropyl O-[sodium (9-O-acetyl-5-glycolylamido-3,5-
dideoxy-D-glycero-a-D-galacto-2-nonulopyranosyl)onate]-
(2→6)-O-2-acetamido-2-deoxy-a-D-galactopyranoside
monosodium salt (11, Neu9Ac5Gca2,6GalNAcaProN3)


Yield, 53%; white foam. 1H NMR (400 MHz, D2O) d 4.70 (d, 1H,
J = 4.0 Hz), 3.97 (d, 1H, J = 9.6 Hz), 4.04–3.97 (m, 2H), 3.95 (s,


2H), 3.93–3.26 (m, 14H), 2.56 (dd, 1H, J = 4.4 and 12.4 Hz, H-
3eq


′′), 1.95, 1.86 (2s, 2CH3), 1.73 (m, 2H), 1.52 (t, 1H, J = 12.0 Hz,
H-3ax


′′); 13C NMR (75 MHz, D2O) d 175.87, 174.67, 173.52, 173.57,
100.51, 97.20, 72.21, 69.68, 69.44, 68.65, 68.20, 68.27, 67.61, 65.77,
65.30, 64.04, 61.10, 51.63, 50.07, 48.28, 40.46, 28.08, 22.07, 20.40.
HRMS (ESI) m/z calcd for C24H38N5O16 (M-Na) 652.2313, found
652.2333.


General procedure for enzymatic sialylation of 3 in one-pot
three-enzyme system


ManNAc 4, ManNGc 5, or their 6-O-acetylated derivatives 6 or
7 (50–100 mg, 1.5 equiv.), GalNAcaProN3 3 (1.0 equiv.), sodium
pyruvate (7.5 equiv.), CTP (1.5 equiv.) were dissolved in 5 mL
Tris-HCl buffer (100 mM, pH = 8.5 for 4 and 5, pH = 7.5 for
6 and 7). After the addition of E. coli K-12 sialic acid aldolase
(2.0 mg), N. meningitidis CMP-sialic acid synthetase (NmCSS)
(0.8 mg), and Pd2,6ST (0.5 mg), the total volume of the reaction
mixture was brought to 10 mL by adding water. The reaction
solution was incubated at 37 ◦C with agitation at 140 rpm for
2–4 hours. The reaction was monitored by TLC analysis (EtOAc :
MeOH : H2O : HOAc = 5 : 2 : 1 : 0.1, by volume) and stained
with p-anisaldehyde sugar stain. When no further product was
detected, 10 mL of 95% EtOH was added to the reaction. The
precipitates were removed by centrifugation. The supernatant was
concentrated by rotary evaporation and purification by a Bio-Gel
P-2 gel filtration column to give STn products.


Protocol for preparing biotinylated HSA–sialoside conjugates
using adipic acid p-nitrophenyl diester coupling reagent


A sialoside selected from 8–11 or 21–24 (20–30 mg, 0.03–
0.05 mmol) was dissolved in water (2 mL) and the mixture
was stirred under hydrogen atmosphere in the presence of 10%
palladium on charcoal for overnight to afford the reduced product.
Adipic acid p-nitrophenyl ester (5 mol equiv.) in anhydrous DMF
was added. The reaction was monitored by TLC (EtOAc : MeOH :
H2O : HOAc = 4 : 2 : 1 : 0.1, by volume) under UV light. The
disappearance of the starting material and the appearance of a UV
absorbent product with a larger Rf value indicated the completion
of the reaction. After stirring for overnight, the reaction mixture
was concentrated and purified by flash chromatography to afford
the sialoside half ester selected from 12–15 or 25–28. For the
conjugation reaction, a sialoside half ester (∼ 40 mol equiv.)
was added to a solution containing biotinylated human serum
albumin (2.0 mg mL−1) in phosphate buffer (pH 7.4, 100 mM).
The mixture was stirred gently at room temperature for 24 h.
The resulting solution was concentrated using a centrifugal filter
(Centricon Plus-20) and purified by high performance liquid chro-
matography (HPLC) or fast-performance liquid chromatography
(FPLC) using a gel filtration column (Superdex 75 10/300 GL
column) to afford biotinylated HSA–sialoside conjugate. The
obtained HSA–sialoside conjugates were charactered by MALDI-
TOF.


Compound 12 (p-nitrophenyl ester of 8)


1H NMR (600 MHz, D2O) d 8.16 (d, 2H, J = 9.0 Hz), 7.20 (d,
2H, J = 9.0 Hz), 4.70 (d, 1H, J = 3.6 Hz), 3.97–3.09 (m, 21H),
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2.56–2.53 (m, 3H), 2.14 (m, 2H), 1.85 (s, 3H, NHC(O)CH3), 1.84
((s, 3H, NHC(O)CH3), 1.65 (m, 2H), 1.54–1.46 (m, 3H).


Compound 13 (p-nitrophenyl ester of 9)


1H NMR (600 MHz, D2O) d 8.16 (d, 2H, J = 9.0 Hz), 7.21 (d, 2H,
J = 9.0 Hz), 4.71 (d, 1H, J = 3.6 Hz), 3.97 (dd, 1H, J = 3.6 and
11.4 Hz), 3.95 (s, 2H, CH2OH), 3.85–3.10 (m, 22H), 2.58–2.55 (m,
3H), 2.15 (m, 2H), 1.86 (s, NHC(O)CH3), 1.66 (m, 2H), 1.56–1.45
(m, 3H).


Compound 14 (p-nitrophenyl ester of 10)


1H NMR (600 MHz, D2O) d 8.18 (d, 2H, J = 9.0 Hz), 7.22 (d, 2H,
J = 8.4 Hz), 4.74 (d, 1H, J = 3.6 Hz), 4.22 (dd, 1H, J = 1.8 and
11.4 Hz), 4.03–3.11 (m, 17H), 2.58–2.53 (m, 3H), 2.16 (m, 2H),
1.95 (s, 3H, OC(O)CH3), 1.87 (s, 3H, NHC(O)CH3)., 1.86 (s, 3H,
NHC(O)CH3), 1.67 (m, 2H), 1.57–1.48 (m, 3H).


Compound 15 (p-nitrophenyl ester of 11)


1H NMR (600 MHz, D2O) d 8.19 (d, 2H, J = 8.4 Hz), 7.23 (d,
2H, J = 9.6 Hz), 4.70 (d, 1H, J = 4.0 Hz), 4.24–3.13 (m, 21H),
3.97 (s, 2H, CH2OH), 2.56 (m, 3H), 2.17 (m, 2H), 1.96 (s, 3H,
OC(O)CH3), 1.87 (s, 3H, NHC(O)CH3), 1.67 (m, 2H), 1.60–1.50
(m, 5H).


Compound 25 (p-nitrophenyl ester of 21)


1H NMR (600 MHz, D2O) d 8.18 (d, 2H, J = 9.6 Hz), 7.22 (d, 2H,
J = 9.0 Hz), 4.28 (d, 1H, J = 7.8 Hz), 4.23 (d, 1H, J = 8.4 Hz),
3.82–3.12 (m, 27H), 2.58–2.52 (m, 3H), 2.14 (m, 2H), 1.86 (m,
2H), 1.85 (s, 3H), 1.68–1.55 (m, 5H).


Compound 26 (p-nitrophenyl ester of 22)


1H NMR (600 MHz, D2O) d 8.00 (d, 2H, J = 8.4 Hz), 6.78 (d, 2H,
J = 7.4 Hz), 4.30 (d, 1H, J = 7.8 Hz), 4.24 (d, 1H, J = 7.8 Hz),
3.94 (s, 2H, CH2OH), 3.81–3.01 (m, 27H), 2.55 (dd, 1H, J = 5.4
and 12.6 Hz, H-3eq


′′), 2.10–2.06 (m, 4H), 2.02 (m, 2H), 1.74 (m,
2H), 1.58 (t, 1H, J = 12.6 Hz, H-3ax


′′), 1.44–1.37 (m, 4H).


Compound 27 (p-nitrophenyl ester of 23)


1H NMR (400 MHz, D2O) d 8.19 (d, 2H, J = 9.2 Hz), 7.22 (d,
2H, J = 8.8 Hz), 4.28 (d, 1H, J = 7.6 Hz), 4.07–3.11 (m, 28H),
2.57–2.50 (m, 3H), 2.15 (m, 2H), 1.95 (s, 3H, OC(O)CH3), 1.86 (s,
3H, NHC(O)CH3), 1.74 (m, 2H), 1.67–1.52 (m, 5H).


Compound 28 (p-nitrophenyl ester of 24)


1H NMR (600 MHz, D2O) d 8.18 (d, 2H, J = 9.0 Hz), 7.22 (d,
2H, J = 9.0 Hz), 4.27 (d, 1H, J = 7.8 Hz), 4.24–4.22 (m, 2H), 4.02
(dd, 1H, J = 6.0 and 12.0 Hz), 3.95 (s, 2H, CH2OH), 3.93 (m,
1H), 3.85–3.10 (m, 24H), 2.56 (m, 3H), 2.15 (m, 2H), 1.96 (s, 3H,
OC(O)CH3), 1.94 (m, 2H), 1.67–1.55 (m, 5H).


Sialidase treatment of biotinylated HSA–sialoside conjugate 19
and MS analysis


To confirm the presence of O-acetylated sialosdies in HSA
conjugates, conjugate 19 (1.6 mg mL−1) was incubated in a final


volume of 15 lL with Arthrobacter ureafaciens sialidase (0.75 mU)
and Clostridium perfingens sialidase (type VI) (15 mU) for 1 h
at 37 ◦C in ammonium acetate buffer (pH 5.0, 100 mM). Mass
spectrometric analysis (ESI-MS) of the reaction solution was
carried out immediate and showed the mass ion of Neu5,9Ac2


at 350.20 a.m.u (M-H). No signal for de-O-acetylated Neu5Ac
was observed in the MS spectrum.
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In an effort to improve the stability of our tissue-mimetic vesicle aggregates, we have investigated how
increasing the valency of our multivalent crosslinking ligand, poly-L-histidine, affected both the extent
of vesicle aggregation and the affinity of the multivalent ligand for the synthetic receptor Cu(1)
embedded in the vesicle membranes. Although increasing ligand valency gave the anticipated increase
in the size of the vesicle aggregates, isothermal calorimetric studies did not show the expected increase
in the valence-corrected binding constant for the embedded receptors. To explain both observations, we
have developed a simple new binding model that encompasses both multivalent binding to receptors on
a single vesicle surface (intramembrane binding) and vesicle crosslinking (intermembrane binding).


Introduction


Nature uses cooperative multivalent binding between external
ligands and membrane-bound receptors to mediate key cellular
processes like adhesion and signaling. These processes are initiated
by highly specific binding of multivalent ligands to receptors on
the cell surface, resulting in the formation of multiple inter- and/or
intramembrane links. Although the binding of most natural
multivalent ligands to cell surface receptors is tightly controlled,
immunoglobulins are an interesting class of natural multivalent
ligands able to form both inter- and intramembrane links. For
example, bivalent IgG can activate the immune response via two
different binding modes; it can either bind two antigens on the
same cell surface or agglutinate cells by crosslinking antigens
on different surfaces.1 Moreover, increasing the valency of these
natural ligands improves both binding and crosslinking ability;
the larger decavalent antibody IgM not only has high avidity
for multivalent antigens like viruses but is a particularly strong
agglutinating agent, the latter effect ascribed to the greater distance
between the antigen binding sites.1 This behaviour is not restricted
to viral or cell surface antigens since IgG antibodies will also bind
vesicle-embedded antigens in both modes.2 Much like antibodies,
many synthetic multivalent ligands have been found to bind cells
in either mode,3 although often in an unpredictable fashion.3c Un-
derstanding the relationship between these competing processes
is important because developing multivalent ligands designed to
crosslink cells could lead to drugs with new modes of action, for
example drugs that agglutinate pathogens to form large aggregates,
or drugs that form “cancer-nets” around solid tumors and prevent
tumor growth.3b,3c


Understanding intermembrane (cell adhesion) or intramem-
brane binding (signaling) of natural multivalent ligands is difficult
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due to the complexity of biological systems. To circumvent this
problem, vesicles with synthetic receptors embedded in their
membranes have been employed as simple cell mimics and used to
develop systems that emulate cell signaling4 and cell adhesion.5


In particular, mimicking cell adhesion is an area of much
current interest due to the desirability of synthetic tissue-mimetic
materials.6 Several researchers have used multivalent chemical
“glues” to aggregate receptor-doped vesicles; these “glues” have
included tetravalent streptavidin (crosslinking biotin lipids),7,8


iron(II) (crosslinking terpyridine lipids),9 poly-L-arginine10 and
guanidinylated dendrimers (both crosslinking phosphate lipids).11


We are also interested in the aggregation of vesicles by multivalent
ligands, in particular determining how ligand valency affects the
balance between intermembrane crosslinking and intramembrane
ligand binding. Curiously, the effect of increasing ligand valency
on the extent of vesicle aggregation has been little explored,
though Sideratou et al. reported that doubling the valency of
guanidinylated dendrimers from 32 to 64 gave an increase in vesicle
crosslinking, even when compared on a per binding unit basis.11


In recent studies of vesicle adhesion, we used a highly multiva-
lent ligand, a 39mer of histidine (2, Fig. 1), to crosslink distearoyl


Fig. 1 Synthetic receptor Cu(1) and histidine-containing ligands 2, 3
and 4.
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phosphatidylcholine (DSPC) vesicles doped with 5% mol/mol of
a synthetic receptor Cu(1) (Fig. 1).12 The relatively weak histidine–
Cu(IDA) interaction, with a binding constant around 103 M−1, was
chosen because it is a good model of the weak interactions used
in cell adhesion (K ∼ 104 M−1).13 Addition of 2 to a suspension of
Cu(1)-coated vesicles caused an increase in turbidity, and stable
vesicle aggregates were observed by fluorescence microscopy, but
these studies did not give any indication of the extent or strength
of binding to Cu(1).14 We then speculated that, as observed with
immunoglobulins, increasing the valency of the multivalent glue
would enhance both inter- and intramembrane binding; allowing
us to use the former to increase the extent of vesicle aggregation
and the latter to improve the stability of the resulting aggregates.


Presented here are our investigations into how changing ligand
multivalency affected vesicle aggregation and the strength of
binding to vesicle-embedded receptors. It was possible to change
the valency of the poly-L-histidine ligand 2 easily, allowing
binding strength and crosslinking ability to be correlated with
the degree of multivalency. (His)226 (3) and N-acetyl-L-histidine
4 are commercially available variants of 2, which are longer
and shorter respectively; furthermore, monovalent N-acetyl-L-
histidine should be a binding, but non-crosslinking, control
compound. As previously, fluorescence microscopy and changes
in solution turbidity would reveal the ability of ligands 2, 3, and
4 to crosslink vesicles, whilst the binding affinity of the histidine
ligands for the membrane-bound lipid Cu(1) could be determined
by isothermal calorimetry (ITC), a technique widely used to
study ligand binding to vesicle surfaces.10,15 This ability to study
crosslinking separately from all other binding events allowed us
to elucidate the relationship between inter- and intramembrane
binding.


Results and discussion


Synthesis of lipid H21 and Cu(1)/DSPC vesicles


The iminodiacetate-capped lipid H21 has several features that
make it ideal for these studies. The iminodiacetate groups chelate
copper tightly to give receptor Cu(1) quantitatively,16 and Cu(1)
binds monovalent histidine ligands with affinities similar to those
between selectins and monovalent carbohydrates.13 The pyrene
group is the membrane anchor, which also allows visualization of
Cu(1)-vesicles by fluorescence microscopy and indicates any Cu(1)
clustering in the membrane.


The monotosylation of tetraethylene glycol by para-
toluenesulfonyl chloride, a key step in the synthesis of lipid
H21 (Scheme 1), was carried out in the presence of freshly
prepared silver(I) oxide and potassium iodide, a method used
to desymmetrise a range of diols.17a The monofunctionalised
tosylate then required heating at reflux for an extended period
with di(tert-butyl)-protected iminodiacetic acid in acetonitrile to
displace the tosylate and afford the protected binding group
7.17b The fluorescent membrane anchor was then appended to
7 through dicyclohexylcarbodiimide-mediated esterification with
1-pyrenebutyric acid. Although neat trifluoroacetic acid was
required to remove the tert-butyl protecting groups from 8,
which limited the transferability of this methodology to other
syntheses, this protecting group proved to be adequate for the
synthesis of lipid H21. The tert-butyl protecting groups were


Scheme 1 Synthesis of lipid H21.


removed quantitatively within 10 hours to afford lipid H21 as
the trifluoroacetic acid salt; provided water was strictly excluded,
the ester linkage in H21 remained intact. This salt was suitable
for further use, but free-base H21 was obtained by reverse-phase
chromatography on octadecyl-functionalised silica gel, eluting
with acetone–water (60 : 40).


To solely examine the effect of changing the ligand valency on
vesicle binding and aggregation, the membrane loading of receptor
Cu(1) was fixed at 5% mol/mol, a membrane concentration
known to give vesicle aggregation with ligand 2.12 Unilamellar
vesicles (approx. 800 nm diameter, 20 mM lipid in 20 mM MOPS
buffer, 100 mM NaCl, pH 7.4) composed of DSPC doped with
H21 were prepared by extrusion of a phospholipid suspension
through 800 nm pore size polycarbonate membranes at 60 ◦C, a
temperature above the phase transition temperature of DSPC. The
fluorescence spectra of these vesicle suspensions showed only
pyrene monomer emission, indicating dispersal of lipid H21
over the vesicle surface. Lipid H21 in DSPC bilayers chelates
copper(II) with an average binding constant of 4 × 107 M−1,12


so addition of one equivalent of Cu(II) to H21 at millimolar
concentrations gave the amine-binding synthetic receptor Cu(1)
quantitatively. This addition of copper(II) to H21/DSPC vesicles
gave no significant increase in solution turbidity, and fluorescence
microscopy confirmed no vesicle aggregation during formation
of Cu(1)/DSPC vesicles.18 Titration of copper(II) into H21/DSPC
vesicles (0.1 lM lipid H21) has shown that the entire cohort of lipid
H21 is available for complexation, and flip-flop between bilayer
leaflets is rapid (t1/2 < 30 s).12
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In the turbidity and ITC studies, the key comparison is
between ligands 2 and 3, which will show whether increasing
poly-L-histidine valency has given a commensurate increase in
crosslinking efficiency and affinity for membrane-bound Cu(1).
The monomeric ligand 4 should not crosslink vesicles, but it will
give the affinity of a solution-phase histidine group for membrane-
embedded Cu(1). This value will be an approximation of the
equilibrium constant of the first binding event (K1) that leads
to immobilization of poly-L-histidine on the vesicle surface.


Vesicle aggregation by poly-L-histidine


The 39mer of histidine, (His)39 2 (∼14 nm extended length),
had previously been shown to aggregate Cu(1)/DSPC vesicles,
so the same conditions were employed to test the ability of
(His)226 3 (∼82 nm extended length) and N-acetyl-L-histidine 4
to aggregate 800 nm diameter vesicles. Titration of N-acetyl-
L-histidine 4 (2 mM) into suspensions of Cu(1)/DSPC vesicles
(2 mM in lipid, 0.1 mM in Cu(1)) gave little change in turbidity, as
monitored at 700 nm in the UV-visible spectrum, showing that
the morphology of the vesicles remained unchanged (Fig. 2).
Fluorescence microscopy showed only individual vesicles and
no aggregates. As observed previously, titration of the shorter
poly-L-histidine 2 into Cu(1)/DSPC vesicles resulted in a strong
increase in turbidity (Fig. 2), which started to plateau after 0.125
equivalents of 2 had been added (5 histidine residues per Cu(1)).
In comparison, titration of the longer poly-L-histidine 3 into
Cu(1)/DSPC vesicles resulted in a stronger increase in turbidity
earlier in the titration (Fig. 2) which peaked at 0.005 equivalents
of 3 (1.1 His residues per Cu(1)). Receptor Cu(1) was always
required for aggregation to occur; no aggregation was observed
when any of ligands 2, 3 or 4 were mixed with undoped DSPC
vesicle suspensions.


Fig. 2 The change in solution turbidity resulting from aggregation of
Cu(1)/DSPC vesicles (5% mol/mol Cu(1) and 2 mM total lipid) due to
addition of histidine-containing ligands 2 (�), 3 (�) or 4 (�). The lines
are smooth curve fits to guide the eye.


The median effective concentration (EC50) values for aggre-
gation reveal the effect of multivalency; the concentration of 2
required to give a 50% turbidity response was 3.3 lM (0.13 mM


histidine residues) whilst the concentration of 3 that gave a
50% response was only 0.25 lM (0.055 mM histidine residues).
Furthermore, even when compared on a valence-corrected basis
the longer poly-L-histidine 3 is over twice as effective at aggregating
Cu(1)/DSPC vesicles compared to 2.


Inspection of the turbid mixtures by fluorescence microscopy
showed that addition of 2.5 lM 2 or 0.45 lM 3 (one eq. His
residues in each case) gave large clusters of intact aggregated
vesicles (Fig. 3).19 There was a wide distribution of aggregate sizes
in each sample, but for (His)39 the average cross-sectional area of
the aggregates was 99 ± 33 lm2, whilst larger aggregates were
observed for (His)226 with an average cross-sectional area of 180 ±
81 lm2. The larger size of the aggregates observed in mixtures of 3
and Cu(1)/DSPC vesicles correlates well with the higher turbidity
of these mixtures.6b,11,14


Fig. 3 Representative fluorescence micrographs showing vesicle aggre-
gates caused by addition of (a) 2.5 lM ligand 2 or (b) 0.45 lM 3 to a
suspension of Cu(1)/DSPC vesicles (5% mol/mol Cu(1) and 2 mM in total
lipid).


It was tempting to conclude that the greater ability of 3 to
aggregate vesicles was due to stronger cooperative binding of this
more multivalent ligand to membrane-embedded Cu(1). However,
this would be misleading since changes in turbidity do not reflect
the strength and extent of intramembrane binding within a single
vesicle. Therefore, to measure affinity for Cu(1) we used ITC
to measure heat flow to and from Cu(1)/DSPC suspensions
during the addition of 2, 3 or 4, which allowed us to evaluate
their respective valence-corrected binding constants to membrane-
bound Cu(1).


Measurement of binding by isothermal calorimetry


Isothermal calorimetry has been used to study a range of binding
events at phospholipid bilayer surfaces,10,15 but only rarely used to
study the formation of vesicle aggregates. Vesicles in suspension do
not normally aggregate because of repulsion between the hydrated
bilayer surfaces (often referred to as the “hydration force”);15b,20


a specific crosslinking interaction is necessary for vesicles to
aggregate. Furthermore, this repulsion between vesicle surfaces
usually requires a spacer group to be present to distance the vesicle
surface from the crosslinking groups.5b,15c,21 In our system a tetra-
ethylene glycol spacer was incorporated into lipid H21; we found
the copper(II) complex of N-nonyliminodiacetate embedded at 5%
mol/mol in DSPC vesicles was unable to mediate vesicle adhesion
by poly-L-histidine. The tetra-ethylene glycol linker minimises
unfavourable vesicle–vesicle interactions, allowing DG for the
formation of crosslinking bonds to overcome the unfavourable DG
for vesicle aggregation. This vesicle–vesicle repulsion will weaken
the crosslinking interactions (represented by the binding constant
Ki


inter) relative to the solution control (K1) (vide infra, Fig. 4).
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The ITC analysis conditions were identical to the conditions
used for the turbidimetric analyses. Thus solutions of ligands
2, 3 and 4 were made up in MOPS buffer (20 mM) at pH 7.4
with each solution 2 mM in histidine residues. Titration of these
solutions into vesicle-free buffer showed the respective heats of
dilution were small (∼0 kJ mol−1 for 2, < −0.4 kJ mol−1 for 3,
and < −0.9 kJ mol−1 for 4) and fitting of the ITC data showed
no measurable binding. To check for non-specific binding to
the surface of DSPC vesicles, these three ligand solutions were
also titrated isothermally into undoped DSPC vesicles under the
same conditions. In each case little heat release was observed
(∼0 kJ mol−1 for 2, < −0.5 kJ mol−1 for 3, and < −0.8 kJ mol−1 for
4) and there was no measurable binding. In conjunction with the
absence of turbidity changes, these data suggested that none of 2,
3 or 4 associated with undoped DSPC vesicles. These solutions
of ligands 2, 3 and 4 were then titrated into suspensions of
800 nm diameter DSPC vesicles doped with 5% mol/mol Cu(1)
(0.1 mM bulk concentration of vesicle-embedded Cu(1)). In each
case significant heat release was observed upon addition of the
histidine-containing ligands to the vesicle suspensions, with the
lowest enthalpy change observed during the titration of 4 into
Cu(1)/DSPC vesicles.


Analyzing the ITC data on a per ligand basis for these highly
multivalent poly-L-histidine ligands was impractical, so instead the
binding isotherms were analysed on a per binding unit (valence-
corrected) basis.22,23 This afforded the average binding constants
Kav, each of which is the geometric mean of the individual
microscopic binding constants.24,25 Since Cu(1) should have two
free sites for coordinating histidine, the refined ITC data with the
respective heats of ligand dilution subtracted was fitted using both
the one-site and two-site binding models in the Origin R© curve-
fitting package accompanying the Microcal VP-ITC. Both binding
models were found to fit the data, but the second binding constant
in the two-site model was found to be redundant. These binding
constants were then checked by fitting the cumulative heat release
to Cu(IDA) + (His) and Cu(IDA) + 2(His) binding isotherms.26


The 1 + 1 model gave the best fit to all the data sets and gave
similar values of Kav as those obtained with Origin R©. If the data
from the control titrations of undoped DSPC vesicles with ligands
2, 3 or 4 were subtracted from the Cu(1)/DSPC vesicle titration
data, the calculated binding constants were the same within error.25


For ligands 2, 3 or 4 complexing to Cu(1) we found the measured
affinities per histidine residue lay in a small range between 3 and
7 × 103 M−1. In all cases, binding of histidine-containing ligands
2, 3 or 4 to membrane-embedded Cu(1) was exothermic (−7 to
−14 kJ mol−1) and entropically favourable (25 to 45 J mol−1 K−1).25


Table 1 shows the striking similarity between the valence-corrected
affinities of the different ligands for Cu(1) embedded in DSPC
vesicles, quite at odds with the wide variation observed in the
turbidimetric data.25 Indeed, there is little correlation with the


Table 1 Binding constants obtained at 298 K from the ITC titrations
of Cu(1)/DSPC vesicles (0.1 mM Cu(1) and 2 mM in total lipid) with
histidine-containing ligands 2, 3 or 4


Ligand Kav/M−1


2 (His)39 (5.6 ± 1.6) × 103


3 (His)226 (5.8 ± 1.5) × 103


4 AcHis (3.2 ± 0.5) × 103


turbidimetric data: N-acetyl-L-histidine, which does not aggregate
vesicles, bound to Cu(1) only slightly more weakly than the
multivalent ligands, whilst short poly-L-histidine 2 bound with
the same affinity (within error) as the more strongly aggregating
and higher valency poly-L-histidine 3.


Analysis and binding model


Several different theoretical frameworks have been developed to
explain the binding of multivalent ligands to membrane-bound
receptors. However, these frameworks have regarded multivalent
ligands either as “stickers” that crosslink vesicles2b or chelating
ligands that bind solely to a single vesicle surface.27 We propose
here a model that accommodates both inter- and intramembrane
binding of multivalent ligands, and can be used to predict and
control the extent of vesicle crosslinking by multivalent ligands.


The binding of multivalent ligands to membrane-bound recep-
tors is often considered to be “cooperative” because the binding
constant, calculated using the bulk concentrations of the binding
species, is higher than that calculated for binding to analogous
receptors that are not membrane-bound. This apparent binding
enhancement actually largely stems from the concentrating effect
of embedding receptors within a vesicle membrane.28,29 The effec-
tive molarity of a membrane-bound receptor correlates with the
percentage loading of receptor in the membrane, v, and it has been
demonstrated that as v increases intramembrane binding becomes
increasingly favourable.28,29 Whether or not this is regarded as true
cooperativity depends upon the definition used; some definitions
of cooperativity include concentrating effects caused by linking
binding units together or embedding them in a membrane,30 whilst
others exclude such concentrating effects.31 The lower polarity of
the interface can also enhance binding to membrane-embedded
receptors, but our monovalent control 4 has a value of K(4) (3 ×
103 M−1) that lies within the range observed for the binding of
histidine ligands to Cu(IDA) complexes in solution (1 × 103 M−1


to 6.3 × 103 M−1).32


The per unit binding constant for (His)39 2 to Cu(1) in DSPC
bilayers, Kav(2) = 6 × 103 M−1, is only slightly greater than that of
N-acetyl-L-histidine. Similarly, with the longer analogue (His)226


3, the per unit binding constant for membrane-embedded Cu(1),
Kav(3) = 6 × 103 M−1 is, within error, the same as that observed
for 2. The similarity between these three values suggests that
following immobilization of poly-L-histidine on the vesicle surface,
the strength of which can be estimated from K(4), subsequent
binding of histidine residues to Cu(1) in the membrane is only
slightly more favourable than the initial binding interaction. It
would appear that despite the very high effective concentration
of Cu(1) in the vesicle membrane (5% mol/mol corresponds
to a local concentration of 0.06 M), intramembrane binding is
actually quite weak. However, such relatively weak intramembrane
binding is essential for vesicle aggregation to occur in our system;
it allows intermembrane binding (crosslinking) to compete with
intramembrane binding (chelation) of the poly-L-histidine.


It may be that molecular constraints in our system inhibit
intramembrane binding and promote vesicle aggregation; for
example, poly-L-histidine may adopt conformations that hinder
coordination of all histidine residues to embedded Cu(1) and/or
the gel-phase DSPC membrane may prevent intramembrane
clustering of Cu(1) in response to binding.33 However, multivalent
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ligand-mediated vesicle aggregation has been observed in other
systems that use highly flexible ligands and/or receptors embedded
in fluid-phase membranes, two factors that should promote
intramembrane coordination over vesicle aggregation.7–11,34 This
suggests there must be other factors that affect the balance between
inter- and intramembrane binding.


To understand this interplay between inter- and intramembrane
binding, we have expanded upon a published binding model28


to develop a simple new model for the binding of multivalent
ligands to vesicle-bound receptors that also accounts for vesicle
crosslinking. Fig. 4 shows the first binding event, represented by
K1, and the two subsequent binding possibilities; intermembrane
binding (K inter


2 ) and intramembrane binding (K intra
2 ).


Fig. 4 (a) Schematic representation of the initial binding events between
an n-valent ligand and vesicle-embedded receptors. (b) Graph depicting
the predicted dependence of the intermembrane binding constant (K inter


2 )
and the intramembrane binding constant (K intra


2 ) on the membrane
concentration of receptor (v).


In our simple model, following immobilization of the n-valent
ligand on a vesicle surface, each ensuing ith binding event has
these two possible binding modes (Ki


inter and Ki
intra, 2 ≥ i ≥ n).


For example, the binding constants K1 and K inter
2 are analogous


and independent of the membrane loading of receptor, yet K inter
2


should be weaker than K1 due to the repulsive interactions between
vesicles. In contrast, the intramembrane binding constant K intra


2 is
proportional to the percentage loading, v, of the receptor in the
membrane (eqn (1));28 experimentally this linear dependence of
K intra


2 on v has been borne out by studies of bivalent IgG antibodies
binding to membrane-embedded synthetic antigens.35


K intra
2 =


[
Kmemb


2


100 [R]TVm


]
v (1)


where [R]T = the total concentration of the receptor in the
solution (in mol L−1), and V m = molar volume of the phospholipid
(in L mol−1).


A new binding constant, Kmemb
2 , is used in eqn (1); this binding


constant is calculated from the concentrations of binding partners
within the volume of the membrane only and is independent of
membrane loading. Experimentally it can be useful to keep the
bulk receptor concentration ([R]T) constant because the effect of
varying v on ligand binding is immediately apparent from direct
comparison of the titration curves.28


The observed binding constant for the second binding event
is composed of two microscopic binding constants that represent
inter- and intramembrane binding:25


Kobs
2 = K inter


2 + K inter
2 (2)


or


Kobs
2 = K inter


2 + j2v where j2 = Kmemb
2


100 [R]TVm


(3)


Thus by extension each ith binding event of a multivalent ligand
can be represented by:


Kobs
i = K inter


i + jiv (4)


We can use this model to analyse the behaviour of our system.
At v = 5, the geometric mean of K1, Ki


inter and Ki
intra (2 ≥


i ≥ 39) for 2 (Kav(2)) is only slightly greater than the initial
binding event K1 determined using ligand 4. This suggests that
intramembrane binding of Cu(1) is intrinsically unfavourable,
given that at a membrane loading of 5% mol/mol the effective
local concentration of Cu(1) available for intramembrane binding
is 0.06 M. Furthermore, the valence-corrected binding constant
does not increase significantly when the valency of the poly-L-
histidine is increased, i.e. Kav(2) ∼ Kav(3), though more extensive
vesicle aggregation is observed for 3 compared to 2. This suggests
each of Kobs


2 to Kobs
n could be relatively similar; indeed, if we


assume all Kobs
i (2 ≥ i ≥ n) have a similar value (i.e. ∼ Kobs


2 ) then
the averaging effect of valence-correcting binding constants for
highly multivalent ligands means that Kav will approximate Kobs


2


for large values of n, and increasing ligand valency further will not
change Kav significantly.25 However, due to the concomitant six-
fold increase in ligand length decreasing the unfavourable effect
of vesicle-vesicle repulsion, the extent of crosslinking increases
(though this increase in Ki


inter for ligand 3 seems not to be sufficient
to increase Kav(3) significantly). Our results and binding model
(Fig. 4b) show the crucial role played by membrane loading of
receptor; in effect it can be more important than ligand valency in
determining the net binding strength Kav.


Conversely, researchers sometimes desire strong multivalent
binding to a single vesicle surface without vesicle aggregation.
Coating vesicles with PEG-capped lipids has often been used
to prevent unwanted vesicle aggregation, as it increases steric
hindrance between vesicles and diminishes Ki


inter.21,36 Our model
suggests an alternative method to decrease crosslinking; building
structural features into the receptor that give high intrinsic
membrane binding constants (Ki


memb), thus leading to high values
of Ki


intra at low membrane loadings and promoting intramembrane
over intermembrane binding. On this point, it is interesting to
note that multivalent ligand-mediated vesicle aggregation has
been observed in many synthetic systems, often despite high
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receptor membrane concentrations (up to 9% mol/mol).9–11,34


This suggests that in synthetic systems intramembrane binding
is often intrinsically weak, and specific features to encourage
intramembrane binding over crosslinking need to be incorporated
into synthetic receptors, for example perfluoroalkyl groups to
facilitate intramembrane clustering of receptors.37


Conclusion


We have used vesicle aggregation by poly-L-histidine to explore
how increasing ligand valency affects the balance between intra-
and intermembrane binding of multivalent ligands. In our model
system, poly-L-histidine ligands of different valencies were added
to DSPC vesicles containing the synthetic copper(II) iminodiac-
etate receptor Cu(1) embedded in their membranes. Turbidity and
ITC studies revealed that at a 5% mol/mol membrane concen-
tration of Cu(1), increasing the valency of the poly-L-histidine
increased vesicle aggregation but did not lead to significantly
stronger binding when analysed on a per binding unit basis.


To explain our observations we have proposed a binding
model that accommodates intra- and intermembrane binding.
This model suggests the ability of poly-L-histidine to form multiple
links to receptors on the same vesicle surface is intrinsically poor
but should improve at high membrane loadings of receptor Cu(1).
Indeed, the difficulty of forming multiple bonds to receptors
embedded within the same vesicle surface must be a common
effect in synthetic systems, as many other researchers also observe
extensive vesicle crosslinking by multivalent ligands. Our binding
model also suggests that at low membrane loadings of receptor
the multivalent ligand will bind more weakly than the separated
monovalent binding units.25 In this case vesicle crosslinking will
predominate over intramembrane chelation.


We are now endeavouring to create synthetic receptors and
multivalent ligands with structural features that will favour either
intramembrane binding or intermembrane crosslinking. We hope
this will give some insight into how cells control the balance
between receptor clustering and agglutination, both of which
involve cells binding to multivalent ligands.


Experimental


11-Hydroxy-3,6,9-trioxaundecyl para-toluenesulfonate (6)


To a stirred solution of tetra(ethylene glycol) 5 (344 mg, 1.7 mmol,
1 eq.) in dichloromethane (20 mL) was added fresh Ag2O
(720 mg, 3.1 mmol, 1.8 eq.), para-toluenesulfonyl chloride (398 mg,
2.1 mmol, 1.2 eq.), and KI (66 mg, 0.4 mmol, 0.23 eq.). The
reaction mixture was stirred at 0 ◦C for 15 minutes, then filtered
through a small pad of silica gel and washed with ethyl acetate.
The solvent was removed from the filtrate under reduced pressure
and the residue purified by column chromatography (ethyl acetate,
silica gel) to give the desired monotosylated product (465 mg,
1.3 mmol, 79%) as a colourless oil. Rf = 0.17 (ethyl acetate, silica
gel); vmax(Nujol mull)/cm−1 664, 768, 815, 920, 1009, 1095, 1126,
1177, 1596, 1724, 3421; dH(300 MHz, CDCl3, 25 ◦C) 2.48 (s, 3H,
tosyl CH3), 3.6–3.8 (m, 14H, 7 × glycol chain CH2), 4.19 (t,
J = 4.8 Hz, 2H, CH2OTs), 7.37 (d, J = 8.5 Hz, 2H, 2 × meta
aromatic CH), 7.83 (d, J = 8.5 Hz, 2H, 2 × ortho aromatic CH);
dC(100 MHz, CDCl3, 25 ◦C) 22.1 (tosyl CH3), 62.2, 69.1, 69.7, 70.7,


70.9, 71.1, 72.9, 83.7 (all glycol CH2), 128.4 (tosyl CH), 130.3 (tosyl
CH), 131.9 (tosyl CSO3), 143.6 (tosyl CCH3); m/z (ES-HRMS)
371.1135 (M + H+. C15H24NaO7S+ requires 371.1140). Elemental
analysis: Found: C, 50.27; H, 7.17; S, 8.71; Calc. for C15H25O7.5S
(C15H24O7S·0.5H2O) C, 50.41; H, 7.05; S, 8.97%.


11-Bis(tert-butoxycarbonylmethyl)amino-3,6,
9-trioxaundecanol (7)


11-Hydroxy-3,6,9-trioxaundecyl para-toluenesulfonate 6 (174 mg,
0.5 mmol, 1 eq.) was dissolved in a stirred solution of di(tert-butyl)
iminodiacetate (173 mg, 0.5 mmol, 1 eq.) and sodium carbonate
(106 mg, 1 mmol, 2 eq.) in acetonitrile (10 mL). The resulting
solution was allowed to stir at reflux for 5 days under dry air.
The solvent was removed under reduced pressure and the crude
product purified by column chromatography (98 : 2 chloroform–
methanol, silica gel) to give the product (187 mg, 0.42 mmol, 84%)
as a colourless oil. Rf = 0.15 (98 : 2 chloroform–methanol, silica
gel). vmax(Nujol mull)/cm−1 1149, 1223, 1735, 3419; dH(300 MHz,
CDCl3, 25 ◦C) 1.48 (18H, s, 2 × C(CH3)3), 2.97 (t, J = 6.0 Hz,
2H, CH2N), 3.52 (s, 4H, 2 × CH2CO2


tBu), 3.63–3.70 (m, 12H,
6 × glycol CH2), 3.75 (br t, J ∼ 5 Hz, 2H, CH2OH); dC(75 MHz,
CDCl3, 25 ◦C) 28.6 (C(CH3)3), 53.8 (CH2N), 57.0 (CH2CO2


tBu),
62.1, 70.6, 70.7, 70.9, 71.0, 72.9, 81.2 (all glycol CH2), 171.1
(CO2


tBu); m/z (ES-HRMS) 422.2748 (M + H+. C20H40NO8
+


requires 422.2748).


11-Bis(tert-butoxycarbonylmethyl)amino-3,6,9-trioxaundecyl
4-(pyren-1-yl)butanoate (8)


To a solution of compound 7 (170 mg, 0.4 mmol, 1 eq.) in dry
dichloromethane (2 mL) was added 1,3-dicyclohexylcarbodiimide
(90 mg, 0.44 mmol, 1.1 eq.), 1-pyrenebutyric acid (126 mg,
0.44 mmol, 1.1 eq.) and N,N-dimethylaminopyridine (4.80 mg,
0.04 mmol, 0.1 eq.). The reaction mixture was stirred under
argon at room temperature for 2 days. After evaporation of
the solvent under reduced pressure, the residue was dissolved
in ethyl acetate (5 mL), and stirred at 0 ◦C for 1 hour, then
filtered and the precipitate washed with cold ethyl acetate. After
evaporation of the filtrate, the residue was purified by column
chromatography (1 : 1 : 1 : 0.03 ethyl acetate–cyclohexane–
dichloromethane–triethylamine, silica gel) to give the desired ester
(121 mg, 0.175 mmol, 44%) as a yellow oil. Rf = 0.24 (1 : 1 : 1 :
0.03 ethyl acetate–cyclohexane–dichloromethane–triethylamine,
silica gel). vmax(Nujol mull)/cm−1 1149, 1218, 1249, 1605, 1732;
dH(300 MHz, CDCl3, 25 ◦C) d = 1.45 (s, 18H, 2 × C(CH3)3),
2.21 (tt, J1 = 7.7 Hz, J2 = 7.2 Hz, 2H, ArCH2CH2CH2), 2.51
(t, J = 7.2 Hz, 2H, ArCH2CH2CH2), 2.94 (t, J = 5.8 Hz, 2H,
CH2N), 3.41 (t, J = 7.7 Hz, 2H, ArCH2CH2CH2), 3.50 (s, 4H,
2 × CH2CO2


tBu), 3.58–3.64 (m, 10H, 5 × glycol CH2), 3.70 (t,
J = 4.9 Hz, 2H, glycol CH2), 4.26 (t, J = 4.7, 2H, CO2CH2),
7.87 (d, J = 7.5 Hz, 1H, Ar CH), 7.97–8.20 (m, 7H, 7 × Ar CH),
8.32 (d, J = 9.4 Hz, 1H, Ar CH); dC(75 MHz, CDCl3, 25 ◦C)
27.2, (ArCH2CH2CH2), 28.6 (C(CH3)3), 33.1, ArCH2CH2CH2),
34.2, ArCH2CH2CH2), 53.8 (CH2N), 57.0 (CH2CO2


tBu), 63.9,
69.5, 70.7, 70.8, 70.9 (all glycol CH2), 81.2 (C(CH3)), 123.7, 125.1,
125.2, 125.3, 126.2, 127.1, 127.8, 127.9 (all Ar CH), 129.1, 130.3,
131.4, 131.8, 136.1 (all Ar C), 171.1 (CO2R), 173.8 (CO2R); m/z
(ES-HRMS) 692.3793 (M + H+. C40H54NO9


+ requires 692.3793).
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Elemental analysis: Found: C, 67.75; H, 7.53; N, 1.90 Calc. for
C40H55NO10 (C40H53NO9·H2O): C, 67.68; H, 7.81; N, 1.97%.


11-Bis(carboxymethyl)amino-3,6,9-trioxaundecyl
4-(pyren-1-yl)butanoate (H21)


Compound 8 (120 mg, 0.2 mmol, 1 eq.) was dissolved in
trifluoroacetic acid (1.65 mL). The solution became brown in
colour after a few minutes stirring. After stirring for 5 hours
at room temperature, further trifluoroacetic acid (0.75 mL) was
added, and the mixture stirred for another 5 hours. The solvent
was removed under reduced pressure, then the resultant sticky
grey-green oil triturated with dry ether (3 mL). The residue was
redissolved in dichloromethane and the solution evaporated under
reduced pressure, which gave the product as a yellow sticky tar.
The crude product was then purified by reversed-phase column
chromatography (60 : 40 acetone–water, octadecyl-functionalised
silica gel) to give the desired product as a colourless oil (59 mg,
0.10 mmol, 51%). vmax(Nujol mull)/cm−1 714, 850, 1138, 1192,
1676, 1735; dH(300 MHz, CDCl3, 25 ◦C) 2.13–2.20 (m, 2H,
ArCH2CH2CH2), 2.46 (t, J = 5.8 Hz, 2H, ArCH2CH2CH2), 3.35
(t, J = 7.4 Hz, 2H, ArCH2CH2CH2), 3.44–3.66 (m, 16H, 8 ×
glycol CH2), 4.23 (s, 4H, 2 × CH2CO2H), 7.83 (d, J = 7.5 Hz,
1H, Ar CH), 7.94–8.15 (m, 7H, 7 × Ar CH), 8.27 (d, J = 9.0 Hz,
1H, Ar CH); dC(75 MHz, CDCl3, 25 ◦C) 27.1 (ArCH2CH2CH2),
33.1 (ArCH2CH2CH2), 34.1 (ArCH2CH2CH2), 56.0 (CH2N), 56.4
(CH2CO2H), 63.7, 65.6, 69.4, 70.4, 70.7 (all glycol CH2), 123.7,
125.2, 125.3, 126.3, 127.1, 127.8, 127.9 (all Ar CH), 129.0,
130.2, 131.2, 131.7, 136.0 (all Ar C), 168.2 (CO2CH2), 174.2
(CO2H); m/z (ES+) 580.4 ([M + H]+), 602.4 ([M + Na]+), 618.4
([M + K]+); m/z (ES-HRMS) 580.2524 (M + H+. C32H38NO9


+


requires 580.2541). Elemental analysis prior to reverse phase
chromatography: Found: C, 52.80; H, 5.08; N, 1.75; Calc. for
C35H42Cl2F3NO12 (C34H38F3NO11.CH2Cl2.H2O): C, 52.77; H, 5.31;
N, 1.76%. Elemental analysis after reverse phase chromatography:
Found: C, 60.80; H, 6.01; N, 2.23; Calc. for C32H39NNaO10.5


(C32H36NNaO9·1.5H2O) C, 61.14; H, 6.25; N, 2.23%.


Synthesis of vesicles


Unilamellar vesicles were prepared by dissolving the appropriate
phosphatidylcholine (16 mg, 20 lmol) and the required amount
(1 lmol, 5 mol% of synthetic lipid relative to phospholipid) of
synthetic lipid in spectroscopic-grade ethanol-free chloroform
(5 mL), followed by removal of the solvent to give a thin film
of phospholipid on the interior of a round-bottomed flask. The
appropriate buffer (20 mM MOPS, 100 mM NaCl, pH 7.4 at 25 ◦C,
1 mL) was added to the flask, and the thin film detached by vortex
mixing to give a suspension of multilamellar vesicles. These were
extruded through a single 800 nm polycarbonate membrane at
∼60 ◦C, a temperature above the Tm of DSPC (54 ◦C) using
an Avestin Liposofast extrusion apparatus to give unilamellar
vesicles. The final concentration of phospholipid in these parent
vesicle suspensions was 20 mM, and that of the synthetic lipid
1 mM.


Turbidimetric measurements


The parent vesicle suspensions were diluted 1 in 10 to give
suspensions 2 mM in lipid, which were added to a cuvette and left


to equilibrate for 5 minutes at 25 ◦C before addition of external
reagents. After each addition of an aliquot of ligand solution
(containing ligand 2, 3 or 4, each solution 2 mM in histidine
residues in 20 mM MOPS, 100 mM NaCl, pH 7.4) the absorbance
spectra of the suspensions were measured from 200 to 900 nm. All
turbidity measurements were repeated several times.


Fluorescence microscopy


Vesicle aggregates were observed on glass slides after dilution of
the parent vesicle solutions 1 in 10 with buffer solution to give
solutions that were 2 mM in lipid.


ITC measurements


Ligand binding was monitored after dilution of the parent vesicle
solution 1 in 10 to give a solution 2 mM in lipid. Heat flow to and
from the sample was measured after each addition of an aliquot
of ligand solution (containing ligand 2, 3 or 4, each solution 2 mM


in histidine residues in 20 mM MOPS, 100 mM NaCl, pH 7.4). All
calorimetric measurements were repeated several times.


Fluorescence


The parent vesicle solutions were diluted 1 in 1000 with buffer
solution, then added to a cuvette and left to equilibrate for 5
minutes at 25 ◦C. Pyrene fluorescence was measured by scanning
the emission spectrum from 360 to 560 nm (excitation 346 nm).
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A procedure for the synthesis of 6,19-cyclopregnanes is described involving an intramolecular
alkylation reaction of D4-3-keto steroids with a 19-mesylate in the presence of KOH in isopropanol.
Three 6,19-cyclopregnanes were prepared (4, 5, 9); in the rat, 6,19-cycloprogesterone (4) and its
21-hydroxy derivative 5 displaced [3H]-dexamethasone from glucocorticoid receptors, the former
compound being more active. Both compounds did not compete with [3H]-aldosterone for kidney
mineralocorticoid receptors nor with [3H]-R5020 for uterus progesterone receptors.


Introduction


Glucocorticoids are a class of stress-induced, endogenously syn-
thesized steroid hormone molecules. Synthetic glucocorticoids
constitute an important group of compounds widely used for the
treatment of inflammatory disorders, autoimmunity and cancer.1


At the cellular level, they exert their activity upon binding to the
glucocorticoid receptor (GR), a member of a protein superfamily
of closely related intracellular receptors, which acts by activating
or repressing the expression of target genes.1–3 The structural sim-
ilarity among some of these receptors originates cross-reactions
and as a consequence, partial overlapping of biological and
pharmacological properties of the respective steroidal ligands.
Opposing conformational characteristics for glucocorticoids and
mineralocorticoids have been described by Weeks et al., who used
X ray diffraction to demonstrate that optimal glucocorticoid prop-
erties could be obtained with steroids exhibiting a twisted A ring
towards the alpha face of the steroid nucleus.4 Previous work from
our group has shown that 21-hydroxy-6,19-epoxyprogesterone (1)
is a highly selective antiglucocorticoid devoid of mineralocorticoid
and progestational activities (Fig. 1).5 In D4-steroids as 1, the
6,19-epoxy bridge bends the steroid skeleton at the A–B ring
junction stabilizing the quasi-cis conformation with an inverted
ring A 1b half chair, a structural characteristic also present in the
antiglucocorticoid and antiprogestagen RU-486 (mifepristone, 2).6
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Fig. 1 Examples of antiglucocorticoids (1–3) and structures of 6,19-cy-
clopregnanes (4, 5).


The crystal structure of the glucocorticoid receptor ligand binding
domain in complex with RU-486, shows the latter molecule
with its ring A exaggeratedly bent towards the alpha face, in a
distorted conformation that closely matches that of compound 1.7


However, at variance with RU-486, which is a flexible molecule, 21-
hydroxy-6,19-epoxyprogesterone has a rigid structure that locks
the conformation of ring A. Replacement of oxygen with sulfur
in the 6,19-bridge results in a slightly more flexible, less bent
molecule, 6,19-sulfur-bridged pregnanes as in 21-hydroxy-6,19-
epithioprogesterone (3) have antiglucocorticoid activities similar
to 1, although with an increased potency and selectivity.8


In the search for new conformationally restricted analogues
with “specific” glucocorticoid or antiglucocorticoid activities, we
prepared 6,19-cycloprogesterone (4) and its 21-hydroxy derivative
5, anticipating that the increased tension introduced by the 4-
membered ring would result in more bent and rigid structures.
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Table 1 Formation of 6,19-cyclopregnanes from 19-mesyloxy-D4-3-
ketopregnanes


Entry Steroid Base (equiv.) Time/h Product (yield%)a


1 6 Na2S–isopropanol (6) 8 7 (30)
2 6 Na2S–DMF (15) 24 7 (20)
3 6 KOH–isopropanol (5) 3 7 (53)
4 10 KOH–isopropanol (5) 1.5 4 (74)
5 11 KOH–isopropanol (5) 2 5 (60)


a Yields correspond to isolated products purified by flash chromatography
on silica gel (ethyl acetate–hexane).


Results and discussion


Chemistry


The strategy followed to obtain 6,19-cyclosteroids was based on
our initial observation, while attempting to prepare an 11,19-
epithiopregnane by reaction of dimesylate 6 with sodium sulfide
in i-PrOH or DMF leading to 6,19-cyclopregnane 7 in low yield
(Scheme 1; Table 1, entries 1 and 2). The 6,19-cyclopregnane 7
was formed, presumably, by the intramolecular alkylation of the
thermodynamically controlled enolate derived from the D4-3-keto
moiety with the 19-mesylate. Use of KOH in i-PrOH as a base
led to shorter reaction times and an increased yield of cyclized
product (Table 1, entry 3).


Scheme 1 Reagents and conditions: see Table 1.


In the 1H NMR of 7, the absence of the low field AB quartet
characteristic of the 19-CH2OMs, indicated the loss of the 19-
mesylate group of compound 6. This was in agreement with the
presence of a singlet at d 3.01 corresponding to only one mesylate
group (11-OMs). In the COSY 45 spectrum, the signal at d 3.22
assigned to H-6 showed correlation peaks with resonances at d
1.55 (H-19b), 2.13 (H-7b) and 2.54 (H-19a). Highly diagnostic
for this structure were the correlations observed in the COSY LR
spectrum which revealed long-range connectivities between H-4
(d 5.65) and the hydrogens at positions 6 (d 3.22), 19a (d 2.54) and
2a (d 2.29). The HSQC spectra showed correlation of the carbon
at d 32.3 (C-19) with H-19a (d 2.54) and H-19b (d 1.55) and of the
carbon at d 43.1 (C-6) with H-6 (d 3.22).


Under similar cyclization conditions, mesylates 10 and 11
afforded cyclosteroids 4 and 5 respectively (Scheme 2; Table 1,
entries 4 and 5). Mesylates were obtained by treatment of the
corresponding 19-hydroxy steroids (8 and 9) with methanesul-
fonyl chloride in pyridine. Spectral data (1D and 2D NMR,
HRFABMS) of compounds 4 and 5 were in agreement with the
proposed structures. The structure of 4 was further confirmed by
single crystal X-ray diffraction (Fig. 2). 6,19-Cycloprogesterone
(4) crystallized in two well defined conformations with ring A as a
1b envelope, and differing slightly in the degree of bending at the


Scheme 2 Reagents and conditions: (a) MsCl, py, 3 h, 0 ◦C; (b) KOH,
i-PrOH, 90 min, 25 ◦C.


Fig. 2 Displacement ellipsoid diagrams (30% probability level) for
both independent moieties of 6,19-cycloprogesterone (4), showing the
numbering scheme used.


A–B ring junction. Interestingly, these two conformations were
almost identical to those observed for 6,19-epoxyprogesterone8


but at variance with this compound, AM1 calculations predicted
the more bent structure of 4 to be more stable.


Receptor binding studies


Fig. 3 shows the binding properties of 6,19-cycloprogesterone (4)
and its 21-hydroxy derivative 5, to the glucocorticoid receptor from
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Fig. 3 [3H]-dexamethasone (Dex) displacement assays on glucocorticoid
receptor from rat liver. Competition was measured by displacement of
5 nM [3H]-dexamethasone with unlabelled competitors: dexamethasone
(Dex), compounds 4 and 5. Data for 21-hydroxy-6,19-epoxyprogesterone
(1) is included for comparison purposes. Each treatment was done in
triplicate. Means ± SD from a representative experiment (n = 3) are shown.


rat liver compared to 21-hydroxy-6,19-epoxyprogesterone (1). No
binding was observed in competition assays with [3H]-aldosterone
for the mineralocorticoid receptor (from rat kidney) nor with
[3H]-R5020 for the progesterone receptor (from rat uterus).9,10


These results show that the selectivity towards the glucocorticoid
receptor associated with the bent structure with an inverted A ring
half chair is maintained.


Most interesting is the fact that while the 21-deoxy analogue of
1 (6,19-epoxyprogesterone) has no affinity for the glucocorticoid
receptor,5 the non-hydroxylated analogue 4 has higher activity
than its 21-hydroxy counterpart 5. This activity increase should
originate in the structural characteristics of the 6,19-cyclo bridge
(smaller steric bulk, increased bending of ring A) and not in
mere changes in lipophilicity or hydrogen bond acceptor capacity
associated with the removal of the oxygen bridging atom, as
replacing the oxygen bridge in 6,19-epoxyprogesterone by a
methylene group (e.g. 6,19-methanoprogesterone) did not increase
the affinity for the glucocorticoid receptor.11


Experimental


Melting points were taken on a Fisher–Johns apparatus and are
uncorrected. IR spectra were recorded in thin films using KBr
disks on a Nicolet Magna IR 550 FT-IR spectrophotometer. 1H
and 13C NMR spectra were recorded on a Bruker Avance II 500 at
500.13 and 125.77 MHz in deuterochloroform. Chemical shifts are
given in ppm downfield from TMS as internal standard, J values
are given in Hz. Multiplicity determinations and 2D spectra were
obtained using standard Bruker software. EIMS were collected
on a VG Trio-2 mass spectrometer at 70 eV by direct inlet,
HRFABMS were measured on a VG-ZAB mass spectrometer.
Single crystal X-ray measurements were performed on a Bruker
SMART CCD diffractometer, with graphite monochromated
Mo Ka radiation. The structure was solved by direct methods
with SHELXS9712 and refined by full matrix least squares in
F 2 using SHELXL97.13 Hydrogen atoms were idealized at their
expected positions (C–H: 0.93 Å; C–H2: 0.97 Å; C–H3: 0.96 Å)
and allowed to ride. Molecular plots were drawn with XP, in
the SHELXTL-NT package.14 Crystallographic data (excluding


structure factors) for the structure reported in this paper has
been deposited with the Cambridge Crystallographic Data Centre
as supplementary publication number CCDC 622907.‡ Vacuum
liquid chromatography (VLC) and column flash chromatography
were carried out on Kieselgel 60-G (Merck) and Kieselgel S 0.040–
0.063 mm respectively. TLC analysis was performed on silica gel
60 F254 (0.2 mm thick). The homogeneity of all compounds was
confirmed by thin layer chromatography. Solvents were evaporated
at reduced pressure and ca. 40–50 ◦C. 19-Hydroxyprogesterone
(8) and 19-hydroxy-21-acetyloxyprogesterone (9) were obtained
from pregnenolone acetate and 21-acetyloxypregnenolone re-
spectively (Steraloids Inc.), following essentially the procedures
described by Kirk et al. 15 Mesylate 6 was obtained from
11a-hydroxyprogesterone via 11a-acetyloxy-6,19-epoxyprogester-
one16 (see ESI†). In all cases, iodobenzene diacetate (DIB)
was used instead of lead tetraacetate for functionalization of
C-19.17


11-Methanesulfonyloxy-6,19-cyclopregn-4-ene-3,20-dione 7


Mesylate 6 (0.025 g, 0.05 mmol) was dissolved in a solution of
KOH (0.014 g, 0.25 mmol) in isopropanol (2.0 cm3). The reaction
mixture was stirred at room temperature for 90 min and then
concentrated to a third of its volume. Water was added to the
residue and then extracted with dichloromethane. The organic
layer was washed with water, dried with sodium sulfate and the
solvent evaporated under vacuum. The resulting solid was purified
by flash chromatography (silica gel, EtOAc–hexane 7 : 3) to give
compound 7 (0.011 g, 53%) as a white solid: mp 145–146 ◦C (from
methanol); mmax (KBr) (cm−1) 2939, 2876, 1701, 1655, 1339, 1173,
914; dH(500.13 MHz, CDCl3; Me4Si) 5.65 (1 H, s, 4-H), 5.10 (1 H,
m, 11b-H), 3.22 (1 H, t, J 5.4, 6-H), 3.01 (3 H, s, 11-OMs), 2.85
(1 H, dd, J 12.0 and 4.9, 12b-H), 2.55 (1 H, m, 1a-H), 2.56 (1 H,
t, J 9.2, 17-H), 2.54 (1 H, d, J 9.8, 19a-H), 2.45 (1 H, ddd, J 17.5,
14.5 and 4.3, 2b-H), 2.29 (1 H, dt, J 17.5 and 2.9, 2a-H), 2.21 (1 H,
m, 16b-H), 2.13 (1 H, m, 7b-H), 2.13 (3 H, s, 21-H), 2.12 (1 H,
m, 9-H), 2.08 (1 H, m, 8-H), 1.85 (1 H, dd, J 14.4 and 4.3, 1b-H),
1.80 (1 H, m, 16a-H), 1.74 (1 H, t, J 11.0, 12a-H), 1.68 (1 H, m,
15a-H), 1.59 (1 H, m, 7a-H), 1.55 (1 H, dd, J 9.8 and 5.4, 19b-H),
1.47 (1 H, m, 14-H), 1.29 (1 H, m, 15b-H), 0.78 (3 H, s, 18-H);
dC(125.77 MHz, CDCl3; Me4Si) 208.0 (C-20), 199.0 (C-3), 178.6
(C-5), 112.2 (C-4), 79.5 (C-11), 62.3 (C-17), 53.7 (C-14), 52.2 (C-9),
50.3 (C-10), 46.9 (C-12), 45.0 (C-13), 43.1 (C-6), 39.8 (11-OMs),
34.6 (C-2), 32.6 (C-7), 32.3 (C-19), 32.0 (C-1), 31.5 (C-8), 31.2
(C-21), 23.3 (C-16), 23.0 (C-15), 14.7 (C-18); m/z (EI) 406 (M+,
1), 311 (3), 310 (11), 267 (7), 43 (100); m/z (HRFAB) 407.1872
(M+ + H) C22H31O5S requires 407.1892.


19-Methanesulfonyloxypregn-4-ene-3,20-dione 10


Methanesulfonyl chloride (0.191 g, 1.67 mmol) was added to a
stirred solution of 19-hydroxyprogesterone 8 (0.100 g, 0.30 mmol)
in dry pyridine (3.0 cm3) at 0 ◦C under nitrogen. After 3 hours, the
reaction mixture was acidified with 1 N HCl, and extracted with
dichloromethane. The organic layer was washed with 5% aqueous
NaHCO3 and water, dried with sodium sulfate, and the solvent
was evaporated. The residue was purified by flash chromatography


‡ CCDC reference number 622907. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b706828j


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 2453–2457 | 2455







(ethyl acetate–hexane 7 : 3) to give 10 (0.102 g, 84%) as a white
solid: mp 137–138 ◦C (from hexane–EtOAc); (found: C, 64.7; H,
7.9. C22H32O5S requires C, 64.7; H 7.9%); mmax(KBr)/cm−1 2941,
1699, 1668, 1355, 1174 and 957; dH(500.13 MHz, CDCl3; Me4Si)
5.97 (1 H, s, 4-H), 4.60 (1 H, d, J 9.8, 19a-H), 4.39 (1 H, d, J 9.8,
19b-H), 3.00 (3 H, s, 19-OMs), 2.12 (3 H, s, 21-H), 0.69 (3 H, s,
18-H); dC(125.77 MHz, CDCl3; Me4Si) 208.8 (C-20), 198.5 (C-3),
163.8 (C-5), 127.1 (C-4), 70.6 (C-19), 63.1 (C-17), 56.4 (C-14), 53.7
(C-9), 43.6 (C-13), 41.8 (C-10), 38.7 (C-12), 37.5 (19-OMs), 36.0
(C-8), 34.2 (C-2), 32.8 (C-6 or C-1), 32.7 (C-1 or C-6), 31.9 (C-7),
31.3 (C-21), 24.0 (C-15), 22.7 (C-16), 21.5 (C-11), 13.3 (C-18); m/z
(EI) 408 (M+, 21), 312 (12), 269 (5), 241 (2), 43 (100).


6,19-Cyclopregn-4-ene-3,20-dione 4


Cyclopregnane 4 was obtained from mesylate 10 (0.021 g,
0.05 mmol), following the procedure described for compound 7.
The resulting solid was purified by flash chromatography (EtOAc–
hexane 7 : 3) to give 4 (0.012 g, 74%) as white crystals: mp 108–
110 ◦C (from dioxane), mmax(KBr)/cm−1 2945, 2862, 1701, 1662,
1356, 1190; dH(500.13 MHz, CDCl3; Me4Si) 5.59 (1 H, s, 4-H),
3.20 (1 H, t, J 5.7, 6-H), 2.55 (1 H, t, J 6.8, 17-H), 2.45 (1 H,
d, J 9.2, 19a-H), 2.26 (2 H, m, 2-H), 2.19 (1 H, m, 16b-H), 2.15
(1 H, m, 1a-H), 2.12 (1 H, m, 12b-H), 2.12 (3 H, s, 21-H), 2.09
(1 H, dd, J 12.8 and 6.5, 7b-H), 1.94 (1 H, m, 8-H), 1.85 (1 H,
m, 1b-H), 1.80 (1 H, m, 9-H), 1.73 (1 H, m, 11a-H), 1.69 (1 H,
m, 16a-H), 1.65 (1 H, m, 15a-H), 1.55 (1 H, t, J 12.8, 7a-H), 1.52
(1 H, m, 11b-H), 1.52 (1 H, t, J 11.0, 12a-H), 1.45 (1 H, dd, J
9.2 and 5.7, 19b-H), 1.39 (1 H, m, 14-H), 1.28 (1 H, m, 15b-H),
0.70 (3 H, s, 18-H); dC(125.77 MHz, CDCl3; Me4Si) 209.2 (C-20),
199.0 (C-3), 180.9 (C-5), 110.9 (C-4), 63.2 (C-17), 55.1 (C-14), 50.1
(C-10), 49.5 (C-9), 45.5 (C-13), 43.5 (C-6), 39.2 (C-12), 34.1 (C-2),
34.0 (C-8), 33.5 (C-7), 31.4 (C-21), 31.2 (C-19), 30.7 (C-1), 25.2
(C-11), 23.6 (C-15), 23.2 (C-16), 14.1 (C-18); m/z (EI) 312 (M+,
32), 297 (3), 269 (20), 251 (5), 227 (16), 43 (100); m/z (HRFAB)
313.2128 (M+ + H) C21H29O2 requires 313.2168.


Crystallographic data and data collection parameters. Col-
orless prismatic crystals recrystallized from dioxane. C21H28O2,
M = 312.43, monoclinic, space group P21 (no 4); cell constants
a = 11.3312(12) Å, b = 11.4371(12) Å, c = 14.5628(16) Å; b =
111.863(2)◦; V = 1751.5(3) Å3, Dc (Z = 4, Z′ = 2) = 1.185 g cm−3;
l = 0.074 mm−1; crystal dimensions 0.26 × 0.18 × 0.16 mm,
reflections measured: 13024, reflections unique (Friedel pairs
merged): 4172, reflections observed (I > 2r(I)): 2950; R = 0.057
and Rw


2 = 0.090. The structure is made up of two independent
moieties (of the same chirality) in the asymmetric unit. The
X-ray analysis only established the relative stereochemistry of this
all-light-atom compound.‡


21-Acetyloxy-19-methanesulfonyloxypregn-4-ene-3,20-dione 11


Mesylate 11 was obtained from 21-acetyloxy-19-hydroxy-
progesterone 9 (0.150 g, 0.386 mmol) and methanesulfonyl chlo-
ride (0.220 g, 1.93 mmol) following the procedure described for
compound 10. The product was purified by flash chromatography
(ethyl acetate–hexane 6 : 4) to give 11 (0.158 g, 88%) as a white
solid, mp 161–162 ◦C (from hexane–ethyl acetate); (found C
62.1, H 7.6. C24H34O7S requires C 61. 8, H 7.3%); mmax/(KBr)
(cm−1) 2939, 2878, 1749, 1724, 1356, 1234, 1175, 959, 833;


dH(500.13 MHz, CDCl3; Me4Si) 5.95 (1 H, s, 4-H), 4.70 (1 H,
d, J 16.8, 21a-H), 4.59 (1 H, dd, J 9.8 and 0.7, 19a-H), 4.52 (1 H,
d, J 16.8, 21b-H), 4.38 (1 H, d, J 9.8, 19b-H), 3.00 (3 H, s, 19-
OMs), 2.17 (3 H, s, 21-H), 0.72 (3 H, s, 18-H); dC(125.77 MHz,
CDCl3; Me4Si) 203.3 (C-20), 198.6 (C-3), 170.3 (CH3COO), 163.7
(C-5), 127.3 (C-4), 70.4 (C-19), 69.0 (C-21), 58.9 (C-17), 56.4 (C-
14), 53.7 (C-9), 44.5 (C-13), 41.8 (C-10), 38.5 (C-12), 36.1 (C-8),
34.4 (C-1), 32.9 (C-6 and C-2), 32.0 (C-7), 24.3 (C-15), 22.8 (C-16),
21.5 (C-11), 13.3 (C-18); m/z (EI) 466 (M+, 4), 370 (4), 269 (19),
251 (5), 43 (100).


21-Hydroxy-6,19-cyclopregn-4-ene-3,20-dione 5


Cyclopregnane 5 was obtained from mesylate 11 (0.233 g,
0.5 mmol) following the procedure described for compound 7.
The resulting solid was purified by flash chromatography (silica
gel, EtOAc–hexane 7 : 3) to give 5 (0.099 g, 60%) as a white solid,
mp 153–154 ◦C (from methanol); mmax (KBr)/(cm−1) 2926, 2856,
1701, 1659, 1100; dH(500.13 MHz, CDCl3; Me4Si) 5.60 (1 H, s,
4-H), 4.23 (1 H, d, J 19.1 Hz, 21-H), 4.17 (1 H, d, J 19.1, 21-H),
3.27 (1 H, bs, OH), 3.22 (1 H, t, J 5.7 Hz, 6-H), 2.50 (1 H, t, J 9.2,
17-H), 2.45 (1 H, d, J 9.5, 19a-H), 2.28 (2 H, m, 2-H), 2.25 (1 H,
m, 16b-H), 2.16 (1 H, m, 1a-H), 2.12 (1 H, m, 7b-H), 2.01 (1 H,
m, 12b-H), 1.97 (1 H, m, 8-H), 1.86 (1 H, m, 1b-H), 1.81 (1 H,
m, 16a-H), 1.80 (1 H, m, 9-H), 1.73 (1 H, m, 11a-H), 1.71 (1 H,
m, 15a-H), 1.57 (1 H, m, 7a-H), 1.53 (1 H, m, 11b-H), 1.47 (1 H,
m, 19b-H), 1.46 (1 H, m, 12a-H), 1.40 (1 H, m, 14-H), 1.38 (1 H,
m, 15b-H), 0.76 (3 H, s, 18-H); dC(125.77 MHz, CDCl3; Me4Si)
210.1 (C-20), 199.1 (C-3), 180.8 (C-5), 110.9 (C-4), 69.3 (C-21),
58.6 (C-17), 55.1 (C-14), 50.0 (C-10), 49.3 (C-9), 46.2 (C-13), 43.4
(C-6), 38.8 (C-12), 34.0 (C-2), 33.9 (C-8), 33.4 (C-7), 31.1 (C-19),
30.6 (C-1), 25.1 (C-11), 23.6 (C-15), 23.2 (C-16), 14.2 (C-18); m/z
(EI) 328 (M+, 30), 297 (33), 269 (42), 251 (10), 241 (6), 227 (15),
41 (100); m/z (HRFAB) 329.2117 (M+ + H) C21H29O3 requires
329.2130.


Binding studies


Male Sprague Dawley rats, 21 days old, were adrenalectomized
48 h prior to experiments and maintained on Purina chow (diet 1),
saline and fresh water ad libitum. Animals were sacrificed and bled
by heart puncture. Liver was used as a source of glucocorticoid
receptors. Tissue was homogenized with two volumes of TEGM
buffer at pH 7.4 (0.1 M Tris-HCl, 10 mM EDTA, 10 mM
b-mercaptoethanol, 20 mM Na2MoO4, 25% glycerol, 0.1 mM
PMSF, 2.0 IU cm−3 aprotinin and 1 mg leupeptin (R buffer).
The cytosolic fraction was prepared from the homogenate by
differential centrifugation. After sedimentation of the nuclear
fraction at 800 × g for 10 min, the cytosolic fraction was
separated from mitochondria and microsomes by centrifugation at
105000 × g for 60 min. All steps were carried out at 4 ◦C. Binding
was assayed in triplicate employing 400–600 lg cytosolic proteins
and 1.2 nM [3H]-dexamethasone in TEGM buffer. Binding
was obtained by the displacement of [3H]-dexamethasone with
different concentrations of unlabelled dexamethasone (5, 50 and
5000 nM), or the corresponding competitor (1, 4 and 5). All
the incubations were carried out in a final volume of 0.5 cm3


at 4 ◦C. After equilibrium was reached, unbound [3H]-steroids
were removed from the incubation with an equal volume of
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charcoal–dextran (2 : 0.2%) in PBS, pH 7.4 during 20 min and
subsequent centrifugation. Bound radioactivity was determined
by scintillation counting.
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Readily available 2,2′,6,6′-tetramethoxy-1,1′-biphenyl was transformed in 14 synthetic steps into the
natural product cardinalin 3 using a bidirectional approach. One of the key steps was the formation
of the cis-1,3-dimethylnaphtho[2,3-c]pyran ring. (±)-1,1′-[6,6′-Diallyl-5,5′-bis(benzyloxy)-
1,1′,3,3′-tetramethoxy-2,2′-binaphthalene-7,7′-diyl]diethanol was treated with O2 in the presence
of CuCl2 and catalytic PdCl2 to afford 5,5′-bis(benzyloxy)-7,7′,9,9′-tetramethoxy-1,1′,3,3′-
tetramethyl-1H,1′H-8,8′-bibenzo[g]isochromene. Hydrogenation of this compound afforded
7,7′,9,9′-tetramethoxy-cis-1,3-cis-1′,3′-tetramethyl-3,3′,4,4′-tetrahydro-1H,1′H-8,8′-
bibenzo[g]isochromene-5,5′-diol in quantitative yield, which was converted in 3 steps
to cardinalin 3.


Introduction


The New Zealand toadstool Dermocybe cardinalis,1,2 produces
interesting distinctive purple and orange fruit bodies. From these
bodies a series of biologically active pyranonaphthoquinone-type
pigments, known as the cardinalins (e.g. cardinalins 1–3, Fig. 1),
have been isolated. The simplest of this series of compounds is
cardinalin 3 3, which is a dimer of ventiloquinone L 4, itself a
naturally occurring compound isolated from Ventilago goughii
(Rhamnaceae).3 Both cardinalin 3 3 and ventiloquinone L 4
possess a cis-1,3-dimethylpyran ring fused to a naphthoquinone
nucleus.


While the synthesis of cardinalin 3 has yet to be achieved, there
are three previously reported syntheses of ventiloquinone L.4–6 In
principle, the dimerization of ventiloquinone L should provide
cardinalin 3, but in our hands this proved to be problematic.5


Therefore we sought an alternative approach.
The use of bidirectional synthesis has been used to assemble


a number of compounds that contain two equal halves.7a For
instance, a recent example is the synthesis of the central amino acid
component of chloptosin 5, a relatively complex natural product
(Fig. 2).7b This approach has also been used for the assembly of
biaryl naphthalenes.7c,7d


In this paper we wish to report on the bidirectional synthesis
of cardinalin 3 3. The successful synthesis of cardinalin 3 was
achieved in 14 steps and in an overall yield of 2.3% starting from
readily available 2-iodo-1,3-dimethoxybenzene.


Results and discussion


As a result of our inability to convert ventiloquinone L 4
into cardinalin 3 3 using oxidative coupling methodology,5 we
reasoned that the biaryl axis could be constructed at an early stage
of the synthesis. We postulated that thereafter, using a bidirectional
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Fig. 1 Cardinalins 1–3 and ventiloquinone L.


Fig. 2 Bidirectional synthesis of the central amino acid of chloptosin.
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synthetic approach, methodology we had used previously
could be used to synthesize cardinalin 3 3.


Starting from readily available 2-iodo-1,3-dimethoxybenzene
78 it was found that the highest yielding way to convert this
compound into the desired biaryl 8 was using literature Ullmann
type chemistry.9 As shown in Scheme 1, an in situ formation
of 2-litho-1,3-dimethoxybenzene was readily accomplished and
reaction of this with CuI in the presence of 7 yielded the desired
product 8 in excellent yield. Hence the desired biaryl bond had
now been formed at an early stage of the synthesis.


We now were set to try all the remaining reactions in the
synthesis in a bidirectional manner. All attempts using traditional
Vilsmeier–Haack conditions to form the bis-aldehyde 9 were
either unsuccessful, low yielding, or gave mixtures of the desired
product and the mono-formylated product. By contrast, using
the conditions developed by Rieche and co-workers10 the product
9 was formed in excellent yields. We were now in a position
to attempt the formation of the second aromatic ring to make
the biaryl naphthalene 10. Therefore 9 was subjected to Stobbe
condensation conditions with diethyl succinate. This was followed
by an acetic anhydride-mediated ring closure to afford the desired
naphthalene 10 in 60% yield over the two steps.


Selective removal of the O-acetate of the bis-naphthalene 10
with guanidine gave the desired naphthol 11 in 78% yield without
touching the other ester substituent. The naphthol 11 was easily
converted into the O-allyl bis-naphthalene 12. Subjecting this com-
pound to microwave11 conditions for the Claisen rearrangement
yielded the required C-allyl bis-naphthol, which was O-benzylated
to afford 13.


We were now in a position to attempt the use of Wacker-type
conditions we have developed for specifically constructing cis-1,3-
dimethylpyrans.5 We initially had to convert the ester of the bis-
naphthalene 13 into the desired methyl substituted benzyl alcohol


15. However, what we anticipated to be a trivial reduction of the
ester of 13 into the primary benzyl alcohol, proved to be the
most problematic step in the entire synthesis! Using a variety
of reduction conditions12 gave mixtures of products resulting
from incomplete reduction of both esters. The best yield (42%)
was obtained with LiAlH4 as the reagent and using the specific
conditions outlined in the Experimental section for the work-up
of the reaction. The benzylic alcohol was then oxidized to the
aldehyde 14 using PCC (Scheme 1). Attempts to convert 13 into
aldehyde 14 directly with DIBAL also met with failure.


Exposure of aldehyde 14 to MeMgI afforded racemic 15
(Scheme 2). At this point some of the signals in the NMR
spectra were doubled as a result of the formation of a mixture
of diastereoisomers. For example, one of the methoxy signals
now appeared as two singlets at d 3.63 and 3.62 in the 1H NMR
spectrum. Gratifyingly, when 15 was treated with 10% PdCl2 and
stoichiometric CuCl2 under an oxygen atmosphere the reaction
proceeded in good yield (78%) to afford 16. Treatment of 16
with 10% Pd/C appeared to exclusively afford the desired cis-
1,3-dimethylpyran 17 in near quantitative yield. In addition, as
planned, the O-benzyl protecting group was removed under these
conditions.


All that remained in the synthesis was the oxidation of the
naphthol into the desired quinone 18 and then the removal of one
of the O-methyl protecting groups to yield cardinalin 3 3. The first
step was achieved using salcomine and oxygen to yield 18. The
second step was accomplished using BCl3 in CH2Cl2 at 0 ◦C to
afford the target cardinalin 3 3.


The NMR spectral data for 3 were in general agreement with
that reported in the literature.1 As a diastereoisomeric mixture of
products was formed, additional peaks for some of the signals in
the 1H NMR and 13C NMR spectra were noted. Two doublets
were seen at d 1.58 and 1.57 for the methyl attached to C-1. H-6


Scheme 1 Reagents and conditions: (i) (a) 1,3-dimethoxybenzene, n-BuLi, THF, 0 ◦C, 1 h, (b) CuI, 7, pyridine, reflux, 72 h, 93%; (ii) MeOCHCl2, CH2Cl2,
TiCl4, 0 ◦C, 95%; (iii) (a) diethyl succinate, t-BuOH, KOBut, reflux, 2 h, (b) Ac2O, NaOAc, 140 ◦C, 60%; (iv) guanidine·HCl, KOBut EtOH–CH2Cl2, rt,
1.5 h, 78%; (v) allyl bromide, K2CO3, Me2CO, reflux, 18 h, 84%; (vi) (a) DMF, microwave (200 W), 170 ◦C, 250 psi, 25 min, 98%, (b) BnCl, KI, K2CO3,
Me2CO, 18 h, 90%; (vii) (a) LiAlH4, THF, 0 ◦C, 18 h, 42%, (b) PCC–Al2O3, CH2Cl2, rt, 8 h, 90%.
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Scheme 2 Reagents and conditions: (i) MeMgI–Et2O–THF, rt, 18 h, 79%; (ii) 10% PdCl2, CuCl2·H2O–DMF, rt, O2, 18 h, 78%; (iii) 10% Pd/C, H2,
CH2Cl2–dioxane, rt, 48 h, cis-100%; (iv) 1.1 equiv. salcomine, DMF, O2, rt, 18 h, 51%; (v) BCl3, CH2Cl2, 15 min, 0 ◦C, 64%.


also appeared as two singlets, both very close to d 7.33 (d 7.331 and
7.329). In the expanded 1H NMR spectrum of 3 a small complex
multiplet between d 3.96–4.04 for H-3 and H-3′ was observed. This
is diagnostic for trans-1,3-dimethylbenzopyrans13 and therefore it
is believed that a small amount (<5%) of this had also formed. As
there were only trace amounts of the possible trans-product, its
identity could not be confirmed. The melting point of 3 was also
different to the value of 213–220 ◦C described in the literature.1


We observed darkening of the crystals taking place above 145 ◦C
and melting only took place between 236 and 241 ◦C.


In conclusion, the first synthesis of racemic cardinalin 3 has
been achieved. Presently we are developing methodology for
the construction of the 1,3-dimethylbenzopyran system in a
stereoselective manner that could be applied to the asymmetric
synthesis of cardinalin 3.


Experimental
1H NMR and 13C NMR spectra were recorded either on a
Bruker AVANCE 300 spectrometer or on a Bruker DRX-400
spectrometer at the frequency indicated. DEPT, C–H correlated
and COSY spectra were run on some samples to enable a more
complete assignment of signals. J Values are given in Hz. Infra-red
spectra were recorded on a Bruker Vector 22 Fourier Transform
spectrometer. Mass spectra were recorded in Köln. The EIMS
low resolution spectra were measured on a Finnigan INCOS 50
single quadrupole MS-instrument. The samples were introduced
via a direct inlet probe and ionized with electrons at 70 eV
energy. The samples were dissolved in CH2Cl2 to give solutions of
1.0 mg ml−1 and aliquots of these analyte solutions were vaporized
in respective crucibles. Approximately 1 lg of the dried compound
of interest was finally introduced to the ion source, thermally
transferred to the gas phase and analyzed by ESMS with unit
resolution of the single quadrupole analyzer. The exact mass


measurements by electrospray-MS were conducted on a Finnigan
MAT 900 MS instrument with EBqQ configuration equipped
with an electrospray ion source. The analyte solutions (CH2Cl2


1.0 mg ml−1) were diluted with methanol to concentrations of 10−4–
10−6 mol l−1. The exact mass measurement of the molecular ions
(specified on the result form: mostly sodiated molecular ion species
[M + Na]+) experiments were conducted by peak matching with
adequate internal reference ions (respective polypropyleneglycol
PPG reference ions reported on the result forms). The solution
of PPG was added to the analyte solution prior to the ESMS
measurement (flow rate: 3 ll min−1, electrospray voltage: 3.7 kV,
temperature of the heated capillary: 230 ◦C). The resolution was
at least 9000 (resolution: 10% valley definition). The error of the
exact ion mass measurements was always smaller than 5 ppm
(relative) respectively smaller than 0.002u (absolute). The mea-
surements were repeated 100 times and the respective mean results
reported. Microwave reactions were performed in a CEM Discover
microwave. Macherey-Nagel Kieselgel 60 (particle size 0.063–
0.200 mm) was used for conventional silica gel chromatography.
All solvents used for reactions and chromatography were distilled
prior to use to remove residual non-volatiles. Anhydrous/oxygen-
free solvents (THF and Et2O) were obtained according to standard
procedures. Removal or concentration of solvent in vacuo implies
the evaporation of solvent at 20–25 Torr utilising a rotary
evaporator.


2-Iodo-1,3-dimethoxybenzene 7


Into a flame dried RB flask fitted with a dropping funnel was
placed dry THF (50 ml), followed by 1,3-dimethoxybenzene
(4.74 ml, 5.00 g, 36.2 mmol). The solution was cooled down
to 0 ◦C. Once cooled, the n-BuLi (1.4 M in hexane, 28.4 ml,
39.8 mmol) was slowly added using a dropping funnel. The
solution was stirred at 0 ◦C for 1 h. The dropping funnel was
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then charged with a solution of I2 (10.1 g, 39.8 mmol) in THF
(70 ml). This solution was then added dropwise to the milky white
reaction mixture. The end point of the reaction was observed by
the appearance of the light brown halogen colour. The resulting
solution was stirred for an additional 1 h at rt. Water was
then added to the product mixture and the product extracted
with CH2Cl2. The solvent was removed in vacuo and the crude
product was recrystallized from CH2Cl2–EtOH to give large white
crystals of 2-iodo-1,3-dimethoxybenzene 7 (8.84 g, 93%). Mp =
105–106 ◦C (CH2Cl2–EtOH) (lit.14 102–103 ◦C); IR (CHCl3):
mmax(cm−1) = 1587 and 1470 (ArC=C); 1H NMR (300 MHz,
CDCl3): dH = 7.26 (1H, t, J = 8.3, H-5), 6.50 (2H, d, J = 8.3,
H-4 and H-6) and 3.89 (6H, s, 2 × OMe); 13C NMR (75 MHz,
CDCl3) dC = 158.4 (C-1 and C-3), 128.7 (C-5), 112.6 (C-2) 104.5
(C-4 and C-6) and 56.1 (2 × OMe); HRMS: Found M+, 263.9654.
C8H9IO2 requires M 263.9647; m/z (EI) 264 (M+, 100%), 249 (6),
221 (18), 206 (7), 122 (8), 107 (37), 92 (9), 77 (10) and 51 (8).


2,2′,6,6′-Tetramethoxy-1,1′-biphenyl 8


Into a flame dried RB flask fitted with a dropping funnel was
placed dry THF (50 ml), followed by 1,3-dimethoxybenzene
(3.47 ml, 3.66 g, 26.5 mmol). The solution was cooled down to
0 ◦C. Once cooled, n-butyllithium (1.6 M in hexane, 16.6 ml,
26.5 mmol) was slowly added using the dropping funnel. The
solution was stirred at 0 ◦C for 1 h. Copper(I) iodide (5.05 g,
26.5 mmol), first purified by Soxhlet extraction using THF
and then dried overnight in an oven at 110 ◦C, was added in
portions, and the mixture was stirred at rt for another 2 h. The
dropping funnel was then charged with a solution of 2-iodo-1,3-
dimethoxybenzene 7 (6.36 g, 24.0 mmol) in dry pyridine (50 ml).
Once added, the dropping funnel was replaced with a condenser,
and the mixture was heated under reflux for 72 h. The product
mixture was then poured onto ice and acidified with concentrated
aqueous HCl (ca. 25 ml). The product was then extracted with
CH2Cl2 (3 × 80 ml). The organic extracts were then combined,
dried with anhydrous MgSO4, and the solvent was removed
in vacuo. The crude product was recrystallized from CH2Cl2–EtOH
to give 2,2′,6,6′-tetramethoxy-1,1′-biphenyl 8 (6.12 g, 93%). Mp =
175–177 ◦C (CH2Cl2–EtOH) (lit.15 174–175 ◦C); IR (CHCl3):
mmax(cm−1) = 1587 and 1451 (ArC=C); 1H NMR (300 MHz,
CDCl3): dH = 7.28 (2H, t, J = 8.3, 4- and 4′-H), 6.65 (4H, d,
J = 8.3, 3-H, 3′-H, 5-H and 5′-H) and 3.71 (12H, s, 4 × OMe);
13C NMR (75 MHz, CDCl3) dC = 158.4 (2-C, 2′-C, 6-C and 6′-
C), 128.7 (4-C and 4′-C), 112.5 (1-C and 1′-C), 104.4 (3-C, 3′-C,
5-C and 5′-C) and 56.1 (4 × OMe); HRMS: Found M+, 274.1198.
C16H18O4 requires M 274.1205; m/z (EI) 274 (M+, 100%), 243 (7),
228 (11), 155 (5), 151 (52), 115 (18) and 91 (17).


2,2′,6,6′-Tetramethoxy[1,1′-biphenyl]-3,3′-dicarbaldehyde 9


Into a two neck RB flask under argon, fitted with a rubber
septum, was added 2,2′,6,6′-tetramethoxy-1,1′-biphenyl 8 (0.70 g,
2.55 mmol) in dry CH2Cl2 (50 ml). To this solution was added
TiCl4 (1.12 ml, 1.93 g, 10.2 mmol) using a syringe. The solution
immediately changed to an orange colour. The reaction mixture
was then cooled down to −78 ◦C and dichloromethyl methyl ether
(0.64 ml, 0.82 g, 7.1 mmol) was then added. The solution changed
to a dark brown colour. Stirring at this temperature was continued


for 30 min. The resulting solution was then warmed up to 0 ◦C
over 1 h and stirred at this temperature for an additional 15 min.
The product mixture was then poured into a separating funnel
containing crushed ice (ca. 10 g) and aqueous conc. HCl (ca. 8 ml)
and shaken vigorously. The pink–purple organic layer was then
separated, washed with water (ca. 50 ml) and brine (ca. 50 ml).
It was then dried over anhydrous MgSO4, filtered and the solvent
removed in vacuo. The crude material was purified by silica gel
column chromatography (40% EtOAc–hexane) to give 2,2′,6,6′-
tetramethoxy[1,1′-biphenyl]-3,3′-dicarbaldehyde 9 as a white solid
(0.80 g, 95%). Mp = 147–149 ◦C; IR (CHCl3): mmax(cm−1) = 1677
(ArC=O), 1586 and 1463 (ArC=C); 1H NMR (300 MHz, CDCl3):
dH = 10.17 (2H, s, 2 × CHO), 7.91 (2H, d, J = 8.8, 4- and 4′-H),
6.83 (2H, d, J = 8.8, 5- and 5′-H), 3.76 (6H, s, 2 × OMe) and 3.52
(6H, s, 2 × OMe); 13C NMR (75 MHz, CDCl3) dC = 188.8 (2 ×
CHO), 163.5 (2- and 2′-C), 162.7 (6- and 6′-C), 130.6 (4- and 4′-C),
123.1 (3- and 3′-C), 116.4 (1- and 1′-C), 107.1 (5- and 5′-C), 63.0
(2 × OMe) and 56.1 (2 × OMe); HRMS: Found M+, 330.1093.
C18H18O6 requires M 330.1103; m/z (EI) 330 (M+, 79%), 299 (100),
283 (16), 255 (28), 239 (66), 219 (17), 179 (28), 155 (10), 142 (9),
115 (10), 91 (5), 69 (19) and 51 (5).


Diethyl 5,5′-diacetoxy-1,1′,3,3′-tetramethoxy-2,2′-binaphthalene-
7,7′-dicarboxylate 10


In a two neck RB flask, fitted with a condenser, under Ar,
dicarbaldehyde 9 (1.53 g, 4.63 mmol) and diethyl succinate
(2.31 ml, 2.42 g, 13.9 mmol) were dissolved in dry tert-butyl
alcohol (20 ml). To this mixture was slowly added KOBut (1.56 g,
13.9 mmol). The resulting solution was heated under reflux for
2 h and then allowed to cool down to rt, poured into a separating
funnel containing ice and acidified to pH 3 with aqueous conc.
HCl. The product was then extracted with EtOAc (3 × 50 ml).
The combined organic extracts were then dried over anhydrous
MgSO4, filtered, and the solvent removed in vacuo. The resultant
oil was not purified or characterized, but used immediately in the
next step.


Into a two neck RB flask, fitted with a condenser, under Ar, the
Stobbe condensation product from above was dissolved in acetic
anhydride (80 ml). To this was added anhydrous NaOAc (1.89 g,
23.2 mmol). The mixture was heated at 140 ◦C for 2 h and then
allowed to cool. The acetic anhydride was removed in vacuo, water
(ca. 100 ml) was added, and the product extracted with CH2Cl2


(3 × 100 ml). The combined organic extracts were dried over
anhydrous MgSO4, filtered and the solvent removed in vacuo. The
crude material was purified by silica gel column chromatography
(30% EtOAc–hexane) to yield the product 10 as a bright yellow
solid (1.78 g, 60% over two steps). Mp = 268–272 ◦C (with sweating
starting at 258 ◦C); IR (CHCl3): mmax(cm−1) = 1770, 1716, (C=O),
1627 (ArC=C), 1498 and 1459; 1H NMR (300 MHz, CDCl3): dH =
8.77 (2H, s, 8- and 8′-H), 7.87 (2H, s, 6- and 6′-H), 7.01 (2H, s, 4-
and 4′-H), 4.43 (4H, q, J = 7.1, 2 × CH2CH3), 3.84 (6H, s, 2 ×
OMe), 3.64 (6H, s, 2 × OMe), 2.51 (6H, s, 2 × OAc) and 1.42
(6H, t, J = 7.1, 2 × CH2CH3); 13C NMR (75 MHz, CDCl3) dC =
169.4 (2 × OAc), 166.2 (2 × CO2Et), 159.2 (2 × ArC), 156.5 (2 ×
ArC), 145.7 (2 × ArC), 130.9 (2 × ArC), 125.2 (2 × ArC), 124.7
(2 × ArC), 123.9 (8- and 8′-C), 118.9 (6- and 6′-C), 117.8 (2 ×
ArC), 94.9 (4- and 4′-C), 61.9 (2 × OMe), 61.1 (2 × CH2CH3),
55.8 (2 × OMe), 21.0 (2 × OAc) and 14.4 (2 × CH2CH3); HRMS:
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Found M+, 634.2038. C34H34O12 requires M 634.2050; m/z (EI)
634 (M+, 2%), 512 (32), 470 (27), 428 (73), 382 (5), 54 (26) and 43
(18).


Diethyl 5,5′-dihydroxy-1,1′,3,3′-tetramethoxy-2,2′-binaphthalene-
7,7′-dicarboxylate 11


To a solution of guanidine hydrochloride (0.934 g, 9.78 mmol)
in dry EtOH (70 ml), stirring at room temperature under Ar was
added KOBut (1.10 g, 9.78 mmol) and the resulting suspension
stirred for 30 min. To this mixture was added the ester 10 (2.8 g,
4.44 mmol) dissolved in CH2Cl2 (70 ml) and stirring was continued
for 1.5 h. The reaction mixture was then poured into a beaker
containing water (100 ml) and acidified to pH 4 with conc. HCl.
The solution was then extracted with EtOAc (3 × 100 ml). The
organic extracts were combined and dried over anhydrous MgSO4,
filtered and the solvent removed in vacuo. The crude product
was purified by silica gel column chromatography (40% EtOAc–
hexane) to yield a yellow solid 11 (1.89 g, 78%). Mp = 283–288 ◦C;
IR (CHCl3): mmax(cm−1) = 3413 (OH) and 1640 (ArC=O); 1H NMR
(300 MHz, DMSO): dH = 10.51 (2H, s, 2 × OH), 8.15 (2H, br s,
8- and 8′-H), 7.45 (2H, d, J = 1.3, 6- and 6′-H), 7.42 (2H, s, 4- and
4′-H), 4.35 (4H, q, J = 6.9, 2 × CH2CH3). 3.81 (6H, s, 2 × OMe),
3.57 (6H, s, 2 × OMe) and 1.35 (6H, t, J = 7.0, 2 × CH2CH3);
13C NMR (75 MHz, DMSO) dC = 166.0 (2 × CO2Et), 157.5 (2 ×
ArC), 155.2 (2 × ArC), 152.7 (2 × ArC), 128.4 (2 × ArC), 125.1
(2 × ArC), 123.4 (2 × ArC), 117.6 (2 × ArC), 115.5 (2 × ArC),
107.4 (2 × ArC), 96.2 (4- and 4′-C), 61.1 (2 × OMe), 60.5 (2 ×
CH2CH3), 55.7 (2 × OMe), 14.2 (2 × CH2CH3); HRMS (ESI):
Found [M + Na]+, 573.174. C30H30O10Na requires M 573.1736;
m/z (EI) 551 (M+ + 1, 32%), 550 (M+, 100), 505 (13), 504 (18),
275 (30) and 216 (28).


Diethyl 5,5′-bis(allyloxy)-1,1′,3,3′-tetramethoxy-2,2′-
binaphthalene-7,7′-dicarboxylate 12


Allyl bromide (0.96 ml, 1.34 g, 11.1 mmol) and K2CO3 (1.53 g,
11.1 mmol) were added to a solution of the di-naphthol 11 (2.03 g,
3.69 mmol) in acetone (100 ml), stirring in a RB flask fitted with a
condenser. The mixture was stirred under reflux for 18 h. After this
time it was then allowed to cool to rt and filtered through Celite.
The acetone was then removed in vacuo and the light brown oil
was purified using silica gel column chromatography (30% EtOAc–
hexane) to yield the diallylated product 12 as a light yellow solid
(1.95 g, 84%). Mp = 74–78 ◦C; IR (CHCl3): mmax(cm−1) = 1713
(ArC=O), 1622, 1495 and 1461 (C=C); 1H NMR (300 MHz,
CDCl3): dH = 8.51 (2H, br s, 8- and 8′-H), 7.54 (2H, s, 4- and
4′-H), 7.48 (2H, d, J = 1.1, 6- and 6′-H), 6.23 (4H, ddd, J =
17.3, 10.5, 5.2, 2 × CH2CH=CH2), 5.57 (2H, dd, J = 17.3 and
1.5, trans-CH2CH=CH2), 5.38 (2H, dd, J = 10.5 and 1.3, 2 ×
cis-CH2CH=CH2), 4.84 (4H, br d, J = 5.2, 2 × CH2CH=CH2),
4.50–4.37 (4H, m, 2 × CH2CH3), 3.88 (6H, s, 2 × OMe), 3.64
(6H, s, 2 × OMe) and 1.43 (6H, t, J = 7.1, 2 × CH2CH3); 13C NMR
(75 MHz, CDCl3) dC = 167.1 (2 × CO2Et), 158.4 (2 × ArC), 156.1
(2 × ArC), 153.5 (2 × ArC), 133.2 (2 × CH2CH=CH2), 129.7
(2 × ArC), 125.3 (2 × ArC), 124.0 (2 × ArC), 118.8 (8- and 8′-C),
117.8 (2 × ArC), 117.6 (2 × CH2CH=CH2), 105.2 (6- and 6′-C),
96.2 (4- and 4′-C), 69.3 (2 × CH2CH=CH2), 61.7 (2 × OMe),
60.9 (2 × CH2CH3), 55.9 (2 × OMe) and 14.4 (2 × CH2CH3);


HRMS (ESI): Found [M + Na]+, 653.236. C36H38O10Na requires
M 653.2363; m/z (EI) 631 (M+ + 1, 22%), 630 (M+, 54), 590 (40),
589 (100), 561 (20), 548 (41), 315 (22) and 295 (26).


Diethyl 6,6′-diallyl-5,5′-dihydroxy-1,1′,3,3′-tetramethoxy-2,2′-
binaphthalene-7,7′-dicarboxylate


The allylated phenol 12 (1.92 g, 3.04 mmol) was dissolved in DMF
(3.0 ml) and the solution transferred to a microwave vessel. The
reaction mixture was then subjected to microwave radiation at
a temperature of 170 ◦C and pressure of 250 psi with 200 W
of power for a period of 25 min with stirring. The light yellow
solution changed to a dark brown colour. This was transferred
to a separating funnel and washed with water (100 ml) and the
organic product extracted with CH2Cl2 (2 × 20 ml). The extracts
were dried over anhydrous MgSO4, filtered through Celite and the
solvent removed in vacuo. The dark brown viscous oil was purified
by column chromatography (40% EtOAc–hexane) to yield a yellow
foam (1.89 g, 98%) of diethyl 6,6′-diallyl-5,5′-dihydroxy-1,1′,3,3′-
tetramethoxy-2,2′-binaphthalene-7,7′-dicarboxylate. Mp = 93–
98 ◦C; IR (CHCl3): mmax(cm−1) = 3420 (OH), 1713 (ArC=O) and
1461 (C=C); 1H NMR (300 MHz, CDCl3): dH = 8.36 (2H, s,
8 and 8′-H), 7.41 (2H, s, 4 and 4′-H), 6.25–6.07 (2H, m, 2 ×
CH2CH=CH2), 5.84 (2H, s, 2 × OH), 5.30–5.22 (4H, m, 2 ×
CH2CH=CH2), 4.45–4.34 (4H, m, 2 × CH2CH3), 3.96 (2H, br d,
J = 5.2, 2 × CH2CH=CH2), 3.86 (6H, s, 2 × OMe), 3.62 (6H, s,
2 × OMe) and 1.41 (6H, t, J = 7.1, 2 × CH2CH3); 13C NMR
(75 MHz, CDCl3) dC = 168.2 (2 × CO2Et), 158.4 (2 × ArC), 155.7
(2 × ArC), 150.1 (2 × ArC), 136.4 (2 × CH2CH=CH2), 128.1 (2 ×
ArC), 126.4 (2 × ArC), 122.6 (2 × ArC), 119.2 (C-8 and C-8′),
118.3 (2 × ArC), 117.4 (2 × ArC), 116.2 (2 × CH2CH=CH2),
95.6 (C-4 and C-4′), 61.6 (2 × CH2CH3), 60.9 (2 × OMe), 55.8
(2 × OMe), 31.8 (2 × CH2CH=CH2) and 14.3 (2 × CH2CH3);
HRMS (ESI): Found [M + Na]+, 653.235. C36H38O10Na requires
M 653.2363; m/z (EI) 631 (M+ + 1, 32%), 630 (M+, 100), 585 (8),
584 (10), 315 (17), 255 (30), 87 (62) and 55 (75).


Diethyl 6,6′-diallyl-5,5′-bis(benzyloxy)-1,1′,3,3′-tetramethoxy-
2,2′-binaphthalene-7,7′-dicarboxylate 13


In a two neck RB flask fitted with a condenser was placed a so-
lution of diethyl 6,6′-diallyl-5,5′-dihydroxy-1,1′,3,3′-tetramethoxy-
2,2′-binaphthalene-7,7′-dicarboxylate (1.10 g, 1.75 mmol) in ace-
tone (70 ml). To this yellow solution was added benzyl chloride
(0.40 ml, 0.46 g, 3.7 mmol), K2CO3 (0.51 g, 3.7 mmol) and KI
(0.61 g, 3.7 mmol). The mixture was stirred under reflux for 18 h.
After cooling to rt, the mixture was filtered through Celite and
the filtrate concentrated on a rotary evaporator. The resultant oil
was purified by silica gel column chromatography (10% EtOAc–
hexane) to give the product 13 as a yellow foam (1.28 g, 90%).
Mp = 55–57 ◦C; IR (CHCl3): mmax(cm−1) = 1736 (ArC=O) and
1456 (C=C); 1H NMR (300 MHz, CDCl3): dH = 8.52 (2H, s, 8 and
8′-H), 7.60–7.58 (4H, m, 4 × ArH), 7.47–7.34 (8H, m, 6 × ArH
and 4 and 4′-H), 6.18–6.03 (2H, m, 2 × CH2CH=CH2), 5.12–4.91
(8H, m, 2 × CH2CH=CH2 and 2 × CH2Ph), 4.39 (4H, q, J =
6.3, 2 × CH2CH3), 4.07 (4H, br d, J = 5.6, 2 × CH2CH=CH2),
3.72 (6H, s, 2 × OMe), 3.62 (6H, s, 2 × OMe) and 1.41 (6H, t,
J = 7.1, 2 × CH2CH3); 13C NMR (75 MHz, CDCl3) dC = 168.0
(2 × CO2Et), 158.8 (2 × ArC), 156.2 (2 × ArC), 152.7 (2 × ArC),
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137.9 (CH2CH=CH2), 137.6 (2 × ArC), 131.7 (2 × ArC), 129.4
(2 × ArC), 128.7 (4 × ArCH), 128.1 (2 × ArCH), 127.6 (4 ×
ArCH), 127.0 (2 × ArC), 123.0 (2 × ArC), 122.9 (2 × ArC), 117.0
(8 and 8′-C), 115.0 (2 × CH2CH=CH2), 96.2 (4 and 4′-C), 76.1
(2 × CH2Ph), 61.7 (2 × CH2CH3), 60.9 (2 × OMe), 55.7 (2 ×
OMe), 31.0 (2 × CH2CH=CH2) and 14.3 (2 × CH2CH3); HRMS
(ESI): Found [M + H]+, 811.347. C51H50O10requires M 811.3481;
m/z (EI) 810 (M+, 3%), 721 (2), 720 (5), 719 (13), 555 (4), 92 (5),
91 (100) and 65 (6).


1,1′-[6,6′-Diallyl-5,5′-bis(benzyloxy)-1,1′,3,3′-tetramethoxy-2,2′-
binaphthalene-7,7′-diyl]dimethanol


The ester 13 (0.70 g, 0.86 mmol) dissolved in dry THF (150 ml)
was placed into a flame-dried two neck RB flask under Ar.
The solution was cooled to 0 ◦C by means of an ice bath and
once cooled, LiAlH4 (0.13 g, 3.5 mmol) was added portion-wise
resulting in effervescence of the solution. The reaction mixture
was analyzed by TLC at 1 h intervals for the first few hours and
still showed starting material present. It was left to proceed at rt
overnight. After 18 h the TLC revealed that the reaction was still
not complete. However the reaction mixture was cooled down to
0 ◦C and water added drop-wise (approx. 10 ml) until the evolution
of gas had stopped. The emulsion formed was broken by adding a
10% solution of HCl (aq.) (ca. 5 ml). The mixture was transferred
to a separating funnel and the product was extracted using EtOAc
(2 × 25 ml) and CH2Cl2 (2 × 25 ml). The organic extracts were
combined, dried over anhydrous MgSO4, filtered through Celite
and the solvent finally removed in vacuo. The crude oil was purified
by silica gel column chromatography (50% EtOAc–hexane) to give
1,1′ -[6,6′ -diallyl-5,5′ -bis(benzyloxy)-1,1′,3,3′ -tetramethoxy-2,2′ -
binaphthalene-7,7′-diyl]dimethanol (0.264 g, 42%); Mp = 86–
91 ◦C; IR (CHCl3): mmax(cm−1) = 3417 (OH), 1600, 1496 and 1455
(C=C); 1H NMR (300 MHz, CDCl3): dH = 7.96 (2H, s, 8 and 8′-
H), 7.60–7.56 (4H, m, 4 × ArH), 7.47–7.30 (6H, m, 6 × ArH), 7.26
(1H, s, 4 and 4′-H), 6.20–6.08 (2H, m, 2 × CH2CH=CH2), 5.14–
4.99 (4H, m, 2 × CH2CH=CH2), 5.10 (4H, s, 2 × CH2Ph), 4.84
(4H, s, 2 × CH2OH), 3.83–3.69 (4H, br m, 2 × CH2CH=CH2),
3.70 (6H, s, 2 × OMe), 3.61 (6H, s, 2 × OMe) and 1.84 (1H, s,
2 × OH); 13C NMR (75 MHz, CDCl3) dC = 157.2 (2 × ArC),
155.4 (2 × ArC), 152.6 (2 × ArC), 137.8 (2 × ArC), 137.7 (2 ×
CH2CH=CH2), 135.7 (2 × ArC), 129.4 (2 × ArC), 128.6 (4 ×
ArCH), 128.0 (2 × ArCH), 127.5 (4 × ArCH), 124.0 (2 × ArC),
118.7 (2 × CH2CH=CH2), 117.0 (2 × ArC), 115.5 (8 and 8′-C),
96.3 (4 and 4′-C), 76.0 (2 × CH2Ph), 64.1 (2 × CH2OH), 61.4 (2 ×
OMe) and 55.6 (2 × OMe) and 30.4 (2 × CH2CH=CH2); HRMS
(ESI): Found [M + H]+, 727.327. C46H47O8 requires M 727.3271;
m/z (EI) 726 (M+, 2%), 637 (2), 636 (7), 635 (15), 92 (10), 91 (100)
and 65 (12).


6,6′-Diallyl-5,5′-bis(benzyloxy)-1,1′,3,3′-tetramethoxy-2,2′-
binaphthalene-7,7′-dicarbaldehyde 14


Pyridinium chlorochromate (0.81 g, 3.7 mmol) was dissolved
in MeCN (20 ml) and dried onto neutral alumina (8 g) using
a rotary evaporator. This bright orange solid was then added
to a solution of 1,1′-[6,6′-diallyl-5,5′-bis(benzyloxy)-1,1′,3,3′-
tetramethoxy-2,2′-binaphthalene-7,7′-diyl]dimethanol (0.68 g,
0.94 mmol) dissolved in CH2Cl2 (50 ml). The now dark reaction


mixture was allowed to stir at rt for 18 h. This was followed
by filtration of the mixture through Celite and concentration of
the filtrate on a rotary evaporator. The crude oil was purified by
silica gel column chromatography (20% EtOAc–hexane) to yield
the aldehyde 14 (0.61 g, 90%). Mp = 67–71 ◦C; IR (CHCl3):
mmax(cm−1) = 1691 (C=O), 1614 and 1455 (C=C); 1H NMR
(300 MHz, CDCl3): dH = 10.24 (2H, s, 2 × CHO), 8.47 (2H, s, 8 and
8′-H), 7.60–7.57 (4H, m, 4 × ArH), 7.48–7.39 (6H, m, 6 × ArH),
7.28 (2H, s, 4 and 4′-H), 6.24–6.11 (2H, m, 2 × CH2CH=CH2),
5.15–4.98 (4H, m, 2 × CH2CH=CH2), 5.11 (4H, s, 2 × CH2Ph),
4.12 (4H, br d, J = 5.5, 2 × CH2CH=CH2), 3.73 (6H, s, 2 × OMe)
and 3.66 (6H, s, 2 × OMe); 13C NMR (75 MHz, CDCl3) dC =
192.4 (2 × CHO), 159.8 (2 × ArC), 156.8 (2 × ArC), 152.9 (2 ×
ArC), 137.6 (2 × C), 137.4 (2 × C), 133.1 (2 × C), 131.0 (2 × C),
129.2 (2 × ArCH), 128.7 (4 × ArCH), 128.2 (2 × ArCH), 127.6
(4 × ArCH), 123.3 (2 × C), 117.0 (2 × C), 115.7 (8 and 8′-C), 96.6
(4 and 4′-C), 76.3 (2 × CH2Ph), 61.9 (2 × OMe), 55.8 (2 × OMe)
and 29.7 (2 × CH2CH=CH2), one carbon not observed; HRMS
(ESI): Found [M + H]+, 723.295. C46H43O8 requires M 723.2958;
m/z (EI) 722 (M+, 2%), 633 (4), 632 (10), 631 (22), 92 (7), 91 (100)
and 65 (12).


1,1′-[6,6′-Diallyl-5,5′-bis(benzyloxy)-1,1′,3,3′-tetramethoxy-2,2′-
binaphthalene-7,7′-diyl]diethanol 15


Into a flame-dried two neck RB flask fitted with a condenser, under
Ar was placed oven dried Mg turnings (0.034 g, 1.4 mmol) and
dry Et2O (10 ml). To this suspension was added MeI (0.082 ml,
0.19 g, 1.3 mmol). The reaction mixture immediately became
cloudy. It was slowly stirred to allow the formation of the Grignard
reagent. Once most of the Mg metal had reacted, the aldehyde 14
(0.32 g, 0.44 mmol) dissolved in dry THF (10 ml) was added
dropwise to the cloudy reaction mixture. The now yellow solution
was allowed to stir at rt under Ar for a further 18 h. At this
point it had become milky orange in colour. Water (∼5 ml) was
carefully added to the reaction to quench the excess Grignard
reagent. The mixture was then transferred to a separating funnel
and the organic product extracted with EtOAc (3 × 50 ml) and
CH2Cl2 (3 × 50 ml). The organic extracts were combined, dried
over anhydrous MgSO4 and filtered through Celite. The solvent
was removed in vacuo and the yellow oily residue was purified by
silica gel column chromatography (30% EtOAc–hexane) to give the
secondary alcohol 15 (0.26 g, 79%). Mp = 85–90 ◦C; IR (CHCl3):
mmax(cm−1) = 3415 (OH), 1627, 1596, 1496 and 1455 (C=C); 1H
NMR (300 MHz, CDCl3): dH = 8.14 (2H, s, 8 and 8′-H), 7.60–
7.24 (10H, m, 2 × Ph), 7.25 (2H, s, 4 and 4′-H), 6.22–6.09 (2H,
m, 2 × CH2CH=CH2), 5.25 (2H, q, J = 6.2, 2 × CH3(CH)OH),
5.12–4.97 (4H, m, 2 × CH2CH=CH2), 5.10 (4H, s, 2 × CH2Ph),
3.92–3.79 (2H, m, 2 × CH2CH=CH2), 3.71 (6H, s, 2 × OMe),
3.62 (6H, s, 2 × OMe), 1.88 (1H, s, 2 × OH) and 1.60 (6H, d, J =
6.2, 2 × Me(CH)OH); 13C NMR (75 MHz, CDCl3) dC = 157.1
(2 × ArC), 155.4 (2 × ArC), 152.3 (2 × ArC), 140.6 (2 × ArC),
137.9 (2 × C), 137.8 (2 × C), 137.8 (2 × C), 128.9 (2 × C), 128.6
(4 × ArCH), 128.0 (2 × ArCH), 127.5 (4 × ArCH), 127.1 (2 × C),
124.2 (2 × C), 117.0 (2 × C), 115.5 (8 and 8′-C), 96.1 (4 and 4′-C),
75.9 (2 × CH2Ph), 66.7 (2 × Me(CH)OH), 61.4 (2 × OMe), 55.6
(2 × OMe), 30.2 (2 × CH2CH=CH2) and 24.5 (2 × Me(CH)OH);
HRMS (ESI): Found [M + Na]+, 777.340. C48H50O8Na requires
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M 777.3403; m/z (EI) 754 (M+, 1%), 665 (2), 664 (6), 663 (11),
92 (8), 91 (100) and 65 (10).


5,5′-Bis(benzyloxy)-7,7′,9,9′-tetramethoxy-1,1′,3,3′-tetramethyl-
1H ,1′H-8,8′-bibenzo[g]isochromene 16


To a solution of the secondary alcohol 15 (0.06 g, 0.08 mmol)
in DMF (5 ml), stirred at rt under O2 (g) (balloon) in a two
neck RB flask, was added CuCl2·2H2O (0.014 g, 0.08 mmol) and
PdCl2 (0.0014 g, 0.0081 mmol, 10 mol%) in water (5 ml). The
resultant suspension slowly changed from light yellow to dark
orange in colour and was left to stir at rt for 18 h. Work-up
of the reaction was accomplished by adding a 10% solution of
HCl (aq.) (10 ml) and the mixture was transferred to a separating
funnel. The organic product was extracted with EtOAc (3 × 30 ml)
and CH2Cl2 (30 ml). The organic extracts were combined, dried
over anhydrous MgSO4, filtered through Celite and the solvent
removed in vacuo. The crude yellow residue was purified by silica
gel column chromatography (30% EtOAc–hexane) to yield the
benzoisochromene 16 (0.048 g, 78%). Mp = 87–90 ◦C; IR (CHCl3):
mmax(cm−1) = 1599, 1496 and 1455 (C=C);1H NMR (300 MHz,
CDCl3): dH = 7.60–7.57 and 7.46–7.35 (12H, m, overlapping
signals 6 and 6′-H and 2 × Ph), 7.21 (2H, s, 10 and 10′-H), 6.05
(2H, s, 4 and 4′-H), 5.36–5.28 (2H, m, 1 and 1′-H), 5.11 (2H, d,
J = 11.8, 2 × one of CH2Ph), 5.06 (2H, d, J = 11.8, 2 × one of
CH2Ph), 3.71 (6H, s, 2 × OMe), 3.56 and 3.54 (6H, 2 × s, 2 ×
OMe), 2.00 (6H, s, 3 and 3′-Me), 1.70 (6H, d, J = 6.5, 1 and 1′-
Me); 13C NMR (75 MHz, CDCl3) dC = 157.1 (2 × C), 155.4 and
154.6 (2 × C), 154.4 (2 × C), 145.7 (2 × C), 137.9 (2 × C), 130.0
(2 × C), 129.5 (2 × C), 128.6 (4 × ArCH), 128.0 (2 × ArCH),
127.9 (2 × ArCH) and 127.8 (4 × ArCH), 123.4 (2 × C), 121.6
and 121.5 (2 × C), 116.1 and 116.0 (2 × C), 113.2 and 113.1 (C-10
and C-10′), 96.1 (C-6 and C-6′), 95.9 and 95.8 (C-4 and C-4′), 75.7
(C-5 and C-5′), 74.3 and 74.3 (C-1 and C-1′), 61.3 and 61.2 (2 ×
OMe), 55.7 (2 × OMe), 20.5 (1-Me and 1′-Me), 20.0 (3-Me and
3′-Me), some assignments were confirmed using C–H correlation
spectra; HRMS (ESI): Found [M + Na]+, 773.309. C48H46O8Na
requires M 773.3090; m/z (EI) 750 (M+, 2%), 661 (5), 660 (13), 659
(22), 571 (3), 570 (9), 569 (10), 285 (7), 289 (18), 92 (14), 91 (100)
and 65 (19).


7,7′,9,9′-Tetramethoxy-cis-1,3-cis-1′,3′-tetramethyl-3,3′,4,4′-
tetrahydro-1H ,1′H-8,8′-bibenzo[g]isochromene-5,5′-diol (mixture
of diastereomers) 17


To a solution of the benzoisochromene 16 (0.16 g, 0.021 mmol)
in a 3 : 1 CH2Cl2–dioxane mixture (40 ml), stirred at rt under
H2 (g) (balloon) was added 10% w/w palladium on charcoal
(0.016 g) and stirring was continued for 18 h. The reaction mixture
was then filtered through Celite, the filtrate concentrated on a
rotary evaporator and the resultant yellow oil purified by column
chromatography (40% EtOAc–hexane) to give the unprotected
benzoisochromane 17 (0.12 g, 100%) as a flaky off white solid.
Mp = >300 ◦C; IR (CHCl3): mmax(cm−1) = 3424 (OH), 1601, 1495
and 1457 (C=C);1H NMR (400 MHz, CDCl3 + drop DMSO):
dH = 8.54 (2H, br s, 2 × OH), 7.46 (2H, s, 10 and 10′-H), 7.39 and
7.37 (2H, 2 × br s, 6 and 6′-H), 5.00–4.93 (2H, m, 1 and 1′-H),
3.89–3.83 (2H, m, 3 and 3′-H), 3.81, 3.80 and 3.80 (6H, 3 × s, 2 ×
OMe), 3.58, 3.57, 3.54 and 3.53 (6H, 4 × s, 2 × OMe), 3.04 (2H,


dd, J = 16.5, and 2.5, 4a and 4a′-H), 2.61 (2H, dd, J = 16.5, and
11.3, 4b and 4b′-H), 1.62 (6H, d, J = 6.3, 1 and 1′-Me), 1.42 (6H,
d, J = 6.1, 3 and 3′-Me); 13C NMR (100 MHz, CDCl3 and 4 drops
DMSO) dC = 155.7 (2 × C), 154.3, 154.2 and 153.1 (2 × C), 147.9
and 147.8 (C-5 and C-5′), 135.5 and 135.4 (2 × C), 124.4 (2 ×
C), 122.8 and 122.7 (2 × C), 116.6 and 116.7 (2 × C and 10 and
10′-C), 109.0, 108.9 and 108.8 (2 × C), 95.5 (6 and 6′-C), 73.4 and
73.3 (1 and 1′-C), 70.2 (3 and 3′-C), 60.7 and 60.6 (×2) and 60.5
(2 × OMe), 55.5 (2 × OMe), 31.5 (4 and 4′-C), 21.9 (1-Me and
1′-Me), 21.7 (3-Me and 3′-Me); HRMS (ESI): Found [M + Na]+,
597.247. C34H38O8Na requires M 597.2465; m/z (EI) 576 (M+ + 2,
12%), 575 (M+ + 1, 37), 574 (M+, 100), 560 (7), 559 (32), 558 (93),
531 (4), 530 (11), 529 (17), 272 (37) and 258 (52).


7,7′,9,9′-Tetramethoxy-cis-1,3-cis-1′,3′-tetramethyl-3,3′,4,4′-
tetrahydro-1H ,1′H-8,8′-bibenzo[g]isochromene-5,5′,10,10′-tetrone
(mixture of diastereomers) 18


To a solution of the benzoisochromane 17 (0.10 g,
0.17 mmol) in DMF (10 ml), stirred at rt under an
O2 atmosphere (balloon) was added the salcomine complex
N,N ′-bis(salicylidene)ethylenediaminocobalt(II) hydrate (0.062 g,
019 mmol). Stirring was continued at rt for 18 h. The reaction
mixture was then poured into a beaker containing ice water
(100 ml) and acidified to pH 3 by the dropwise addition of conc.
HCl (aq.). This mixture was transferred to a separating funnel
and the organic product extracted with CH2Cl2 (3 × 50 ml). The
organic extracts were combined, dried over anhydrous MgSO4,
filtered through Celite and the product purified by silica gel column
chromatography (40% EtOAc–hexane) to yield the quinone 18
(0.54 g, 51%). Mp = 174–177 ◦C (darkens above 132 ◦C); IR
(CHCl3): mmax(cm−1) = 1659 and 1573 (C=O); 1H NMR (400 MHz,
CDCl3): dH = 7.53 (2H, s, 6 and 6′-H), 4.90–4.82 (2H, m, 1 and
1′-H), 3.87 (6H, s, 2 × OMe), 3.64, 3.63, 3.62 and 3.61 (8H, 4 × s
and overlapping m, 2 × OMe and 3 and 3′-H), 2.78 (2H, br d,
J = 18.4, 4a and 4a′-H), 2.22 (2H, ddd, J = 18.5, 10.3 and 3.2,
4b and 4b′-H), 1.54 (6H, d, J = 6.8, 1 and 1′-Me), 1.38 (6H, d,
J = 6.0, 3-Me and 3′-Me); 13C NMR (75 MHz, CDCl3) dC = 183.7
(2 × C=O), 182.7 (2 × C=O), 161.7, 161.6, 161.5 and 161.4 (C-7
and C-7′)a, 159.7, 159.6, 159.5 and 159.4 (C-9 and C-9′)a, 148.7
and 148.6 (C-10a and C-10a′), 140.0, 139.9 and 139.8 (C-4a and
C-4a′), 135.3 and 135.2 (C-5a and C-5a′), 123.5, 123.4 and 123.3
(C-8 and C-8′), 119.1, 118.9, 118.8 and 118.7 (C-9a and C-9a′),
104.7 (C-6 and C-6′), 70.2 (C-1 and C-1′), 68.7 (C-3 and C-3′),
61.9, 61.8 and 61.7 (2 × OMe), 56.3 (×2) (2 × OMe), 30.0 (C-4
and C-4′), 21.2 (1-Me and 1′-Me), 20.9, 20.8 and 20.7 (3-Me and 3′-
Me), assignments with the same superscript may be interchanged;
HRMS (ESI): Found [M + Na]+, 625.205. C34H34O10Na requires
M 625.2050; m/z (EI) 604 (M+ + 2, 12%), 603 (M+ + 1, 33), 602
(M+, 100), 544 (13), 543 (34), 497 (7), 469 (9), 286 (18), 279 (25),
264 (27) and 257 (37).


9,9′-Dihydroxy-7,7′-dimethoxy-cis-1,3-cis-1′,3′-tetramethyl-
3,3′,4,4′-tetrahydro-1H ,1′H-8,8′-bibenzo[g]isochromene-
5,5′,10,10′-tetrone (mixture of diastereomers) 3 (cardinalin 3)


In a flame-dried two neck RB flask under Ar, a solution of the
dimethoxy quinone 18 (40 mg, 0.066 mmol) in dry CH2Cl2 (10 ml)
was cooled to 0 ◦C and to this was added the BCl3 solution (0.27 ml,
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1.0 M in CH2Cl2). The reaction mixture immediately changed from
a light yellow colour to a dark red colour. Analysis of the reaction
mixture by TLC showed a new yellow spot at a slightly higher Rf


and the absence of the starting material. The reaction still at 0 ◦C
was quenched with water, transferred to a separating funnel and
the organic product extracted with CH2Cl2 (3 × 20 ml). The solvent
was dried over anhydrous MgSO4, filtered and the solvent removed
in vacuo. The crude material was dried over silica and purified by
silica gel column chromatography (30% EtOAc–hexane) to yield
racemic cardinalin 3 3 as a yellow powder (24 mg, 64%). Mp = 236–
241 ◦C (darkening of the crystals above 145 ◦C) (lit.1 213–220 ◦C);
IR (CHCl3): mmax(cm−1) = 3450 (OH), 1660 and 1636 (C=O);
NMR assignments were made by comparison with the literature
data. As a mixture of diastereoisomers was obtained assignments
with the same chemical shift as the natural product were assigned
according to the axial chirality of the natural product (S). 1H
NMR (400 MHz, CDCl3): dH = 12.352 and 12.349 [2H, s, (S)-2 ×
OH], 12.31 and 12.30 [2H, s, 2 × OH], 7.331 [2H, s, (S)-6 and
6′-H], 7.329 [2H, s, 6 and 6′-H], 4.95–4.80 (2H, m, 1 and 1′-H),
3.91 [6H, s, (S)-2 × OMe], 3.90 [6H, s, 2 × OMe], 3.67–3.47 (2H,
m, 3 and 3′-H), 2.76 (2H, dt, J = 18.7 and 2.4, 4a and 4a′-H),
2.26 (2H, ddd, J = 18.6, 10.0 and 3.9, 4b and 4b′-H), 1.58 [6H,
d, J = 6.5, (S)-1 and 1′-Me], 1.57 [6H, d, J = 6.5, 1 and 1′-Me],
1.37 (6H, d, J = 6.1, 3 and 3′-Me); 13C NMR (100 MHz, CDCl3)
dC = 187.9 (2 × C=O), 183.2 (2 × C=O), 163.2 (C-7 and C-7′),
161.0, 161.0 and 160.9 (C-9 and C-9′), 146.7 and 146.7 (C-10a and
C-10a′), 143.1 and 143.0 (C-4a and C-4a′), 133.2 (C-5a and C-5a′),
114.5 (C-8 and C-8′), 110.2 (C-9a and C-9a′), 102.7 (C-6 and C-
6′), 69.8 (C-1 and C-1′), 68.7 (C-3 and C-3′), 56.6 and 56.5 (2 ×
OMe), 30.6 and 30.6 (C-4 and C-4′), 21.3 (1-Me and 1′-Me) and
21.2 (3-Me and 3′-Me); HRMS (ESI): Found [M + Na]+, 597.174.
C32H30O10Na requires M 597.1736; m/z (EI) 576 (M+ + 2, 5%),
575 (M+ + 1, 27), 574 (M+, 100), 530 (12), 515 (35), 271 (35), 244
(37), 243 (91) and 98 (87).
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A series of methyl aryl phosphorothiolate esters (SP) were synthesized and their reactions with pyridine
derivatives were compared to those for methyl aryl phosphate esters (OP). Results show that SP esters
react with pyridine nucleophiles via a concerted SN2(P) mechanism. Brønsted analysis suggests that
reactions of both SP and OP esters proceed via transition states with dissociative character. The overall
similarity of the transition state structures supports the use of phosphorothiolates as substrate
analogues to probe mechanisms of enzyme-catalyzed phosphoryl transfer reactions.


Introduction


Biological systems rely heavily on phosphoester transfer reactions,
devoting significant fractions of their genomes to encode protein
and RNA enzymes that catalyze these reactions.1–3 Phosphoester
transferases serve as integral components of pathways involved
in cellular replication and differentiation, playing central roles in
gene replication, recombination, and expression. Understanding
these important cellular processes at a chemical level requires
detailed knowledge of the catalytic mechanisms exploited by the
enzymes that mediate these processes. We now know that enzymes
frequently employ metal ions4–14 and/or general acids and bases
to catalyze phosphoester transfer reactions.15–21 Nevertheless,
defining these mechanisms within specific protein and RNA
enzymes remains challenging.


Phosphorothiolates, in which a sulfur atom replaces a bridging
oxygen, have provided effective probes for investigating the
mechanistic basis of phosphoryl transferases. This modification
is frequently used to study RNA enzymes including splicing
machineries (Group I, Group II, and the spliceosome),4–6,22–25 the
hepatitis delta virus (HDV)17 and hammerhead ribozymes,26–28


RNase P,29 as well as protein enzymes.30 These probes have unveiled
intricate and fundamental features of catalysis, including metal
ion coordination, hydrogen bond donation, and proton transfer
to the leaving group. These studies have relied on the underlying
assumption that phosphorothiolate and phosphate diesters react
similarly with nucleophiles and share a common pathway and
transition state. However, this assumption has never been tested.
Here, we synthesize a series of methyl aryl phosphorothiolate esters
and compare their non-enzymatic reactions directly with those of
an analogous series of methyl aryl phosphate esters. We obtain an
initial physical organic description of the transition state structure.
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Results and discussion


Synthesis of phosphates and phosphothiolate diesters


We chose to investigate reactions of methyl aryl phosphorothiolate
diester monoanions with pyridine nucleophiles for two reasons:
(1) aryl groups allow systematic perturbation of the nucleophile
and leaving group pKa values with minimal steric perturbation,
and (2) Kirby and Younas previously investigated reactions of OP
diesters with pyridine nucleophiles.31 We synthesized a series of
S-aryl methyl phosphorothiolate (SP) diesters (Scheme 1, 3a–d)
and aryl methyl phosphate (OP) diesters containing substituted
thiophenol and phenol leaving groups, respectively (Scheme 1).
OP diesters were synthesized following the procedure of Ba-
Saif et al.32 To synthesize SP diesters, we first prepared S-aryl
O,O-dimethyl phosphorothiolates 2a–d using a modified version
of the method described by Murdock and Hopkins for the
preparation of S-(4-chlorophenyl) O,O-dimethyl phosphorthioic
acid ester 2a.33 Rather than using bromotrichloromethane to
facilitate the radical-chain-transfer reaction, we reacted aryl
sulfenyl chlorides (generated in situ for 4-methylbenzenesulfenyl
chloride and 4-chlorobenzenesulfenyl chloride by reducing the
corresponding disulfides with chlorine gas) directly with trimethyl
phosphite to generate 2a–d. Dimethyl phosphorothiolates 2a–d
were demethylated with LiCl in dry acetone to give S-aryl methyl
phosphorothiolates 3a–d.31


Kinetic measurements


We used 1H and 31P NMR to monitor the reactions of the
monoanions of the OP and SP diesters with pyridine nucleophiles
(23 ◦C, 1.7 M ionic strength, 30 mM K2CO3, pH 10) (Fig. 1A and
1B). In these reactions, the initial products, pyridine methyl phos-
phoramidates, undergo rapid hydrolysis to pyridine and methyl
phosphate, the only phosphorus-containing product observed.31


Pseudo-first order rate constants (kobs, Fig. 1C) were obtained by
single exponential fits of the reactions with nucleophiles present in
large excess (10–50 eq.). Least-squares analysis of the plots of kobs


versus nucleophile concentration gave good linear fits (Fig. 1D).
Second order rate constants (k2) were obtained from the slopes
of these plots. For reactions of pyridines with OP diesters at
39 ◦C investigated previously, k2 plots showed curvature due to
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Scheme 1 Reagents and conditions: (i) Cl2, CH2Cl2, rt, 0.5 ∼ 1 h; (ii) trimethyl phosphite, 0 ∼ 40 ◦C, 0.5 ∼ 2 h, 65 ∼ 97%; (iii) LiCl, acetone, rt, 4 ∼ 24 h,
64 ∼ 90%.


Fig. 1 Monitoring the reaction of S-(4-nitrophenyl) O-methyl phospho-
rothiolate with 3-picoline. 1H (A) and 31P (B) NMR spectra of the reaction
mixture at different times. The 1H NMR spectrum shows the methyl peak
as a doublet in the starting ester (S) and the methyl phosphate product
(P1). The 31P NMR spectrum shows the phosphorus peak in the starting
ester (S) and the phosphate monoester product (P2). (C) Data from A and
B are plotted against time and the observed rate constant (kobs) is obtained
from the slope of the plot. (D) Dependence of observed rate constant (kobs)
on the concentration of 3-picoline. The slope of this linear dependence
gives the second order rate constant k2.


pyridine self-association.31,34 The reactions studied here showed
no curvature, possibly due to the lower temperature (23 ◦C) and
lower concentration of pyridines used.


The linear dependence of kobs on the nucleophile concentration
and of k2 on the pKa of the nucleophile (Fig. 2) suggest that the
SP diesters react with pyridines by an SN2 mechanism. Moreover,


Fig. 2 Plot of k2 versus pKa of the nucleophile for the reactions of
S-(2,4-dinitrophenyl) O-methyl phosphorothiolate (closed circles) and
2,4-dinitrophenyl methyl phosphate (open circles) with pyridine nucle-
ophiles. Second order rate constants (k2) were obtained as described
in Fig. 1. The pKa values43 of the pyridine nucleophiles are: 3-CN,
1.45; 3-COCH3, 3.18; 3-CONH2, 3.40; 3-H, 5.20; 3-methyl, 5.70; and
4-methyl, 6.02. The solid square symbol represents k2 for the reaction
of S-(2,4-dinitrophenyl) O-methyl phosphorothiolate with 2-picoline.


even though 2-picoline and 3-picoline have similar pKa values, the
sterically hindered 2-picoline reacts (k2 = 0.069 M−1 h−1) with S-
(2,4-dinitrophenyl) methyl phosphorothiolate more than 100-fold
slower than does 3-picoline (k2 = 13 M−1 h−1). Reactions of S-(4-
nitrophenyl) methyl phosphorothiolate with peroxide exhibit an a
effect:35 peroxide reacts more than 100-fold faster than hydroxide,
even though peroxide has a pKa value almost four pH units
lower than hydroxide. This sensitivity of the reaction to steric
and electronic features of the nucleophile further suggests that
the pyridines act directly as nucleophiles rather than as general
acid/base catalysts. We conclude that SP diesters, like OP diesters,
react with nucleophiles through an SN2(P) mechanism.31


Reactions of 3-picoline with a series of SP and OP diesters
show that k2 for these esters strongly depends on the leaving group
pKa (Fig. 3), exhibiting Brønsted blg values of −1.1 and −1.3 for
SP and OP diesters, respectively. blg values provide the change
of the effective charge that occurs on the leaving group as the
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Fig. 3 Plot of k2 versus pKa of the leaving group for the reactions of S-aryl
O-methyl phosphorothiolates (closed circles) and aryl methyl phosphates
(open circles) with 3-picoline. The pKa values36,37 of the leaving groups for
S-aryl O-methyl phosphorothiolates are: 2,4-dinitro, 3.2; 4-nitro, 5.11;
4-chloride, 7.06; and 4-methyl, 8.07. The pKa values32 of the leaving
groups for aryl methyl phosphates are: 2,4-dinitro, 4.1; 2,5-dinitro, 5.22;
4-Cl-2-nitro, 6.46; and 4-nitro, 7.14.


reaction progresses from ground state to transition state, relative to
the effective charge change defined by the ionization equilibrium:
RXH � RX− + H+ (X = O for OP and S for SP diesters). The
effective charges on X for RXH and RX− are defined as 0 and −1,
respectively.


To obtain the effective charge and bonding extent for the leaving
group in the transition state, blg values require calibration against
beq, the substituent effect on the reaction equilibrium.38–40 beq


defines the effective charge change on the leaving group for the
overall reaction equilibrium, K eq. For reactions of aryl phosphate
monoanion, beq = −1.74,41 meaning that the oxygen leaving group
bears an effective charge of +0.74 in the starting ground state and
an effective charge of −1 (by definition) in the phenolate product
state. The value of blg = −1.3 for OP diesters suggests that the
phenolate oxygen bears an effective charge of −0.6 (+0.74 − 1.3)
in the transition state. beq for cleavage of S-aryl phosphorothiolate
esters has not been determined and is challenging to measure.
However, acyl and -PO3H− groups exhibit similar electropositive
character in phenol transfer equilibria (with beq = 1.70 and 1.74,
respectively42). Assuming that the acyl and -PO3H− groups exhibit
similar electropositivity in thiophenol transfer, we may use beq =
1.38 for thiophenol-acyl transfer equilibria42 as a crude estimate of
beq for thiophenol-PO3H− and thiophenol-PO2(OCH3)− transfer
equilibria. The value of blg = −1.1 for SP diesters suggests that
the sulfur leaving group has an effective charge of −0.7 (+0.38 −
1.1) in the transition state. OP and SP diesters therefore appear
to undergo similar extents of bond breaking (a) in their respective
reactions with pyridine: aS = bS


1g/bS
eq = 0.79; aO = bO


1g/bO
eq = 0.75.


To probe the degree of bond making between the nucleophile
and OP and SP diesters, we studied reactions of OP and SP
diesters with a series of pyridine derivatives. The second order
rate constants for reaction of pyridine nucleophiles with S-(2,4-
dinitrophenyl) methyl phosphorothiolate and 2,4-dinitrophenyl
methyl phosphate show linear dependencies on nucleophile pKa


(Fig. 2). The slopes give the Brønsted coefficient, bnuc, as 0.3 and
0.47 for SP and OP diesters respectively. The bnuc of 0.47 for OP


diesters is comparable to the published31 value of 0.44 measured at
39 ◦C and 1 M ionic strength.‡ These apparent bnuc values for the
phosphoryl transfer to pyridine likely deviate from the intrinsic bnuc


by the well-documented solvation effect.44,45 Using the equation
bcorr


nuc = (bnuc − bd)/1 − bd) with bd = −0.2,46 we obtained corrected
bcorr


nuc values of 0.42 and 0.56 for SP and OP diesters, respectively.
After correction of the observed bnuc values, the difference


between OP and SP diesters decreases modestly but remains
significant. The interaction coefficient pxy could account for part
of this difference. pxy defines the dependence of bnuc on the pKa


of the leaving group or the dependence of blg on the pKa of
the nucleophile (pxy = ∂bnuc/∂pK1g


a = ∂blg/∂pKnuc
a ).47 The pKa


values of 2,4-dinitrothiophenol36 and 2,4-dinitrophenol32 are 3.2
and 4.1, respectively. Using an interaction coefficient pxy of 0.013
for pyridine attack on OP diesters,31,47 we obtain bnuc = 0.56 −
0.013 × (4.1 − 3.2) = 0.55 for pyridine nucleophiles reacting
with a hypothetical aryl methyl phosphate diester containing a
leaving group with pKa = 3.2. Thus, the pKa difference of 2,4-
dinitrothiophenol and 2,4-dinitrophenol is not sufficient to explain
the difference in bnuc between the OP and SP diesters.


The beq for phosphoryl group transfer to pyridines is indepen-
dent of the leaving group, allowing direct comparison of bcorr


nuc


values. The bcorr
nuc values indicate that SP diesters have less N-P


bonding in the transition state than do OP diesters. Given that
the P–O and P–S bonds undergo similar extents of cleavage in
the transition state, these results suggest that SP diesters require
less bonding to the nitrogen nucleophile than do OP diesters to
achieve the same degree of bond cleavage to the leaving group. The
Hammond effect may account for this difference,35,48 reflecting the
weaker thermodynamic stability of the P–S bond compared to the
P–O bond.49,50


To facilitate comparison of the OP and SP diester reactions, we
may obtain a crude estimate of the beq for pyridine-PO2(OCH3)−


transfer equilibria from the pyridine-acyl transfer data (where
beq = +1.6),42 as described above for thiophenol-PO2(OCH3)−


transfer equilibria. This enables construction of the effective
charge map (Scheme 2) and representation of the transition state
in a More O’Ferrall–Jencks diagram (Fig. 4).51,52 The data suggest
that OP and SP diesters react with nucleophiles via a concerted
mechanism§ involving a dissociative transition state.53¶ Previous
studies on chemical models of phosphate diester monoanions,32,54


ab initio calculations of phosphorothiolate diesters,55 and Kirby’s
bnuc values31‡corroborate the OP diester transition state model that


‡ The text of the published report31 states that bnuc = 0.31; the plot in
Fig. 2 in that report has a slope of 0.44. We plotted the data from Table 2
in that report and obtained bnuc = 0.44, in excellent agreement with our
measurement.
§Formally, the reactions may occur via a stepwise addition-elimination
(associative) mechanism in which the nucleophile first adds to the phos-
phorous center to form a dianionic phosphorane intermediate followed by
expulsion of the leaving group. Our results argue against the associative
mechanism. If the addition step limited the reaction rate, we would
expect small values of bnuc and blg (relative to the corresponding beq).
If the elimination step limited the reaction rate, we would expect more
substantial values for both bnuc and blg. However, we observe relatively
large blg values and relatively small bnuc values, consistent with neither
rate-limiting addition nor rate-limiting elimination.
¶A dissociative transition state, defined by bnuc/beq + (1 − blg/beq) <


1, indicates that bond fission exceeds bond formation. An associative
transition state, defined by bnuc/beq + (1 − blg/beq) > 1, indicates that
bond formation exceeds bond fission).


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 2491–2497 | 2493







Scheme 2 Effective charges of the nucleophiles and leaving groups in the reactions of pyridine derivatives with OP and SP esters. aValues are estimated.


Fig. 4 Reaction maps for transfer of the methyl phosphoryl group from
phenols and thiophenols to pyridine nucleophiles. The horizontal and
vertical scales are calibrated in terms of the overall effective charge change
on the leaving and entering atoms, respectively using values reported in
Scheme 2. The position of the transition state of the reaction of S-aryl
O-methyl phosphorothiolates with pyridines is shown as a closed square
and that of the reaction of aryl methyl phosphates with pyridines is shown
as an open square.


emerges from the current work. Comparison of our data for SP
diesters to these OP data suggests that nucleophiles react with the
SP diesters via a similar mechanism and transition state structure.


The analysis above provides a foundation for studying the
phosphoester transfer in biological systems. In the case of nucleic
acid substrates, in which the leaving oxygen atoms are bonded to
alkyl groups rather than to aryl groups like the model compounds
used here, the pKa differences between the sulfur and oxygen


leaving groups become more pronounced. For example, the pKas
of 2,4-dinitrophenol and 2,4-dinitrothiophenol differ by 0.9 units,
whereas the pKas of ethanol and ethanethiol differ by ∼5 units.
For OP esters, the pxy value predicts that a 5-unit pKa decrease
in the leaving group would decrease bnuc by more than 10%,
thereby increasing the dissociative character of the transition
state. Therefore the pKa difference between S and O leaving
groups in nucleic acids would be expected to induce an even
greater increase in the dissociative character of the transition
state than observed here for sulfur substitution in methyl aryl
phosphodiesters. Together with the increases in volume and
bond lengths that accompany sulfur substitution, the more open
transition state structure may explain in part why enzymes catalyze
reactions of phosphorothiolates less efficiently than those of their
natural substrates.


Conclusions


In summary, we have obtained an initial model for the transition
state structure of nonenzymatic reactions of phosphodiester
and phosphorothiolate diesters with pyridine nucleophiles. Both
oxygen and sulfur leaving groups bear similar effective charges
and undergo similar degrees of bond cleavage in the transition
state. Although we can only estimate bonding extents due to
lack of knowledge about beq, this work provides a useful direct
comparison of the reactions of SP and OP diesters with pyridine
nucleophiles. Both types of esters react with pyridine nucleophiles
via a concerted, dissociative mechanism, but the SP diesters react
via a slightly more open transition state than do the OP diesters.
We conclude that sulfur substitution of the leaving group does
not grossly perturb the reaction pathway, supporting the use of
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phosphorothiolates as substrate analogues to probe mechanisms
of enzyme-catalyzed phosphoryl transfer reactions.


Experimental


Synthesis


S-(4-Chlorophenyl) O,O-dimethyl phosphorothiolate (2a). An
ice cooled solution of bis(4-chlorophenyl) disulfide 1a (20 g,
0.068 mol) in dichloromethane (100 ml) was saturated with
chlorine gas by bubbling it through the solution for 1 hour then
excess gas and solvent were removed by vacuum evaporation.
Trimethyl phosphite (18 ml, 0.15 mol) was added dropwise
under argon over 15 minutes to the stirred solution of 4-
chlorobenzenesulfenyl chloride intermediate. The solution was
stirred for an additional 30 minutes, solvent was then removed
by evaporation under vacuum, and excess trimethyl phosphite
was distilled off at 70 ◦C/0.01 mmHg to give 2a as a colorless oil
(27 g, 79%); mmax(film)/cm−1 3116, 3087, 2966, 2864, 2362, 2345,
1603, 1546, 1459, 1444, 1345, 1263, 1186, 1032, 905, 843, 799, 733,
559 (lit.,33 3070, 1263, 1180); dH(acetone-d6) 3.83 (6 H, d, J 12.7),
7.40–7.44 (2 H, m), 7.58–7.62 (2 H, m); dC 54.57 (d, J 6.6), 126.07
(d, J 7.1), 130.28 (d, J 2.2), 135.78 (d, J 3.3), 136.89 (d, J 5.6); dP


24.53.


S-(4-methylphenyl) O,O-dimethyl phosphorothiolate (2b).
Compound 2b was prepared from p-tolyldisulfide (15 g,
0.061 mol) using the procedure described for the synthesis of
2a with the following modifications: chlorine gas was bubbled
for 30 minutes, trimethyl phosphite (16 ml, 0.14 mol) was added
dropwise over 10 minutes under argon at 0 ◦C. The resulting
solution of p-tolylsulfenyl chloride was stirred for 10 minutes.
Vacuum distillation yielded 2b as a yellow oil (28 g, 97%);
mmax/cm−1 (KBr) 3022, 2953, 2850, 2358, 1902, 1800, 1596, 1492,
1457, 1261, 1182, 1017, 811, 788, 765, 600, 567; dH(acetone-d6)
2.32 (3 H, d, J 1.7), 3.77 (6 H, d, J 12.5), 7.19–7.23 (2 H, m),
7.46–7.50 (2 H, m); dC 21.04, 54.35 (d, J 6.0), 123.53 (d, J 7.1),
130.99 (d, J 2.2), 135.45 (d, J 4.9), 140.21 (d, J 3.3); dP 25.56.


S-(4-nitrophenyl) O,O-dimethyl phosphorothiolate (2c). Under
argon, trimethyl phosphite (8.8 ml, 0.074 mol) was added dropwise
over 10 minutes to a solution of 4-nitrobenzenesulfenyl chloride
(13 g, 0.068 mol) in dichloromethane (55 ml); the solution was
brought to reflux and then stirred for an additional hour at room
temperature. Dichloromethane was evaporated, and the residue
was recrystallized in 15 ml methanol to yield 2c (10 g, 65%); mp
56–58 ◦C; mmax/cm−1 (KBr) 3104, 2955, 2852, 2366, 2345, 1578,
1513, 1444, 1349, 1265, 1179, 1012, 854, 835, 789, 765, 746, 555;
dH (acetone-d6) 3.85 (6 H, d, J 12.7), 7.86–7.90 (2 H, m), 8.22–
8.26; dC 54.97 (d, J 6.0), 124.99 (d, J 1.6), 135.51 (d, J 5.5), 136.54
(d, J 6.6), 148.96; dP 14.32.


S-(2,4-dinitrophenyl) O,O-dimethyl phosphorothiolate (2d).
The general procedure as described for the synthesis of 2b was fol-
lowed. The reaction mixture containing 2,4-dinitrobezenesulfenyl
chloride starting material was stirred for 2 hours at 20 ◦C after
addition of trimethyl phosphite. Recrystallization in methanol
gave 2d (15 g, 73%); mp 69–70 ◦C; mmax/cm−1 (KBr) 3116, 3087,
2966, 2864, 2362, 2345, 1603, 1546, 1345, 1263, 1186, 1023, 905,
843, 799, 734, 559; dH 3.87 (6 H, d, J 12.9), 8.33 (1 H, dd, J 1.7 and
8.8), 8.56 (1 H, dd, J 2.7 and 8.8), 8.84 (1 H, d, J 2.4); dC 55.60 (d,


J 6.6), 121.43, 127.88, 131.89 (d, J 4.9), 148.43, 151.87 (d, J 4.4);
dP 21.14.


Lithium S-(4-chlorophenyl) O-methyl phosphorothiolate (3a).
A solution of 2a (23 g, 90 mmol) in 50 ml acetone was stirred
with LiCl (3.8 g, 90 mmol) for 8 hours at 20 ◦C; filtration yielded a
white precipitate 3a (15 g, 69%); mp >250 ◦C; (Found: C, 34.11; H,
2.95; P, 12.73; S, 13.99. C7H7ClLiO3PS requires C, 34.38; H, 2.89;
P, 12.66; S, 13.11%); kmax (MeOH)/nm 226 (e/dm3 mol−1 cm−1


81 000); mmax(KBr)/cm−1 3429, 2988, 2946, 2844, 2359, 2343, 1637,
1476, 1390, 1209, 1084, 1013, 820, 783, 744; dH 3.56 (3 H, d, J 12.9),
7.29–7.32 (2 H, m), 7.44–7.47 (2 H, m); dC 54.12 (d, J 6.6), 128.77
(d, J 6.6), 130.06 (d, J 1.6), 134.87 (d, J 3.3), 136.36 (d, J 4.9);
dP 19.26; HRMS (FAB−) calculated for C7H7ClO3PS: 236.9542,
found: 236.9536.


Lithium S-(4-methylphenyl) O-methyl phosphorothiolate (3b).
The general synthetic procedure described for the synthesis of
3a was followed. After 24 hours of stirring the reaction mixture
containing 2b, a precipitate of 3b was isolated by filtration (15 g,
64%); mp >250 ◦C; (Found: C, 42.08; H, 4.69; P, 14.00; S, 13.92.
C8H10LiO3PS requires C, 42.87; H, 4.50; P, 13.82; S, 14.30%);
kmax (MeOH)/nm 226 (e/dm3 mol−1 cm−1 67 000); mmax/cm−1 3422,
3020, 2980, 2946, 2844, 2360, 2343, 1636, 1493, 1224, 1082, 810,
782; dH 2.22 (3 H, s), 3.54 (3 H, d, J 12.7), 7.09–7.13 (2 H, m), 7.34–
7.38 (2 H, m); dC 21.06, 54.12 (d, J 6.0), 126.29 (d, J 6.6), 130.87
(d, J 1.6), 135.10 (d, J 4.4), 139.90 (d, J 3.0); dP 20.06; HRMS
(FAB−) calculated for C8H10O3PS: 217.0137, found: 217.0077.


Lithium S-(4-nitrophenyl) O-methyl phosphorothiolate (3c).
The general procedure described for the synthesis of 3a was
followed except that the reaction mixture containing 2c was stirred
for 15 hours. Crystals were isolated by filtration, and dried under
vacuum to yield 6.2 g (90%) of 3c containing 0.77 equivalents of
acetone (by 1H NMR). Removal of solvent from crystal lithium
salt proved difficult, recrystallization in chloroform–methanol
(12 : 1) gave 3c with 0.87 equivalents of crystal methanol, mp
>250 ◦C; (Found: C, 30.84; H, 3.22; N, 5.13; P, 10.79; S, 11.93.
C7H7LiNO5PS·0.87 CH3OH requires C, 33.40; H, 3.73; N, 4.95;
P, 10.94; S, 11.33%.); kmax (MeOH)/nm 306 (e/dm3 mol−1 cm−1


68 000); mmax/cm−1 (KBr) 3380, 3102, 2984, 2845, 2366, 2345, 1638,
1598, 1578, 1514, 1344, 1236, 1082, 1045, 854, 787, 744, 685, 580;
dH 3.61 (3 H, d, J 12.9), 7.69–7.72 (2 H, m), 8.11–8.14 (2 H, m); dC


54.21, 124.82, 134.21 (d, J 5.5), 140.86 (d, J 6.0); dP 17.23; HRMS
(FAB−) calculated for C7H7NO5PS: 247.9783, found: 247.9796.


Lithium S-(2,4-dinitrophenyl) O-methyl phosphorothiolate (3d).
The general procedure described for the synthesis of 3a was
followed. A reaction mixture containing starting material 2d
became yellow, and crystals formed after 4 hours, crystals were
isolated and dried under vacuum. The yield of 3d (16 g) was
quantitative, however acetone was present. Recrystallization in
chloroform–methanol (4 : 1) was accompanied by decomposition,
and yellow crystals of 3d were recovered containing 0.7 equivalents
of methanol, mp >250 ◦C; Found: C, 30.84; H, 3.22; N, 5.13;
P, 10.79; S, 11.93. C7H7LiNO5PS·0.7 CH3OH requires C, 33.40;
H, 3.73; N, 4.95; P, 10.94; S, 11.33%.); kmax (MeOH)/nm 312
(e/dm3 mol−1 cm−1 67 000); mmax/cm−1 (KBr) 3418, 3110, 2952,
2848, 2364, 2344, 1595, 1529, 1458, 1344, 1267, 1093, 1044, 917,
843, 786, 746, 735, 669; dH 3.59 (3 H, d, J 12.9), 8.14 (1 H, d, J
9.0), 8.31 (1 H, dd, J 9.0), 8.72 (1 H, d, J 2.2); dC 54.45 (d, J 6.6),
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121.64, 127.75, 135.78 (d, J 4.4), 138.02 (d, J 4.4), 146.61, 150.00
(d, J 2.7); dP 14.74; HRMS (FAB−) calculated for C7H7N2O7PS:
292.9633, found: 292.9622.


Measurement of kobs and k2


All reaction solutions contained 10 mM arylmethylphosphate
(OP) or phosphorothiolate esters (SP) in deuterium oxide and
were maintained at 1.7 M ionic strength using potassium chloride.
Reactions were carried out in NMR tubes at room temperature
and kept in the dark. A Bruker Avance DMX 500 (500 MHz) and
Avance DRX 400 (400 MHz) were used to record 1H NMR and
31P NMR, 1H NMR was referenced to deuterium oxide (dH 4.63)
and 31P NMR was referenced externally to 85% H3PO4 (dP 0.00).


Generally, to measure kobs, we monitored the conversion of
substrate into methyl phosphate by 1H NMR, reactions were
followed for at least seven time points and, unless otherwise
noted, rates were measured for more than 3.5 half lives. Values of
kobs were measured for five different nucleophile concentrations.
A total of five to six runs were performed for each substrate–
nucleophile combination. The second order rate constant, k2,
was obtained from the slopes of the linear plots of kobs versus
nucleophile concentration. We used 31P NMR to confirm the
assignment of the product peak as methyl phosphate for each
substrate–nucleophile combination. Precipitate developed in some
reactions with phosphorothiolate diesters but not with phosphate
diesters. The formation of precipitate did not appear to affect
measurements of kobs.


Measurement of phosphorothiolate diester and methyl phosphate
relaxation times


To acquire accurate integration values by 31P NMR for phospho-
rothiolate diesters and methyl phosphate, we must allow the 31P nu-
clei to relax fully following excitation. Therefore, we measured the
relaxation times of the phosphorous nucleus for each compound
by a standard inversion recovery test. Relaxation times (Table 1)
were 5.303 s, 5.339 s, 4.906 s, and 3.390 s for phosphorothiolates
3a-d, respectively. Variation of phosphorothiolate concentration
does not appear to influence relaxation time measurements except
for 3a. Relaxation times of 3a were measured to be 5.123 s at
50 mM and 5.483 s at 200 mM. The average value was used.
Methyl phosphate, synthesized by hydrolysis of phosphorothiolate
diesters with 1.0 M potassium hydroxide, had an average relaxation
time of 11.003 s (literature,56 12 s).


Table 1 Relaxation times of the phosphorous nucleus for SP diesters


Relaxation times/sa Chemical shift (dP)


3a 5.123 17.54
5.483 (50 mM) 17.77


3b 5.339 20.00
3c 4.906 18.98
3d 3.39 15.0
Methyl phosphate 10.823 (50 mM) 5.15


11.183 5.30
11.184 5.23


a Concentrations are at 200 mM unless otherwise noted.


Kinetics of reactions of oxyanion nucleophiles with
S-(4-nitrophenyl) methyl phosphorothiolate


In measuring k2 for the reaction of hydroxide nucleophile with
S-(4-nitrophenyl) methyl phosphorothiolate, potassium hydroxide
concentrations of 0.3 to 1.7 M were used. In addition, to determine
the rate by following the formation of methyl phosphate, the kobs


value was calculated from conversion of substrate peak to the
product thiophenolate peak. The latter measurement gave slightly
lower k2. This may be due to the formation of a by-product, as
suggested by new resonances in the aryl region (according to the
1H NMR spectra). We did not identify the structure of the by-
product. The k2 value was not corrected for carbon attack because
we didn’t detect any products arising from attack at carbon.


In reactions of peroxide nucleophile with S-(4-nitrophenyl)
methyl phosphorothiolate, peroxide nucleophile stock solution
was prepared fresh with one equivalent of potassium hydroxide.
Nucleophile concentration ranged from 0.1 to 0.3 M. Values of
kobs were determined by following the reaction over the first two
half lives.


Kinetics of reactions of phosphorothiolate and phosphate diesters
with pyridine nucleophiles


Reactions of phosphorothiolate and phosphate diesters with
pyridine nucleophiles were buffered with 30 mM potassium
bicarbonate buffer (pH 10). The concentration ranged from 0.1
to 0.3 M for the picoline nucleophiles and from 0.1 to 0.5 M
for all other pyridine nucleophiles. Concentrations of bases were
not adjusted for association, as we observed, under our reaction
conditions, no obvious curvature in the plots of kobs vs. pyridine
nucleophile concentration (pyridine nucleophile concentration ≤
0.5 M, 23 ◦C; 1.7 M ionic strength).


In the reaction of 3-picoline with 4c and 5c–d, kobs was
determined by following reactions for more than 3.5 half lives.
For 4a–b and 5a–b, kobs was determined from initial rates. For
phosphate diester 5a, ten runs were performed and kobs was
averaged due to the slow rate of this reaction. NMR tubes were
flame closed to prevent the evaporation of 3-picoline.


In the reaction of 3-cyanopyridine with phosphate diester 5d,
a substituted pyridine by-product was observed. Although this
by-product does not appear to affect kobs over the first 1.5 half
lives, it does affect it increasingly thereafter. Consequently, kobs


was determined from the initial rate for this reaction (seven time
points). The by-product was isolated by TLC (ethyl acetate–
hexane, 6 : 1) and identified by 1H NMR and mass spectra as
nicotinamide.
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While N-(2-nitrobenzylidene)anilines produced mixtures of 2,1-benzisoxazoles and
3-anilino-2-aryl-2H-indazoles in the presence of indium and iodine in MeOH,
N-(2-nitrobenzylidene)anilines were transformed into 3-anilino-2-aryl-2H-indazoles as the
predominant major product through the change of the solvent from protic MeOH to aprotic THF. In
an indium-mediated one-pot reductive reaction, 2-benzaldehydes and anilines in THF were also
successfully transformed into the corresponding indazoles.


Introduction


The indazole subunit in organic molecules is an important
structure in many drug substances with a wide range of phar-
macological effects: e.g. antitumor,1 antimicrobial,2 antiplatelet,3


anti-HIV,4 and anti-iflammatory.5 For the construction of the 2H-
indazole skeleton, the reduction of N-(2-nitrobenzylidene)amines
using triethylphosphite, and the thermal decomposition of N-(2-
azidobenzylidene)amines are widely used;6a,6b other approaches
for the construction of the 2H-indazole skeleton such as
transition-metal catalyzed reactions were also employed.6c Re-
cent examples of syntheses of 2H-indazoles include the fol-
lowing: copper-mediated cyclizations of 1-(2-ethynylphenyl)-3,3-
dialkyltriazenes,7 DDQ oxidation of pyrazoles made from the
Baylis–Hillman adducts of 2-cyclohexen-1-one,8 and cyclizations
of o-nitrobenzylamines under ethanolic conditions.9 There are
few reports, however, of general and efficient syntheses of N-
substituted indazoles.


In our previous study of heterocyclic compound formation
via the reductive cyclization reaction of nitroarenes,10 it was
found that the nitro group can be reduced through chemical or
electrochemical methods, and it can trigger heterocycliza-
tion towards nitrogen-containing heterocycles, such as 2,1-
benzisoxazoles, benzotriazoles, benzimidazoles, and quinolines
when it has a proper functional group such as carbonyl or imino
group at the ortho position. Moreover, reductive heterocyclizations
using indium were also successfully used in transformations
forming heterocyclic compounds such as 2,1-benzisoxazoles,10i


benzimidazoles,10l and quinolines.10m These indium-mediated re-
ductive heterocyclizations are noteworthy as indium has been
receiving increasing interest due to its applications in organic
transformations.11 In particular, among the applications of indium
in organic chemistry, indium-mediated reactions in aqueous media
have been focused on for synthetic applications because of
environmental issues and the ease of these reactions, which obviate
the need for inflammable anhydrous organic solvents and inert
atmospheres.11b


aDepartment of Chemistry, Kwangwoon University, Seoul, 139-701, Korea.
E-mail: bhkim@kw.ac.kr; Fax: +82 29 424 635; Tel: +82 29 405 247
bKorea Research Institute of Chemical Technology, Taejon, 305-600, Korea


Thus, of special interest to us is the possibility of utilizing
the indium-promoted reaction for the efficient synthesis of 2,3-
disubstituted indazoles as an extension of the study on the
reductive cyclization reaction of 2-nitroarenes, as only a limited
number of applications of indium, other than carbon–carbon
bond formation, are found in the literature.12 Thus, the one-pot
synthetic approach to new 2,3-disubstituted indazoles through
the direct conversion of 2-nitro-substituted iminobenzenes using
indium and iodine, which can be useful in biological, agricultural,
and industrial applications, is reported herein.13 As far as we know,
there are few applicable general methods for the synthesis of 2,3-
disubstituted indazole derivatives, and all the indazoles that were
synthesized in this study were new compounds accordingly.


Results and discussion


As indium and related reagents turned out to have reasonable
reductive properties, heterocyclizations of substituted 2-nitroben-
zaldehydes, 2′-nitroacetophenone, and 2-nitrobenzophenones
were examined in a preliminary study.14 As described in this earlier
communication, the reductive cyclization reactions of 2-nitroaryl
aldehydes and ketones to 2,1-benzisoxazoles appear generally
applicable in most cases, and all of the substrates were consumed
within 1.5–6 hours to give the corresponding 2,1-benzisoxazoles
in 80–95% yields. However, the reductive cyclization of N-(2-
nitrobenzylidene)aniline in the presence of indium–iodine in
MeOH produced a mixture of 2,1-benzisoxazole (56%) and 3-
anilino-2-phenyl-2H-indazole (27%) (Table 1, entry 1).


The formation of 3-anilino-2-phenyl-2H-indazole was some-
what unexpected, and the reactions of halo- or methoxy- sub-
stituted N-(2-nitrobenzylidene)anilines exhibited similar results,
producing mixtures of 2,1-benzisoxazoles and 3-anilino-2-phenyl-
2H-indazoles (entries 2–4). It is presumed that the formation
of 3-anilino-2-phenyl-2H-indazoles might have occurred due to
the nucleophilic participation of in situ-formed anilines, which
are supposed to be leaving groups when 2,1-benzisoxazoles are
formed. As indazole derivatives have also attracted much attention
due to their pharmaceutical activities, and as the 2,3-disubstituted
indazole derivatives in this study are new compounds that could
not be easily synthesized using any of the known conventional
methods, it is thought that a reinvestigatiton at the point of the
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Table 1 Reductive cyclization of the 2-nitroiminobenzenes (1.0 mmol) in the presence of indium (3.0 equiv.) and iodine (0.8 equiv.) in MeOH (3 ml) at
50 ◦C.14


Entry Substrate Time/h Product (% yielda)


1 4 +


2 6 +


3 6 +


4 6 +


5 6


a Isolated yield. b Trace amount of N-[(2-amino-3-methoxyphenyl)methylene]benzamine was observed.


reductive cyclization reactions of N-(2-nitrobenzylidene)aniline
derivatives to the indazoles as the major product instead of 2,1-
benzisoxazoles would be valuable. Thus, it was decided that the
reaction would be controlled, focusing on the 3-anilino-2-phenyl-
2H-indazole formation to develop a new and valuable synthetic
methodology for the one-pot reductive indazole synthesis from
nitroarenes. Thus, various reaction conditions were carefully
reinvestigated to find the indazole-formation-favored reaction
conditions.


1) Indium-mediated reductive reaction of
N-(2-nitrobenzylidene)anilines in the presence of aniline additive
whose structure is the same as that of the anilino-subunit of the
N-(2-nitrobenzylidene)anilines


As was assumed, the indazoles might have come from the contribu-
tion of in situ-formed anilines. First, how the aniline concentration
influences the reaction was checked by adding the corresponding
aniline to the reaction mixture. Thus, heterocyclizations of N-
[(2-nitrophenyl)methylene]benzene in the presence of an excess
amount of aniline that was a leaving group of the reaction were
examined. A reaction of N-(2-nitrobenzylidene)aniline in the pres-
ence of indium (3 equiv.), iodine (0.8 equiv.), and aniline (20 equiv.)
in MeOH showed an improved indazole–2,1-benzisoxazole ratio
(Table 2, entry 2) compared to the same reaction without aniline
additive. However, 2,1-benzisoxazole was still one of the major
products. In the mean time, as shown in Table 2, by changing
the solvent from protic MeOH to aprotic solvent, the formation
of 2,1-benzisoxazole was drastically reduced (Table 2, entries 4–
15). Among the aprotic solvents that were tried, THF showed the


best results in terms of indazole formation. The reaction of N-
[(2-nitrophenyl)methylene]benzene (1.0 mmol), indium (3 equiv.),
iodine (0.8 equiv.) and aniline (20 equiv.) in THF at 50 ◦C
produced the desired (2-phenyl-2H-indazol-3-yl)phenylamine (2)
in a 75% isolated yield (entry 8), accompanied by only a small GC-
detectable amount of 2,1-benzisoxazole as a by-product, which
was the most desired result of this study.


To test the usefulness of the newly developed reaction con-
ditions for the synthesis of indazole derivatives, various N-(2-
nitrobenzylidene)anilines (i.e. 2-nitroiminobenzene derivatives)
were examined using the optimized reaction conditions. For
the starting substrate, 2-nitroiminobenzenes were prepared using
diversely substituted 2-nitrobenzaldehydes and 4-substituted ani-
lines as shown in eqn (1).


(1)


In most cases, 2-nitroiminobenzenes were successfully cyclized,
giving the desired indazoles within 4 hours in moderate to
good yields, as shown in Table 3, independent of the posi-
tions and characters of the substituent, R, which were H, Cl,
Me, OMe, and OCH2O. For the anilino site, the structure
of R′ somehow influenced the direction of the heterocycliza-
tion of 2-nitroiminobenzenes. The heterocyclizations of N-(2-
nitrobenzylidene)anilines to give the desired indazoles worked
well when R′ was H, an electronegative fluoro atom, or a
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Table 2 Indium-mediated reductive heterocyclizations of the N-(2-nitrobenzylidene)aniline (1.0 mmol) under various reaction conditions


Entry In–I2–aniline (equiv.) Solvent T/◦C Time/h Product (% yielda 1 : 2)


1 3 : 0.8 : 0 MeOH (3 ml) 50 ◦C 4 56 : 27
2 3 : 0.8 : 20 MeOH (3 ml) 50 ◦C 4 27 : 30
3 3 : 0.8 : 20 THF–H2O (3 ml, 1 ml) 50 ◦C 5 trace : 22b


4 3 : 0.8 : 20 CH3CN (3 ml) 50 ◦C 5 trace : 25b


5 3 : 0.8 : 20 CHCl3 (3 ml) 50 ◦C 8 trace : 38b


6 3 : 0.8 : 20 CH2Cl2 (3 ml) 50 ◦C 8 trace : 50b


7 3 : 0.8 : 10 THF (5 ml) 50 ◦C 6 trace : 71
8 3 : 0.8 : 20 THF (5 ml) 50 ◦C 4 trace : 75 (82b)
9 3 : 0.8 : 30 THF (5 ml) 50 ◦C 4 trace : 70


10 3 : 0.8 : 20 THF (3 ml) rt 12 trace : 38
11 3 : 0.8 : 20 THF (3 ml) 50 ◦C 6 trace : 60
12 3 : 1.5 : 20 THF (3 ml) 50 ◦C 6 trace : 30
13 2 : 0.8 : 20 THF (3 ml) 50 ◦C 10 trace : 30
14 4 : 0.8 : 20 THF (3 ml) 50 ◦C 6 trace : 38
15 3 : 0.8 : 20 THF (5 ml) reflux 3 trace : 68


a Isolated yield. b GC yield with an internal standard.


hyperconjugative electron-donating methyl group. However, when
R′ was the relatively strong electron-donating methoxy group, the
reaction produced an indazole and 2,1-benzisoxazole mixture, as
shown in Table 4. At the moment, it is not clear why electron-
rich aryl substituents of iminobenzenes favor the formation of
2,1-benzisoxazoles.


2) Indium-mediated reductive reaction of
N-(2-nitrobenzylidene)anilines in the presence of aniline additive
whose structure is different from the anilino subunit of the
N-(2-nitrobenzylidene)anilines


The following question arose after the results of the indium-
mediated reductive reaction of N-(2-nitrobenzylidene)anilines in
the presence of aniline additive whose structure is the same as
those of anilino subunit of N-(2-nitrobenzylidene)anilines (i.e. the
A = B system in eqn (2)), were obtained: should the structure of
the added aniline (B) be the same as that of the imino part (A)
of the substrate? Since the substituents at the 2- and 3-positions
of the indazole product seem to have come from the excessively
added anilines, the original structure of A may not be left over
as the 2,3-substituents of the product. Thus, even if the aniline
(B) whose structure is different from that of A were added, the
resulting product may produce the 2,3-aryl-substituted indazole
product with a C = B structure (eqn (2)).


(2)


To verify the effect of the added aniline, several con-
trol experiments were conducted (Table 5), where varied
amounts of p-toluidine were added to the reaction of N-(2-
nitrobenzylidene)aniline. As expected, the amount of p-tolyl-


substituted product (13) was increased gradually with the addition
of more p-toluidine to the reaction mixture, and the reactions of
N-[(2-nitrophenyl)methylene]benzene in the presence of indium
(3 equiv.), iodine (0.8 equiv.), and more than 10 equiv. of p-
toluidine produced p-tolyl-substituted indazole (13) as the major
product. The mixed substituted products 34 and 35 (the exact
structure of each compound, whether 34 or 35, was not deter-
mined) were observed when less than 10 equiv. of p-toluidine were
used. It is evident that externally added p-toluidine controls the
structure of the 2,3-substituents of indazole. Without doubt, the
structure of C in eqn (2) came from structure B of the added
aniline.


Thus the reactions of various N-(2-nitrobenzylidine)anilines
(R = H, Cl, OMe, OCH2O; R′ = H) in the presence of an excess
of various 4-R′-substituted anilines were examined, and the B = C
structure in eqn (2) was expected to be seen. The results are shown
in Table 6. The reactions gave the indazole product with the B =
C structure, as expected. In most cases, the yield of each reaction
was slightly lower than the yields of the reactions described in
Table 4, while the yield of the reactions when 4-methoxyaniline
was used improved compared to the reactions described in Table 4.
Without doubt, the reactions of N-(2-nitrobenzylidine)anilines in
the presence of an excess of 4-R′-substituted anilines could be as
useful as the reactions shown in Table 3 for the syntheses of diverse
2,3-disubstituted indazoles.


3) Indium-mediated reductive reaction directly starting from
2-nitrobenzaldehydes and anilines toward indazoles


As mentioned earlier, the starting substrates, 2-nitroimino-
benzenes, were prepared from the reactions of 2-nitroben-
zaldehydes with anilines in the presence of MgSO4 in THF at
room temperature. In addition, the cyclization reactions of 2-
nitroiminobenzenes to give indazoles were also done in THF. As
long as both the 2-nitroiminobenzene preparation reaction and the
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Table 3 Indium-mediated reactions of 2-nitroiminobenzenes (0.2 M) in the presence of indium (3 equiv.), iodine (0.8 equiv.), and anilines (20 equiv.)
whose structure is the same as that of the anilino subunit of the N-(2-nitrobenzylidene)anilines in THF at 50 ◦Ca


Entry Substrate Time/h Product (% yieldb)


1 4


2 4


3 4


4 4


5 4


6 4


7 4


8 4


9 4


10 3


11 4
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Table 3 Cont.


Entry Substrate Time/h Product (% yieldb)


12 4


13 4


14 4


15 4


16 4


17 4


18 3


19 3


20 4


a Most reactions produced trace to several % of 2,1-benzisoxazoles as a by-product. b Isolated yield. c 22% of 2,1-benzisoxazole was observed.


following cyclizations of 2-nitroiminobenzenes to give indazoles
are done in the same solvent using similar reaction conditions, a
one-pot reaction would be possible instead of a two-step synthesis.
Thus, the one-pot synthesis starting from 2-nitrobenzaldehydes
was examined. First, 2-nitrobenzaldehyde in the presence of 20
equiv. of aniline and Na2SO4 (4 equiv.) in THF was stirred
for 12 hours to obtain the corresponding 2-nitroiminobenzene
in situ, then it was mixed with indium (3 equiv.) and iodine
(0.8 equiv.) in THF for the reductive cyclization to indazole. The
procedure worked well, as expected, with a 52% yield, which was
slightly lower than that of the two-step synthesis. It is believed
that the reduced yield was caused primarily by the loss of the
product when the solution was transferred by cannula, since the


reaction scale is quite small for cannular transferring. It would
also be useful, however, to consider that the overall yield of the
previous two-step synthesis is 69% [(i) imine preparation, 92%;
and (ii) reductive cyclization, 75%, in entry 1, Table 3]. Thus,
various substituted benzaldehydes were examined under these
one-pot reaction conditions for the synthesis of 2,3-disubstituted
indazoles. The results are summarized in Table 7. Most of the
reactions worked well with reasonable yields. Moreover, some of
the reactions showed better yields compared to the previous two-
step synthesis (entries 2, 6, 9, 11, 13, and 14 in Table 7).


As described in three sections (1), (2), and (3), all the reaction
conditions were successful for indazole synthesis. Moreover, based
on the results, we could propose that reductive cyclizations may
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Table 4 Indium-mediated reactions of 2-nitroiminobenzenes (R′ = OMe) (0.2 M) in the presence of indium (3 equiv.), iodine (0.8 equiv.), and aniline
(20 equiv.) in THF at 50 ◦C


Product (% yielda)


Entry Substrate Time/h A B


1 2


2 2


3 3


4 2 trace


5 2


6 2


a Isolated yield.


Table 5 Indium-mediated reductive reaction of the N-(2-nitrobenzylidene)aniline (1 mmol, 0.2 M) in the presence of indium (3 equiv.), iodine (0.8 equiv.),
and p-toluidine (20 equiv.) in THF at 50 ◦C


Product (% yielda)


Entry p-Toluidine/equiv. Time/h 2 34/35 (or 35/34) 13


1 0.5 5 12 7/6 5
2 1 5 8 12/14 12
3 2 4 3 10/15 35
4 3 4 1 5/8 38
5 5 4 — 2/2 48
6 10 3 — 1/1 51
7 20 3 — — 52


a GC yield with an internal standard and structure of 34 and 35 was determined by GCMS only. All reactions produced GC-detectable amount of
2,1-benzisoxazoles.
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Table 6 Indium-mediated reactions of the 2-nitroiminobenzenes (0.2 M) in the presence of indium (3 equiv.)/iodine (0.8 equiv.) and aniline additive
(20 equiv.) whose structure is different from that of the anilino-subunit of the N-(2-nitrobenzylidene)anilines in THF at 50 ◦C


Product (% yielda)


Entry Substrate Time/h R′ A B


1 3 CH3 trace


2 3 CH3


3 3 CH3 trace


4 3 CH3 trace


5 3 CH3 trace


6 3 CH3 trace


7 3 F trace


8 3 F trace


9 3 F


10 3 F trace
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Table 6 Cont.


Product (% yielda)


Entry Substrate Time/h R′ A B


11 3 F trace


12 2 OCH3 trace


13 2 OCH3


14 2 OCH3


15 2 OCH3 trace


16 2 OCH3


a Isolated yield.


start at the same stage, i.e. N-(2-nitrobenzylidene)aniline, which is
the starting substrate in section (1). A plausible path for indazole
(major) and 2,1-benzisoxazole (trace or minor in THF, major in
MeOH) formation is shown in Scheme 1. Loss of water can be
a good driving force for the indazole-formation reaction, which
is possibly caused by the push–pull assistance of aniline and
aromatization of the product.


Conclusion


New indium-mediated reductive cyclizations towards indazoles
were developed in three different ways. One way is the indium-
mediated reductive reaction of N-(2-nitrobenzylidene)anilines in
the presence of aniline additive whose structure is the same as that
of the anilino subunit of N-(2-nitrobenzylidene)anilines. Another
way is the similar reductive reaction of N-(2-nitrobenzylidene)-
anilines in the presence of aniline additive whose structure is
different from that of the anilino subunit of N-(2-nitrobenzyl-
idene)anilines. The third method is an indium-mediated reductive
reaction starting from 2-nitrobenzaldehydes and anilines to give
indazoles, which is an efficient one-pot preparation of inda-
zoles under mild conditions. In conclusion, a simple and
efficient method for the preparation of indazoles from 2-nitro-
benzaldehydes or N-(2-nitrobenzylidene)anilines using indium–
iodine in THF under mild conditions is described in this paper.


Experimental


1. General considerations


Most of the chemical reagents were purchased from Aldrich and, in
most cases, were used without further purification. Solvents were
purchased and dried using the standard method. 1H NMR spectra
were recorded on a 400 MHz Jeol instrument, and 13C NMR spec-
tra were recorded on a 100 MHz Jeol instrument. Chemical shifts
were reported in ppm relative to the residual solvent as an internal
standard. HRMS spectra were recorded on a JEOL JMS-DX 303
mass spectrometer and GC/MS were recorded on an HP6890 mass
spectrometer. Infrared (IR) spectra were recorded using MB104
FTIR (ABB Bomem Inc.). Melting points were determined on
an electrothermal apparatus and were uncorrected. All the major
products were isolated by flash column chromatography on silica
gel (230–400 mesh ATSM, purchased from Merck) with eluents
of mixed solvents (ethyl acetate and hexane).


2. General procedure for the reductive intermolecular coupling
reaction


2-1. Indium-mediated reductive reaction of N-(2-nitrobenzy-
lidene)anilines in the presence of aniline. The N-(2-nitro-
benzylidene)aniline derivative (1.0 mmol) was added to a mixture
of indium powder (345 mg, 3.0 mmol) and iodine (203 mg,
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Table 7 Indium-mediated reductive reactions starting from the 2-nitrobenzaldehydes and anilines yielding indazoles


Entry Substrate Time/h R′ Product (% yielda)


1 4 H


2 4 H


3 3 H


4 3 H


5 3 H


6 3 H


7 3 H


8 4 CH3


9 4 CH3


10 4 CH3


11 4 CH3
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Table 7 Cont.


Entry Substrate Time/h R′ Product (% yielda)


12 4 CH3


13 4 CH3


14 4 CH3


15 4 F


16 4 F


17 4 F


18 4 F


19 4 F


20 4 F


a Isolated yield. b Combined yield of two-step synthesis (eqn (1) and Table 3).


0.8 mmol) in THF (5 ml). The reaction mixture was stirred at 50 ◦C
under a nitrogen atmosphere. After the reaction was complete,
the reaction mixture was diluted with CH2Cl2 (30 ml), filtered
through Celite, poured into a 10% NH4Cl solution, and extracted
with CH2Cl2 (3 × 30 ml). The combined organic extracts were
dried over MgSO4, filtered, and concentrated. The residue was
eluted with ethyl acetate–hexane (v/v = 2/98–20/80) through a
silica gel column to give the corresponding indazoles in 22–75%
yield. The structures of the indazoles were fully characterized
by 1H NMR, 13C NMR, FTIR, MS, and HRMS. The X-ray
crystal structure of one of the indazoles, (4-chloro-2-phenyl-2H-
indazole-3-yl)phenylamine, was obtained for decisive structure
determination.14


2-2. Indium-mediated reductive reaction starting from 2-nitro-
benzaldehydes and anilines to give indazoles. To a solution of 2-
nitrobenzaldehyde in THF (2 ml), aniline (1.9 g, 20 mmol) and
Na2SO4 (574 mg, 4 mmol) were added, and the mixture was
stirred for 12 hours at 50 ◦C. After the reaction was complete,
the mixture was transferred into another round-bottomed flask,
using a filter-tipped cannula to remove the Na2SO4, and was
washed with THF (3 ml). To the transferred solution, indium
powder (345 mg, 3 mmol) and iodine (203 mg, 0.8 mmol) were
added, and the mixture was stirred at 50 ◦C under a nitrogen
atmosphere. The completed reaction mixture was filtered through
Celite, poured into a 1% HCl solution, and extracted with CH2Cl2


(3 × 30 ml). The resulting extracts were dried over MgSO4, filtered,
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Scheme 1


concentrated, and purified by column chromatography on silica
gel, using ethyl acetate–hexane. The corresponding indazoles were
obtained in 14–58% yield.


(2-Phenyl-2H-indazol-3-yl)phenylamine (2). White solid, TLC
(30% ethyl acetate–hexane) Rf 0.51; mp 152.0–153.9 ◦C (ethyl
acetate–hexane); mmax(KBr)/cm−1 3222, 3182, 3121, 1927, 1776 and
1601; 1H NMR (300 MHz, CDCl3; Me4Si) d = 7.70–7.60 (3H, m,
Ph), 7.47–7.35 (4H, m, Ph), 7.32–7.19 (3H, m, Ph), 7.00–6.88 (2H,
m, Ph), 6.80 (2H, m, Ph) and 5.77 (1H, s, NH) ppm; 13C NMR
(75 MHz; CDCl3; Me4Si) d = 148.4, 143.8, 138.6, 123.3, 129.4,
129.2, 128.4, 127.0, 124.8, 121.1, 120.5, 120.2, 118.0, 115.8 and
115.0 ppm; m/z (EI) 285.1264 (M+ C19H15N3 requires 285.1266),
269 (6) and 167 (6).


(4-Chloro-2-phenyl-2H-indazol-3-yl)phenylamine (4). White
solid; TLC (30% ethyl acetate–hexane) Rf 0.46; mp 178.4–180.1 ◦C
(ethyl acetate–hexane); mmax(KBr)/cm−1 3225, 3036, 1601, 1256,
749 and 690; 1H NMR (300 MHz, CDCl3; Me4Si) d = 7.67–7.58
(3H, m, Ph), 7.40–7.29 (3H, m, Ph), 7.21–7.11 (3H, m, Ph),
7.00 (1H, d, J 7.1 Hz, Ph), 6.82 (1H, dd, J 7.3 and 7.5 Hz,
Ph), 6.57 (2H, d, J 7.7 Hz, Ph) and 5.92 (1H, s, NH) ppm; 13C
NMR (75 MHz; CDCl3; Me4Si) d = 149.2, 145.5, 138.6, 132.5,
129.2, 129.0, 128.5, 127.1, 125.3, 124.5, 121.8, 120.3, 116.8, 115.1
and 114.7 ppm; m/z (EI) 319.0874 (M+ C19H14ClN3 requires
319.0876), 283 (11), 207 (9), 178 (7) and 77 (23).


(5-Chloro-2-phenyl-2H-indazol-3-yl)phenylamine (6). White
solid; TLC (30% ethyl acetate–hexane) Rf 0.43; mp 179–181 ◦C
(ethyl acetate–hexane); mmax(KBr)/cm−1 3232, 3130, 3037, 1937
and 1601; 1H NMR (300 MHz, CDCl3; Me4Si) d = 7.64–7.59
(3H, m, Ph), 7.52–7.36 (4H, m, Ph), 7.28–7.21 (3H, m, Ph), 6.94
(1H, dd, J 7.3 and 7.1 Hz, Ph), 6.77 (2H, d, J 7.7 Hz, Ph) and
5.70 (1H, s, NH) ppm; 13C NMR (75 MHz; CDCl3; Me4Si) d =
146.7, 143.5, 138.3, 132.0, 129.6, 129.3, 128.8, 128.4, 126.7, 125.1,
124.7, 120.9, 119.6, 118.8, 116.1, 115.4 and 115.0 ppm; m/z (EI)
319.0877 (M+ C19H14ClN3 requires 319.0876), 283 (10), 178 (6)
and 77 (23).


(7-Methoxy-2-phenyl-2H-indazol-3-yl)phenylamine (8). White
solid; TLC (30% ethyl acetate–hexane) Rf 0.41; mp 183.7–186.2 ◦C
(ethyl acetate–hexane); mmax(KBr)/cm−1 3200, 3098, 3027, 1703,
1604 and 1503; 1H NMR (300 MHz, CDCl3; Me4Si) d = 7.67 (3H,
d, J 6.8 Hz, Ph), 7.53–7.30 (3H, m, Ph), 7.23 (3H, dd, J 8.3 and
7.7 Hz, Ph), 6.93 (3H, d, J 7.9 Hz, Ph), 6.80 (1H, d, J 7.7 Hz, Ph),
6.58 (1H, d, J 7.9 Hz, Ph), 5.70 (1H, s, NH) and 4.04 (3H, s, OCH3)
ppm; 13C NMR (75 MHz; CDCl3; Me4Si) d = 150.3, 143.6, 141.9,
138.4, 132.7, 129.4, 129.1, 128.5, 125.1, 121.8, 120.6, 117.3, 115.1,
112.1, 103.3 and 55.4 ppm; m/z (EI) 315.1376 (M+ C20H17N3O
requires 315.1372), 300 (18), 286 (19), 79 (11) and 77 (22).


(7-Methyl-2-phenyl-2H-indazol-3-yl)phenylamine (10). White
solid; TLC (30% ethyl acetate–hexane) Rf 0.55; mp 161–162 ◦C
(ethyl acetate–hexane); mmax(KBr)/cm−1 3215, 3114, 2955, 1597,
1532 and 1360; 1H NMR (400 MHz, CDCl3; Me4Si) d = 7.62
(2H, d, J 7.8 Hz, Ph), 7.42–7.45 (2H, m, Ph), 7.36–7.39 (1H, m,
Ph), 7.19–7.23 (3H, m, Ph), 7.05 (1H, d, J 6.1 Hz, Ph), 6.87–6.91
(2H, m, Ph), 6.76 (2H, d, J 8.0 Hz, Ph), 5.65 (1H, s, NH) and 2.64
(3H, s, CH3) ppm; 13C NMR (100 MHz; CDCl3; Me4Si) d = 148.68,
143.85, 138.68, 132.47, 129.43, 129.28, 128.47, 128.04, 125.88,
125.11, 121.41, 120.44, 117.60, 115.45, 114.90 and 16.78 ppm;
m/z (EI) 299.1432 (M+ C20H17N3 requires 299.1422), 283 (14), 268
(3), 207 (9) and 77 (25).


(5-Methyl-2-phenyl-2H-indazol-3-yl)phenylamine (11). White
solid; TLC (30% ethyl acetate–hexane) Rf 0.48; mp 184–185 ◦C
(ethyl acetate–hexane); mmax(KBr)/cm−1 3233, 3056, 2910, 1602,
1499 and 1319; 1H NMR (400 MHz, CDCl3; Me4Si) d = 7.61–7.65
(3H, m, Ph), 7.44–7.48 (2H, m, Ph), 7.38–7.42 (1H, m, Ph), 7.22–
7.26 (2H, m, Ph), 7.15–7.17 (2H, m, Ph), 6.92 (1H, t, J 7.6 Hz, Ph),
6.78 (2H, d, J 7.6 Hz, Ph), 5.60 (1H, s, NH) and 2.36 (3H, s, CH3)
ppm; 13C NMR (100 MHz; CDCl3; Me4Si) d = 147.51, 144.24,
138.79, 131.11, 130.85, 130.05, 129.52, 129.22, 128.35, 124.77,
120.31, 117.92, 117.84, 116.51, 114.64 and 21.72 ppm; m/z (EI)
299.1418 (M+ C20H17N3 requires 299.1422), 283 (11), 192 (6), 165
(5) and 116 (6).


(2-Phenyl-2H-5,7-dioxa-1,2-diaza-s-indacen-3-yl)-phenylamine
(12). White solid; TLC (30% ethyl acetate–hexane) Rf 0.44; mp
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205–206.5 ◦C (ethyl acetate–hexane); mmax(KBr)/cm−1 3261, 2908,
1507, 1208, 835 and 742; 1H NMR (400 MHz, CDCl3; Me4Si) d =
7.58–7.61 (2H, m, Ph), 7.40–7.44 (2H, m, Ph), 7.33–7.37 (1H, m,
Ph), 7.20–7.26 (2H, m, Ph), 6.96 (1H, s, Ph), 6.88 (1H, t, J 7.4 Hz,
Ph), 6.73 (2H, dd, J 8.2 and 0.8 Hz, Ph), 6.57 (1H, s, Ph), 5.91
(2H, s, CH2) and 5.52 (1H, s, NH) ppm; 13C NMR (100 MHz;
CDCl3; Me4Si) d = 149.87, 146.11, 145.22, 144.20, 138.84, 131.52,
129.56, 129.20, 127.97, 124.38, 120.28, 114.56, 112.12, 100.97,
94.61 and 94.44 ppm; m/z (EI) 329.1163 (M+ C20H15N3O3 requires
329.1164), 313 (3), 270 (4) and 77 (17).


[2-(4-Methylphenyl)-2H-indazol-3-yl]-4-methylphenylamine (13).
White solid; TLC (30% ethyl acetate–hexane) Rf 0.53; mp 162–
163 ◦C (ethyl acetate–hexane); mmax(KBr)/cm−1 3404, 3057, 2984,
1611, 1516 and 1264; 1H NMR (400 MHz, CDCl3; Me4Si) d = 7.69
(1H, d, J 8.0 Hz, Ph), 7.52 (2H, d, J 8.0 Hz, Ph), 7.36 (1H, d, J
8.0 Hz, Ph), 7.26–7.31 (3H, m, Ph), 7.05 (2H, d, J 8.0 Hz, Ph), 6.96
(1H, t, J 8.0 Hz, Ph), 6.75 (2H, d, J 8.0 Hz, Ph), 5.61 (1H, s, NH),
2.40 (3H, s, CH3) and 2.30 (3H, s, CH3) ppm; 13C NMR (100 MHz;
CDCl3; Me4Si) d = 148.34, 141.21, 138.54, 136.09, 132.86, 130.09,
129.95, 129.85, 126.84, 124.68, 120.66, 120.32, 117.86, 115.39,
115.15, 21.13 and 20.52 ppm; m/z (EI) 313.1576 (M+ C21H19N3


requires 313.1579), 297 (16), 192 (8), 165 (5) and 106(5).


[4-Chloro-2-(4-methylphenyl)-2H-indazol-3-yl]-4-methylphenyl-
amine (14). Pale yellowish white solid; TLC (30% ethyl acetate–
hexane) Rf 0.56; mp 223–224.5 ◦C (ethyl acetate–hexane);
mmax(KBr)/cm−1 3407, 3057, 2985, 1617, 1264 and 735; 1H NMR
(400 MHz, CDCl3; Me4Si) d = 7.60 (1H, d, J 8.6 Hz, Ph), 7.55
(2H, d, J 8.30 Hz, Ph), 7.17–7.21 (3H, m, Ph), 6.99 (1H, d, J
7.08 Hz, Ph), 6.95 (2H, d, J 8.30 Hz, Ph), 6.49 (2H, d, J 8.30 Hz,
Ph), 5.75 (1H, s, NH), 2.35 (3H, s, CH3) and 2.23 (3H, s, CH3)
ppm; 13C NMR (100 MHz; CDCl3; Me4Si) d = 149.13, 143.24,
138.60, 136.28, 132.87, 129.80, 129.72, 129.68, 127.01, 125.38,
124.33, 121.60, 116.81, 115.01, 114.87, 21.13 and 20.50 ppm; m/z
(EI) 347.1176 (M+ C21H18ClN3 requires 347.1189), 331 (5), 297 (7),
165 (6) and 91 (11).


[5-Chloro-2-(4-methylphenyl)-2H-indazol-3-yl]-4-methylphenyl-
amine (15). Pale yellowish white solid; TLC (30% ethyl acetate–
hexane) Rf 0.50; mp 157.5–159 ◦C (ethyl acetate–hexane);
mmax(KBr)/cm−1 3399, 3053, 2987, 1612, 1519 and 1263; 1H NMR
(400 MHz, CDCl3; Me4Si) d = 7.57 (1H, d, J 9.1 Hz, Ph), 7.45
(2H, d, J 8.2 Hz, Ph), 7.31 (1H, s, Ph), 7.18–7.25 (3H, m, Ph),
7.05 (2H, d, J 8.2 Hz, Ph), 6.70 (2H, d, J 8.2 Hz, Ph), 5.74 (1H, s,
NH), 2.37 (3H, s, CH3) and 2.30 (3H, s, CH3) ppm; 13C NMR
(100 MHz; CDCl3; Me4Si) d = 146.67, 140.89, 138.88, 135.84,
132.64, 130.48, 130.12, 129.94, 128.26, 126.19, 124.58, 119.45,
118.91, 115.53, 115.41, 21.14 and 20.55 ppm; m/z (EI) 347.1191
(M+ C21H18ClN3 requires 347.1189), 331 (6), 165 (5), 136 (5) and
91 (14).


[7-Methoxy-2-(4-methylphenyl)-2H-indazol-3-yl]-4-methylphenyl-
amine (16). White solid; TLC (30% ethyl acetate–hexane) Rf


0.38; mp 211.5–214 ◦C (ethyl acetate–hexane); mmax(KBr)/cm−1


3296, 3027, 2948, 1610, 1511 and 1242; 1H NMR (400 MHz,
CDCl3; Me4Si) d = 7.41 (2H, d, J 8.1 Hz, Ph), 7.06 (2H, d, J
8.1 Hz, Ph), 6.96 (2H, d, J 8.1 Hz, Ph), 6.77–6.86 (2H, m, Ph),
6.64 (2H, d, J 8.1 Hz, Ph), 6.47 (1H, d, J 7.0 Hz, Ph), 5.87 (1H, s,
NH), 3.92 (3H, s, OCH3), 2.27 (3H, s, CH3) and 2.24 (3H, s,
CH3) ppm; 13C NMR (100 MHz; CDCl3; Me4Si) d = 150.10,


141.60, 141.28, 137.96, 135.91, 132.96, 129.64, 129.42, 129.30,
124.49, 120.97, 116.78, 114.99, 112.16, 102.81, 55.05, 20.89 and
20.33 ppm; m/z (EI) 343.1692 (M+ C22H21N3O requires 343.1685),
328 (14), 314 (16), 208 (6), 193 (6) and 106 (5).


[7-Methyl-2-(4-methylphenyl)-2H-indazol-3-yl]-4-methylphenyl-
amine (17). White solid; TLC (30% ethyl acetate–hexane) Rf


0.61; mp 192.5–194 ◦C (ethyl acetate–hexane); mmax(KBr)/cm−1


3232, 3034, 2919, 1610, 1544 and 748; 1H NMR (400 MHz,
CDCl3; Me4Si) d = 7.50–7.53 (2H, m, Ph), 7.25–7.27 (2H, m, Ph),
7.19 (1H, d, J 8.4 Hz, Ph), 7.02–7.06 (3H, m, Ph), 6.87 (1H, dd,
J 8.4 and 1.7 Hz, Ph), 6.71–6.74 (2H, m, Ph), 5.54 (1H, s, NH),
2.64 (3H, s, CH3), 2.40 (3H, s, CH3) and 2.28 (3H, s, CH3) ppm;
13C NMR (100 MHz; CDCl3; Me4Si) d = 148.61, 141.36, 138.51,
136.23, 133.10, 129.97, 129.91, 129.85, 127.89, 125.75, 125.00,
120.99, 117.74, 115.35, 114.90, 21.12, 20.52 and 16.79 ppm; m/z
(EI) 327.1737 (M+ C22H21N3 requires 327.1735), 311 (9), 205 (5)
and 91 (10).


[5-Methyl-2-(4-methylphenyl)-2H-indazol-3-yl]-4-methylphenyl-
amine (18). White solid; TLC (30% ethyl acetate–hexane) Rf


0.57; mp 162–163 ◦C (ethyl acetate–hexane); mmax(KBr)/cm−1


3262, 3029, 2918, 1615, 1514 and 798; 1H NMR (400 MHz,
CDCl3; Me4Si) d = 7.58 (1H, d, J 8.8 Hz, Ph), 7.47 (2H, d, J
8.3 Hz, Ph), 7.21 (2H, d, J 8.3 Hz, Ph), 7.11–7.14 (2H, m, Ph),
7.01 (2H, d, J 8.3 Hz, Ph), 6.68 (2H, d, J 8.3 Hz, Ph), 5.87
(1H, s, NH), 2.37 (3H, s, CH3), 2.34 (3H, s, CH3) and 2.29 (3H, s,
CH3) ppm; 13C NMR (100 MHz; CDCl3; Me4Si) d = 147.32,
141.74, 138.33, 136.21, 131.57, 130.36, 129.97, 129.84, 129.76,
129.62, 124.55, 118.05, 117.66, 115.98, 114.80, 21.69, 21.12 and
20.52 ppm; m/z (EI) 327.1728 (M+ C22H21N3 requires 327.1735),
311 (10), 206 (5) and 91 (10).


[2-(4-Methylphenyl)-2H -5,7-dioxa-1,2-diaza-s-indacen-3-yl]-4-
methylphenylamine (19). White solid; TLC (30% ethyl acetate–
hexane) Rf 0.43; mp 215–216 ◦C (ethyl acetate–hexane);
mmax(KBr)/cm−1 3385, 3029, 2894, 1741, 1512, 1197 and 833; 1H
NMR (400 MHz, CDCl3; Me4Si) d = 7.46 (2H, d, J 8.1 Hz, Ph),
7.22 (2H, d, J 8.1 Hz, Ph), 7.03 (2H, d, J 8.1 Hz, Ph), 6.96 (1H, s,
Ph), 6.66 (2H, d, J 8.1 Hz, Ph), 6.55 (1H, s, Ph), 5.93 (2H, s, CH2),
5.41 (1H, s, NH), 2.38 (3H, s, CH3) and 2.28 (3H, s, CH3) ppm;
13C NMR (100 MHz; CDCl3; Me4Si) d = 149.71, 145.93, 144.89,
141.71, 137.96, 136.34, 132.09, 130.02, 129.76, 129.69, 124.26,
114.87, 114.47, 100.88, 94.81, 94.36, 21.09 and 20.50 ppm; m/z
(EI) 357.1494 (M+ C22H19N3O2 requires 357.1477), 341 (5), 118 (5)
and 91 (14).


[2-(4-Fluorophenyl)-2H-indazol-3-yl]-4-fluorophenylamine (20).
White solid; TLC (30% ethyl acetate–hexane) Rf 0.44; mp 162–
163.5 ◦C (ethyl acetate–hexane); mmax(KBr)/cm−1 3417, 3232, 3044,
2991, 1624 and 1517; 1H NMR (400 MHz, CDCl3; Me4Si) d = 7.68
(1H, d, J 8.9 Hz, Ph), 7.58–7.62 (2H, m, Ph), 7.29–7.33 (2H, m,
Ph), 7.11–7.16 (2H, m, Ph), 6.99 (1H, t, J 8.0 Hz, Ph), 6.91–6.95
(2H, m, Ph), 6.71–6.74 (2H, m, Ph) and 5.69 (1H, s, NH) ppm;
13C NMR (100 MHz; CDCl3; Me4Si) d = 163.52, 161.04, 158.78,
156.40, 148.46, 139.82, 139.79, 134.70, 134.67, 132.71, 127.41,
126.70, 126.61, 121.41, 119.87, 118.01, 116.43, 116.39, 116.35,
116.29, 116.16, 116.06 and 115.49 ppm; m/z (EI) 321.1068 (M+


C19H13F2N3 requires 321.1078), 305 (10), 197 (6) and 95 (13).
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[4-Chloro-2-(4-fluorophenyl)-2H -indazol-3-yl]-4-fluorophenyl-
amine (21). White solid; TLC (30% ethyl acetate–hexane) Rf


0.63; mp 145–147 ◦C (ethyl acetate–hexane); mmax(KBr)/cm−1 3386,
3044, 1621, 1507, 1217 and 788; 1H NMR (400 MHz, CDCl3;
Me4Si) d = 7.61–7.66 (2H, m, Ph), 7.59 (1H, d, J 8.8 Hz, Ph), 7.21
(1H, dd, J 8.8 and 7.1 Hz, Ph), 7.03–7.10 (2H, m, Ph), 7.01 (1H,
d, J 7.1 Hz, Ph), 6.81–6.87 (2H, m, Ph), 6.48–6.53 (2H, m, Ph)
and 5.93 (1H, s, NH) ppm; 13C NMR (100 MHz; CDCl3; Me4Si)
d = 163.49, 161.01, 158.74, 156.36, 149.22, 141.23, 141.21, 134.79,
134.75, 132.99, 127.40, 126.34, 126.26, 125.18, 121.91, 116.87,
116.30, 116.22, 116.19, 116.09, 115.96, 115.86 and 114.76 ppm;
m/z (EI) 355.0696 (M+ C19H12ClF2N3 requires 355.0688), 319 (13),
210 (8) and 95 (16).


[5-Chloro-2-(4-fluorophenyl)-2H -indazol-3-yl]-4-fluorophenyl-
amine (22). White solid; TLC (30% ethyl acetate–hexane) Rf 0.50;
mp 157.5–159 ◦C (ethyl acetate–hexane); mmax(KBr)/cm−1 3399,
3053, 2987, 1612, 1519 and 1263; 1H NMR (400 MHz, CDCl3;
Me4Si) d = 7.57 (1H, d, J 9.1 Hz, Ph), 7.45 (2H, d, J 8.2 Hz, Ph),
7.31 (1H, s, Ph), 7.18–7.25 (3H, m, Ph), 7.05 (2H, d, J 8.2 Hz, Ph),
6.70 (2H, d, J 8.2 Hz, Ph) and 5.74 (1H, s, NH) ppm; 13C NMR
(100 MHz; CDCl3; Me4Si) d = 146.67, 140.89, 138.88, 135.84,
132.64, 130.48, 130.12, 129.94, 128.26, 126.19, 124.58, 119.45,
118.91, 115.53, 115.41, 21.14 and 20.55 ppm; m/z (EI) 347.1191
(M+ C21H18ClN3 requires 347.1189), 331 (6), 165 (5), 136 (5) and
91 (14).


[7-Methoxy-2-(4-fluorophenyl)-2H-indazol-3-yl]-4-fluorophenyl-
amine (23). White solid; TLC (30% ethyl acetate–hexane) Rf


0.38; mp 211.5–214 ◦C (ethyl acetate–hexane); mmax(KBr)/cm−1


3296, 3027, 2948, 1610, 1511 and 1242; 1H NMR (400 MHz,
CDCl3; Me4Si) d = 7.41 (2H, d, J 8.1 Hz, Ph), 7.06 (2H, d, J
8.1 Hz, Ph), 6.96 (2H, d, J 8.1 Hz, Ph), 6.77–6.86 (2H, m, Ph),
6.64 (2H, d, J 8.1 Hz, Ph), 6.47 (1H, d, J 7.0 Hz, Ph), 5.87 (1H, s,
NH) and 3.92 (3H, s, OCH3) ppm; 13C NMR (100 MHz; CDCl3;
Me4Si) d = 150.10, 141.60, 141.28, 137.96, 135.91, 132.96, 129.64,
129.42, 129.30, 124.49, 120.97, 116.78, 114.99, 112.16, 102.81,
55.05, 20.89 and 20.33 ppm; m/z (EI) 343.1692 (M+ C22H21N3O
requires 343.1685), 328 (14), 314 (16), 208 (6), 193 (6) and 106 (5).


[7-Methyl-2-(4-fluorophenyl)-2H -indazol-3-yl]-4-fluorophenyl-
amine (24). White solid; TLC (30% ethyl acetate–hexane) Rf 0.61;
mp 192.5–194 ◦C (ethyl acetate–hexane); mmax(KBr)/cm−1 3232,
3034, 2919, 1610, 1544 and 748; 1H NMR (400 MHz, CDCl3;
Me4Si) d = 7.50–7.53 (2H, m, Ph), 7.25–7.27 (2H, m, Ph), 7.19
(1H, d, J 8.4 Hz, Ph), 7.02–7.06 (3H, m, Ph), 6.87 (1H, dd, J
8.4 and 1.7 Hz, Ph), 6.71–6.74 (2H, m, Ph), 5.54 (1H, s, NH)
and 2.64 (3H, s, OCH3) ppm; 13C NMR (100 MHz; CDCl3;
Me4Si) d = 148.61, 141.36, 138.51, 136.23, 133.10, 129.97, 129.91,
129.85, 127.89, 125.75, 125.00, 120.99, 117.74, 115.35, 114.90,
21.12, 20.52 and 16.79 ppm; m/z (EI) 327.1737 (M+ C22H21N3


requires 327.1735), 311 (9), 205 (5) and 91 (10).


[5-Methyl-2-(4-fluorophenyl)-2H -indazol-3-yl]-4-fluorophenyl-
amine (25). White solid; TLC (30% ethyl acetate–hexane) Rf


0.57; mp 162–163 ◦C (ethyl acetate–hexane); mmax(KBr)/cm−1 3262,
3029, 2918, 1615, 1514 and 798; 1H NMR (400 MHz, CDCl3;
Me4Si) d = 7.58 (1 H, d, J 8.8 Hz, Ph), 7.47 (2H, d, J 8.3 Hz, Ph),
7.21 (2H, d, J 8.3 Hz, Ph), 7.11–7.14 (2H, m, Ph), 7.01 (2H, d, J
8.3 Hz, Ph), 6.68 (2H, d, J 8.3 Hz, Ph), 5.87 (1H, s, NH) and 2.37
(3H, s, CH3) ppm; 13C NMR (100 MHz; CDCl3; Me4Si) d = 147.32,


141.74, 138.33, 136.21, 131.57, 130.36, 129.97, 129.84, 129.76,
129.62, 124.55, 118.05, 117.66, 115.98, 114.80, 21.69, 21.12 and
20.52 ppm; m/z (EI) 327.1728 (M+ C22H21N3 requires 327.1735),
311 (10), 206 (5) and 91 (10).


[2-(4-Methoxyphenyl)-2H-indazol-3-yl]-4-methoxyphenylamine
(26). White solid; TLC (30% ethyl acetate–hexane) Rf 0.34; mp
175.5–178 ◦C (ethyl acetate–hexane); mmax(KBr)/cm−1 3360, 3053,
2969, 2839, 1511 and 1239; 1H NMR (400 MHz, CDCl3; Me4Si)
d = 7.65 (1H, d, J 8.3 Hz, Ph), 7.54–7.58 (2H, m, Ph), 7.26–7.29
(2H, m, Ph), 6.96–7.00 (2H, m, Ph), 6.91 (1H, dd, J 8.3 and 1.4 Hz,
Ph), 6.80–6.84 (4H, m, Ph), 5.57 (1H, s, NH), 3.85 (3H, s, OCH3)
and 3.78 (3H, s, OCH3) ppm; 13C NMR (100 MHz; CDCl3; Me4Si)
d = 159.48, 154.44, 148.27, 136.94, 133.99, 131.54, 126.75, 126.19,
120.35, 120.22, 117.63, 117.57, 114.77, 114.37, 114.25, 55.55 and
55.43 ppm; m/z (EI) 345.1475 (M+ C21H19N3O2 requires 345.1477),
330 (32), 209 (10) and 122 (6).


[4-Chloro-2-(4-methoxyphenyl)-2H -indazol-3-yl]-4-methoxy-
phenylamine (27). Pale yellowish white solid; TLC (30% ethyl
acetate–hexane) Rf 0.39; mp 144–146 ◦C (ethyl acetate–hexane);
mmax(KBr)/cm−1 3361, 3057, 2972, 2839, 1507, 1241 and 737; 1H
NMR (400 MHz, CDCl3; Me4Si) d = 7.50–7.55 (3H, m, Ph), 7.14
(1H, dd, J 8.5 and 7.2 Hz, Ph), 6.94 (1 H, d, J 7.2 Hz, Ph), 6.80–
6.84 (2H, m, Ph), 6.66–6.70 (2H, m, Ph), 6.49–6.53 (2H, m, Ph),
5.92 (1H, s, NH), 3.73 (3H, s, OCH3) and 3.67 (3H, s, OCH3) ppm;
13C NMR (100 MHz; CDCl3; Me4Si) d = 159.36, 153.89, 148.92,
139.09, 133.47, 131.71, 126.85, 125.68, 125.28, 121.23, 116.55,
116.41, 114.56, 114.52, 114.04, 55.38 and 55.31 ppm; m/z (EI)
379.1082 (M+ C21H18ClN3O2 requires 379.1088), 364 (48), 243 (6)
and 122 (5).


[5-Chloro-2-(4-methoxyphenyl)-2H -indazol-3-yl]-4-methoxy-
phenylamine (28). Pale yellowish white solid; TLC (30% ethyl
acetate–hexane) Rf 0.43; mp 179–181 ◦C (ethyl acetate–hexane);
mmax(KBr)/cm−1 3227, 3039, 2932, 1616 and 1514; 1H NMR
(400 MHz, CDCl3; Me4Si) d = 7.54 (1H, dd, J 8.6 and 0.6 Hz,
Ph), 7.47–7.51 (2H, m, Ph), 7.22 (1H, dd, J 1.9 and 0.6 Hz, Ph),
7.17 (1H, dd, J 8.6 and 1.9 Hz, Ph), 6.91–6.95 (2H, m, Ph), 6.76–
6.83 (4H, m, Ph), 5.71 (1H, s, NH), 3.82 (3H, s, OCH3) and 3.78
(3H, s, OCH3) ppm; 13C NMR (100 MHz; CDCl3; Me4Si) d =
159.74, 154.75, 146.59, 136.45, 133.74, 131.24, 126.63, 128.17,
126.17, 125.70, 119.23, 118.95, 117.74, 114.95, 114.51, 55.60
and 55.51 ppm; m/z (EI) 379.1086 (M+ C21H18ClN3O2 requires
379.1088), 364 (25), 243 (11) and 122 (10).


[7-Methoxy-2-(4-methoxyphenyl)-2H-indazol-3-yl]-4-methoxy-
phenylamine (29). White solid; TLC (30% ethyl acetate–hexane)
Rf 0.13; mp 148–150 ◦C (ethyl acetate–hexane); mmax(KBr)/cm−1


3215, 3174, 3046, 2951, 2832, 1508 and 1254; 1H NMR (400 MHz,
CDCl3; Me4Si) d = 7.51–7.55 (2H, m, Ph), 6.89–6.93 (2H, m, Ph),
6.82–6.83 (2H, m, Ph), 6.78 (4H, br s, Ph), 6.52 (1H, dd, J 8.0 and
1.7 Hz, Ph), 5.61 (1H, s, NH), 3.99 (3H, s, OCH3), 3.81 (3H, s,
OCH3) and 3.76 (3H, s, OCH3) ppm; 13C NMR (100 MHz; CDCl3;
Me4Si) d = 159.48, 154.40, 150.17, 141.81, 136.95, 134.05, 131.57,
126.46, 120.89, 117.48, 115.84, 114.76, 114.21, 112.29, 103.00,
55.57, 55.46 and 55.27 ppm; m/z (EI) 375.1579 (M+ C22H21N3O3


requires 375.1583), 360 (15), 346 (5), 329 (5), 238 (7) and 122(17).


[7-Methyl-2-(4-methoxyphenyl)-2H -indazol-3-yl]-4-methoxy-
phenylamine (30). White solid; TLC (30% ethyl acetate–hexane)
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Rf 0.37; mp 141–143 ◦C (ethyl acetate–hexane); mmax(KBr)/cm−1


3211, 3007, 2954, 2837, 1507 and 1239; 1H NMR (400 MHz,
CDCl3; Me4Si) d = 7.55 (1 H, d, J 8.8 Hz, Ph), 7.49–7.55 (2H, m,
Ph), 7.11 (1H, dd, J 8.8 and 1.3 Hz, Ph), 7.05 (1H, br s, Ph), 6.91–
6.95 (2H, m, Ph), 6.78–6.82 (2H, m, Ph), 6.72–6.76 (2H, m, Ph),
5.53 (1H, s, NH), 3.82 (3H, s, OCH3), 3.77 (3H, s, OCH3) and 2.33
(3H, s, CH3) ppm; 13C NMR (100 MHz; CDCl3; Me4Si) d = 159.47,
154.15, 147.32, 137.59, 132.51, 131.77, 130.04, 129.78, 126.16,
118.07, 117.52, 116.77, 115.23, 114.86, 114.38, 55.61, 55.50 and
21.68 ppm; m/z (EI) 359.1634 (M+ C22H21N3O2 requires 359.1638),
344 (27), 223 (8) and 122 (5).


[5-Methyl-2-(4-methoxyphenyl)-2H -indazol-3-yl]-4-methoxy-
phenylamine (31). White solid; TLC (30% ethyl acetate–hexane)
Rf 0.47; mp 136–139 ◦C (ethyl acetate–hexane); mmax(KBr)/cm−1


3175, 3033, 2940, 2829, 1508 and 1241; 1H NMR (400 MHz,
CDCl3; Me4Si) d = 7.47–7.50 (2H, m, Ph), 7.08 (1H, d, J 8.0 Hz,
Ph), 7.01 (1H, d, J 6.8 Hz, Ph), 6.88–6.83 (2H, m, Ph), 6.80 (1H,
dd, J 8.0 and 1.7 Hz, Ph), 6.76 (3H, br s, Ph), 5.64 (1H, s, NH),
3.78 (3H, s, OCH3), 3.74 (3H, s, OCH3) and 2.60 (3H, s, CH3)
ppm; 13C NMR (100 MHz; CDCl3; Me4Si) d = 159.52, 154.35,
148.53, 137.06, 134.17, 131.67, 127.58, 126.50, 125.66, 120.54,
117.76, 117.51, 114.73, 114.40, 113.94, 55.55, 55.46 and 16.76 ppm;
m/z (EI) 359.1634 (M+ C22H21N3O2 requires 359.1634), 344 (32),
223 (6), 208 (6) and 122 (5).


Acknowledgements


This work was supported by the Korean Government through
a Korea Research Foundation Grant (MOEHRD, KRF-2005-
C00250), and partly by Kwangwoon University in the year 2006.


References


1 P. G. Baraldi, G. Balboni, M. G. Pavani, G. Spalluto, M. A. Tabrizi,
E. De Clercq, J. Balzarini, T. Bando, H. Sugiyama and R. Romagnoli,
J. Med. Chem., 2001, 44, 2536–2543.


2 X. Li, S. Chu, V. A. Feher, M. Khalili, Z. Nie, S. Margosiak, V. Nikulin,
J. Levin, K. G. Sprankle, M. E. Fedder, R. Almassy, K. Appelt and
K. M. Yager, J. Med. Chem., 2003, 46, 5663–5673.


3 F.-Y. Lee, J.-C. Lien, L.-J. Huang, T.-M. Huang, S.-C. Tsai, C.-M.
Teng, C.-C. Wu, F.-C. Cheng and S.-C. Kuo, J. Med. Chem., 2001, 44,
3746–3749.


4 (a) J.-H. Sun, C. A. Teleha, J.-S. Yan, J. D. Rodgers and D. A. Nugiel,
J. Org. Chem., 1997, 62, 5627–5629; (b) J. D. Rodgers, B. L. Johnson,
H. Wang, R. A. Greenberg, S. Erickson-Viitanen, R. M. Klabe, B. C.
Cordova, M. M. Rayner, G. N. Lam and C.-H. Chang, Bioorg. Med.
Chem. Lett., 1996, 6, 2919–2924.


5 S. T. Wrobleski, P. Chen, J. Hynes, Jr., S. Lin, D. J. Norris, C. R. Pandit,
S. Spergel, H. Wu, J. S. Tokarski, X. Chen, K. M. Gillooly, P. A. Kiener,


K. W. McIntyre, V. Patil-koota, D. J. Shuster, L. A. Turk, G. Yang and
K. Leftheris, J. Med. Chem., 2003, 46, 2110–2116.


6 (a) J. I. G. Cadogan, M. Cameron-Wood, R. K. Mcakie and R. J. G.
Searle, J. Chem. Soc., 1965, 4831–4837; (b) L. Krbech and H. Takimoto,
J. Org. Chem., 1964, 29, 1150–1152; (c) M. Akazome, T. Kondo and Y.
Watanabe, J. Org. Chem., 1994, 59, 3375–3380.


7 D. B. Kimball, T. J. R. Weakley, R. Herges and M. M. Haley, J. Am.
Chem. Soc., 2002, 124, 13463–13473.


8 K. Y. Lee, S. Gowrisankar and J. N. Kim, Tetrahedron Lett., 2005, 46,
5387–5391.


9 A. D. Mills, M. Z. Nazer, M. J. Haddadin and M. J. Kurth, J. Org.
Chem., 2006, 71, 2687–2689.


10 (a) W. Baik, T. H. Park, B. H. Kim and Y. M. Jun, J. Org. Chem., 1995,
60, 5683–5685; (b) B. H. Kim, Y. M. Jun, T. K. Kim, Y. S. Lee, W. Baik
and B. M. Lee, Heterocycles, 1997, 45, 235–240; (c) W. Baik, D. I. Kim,
H. J. Lee, W.-J. Chung, B. H. Kim and S. W. Lee, Tetrahedron Lett.,
1997, 38, 4579–4580; (d) B. H. Kim, S. K. Kim, Y. S. Lee, Y. M. Jun, W.
Baik and B. M. Lee, Tetrahedron Lett., 1997, 38, 8303–8306; (e) B. H.
Kim, Y. M Jun, Y. R. Choi, D. B. Lee and W. Baik, Heterocycles, 1998,
48, 749–754; (f) B. H. Kim, Y. S. Lee, W. Kwon, Y. Jin, J. A. Tak, Y. M.
Jun, W. Baik and B. M. Lee, Heterocycles, 1998, 48, 2581–2592; (g) W.
Baik, C. H. Yoo, S. Koo, H. Kim, Y. H. Hwang, B. H. Kim and S. W.
Lee, Heterocycles, 1999, 51, 1779–1783; (h) B. H. Kim, D. B. Lee, D. H.
Kim, R. Han, Y. M. Jun and W. Baik, Heterocycles, 2000, 53, 841–850;
(i) B. H. Kim, Y. Jin, R. Han, W. Baik and B. M. Lee, Tetrahedron Lett.,
2000, 41, 2137–2140; (j) B. H. Kim, D. H. Kim, H. J. Park, R. Han,
Y. M. Jun and W. Baik, Bull. Korean Chem. Soc., 2001, 22, 1163–1166;
(k) B. H. Kim, R. Han, T. H. Han, Y. M. Jun, W. Baik and B. M. Lee,
Heterocycles, 2002, 57, 5–10; (l) B. H. Kim, R. Han, J. S. Kim, Y. M.
Jun, W. Baik and B. M. Lee, Heterocycles, 2004, 62, 41–54; (m) R. Han,
S. Chen, S. J. Lee, F. Qi, X. Wu and B. H. Kim, Heterocycles, 2006, 68,
1675–1684.


11 (a) H. Yamamoto and K. Oshima, Main Group Metals in Organic
Synthesis, Wiley-VCH, Weinheim, 2004, vol. 1, ch. 8, pp. 323–386;
(b) C. J. Li and T. H. Chan, Organic Reactions in Aqueous Media,
Wiley-Interscience, New York, 1997; (c) C. J. Li, Tetrahedron, 1996, 52,
5643–5668; (d) J. Podlech and T. C. Maier, Synthesis, 2003, 633–655;
(e) V. Nair, S. Ros, C. N. Jayan and B. S. Pillai, Tetrahedron, 2004, 60,
1959–1982; (f) S. Kumar, K. Pervinder and K. Vijay, Curr. Org. Chem.,
2005, 9, 1205–1235.


12 (a) H. Yamamoto and K. Oshima, Main Group Metals in Organic
Synthesis, Wiley-VCH: Weinheim, 2004, 1, 323-386; (b) C. J. Li and
T. H. Chan, Organic Reactions in Aqueous Media, Wiley-Interscience,
New York, 1997; (c) C. J. Li, Tetrahedron, 1996, 52, 5643–5668; (d) J.
Podlech and T. C. Maier, Synthesis, 2003, 633–655; (e) V. Nair, S. Ros,
C. N. Jayan and B. S. Pillai, Tetrahedron, 2004, 60, 1959–1982; (f) S.
Kumar, K. Pervinder and K. Vijay, Curr. Org. Chem., 2005, 9, 1205–
1235; (g) C. J. Moody and M. R. Pitts, Synlett, 1998, 1028; (h) C. J.
Moody and M. R. Pitts, Synlett, 1998, 1029–1030; (i) C. J. Moody and
M. R. Pitts, Synlett, 1999, 1575–1576; (j) B. C. Ranu, S. K. Guchhait
and A. Sarkar, Chem. Commun., 1998, 2113–2114; (k) B. C. Ranu, P.
Dutta and A. Sarkar, J. Chem. Soc., Perkin Trans. 1, 1999, 1139–1140;
(l) G. V. Reddy, G. V. Rao and D. S. Iyengar, Tetrahedron Lett., 1999, 40,
3937–3938; (m) M. R. Pitts, J. R. Harrison and C. J. Moody, J. Chem.
Soc., Perkin Trans. 1, 2001, 955–977, and references therein.


13 M. R. Grimmet, S. D. Barton, W. D. Ollis, Comprehensive Organic
Chemistry, Pergamon Press, New York, 1997, vol. 4, p. 357.


14 R. Han, K. I. Son, G. H. Ahn, Y. M. Jun, B. M. Lee and Y. Park,
Tetrahedron Lett., 2006, 47, 7295–7299.


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 2472–2485 | 2485








COMMUNICATION www.rsc.org/obc | Organic & Biomolecular Chemistry


Structures of oxygenated cyclohexa-1,3-diene–maleic anyhydride
cycloadducts. Structural evidence suggests a stepwise
retro-Diels–Alder reaction


Yit Wooi Goh and Jonathan M. White*


Received 21st May 2007, Accepted 14th June 2007
First published as an Advance Article on the web 20th June 2007
DOI: 10.1039/b707643f


The structures of a series of cyclohexadiene–maleic anhydride
cycloadducts show structural parameters consistent with the
early stages of the retro-Diels–Alder (rDA) reaction in the
ground state structure. The symmetrical adduct 10 shows
effects consistent with a synchronous rDA reaction. An
asynchronous rDA reaction is suggested in the structure of
8, and the first evidence suggesting a two-step retro-Diels–
Alder mechanism is provided by the deoxygenated adduct 9.


We have described the structures of a number of Diels–Alder cy-
cloadducts formed between cyclopentadiene and cyclohexadiene
with dienophiles ranging from benzoquinone, maleic anhydride
and N-methyl maleamide.1–3 These were characterised using
X-ray crystallography and by determination of their 13C–13C 1-
bond coupling constants. In these structures the C–C bonds
(bonds a and b in the graphics), which break in the retro-Diels–
Alder reaction were both found to be lengthened significantly
compared to similar bonds in corresponding model systems in
which the retro-Diels–Alder reaction does not occur.


This is an example of the so-called structure-correlation
principle,4 which states that structure changes that occur along
the reaction coordinate for a particular reaction, can manifest
in the ground state as deviations of distances and angles from
their ‘normal values’ along the reaction coordinate. The C–C
bonds (bonds a and b) in 1–6 were lengthened to the same degree,
consistent with the manifestation of a synchronous retro-Diels–
Alder reaction in the ground state, furthermore the degree of C–C
bond lengthening in each structure was found to correlate qualita-
tively with the known Diels–Alder reactivity of these cycloadducts.
The structure of the unsymmetrical cycloadduct 7, which is
predicted from ab initio calculations at the B3LYP/6-31G(d,p)
level to undergo a retro-Diels–Alder reaction by an asynchronous
polarised transition state (Fig. 1) was also determined.


The X-ray structure of 7 revealed a greater degree of bond
lengthening of bond a than bond b, which reflects the differences


School of Chemistry and Bio-21 Institute, The University of Melbourne,
Parkville, Vic 3010. E-mail: whitejm@unimelb.edu.au; Fax: +613 93475180;
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Fig. 1 Calculated transition states for the retro-Diels–Alder reactions of
6 and 7.


in these distances in the calculated transition state for the
reaction. Interestingly, comparison with the X-ray structure of
the symmetrical cycloadduct 6 reveals that the relative distances
of bonds a and b in the ground state structures mirrors the relative
distances in the transitions states for both structures.


We were interested to determine the structure of a cycloadduct
which may be disposed towards a stepwise retro-Diels–Alder
reaction (Scheme 1), for according to the structure-correlation
principle, only the C–C bond which breaks in the first step should
be lengthened in the ground state structure, since the second bond
does not break until the second step.


Scheme 1


To this end we prepared the cycloadducts 8 and 9 by reaction
of 1-methoxycyclohexadiene and in situ-generated 1,3-dimethoxy-
1,3-cyclohexadiene5 with maleic anhydride.


Crystals of 8 were obtained from ether at room temperature,
whereas crystals of 9, which was unstable in solution for extended
periods, were obtained by careful crystallisation at −20 ◦C from
ether. Structural data, for 8, 9 and the cyclohexadiene maleic
anhydride adduct 10 which has been previously reported,2 are
summarised in Fig. 2.
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Fig. 2 Selected structural parameters for cycloadducts 8–10.


Adduct 10, which undergoes a synchronous retro-Diels–Alder
reaction, displays lengthening of bonds a and b to the same degree
compared with the model system 11 which does not undergo the
reaction.† Introduction of the bridgehead methoxy substituent in 8
results in further lengthening of bond a while bond b is lengthened
to a much lesser extent, consistent with the manifestation of an
asynchronous retro-Diels–Alder reaction in the ground state. The
structural effects in the dioxygenated adduct 9 are interesting,
bond a is further lengthened while bond b is essentially ‘normal’
suggesting that 9 would undergo a two-step retro-Diels–Alder
reaction where bond a breaks in the first step followed by breaking
of bond b. The structural effects arising in 8–10 can be rationalised
by reference to the interactions between the orbitals depicted in
Fig. 3.


Fig. 3 Orbital interactions present in structures 8–10.


In the symmetrical cycloadduct 10 donation of electron density
from the p-system into the two r*CC antibonding orbitals (p–r*
interaction) causes lengthening of bonds a and b compared to
the reference compound 11. In structure 8 bonds a and b are
lengthened as a result of the same interaction as in 10, but in
addition, there is also donation of electron density from the non-
bonded orbital on the bridgehead methoxy oxygen into the r*CC


for bond a (n–r* interaction) resulting in further weakening of this
bond. Inspection of the thermal ellipsoid plot for 8 (Fig. 4), shows
that the methoxy substituent is correctly oriented to allow for this
interaction to occur. In the dimethoxy substituted adduct 9 (Fig. 4)


Fig. 4 Thermal ellipsoid plots of 8, 9, and 11 ellipsoids are at the 20%
probability level. Compound 9 is the inverse of that reported in the CIF.‡


the bridgehead methoxy substituent has essentially the same
conformation as that in 8 thus allowing for the n–r*CC interaction
to occur, in addition the second methoxy substituent which is
conjugated with the p-system (C12-O6-C5-C4 = 2.8(3)◦) increases
the coefficient of the HOMO at C46 resulting in greater donation
of p electron density into the bond a antibonding orbital, causing
further lengthening of this bond. The electronegative methoxy
substituent also causes a decrease in the HOMO coefficient at C5,
the result being that less electron density is delocalised into the
bond b antibonding orbital.


The dimethoxy adduct 9 displays lengthening of bond a whereas
bond b which must also break in the retro-Diels–Alder reaction is
‘normal’. These structural data suggest that 9 may react via a two-
step mechanism, possibly involving the delocalised intermediate
12 (Scheme 2). The first step is similar to a retro-Aldol reaction
while the second step is analogous to a retro-Michael reaction.
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Scheme 2


Notes and references


† Although the corresponding anhydride is a more appropriate model
system, this did not form good crystals. We believe that 11 is a suitable
reference compound as the C–C bonds being compared are in a closely
similar environment.
‡ Crystal data for 8. C11H12O4, M = 208.21, T = 130.0(2) K, k = 0.71069,
monoclinic, space group P2(1)/c, a = 6.9224(7), b = 13.706(1), c =
10.275(2) Å, b = 99.149(3)◦, V = 962.59(2) Å3, Z = 4, Dc = 1.437 mg M−3,


l(Mo-Ka) = 0.11 mm−1, F(000) = 440, crystal size 0.40 × 0.40 × 0.30 mm.
4983 reflections measured, 1699 independent reflections (Rint = 0.039), the
final R was 0.0364 [I > 2r(I)] and wR(F 2) was 0.0936 (all data). Crystal data
for 9. C12H14O5, M = 238.23, T = 130.0(2) K, k = 0.71069, monoclinic,
space group P2(1)/c, a = 7.6323(8), b = 8.5174(9), c = 17.502(2) Å,
b = 97.041(2)◦, V = 1129.2(2) Å3, Z = 4, Dc = 1.437 mg M−3, l(Mo-
Ka) = 0.11 mm−1, F(000) = 504, crystal size 0.20 × 0.15 × 0.10 mm.
6782 reflections measured, 2556 independent reflections (Rint = 0.039),
the final R was 0.0484 [I > 2r(I)] and wR(F 2) was 0.1051 (all data).
Crystal data for 11. C11H15NO2·H2O, M = 211.26, T = 130.0(2) K, k =
0.71069, orthorhombic, space group Cmc2(1), a = 9.3040(8), b = 8.6876(7),
c = 12.696(1) Å, V = 1026.2(1) Å3, Z = 4, Dc = 1.367 mg M−3, l(Mo-
Ka) 0.099 mm−1, F(000) = 456, crystal size 0.30 × 0.20 × 0.20 mm.
2583 reflections measured, 945 independent reflections (Rint = 0.028), the
final R was 0.0284 [I > 2r(I)] and wR(F 2) was 0.0747 (all data). CCDC
reference numbers 647990–647992. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b707643f
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A new and concise synthesis of luotonin A was achieved from the previously described compounds
ethyl 4-oxo-3,4-dihydroquinazoline-2-carboxylate and 1-(2-nitrophenyl)prop-2-en-1-one. New
14-substituted luotonin A analogues were prepared using 14-chloroluotonin A as the key intermediate.


Introduction


The natural product luotonin A (1) was first described a decade
ago by Ma and Nomura. It was extracted from the aerial parts
of Peganum nigellasterum (Chinese Bunge), commonly known as
“luo-tuo-hao”, giving the name to this group of compounds.1 Since
then, many alternative approaches to the preparation of luotonin
A have been reported.2 Several reviews have summarized these
synthetic developments as the number of synthetic procedures in
this field has grown.3


Fig. 1 Structures of luotonin A (1), 20(S)-camptothecin, topotecan and
irinotecan.


Structural similarities between 1 and camptothecin (CPT) have
been stated since the discovery of 1, but the biological associations,
albeit at a lower inhibitory extent, were confirmed in an elegant
experiment by Hecht and co-workers.4 Like CPT, luotonin A has
been described as a selective (class I) human DNA-topoisomerase
I (Top I) covalent binary complex stabilizer,5 although 1 has been
reported as having a lower Top I selectivity than CPT, with regard
to Top I–Top II inhibitory effects.6


Unit for Organic Chemistry, Department of Biosciences and Nutrition,
Karolinska Institute, SE-14157, Huddinge, Sweden. E-mail: jabe@
biosci.ki.se; Fax: +46 8-608-1501; Tel: +46 8-608-9204
† Electronic supplementary information (ESI) available: 1H and 13C NMR
spectral data. See DOI: 10.1039/b707684c


The most commonly stated inadequacies of 1 are associated with
poor solubility and an approximately ten-fold lower biological
effect compared to CPT. This has led to the development of
analogues, in an attempt to improve these undesirable qualities.
These analogues were also tested as potential alternatives for
camptothecin-resistant tumour strains. Only a few of the presently
described analogues have shown to be as effective or slightly more
effective than 1. The majority of existing analogues of 1 have
modifications to the E-ring, but alterations to positions in other
rings have also been described.2q,5–7


Several camptothecin analogues have emerged as approved
therapeutic antineoplastic agents, namely the topotecan and
irinotecan hydrochlorides (Fig. 1), while others are in various
stages of clinical trials. These compounds have been shown to
be effective in treatments for breast, colon, ovarian and small-cell
lung cancer as well as malignant melanomas and leukaemia.8 It
is hoped that analogues of luotonin A can serve as models, or
in some cases as substitutes, for camptothecin-based anti-cancer
agents.


The method described herein provides a new and concise
synthetic route to luotonin A and analogues with substituents at
the C-14 position. There are several different numbering schemes
reported for 1. We chose to adopt the numbering system from
Curran’s work,2q where the assignment is in agreement with other
14-substituted analogues of 1. The same numbering scheme can
also be found in the work by Dallavalle.7


Results and discussion


The synthetic route devised involved the sequential formation of
the B, C and D rings of luotonin A. The A and E rings were
derived from 2-nitrobenzaldehyde and ethyl 4-oxo-3,4-dihydro-
quinazoline-2-carboxylate (2), respectively.


The preparation of ethyl 4-oxo-3,4-dihydroquinazoline-2-
carboxylate (2) was modified from previously described
procedures.9 These were reported as giving yields of 57%9a and
90%.9b In our procedure an excess of diethyl oxalate was added to
a melt of 2-aminobenzamide, giving yields consistently above 90%.
Formation of 1-(2-nitrophenyl)propenone (3) was achieved via a
method described by Danishefsky,10 using 2-nitrobenzaldehyde
as the starting material in 86% over two steps. The Michael
addition of 2 with the propenone compound 3 occurs rapidly,
and an intramolecular Claisen condensation followed to produce
compound 4 (Scheme 1).
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Scheme 1 Reagents and conditions: i) THF, −70 ◦C, vinylmagnesium
bromide. ii) Jones reagent, 86% over 2 steps. iii) DMF, t-BuOK, 60 ◦C.
iv) 3, 83%.


Catalytic hydrogenation of 4 with Pd/C in DMF produced
compound 5 in quantitative yield. Chlorination of 5 using
phosphorus oxychloride gave 14-chloroluotonin A (6). Reduction
of 6 to the target molecule 1 (84%) was found to work best
using freshly activated Raney nickel catalyst at room temperature
(Scheme 2).


Scheme 2 Reagents and conditions: i) Pd/C, H2, DMF, 1 h, 96%.
ii) POCl3, reflux, 1 h, 99%. iii) Raney nickel, dioxane, 1 h, 84%. iv) Raney
nickel, dioxane, reflux, 1 h (or rt, >4 h).


Furthermore, reduction of 6 or luotonin A with Raney nickel
generated compound 7 (Scheme 2). The structure was confirmed
as 7,8,9,10-tetrahydroluotonin A, using HMBC analysis. A cor-
relation was found between the C-11 carbonyl and the protons
associated with the C-10 carbon. Compound 7 has been previously
reported as 16,17,18,19-tetrahydroluotonin A,5 and biological
screening returned a lower Top I inhibitory response than 1.11


The halo-substituent of 6 can undergo various modifications.
An equivalent CPT analogue, 7-chlorocamptothecin, has been
described.12 Substituents in this position have been shown to in-
fluence the solubility and biological effect of the CPT analogues.13


To test the reactivity of 6, a small group of established reactions
were performed. Initially, nucleophilic substitutions with amines
and a sulfur compound were investigated, since analogues of
CPT with alkyl, alkyl amino and alkyl imino chains have been
synthesized, and some of these compounds displayed superior
Top I inhibition compared to CPT.14


Table 1 Nucleophilic substitutions of 14-chloroluotonin A


R Conditions Product Yield (%)


Neat, excess amine 8 81


Neat, excess amine 9 79


DMF, K2CO3 10 87


DMF, K2CO3 11 86


Nucleophilic substitutions of 6 were performed under two
different sets of conditions, depending on the nature of the
reactant. The more volatile amines were refluxed neat (N,N-
dimethyl-1,3-diaminopropane and piperidine), producing com-
pounds 8 and 9 respectively. The other substitution conditions
used benzylamine or methyl mercaptoacetate, in DMF with
K2CO3, giving compounds 10 and 11 (Table 1).


The structure of 8 is strikingly reminiscent of other groups
of polycyclic quinoline-based structures such as nitracrines15


and some quindoline derivatives.16 The nitracrines are a group
of hypoxia-selective cytotoxic compounds that display in vitro
activity, while the quindoline derivatives have shown activ-
ity towards stabilizing G-quadruplex DNA of certain on-
cogenes.


Two different reactions involving palladium catalysts demon-
strated the potential of 6 in transition-metal-catalyzed reactions.
Attempted dechlorination of 6 with Pd/C in acetic acid produced
the coupled product, 14,14′-bisluotonin A (12), quantitatively
(Scheme 3). This is presumed to occur via an acidic modification
of the Wurtz-type coupling between the heteroaromatic halide
subunits.17


Scheme 3 Reagents and conditions: i) Pd/C, HOAc, 40 ◦C, 3 h, 100%.


Coupling 6 with 1-hexyne using a copper-free Sonogashira
reaction produced compound 13 (Scheme 4).18
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Scheme 4 Reagents and conditions: i) Pd(OAc)2, rac-BINAP, K2CO3,
benzene, reflux, 18 h, 87%.


Conclusions


A new method for the total synthesis of luotonin A was suc-
cessful using straightforward and cost-effective operations. More
importantly, several new 14-substituted analogues of luotonin A
were synthesized and a technique for generating novel and diverse
libraries of luotonin A analogues has been described.


Experimental


General


Solvents and reagents were commercially sourced and used
without further purification or preparation, with the exception of
THF, which was freshly distilled over sodium and benzophenone.
Melting points were taken using a Büchi Melting Point B-545
capillary apparatus in open capillary tubes and are uncorrected.
IR spectra were acquired (neat) using a Thermo Nicolet Avatar 330
FT-IR instrument. NMR data was recorded at 300.13 MHz for 1H,
and 75.5 MHz for 13C, or at a frequency of 500.16 MHz for 1H, and
125.8 MHz for 13C, for 2D analyses with the specified deuterated
solvents. Elemental analyses and mass spectrum services were
externally sourced.


Preparation of ethyl 4-oxo-3,4-dihydroquinazoline-2-carboxylate
(2)


Diethyl oxalate (410 ml, 3.0 mol) was carefully poured, in a
portionwise fashion, into a melt of 2-aminobenzamide (136.15 g,
1.0 mol). The mixture was stirred at reflux for 8 h, and monitored
by TLC [DCM–Et2O (1 : 1)]. The solution was allowed to cool
to room temperature and the excess diethyl oxalate was removed
under vacuum. The remaining solid was suspended in EtOH and
filtered. Recrystallization from EtOH produced 2 (200 g, 92%)
as fine white needles, mp 190–191 ◦C (lit.,9a 179–180 ◦C); IR
mmax/cm−1 1639 and 1609; 1H NMR (300 MHz, DMSO-d6) dH


1.33–1.38 (3H, t, J 7.1), 4.35–4.42 (2H, q, J 7.1), 7.61–7.66 (1H,
m), 7.80–7.91 (2H, m) 8.16–8.19 (1H, dd, J 7.9, 1.1), 12.61 (1H,
s); 13C NMR (75 MHz, DMSO-d6) dC 13.9, 62.6, 122.9, 126.0,
128.3, 128.6, 134.8, 143.4, 147.2, 160.2, 161.0; MS(ESI) m/z 219
[M + H]+.


Preparation of 1-(2-nitrophenyl)prop-2-en-1-ol and
1-(2-nitrophenyl)prop-2-en-1-one (3)


Under an atmosphere of argon, 2-nitrobenzaldehyde (12.09 g,
80 mmol) was dissolved in freshly distilled THF (400 ml) and
cooled to −70 ◦C. Vinyl magnesium bromide in THF (1.0 M,
100 mmol) was added, so that the internal temperature did
not exceed −60 ◦C. After 1 h the solution was quenched with


HCl (0.01 M, 100 ml), concentrated under vacuum to 200 ml,
extracted with Et2O–diethyl ether (3 × 300 ml), dried over MgSO4


and evaporated, giving a dark oil, 1-(2-nitrophenyl)prop-2-en-1-ol
(14.33 g, assumed quantitative yield). This was used immediately
in the oxidation reaction to the corresponding ketone.


A solution of Jones reagent (2.67 M) was prepared and 20 ml
was added dropwise to 1-(2-nitrophenyl)prop-2-en-1-ol (14.30 g,
79.8 mmol) in acetone (200 ml) at 3 ◦C, such that the reaction
did not exceed 8 ◦C. The reaction was complete within 1 h. The
solution was treated with i-PrOH (10 ml) and stirred at room
temperature for 10 minutes. This was then passed through a pad
of Celite and the solvent was evaporated to give 3, as a dark oil
(11.92 g, 67.3 mmol, 86%). This substance was used immediately
after isolation in the preparation of 4. Spectral data were in
agreement with previously published results.10


Preparation of compound 4


The ester 2 (13.093 g, 60.0 mmol) was dissolved in DMF
(200 ml) and warmed to 60 ◦C. Potassium tert-butoxide (7.407 g,
66.0 mmol) was dissolved in DMF (50 ml) and added to the
solution. After 30 minutes the acrylic nitro-compound 3 (11.70 g,
66 mmol) was added and stirred at 60 ◦C for 2 hours. The solvent
was removed under vacuum to relative dryness, treated with water
(300 ml) and stirred for 2 hours at room temperature. The solution
was filtered and treated with 1 M HCl (ca. 65 ml) to pH 4. This
gave a precipitate that was filtered and collected. Concentration
of the liquor to 50 ml gave a further 10% of precipitate. The solid
collected was dissolved in refluxing 95% ethanol (600 ml), cooled
and collected. The filtrate was washed with absolute ethanol (2 ×
100 ml) and Et2O (2 × 50 ml) to give the desired compound 4 as
a white powder (17.53 g, 50.2 mmol, 83%), mp 215 ◦C (dec.); IR
mmax/cm−1 1661, 1604, 1518, 1432, 1342 and 1275; Anal. calcd. for
C18H11N3O5: C, 61.9; H, 3.2; N, 12.0. Found: C, 61.8; H, 3.3; N,
12.0; 1H NMR (300 MHz, DMSO-d6) dH 4.72 (2H, s), 7.59–7.64
(2H, m), 7.75–7.93 (4H, m) 8.22–8.26 (2H, m); 13C NMR (75 MHz,
DMSO-d6) dC 46.3, 115.3, 120.8, 124.0, 126.1, 126.9, 127.4, 128.8,
130.9, 134.5, 134.8, 136.7, 146.0, 148.1, 153.4, 154.9, 158.6, 186.4;
HRMS-FAB: m/z calcd for C18H11N3O5 + H, 350.0771; found
350.0773 [M + H]+.


Preparation of 5H ,12H-5,6,11a-triazadibenzo[b,h]fluoren-11,14-
dione (5)


The pyrroloquinazolinone 4 (6.986 g, 20.0 mmol) was suspended in
DMF (100 ml) and reduced using Pd/C 10% (0.6 g) and hydrogen
(20 bar). The reaction proceeded for 1 h at 50 ◦C. The solution
was filtered through a pad of Celite and the product was washed
out with hot DMF until the solution was clear of any UV-active
compound by TLC. The solvent was evaporated to relative dryness
and boiled in 95% ethanol (200 ml). The cooled solution was
filtered, and the collected solid was washed with absolute ethanol
(2 × 50 ml), then Et2O (2 × 50 ml) to give the desired compound 5
(5.79 g, 96%) as a white powder, mp >400 ◦C; IR mmax/cm−1 1675,
1584 and 1461; 1H NMR (300 MHz, DMSO-d6, 90 ◦C) dH 4.97
(2H, s), 7.39–7.44 (1H, m), 7.61–7.67 (1H, m), 7.72–7.77 (1H, m),
7.87–7.96 (3H, m), 8.24–8.27 (1H, dd, J 0.9, 8.1), 8.30–8.33 (1H,
dd, J 0.9, 8.1), 12.74 (1H, s); 13C NMR (75 MHz, D2SO4) dC 50.9,
118.1, 119.5, 121.0, 121.2, 121.6, 124.5, 128.7, 132.5, 133.5, 136.0,
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136.1, 140.2, 140.2, 141.1, 149.1, 158.9, 166.9; HRMS-FAB: m/z
calcd for C18H11N3O2 + H, 302.0924; found 302.0921 [M + H]+.


Preparation of 14-chloroluotonin A (6)


The dione 5 (5.5 g, 18.25 mmol) was refluxed in POCl3 (30 ml) for
1 h. The solvent was removed under vacuum and the remaining
compound was treated with ice-water (20 ml). The mixture was
neutralized with aq. NaHCO3 (50 ml) and the solid product
filtered. This was washed with water (2 × 30 ml), absolute ethanol
(2 × 25 ml) and diethyl ether (2 × 25 ml). The dried substance
was recrystallized with copious amounts of chloroform to give 6
(5.80 g, 99%) as a white powder, mp 287 ◦C (dec.); IR mmax/cm−1


1684, 1626, 1605, 1466 and 1329; 1H NMR (300 MHz, CDCl3)
dH 5.37 (2H, s), 7.57–7.62 (1H, m), 7.78–7.94 (3H, m), 8.12–8.15
(1H, dd, J 0.5, 8.3), 8.36–8.39 (1H, dd, J 1.0, 8.4), 8.45–8.48 (1H,
dd, J 1.2, 8.4), 8.51–8.54 (1H, dd, J 0.6, 8.5); 13C NMR (75 MHz,
D2SO4, DMSO-d6) dC 57.2, 124.2, 126.9, 127.7, 131.6, 134.1, 135.9,
138.4, 138.7, 140.2, 140.8, 141.5, 144.9, 145.4, 146.5, 153.9, 159.3,
163.0; HRMS-FAB: m/z calcd for C18H10ClN3O + H, 320.0585;
found 320.0581 [M + H]+.


Preparation of luotonin A (1)


Compound 6 (96 mg, 300 lmol) was suspended in 1,4-dioxane
(50 ml) at room temperature. Activated Raney nickel (0.5 g) was
added and the vessel sealed whilst being stirred vigorously. The
reaction was monitored via TLC [hexane–DCM (1 : 15)] and was
found to be complete after approximately 1 hour. Filtration of the
mixture through a pad of Celite and evaporation to dryness gave
the crude compound, which was then redissolved in DCM and
purified by chromatography using a gradient system of hexane–
DCM (1 : 20) → DCM. The fractions containing the major
component were combined and evaporated to dryness giving 1
as a fine white powder (72 mg, 84%), mp 255–257 ◦C (dec.)
from (CHCl3–acetone), (lit.,1 252 ◦C (dec.)); 1H NMR (300 MHz,
DMSO-d6) dH 5.30 (2H, s), 7.59–7.65 (1H, m), 7.72–7.77 (1H, dd,
J 7.6 and 7.3 Hz), 7.87–7.93 (3H, m), 8.13–8.16 (1H, d, J 8.1 Hz),
8.24–8.29 (2H, m), 8.74 (1H, s); 13C NMR (75 MHz, DMSO-d6) dC


47.5, 121.0, 125.9, 127.1, 128.0, 128.2, 128.4, 128.4, 129.6, 130.4,
130.9, 131.7, 134.4, 148.3, 149.0, 151.4, 153.0, 159.6; HRMS-FAB:
m/z calcd for C18H11N3O + H, 286.0975; found 286.0991 [M + H]+.


Preparation of 7,8,9,10-tetrahydroluotonin A (7)


Method A. The procedure for the formation of 1 was used
but the reaction time was increased to 4 hours. TLC showed
the starting material was no longer luotonin A (Rf 0.5) and was
completely transformed. The solution was passed through a pad
of Celite and evaporated to dryness, giving 7 (84 mg, 94%) as
a fine granular substance, mp 272–273 ◦C (dec.), (lit.,5 275 ◦C
(dec.)); IR mmax/cm−1 2940, 1667, 1625, 1609, 1468, 1456, 1377
and 1286; 1H NMR (300 MHz, DMSO-d6, 90 ◦C) dH 1.78–1.95
(4H, m), 2.86–2.90 (2H, m), 2.96–3.00 (2H, m), 5.05 (2H, s), 7.52–
7.57 (1H, m), 7.79–7.88 (3H, m), 8.22–8.25 (1H, d, J 7.8 Hz); 13C
NMR (75 MHz, DMSO-d6, 90 ◦C) dC 21.4, 21.8, 28.4, 31.8, 46.7,
120.2, 125.3, 125.9, 127.1, 131.7, 132.6, 133.6, 135.0, 146.8, 148.8,
153.1, 158.8, 159.0; HRMS-FAB: m/z calcd for C18H15N3O + H,
290.1293; found 290.1295 [M + H]+.


Method B. Reaction conditions and treatment were as for the
formation of 1 (above) but the solution was heated to reflux, giving
7 (80 mg, 92%).


Method C. A sample of 1 (50 mg) was reacted using method
A and isolated, giving 7 (33 mg, 65%).


Preparation of compound 8


To a sealed vessel 6 (96 mg, 300 lmol) was dissolved in 3-
N-(dimethylamino)propylamine (1.0 ml) and heated at 145 ◦C
for 2 hours. TLC: DCM–MeOH (99 : 1). The solution was
evaporated to dryness under vacuum, dissolved in DCM (30 ml),
treated with aq. NaHCO3 (10 ml), and brine (10 ml). The organic
phase was dried over MgSO4, filtered, evaporated to dryness, and
recrystallized from acetonitrile, giving 8 (94 mg, 81%), mp 258 ◦C
(dec.); IR mmax/cm−1 2818, 1677, 1572, 1466, 1433, 1367 and 1336;
1H NMR (300 MHz, DMSO-d6) dH 1.80-1.89 (2H, m), 2.20 (6H,
s), 2.39–2.43 (2H, m), 3.67–3.72 (2H, m), 5.41 (2H, s), 7.49–7.59
(2H, m), 7.67–7.77 (2H, m), 7.84–7.91 (2H, m), 7.94–7.98 (1H, dd,
J 8.4, 1.0 Hz), 8.15–8.18 (1H, d, J 8.4), 8.22–8.25 (1H, m); 13C
NMR (75 MHz, DMSO-d6) dC 25.2, 40.9, 42.3, 42.3, 47.9, 54.5,
109.0, 119.0, 120.8, 122.4, 125.4, 125.8, 126.7, 127.9, 129.8, 129.9,
134.4, 147.0, 149.1, 149.3, 151.6, 153.7, 159.5; HRMS-FAB: m/z
calcd for C23H23N5O + H, 386.1975; found 386.1973 [M + H]+.


Preparation of compound 9


In piperidine (1 ml), 6 (65 mg, 200 lmol) was refluxed for 4 hours.
The solution was evaporated to dryness, extracted with DCM (3 ×
20 ml), washed with aq. NaHCO3 (10 ml) and brine (10 ml). The
organic extracts were dried with MgSO4, filtered, evaporated to
dryness, and triturated in diethyl ether to give 9 (58 mg, 79%),
mp 306–308 ◦C (dec.); IR mmax/cm−1 2925, 1672, 1606, 1566, 1504,
1465, 1385, 1335 and 1102; 1H NMR (300 MHz, DMSO-d6, 50 ◦C)
dH 1.73–1.88 (6H, m), 3.46–3.49 (4H, m), 5.50 (2H, s), 7.58–7.69
(2H, m), 7.78–7.84 (1H, m), 7.91–7.94 (2H, m), 8.12–8.16 (2H,
m), 8.28–8.31 (1H, m); 13C NMR (75 MHz, DMSO-d6, 50 ◦C)
dC 23.5, 25.9, 25.9, 47.51, 52.1, 52.1, 120.3, 120.7, 124.2, 124.3,
125.7, 126.6, 126.7, 127.8, 129.7, 129.9, 134.2, 149.1, 150.0, 151.7,
152.7, 153.0, 159.3; HRMS-FAB: m/z calcd for C23H20N4O + H,
369.1710; found 369.1712 [M + H]+.


Preparation of compound 10


In DMF, 6 (96 mg, 300 lmol) was refluxed with benzylamine
(48 mg, 450 lmol) and K2CO3 (125 mg) for 18 hours. The solution
was evaporated to dryness and washed with water (3 × 5.0 ml).
The compound was filtered and washed with hot ethanol, giving
10 (102 mg, 87%) as an amorphous solid, mp 300 ◦C (dec.); IR
mmax/cm−1 3267, 1683, 1634, 1567, 1466, 1453, 1423, 1390 and
1348; 1H NMR (300 MHz, DMSO-d6) dH 4.92–4.94 (2H, d, J
6.3 Hz), 5.24 (2H, s), 7.25–7.29 (1H, m), 7.34–7.42 (4H, m), 7.55–
7.63 (2H, m), 7.75–7.80 (1H, m), 7.87–7.88 (2H, m), 8.03–8.05
(1H, d, J 8.0 Hz), 8.14–8.21 (2H, m), 8.47–8.50 (1H, d, J 8.5 Hz);
13C NMR (75 MHz, DMSO-d6) dC 46.4, 47.6, 108.6, 119.0, 120.8,
122.2, 125.7, 125.8, 125.9, 125.9, 126.7, 127.1, 127.9, 128.8, 128.8,
129.9, 130.0, 134.3, 140.4, 147.3, 149.2, 149.3, 151.6, 153.5, 159.4;
HRMS-FAB: m/z calcd for C25H18N4O + H, 391.1553; found
391.1562 [M + H]+.
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Preparation of compound 11


In DMF (3.0 ml) K2CO3 (210 mg) was added followed by 6
(160 mg, 500 lmol) and refluxed with methyl mercaptoacetate
(80 mg, 750 lmol) for 18 h. The solution was evaporated to dryness
and partitioned between DCM and water. The organic phase was
dried with NaSO4, filtered and evaporated to dryness, giving 11
(167 mg, 86%), mp 236–237 ◦C (dec.); IR mmax/cm−1 1657, 1607,
1547, 1498, 1468, 1408, 1385, 1342, 1310 and 1257; 1H NMR
(300 MHz, DMSO-d6, 60 ◦C) dH 3.54 (3H, s), 4.03 (2H, s), 5.40
(2H, s), 7.62–7.67 (1H, m), 7.85–7.99 (4H, m), 8.30–8.35 (2H,
m), 8.55–8.58 (1H, d, J 8.3 Hz); 13C NMR (75 MHz, DMSO-d6,
60 ◦C) dC 35.8, 47.6, 52.0, 120.9, 124.8, 125.6, 127.0, 127.8, 128.9,
129.0, 130.4, 130.4, 134.2, 135.6, 137.4, 148.7, 148.8, 150.6, 152.6,
159.2, 168.9; (ESI) m/z 390 [M + H]+; HRMS-FAB: m/z calcd for
C21H15N3O3S + H, 390.0907; found 390.0908 [M + H]+.


Preparation of 14,14′-bisluotonin A (12)


Under argon, 6 (160 mg, 500 lmol) was dissolved in acetic acid
(5.0 ml). 10% Pd/C (20 mg) was added to the solution, which
was warmed to 40 ◦C for 3 hours. Filtration through Celite,
evaporation of the solvent to dryness and recrystallization from
ethanol gave 12 (142 mg, 100%), mp >400 ◦C; IR mmax/cm−1 1681,
1584, 1531, 1463, 1402, 1383 and 1336; 1H NMR (300 MHz,
DMSO-d6) dH 4.67–4.73 (2H, d, J 17.9 Hz), 5.10–5.16 (2H, d, J
17.9 Hz), 7.57–7.69 (6H, m) 7.92–8.03 (6H, m), 8.22–8.25 (2H,
dd, 8.0, 1.0 Hz), 8.48–8.51 (2H, d, J 8.4 Hz); 13C NMR (75 MHz,
DMSO-d6) dC 47.3, 121.0, 125.3, 125.9, 126.0, 127.4, 128.2, 129.3,
130.6, 130.9, 131.0, 134.7, 135.6, 148.8, 149.0, 152.0, 153.3, 159.5;
HRMS-FAB: m/z calcd for C36H20N6O2 + H, 569.1721; found
569.1723 [M + H]+.


Preparation of 14-(hex-15-ynyl)luotonin A (13)


Under an argon atmosphere, a solution of hexyne (2.0 mmol)
in degassed benzene (20.0 ml) was added to a mixture of 7-
chloroluotonin A 6 (160 mg, 500 lmol), Pd(OAc)2 (0.05 mmol),
rac-BINAP (0.1 mmol) and potassium carbonate (1.0 mmol). The
reaction mixture was heated to reflux for 18 h. The solvent was
evaporated and the residue was purified by column chromatogra-
phy [hexane–chloroform–acetone (30 : 10 : 1)], giving 13 (159 mg,
87%) as a white substance, mp 226–227 ◦C (dec.). 1H NMR
(300 MHz, CDCl3) dH 1.02–1.07 (3H, t, J 7.3 Hz), 1.54–1.67 (2H,
m), 1.73–1.83 (2H, m), 2.68–2.73 (2H, t, J 7.1 Hz), 5.34 (2H, s),
7.55–7.60 (1H, m), 7.69–7.74 (1H, m), 7.80–7.88 (2H, m), 8.10–
8.13 (1H, d, J 8.1 Hz), 8.33–8.36 (1H, d, J 8.3 Hz), 8.42–8.46 (2H,
m). 13C NMR (75 MHz, CDCl3) dC 13.8, 19.9, 22.3, 30.7, 47.8, 74.0,
107.8, 121.5, 125.9, 126.6, 127.2, 127.6, 128.7, 128.8, 128.9, 130.8,
131.2, 131.7, 134.7, 149.4, 149.5, 150.6, 153.0, 160.7. HRMS-FAB:
m/z calcd for C24H19N3O + H, 366.1601; found 366.1603 [M + H]+.
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An artificial peptide receptor 5 was prepared by a simple procedure. Initial binding studies (UV
titrations) in buffered water showed preferential complexation of N-acetyl-dipeptide carboxylates
containing alanine in the C-terminal position in comparison with simple amino acids, other dipeptides
and two tripeptides.


Introduction


The search for artificial peptide receptors is an interesting field of
research in supramolecular chemistry.1 Artificial peptide receptors
might be of interest as sensors, to interfere with biological
peptide recognition or as drug candidates. However, for such
applications the host has to bind the peptide in aqueous media.
This makes the development of peptide receptors even more
challenging as often in supramolecular chemistry directed H-
bonds are used for substrate binding. The strength of such
polar host–guest interactions unfortunately decreases rapidly with
increasing polarity of the solvent.2 Purely H-bonded assemblies
are in general not stable in water. Peptide complexation by
artificial hosts can only be achieved in combination with additional
noncovalent interactions such as hydrophobic interactions3 or
ion pair formation.4 Metal complexes have also been used in
this context to allow complexation of histidine-rich peptides, for
example.5 We are currently exploring the use of ion pair formation
for complexation of negatively charged peptides in polar solvents.6


For this purpose we have introduced guanidiniocarbonyl pyrroles7


as an efficient oxoanion binding site some while ago.8


We present here the prototype of a new dicationic host 5,
which, as we show, efficiently binds dipeptide carboxylates in
water with association constants ≈ 2–5 × 103 M−1. Host 5
contains a lysine attached to the guanidiniocarbonyl pyrrole
cation, as this combination showed up favorably in screening
experiments with solid phase bound combinatorial libraries of
peptide receptors.6 Furthermore, 5 contains a serine to enhance
solubility in aqueous solution, and a naphthyl group for potential
additional hydrophobic interactions.


Results and discussion


The synthesis of receptor 5 is outlined in Scheme 1. First, com-
mercially available (L)-N-2-naphthylserinamide (1) was coupled
to (L)-Boc-Lys(Cbz)-OH using PyBOP in DMF as the coupling
reagent. The a-amino group in 2 was then deprotected with TFA
in quantitative yields. The free amine was then directly coupled
to N-Boc-5-guanidinocarbonyl pyrrole (3),9 again using PyBOP
standard coupling conditions. The fully protected precursor 4
was thus obtained in 68% yield over both steps. Deprotection
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Scheme 1 Synthesis of host compound 5.


to give host 5 proved to be more difficult than expected. Standard
deprotection of the Cbz-group by hydrogenolysis and subsequent
Boc deprotection with TFA only caused decomposition. Different
conditions were tried [e.g. 10% Pd/C in MeOH at rt or 50 ◦C, or
in THF at 30 ◦C with AcOH (cat.)] but no conditions were found
which provided 5 in acceptable yields. The use of strong organic
acids, such as TFMSA, is reported to remove different protecting
groups in a peptide at the same time (e.g. Tos and Cbz).10 Therefore,
we tested a mixture of TFA and TFMSA for the deprotection of
both the Cbz-protected amine and the Boc-protected guanidine
simultaneously.11 The reaction time and the amount of TFMSA
must be controlled in order to avoid decomposition of the
products, probably generated by cleavage of the naphthylamide
bond. After some attempts with different amounts of TFMSA (2–
0.1%) in TFA, the best conditions were finally found using 0.1%
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Table 1 Binding constants of 5 with various carboxylates in buffered
water (20% DMSO, pH = 6.0)


Substrate Kass
a


Ac-L-AlaOH (6) n.d.b


Ac-L-PheOH (7) 800
Ac-L-Ala-L-AlaOH (8) 4800
Ac-L-Ala-L-PheOH (9) —c


Ac-D-Phe-L-AlaOH (10) 5000
Ac-L-Phe-L-AlaOH (11) 1000
Ac-D-Phe-L-PheOH (12) 1850
Ac-L-Phe-L-PheOH (13) 2300
Ac-D-Ala-D-AlaOH (14) 2000
Ac-D-Ala-D-ValOH (15) 1000
Ac-D-Val-D-AlaOH (16) 4300
Ac-D-Val-D-ValOH (17) 2800
Ac-L-Ala-L-Ala-L-GluOH (18) 2600
Ac-L-Ala-L-Phe-L-GluOH (19) 1500


a K in M−1, estimated error limit in K < ±25%. b n.d. = binding not
detectable. c Precipitation occurred during titration.


of TFMSA in TFA for 5 h. But even then, this procedure gave 5
only in moderate yields of 46%, requiring RP18-chromatography
to purify receptor 5 from the decomposition byproducts.


To probe the complexation properties of 5 in solution, we
performed UV-titration studies12 in 20% DMSO in buffered water
with various N-acetylated amino acids, dipeptides and tripeptides
as substrates (Table 1). The 20% DMSO content was needed to
ensure the solubility of the peptide guests in solution. Aliquots of
a stock solution of the substrate ([guest]0 = 1.5 mM) were added to
a solution of the receptor (5 mM Bis-Tris buffer, pH = 6.0, [5]0 =
0.04 mM). The UV spectrum was recorded after each addition. As
the absorbance of the pyrrole moiety at k = 297 nm decreases upon
complex formation (Fig. 1, top); this change in the spectrum can
be used to determine the binding constants. Of course, dilution
of the sample during titration has to be taken into account.
Analysis of the data was performed using the Specfit/32 software
program from Spectrum Software Associates with nonlinear least-
square fitting according to a 1 : 1 association model. This 1 : 1
stoichiometry was confirmed by an independent Job plot under
the same conditions (Fig. 1, bottom).13


First, we evaluated the binding of 5 for amino acids Ac-L-
AlaOH (6) and Ac-L-PheOH (7), finding no affinity or only
weak binding (K < 1000 M−1). We then tested the dipeptides
8–17 as substrates, which contain D-Val, both enantiomers of Ala
and enantiomers of Phe. The dipeptides were expected to bind
more efficiently to receptor 5 than simple amino acids, because
their length should allow them to interact more strongly due to
additional binding sites within the complex (e.g. H-bonds between
the backbone amides, hydrophobic contacts). Dipeptide 9 did not
give reliable results, as it has a very low solubility and precipitation
occurred during the titration. The other dipeptides were indeed
bound more strongly than simple amino acids. Among the various
dipeptides tested, the highest association constants were found for
substrates 8, 10 and 16 (K > 4000 M−1). All three dipeptides have
Ala in the C-terminal position.14 The comparison of dipeptides 10
and 12, as well as 14 and 15, suggests that alanine in the C-terminal
position is preferred over more bulky amino acids such as valine
or phenylalanine. Host 5 shows some modest enantioselectivity
(cf. dipeptides 8 and 14) as well as diastereoselectivity (at least in
the case of dipeptides 10 and 11).


Fig. 1 Binding isotherm for the complexation of Ac-D-Val-D-AlaOH (16)
by receptor 5 as obtained from a UV titration in 20% DMSO in buffered
water at pH = 6.0 and 20 ◦C (dotted line = expected UV change due to
simple dilution without complex formation). The Job plot confirms the 1 :
1 binding stoichiometry.


Two tripeptide carboxylates (18 and 19) were also studied for
their binding properties. Their affinity was in the same range as
observed for the dipeptides, even though they should allow for
even more pronounced binding interactions with host 5 compared
to the dipeptides. One possible reason is that these substrates are
already too long and flexible, so that the entropic costs upon
complex formation outweigh any additional interactions between
host and substrate.


With these initial binding results from the UV titrations at hand,
we decided to perform complementary studies to confirm complex
formation between receptor 5 and the dipeptide carboxylates.
Specifically, we carried out mass spectrometric as well as NMR
studies with the complex between 5 and Ac-D-Val-D-AlaOH (16),
because this complex showed one of the highest association
constants in the UV titrations. Complex formation between 5 and
dipeptide 16 was indeed supported by mass spectrometry. An ESI-
MS experiment (positive ion mode) of a 1 : 1 mixture in methanol
showed a distinct signal for a 1 : 1 complex between 5 and Ac-
D-Val-D-AlaOH (16) at m/z = 767 (Fig. 2), as well as an intense
peak at m/z = 537, which corresponds to the free host 5.


1H NMR studies (in DMSO-d6) also provided support for
complex formation between 5 and 16 (Na+ salt). In a 1 : 1
mixture, small but distinct complexation-induced shift (CIS)
changes could be observed relative to the spectra of the two
individual components. For example, the signals of one of the
pyrrole CHs and the guanidinium amide NH shifted downfield;
the broad signal of the four guanidinium (NH2)2 was split into
two downfield-shifted signals, and the broad signal of the pyrrole
NH in the free host sharpened and also shifted downfield in the
complex. A small downfield shift was also observed for the Ala
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Fig. 2 ESI-MS spectrum (positive ion mode) from a 1 : 1 mixture of 5
and 16 in MeOH.


NH as well as the Ala methyl group of guest 16. Unfortunately, no
reliable quantitative analysis of the changes in the NMR spectra
was possible, preventing any more detailed structure analysis or
the determination of a binding constant by NMR.


Therefore, a possible structure of the complex between host
5 and dipeptide 16 was calculated using molecular mechanics
calculations (Macromodel 8.0, Amber* force field, GB/SA water
solvation).15 A Monte Carlo conformational search with 25 000
steps revealed the energy-minimized structure shown in Fig. 3. The
naphthyl ring of 5 p-stacks with the guanidiniocarbonyl pyrrole
cation.16 The carboxylate of 16 is bound in the same bidentate
fashion by the acyl guanidinium cation as observed previously
for other systems, and the lysine interacts with the N-terminal
acetyl group of the substrate. The alanine methyl group is in close
proximity to the naphthyl ring, which might explain why dipeptides
with bulkier amino acids in this position have lower affinities.


Conclusions


In conclusion, we report here the synthesis of a new prototype of a
bis-cationic host 5 by a simple procedure. Host 5 binds dipeptides
with a free carboxylate in aqueous buffer solution with millimolar
affinities and some preference for Ala in the C-terminal position.
We are currently extending the host design by using more rigid
linkers between the naphthyl amide and the guanidiniocarbonyl
pyrrole. This should further increase complex stability by inducing
a more extended conformation in host 5 and thereby facilitating
more pronounced hydrophobic contacts with the substrate.


Experimental


Reaction solvents were dried and distilled under argon before use.
All other reagents were used as obtained from BAChem, Acros,
GL Biochem and Lancaster. Flash column chromatography were
run on ICN silica (0.032–0.063 nm) from Biomedicals GmbH
or on medium pressure flash system (MPLC, CombiFlash R©,
CompanionTM, Isco Inc.) with a prepacked silica gel cartridge
(RP-18 Reverse Phase 4.3 g from RediSep). Melting points were
measured in open-end glass capillary tubes and are uncorrected.
1H and 13C NMR were recorded on a Bruker Avance 400 MHz
spectrometer. The chemical shifts are reported relative to the
deuterated solvents. Peak assignment is based on DEPT studies
and comparison with literature data. ESI- and HR-mass spectra
were recorded on a microTOF from Bruker Daltonik instrument.


Fig. 3 Schematic representation (top) and energy-minimized structure
(middle and bottom) of the 1 : 1 complex between 5 (grey) and 16 (yellow)
according to force field calculations.


Analytical HPLC was run on a Supelcosil LC18 (Supelco) 5 lm,
(25 cm × 4.6 mm) column. Gua = guanidiniocarbonyl pyrrole.


Synthesis of (2-naphthyl)-L-Ser-L-Lys(Cbz)-NHBoc (2)


A solution of (L)-N2-Boc-N6-Cbz-lysine (330 mg, 0.87 mmol, 1 eq),
PyBOP (452 mg, 0.87 mmol, 1 eq.) and N-methylmorpholine
(NMM) (0.29 mL, 2.60 mmol, 3 eq.) in 6 mL of dry DMF was
stirred for 20 min at rt. Afterwards, (L)-N-2-naphthylserinamide
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(1) (200 mg, 0.87 mmol, 1 eq.) was added and the solution was
stirred at rt overnight. Then it was poured onto 50 mL of water
and the suspension was stirred at 0 ◦C for 2 h. The precipitate
was filtered and washed several times with water. The residue was
lyophilized, obtaining 515 mg (quant.) of 2 as a pale brown solid:
mp = 106–109 ◦C; 1H NMR (DMSO-d6, 400 MHz): d = 1.45–
1.25 (m, 4H, Lys 2CH2), 1.39 (s, 9H, C(CH3)3), 1.57–1.47 (m, 1H,
Lys CHCH2), 1.68–1.59 (m, 1H, Lys CHCH2), 3.03–2.89 (m, 2H,
Lys CH2NH), 3.76–3.65 (m, 2H, Ser CH2), 3.99–3.89 (m, 1H, Lys
CH), 4.48–4.44 (m, 1H, Ser CH), 5.00 (s, 2H, PhCH2), 5.06 (t,
1H, OH, J = 5.4 Hz), 7.01 (d, 1H, Lys NHCOOC(CH3)3, J =
7.4 Hz), 7.21 (br t, 1H, Lys NHCOOBn, J = 5.5 Hz), 7.36–7.29
(m, 5H, Ph), 7.42–7.37 (m, 1H, naphthyl H6 or H7), 7.48–7.44
(m, 1H, naphthyl H6 or H7), 7.65 (br d, 1H, naphthyl H3, J =
9.0 Hz), 7.85 (s, 1H, Ser NH), 7.88–7.78 (m, 3H, naphthyl H4,
H5 and H8), 8.30 (d, 1H, naphthyl H1, J = 1.6 Hz), 10.05 (s, 1H,
naphthyl NH); 13C NMR (DMSO-d6, 100 MHz): d = 22.8 (Lys
CH2), 26.0 (Lys CH2), 28.3 (C(CH3)3), 31.2 (Lys CH2), 40.05 (Lys
CH2), 54.9 (Lys CH), 55.9 (Ser CH), 61.5 (Ser CH2), 65.6 (PhCH2),
79.5 (C(CH3)3), 116.0 (naphthyl CH), 120.2 (naphthyl CH), 125.3
(naphthyl CH), 127.0 (naphthyl CH), 127.4 (naphthyl CH), 127.8
(naphthyl CH), 127.9 (C4 Ph), 128.2 (naphthyl CH), 128.7 (C2 and
C3 Ph), 130.2 (naphthyl Cq), 133.4 (naphthyl Cq), 136.0 (naphthyl
Cq), 137.2 (C1 Ph), 156.8 (2NHCOO), 163.4 (Lys CONH), 169.3
(Ser CONH); MS (ESI+) m/z = 615 [M + Na]+, 1207 [2M + Na]+;
HR-MS (ESI+) m/z = 615.2788 (calculated for 12C32H40N4NaO7:
615.2789).


Synthesis of (2-naphthyl)-L-Ser-L-Lys(Cbz)-Gua-NHBoc (4)


The Boc-protected amine 2 (500 mg, 0.84 mmol, 1 eq.) was
dissolved in a 1 : 1 mixture of TFA–dry dichloromethane (DCM)
(6 mL TFA, 6 mL dry DCM), and stirred at rt for 1 h. Then,
the excess of TFA and the solvent were removed in vacuo, and
the oily residue was lyophilized, obtaining 512 mg (quant.) of a
pale brownish solid. It was used in the next step without further
purification. A solution of N-Boc-5-guanidinocarbonyl pyrrole (3)
(335 mg, 0.84 mmol, 1 eq.), PyBOP (439 mg, 0.84 mmol, 1 eq.) and
NMM (0.28 mL, 2.53 mmol, 3 eq.) in 8 mL of dry DMF was stirred
for 20 min at rt. Afterwards the free amine (512 mg, 0.84 mmol,
1 eq.) was added and the solution was stirred at rt overnight.
Then it was poured onto 50 mL of water and the suspension
was stirred at 0 ◦C for 2 h. The precipitate was filtered, washed
several times with water and lyophilized. The residue was purified
by flash chromatography (SiO2, EtOAc–MeOH 99 : 1), obtaining
441 mg (68%) of 4 as a white solid; mp = 140–142 ◦C; 1H NMR
(DMSO-d6, 400 MHz): d = 1.46–1.28 (m, 4H, Lys 2CH2), 1.46
(s, 9H, C(CH3)3), 1.69–1.62 (m, 1H, Lys CHCH2), 1.82–1.77 (m,
1H, Lys CHCH2), 3.01–2.97 (m, 2H, Lys CH2NH), 3.72 (br s, 2H,
Ser CH2), 4.52–4.46 (m, 2H, Ser CH and Lys CH), 4.98 (s, 2H,
PhCH2), 5.04 (t, 1H, OH, J = 5.3 Hz), 6.85 (br s, 2H, pyrrole CH),
7.21 (br t, 1H, Lys NHCOOBn, J = 5.5 Hz), 7.34–7.28 (m, 5H, Ph),
7.42–7.38 (m, 1H, naphthyl H6 or H7), 7.48–7.44 (m, 1H, naphthyl
H6 or H7), 7.65 (dd, 1H, naphthyl H3, J = 8.8 Hz, J = 1.9 Hz),
7.87–7.80 (m, 3H, naphthyl H4, H5 and H8), 8.14 (d, 1H, Ser NH,
J = 7.6 Hz), 8.31 (s, 1H, naphthyl H1), 8.47 (d, 1H, Lys NH, J =
7.4 Hz), 8.60 (br s, 1H, guanidino NH), 9.30 (br s, 1H, guanidino
NH), 10.04 (s, 1H, naphthyl NH), 10.90 (br s, 1H, guanidino NH),
11.50 (br s, 1H, pyrrole NH); 13C NMR (DMSO-d6, 100 MHz): d =


23.4 (Lys CH2), 28.2 (C(CH3)3), 29.5 (Lys CH2), 31.7 (Lys CH2),
40.5 (Lys CH2), 53.8 (Lys CH), 56.4 (Ser CH), 61.9 (Ser CH2), 65.8
(PhCH2), 82.5 (C(CH3)3), 113.9 (pyrrole CH), 114.3 (pyrrole CH),
116.1 (naphthyl CH), 120.5 (naphthyl CH), 125.5 (naphthyl CH),
127.2 (naphthyl CH), 127.8 (naphthyl CH), 128.1 (naphthyl CH),
128.2 (C4 Ph), 128.4 (naphthyl CH), 129.0 (C2 and C3 Ph), 129.0
(pyrrole Cq), 130.5 (naphthyl Cq), 133.8 (naphthyl Cq and pyrrole
Cq), 136.5 (naphthyl Cq), 137.6 (C1 Ph), 156.9 (2NHCOO), 158.7
(pyrrole CONH), 160.8 (pyrrole CONH), 169.6 (Lys CONH),
172.8 (Ser CONH); MS (ESI+) m/z = 771 [M + H]+, 793 [M +
Na]+; HR-MS (ESI+) m/z = 771.346 (calculated for 12C39H47N8O9:
771.346).


Synthesis of host 5


The Boc-protected amine 4 (200 mg, 0.26 mmol, 1 eq.) was
dissolved in 4 mL of TFA, and 4 lL (0.1%) of trifluoromethane-
sulfonic acid (TFMSA) were added. The solution was stirred at
rt for 5 h. Then, TFA and TFMSA were removed under reduced
pressure (oil pump). The oil obtained was dried and lyophilized.
The white solid residue was purified by MPLC (RP18 column, flow
40–20 mL min−1, eluent: 20% MeOH + 0.1% TFA in H2O + 0.1%
TFA → 100% MeOH + 0.1% TFA), obtaining 91 mg (46%) of 5 as
a white solid; mp = 220 ◦C (decomposition); 1H NMR (DMSO-
d6, 400 MHz): d = 1.45–1.38 (m, 2H, Lys CH2), 1.59–1.54 (m,
2H, Lys CH2), 1.70–1.63 (m, 1H, Lys CHCH2), 1.85–1.78 (m, 1H,
Lys CHCH2), 2.79–2.77 (m, 2H, Lys CH2NH), 3.73 (br d, 2H,
Ser CH2, J = 5.4 Hz), 4.61–4.50 (m, 2H, Ser CH and Lys CH),
5.10 (br s, 1H, OH), 6.93 (br s, 1H, pyrrole CH), 7.15 (br s, 1H,
pyrrole CH), 7.42–7.38 (m, 1H, naphthyl H6 or H7), 7.49–7.45 (m,
1H, naphthyl H6 or H7), 7.63 (dd, 1H, naphthyl H3, J = 8.8 Hz,
J = 2.0 Hz), 7.67 (br s, 3H, NH3


+), 7.88–7.79 (m, 3H, naphthyl
H4, H5 and H8), 8.26 (d, 1H, Ser NH, J = 7.4 Hz), 8.30 (s, 1H,
naphthyl H1), 8.49 (br s, 4H, guanidinium (NH2)2), 10.15 (s, 1H,
naphthyl NH), 11.34 (br s, 1H, guanidinium NH), 12.56 (br s,
1H, pyrrole NH); 13C NMR (DMSO-d6, 100 MHz): d = 22.6 (Lys
CH2), 26.5 (Lys CH2), 31.1 (Lys CH2), 53.1 (Lys CH), 56.1 (Ser
CH), 61.5 (Ser CH2), 113.9 (pyrrole CH), 115.3 (pyrrole CH),
115.9 (naphthyl CH), 120.2 (naphthyl CH), 125.3 (naphthyl CH),
127.0 (naphthyl CH), 127.4 (naphthyl CH), 127.7 (naphthyl CH),
128.8 (naphthyl CH and pyrrole Cq), 130.2 (naphthyl Cq), 131.8
(pyrrole Cq), 133.4 (naphthyl Cq), 136.0 (naphthyl Cq), 159.8
(pyrrole CONH), 159.9 (pyrrole CONH), 169.3 (Lys CONH),
172.2 (Ser CONH); MS (ESI+) m/z = 537 [M − H]+; HR-MS
(ESI+) m/z = 537.258 (calculated for 12C26H33N8O5: 537.257);
HPLC tR = 4.68 min (100%); eluent: 50% MeOH + 0.1% TFA
and 50% H2O + 0.1% TFA, flow 1 mL min−1, k = 300 nm.


Acknowledgements


This work was supported by the Fonds der Chemischen Industrie
and by the Deutsche Forschungsgemeinschaft (SFB 630). L. H.-F.
thanks the Alexander von Humboldt Foundation for a postdoc-
toral fellowship.


References and notes


1 For review articles on molecular recognition of peptides by artificial
receptors see: (a) M. W. Peczuh and A. D. Hamilton, Chem. Rev.,
2000, 100, 2479–2494; (b) Y. Singh, G. T. Dolphin, J. Razkin and


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 2390–2394 | 2393







P. Dumy, ChemBioChem, 2006, 7, 1298–1314; (c) H.-J. Schneider, Adv.
Supramol. Chem., 2000, 6, 185–216; (d) H.-J. Schneider, Angew. Chem.,
1993, 105, 890–892; H.-J. Schneider, Angew. Chem., Int. Ed. Engl., 1993,
32, 848–850; (e) T. H. Webb and C. S. Wilcox, Chem. Soc. Rev., 1993,
22, 383–395.


2 For two recent review articles on the challenges of achieving
supramolecular recognition in water, see: (a) G. V. Oshovsky, D. N.
Reinhoudt and W. Verboom, Angew. Chem., Int. Ed., 2007, 46, 2366–
2393; (b) S. Kubik, C. Reyheller and S. Stuewe, J. Inclusion Phenom.
Macrocyclic Chem., 2005, 52, 137.


3 Some recent examples of peptide recognition in polar solvents based
on hydrophobic interactions: (a) L. M. Heitmann, A. B. Taylor, P. J.
Hart and A. R. Urbach, J. Am. Chem. Soc., 2006, 128, 12574–12581;
(b) M. Kubo, E. Nashimoto, T. Tokiyo, Y. Morisaki, M. Kodama and
H. Hioki, Tetrahedron Lett., 2006, 47, 1927–1931; (c) S. Tashiro, M.
Tominaga, Y. Yamaguchi, K. Kato and M. Fujita, Chem. Eur. J., 2006,
12, 3211–3217; (d) S. Tashiro, M. Tominaga, M. Kawano, B. Therrien,
T. Ozeki and M. Fujita, J. Am. Chem. Soc., 2005, 127, 4546–4547;
(e) H.-J. Buschmann, L. Mutihac, R. C. Mutihac and E. Schollmeyer,
Thermochim. Acta, 2005, 430, 79–82; (f) M. E. Bush, N. D. Bouley and
A. R. Urbach, J. Am. Chem. Soc., 127, 14511–14517.


4 Some recent examples of peptide recognition in polar solvents based on
electrostatic interactions: (a) P. Krattiger and H. Wennemers, Synlett,
2005, 706–708; (b) J. Shepherd, T. Gale, K. B. Jensen and J. D. Kilburn,
Chem. Eur. J., 2006, 12, 713–720; (c) C. Schmuck and L. Geiger, J. Am.
Chem. Soc., 2004, 126, 8898–8899; (d) S. Rensing and T. Schrader, Org.
Lett., 2002, 4, 2161–2165.


5 Some recent examples of peptide recognition in polar solvents based
on metal–ligand interactions:(a) K. Severin, Chem. Commun., 2006,
3859–3867; (b) X. Li, S. Miltschitzky, A. Grauer, V. Michlova and B.
Koenig, Tetrahedron, 2006, 62, 12191–12196; (c) A. Buryak and K.
Severin, J. Am. Chem. Soc., 2005, 127, 3700–3701; (d) M. Kruppa, C.
Bonauer, V. Michlova and B. Koenig, J. Org. Chem., 2005, 70, 5305–
5308; (e) A. T. Wright and E. V. Anslyn, Org. Lett., 2004, 6, 1341–1344;
(f) A. Ojida, Y. Mito-oka, I. Masa-aki and I. Hamachi, J. Am. Chem.
Soc., 2002, 124, 6256–6258.


6 (a) C. Schmuck and P. Wich, Angew. Chem., Int. Ed., 2006, 45,
4277–4281; (b) C. Schmuck, M. Heil, J. Scheiber and K. Baumann,


Angew. Chem., Int. Ed., 2005, 44, 7208–7212; (c) C. Schmuck and M.
Heil, Chem. Eur. J., 2006, 12, 1339–1348.


7 C. Schmuck, Coord. Chem. Rev., 2006, 250, 3053–3067.
8 For recent reviews on anion recognition including guanidinium-based


receptors, see: (a) K. A. Schug and W. Lindner, Chem. Rev., 2005, 105,
67–113; (b) R. J. T. Houk, S. L. Tobey and E. V. Anslyn, Top. Curr.
Chem., 2005, 255, 199; (c) P. Blondeau, M. Segura, R. Perez-Fernandez
and J. de Mendoza, Chem. Soc. Rev., 2007, 36, 198; (d) R. J. Fitzmaurice,
G. M. Kyne, D. Douheret and J. D. Kilburn, J. Chem. Soc., Perkin Trans.
1, 2002, 841–864.


9 C. Schmuck and L. Geiger, Chem. Commun., 2005, 772–774.
10 H. Yajima, H. Ogawa, H. Watanabe, N. Fujii, M. Kurobe and S.


Miyamoto, Chem. Pharm. Bull., 1975, 23, 371–374.
11 C. Schmuck and M. Heller, Org. Biomol. Chem., 2007, 5, 787–


791.
12 (a) C. S. Wilcox, in Frontiers in Supramolecular Chemistry and


Photochemistry, ed. H. J. Schneiderand H. Dürr, VCH, Weinheim,
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Syntheses of a,b-unsaturated c-lactams are described that
are based on ring-closing metathesis in combination with
enantioselective Ir-catalysed allylic amination using N-Boc-
N-(but-2-enoyl)-amine as a pronucleophile. As an example
application, the synthesis of a Baclofen analogue is presented.


d-Substituted a,b-unsaturated c-lactams are found among natural
products, examples are the microcolins (A),1 and they are useful
as building blocks for the synthesis of a variety of biologically
active compounds (Fig. 1). Due to their conformational rigidity,
reactions at the double bond, notably cycloadditions and conju-
gate additions, proceed with a high degree of stereocontrol.2,3c For
example, Barrett et al.4 used the lactam C as an intermediate in the
course of a total synthesis of the antifungal agent (−)-pramanicine
(B). The 3-OH group was introduced by conjugate addition of a
silylzincate, which proceeded with perfect anti-diastereoselectivity
in quantitative yield, followed by a Tamao–Fleming oxidation.
c-Lactams have also been used as intermediates in syntheses of
GABA derivatives,5 for example, Baclofen analogues of type D,
which are available from lactams E by conjugate addition of
organocopper compounds and hydrolytic ring-opening.6


Fig. 1 Biologically active c-aminobutyric acid derivatives.


Non-racemic a,b-unsaturated c-lactams7 are usually prepared
from a-amino acids,3 for example, C and related compounds are
derived from glutamic acid. Other approaches have only rarely
been used.2a,8 Herein, we describe a new route, which is based on
the combination of an iridium-catalysed enantioselective allylic
substitution9 and a ring-closing metathesis (RCM). Two strategies,
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route 1 and route 2 (Scheme 1), were envisaged. Route 2 begins
with the formation of a chiral allylamine, which is acylated with
an acrylic acid derivative to give a diene that can serve as the
starting material for ring-closing metathesis. Using allylamines
prepared by methods other than an allylic substitution, Blechert
and coworkers10 successfully probed the metathesis part of this
route with non-protected and N-benzyl-protected compounds F,
i. e. R = H or Bn, R′ = H.


Scheme 1 Concepts for the synthesis of c-lactams.


Following this lead, we first investigated route 2. Realisation
was straightforward because benzylamine has often been used as
an N-nucleophile in iridium-catalysed aminations.11,12 However,
deprotection of N-benzyl derivatives with methods other than
catalytic hydrogenation is very problematic. Therefore, we were
interested in probing further protecting groups. On the basis
of our recent implementation of N,N-diacylamines as ammonia
equivalents in Ir-catalysed allylic substitution13 we envisaged the
shorter route 1 (Scheme 1), which is based on the pronucleophile
2 (Scheme 2).14 Route 1 would enable the preparation of Boc-
protected amides 3 in a single step. Apart from its convenient
removal, the N-Boc group is advantageous as it activates addition
reactions at the double bond of the c-lactams.


Ir-catalysed allylic substitutions were run using conditions
previously described13 (cf. General Procedure†). With the help
of ligands L1 and L2 (Scheme 2), regioselectivity of up to 98 : 2 in
favour of the branched product and enantiomeric excesses of up
to >99% ee were achieved.


The scope of the substitution reaction was examined with a
variety of carbonates, containing alkyl, aryl, and functionalised
alkyl substituents. The results are displayed in Table 1. Depending
on the group R of the carbonate 1, either the use of amide 2
(conditions A, “salt-free”) or its sodium salt (conditions B) led to
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Table 1 Ir-catalysed allylic substitutions according to Scheme 2 (cf. also the General Procedure†)


Entry Substrate Conditionsa Ligand Time/h Yield (%)b 3 : 4 ee (%)c


1 1a A ent-L2 0.7 74 98 : 2 >98 (−)-(S)
2 1a A L1 48 54d 98 : 2 94 (+)-(R)
3 1a B L1 2.5 73e 95 : 5 n. d.
4 1a B L2 4 71e 93 : 7 n. d.
5 1b Af ent-L2 2 78 98 : 2 99g


6 1b Bf ent-L2 1.5 76 97 : 3 98g


7 1c Af ent-L2 24 64 98 : 2 95 (+)
8 1c B ent-L2 3 79 98 : 2 >98 (+)
9 1d Af L2 4 77 96 : 4 >99 (+)


10 1d Bf ent-L2 1.5 90 91 : 9 98 (−)
11 1d Afh L2 1 76 93 : 7 >99 (+)


a If not stated otherwise, reactions were carried out on a 0.5 mmol scale of 1 using 2 mol% of [Ir(COD)Cl]2, 4 mol% of ligand and 2 h of activation
with TBD (8 mol%); A: pronucleophile 2 (0.6 mmol) was used neat; B: the sodium salt of 2 (0.6 mmol), generated by addition of 0.6 mmol of NaH in
0.5 mL THF followed by removal of the solvent, was used neat. b Yield of the combined isolated products 3 and 4. c Determined by HPLC on chiral
columns (CHCl3, 578 nm).18 In brackets: sign of the optical rotation of 3. In the case of 1a, the absolute configuration was verified by synthesis of (S,S)-8.
d Incomplete conversion; the reaction was carried out on a 10 mmol scale with only 1 mol% of [Ir(COD)Cl]2, 2 mol% of ligand and 4 mol% of TBD.
e Yield including 20% isomerised product. f 5–30 min of activation with TBD (8 mol%).17 g Optical rotation close to 0 at 578 nm. h Reaction at 45 ◦C.


Scheme 2 Ir-catalysed allylic substitutions with the pronucleophile 2.16


better results.15 In the case of R = Me (entries 1–4) results using
salt-free conditions A were superior, because under conditions B
the product 3a contained ca. 20–30% of a tautomer as side product.
With 1b and 1c better results were obtained with conditions B
(entries 4–8), while in the case of the carbonate 1d the salt-free
conditions gave vastly superior results (entries 9–11). Note that an
increase of the reaction temperature led to a faster reaction with
almost identical selectivities (entry 11).


Ring-closing metathesis, using 2.5–5 mol% of Grubbs’ catalyst
I in dichloromethane under reflux, proceeded with high yield
(Scheme 3, Table 2). Enantiomeric excess of the products was
determined in order to detect racemisation in the RCM step. No
racemisation was found.19 Furthermore, partial isomerisation of
the double bond was not found in the case of the N-Boc-protected
compounds.20 Note that lactam 5d is a an equivalent of compound
C (Fig. 1), i. e. a potentially useful chiral building block.


Scheme 3 Ring-closing metathesis to give a,b-unsaturated c-lactams.


Table 2 Ring-closing metathesis according to Scheme 3


Entry Substrate Mol% of catalyst Time/h Yield (%)


1 3a 2.5 8a 82–92
2 3b 5 9 81
3 3c 5 6 80
4 3d 5 5a 77–81


a Reaction at 45 ◦C followed by 1 d at rt.


Next, conjugate additions of organocopper compounds were
studied, in order to prepare disubstituted lactams, which upon hy-
drolysis would yield GABA analouges with potentially interesting
biologic activity. The addition of alkylcopper reagents to 5a was
reported by Belliotti et al.6 We now disclose our results on the
reaction of 5a with arylcopper reagents (Scheme 4).


Scheme 4 Conjugate addition of organocopper compounds.
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Table 3 Conjugate additions according to Scheme 4


Copper reagent


Entry Precursor Copper salt T/◦C Yielda(%)


1 PhMgCl (2 equiv.) CuBr (1 equiv.) −40b 50
2 PhLi (6 equiv.) CuI (3 equiv.), TMSCl −75→10c 90
3 4-Cl-(C6H4)-MgCl (2 equiv.) CuBr (1 equiv.) −75b (60)d


4 4-Cl-(C6H4)Li (6 equiv.) CuI (3 equiv.), TMSCl −75→10c 84


a Yield of pure 6 or 7. b Generation of the cuprate at −10 ◦C. c Generation of the cuprate at −30 ◦C. d 1 : 1 Mixture of cis- and trans-7.


First following Belliotti et al., additions of Normant cuprates to
the lactam 5a were tried, but yields of 30–50% were not satisfactory
(Table 3, entries 1 and 3). In the case of a copper reagent derived
from 4-chlorophenylmagnesium chloride diastereoselectivity was
also low. Distinctly better results were achieved with Gilman
cuprates (entries 2 and 4) in combination with Me3SiCl.


Reaction products with the trans-configuration were preferen-
tially formed, as previously found for similar conjugate additions
to lactams.21 The product 7 from the reaction according to entry 4
of Table 3 was treated with 6 N HCl22 under reflux to effect cleavage
of the Boc-protecting group and ring-opening to yield the Baclofen
derivative 8, which is a potential monoamine oxidase inhibitor.5


The relative and absolute configuration of this compound was
established by X-ray crystal structure analysis.23


In conclusion, an enantioselective synthesis of a,b-unsaturated
c-lactams based on Ir-catalysed allylic substitution starting from
achiral materials has been developed. A key element is the pronu-
cleophile 2, which allows us to carry out an allylic substitution
reaction and subsequent RCM to give the target compounds with
>98% ee in up to 67% yield over two steps. The Baclofen derivative
8 was prepared via addition of a Gilman cuprate to lactam 5a. The
lactam 5d is a chiral building block equivalent to lactam C.
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