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Introduction


The whole principle of rational synthesis and characterization
at the nanoscale relies on the ability to generate chemically
well-defined building blocks with tailorable properties. In-
deed, the dramatic growth in nanoscience research over the
last decade or so has been fuelled largely by advances in the
predictive synthesis, processing, and characterization of nano-
scale systems, including nanocrystals, nanoparticles, nano-
tubes, and nanorods. Ideally, the net result of nanoscale
chemical design is the production of structures that achieve
monodispersity, stability, and crystallinity with a predictable
morphology. Most importantly, their chemical composition
should be intrinsically definable. Many of the synthetic
methods used to attain these aforementioned goals have
been based on principles derived from semiconductor tech-
nology, solid-state chemistry, and molecular inorganic cluster
chemistry. Recently, in this context, a lot of effort in our group
has been expended on rationally and predictably modifying
the chemical properties of carbon nanotubes, by using similar
types of strategies.
Single-walled carbon nanotubes (SWNTs),[1] in particular,


have been at the forefront of novel nanoscale investigations
due to their unique structure-dependent electronic and
mechanical properties.[2±5] They are thought to have a host
of wide-ranging, potential applications, for example, as
catalyst supports in heterogeneous catalysis, field emitters,
high-strength engineering fibers, sensors, actuators, tips for
scanning probe microscopy, gas storage media, and as
molecular wires for the next generation of electronics
devices.[6±15] The combination of the helicity and diameter of
SWNTs, defined by the roll-up vector, often determines
whether a tube is a metal or a semiconductor. Moreover, the
mechanical strength (i.e. buckling force) of a tube is a function
of its length and diameter. SWNTs have been synthesized in
our laboratory, in gram quantities, by means of a chemical
vapor deposition process. Indeed, the advantage of SWNTs is
that they are chemically, molecularly defined structures with
reproducible dimensions.
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Abstract: Whereas the chemistry of fullerenes is well-
established, the chemistry of single-walled carbon nano-
tubes (SWNTs) is a relatively unexplored field of research.
Investigations into the bonding of moieties onto SWNTs
are important because they provide fundamental struc-
tural insight into how nanoscale interactions occur. Hence,
understanding SWNT chemistry becomes critical to ration-
al, predictive manipulation of their properties. Among the
strategies discussed include molecular metal complexation
with SWNTs to control site-selective chemistry in these
systems. In particular, work has been performed with
Vaska×s and Wilkinson×s complexes to create functional-
ized adducts. Functionalization should offer a relatively
simplemeans of tube solubilization and bundle exfoliation,
and also allows for tubes to be utilized as recoverable
catalyst supports. Solubilization of oxidized SWNTs has
also been achieved through derivatization by using a
functionalized organic crown ether. The resultant adduct
yielded concentrations of dissolved nanotubes on the order
of 1 gL�1 in water and at elevated concentrations in a
range of organic solvents, traditionally poor for SWNT
manipulation. To further demonstrate chemical process-
ability of SWNTs, we have subjected them to ozonolysis,
followed by treatment with various independent reagents,
to rationally generate a higher proportion of oxygenated
functional groups on the nanotube surface. This protocol
has been found to purify nanotubes. More importantly, the
reaction sequence has been found to ozonize the sidewalls
of these nanotubes. Finally, SWNTs have also been
chemically modified with quantum dots and oxide nano-
crystals. A composite heterostructure consisting of nano-
tubes joined to nanocrystals offers a unique opportunity to
obtain desired physical, electronic, and chemical proper-
ties by adjusting synthetic conditions to tailor the size and
structure of the individual sub-components, with implica-
tions for self-assembly.
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Understanding the chemistry of SWNTs is critical to
rational manipulation of their properties. Chemical modifi-
cation is essential for the deposition of catalysts and other
species onto nanotube surfaces for nanocatalytic and sensor
applications. Moreover, such studies are crucial for oriented
assembly of these nanostructures. The ability to disperse and
solubilize carbon nanotubes would also open up new pros-
pects in aligning and forming molecular devices. Nonetheless,
this objective necessitates controlled chemical functionaliza-
tion of tubes, a relatively unexplored area of research,
compared with, for instance, fullerene chemistry.
From a fundamental scientific perspective, functionaliza-


tion allows for the exploration of the intrinsic molecular
nature of these SWNTs and permits studies at the rich,
structural interface between true molecules and bulk materi-
als. In general, chemical modification strategies have targeted
SWNT defects, end caps, and sidewalls, as well as the hollow
interior.[16±18] Representative approaches to derivatization
include covalent chemistry of conjugated double bonds within
the SWNT,[19±21] noncovalent �-stacking,[22] covalent interac-
tions at dangling functionalities at nanotube ends and
defects,[23] and wrapping of macromolecules.[24±26] Chemical
functionalization of SWNTs attached to conventional atomic
force microscopy probes has also been demonstrated as a
methodology of yielding high-resolution, chemically sensitive
images on samples that contain multiple chemical do-
mains.[27, 28] In this last case, functionalization occurred at the
end of these nanotubes, often involving only a few molecules.
We have focused on more generalized, holistic approaches


aimed at understanding the inorganic and organic molecular
chemistry of SWNTs, not only at the ends but also at the
sidewalls and defect sites as well. As an example, we have
used solution-phase ozonolysis as a methodology not only of
derivatizing nanotube sidewalls, but also, coupled with addi-
tional, carefully chosen reagents, as a means of introducing
specific oxygenated functional groups in a targeted manner.
Indeed, the theme of our research has been to treat


nanotubes as chemical reagents (be it inorganic or organic) in
their own right. From their inherent structure, one can view
nanotubes as sterically bulky, �-conjugated ligands or con-
versely, as electron-deficient alkenes. As such, there are a
number of issues we have been interested in. Firstly, what
types of bonding interactions govern the formation and
stability of adducts between nanotubes and other molecular
species? Secondly, what type of correlation exists between
reactivity and the intrinsic structure (i.e. diameter and length)
of these tubes? Thirdly, can the degree of functionalization in
these materials be controlled? Fourthly, do the resulting
functionalized adducts have unique properties and applica-
tions? Hence, the work in our laboratory has been involved
with understanding chemical reactivity involving SWNTs
from a structural and mechanistic perspective; this should
hopefully expand the breadth and types of reactions SWNTs
can undergo in the solution phase. Moreover, controllable
chemical functionalization suggests that the unique electronic
and mechanical properties of SWNTs can be tailored in a
determinable manner.
To this end, we will describe a number of different


techniques for rational chemical derivatization of carbon


nanotubes including molecular coordination involving metal
complexes, organic derivatization with crown ethers, solution-
phase ozonoloysis, and functionalization with quantum dots
and metal oxide nanocrystals. The salient points of all of this
work are summarized as follows:
1) Predictive chemical coordination to nanotubes is possible


by using conventional molecular organic and inorganic
methodologies.


2) There are differences in reactivity between fullerenes and
nanotubes.


3) The resulting functionalized nanotube adducts possess
unique physical (such as optical), catalytic, and electronic
properties.
To understand and verify the presence and extent of


chemical derivatization, we have employed a whole host of
physicochemical techniques, ranging from NMR and IR
spectroscopy to electron and atomic force microscopy
(AFM) to facilitate structural characterization.
Solubilization of tubes through chemical functionalization


has also been a key objective of our studies.[23] Indeed, it is
essential not only for reproducible nanoscale solution chem-
istry and, subsequently, reliable photophysical analyses, but
also for chromatographic purification[29, 30] and the directed
assembly of tubes.[31] It has been proposed, for instance, that
large organic groups assist in solubility by exfoliation of the
bundles into individual tubes through the formation of
intervening moieties that can overcome the intrinsic van der
Waals forces[32] between these tubes. Whereas solubilization
has been achieved in water, with functionalization method-
ologies involving glucosamine[33] and gum arabic,[34] as well as
in common organic solvents, by using thionyl chloride and
octadecylamine, in this article, we generalize these results by
noting that practically all of our strategies discussed for
chemical derivatization yield greatly improved solubilization
of tubes, often in solvents generally considered to be poor media
for SWNTs. Moreover, it has also been noted that function-
alization appears to have the complementary effect of selec-
tively solubilizing specific subsets or sub-populations of tubes.


Derivatization with Metal-Containing Molecular
Coordination Complexes


Metal coordination constitutes a very significant component
of the crystal-engineering repertoire. One strategy that we
have been exploring is to derivatize SWNTs with relatively
bulky inorganic complexes; this not only yields a novel metal-
based molecular coordination complex, but also offers the
possibility of tailorable solubility in a variety of solvents,
through mechanisms such as charge-mediated stabilization
and ligand exchange along the length of the tube, without
completely disrupting the tube×s electronic structure. In
addition, these generated adducts can be used in a number
of different catalytic processes, including homogeneous
catalysis, upon which the expensive metal-support assembly
can be facilely recovered from solution.


SWNT/Vaska×s complex adduct : Specifically, both oxidized
nanotubes and raw, unfunctionalized SWNTs have been
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treated with Vaska×s compound trans-[IrCl(CO)(PPh3)2] to
form covalent nanotube ±metal complexes.[35] This function-
alization process not only opens up the area of metallo-
organic chemistry to SWNTs, but also suggests potential
applications in catalysis and molecular electronics.
Moreover, the complexes of oxidized SWNTs with Vaska×s


compound are much more soluble in DMF than raw tubes, a
finding that should facilitate chemical manipulation as well as
photophysical analyses of these materials. In fact, the
solubility of oxidized tubes varied with the concentration of
Vaska×s complex added, suggesting that dissolution was
chemically induced. The solubility of a typical adduct sample
in DMF at room temperature was �250 mgL�1, about an
order of magnitude improvement over that found for
unmodified tubes.[32]


Results were confirmed by 31P NMR, FT-IR, and electron
ionization mass spectroscopy, as well as data from trans-
mission electron microscopy (TEM) and energy dispersive
X-ray analysis (EDX). In effect, it is theorized that the
unoxidized tubes are likely to coordinate as an electron
deficient alkene in an �2 manner. As evidence, the upshift in
the carbonyl band IR stretching frequency observed is a
measure of the electron density at the metal center and
suggests electron deficiency of the SWNT double bond.
Whereas for the oxidized tubes, the previous mechanism is a
possibility, it is reasonable to expect that the coordination is
more likely to occur through the oxygen atoms coating the
nanotube exterior. That is, oxidative addition is the more
plausible option, considering that the outer surface of the
tubes is oxygenated, particularly at ends and defect sites, and
that the Ir complex is extremely susceptible to this type of
addition. One potential mechanism would involve carbonyl
groups ortho to each other on a benzenoid ring that could add
to the metal to generate a complex with an ortho-diolato
ligand.[36]


Interactions of SWNTs with this iridium complex highlight
some of the differences of SWNT chemistry with respect to
that of fullerenes. For instance, although both SWNTs and
fullerenes are characterized by a nonplanar sp2 configuration,
curvature effects and different degrees of local strain between
the two structures introduce substantial differences in reac-
tivity. Specifically, the presence of five-membered cyclo-
pentadienyl-like rings in C60 substantially enhances the
affinity of (6,6) bonds in coordinating metal complexes.
However, theoretical calculations on molecular fragments
replicating SWNT surface curvature indicate that, unlike in
the case of fullerenes, five-membered rings are not present to
stabilize �* ligand orbitals and, hence, backbonding inter-
actions are much weaker in these systems.[37] This would
rationalize the preference for oxidative addition, when that
should become a possibility. In fact, in the electronic spectra
(Figure 1), the disappearance of an intense peak at 389 nm,
distinctive for Vaska×s complex, is considered as a diagnostic
for the conversion of IrI to IrIII ;[38] this is exactly what we have
found with our SWNT adducts. The spectrum of oxidized
nanotubes is featureless in this region.
We note other differences in the mechanism of reactivity


between SWNTs and fullerenes. As a further example, the
additive chemistry of fullerenes is well-developed,[39, 40]


Figure 1. UV-visible spectra of functionalized nanotube adducts. Vaska×s
complex (blue), oxidized SWNTs (black), and SWNT-Vaska×s adduct (red).


whereas that of SWNTs is less understood. It is postulated
that the conformational strain, relieved in addition reactions
involving fullerenes, originates in its intrinsic pyramidaliza-
tion,[41] whereas for SWNTs, the pyramidalization effect is not
as acute and is, in fact, secondary to the more critical �-orbital
misalignment[42] between adjacent pairs of conjugated carbon
atoms.[18, 43] As this last effect scales with diameter, we expect
chemical reactivity in SWNTs to provide an opportunity with
which to achieve diameter-selective resolution and separa-
tion,[44] since smaller diameters of tubes are very extensively
strained and, hence, have very high �-orbital misalignment
angles. As a consequence, we predict that the smallest
diameter tubes recently isolated (�4 ä)[45] will show identical
or increased reactivity with respect to that of fullerenes.
Specifically, we postulate that reactions involving the direct,
low-temperature addition of halogen atoms or the cyclo-
addition of fused aromatic systems, which have not as yet been
observed for the traditional diameter ranges (6 ± 17 ä) of
SWNTs, should be doable by using these smaller sized tubes.


SWNT/Wilkinson×s adduct : Oxidized carbon nanotubes have
also been treated, under an argon atmosphere, with another
metal-containing molecular complex, namely Wilkinson×s
compound, [RhCl(PPh3)3]. It has been found that the Rh
metal coordinates to these nanotubes through the increased
number of oxygen atoms, forming a hexacoordinate structure
around the Rh atom (Figure 2).[46] In this section, we discuss
the implications of inorganic functionalization of these tubes
on the subsequent solubilization, exfoliation, selective deri-
vatization, and catalysis involving these adducts.


Solubilization : In terms of solubility, it has been found that
low concentrations of Wilkinson×s complex are sufficient to
dissolve large amounts of the SWNT material. The adduct
also shows a comparatively high degree of solubility in
DMSO, reproducibly �150 mgL�1, and up to as much as
250 mgL�1. Reasonable solubility values (roughly 30% of that
noted in DMSO) of functionalized tubes have been noted in
DMF and THF, which are generally considered to be poor to
moderate solvents for underivatized SWNTs.[47, 48] The fact
that the tubes can be precipitated out upon the addition of a
high ionic strength solution suggests that the tubes are
charged to some extent in solution, possibly through the role
of counterions to our complexes, and that solubility observed
occurs by means of electric double-layer stabilization.







CONCEPTS S. S. Wong et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 1898 ± 19081902


Figure 2. Schematic respresntation of the SWNT± [RhCl(PPh3)3] adduct.
The figure shows a possible mode of coordination, whereby oxygenated
functionalities, such as a carboxylic acid group and a keto group depicted
here, at the opened ends of a (5,5) SWNT are able to coordinate to the
metal center. Oxygenated functionalities are expected to be present at ends
and defect sites.


Exfoliation : Another important consequence of functionali-
zation is the observed, chemically-induced exfoliation of
larger tubular bundles into smaller aggregates. Indeed,
electron microscopy (Figure 3) and AFM data (Figure 4) of


Figure 3. a) Scanning electron micrograph (SEM) of pristine, as-prepared
nanotube bundles. Scale bar represents 700 nm. b) TEM of a purified
SWNT bundle. The scale bar denotes 30 nm. c) TEM image showing
exfoliation of nanotubes functionalized with Wilkinson×s complex into
smaller bundles and individual tubes. Scale bar represents 30 nm.


Figure 4. Atomic force microscopy (AFM) height images of functionalized
nanotube adducts. Scale bars are a) 500 nm, b) 100 nm, and c) 200 nm,
respectively. a) A high density of tubes has been deposited from solution.
Aggregates of tubes appear to be exfoliating into smaller bundles. b) Image
of a single bundle roughly 15 nm in diameter. c) A 3D view of exfoliating
tubes. The bundles are relatively clean and free of nanoparticulate
impurities.


the derivatized adducts indicate a high density of small
bundles, of the order of 15 ± 20 nm in diameter (as compared
with 30 nm on average for unfunctionalized tubes) and up to a
few microns in length, as well as individual tubes, arising from
separation of larger bundles. It is predicted that molecules of
the bulky inorganic complex spread along the length of the
SWNT, lead to disruption of the intrinsic intertube van der
Waals interactions, and thereby enable these small tubular
bundles to stay apart in solution in an analogous manner in
which bulky organic groups and polymers do so.[34, 49, 50]


Selectivity : The functionalization process may also select for
the presence of distributions of smaller diameter tubes.
Indeed, the NIR spectrum (Figure 5a) of the functionalized
adduct shows some clear differences to that of the raw
nanotube sample. Of particular significance is the presence of
substructure and greater resolution of some of these peaks in
the adduct spectrum, whereby only broad, unresolved humps
had been seen for the raw, underivatized nanotubes. Because
the width of the features in the NIR spectrum originates from
the overlap of whole aggregate transitions from all tubes
present of different diameters and helicities, the greater
spectral resolution of peaks observed suggests that certain
discrete diameter distributions of nanotubes may be prefer-
entially solubilized as a direct consequence of chemical
functionalization.[48, 51]







Carbon Nanotubes 1898±1908


Chem. Eur. J. 2003, 9, 1898 ± 1908 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1903


Figure 5. a) NIR spectra of pristine nanotubes (blue) and functionalized
SWNT/Wilkinson×s complex adduct in DMSO. Spectra of a saturated
SWNT/Wilkinson×s adduct solution (red) as well as a dilution of this
solution (green) are shown. The area of the spectrum omitted consists of
strong solvent absorbances. b) Photoluminescence emission spectra of
functionalized nanotubes in DMSO solution upon excitation at 315, 350,
385, 400, 440, 500, 520, and 600 nm (from left to right). Note the excitation
wavelength dependence of the emission maxima. Emission spectra show
fine structure on excitation at �385 nm. The emission peaks and presence
of shoulders in the band in the 600 ± 700 nm region correspond to band gap
emission from metallic SWNTs. c) Emission spectra upon 385 nm excita-
tion for functionalized SWNT/Wilkinson×s complex adduct solution in
DMSO, and diluted with acetone (blue) and methanol (red).


In other words, there is evidence of a degree of size and
diameter selectivity, associated with the derivatization reac-
tion and accompanying solubilization process. Since the
interband transition energy is inversely proportional to the
tube diameter,[5, 52, 53] these data are indicative of preferential,
selective derivatization and dissolution of smaller diameter
tubes, as a result of functionalization; this would be expected
based on our earlier discussion of SWNTreactivity. The other
implication is that functionalization may have the effect of
slightly narrowing down the overall distribution of diameters
in the sample, namely by skewing it towards smaller tubes;
this would also lead to the higher spectral resolution observed.
The photoluminescence spectrum (Figure 5b) shows band-
gap photoluminescence from metallic tubes; this is comple-
mentary to the band-gap fluorescence recently reported for
semiconducting tubes,[50] and presents good evidence that
individual SWNTs are indeed being probed in solution.


Catalysis : Finally, an important consideration for the design of
these adducts, in particular, has been their practical utility and
efficiency in catalyzing chemical reactions. SWNTs have been
used in the past as supports in heterogeneous catalysis.[7, 8]


Functionalized SWNT/Wilkinson×s complex adducts have


been found to catalyze the hydrogenation of alkenes (e.g.,
cyclohexene) to alkanes (e.g., cyclohexane) at room temper-
ature. To the best of our knowledge, this represents the first
example of a homogeneous catalysis reaction demonstrated
with a nanotube support.
This is significant because in more sophisticated reactions,


the metal ± support interactions in these functionalized nano-
tube adducts may provide a means of controlling the
selectivity (such as the geometry and, potentially, even the
chirality) of the resultant product distribution. We are
currently investigating and optimizing the kinetics and
mechanism of catalysis mediated by functionalized nanotube
adducts.
Our further experiments with other metal-containing com-


plexes suggests that, in general, square-planar complexes are
ideal for functionalizing SWNTs. Indeed, the tendency of Ir
and Rh complexes to undergo oxidative addition onto SWNTs
is further enhanced by the presence of accommodating
ligands, such as dicarboxylate-like moieties. It is substantially
more challenging to coordinate complexes with bulky ligands
(and hence, more sterically hindered binding pockets) onto
tubes. A crystal-engineering approach to linking nanotubes by
metal complexes by using similar principles has recently been
reported.[54]


Derivatization with Organic Moieties


To generalize and broaden the potential of functionalization,
we have also solubilized oxidized SWNTs through the attach-
ment of organic moieties in a large number of solvents of
varying polarity.[55] In this case, we attached a functionalized
organic crown ether, namely 2-aminomethyl[18]crown-6, to
our SWNTs. The resultant adduct yielded concentrations of
dissolved nanotubes on the order of �1 gL�1 in water as well
as in methanol, according to optical measurements. These
values are dramatic improvements over conventional disso-
lution behavior of unfunctionalized nanotubes. The nanotube/
crown ether adduct can be readily redissolved in a number of
different organic solvents (Table 1), such as ethanol, 2-pro-
panol, acetone, o-dichlorobenzene (ODCB), dimethylform-
amide (DMF), tetrahydrofuran (THF), dimethylsulfoxide
(DMSO), ethyl acetate, and benzene at substantially high
concentrations. One implication of these results lies in further
exploitation of the solution chemistry of these tubes for
photophysical analyses in a number of previously untested
solvents as well as for the generation of novel nanoscale
architectures.


Table 1. The solubility of crown ether functionalized SWNTs in different
solvents of varying polarity.


Solvent Concentration of SWNTs in solution [mgL�1]


THF 270
acetone 280
DMSO 290
ODCB 300
DMF 610
water 1100
methanol 1600
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Because the reaction conditions are too mild for amide
formation and, moreover, as the adduct does not appear to
form in the presence of standard carbodiimide linker reagents,
the structures of these adducts are likely to be a consequence
of a noncovalent, zwitterionic chemical interaction between
carboxylic groups on the oxidized tubes and amine moieties
attached to the sidechain of the crown ether derivative
(Figure 6).


Figure 6. Optimized geometry for crown ether functionalized (5,5)
SWNTs. Adduct formation likely arises from a zwitterionic interaction
between the carboxylic acid groups on the SWNT and the amino
functionality on the derivatized crown ether.


Derivatization with Solution-Phase Ozonoloysis


Oxidative processes used to purify nanotubes are capable of
generating a variety of oxygenated functional groups, such as
aldehydic, ketonic, alcoholic, and carboxylic moieties, at the
nanotube ends and, in particular, at structural defect sites
along the tube walls etched by the oxidizing agent. What has
not been readily determined is the number, distribution, and
location of these generated oxygenated functional groups.
Addressing this issue would aid in achieving rational spatial
and molecular control over the extent of chemical derivatiza-
tion in nanotubes.
We have developed an ozonolysis protocol (Figure 7) that


involves treatment of nanotubes at �78 �C, followed by


Figure 7. Schematic represenation of a section of the sidewall of an
armchair SWNT. Upon treatment with ozone, a proposed intermediate,
namely a primary ozonide, forms. Cleavage of the ozonide with appropriate
chemical agents can yield a range of different functional groups. As
examples, the presence of aldehydic, ketonic, alcoholic, and carboxylic
groups are schematically illustrated.


reaction with various reagents, in independent runs, to
generate a higher proportion of carboxlyic acid/ester, ke-
tone/aldehyde, and alcohol groups on the nanotube surface.[56]


This ™one-pot∫ oxidative methodology has three major
consequences: firstly, the purification of as-prepared SWNTs
to obtain a high-quality product (Figure 8); secondly, the
chemical functionalization of nanotube sidewalls; and thirdly,
a systematic procedure to select for particular distributions of
oxygenated functional groups in the resultant purified
SWNTs.


Figure 8. SEMs of a number of ozonized SWNT samples. a) Raw, as-
prepared HiPco tubes. b) Ozonized sample without further processing.
c) Sample after NaBH4 treatment. d) Sample after cleavage with DMS.
e) Sample after processing with H2O2. Scale bars for these micrographs are
1 �m in each case. Transmission electron micrographs of f) as-prepared
HiPco SWNTs and g) SWNTs after an ozonolysis and HCl treatment. Scale
bars are 130 and 140 nm, respectively.


The last goal is accomplished by generating higher propor-
tions of carboxylic acids, aldehydes/ketones, and alcohols on
the surfaces of carbon nanotubes through chemical treatment
with hydrogen peroxide (H2O2), dimethyl sulfide (DMS), and
sodium borohydride (NaBH4), respectively; this takes ad-
vantage of the high reactivity of primary ozonides, which are
presumed to form upon the ozonolysis of SWNT dispersions
in solution (Table 2).
It should be stressed that the protocol described, at the


moment, cannot generate 100% abundance of a particular
oxygenated functional group. One of the main reasons for not
obtaining such favorable selectivity is that the unstable
ozonide intermediate may rapidly quench (especially in
solution),[57] form high yields of secondary ozonides, or even
react with any remaining contaminants, such as Fe impurities.
All of these secondary processes provide for competing
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pathways and, hence, lead to different product distributions
from the full conversion values expected.
H2O2 treatment yields greater than 50% carboxylic acid


functionalities, the predominant group in that set of data.
These results are a clear improvement over conventional
nanotube processing procedures, which include Ar� ion
sputtering[58] and permanganate oxidation,[59] whereby the
percentage of carboxylic groups is �15%. The large alcohol
content arises from a H2O2 ± iron-particle interaction, which
can form reactive secondary hydroxyl radicals. Similarly, it is
evident that NaBH4 is an appropriate and logical reagent for
generating almost 30% of alcoholic species, comparable to
the best results obtained by thermal treatment in air and ion
sputtering.[58] Likewise, use of DMS led to a reasonable yield
of over 40% of keto groups, the highest amongst all of the
workup reagents tried. To note the effectiveness of ozonolysis,
as a comparison, unprocessed, pristine SWNTs, from a variety
of sources, frequently possess percentages of oxygenated
�C�O,�C�O, and�COOH functionalities under 10%.[60]


While generating other oxygenated functional groups solely
by ozonide cleavage is rather difficult, and while not all of the
major issues are fully resolved, our data provide for a
promising and rational strategy and foundation with which
to approach this very challenging problem of controlling
functional group distributions on nanotube surfaces. These
results are important, because, traditionally, much of SWNT
chemistry has focused on exploiting the reactivity of the
oxygenated functional groups at defect sites and end caps.
Ozonolysis provides a means of generalizing this chemistry to
nanotube sidewalls and surfaces, especially important for
high-surface-area applications.


Derivatization with Nanocrystals and Quantum Dots


A novel strategy of altering the electronic properties of
nanotubes is to chemically functionalize them with a moiety
or structure whose intrinsic properties are themselves struc-
turally and electronically configurable. One such structure is
the family of semiconductor nanocrystals,[61] such as CdS and
CdSe, alternately known as quantum dots, which exhibit
strongly size-dependent optical and electrical properties. The
high luminescence yield of these materials[62] as well as the
potential of adjusting emission and absorption wavelengths by
selecting for nanocrystal size make quantum dots attractive
for constructing optoelectronic devices, for instance, with
tailored properties. In fact, the electronic structure of semi-
conductor nanocrystallites exhibits distinctive quantum ef-
fects;[63] the bandgap of these materials increases with
decreasing particle size.


One of the major goals be-
hind designing semiconductor ±
metal composite nanoscale het-
erostructures is to influence the
energetics and interfacial
charge-transfer processes in a
favorable manner. To this ef-
fect, we have reported the syn-
thesis and characterization of


SWNTs covalently joined to CdSe and TiO2 semiconductor
nanocrystals by short-chain organic molecule linkers.[64] In
each case, purified, oxidized nanotubes were reacted with
nanocrystals, derivatized with either amine or acid terminal
groups in a reaction mediated by a carbodiimide reagent
(Figure 9). By judiciously varying the nature of the organic
capping groups on the nanocrystal surface and the organic
bifunctional linkers, we can modulate interactions between
the nanotubes and the nanocrystals, with implications for self-
assembly. Based on electronic absorption spectroscopy,
charge transfer is thought to proceed from the nanocrystal


Figure 9. Schematic diagram of the addition of CdSe nanocrystals to
oxidized SWNTs. TOPO capped nanocrystals were prepared by established
methods using organometallic precursors. a) TOPO capping was substi-
tuted for a thiol ligand to form a carboxylic acid-terminated CdSe
nanocrystal. Substituted thiocarboxylic acids used included p-mercapto-
benzoic acid, thioglycolic acid, and 3-mercaptopropionic acid. b) The
nanocrystals prepared in a) were linked to oxidized SWNTs by an
ethylenediamine linker in the presence of EDC.


Table 2. Percentages of surface functional, oxygenated groups obtained from curve fitting of the C1s peaks of the
SWNT HiPco samples subjected to ozonolysis in methanol at �78 �C, followed by selective chemical treatments.


Sample C�O species C�O species O�C�O species
(alcohol) (aldehyde/ketone) (carboxylic acid/ester)


ozonized tubes. 13.3 50.8 35.9
ozonized tubes treated with H2O2. 37.0 9.4 53.6
ozonized tubes treated with DMS. 28.7 41.1 30.2
ozonized tubes treated with NaBH4. 29.1 36.3 34.6







CONCEPTS S. S. Wong et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 1898 ± 19081906


to the nanotube in the CdSe ± nanotube system, whereas in
the TiO2 ± nanotube system, charge transfer is expected to
occur from tube to nanocrystal. Further studies with the
TiO2 ± nanotube system will lead to an understanding of
charge transfer properties with potential in solar cell appli-
cations.[65]


TEM examination (Figure 10) showed nanocrystals linked
to the oxidized SWNTs, forming discrete nanocomposites.
The nanocrystals tend to be concentrated at the open caps and


Figure 10. TEMs of a) a purified single-walled carbon nanotube bundle
(scale bar denotes 30 nm), b) oxidized SWNT bundle circumscribed by
capped TiO2 particles (scale bar is 45 nm), c) oxidized tubes linked to CdSe
nanocrystals capped with 4-mercaptobenzoic acid (the crystallites are
concentrated at the functionalized open ends, with some coverage on the
sidewalls, likely at defect sites; scale bar is 150 nm), d) oxidized nanotube
linked to CdSe nanoparticles capped with 3-mercaptopropionic acid (image
at high magnification shows prolate nanocrystals scattered along the length
of the tube; scale bar represents 20 nm).


the ™ends∫, where there is the largest concentration of
carboxylic groups[66, 67] and, thus, the highest probability of
amide bond formation.[27] A commonly observed structure
was a cluster of nanoparticles, especially in the case of CdSe,
localized at the outer edges of the tubes (Figure 10c). In other
cases, especially with longer and thinner tubes, numbers of
nanocrystals tended to disperse along the sidewalls, presum-
ably attaching to defect sites on the oxidized nanotube surface
(Figure 10d). The TiO2 system showed substantially greater
coverage of the tubes with the nanoparticles (Figure 10b).
Carboxyl groups adsorb strongly onto bare titanium dioxide
surfaces.[68] Hence, larger numbers of these particles can
interact with nanotubes and, in effect, amide bond formation
may not be required for an underivatized, uncapped TiO2 ±
SWNT adduct to be directly produced. Indeed, we postulate
that this is the reason for enhanced coverage with TiO2


particles. EDX analysis on both nanocomposite systems was


consistent with the presence of appropriately functionalized
nanocrystals attached to nanotubes as proposed.
These patterns of nanocrystal clustering on the nanotubes


were not observed in control experiments, without the use of
carbodiimide linking agents, whereby the tubes themselves
were found to remain totally separate from the nanocrystals.
Hence, the significance of this work is that wet solution
functionalization techniques, especially with the quantum
dots and oxide nanocrystals, provide us with a degree of
spatial control at the nanoscale level, with regard to the
location of chemical derivatization on the surfaces of these
tubes, depending on the linker and capping agent used.


Conclusions


Rational nanotube functionalization allows for the manipu-
lation of nanoscale properties in a predictive manner. In this
article, we have described a variety of molecular organic- and
inorganic-inspired methodologies to chemically modify nano-
tube structures, including metal coordination, solution-phase
ozonolysis, and the formation of nanotube ± nanocrystal
heterostructures.
Derivatization of oxidized SWNTs with metal-containing


molecular complexes, such as Vaska×s and Wilkinson×s com-
plexes, renders them soluble and stable in a variety of
different organic solvents, including traditionally poor ones
for nanotubes, thereby enabling further exploitation of their
wet chemistry. The chemical functionalization reaction occurs
through the creation of a metal ± oxygen bond and results in
exfoliation of larger nanotube bundles, creating an increased
distribution of smaller diameter tubes. Moreover, as the tubes
are readily recoverable from solution, this finding has
significant scientific and economic implications for nanotubes
as reusable catalyst supports, particularly for expensive
catalyst materials. We expect similar types of nanotube
coordination chemistry to be seen with other molecular
complexes. Indeed, molecular metal complexation with nano-
tubes may not only provide the basis for site-selective
nanochemistry and self-assembly applications, but also enable
a means of altering the known electronic, optical, and
mechanical properties of SWNTs in a controllable manner.
Chemical functionalization of the sidewalls of SWNTs,


through ozonolysis in solution, not only conserves the
structural integrity of the tube bundles, but also purifies
them, removing a large number of metal impurities and
amorphous carbon entities. Significantly, this work bears out
the theoretical prediction that 1,3-dipolar cycloaddition to the
SWNT sidewalls is experimentally achievable. In fact, these
experiments indicate that a certain degree of control over the
presence of particular functional groups on the surfaces of
these SWNTs can be obtained by judicious choice of the
appropriate cleaving agent of the ozonide intermediate, all of
which can be achieved with minimal sample loss. More
importantly, this protocol presents a nondestructive, low-
temperature method of introducing oxygenated functionali-
ties directly onto the sidewalls and not simply at the end caps
of SWNTs. Thus, molecular species, which can be currently
tethered to the ends of the nanotubes, can now also be
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chemically dispersed along the sidewalls, with implications for
the design of well-dispersed nanotube-based composites. We
are currently exploring similar types of cycloaddition reac-
tions to SWNT, as these are expected to shed considerable
light on the nature of the conjugated C�C bonds in these
structures.
Our synthesis of novel nanotube ± nanocrystal nanostruc-


ture composites, involving chalcogenide and metal oxide
nanocrystals, is another promising means of creating both
physically and chemically configurable nanomaterials. Gen-
erating such a nanoscale heterojunction, incorporating both
nanocrystals and SWNTs into a single covalently linked
heterostructure, is significant not only because no such device
has been reported previously, but also because interesting
charge-transfer behavior is conceivable across the nanotube ±
nanocrystal interface. As such, the efficiency of charge
separation and recombination in such systems can be con-
veniently tuned by varying the size, shape, and chemistry, of
nanotubes and nanocrystals and also the donor ± acceptor
distance between them. In other words, we are creating a
sharp junction interface, whose properties are manipulable
and, hence, predictable. The implication is that the direction
of charge and electron transfer as well as the longevity of such
light- and potential-induced charge separation can be modu-
lated; this of course is of importance to the development of
photoelectrochromic materials, in particular optical storage
devices.
Because all of our studies also show the potential for novel


charge transfer characteristics in these functionalized materi-
als, the development and understanding of these derivatized
structures have implications also for molecular electronics,
photocatalysis, and for scanning probe microscopy with
functionalized tips.
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Gold Glyconanoparticles: Synthetic Polyvalent Ligands Mimicking
Glycocalyx-Like Surfaces as Tools for Glycobiological Studies
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Abstract: A simple and versatile meth-
odology is described for tailoring sugar-
functionalised gold nanoclusters (glyco-
nanoparticles) that have 3D polyvalent
carbohydrate display and globular
shapes. This methodology allows the
preparation of glyconanoparticles with
biologically significant oligosaccharides
as well as with differing carbohydrate
density. Fluorescent glyconanoparticles


have been also prepared for labelling
cells in biological tests. The materials are
water soluble, stable under physiological
conditions and present an exceptional
small core size. All of them have been


characterised by 1H NMR, UV and IR
spectroscopy, TEM and elemental anal-
ysis. Their highly polyvalent network
can mimic glycosphingolipid clustering
and interactions at the plasma mem-
brane, providing an controlled system
for glycobiological studies. Furthermore,
they are useful building blocks for the
design of nanomaterials.


Keywords: carbohydrates ¥ gold ¥
multivalency ¥ nanoparticles ¥
nanotechnology


Introduction


The surface of most types of cells is covered with a dense
coating of glycoconjugates (glycoproteins and glycolipids),
the so-called glycocalyx. Repulsive forces to prevent non-
specific adhesion of cells have been attributed to the
glycocalyx.[1] In some cell configurations, however, this
repulsive barrier is counterbalanced by the formation of
cell ± cell contacts through attractive forces. Cell-surface
oligosaccharides contribute to these specific contacts, mainly
by interactions with proteins (lectins).[2] In addition, there is
now also evidence that cells use attractive forces between
surface oligosaccharides as a mechanism for cell adhesion and
recognition.[3]


The existence of specific interactions between carbohy-
drates has been demonstrated in the species-specific cell
aggregation of marine sponges,[4] in morula compaction in


mouse embryos and in other cellular proliferation processes.[5]


Characteristic features of this interaction are a strong depen-
dency on divalent cations, high specificity and low affinity.
Although the existence of this interaction has now been
accepted, its mechanism has not yet been clarified, due to the
difficulty in analysing weak affinity interactions. The first
thermodynamic data on carbohydrate ± carbohydrate interac-
tions between simple monosaccharides were obtained in our
laboratory with a model system composed of synthetic
receptors, named glycophanes, and a series of 4-nitrophenyl
glycosides.[6, 7]


The main challenge facing attempts to understand and
control interactions between carbohydrates is the low affinity
of the interactions. Nature overcomes this problem by a
polyvalent presentation of ligands and receptors at the cell
surface.[8] Attempts to identify and quantify carbohydrate ±
carbohydrate interactions in solution with monomeric ligands
have been unsuccessful.[9, 10] Multivalent carbohydrate pre-
sentation with liposomes,[11] polymers[12] and neoglycopro-
teins[13] has recently been used to obtain quantitative infor-
mation on this interaction. Polyvalence seems to be manda-
tory if an increase in the strength of this interaction is to be
achieved.
Our laboratory has recently developed an integrated


approach to obtain chemical tools for studying Ca2�-mediated
carbohydrate self-recognition.[14] The elusive nature of these
interactions requires data input from different methodologies
to give a complete picture of the mechanism involved. Our
integrated approach is based on self-assembled monolayers
(SAM), by which neoglycoconjugates of important naturally
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occurring oligosaccharides are attached to two- or three-
dimensional (2D or 3D) gold surfaces. In this way, highly
polyvalent arrays of carbohydrates, with well-defined chem-
ical compositions, are created (Scheme 1). The 2D self-
assembly of monolayers on gold is a strategy that has already
been used by different groups to study carbohydrate ± protein
interactions.[15]


Our 3D polyvalent model system is based on gold nano-
clusters functionalised with carbohydrate antigens (glyco-
nanoparticles concept).[14] These glyconanoparticles are water-
soluble polyvalent model systems that mimic glycosphingolip-
id (GSL) clusters. With these nanoparticles we have already
demonstrated, by means of transmission electron microscopy
(TEM), the selective ability of the LeX determinant for self-
recognition in calcium-containing aqueous solutions.[14] With
well-defined 2D SAMs of LeX antigen we have also deter-
mined, by means of atomic force microscopy (AFM), the
adhesion forces between individual LeX molecules.[16] Fur-
thermore, the combination of SAMs of alkanothiolates on
gold with carbohydrate epitopes as the substrate, gold
glyconanoparticles as the analyte and detection by surface
plasmon resonance (SPR) has allowed us to quantify the
kinetics of the putative Ca2�-mediated carbohydrate self-
interactions (Scheme 1).[17]


In this paper we describe in detail the methodology for
tailoring these sugar-functionalised gold nanoclusters with a
3D polyvalent carbohydrate network, globular shapes and
well-defined chemical composition. With this strategy we
have prepared and characterised water-soluble gold glyco-
nanoparticles, functionalised with mono-, di- and trisaccharides,
as new polyvalent tools for studying carbohydrate interactions
and for interfering in cell ± cell adhesion processes. By varying
the number and/or the nature of the neoglycoconjugates, a
great structural diversity of nanoparticles can be created. Our


first goal was to prepare available chemical tools that mimic
GSL clustering at the cell membrane.[18] The glyconanopar-
ticle approach also offers the possibility of preparing SAMs
with different densities and spacers that resemble oligosac-
charide groups in glycoproteins. Hybrid nanoparticles com-
posed of carbohydrates and other ligands (fluorescence
probes, peptides or other types of molecules) can also be
prepared. The introduction of additional ligands can be used
to guide the assembly of the gold clusters, thus creating a
wealth of different nanostructures.[19] Therefore, these gold
glyconanoparticles can be considered new and versatile
polyvalent tools for basic studies in glycobiology, and also as
appropriate building blocks for design of nanomaterials.
We illustrate the usefulness of this approach by the


preparation and characterisation of gold glyconanoparticles
functionalised with the monosaccharide glucose (gluco : Glc),
the disaccharides lactose (lacto : Gal�1-4Glc) and maltose
(malto: Glc�1-4Glc) or the trisaccharide Lewis X (LeX:
Gal�1-4[Fuc�1-3]GlcNAc) antigen. This antigen mediates,
through a homotypic carbohydrate ± carbohydrate interac-
tion, morula compaction and aggregation of F9 teratocarci-
noma cells,[9] while lactoceramide is involved in melanoma
lung metastasis in mice.[20] In addition, lactose is the primer
disaccharide in the biosynthesis of all glycosphingolipids.[5a]


Glucose and maltose nanoparticles have been also synthes-
ised as reference systems.
Neoglycoconjugates 1 ± 6 have been prepared and attached


to gold nanoclusters. Linkers of different length and nature,
7 ± 14, have been used in the synthesis of the neoglycoconju-
gates. The preparation of gold glyconanoparticles protected
with the neoglycoconjugates, hybrid lacto-nanoparticles with
differing ligand density, and lacto- and LeX-nanoparticles
tagged with a fluorescence probe demonstrates the versatility
of this approach.


Scheme 1. Strategy for studying carbohydrate ± carbohydrate interactions based on 2D and 3D models that mimic carbohydrate presentation at the cell
surface.
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Results and Discussion


Synthesis of neoglycoconjugates 1 ± 5 : Thiol-derivatised neo-
glycoconjugates of lactose (1 ± 3), maltose (4) and glucose (5)
have been prepared for attachment to gold surfaces. The
synthesis of neoglycoconjugate 6 has already been report-
ed.[21] Neoglycoconjugates 1, 2 and 6 are common molecules
used in self-recognition studies of lactose and LeX molecules
by AFM,[16] biosensors,[17] and TEM.[14]


Synthesis of the disulfides 1 ± 6 involves glycosidation of
conveniently protected oligosaccharide derivatives with 11-
thioacetate undecanol 7 (for 1, 4 and 6) or 11-thioacetate-
3,6,9,-trioxaundecanol 8 (for 2 and 5), by means of the
trichloroacetimidate method.[22] These linkers have been used
to test the influence of their nature in the formation and
properties of SAMs on gold. The 11-thioundecanol provides
well-packed SAMs, while less ordered SAMs have to be
expected from the 11-thio-3,6,9-trioxaundecanol.[23] The larg-


er linker 12, which contains both the 11-thio-undecanol and
hexa(ethylene glycol) moieties, was also synthesised for
preparation of the neoglycoconjugate 3, while linkers 9, 10,
13 and 14 were prepared for the synthesis of hybrid nano-
particles, as was the fluorescence probe 15.
The synthesis of spacers 7 ± 14 was carried out by conven-


tional reaction sequences (Scheme 2). Linker 7 was prepared
from the commercially available 11-bromoundecanol by
nucleophilic displacement of bromide with potassium thio-
acetate, in 90% yield. Deprotection of 7 with NaOMe/MeOH
gave the disulfide 9, in near quantitative yield, after complete
oxidation of the free thiol. For spacer 8, tetra(ethylene glycol)
was treated with trityl chloride and the resulting monotrit-
ylated derivative was mesylated to give 16. Substitution of the
mesylated group by thioacetate gave 17, and subsequent
cleavage of the trityl group with acetic acid in water, gave the
11-thioacetate-3,6,9-trioxa-undecanol 8 in 20% overall yield
(four steps). Deprotection of the thioacetate group of 8, as for
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7 above, gave the disulfide 10 in good yield. Linkers 11 ± 14
were synthesised by previously described methods.[23] The
reaction of the commercially available tri- or hexa(ethylene
glycol) and 11-bromideundec-1-ene in aqueous NaOH sol-
ution gave 18 (m� 3) or 19 (m� 6), respectively, in 63% yield.
Addition of thioacetic acid in THF to the olefins 18 or 19, a
reaction catalysed by azobisisobutyronitrile (AIBN), afforded
11 (m� 3) or 12 (m� 6), respectively, in good yield. Com-
pound 11 was deprotected to give the disulfide 13, which was
later used in the preparation of hybrid nanoparticles. After
transformation of compound 12 to the mesyl derivative 20,
nucleophilic substitution with NaN3 in ethanol afforded 21 in
70% yield. Reduction of 21 at 0 oC with LiAlH4 in THF gave a
quantitative yield of the disulfide 14. Conjugate 15 was
obtained in 76% yield by treatment of fluorescein isothio-
cyanate (FITC) with 14, under basic conditions, in MeOH/
THF.
For the synthesis of the lacto-, malto- and gluco-neoglyco-


conjugates 1 ± 5 (Scheme 3), the perbenzoylated derivatives
22, 28 and 32were prepared. The glycosyl donors 24, 30 and 34
were readily obtained from these compounds, in good yield


(72%, two steps), by selective de-O-benzoylation at the
anomeric centre (to give 23, 29 and 33, respectively) and
subsequent treatment with trichloroacetonitrile and 1,8-di-
azobicyclo[5.4.0]undec-7-ene (DBU) in CH2Cl2. The glycosyl
acceptors 7, 8 and 12 are bifunctional spacers with a hydroxyl
group, which is free to establish the glycosidic linkage with the
glycosyl donors 24, 30 and 34, and a thiol function, which
allows later coupling to the gold surfaces.
Glycosidation of spacers 7, 8 and 12, with the benzoylated


lactose derivative 24 and with trimethylsilyl triflate
(TMSOTf) as the promoter, gave the neoglycoconjugates
25, 26 and 27 in 70%, 85% and 70% yield, respectively. Initial
attempts at glycosidation with an acetylated lactose derivative
as donor afforded mainly the corresponding ortho-ester.[24]


The �-anomeric configuration of the benzoylated neoglyco-
conjugates was confirmed by the 1H and 13C NMR spectra.
Zemple¬n deprotection[25] of 25, 26 and 27 gave the fully
deprotected lacto-neoglycoconjugates 1, 2 and 3, respectively,
in good yields. Compounds 1 ± 3 were isolated in disulfide
form, as confirmed by NMR spectroscopy, and were used in
this form for the preparation of the gold-protected surfaces. In
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the same way, glycosidation of linker 7 with the benzoylated
maltose derivative 30 afforded 31 in 70% yield. After
deprotection, this compound gave the malto-neoglycoconju-
gate 4 as the disulfide derivative. A similar reaction sequence
gave the gluco-neoglycoconjugate 5 in good yield (Scheme 3).
LeX-neoglycoconjugate 6 was obtained by a previously
described method.[21]


Neoglycoconjugates 1 ± 6 have been coupled in situ to gold
nanoclusters to obtain the water-soluble glyconanoparticles.
The same molecules have also been attached to 2D gold
surfaces for evaluation of the intermolecular forces involved
in carbohydrate ± carbohydrate interactions by atomic force
microscopy (AFM)[16] and surface plasmon resonance (SPR)
spectroscopy.[17] Scheme 4 depicts the preparation of three
different types of water-soluble gold glyconanoparticles that
constitute our 3D-polyvalent models for studies of glycobiol-
ogy.


Preparation of gold glyconanoparticles : The lacto-, malto-,
gluco- and LeX-protected glyconanoparticles (1-Au to 6-Au,
Scheme 4A) provide a glycocalyx-like surface with a well-
defined synthetic matrix and globular shape. They are
appropriate models for mimicking glycosphingolipid (GSL)
clustering at the plasma membrane and to investigate cell
adhesion through carbohydrate ± carbohydrate interactions


in solution. Glyconanoparticles (1-Au-9 and 3-Au-13,
Scheme 4B), hybrids of the neoglycoconjugates 1 and 3 and
the linkers 9 and 13, have also been prepared to study the
influence of oligosaccharide density in the molecular recog-
nition of carbohydrates. Finally, for the application of the
glyconanoparticles in in vitro and in vivo studies of cell
adhesion processes, fluorescence tagged lacto and LeX nano-
particles (1-Au-15 and 6-Au-15, Scheme 4C) were prepared
with the fluorescein derivative 15, as a fluorescence probe.
The preparation of glyconanoparticles was carried out by


following a modified procedure of that described by Brust et
al.[26] for the synthesis of monolayer-protected gold nano-
clusters. Monolayer-protected gold nanoparticles with differ-
ent organic molecules have recently been prepared for
different purposes, but few of them are water-soluble.[27, 28]


However, our approach provides, for the first time, water-
soluble gold nanoclusters protected with SAMs of certain
carbohydrates.
The glyconanoparticles 1-Au to 6-Au were obtained by


adding a methanolic solution of the corresponding neoglyco-
conjugate to an aqueous solution of tetrachloroauric acid
(HAuCl4). By reduction of the resulting mixture with NaBH4,
a yellow to dark suspension was immediately formed. The
suspension was shaken for about two hours, then the solvent
was removed. They were purified by dialysis and/or centrifu-
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gal filtering and characterised by 1H NMR, UV-visible, and
FT-infrared spectroscopy, transmission electron microscopy
(TEM) and elemental analysis. The glyconanoparticles pre-
pared are water-soluble, stable and can be manipulated as a
water-soluble macromolecule.
Figure 1 shows the 1H NMR spectra in D2O and [D6]DMSO


and the corresponding TEM images for the lacto-3-Au and the
malto-4-Au nanoparticles. A mean diameter of 1.8 nm and
1.0 nm was found for the gold core for the 3-Au and 4-Au
samples, respectively. For TEM images of 1-Au and 6-Au see
reference [14]. The gold particles stabilised with lactose (1-
Au) show a narrower and more homogeneous particle size
distribution than the particles stabilised with the LeX-con-
jugate (6-Au). A mean diameter of 1.8 nm was found in both


samples for the gold core of the funcionalised nanoparticles.
Such a particle size corresponds, according to previous
work,[29] to an average number of 201 gold atoms per particle.
Elemental analysis for 1-Au, 2-Au, 3-Au and 6-Au confirms a
ratio of 70 (1-Au), 63 (2-Au), 90 (3-Au) and 97 (6-Au)
molecules per 201 gold atoms. These analyses correspond to
molecular weights of 76 kD, 73 kD, 110 kD and 109 kD
respectively. It is worth mentioning that the maltose-protect-
ed nanoclusters 4-Au present an average core particle size of
less than 1.3 nm. This size corresponds to the smallest soluble
protected gold nanoclusters described to date and should
correlate with an average number of gold atoms less than
79.[29] Elemental analysis of 4-Au confirms a 1:1 ratio of
maltose to gold atoms.


Scheme 4. Preparation of: A) glyconanoparticles; B) hybrid glyconanoparticles; C) fluorescence glyconanoparticles.
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The glucose-protected nanoparticles 5-Au as well as nano-
clusters protected with the linker 10 (10-Au) were also
prepared as control models. The gluco-nanocluster (5-Au)
also shows an average core diameter of 2 nm. The 10-Au
nanoclusters are highly soluble in water and methanol. The
TEM images (data not shown) clearly show differences
related to the sugar-protected clusters. The core size shows a
bimodal distribution with average particle sizes of 2.0 nm and
6.0 nm. In some regions the largest particles form aggregates
up to 100 nm in size. All nanoparticles prepared were stable in
aqueous solutions for months and no agglomeration was
detected on TEM examination.
The solubility of the nanoparticles differs from that of the


corresponding neoglycoconjugates. For example, lacto-1,
which is soluble in methanol but poorly soluble in water,
gives nanoparticles that are insoluble in methanol but have
good solubility in water. The LeX derivative 6 is soluble in
methanol and water; its nanoparticle, however, is insoluble in
methanol but highly soluble in water. In contrast, both the
maltose neoglycoconjugate 4 and the corresponding nano-
particles are highly water-soluble. The differences in solubility
have been used to purify the glyconanoparticles from the
unreacted disulfides by washing them with methanol.
Hybrid glyconanoparticles with neoglycoconjugates 1 and 3


and linkers 9 and 13 (1-Au-9 and 3-Au-13), presented here,


were prepared to demonstrate the influence of the carbohy-
drate density in the recognition of specific carbohydrate
receptors (enzymes, lectins and toxins).[30, 31] Hybrid lacto-
nanoclusters of differing density were prepared from solutions
containing different ratios of neoglycoconjugates 1 or 3 and
linkers 9 or 13 in methanol (Scheme 4B). The mole fraction of
the two disulfides was varied, while the total concentration of
disulfide in the solution was kept constant. Depending on the
neoglycoconjugate and the nature of the linker used, the
composition of the resulting nanoclusters, and of the solution
from which they were prepared, were the same or different.
The hybrid nanoparticles prepared from a 1:1 molar ratio
solution of the neoglycolipid 1 and the aliphatic linker 9
contain the same number of both molecules, as indicated by
integration of the 1H NMR spectrum. However, attempts to
prepare glyconanoparticles from a mixture of 1 and the tetra
(ethylene glycol) linker 10 resulted in pure glyconanoparticles
1-Au, even at a 1:10 ratio of 1 to 10, indicating that
chemisorption of tetra(ethyleneglycol) on gold is less favour-
able than chemisorption of the aliphatic 11-thio-undecanol.[23]


The lacto-nanoparticles composed of 3 and linker 13 were
also prepared from solutions of 13 and 5%, 15% or 30% of 3
in methanol (Scheme 4B), resulting in nanoparticles 3-Au-13
with increasing amounts of the lactose derivative. Figure 2
shows the 1H NMR and corresponding TEM micrographs of


Figure 1. TEM micrographs and 1H NMR spectra: a.1) TEM of glyconanoparticles 3-Au in H2O; a.2) 1H NMR of glyconanoparticles 3-Au in D2O;
b.1) TEM of glyconanoparticles 4-Au in H2O; b.2) 1H NMR of glyconanoparticles 4-Au in D2O; b.3) 1H NMR of glyconanoparticles 4-Au in [D6]DMSO.
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1-Au-9 and 3-Au-13. Mean diameters of 2.0 nm and 1.5 nm
were found, respectively, for the gold core of the correspond-
ing glyconanoparticles. Homogenous size distribution was
found for both nanoclusters.
An interesting issue is the presentation of the carbohydrate


molecules at the nanoparticle surface. Significant changes are
observed in the 1H NMR spectra of the neoglycolipids in free
form and when coupled to the nanoclusters. The spectra of the
lacto nanoparticles 1-Au and 2-Au in D2O differ strongly from
those of the lacto-disulfides 1 and 2,[14] showing the line
broadening of slowly rotating macromolecules in solution.
The signals of the methylene protons closest to the thiolate/
Au interface nearly disappear, as it is usual in alkane-
thiol monolayer-protected nanoclusters. This difference is
also observed in the case of the 6-Au nanoparticle, although
the spectrum of the free neoglycolipid 6 shows similar
broadening for all signals, indicating that some intramolec-
ular association is already present in the LeX disulfide in
water.[21]


The most significant fact, however, is that the changes
observed in the 1H NMR spectra of the nanoparticles depend
on the solvent. The glyconanoparticles 1-Au, 2-Au, 4-Au and
1-Au-9 are soluble in DMSO. In this solvent, signal broad-
ening in the 1H NMR spectra of 1-Au (data not shown), 4-Au
and 1-Au-9 was not observed (Figure 1, b.3, and Figure 2, a.2)
in contrast to the broadening observed in D2O for all
glyconanoparticles except for 3-Au. In this case the length
and flexibility of the linker can explain the well-resolved
signals in the spectrum in D2O (Figure 1, a.2). The well-
resolved signals in the spectra in DMSO have enabled
accurate integration to determine the ratio between different


ligands in the case of the hybrid glyconanoparticles (see
Experimental Section).
An important point for the application of our model to the


investigation of in vivo cell-adhesion processes is the stability
to enzymatic degradation. The steric crowding of the carbo-
hydrate moiety at the nanoparticle surface may inhibit its
recognition and degradation by enzymes.[30] Preliminary
results of the enzymatic hydrolysis of the neoglycoconjugates
1 and 2, and their corresponding nanoclusters 1-Au and 2-Au,
by �-galactosidase of E. Coli, resulted in a barely detectable
hydrolysis of 1-Au and 2-Au.[14] However, low-density glyco-
nanoparticles 3-Au-13 are processed by the enzyme, though to
a lesser extent than the neoglycoconjugate 3 (unpublished
results). It is clear that the accessibility of the ligand will
influence the ability of a protein to bind it. A high density of
ligands may show biological properties that are different from
those of the same ligand presented at low density.
Fluorescent-tagged nanoparticles 1-Au-15 and 6-Au-15


(Scheme 4C) were also prepared from solutions of 1 and 6
that contained 5% of the fluorescein derivative 15 in
methanol, with the aim of having a fluorescence probe for
labelling the nanoparticles for biological tests. Fluorescein
derivative 15 has a longer linker that the lacto and LeX


neoglycoconjugates 1 and 6. The molar ratio of fluorescein
to neoglycoconjugates in the prepared nanoparticles is around
1:20. The fluorescence nanoparticles are water-soluble and
have a fluorescence emission band at 514 nm at a concen-
tration of 30 �gmL�1. The introduction of a fluorescein
molecule into the lacto and LeX nanoparticles confers on
them the possibility of establishing additional aromatic
interactions. This is clearly reflected in the two-dimensional


Figure 2. TEM micrographs and 1H NMR spectra: a.1) TEM of glyconanoparticles 1-Au-9 in DMSO; a.2) 1H NMR of glyconanoparticles 1-Au-9 in
[D6]DMSO; b.1) TEM of glyconanoparticles 3-Au-13 (30%) in H2O; b.2) 1H NMR of glyconanoparticles 3-Au-13 (30%) in D2O.







FULL PAPER S. Penade¬s et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 1909 ± 19211918


hexagonal structure obtained by TEM. This structure may be
attributed to hydrophobic and � ±� interaction of the
fluorescein with the carbon grid.[19]


In conclusion, we have presented a methodology for
preparing, in a simple way, a wealth of polyvalent tools that
mimic glycosphingolipids at the cell surface. Glyconanopar-
ticles with differing carbohydrate density or incorporating
other organic molecules can also be prepared by this method-
ology. They are composed of an exceptionally small metallic
core to which antigenic glycoconjugates are covalently linked.
They are soluble under physiological conditions, are stable
against enzymatic degradation and provide a glycocalyx-like
surface with a globular shape and a well-defined structure.
These features convert the glyconanoparticles into a promis-
ing new tool for biological and biotechnological applica-
tions.[32] Furthermore, the nanoparticle methodology allows us
to the control of size and pattern arrangement of the metallic
cluster, providing useful building blocks for design of nano-
materials.[19] The application of this methodology to the
preparation of glyconanoparticles with other biologically
significant oligosaccharides, as well as to preparation of
glyconanoparticles with semiconductor and magnetic proper-
ties, is already under way.


Experimental Section


General procedures : TLC analysis was performed on silica gel 60 F254
precoated on aluminium plates (Merck); the compounds were detected by
staining with sulphuric acid/ethanol (1:9, v/v) followed by heating at over
200 �C. Column chromatography was carried out on silica gel 60 (0.2 ±
0.5 mm; 0.2 ± 0.063 mm; 0.040 ± 0.015 mm; Merck). Optical rotations were
determined with a Perkin ±Elmer 341 polarimeter. 1H and 13C NMR
spectra were acquired on Bruker DPX-300, DRX-400, and DRX-500
spectrometers and chemical shifts are given in ppm (�) relative to the
residual signal of the solvent used. Elemental analyses were performed
with a Leco CHNS-932 apparatus, after drying analytical samples over
phosphorous pentoxide for 24 hours. MALDI-TOF mass spectra were
recorded with a MALDI-TOF GSG system spectrometer. Samples of the
products were dissolved in MeOH at m� concentration and 2,5-dihidroxy-
benzoic acid was used as a matrix. UV spectra were carried out with a UV/
Vis Perkin ±Elmer Lambda 12 spectrometer. Fluorescence spectra were
carried out in a Aminco ±Bowman Series 2 Spectronic Instruments
luminiscence spectrometer in miliQ water.


For TEM examinations, a single drop (20 �L) of the aqueous solution (ca.
0.1 mgmL�1) of the gold glyconanoparticles was placed onto a copper grid
coated with a carbon film. The grid was left to dry in air for several hours at
room temperature. TEM analysis was carried out in a Philips CM200
microscope working at 200 kV. The particle size distribution of the gold
nanoparticles was evaluated from several micrographs by means of an
automatic image analyser.


Preparation of the starting materials 7, 9, 16, 17, 8, 10, 18, 19, 11, 12, 13, 20,
21, 14, 22, 28, 32, 23, 29, 33, 24, 30 and 34 are reported in the Supporting
Information.


29,29�-Dithiobis(N-fluorescein,N�-3,6,9,12,15,18-hexaoxanonacosanylth-
iourea(15): Fluorescein isothiocyanate (50 mg, 0.13 mmol, 6 equiv) and 1�
aqueous sodium hydroxide (65 �L) were added to compound 14 (20 mg,
0.02 mmol, 1 equiv) in a mixture of methanol and THF (1:1, 5 mL). The
reaction mixture was then concentrated to dryness under reduced pressure.
The crude residue was purified by silica gel column chromatography with
CH2Cl2/methanol/AcOH (4:1:0.05) as eluent to give the fluorescein
compound 15 (14 mg, 0.0082 mmol, 76%). 1H NMR (300 MHz, CD3OD):
�� 7.20 ± 6.50 (m, 9H; FITC), 4.09 (s, 3H), 3.80 ± 3.30 (m, 21H), 3.12 (t,
2H; CH2O), 2.65 (m, 2H; CH2S), 1.60 ± 1.00 ppm (m, 18H; CH2CH2);
MALDI-TOF: m/z : 860.7 [M/2�H2O�Na]� , 876.7 [M/2�H2O�K]� .


General procedure for imidate glycosylations


Synthesis of compounds 25, 26, 27, 31 and 35 : A solution of the
tricholoroacetimidate 24, 30 or 34 (1 equiv) and the acceptor 7, 8 or 12
(1.5 equiv) in dry CH2Cl2 (20 mL) was treated with TMSOTf (0.04 equiv) at
room temperature under an argon atmosphere. After 15 min, the reaction
mixture was concentrated to dryness and purified using a flash column.


11-Thioacetylundecanyl-2,3,4,6-tetra-O-benzoyl-�-�-galactopyranosyl(1� 4)-
2,3,6-tri-O-benzoyl-�-�-glucopyranoside (25): Reaction of trichloroacet-
imidate 24 (3.5 g, 2.91 mmol) and the acceptor 7 (0.75 g, 3.5 mmol)
afforded 25. Column chromatography (hexane/AcOEt 3:1) gave 25 as an
amorphous solid (2.64 g, 2.03 mmol, 70%). [�]20D ��49.2 (c� 1 in CHCl3);
1H NMR (500 MHz, CDCl3): �� 8.20 ± 7.10 (m, 35H; 7Bz), 5.78 (t, J�
9.5 Hz, 1H; H-3), 5.70(m, 2H; H-2�, H-4�), 5.43 (dd, J� 1.0, 8.0 Hz, 1H;
H-2), 5.36 (dd, J� 10.5, 3.5 Hz, 1H; H-3�), 4.85 (d, J� 8.0 Hz, 1H; H-1),
4.66 (d, J� 8.0 Hz, 1H; H-1�), 4.58 (dd, J� 10.5, 2.0 Hz, 1H; H-6a), 4.47
(dd, J� 12.3, 4.3 Hz, 1H; H-6b), 4.23 (t, J� 9.5 Hz, 1H; H-4), 3.88 ± 3.78
(m, 3H; H-5, H-5�, OCH2-), 3.72 (dd, J� 11.0, 6.5 Hz, 1H; H-6�a), 3.66 (dd,
J� 11.2, 6.7 Hz, 1H; H-6�b), 3.41 (m, 1H; CH2O), 2.83 (t, J� 7.5 Hz, 2H;
CH2S), 2.30 (s, 3H; SAc), 1.50 ± 1.07 ppm (m, 18H; 9 CH2); 13C NMR
(75 MHz, CDCl3): �� 196.1 (COS) 165.8, 165.5, 165.3, 165.1, 164.7
(7COO), 133.4, 133.3, 133.1, 129.9, 129.7, 129.6, 129.3, 128.7, 128.4, 128.2,
101.1, 100.8 (C-1, C-1�), 76.0, 72.9, 71.3, 70.2, 69.8, 62.4 (C-6), 61.0 (C-6�),
31.8 (CH3COS), 30.6, 29.6, 29.4, 29.1, 29.0, 28.7 ppm; MALDI-TOF: m/z :
1320 [M�Na]� ; elemental analysis calcd (%) for C74H72O19S (1297): C 68.4,
H 5.6; found: C 68.3 H 5.6.


11-Thioacetyl-3,6,9-trioxaundecanyl-2,3,4,6-tetra-O-benzoyl-�-�-galacto-
pyranosyl(1� 4)-2,3,6-tri-O-benzoyl-�-�-glucopyranoside (26): Reaction
of trichloroacetimidate 24 (3.5 g, 2.91 mmol) and the acceptor 8 (0.86 g,
3.49 mmol) gave 26. Column chromatography (hexane/AcOEt 3:2) gave 26
as an amorphous solid (3.4 g, 2.63 mmol, 80%). [�]20D ��32.0� (c� 1, in
CHCl3); 1H NMR (500 MHz, CDCl3): �� 8.07 ± 7.19(m, 35H; 7Bz), 5.76 (t,
J� 9.5 Hz, 1H; H-3), 5.70 ± 5.66 (m, 2H; H-2�, H-4�), 5.42 (dd, J� 9.5,
8.0 Hz, 1H; H-2), 5.33 (dd, J� 10.5, 3.5 Hz, 1H; H-3�), 4.84 (d, J� 7.8 Hz,
1H; H-1), 4.81 (d, J� 8.1 Hz, 1H; H-1�), 4.60 (m, 1H; H-6), 4.48 (m, 1H;
H-6), 4.25 (t, J� 9.6 Hz, 1H; H-4), 3.93 ± 3.81 (m, 4H; H-5, H-5�, H-6�,
H-6�), 3.76 ± 3.33 (m, 12H; CH2O), 3.06 (t, J� 6.3 Hz, 1H; CH2S), 2.34 ppm
(s, 3H; SAc); 13C NMR (125 MHz, CDCl3): �� 171.1, 165.8, 165.4, 165.1,
165.2, 164.8, 133.5, 133.4, 133.1, 130.0, 129.7, 129.6, 128.5, 128.3, 128.2, 101.2,
101.0 (C-1, C-1�), 76.1, 73.0, 71.8, 71.4, 70.6, 70.5, 70.4, 69.9, 69.7, 69.3, 67.5,
62.4, 61.1 (C-6, C-6�), 60.4, 29.7 (CH2S), 28.8 ppm (SAc); MALDI-TOF:
m/z : 1327 [M�Na]� ; elemental analysis calcd (%) for C71H68O22S ¥ 1³2 H2O
(1313): C 64.6, H 5.3; found: C 64.6, H 5.3.


29-Thioacetyl-3,6,9,12,15,18-hexaoxanonacosyl-2,3,4,6-tetra-O-benzoyl-�-
�-galactopiranosyl(1� 4)-2,3,6-tri-O-benzoyl-�-�-glucopiranoside (27):
Reaction of trichloroacetimidate 24 (1.74 g, 1.45 mmol) and the acceptor
12 (1 g, 1.74 mmol) gave 27. Column chromatography (hexane/AcOEt 3:2)
gave 27 as an amorphous solid (1.6 g, 1.01 mmol, 70%). [�]20D ��20.0� (c�
1, in CHCl3); 1H NMR (500 MHz, CDCl3): �� 8.08 ± 7.20(m, 35H; 7Bz),
5.77(t, J� 10.0 Hz, 1H; H-3), 5.70 ± 5.67 (m, 2H; H-2�, H-4�), 5.43 (t, 1H,
J� 8.5 Hz, H-2), 5.34 (dd, J� 10.5, 3.0 Hz, 1H; H-3�), 4.84 (d, J� 7.5 Hz,
1H; H-1), 4.67 (d, J� 8.1 Hz, 1H; H-1�), 4.57 (d, J� 12.0 Hz, 1H; H-6), 4.45
(dd, J� 12.0, 4.5 Hz, 1H; H-6), 4.22 (t, J� 9.5 Hz, 1H; H-4), 3.90 ± 3.78
(m,2H), 3.70 ± 3.30 (m, 28H), 2.83 (t, J� 7.0 Hz, 2H; CH2S), 2.29 (s, 3H;
SAc), 1.54 ± 1.50 (m, 4H), 1.23 ppm (s, 16H); 13C NMR (125 MHz, CDCl3):
�� 1.97 (COS), 165.9, 165.6, 165.4, 165.3, 165.2, 164.8 (CH�CH), 133.4,
133.2 (CH�CH), 130.0, 129.8, 129.7, 128.6, 128.4, 128.2, 101.3, 101.0 (C-1,
C-1�), 76.1, 73.0, 71.8, 71.5, 71.4, 70.6, 69.9, 69.4, 67.5, 62.4 61.1 (C-6, C-6�),
30.6, 29.5, 28.8, 26.1 ppm; MALDI-TOF: m/z : 1587 [M�Na]� ; elemental
analysis calcd (%) for C86H98O25S (1562): C 66.0, H 6.3; found: C 65.5, H
6.5.


11-Thioacetylundecanyl-2,3,4,6-tetra-O-benzoyl-�-�-glucopyranosyl(1� 4)-
2,3,6-tri-O-benzoyl-�-�-glucopyranoside (31): Reaction of trichloroaceti-
midate 30 (3.5 g, 2.91 mmol) and the acceptor 7 (0.75 g, 3.5 mmol) afforded
31. Column chromatography (hexane/AcOEt 3:1) afforded 31 as an
amorphous solid (2.60 g, 2.03 mmol, 70%). 1H NMR (500 MHz, CDCl3):
�� 8.20 ± 7.17 (m, 35H; 7Bz), 6.06 (t, J� 10.0 Hz, 1H; H-3�), 5.73 (t, J�
9.0 Hz, 1H; H-3), 5.71 (d, J� 3.5 Hz, 1H; H-1�), 5.62 (t, J� 10.0 Hz, 1H;
H-4�), 5.28 (dd, J� 10.0, 7.5 Hz, 1H; H-2), 5.23 (dd, J� 10.5, 9.5 Hz, 1H;
H-2�), 4.89 (dd, J� 12.0, 2.5 Hz, 1H; H-6�), 4.75 (d, J� 7.5 Hz, 1H; H-1),
4.72 (dd, J� 12.5, 4.5 Hz, 1H; H-6), 4.48 (t, J� 9.0 Hz, 1H; H-4), 4.44 (m,
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1H; H-5�), 4.37 (dd, J� 12.0, 3.0 Hz, 1H; H-6), 4.24 (dd, J� 12.0, 4.5 Hz,
1H; H-6), 4.11 ± 4.06 (m, 2H; H-6, H-5), 3.85 (m, 1H; CH2O), 3.46 (m, 1H;
CH2O), 2.81 (t, J� 7.5 Hz, 2H; CH2S), 2.32 (t, 3H; SAc), 1.70 ± 0.92 ppm
(m, 18H; 9 CH2); 13C NMR (125 MHz, CDCl3): �� 196.0 (COS), 165.6,
165.0 (Bz), 133.3, 133.2, 133.0, 129.9, 129.8, 129.7, 129.5, 128.9, 128.5, 128.3,
128.1, 128.0 (CH�CH) 100.7, 96.3, (C-1, C-1�), 75.0, 73.2, 72.3, 70.8, 70.1,
69.9, 69.0, 63.5, 62.5 (C-6, C-6�), 30.6 (CH2O), 29.3, 29.1, 29.0, 28.7 ppm
(CH2CH2); MALDI-TOF: m/z : 1320 [M�Na]�
11-Thioacetyl-3,6,9-trioxaundecanyl-2,3,4,6-tetra-O-benzoyl-�-�-glucopy-
ranoside (35): Reaction of trichloroacetimidate 34 (1.3 g, 1.8 mmol) and the
acceptor 8 (0.33 g, 1.3 mmol) gave 34. Column chromatography (hexane/
AcOEt 3:2) gave 34 as an amorphous solid (0.8 g, 1 mmol, 75%). 1H NMR
(300 MHz, CDCl3): �� 8.10 ± 7.80 (m, 8H; Bz), 7.60 ± 7.20 (m, 12H; Bz),
5.90 (t, J� 9.6 Hz, 1H; H-3), 5.68 (t, J� 9.9 Hz, 1H), 5.52 (t, J� 8.7 Hz,
1H), 4.97 (d, J� 7.8 Hz, 1H; H-1), 4.64 (dd, J� 12.3, 3.3 Hz, 1H), 4.49 (dd
J� 12.0, 5.1 Hz, 1H), 4.20 ± 4.18 (m, 3H), 4.05 ± 3.95 (m, 1H; H-6a) 3.90 ±
3.75 (m, 1H; H6b), 3.70 ± 3.35 (m, 12H; OCH2CH2O), 3.08 (t, J� 6.5 Hz,
2H; CH2S), 2.32 ppm (s, 3H; SAc).


General procedure for debenzoylations


Synthesis of compounds 1, 2, 3, 4 and 5 : A solution of 25, 26, 27, 31 or 35
(1 equiv) in dry MeOH (25 mL) was treated with 1� methanolic solution of
NaOMe. The reaction was stirred under an argon atmosphere. The reaction
mixture was left for 24 h, without the argon atmosphere, to complete the
oxidation of the thiol group. After 24 h, TLC (CH2Cl2/MeOH 35%)
showed the appearance of a new product (Rf� 0.5). The reaction was
neutralised with Amberlist IR-120 resin, filtered and evaporated to
dryness. The residue was washed with diethyl ether (15 mL) to remove
methyl benzoate.


11,11�-Dithiobis[undecanyl(�-�-galactopyranosyl)(1� 4)-�-�-glucopyran-
oside] (1): This compound was prepared from 25 (3 g, 2.31 mmol). The
product precipitated as a white solid that, after washing with cold ethanol,
gave the disulfide 1 (0.97 g, 1.84 mmol, 80%). [�]20D ��5.3� (c� 0.9 in
MeOH); 1H NMR (500 MHz, MeOD): �� 4.35 (d, J� 7.5 Hz, 1H; H-1),
4.27 (d, J� 8.0 Hz, 1H; H-1�), 3.90 ± 3.86 (m, 2H), 3.83 (dd, 1H), 3.80 (dd,
J� 3.5, 0.5 Hz, 1H; H-4�), 3.76 (dd, J� 11.5, 8.0 Hz, 1H; H-6), 3.68 (dd, J�
11.5, 5.0 Hz, 1H; H-6�), 3.38 (m, 1H; H-5), 3.22 (dd, J� 8.9, 8.0 Hz, 1H;
H-4), 2.57 (t, J� 7.5 Hz, 2H; CH2S), 1.64 ± 1.28 ppm (m, 19H; CH2);
13C NMR (125 MHz, MeOD): �� 105.9, 105.1 (C-1, C-1�), 81.5, 77.9, 77.3,
75.6, 73.4, 71.8, 71.2, 63.4, 62.9, 56.6, 32.7, 31.9, 31.5, 31.1, 30.7, 28.0 ppm;
MALDI-TOF: m/z : 1096 [M�K]� , 597.3; elemental analysis calcd (%) for
(C23H43O11S)2 (1054): C 52.0, H 8.3; found: C 51.7, H 8.3.


11,11�-Dithiobis[3,6,9-trioxaundecanyl(�-�-galactopyranosyl)(1� 4)-�-�-
glucopyranoside] (2): This compound was prepared from 26 (3 g,
2.68 mmol). The product precipitated as a white solid that, after washing
with cold ethanol, gave the disulfide 2 (1.14 g, 2.14 mmol, 80%). [�]20D �
�4.0� (c� 0.7 in MeOH); 1H NMR (300 MHz, D2O): �� 4.51 (d, J�
8.1 Hz, 1H; H-1�), 4.45 (d, J� 7.8 Hz, 1H; H-1), 4.04 ± 4.00 (m, 1H; H-5),
3.98 (m, 1H; H-6), 3.92 (d, J� 3.0 Hz, 1H; H-4), 3.38 ± 3.20 (m, 1H; H-5�),
2.98 ± 2.71 ppm (m, 2H; CH2S); 13C NMR (125 MHz, MeOD): �� 105.9,
105.1 (C-1, C-1�), 81.5 (C-4), 77.9, 77.3, 77.1, 75.7, 75.6, 73.4 (C-2�), 72.8, 72.4,
72.1, 70.6 (CH2O), 63.3, 62.8 ppm (C-6�, C-6); MALDI-TOF: m/z : 1089
[M�Na]� , 601; elemental analysis calcd (%) for (C20H38O14S)2 ¥H2O
(1084): C 44.2 H: 7.2; found: C 44.0 H 7.7


29,29�-Dithiobis[3,6,9,12,15,18-hexaoxaundecanyl(�-�-galactopyranosyl)-
(1� 4)-�-�-glucopyranoside] (3): This compound was prepared from 27
(0.8 g, 0.5 mmol). The product precipitated as a white solid that, after
washing with cold ethanol, gave the disulfide 3 (0.34 g, 0.42 mmol, 85%).
[�]20D ��6.4� (c� 0.7 in MeOH); 1H NMR (500 MHz, D2O): �� 4.47(d,
J� 8.0 Hz, 1H; H-1�), 4.41 (d, J� 7.5 Hz, 1H; H-1), 4.03 (m, 1H), 3.94 (m,
1H; H-6), 3.90 (d, J� 3.0 Hz, 1H; H-4�), 3.82 ± 3.62 (m, 30H), 3.57 ± 3.50
(m, 4H), 3.46 ± 3.43 (m, 2H), 3.32 (t, J� 8.5 Hz, 1H; H-4), 2.60 ± 2.55 (m,
2H; CH2S), 1.60 ± 1.55 (m, 4H), 1.38 ± 1.30 ppm (m, 14H); 13C NMR
(125 MHz, D2O): �� 102.6, 101.8 (C-1, C-1�), 78.1, 75.0, 74.9, 74.4, 74.0,
72.4, 72.2, 70.7, 70.6, 69.6, 69.5, 69.4, 69.3, 68.3, 68.2, 60.6, 59.8 (C-6, C-6�),
30.5, 29.5, 29.3, 29.2, 29.0, 28.9, 28.5, 25.8, 25.7 ppm; MALDI-TOF: m/z :
1620 [M�K]� , 860; elemental analysis calcd (%) for (C35H67O17S)2 ¥H2O
(1600): C 51.9 H: 8.5; found: C 51.8 H 8.9.


11,11�-Dithiobis[undecanyl(�-�-glucopyranosyl)(1� 4)-�-�-glucopyrano-
side] (4): This compound was prepared from 31 (3 g, 2.31 mmol). The
product precipitated as a white solid that, after washing with cold ethanol,


gave the disulfide 4 (0.97 g, 1.84 mmol, 80%). [�]20D ��57.3 (c� 1 in
MeOH); 1H NMR (500 MHz, MeOD): �� 5.13 (d, J� 3.5 Hz, 1H; H-1�),
4.24 (d, J� 8.0 Hz, 1H; H-1), 3.41 (dd, J� 9.5, 3.5 Hz, 1H; H-2�), 3.20 (t,
J� 9.2 Hz, 1H; H-2), 2.65 (t, J� 7.5 Hz, 2H; CH2S), 1.66 ± 1.57 (m, 4H;
2CH2), 1.38 ± 1.29 ppm (m, 14H; 7CH2); 13C NMR (125 MHz, MeOD):
�� 101.0, 99.6 (C-1, C-1�), 78.0, 74.5, 73.3, 71.4, 70.8, 68.2, 67.7, 59.4, 58.9 (C-
6, C-6�), 27.5, 27.3, 27.0, 26.2, 26.1, 23.8 ppm; MALDI-TOF: m/z : 1077
[M�Na]� , 595; elemental analysis calcd (%) for (C23H43O11S)2 ¥ 5H2O
(1144): C 48.4, H 8.3; found: C 48.4, H 7.8.


11,11�-Dithiobis(3,6,9-trioxaundecanyl-�-�-glucopyranoside) (5): This
compound was prepared from 35 (0.8 g, 1 mmol). The product precipitated
as a white solid that, after washing with cold ethanol, gave the disulfide 5
(0.37 g, 2.14 mmol, quantitative). [�]20D ��4.0 (c� 0.7 in MeOH); 1H NMR
(500 MHz, CD3OD): �� 4.28 (d, J� 7.5 Hz, 1H; H-1), 4.04 ± 4.00 (m, 1H;
H-5), 3.84 (d, J� 13.5 Hz, 1H), 3.75 ± 3.60 (m, 14H; OCH2CH2), 3.37 ± 3.20
(m, 6H), 3.17 (t, J� 8.7 Hz, 1H), 2.89 ppm (t, J� 6.5 Hz, 2H; CH2S);
13C NMR (125 MHz, CD3OD): �� 102.7 (C-1), 76.2, 76.1, 73.3, 69.8, 69.7,
69.7, 69.5, 68.7, 67.9, 61.0, 37.9 ppm; MALDI-TOF: m/z : 765.1 [M�Na]� ,
781.8 [M�K]� , 395.1 [M/2�Na]� .
General procedure for preparation of glyconanoparticles


Synthesis of compounds 1-Au, 2-Au, 3-Au, 4-Au, 5-Au, 6-Au and 10-Au : A
solution of disulfide (0.012 M, 5.5 equiv) in MeOH was added to a solution
of tetrachloroauric acid (0.025 M, 1 equiv) in water. NaBH4 (1�, 22 equiv)
in water was then added in small portions with rapid shaking. The black
suspension formed was shaken for an additional 2 h and the solvent was
then removed. The residue (20 ± 50 mg of crude product) was dissolved in
10 mL of NANOPURE water and was purified by centrifugal filtering
(CENTRIPLUS Mr� 30000, 1 h, 3000 xg). The process was repeated until
the nanoparticles were free of salts and starting material (absence of signals
due to disulfide and Na� in 1H NMR and 23Na NMR spectra). The residue
in the centriplus filter was dissolved in water (2 mL) and lyophilised. The
molecular formula of the nanoparticles was calculated, based on the
average diameter obtained by TEM[32] , and confirmed by elemental
analysis.


lacto-C11SAu (1-Au): Reaction of disulfide 1 (200 mg, 0.19 mmol) and
HAuCl4 (25 mg, 0.073 mmol) gave nanoparticle 1-Au (17 mg, 2.22�
10�4 mmol) as a dark brown powder. Average diameter and number of
gold atoms: 1.8 nm, 201; 1H NMR (500 MHz, D2O): �� 4.50 ± 4.42 (m, 2H;
H-1, H-1�), 4.10 ± 3.30 (m, 11H), 2.00 ± 1.10 ppm (m, 12H); 1H NMR
(500 MHz, [D6]DMSO): �� 5.04 (m, 2H), 4.73 (d, J� 4.5 Hz, 1H), 4.60 (m,
2H), 4.50 ± 4.46 (m, 2H), 4.15 (d, J� 6.5 Hz, 1H; H-1), 4.12 (d, J� 8.0 Hz,
1H; H-1�), 3.70 (m, 2H), 3.56 (m, 2H), 3.49 ± 3.26 (m, 5H), 2.95 (m, 1H;
H-5), 2.64 (t, J� 7.0 Hz, 1.2H), 2.52 (t, J� 7.0 Hz, 0.7H; CH2S), 1.58 ± 1.45
(m, 4H, CH2CH2), 1.25 ppm (m, 16H; CH2CH2); UV/Vis (H2O): ��
520 nm (surface plasmon band); IR (KBr): �� � 3414, 2921, 2850, 2360,
1639, 1425, 1065 cm�1; elemental analysis calcd (%) for (C23H44O11S)70Au201
(76594): C 25.2, H 4.05; found C 25.1 H 4.40


lacto-EG4SAu (2-Au): Reaction of the disulfide 2 (100 mg, 0.09 mmol) and
HAuCl4 (13.6 mg, 0.04 mmol) gave 2-Au (8 mg, 1.09� 10�4mmol) as a dark
brown powder. Average diameter and number of gold atoms: 1.8 nm, 201.
1H NMR (300 MHz, D2O): �� 4.50 ± 4.30 (brm, 2H; H-1, H-1�), 4.10 ± 3.35
(brm, 21H), 3.26 ppm (brm, 2H); 1H NMR (500 MHz, [D6]DMSO): ��
5.06 (brm, 2H), 4.75 (brm, 1H), 4.65 (m, 2H), 4.18 (brm, 2H; H-1, H-1�),
3.86 (m, 2H), 3.58 ± 3.37 (m, 18H), 3.01 (brm, 1H), 2.61 ppm (t, J� 4.5 Hz;
CH2S); UV (H2O): �� 520 nm (surface plasmon band); elemental analysis
calcd (%) for (C20H37O14S)63Au201 (73203): C 20.6, H 3.2; found C 20.7 H 3.6


lacto-EG6C11SAu (3-Au): Reaction of the disulfide 3 (70 mg, 0.088 mmol)
and HAuCl4 (5.42 mg, 0.016 mmol) gave 3-Au (9 mg, 8.11� 10�5 mmol) as
a black powder. Average diameter and number of gold atoms: 2.2 nm, 201.
1H NMR (500 MHz, D2O): �� 4.47 (d, J� 7.5 Hz, 1H; H-1), 4.42 (d, J�
7.5 Hz, 1H; H-1�), 4.05 ± 3.89 (m, 3H), 3.82 ± 3.46 (m, 35H), 3.34 ± 3.31 (m,
1H), 2.73 ± 2.67 (m, 0.8H), 1.72 ± 1.04 ppm (m, 16H); UV (H2O): ��
520 nm (surface plasmon band); elemental analysis calcd (%) for
(C35H67O17S)90Au202 (110984): C 34.0, H 5.43; found C 33.40 H 5.6.


malto-C11SAu (4-Au): Reaction of the disulfide 4 (50 mg, 0.1 mmol) and
HAuCl4 (6.16 mg, 0.018 mmol) gave 4-Au (12 mg, 2.09� 10�4 mmol) as a
brown powder. Average diameter and number of gold atoms: �1.3 nm,
�79. 1H NMR(500 MHz, D2O): �� 5.33 (br s, 1H; H-1�), 4.37(br s, 1H;
H-1), 3.87 ± 3.33 (m, 15H); 2.70 (br s, 2H; CH2S), 1.65 ± 1.33 ppm (brm,
19H); 1H NMR (500 MHz, [D6]DMSO): �� 5.44 (s, 1H), 4.39 (d, J�
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5.5 Hz, 1H), 5.00 (d, J� 4.5 Hz, 1H), 4.96 (s, 1H), 4.85 (m, 2H), 4.47 ± 4.40
(m, 2H), 4.09 (d, J� 8.0 Hz, 1H; H-1), 3.72 ± 3.64 (m, 2H), 3.57 ± 3.50 (m,
3H), 3.02 ± 2.92 (m, 3H), 2.64 (t, J� 7.0 Hz, 2H; CH2S), 1.57 ± 1.44 (m, 4H;
CH2CH2), 1.10 ppm (m, 16H; CH2CH2); UV (H2O): �� 520 nm (surface
plasmon band); elemental analysis calcd (%) for (C23H44O11S)nAun (n�
79,n ¥ 724): C 39.0. H 6.07; found C 39.5, H 6.07.


gluco-EG4S-Au (5-Au): Reaction of 5 (40 mg, 0.055 mmol) and HAuCl4
(6.8 mg, 0.02 mmol) gave 5-Au (2 mg) as a brown powder. 1H NMR
(500 MHz, D2O): �� 4.50 ± 4.40 (d, H-1), 4.15 ± 3.20 (m), 2.93 ppm (t,
CH2S); UV (H2O): �� 510 nm (surface plasmon band)
LeX-C11S-Au (6-Au): Reaction of 6 (20 mg, 0.015 mmol) and HAuCl4
(1.85 mg, 0.005 mmol) gave 6-Au (4 mg, 4.5� 10�5 mmol) as a brown
powder. Average diameter and number of gold atoms: 1.8 nm, 201. 1HNMR
(500 MHz, D2O): �� 5.15 (brm, 1H), 4.50 (brm, 2H), 4.10 ± 3.30 (brm,
18H), 2.00 (brm, 2H), 1.70 ± 1.00 ppm (brm, 20H); IR (KBr): �� � 3552,
3414, 2923, 2029, 1638, 1617, 1075, 622 cm�1; UV (H2O): �� 520 nm
(surface plasmon band); elemental analysis calcd (%) for (C31H56NO15-
S)97Au201 (108928.3): C 33.2, H 5.0, N 1.3; found: C 33.2, H 5.3, N 1.4.


EG4S-Au (10-Au): Reaction of 10 (50 mg, 0.21 mmol) and HAuCl4
(21.7 mg, 0.06 mmol) gave 10-Au (16 mg) as a blue violet powder. Average
diameter: 7 nm and 2 nm. 1H NMR (500 MHz, D2O): �� 4.00 ± 3.00 ppm
(brm, 14H); 1H NMR (500 MHz, [D6]DMSO): �� 4.50 (brm, 1H), 4.00 ±
3.00 ppm (brm, 14H); UV (H2O): �� 515 nm (surface plasmon band)
Preparation of glyconanoparticles of different density


Synthesis of compounds 1-Au-9, 3-Au-13 (5%, 15%, 30% in lactose),
1-Au-15 and 6-Au-15 : A mixture of disulfides in a different ratio (5.5 equiv)
was dissolved in MeOH and added to the solution of tetrachloroauric acid
(1 equiv). An aqueous solution of NaBH4 (1�, 22 equiv) was then added in
several portions, with rapid shaking. The reaction was shaken for a further
2 h, then the solvent was removed. The residue (20 ± 50 mg of crude
product) was dissolved in 10 mL of NANOPURE water and purified by
centrifugal filtering (CENTRIPLUSMr� 10000, 1 h, 3000 xg). The process
was repeated until the nanoparticles were free of salts and starting material
(absence of signals due to disulfide and Na� in 1H NMR and 23Na NMR
spectra). The residue in the centriplus filter was dissolved in water (2 mL)
and lyophilised. The molecular formula of the nanoparticles was calculated,
based on the average diameter obtained by TEM, and confirmed by
elemental analysis. The molar ratio between two ligands in the nanoparticle
was calculated by integration of the signal corresponding to the anomeric
protons of the sugar and that corresponding to the closest methylene
protons to gold.


lacto-C11S-Au-SC11OH (1-Au-9): Reaction of a 1:1 mixture of 1 (53 mg,
0.1 mmol) and 9 (17 mg, 0.1 mmol) with HAuCl4 (13.6 mg, 0.04 mmol) gave
1-Au-9 (11.2 mg). Average diameter and number of gold atoms: 2 nm,
201 ± 225. The ratio of compound 1 to 9 in the product was 1:1.2, by
integration of the signal corresponding to the anomeric protons of the
lactose and the triplet corresponding to the closest methylene protons to
gold. This nanoparticle was insoluble in water but soluble in DMSO.
1H NMR (500 MHz, [D6]DMSO): �� 5.03 (m, 2H), 4.59 (d, J� 4.5 Hz;
1H), 4.61 (m, 2H), 4.51 ± 4.47 (m, 2H), 4.36 ± 4.33 (m, 1H), 4.15 (d, J�
7.0 Hz, 1H; H-1), 4.12 (d, J� 7.0 Hz, 1H; H-1�), 3.71 ± 3.68 (m, 2H), 3.50 ±
3.42 (m, 8H), 2.96 (m, 1H), 2.65 (t, J� 7.0 Hz, 4 H; CH2S), 1.59 ± 1.54 (m,
4H), 1.48 ± 1.45 (m, 4H), 1.35 ± 1.21 ppm (m, 37H); UV (DMSO): ��
524 nm (surface plasmon band)


lacto-EG6C11S-Au-SC11EG3OH (3-Au-13)


3-Au-13 (5% lacto): Reaction of a 5:95 mixture of 3 (12 mg, 0.015 mmol)
and 13 (100 mg, 0.300 mmol) with HAuCl4 (19.55 mg, 0.057 mmol) gave 3-
Au-13 (5 mg) as a beige powder containing 5% of lactoside. The
nanoparticles were soluble in H2O:MeOH. Average diameter and number
of gold atoms: 1.7 nm, 140. 1H NMR (500 MHz, D2O): �� 4.05 ± 3.54 (m),
3.34 (m, 3H), 1.89 ± 1.34 ppm (brm)


3-Au-13 (15% lacto): Reaction of a 15:85 mixture of 3 (12 mg, 0.015 mmol)
and 13 (33 mg, 0.100 mmol) with HAuCl4 (7.05 mg, 0.021 mmol) gave 3-Au-
13 (5 mg) as a beige solid, keeping the original ratio of 15% lactoside. Their
water solutions were colourless. Average diameter and number of gold
atoms: 1.5 nm, 116. 1H NMR (500 MHz, D2O): �� 4.50 ± 4.43 (2d, 2H; H-1,
H-1�), 4.05 ± 3.54 (m, 100H), 3.34 (m, 3H), 1.89 ± 1.34 ppm (brm); UV
(H2O): �� 400 nm (surface plasmon band).


3-Au-13 (30% lacto): Reaction of a 30:70 mixture of 3 (10.7 mg,
0.014 mmol) and 13 (15 mg, 0.045 mmol) with HAuCl4 (7.54 mg,
0.016 mmol) gave 3-Au-13 (12.6 mg) as a beige solid containing 30%
lactoside. Their water solutions were colourless. Average diameter and
number of gold atoms: 1.5 nm, 116. 1H NMR (500 MHz, D2O): �� 4.50 ±
4.43 (2d, 2H; H-1, H-1�), 4.05 ± 3.54 (m, 168H), 3.34 (m, 3H), 2.70 (br s, 9H;
CH2S), 1.89 ± 1.34 ppm (brm, 94H); UV (H2O): �� 400 nm (surface
plasmon band)
lacto-C11 S-Au-SC11EG6FITC (1-Au-15): Reaction of a 5:95 mixture of 1
(20 mg, 0,019 mmol) and 15 (1.7 mg, 0.001 mmol)) with HAuCl4 (2.4 mg,
0.007 mmol) gave 1-Au-15 as a dark brown powder (4.2 mg). Average
diameter and number of gold atoms: 2 nm, 201. 1H NMR (500 MHz, D2O):
�� 4.50 ± 4.42 (m, 2H; H-1, H-1�), 4.1 ± 3.3 (m, 11H), 2.68 (br s, CH2S), 2.0 ±
1.1 ppm (m, 12H); UV (H2O): �� 520 nm (surface plasmon band);
fluorescence (H2O): �ex� 480 nm; �em� 514 nm.
LeX-C11S-Au-SC11EG6FITC (6-Au-15): Reaction of a 5:95 mixture of 6
(20 mg, 0.014 mmol) and 15 (1.2 mg, 0,0007 mmol) with HAuCl4 (1.7 mg,
0.005 mmol) gave 6-Au-15 (4 mg) as a dark brown powder. Average
diameter and number of gold atoms: 2 nm, 201. 1H NMR (500 MHz, D2O):
�� 5.15 (brm, 1H), 4.50 (brm, 2H), 4.10 ± 3.30 (brm, 18H), 2.00 (brm,
2H), 1.70 ± 1.00 ppm (brm, 20H); UV (H2O): �� 520 nm; fluorescence
(H2O): �ex� 480 nm; �em� 514 nm.
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Pyrene-Derived Novel One- and Two-Component Organogelators


P. Babu,[a] N. M. Sangeetha,[a] P. Vijaykumar,[a, c] Uday Maitra,*[a, b] Kari Rissanen,*[d] and
A. R. Raju[e]


Abstract: A new class of alkyl-chain-
appended pyrene derivatives 4 ± 14 were
synthesized and evaluated for their ge-
lation abilities. Depending on the nature
of the linking group, these compounds
gelated a number of organic solvents,
either in the presence or in the absence
of the acceptor molecule 2,4,7-trinitro-
fluorenone (TNF). Compounds with
ester, ether, or alkyl linkages gelated a


number of hydroxylic and hydrocarbon
solvents by means of a charge-transfer
interaction with TNF, while compounds
with amide, urethane and urea linkers
formed gels on their own in a variety of


solvents by means of � ±� stacking and
hydrogen-bonding interactions. The
X-ray crystal structure of urethane (S)-
12 showed hydrogen-bonding and stack-
ing features, as suggested by the model.
The gels obtained were investigated by
spectroscopic and electron microscopic
techniques which provided structural
insights.


Keywords: aggregation ¥ donor ±
acceptor systems ¥ gels ¥ hydrogen
bonding ¥ pi-interactions


Introduction


Gels derived from low molecular mass compounds have
attracted considerable interest in recent years, and com-
pounds with wide structural diversities have been reported to
efficiently (�1% w/v) gelatinize organic liquids.[1, 2] The
structural diversity of such gelators varies from simple
hydrocarbons[3] to giant phthalocyanine-bearing crown ether
derivatives.[4] Gels of low molecular weight compounds are
formed as a consequence of the self-assembly of the gelator
molecules to form entangled fibrous networks (SAFINs)
through a combination of noncovalent interactions, such as


hydrogen bonding, � ±� stacking, donor ± acceptor interac-
tions, metal coordination, and van der Waals interactions.
There are many examples of gelators which aggregate through
hydrogen bonding. These are usually derived from amino
acids, amino alcohols, carbohydrates and urea.[5] Cholesterol-
derived gelators aggregate through van der Waals interactions
resulting from the organization of the steroid units.[6] Organo-
metallic gelators form gels through metal coordination,[7] and
molecules derived from porphyrins[8] possessing large �


surfaces aggregate through � ±� stacking. Recently, there
were reports propounding the enhancement of gel stability
through host ± guest interactions.[9] In spite of our lack of
detailed understanding of the aggregation properties of such
gelators, many futuristic applications have been envisaged.
Gels derived from cholesterol have been used for chiral
recognition/sensing, for studying photo- and metal-responsive
functions[10] and as templates to make hollow-fiber silica.[11]


The use of gels for designing polymerized and reverse
aerogels and in molecular imprinting has also been docu-
mented.[12] Dye-doped organogels have been shown to be
efficient media for lasing applications.[13] Organogels have
been investigated as reaction media[14] and as drug delivery
agents (organogels of sorbitan monostearate have been
investigated for their drug delivering capability).[15] They are
used in cosmetics.[16] Organogels containing supporting elec-
trolytes have been shown to have ionic conductivities similar
to those in isotropic solution, which makes them good
candidates for use as gel electrolytes.[17] An organogel-based
fluorescent optode membrane has been used for humidity
sensing.[18] The thermoreversibility of gels can be exploited for
thermosensing applications. Hindered transport through the
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pores of the gel network could be exploited for separation
techniques. Organogelators can be used for the treatment of
oil spillages and safer disposal of used oils.[19]


In the course of our detailed studies on bile acid-based
molecular tweezers,[20] we serendipitously discovered the first
instance of a two-component, charge-transfer-interaction-
promoted gelation of organic solvents.[21] Herein we describe
detailed studies on these organogels, which form through the
charge-transfer interaction of pyrene derivatives with 2,4,7-
trinitrofluorenone (TNF) as the acceptor. Studies on a new
class of pyrene derivatives that form organogels on their own
through hydrogen-bonding and � ±� interactions are also
elucidated.[22]


Results and Discussion


Our initial discovery that aromatic donor-substituted bile acid
derivatives, such as 1 and 2, gelatinized certain organic
solvents in the presence of TNF (3) as the acceptor prompted


us to examine the role of the bile acid moiety in these gelators.
To address this question, a number of analogues were
synthesized in which the bile acid moiety was replaced by
alkyl chains connected to the pyrene through a variety of
linkers (Figure 1). The linkers chosen included ester (normal


Figure 1. Schematic representation of the gelator molecules.


and reversed), amide (normal
and reversed), urethane, ether,
urea, and aliphatic CH2. These
compounds (Scheme 1) were
synthesized following standard
protocols (see Experimental
Section). Many of these ana-
logues were found to be as
effective organogelators as
their bile acid-appended coun-
terparts in the presence of TNF
(Table 1). Interestingly, gela-
tors having hydrogen-bonding
donor ± acceptor groups (Ar-


NH-CO-X) showed excellent gelling abilities with hydroxylic
and hydrocarbon solvents in the absence of the electron-
acceptor TNF. These two classes of organogelators are
discussed in two separate sections.


Synthesis: Reaction of pyrene with Cu(NO3)2 in CHCl3 gave
1-nitropyrene, which was hydrogenated with H2/Pd-C to yield
1-aminopyrene, which served as a precursor to 4 ± 6
(Scheme 1). Acetylation of pyrene with Ac2O/ZnCl2 in AcOH
yielded 1-acetylpyrene,[23] which was then oxidized with
NaOCl in pyridine/water to pyrene-1- carboxylic acid, which
was used for the synthesis of 7. Pyrene was brominated with
Br2 in CCl4 to 1-bromopyrene, which was treated with Mg in
diethyl ether. The Grignard reagent was subsequently allowed
to react with borane and the resulting aryl borane was
oxidized with NaOH/H2O2 to give 1-hydroxypyrene, which
was converted to compounds 8 and 9.


The synthesis of the target compounds was straightforward.
Compound 10a was synthesized by reacting 1-aminopyrene
with 1-octadecanoyl chloride in toluene in the presence of
pyridine. Compound 11a was obtained by the reaction of
1-aminopyrene with hexadecyl chloroformate in CHCl3 in the
presence of pyridine. Compound 13 was synthesized by
reacting pyrene-1-isocyanate with hexadecylamine in 1,2-
dichlorobenzene. The reaction of pyrene-1-carbonyl chloride
with hexadecyl alcohol in the presence of Et3N in CH2Cl2
yielded 4a. Refluxing 1-hydroxypyrene and 1-tetradecyl
bromide with K2CO3 in acetone yielded 8. Friedel ±Crafts
acylation of pyrene with hexadecanoyl chloride and AlCl3 in
nitrobenzene gave hexadecanoylpyrene, which was subse-
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Table 1. Gelation behavior of pyrene derivatives in the presence of one
equivalent of TNF.[a]


Solvent 1 2 4a 7a 8


cyclohexanol G G G G G
n-octanol S S G G G
n-butanol G G G G G
tert-butyl alcohol G G G G G
n-hexane P P P G G
n-dodecane P P P G G
n-decane P P P G G
cyclohexane P P P G G


[a] G� gel, P�precipitate, S� solution. Gelator concentration was 2%
w/w in all cases.


Scheme 1.
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quently converted to 7a by a modified Wolf ±Kishner
reduction. The corresponding chiral and shorter chain ana-
logues were synthesized under similar reaction conditions.


Compounds that aggregate in the presence of TNF: The
gelation abilities of compounds 4 ± 14 were tested in a variety
of organic solvents in the presence of TNF. Among these
compounds, only 4a,b, 5, 7a ± c, and 8 formed gels owing to a
charge-transfer (CT) interaction between the pyrene donor
and acceptor TNF. The gels derived from these compounds
were stable at room temperature for several months. Com-
pounds 7 and 8 were found to show better gelation abilities
than 4 (Table 1) in the presence of TNF. While 4 was capable
of gelling only hydroxylic solvents to form largely opaque
orange gels, 7 and 8 formed red (transparent) and black gels,
in hydrocarbon and hydroxylic solvents, respectively. This
result suggests improved CT interaction between TNF and
more electron-rich 7 and 8 (as compared to the esters).
Shortening the hydrocarbon chain to eight carbon atoms did
not have any significant effect on the gelation ability or the
thermal stability of the gels formed in the presence of TNF
(Table 2). The minimum gelling concentrations were typically


in the 0.5 ± 1% (w/w) range. Surprisingly, the reverse ester 9
did not form a gel in any of the solvents mentioned for reasons
not clear to us. Compounds 6 and 10 ± 14 did not gel in the
presence of TNF in the liquids mentioned, probably because
of incompatible hydrogen-bonding and donor ± acceptor in-
teraction geometries.


Sol ± gel transition temperature : The sol-to-gel transition
temperature (Tgel)[24] was measured as a function of the molar
ratio of the acceptor and donor, at a constant donor
concentration, and as a function of gelator concentration (at
a donor to acceptor ratio of 1:1). The Tgel of 4b (at 23 m�) and
7a (at 9 m�) in n-octanol increased with an increase in the
amount of TNF, reached a maximum at a molar ratio of 1:1,
and remained almost constant thereafter (Figure 2a ) sug-
gesting a 1:1 donor/acceptor ratio as the optimum for gelation.
At a 1:1 ratio of donor (4b) to acceptor (3), the Tgel values
increased with increasing gelator concentration, as expected
(Figure 2 b ). Furthermore, we found that the length of the
hydrocarbon chain did not affect the thermal stability of the
gels in hydroxylic solvents (Table 2). The thermal stability of
gels derived from alkoxy pyrene 8 was higher than that of
alkyl pyrenes. This confirmed the role of a charge-transfer
interaction in stabilising the gels.


Figure 2. a) Plot of Tgel versus molar ratio of TNF/4b (23 m� of 4b, �) and
TNF/7a (9 m� of 7a, �) in n-octanol. b) Tgel as a function of the
concentration of 4b (with equimolar TNF) in n-octanol.


UV/Vis studies : During the gelation of these systems, a
substantial color change was observed. This was thought to be
caused by an increase in the charge-transfer interaction (CT)
during gelation and, therefore, the gelation of these com-
pounds was investigated by variable-temperature absorption
spectroscopy by monitoring changes in the charge-transfer
band during gelation. The rate of increase of the intensity of
the CT band (540 nm for 7) was found to be larger at the sol ±
gel transition point when a sol was cooled gradually below its
Tgel (Figure 3). This observation suggests that the formation of
gel aggregates is driven by a charge-transfer interaction. The
long alkyl chain could only be playing a secondary role in


Figure 3. Absorbance A of the charge-transfer band of an n-dodecane gel
of 7/TNF (4.7 m� of 7� 0.4% w/w) as a function of temperature T (1 mm
cell); UV/Vis spectra of gel of 7/TNF at 20 �C and 60 �C (inset).
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Table 2. Thermal stability of the gels derived from alkyl and alkoxypyrenes
with TNF.


Solvent Tgel [�C; c� 20 m�]
C16 alkyl(7a) C12 alkyl(7b) C14 ether(8)


cyclohexanol 62 61 64
n-octanol 64 63 65
n-butanol 71 69 75
tert-butyl alcohol 76 75 70
n-decane 71 59 79
n-dodecane 65 69 78
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modulating the solubility/crystallinity of the molecule in the
given solvent.


A chiral gelator : Since the thermal stability of the two-
component gels was found to be a maximum at a 1:1 molar
ratio of the donor and the acceptor, the supramolecular
aggregate initially formed is likely to be an alternative stack of
donor and acceptor surfaces to form one-dimensional aggre-
gates. If one of the two components is chiral, circular
dichroism spectroscopy can conveniently probe the formation
of chiral aggregates. Accordingly, compounds (S)-5/(R)-5
were synthesized from readily available (R)- or (S)-2-octanol.
Compound (S)-5/(R)-5 formed a translucent orange gel in
cyclohexanol in the presence of TNF (precipitates or solutions
were obtained in the other solvents tested). These gels gave
spectroscopic signatures similar to their achiral counterparts.
CD spectral analysis of the gel derived from (S)-5/(R)-5
showed positive/negative Cotton effects with high molar
ellipticity at �� 375 and 310 nm. No detectable CD was
observed in the molten gel (70 �C) (Figure 4). While these
results suggest that the aggregates formed in the gel are
possibly helical, the available data do not allow us to propose
a well-defined model at this time.


Figure 4. CD spectra of the gels derived from (S)-5 (positive CD) and (R)-
5 (negative CD) in cyclohexanol (7.1 m�� 1 mm cell).


Compounds with hydrogen-bonded donor± acceptor linkag-
es : Although several compounds shown in Scheme 1 did not
form charge-transfer gels in the presence of TNF, we were
delighted to observe that a few of them (10, 11, and 13, which
possess a pyrene-NH-CO functionality) formed gels in a
variety of solvents in the absence of TNF (Table 3). A
comparison of the gelation abilities of the gelators 10a, 11a,
and 13 indicated that 10a and 13 were superior to 11a and
gelled a larger number of solvents. The thermal stabilities of
gels of 10a and 13were substantially higher than that of 11a in
the same set of solvents. These two compounds formed
aggregates even in dipolar aprotic solvents, such as DMSO
and DMF, giving rise to gelatinous precipitates. A reduction
of the length of the side chain by about four carbon atoms had
only a marginal effect on the gelation abilities and thermal
stabilities. However, we found that, typically, an alkyl chain
length of more than eight carbon atoms was required for the


compound to act as a gelator. Compounds 10c and 11c failed
to gel any of the solvents gelled by their long-chain counter-
parts. Compounds 4, 5, and 7 ± 9 with no hydrogen-bonding
donor ± acceptor functionality did not gelatinize any of the
organic solvents mentioned in the absence of TNF. Further-
more, naphthyl derivative 14, with a hydrogen-donor± ac-
ceptor moiety also did not form a gel, possibly because of
insufficient � surface area. The reverse amide 6 also did not
form gel in any of the solvents mentioned for reasons not clear
to us. These two observations strongly support the hypothesis
that both hydrogen-bonding and � ±� interactions are neces-
sary for this type of novel pyrene-based gelators to rigidify
organic solvents.


Absorption spectroscopy : Variable-temperature absorption
spectroscopy was used to study the gelation process. No new
bands appeared in the gel phase when compared to the sol.
The study involved monitoring the changes in the intensity at
a chosen wavelength on cooling an isotropic solution of the
gelator in the gelling solvent to a temperature below the Tgel


and then completing a cycle by heating the gel to an isotropic
solution. In the case of 10a, 11a, and 13, pronounced
hyperchromism was observed on heating a gel to a sol,
suggesting the existence of stacked aromatic moieties in the
gel that destack upon melting the gel. Absorbance-temper-
ature plots showed hysteresis, with melting and freezing
points being distinctly different (Figure 5).


Fluorescence spectroscopy : To provide further evidence for
stacking and destacking of pyrene units during gelation,
fluorescence measurements were carried out on the gels.
Fluorescence intensities of various bands were monitored as a
function of temperature. As a sol of 10a in toluene was
cooled, the intensity of both monomer (�� 407 nm) and the
excimer (�� 480 nm) increased; the magnitude of this change
was larger at the sol ± gel transition point. The plots obtained
were similar to those of absorption studies and showed
hysteresis (Figure 6).


FT-IR studies : Infrared measurements were made on sol ± gel
samples of 10a, 11a, and 13 in cyclohexane, since we expected
these compounds to associate through hydrogen-bonding
interactions owing to their self-complementarity. The FT-IR
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Table 3. Gelation behavior of compounds in the absence of TNF.[a]


Solvent 13 12 11 10 8 7 4 (R)-5/(S)-5


nBuOH G C G G P P P S
tBuOH G C G G P P WG S
n-octanol G S G G P P S S
cyclohexanol G S G G P WG WG S
cyclohexane G G G G P S S S
n-hexane G G G G P S S S
n-decane G G G G P S S S
n-dodecane G G G G P S S S
CCl4 G S P G S S S S
CHCl3 S S S P S S S S
PhMe G S S G ± ± S S


[a] G� gel, WG�weak gel, P� precipitate, C� crystal, S� solution. The
gelator concentration was 2% (w/w) in all cases.
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Figure 5. UV/Vis spectra of gel of 10a in toluene at 60 �C and 25 �C (top);
variable-temperature UV (1 mm cell): gel of 10a (12.4 m�) in toluene (�);
10a (16.5 m�) in cyclohexanol (�); 11a (35.8 m�) in cyclohexane (�)
(bottom).


Figure 6. Variable-temperature fluorescence (�ex 355 nm, �em 480 nm): 11b
(37.3 m�) in cyclohexane (�); (�ex 355 nm, �em 407 nm): 10a (10.3 m�) in
toluene (�).


spectra were recorded for sol, gel, solid (KBr), and isotropic
solutions of the compounds (Table 4). A comparison of the
stretching frequencies for C�O and N�H revealed no change
in their values between the sol and the gel phases. However,


there was a shift of around 30 cm�1 and 150 cm�1 for C�O and
N�H, respectively, when the gel phase was compared with a
solution in CHCl3. In addition, the stretching frequencies for
these two functionalities in the gel phase hardly differed from
that in the solid phases, suggesting considerable, almost solid-
like aggregation in the gel as well as the sol phase, thus
proving that the gel aggregates are intermolecularly hydro-
gen-bonded, in addition to having a �-stacking interaction.


NMR studies : NMR spectra were recorded for a [D6]benzene
gel of 10a at various temperatures. There was no observable
shift in the proton signals (specially the NH) on going from
the sol to the gel phase. This is consistent with the FT-IR data,
which showed as much hydrogen-bonding association in the
sol state as in the gel. The only observable change in the NMR
was the broadening of the peaks in the gel phase as compared
to the sol.


Molecular modeling and a chiral gelator : Variable-temper-
ature FT-IR studies suggested that the primary aggregates of
these gelators are intermolecularly hydrogen-bonded, and are
present even in the sol. At the gelation temperature, further
aggregation/rigidification of the aggregate is augmented
through �-stacking interactions. Molecular modeling (IN-
SIGHT II) was performed to model the structure of the
primary gel aggregates. Molecular mechanics (MMX) mini-
mizations on an assembly of the gelator molecules suggested
that these molecules stack through � ±� interactions forming
a continuous array with intermolecular hydrogen bonding
between N�H of one molecule with the C�O group of the
adjacent molecule. This type of an assembly induces a twist in
the array leading to a helical organization. Furthermore,
modeling with (R)-(�)-2-octyl urethane derivative of pyrene
(R)-12 showed a tightly packed, P-helical aggregate (Fig-
ure 7). It was clearly important at this time to synthesize
(R)-12 and study its optical properties.


Figure 7. Insight I-minimized structure of an assembly of 15 molecules of
2-octyl carbamate (R)-12 with P helicity.


Chiral gelators (R)-12 and (S)-12 were synthesized and the
gelation test results are shown in Table 3. We were delighted
to see that 12 could gelate a number of hydrocarbon solvents,
unlike the straight-chain analogue 11c (which produced
crystals). Gels obtained from the chiral gelators gave spectro-
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Table 4. FT-IR data on gel/sol derived from one-component gelators.[a]


Solid Gel Sol Solution (CHCl3)
C�O N±H C�O N-H C�O N±H C�O N±H


10a 1655 3253 1652 (5.2) 3268 1651 (5.2) 3266 1683 (16.5) 3427
11a 1695 3293 1692 (36) 3262 ± ± 1731 (36) 3430
13 1629 3314 1630 (5.9) 3310 1630 (5.9) 3316 1668 (6) 3420


[a] The numbers in parentheses represent the concentrations in m�.
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scopic signatures similar to their achiral counterparts. Most
interestingly, the optical rotation of gelator (R)-12 in cyclo-
hexane (1.47%) at �65 �C (molten gel) was �6 degcm2g�1,
and upon cooling to room temperature (25 �C) the optical
rotation changed sign, and increased to �1680 degcm2g�1.
The observation of such a large optical rotation is consistent
with the formation of a ™hellicenoid∫ organization.[25] The
circular dichroism spectra of gels of chiral compounds (R)-12
and (S)-12 showed bands with opposite signs at �� 389 nm,
while the sol did not show any CD band. This observation
suggests the presence of chiral helical assemblies in the gel
state, thus supporting our model shown in Figure 7.


X-ray crystallography : Long needles of (S)-12, were obtained
by slow evaporation of an ethanolic solution. Chiral 12(S)
crystallizes out in the acentric monoclinic space group P21
(no. 4) with two molecules of (S)-12 in the asymmetric unit.
Figure 8 shows a view of (S)-12 with the crystallographic


Figure 8. Structure of (S)-12 (ORTEP[34] plot; the thermal displacement
parameters are shown at 50% probability level).


numbering scheme. No abnormal bond lengths and angles
occur in the structure of (S)-12. The amide group attached to
the chiral alkyl chain is tilted 49.9(3)� from the pyrene plane
(as defined by the torsion angle C17-N1-C1-C14).


The molecules of (S)-12 pack along the crystallographic a
axis (Figure 9) without any solvent molecules. The amide
hydrogen atom is strongly hydrogen-bonded to the carbonyl


Figure 9. Packing of (S)-12 along the x axis.


group of the adjacent molecule. The hydrogen bond param-
eters being 0.880 ä (N1�H1), 1.974 ä (H1 ¥¥ ¥O1#), 2.853 ä
(N1 ¥¥¥ O1#) and 178.44� (N1-H1 ¥¥ ¥ O1#, symmetry operator
#� 1 � x, y, z). The strong hydrogen bond creates 1D arrays
or columns which pack non-centrosymmetrically along the a
axis (Figure 9). The 1D array or column formation is further


enhanced by the optimum � ±� interactions between the
adjacent pyrene moieties (Figures 10 and 11). The adjacent
pyrene moieties overlap so that stacking interactions are


Figure 10. Packing of three molecules of (S)-12 along the z axis showing
the hydrogen bonding and stacking of the pyrene moieties, ball-and-stick
(left) and CPK (right).


optimized; the intermolecular distances vary from 3.506 ä
(C4¥¥¥ Ct1, where Ct1 is the centroid of C1, C2, C12, C13, C14
and C16) to 3.545 ä (C7 ¥¥ ¥ C10), which indicateds quite
strong � ±� interactions. The 1D arrays are packed tightly
together but no intermolecular contacts shorter than the sum
of the van der Waals radii between the 1D arrays occur. The
absence of a helical organization in the solid state is not
surprising, possibly because of crystal-packing forces. The
X-ray data clearly supports our model for the formation of the
primary aggregate during the gelation process.[26]


Scanning electron microscopy : The gel morphology was
investigated by electron microscopy of the xerogels coated
with Au. All the SEM pictures (Figure 12) show intercon-
nected networks of fibers with a dimension in the order of
50 ± 100 nm. Although we have proposed a model for the
formation of the primary aggregates from (R)-12/(S)-12, the
available data do not allow us to suggest how these units could
possibly assemble to generate the macroscopic fibrillar
structures seen in SEM.


Conclusion


We have demonstrated that pyrene linked with a hydrocarbon
chain through a variety of linkers are efficient gelators of
organic solvents. Compounds with no hydrogen-bonding
donor ± acceptor functionality formed colorful gels only in
the presence of TNF in a 1:1 stoichiometry through charge-
transfer interaction. They are efficient gelators of hydro-
carbon solvents as well as hydroxylic solvents. CD analysis of
a gel derived from a chiral gelator provided evidence for the
existence of supramolecular chirality.


Compounds having hydrogen-bond donor± acceptor link-
ers formed gels in a variety of organic solvents through
intermolecular hydrogen bonding and � ±� interaction. FT-
IR spectroscopic analysis of these suggested the presence of
strong hydrogen bonds in the gel. Variable-temperature UV/
Vis and fluorescence studies for the gel-to-sol interconversion
showed the existence of stacked pyrene units in the gel fibers.
Molecular modeling suggested face-to-face stacking of pyrene
units and hydrogen bonding between the NH and the C�O
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groups on adjacent molecules resulting in a helical motif. This
model was supported by CD and optical rotation measure-
ments on gels derived from a chiral gelator. The X-ray crystal
structure of this gelator showed the presence of hydrogen
bonding and � stacking of pyrene units, as predicted by our
model.


Our work describes the first the detailed studies on the
formation of an organogel mediated by a two-component
donor ± acceptor interaction. We believe that further research
in this area will lead to a better understanding of the detailed
structure of the gel fibers, which is a must for potential
futuristic applications of these novel organogels.
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Figure 11. Stereoview of the packing of (S)-12 along the y axis.


Figure 12. SEM of the xerogels a) 10a in n-octanol; b) 10b in tert-butyl
alcohol; c) 7a/TNF in n-octanol; d) 11b in tert-butyl alcohol; e) (R)-12 in
isooctane.
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Experimental Section


All reactions were carried out in oven-dried glassware, unless otherwise
stated. All moisture-sensitive reactions were carried out with appropriate
protection (calcium chloride guard tubes/inert atmosphere). All solvents
were distilled before use. Chloroform and dichloromethane were distilled
over CaH2; THF and toluene were distilled over sodium/benzophenone
ketyl; and pyridine and Et3N were distilled over KOH. All melting points
are uncorrected. TLC was performed on pre-coated silica gel plates
(Merck) and stained with iodine vapor or with 10% phosphomolybdic acid
reagent, or observed under UV light. Column chromatography was carried
out on 100 ± 200 mesh silica gel (Acme) on gravity columns. UV/Vis spectra
were recorded on a Shimadzu UV2100 spectrometer equipped with a
thermoelectric variable-temperature setup. FT-IR spectra were recorded
on a Jasco-70 FT-IR spectrometer. Fluorescence spectra were recorded on
a Perkin-Elmer LS-50B luminescence spectrometer. NMR spectra were
measured on 300 MHz instruments (JEOL Lambda-300)in deuterated
solvents as indicated; TMS or the residual solvent peaks were used as
internal standards. Optical rotations were measured at �� 589 nm at the
specified temperatures on a JASCO DIP-370 digital polarimeter. Circular
dichroism spectra were recorded on a JASCO J-700 CD spectrophotometer.


1-Acetylpyrene was synthesized by following a literature procedure. Yield:
83%; m.p. 88 ± 89 �C (lit.[23] 90 �C).


Pyrene 1-carboxylic acid : To a mixture of 1-acetylpyrene (2.3 g, 9.38 mmol)
and pyridine (2 mL) in a 100-mL round-bottomed flask equipped with an
air condenser heated to 85 ± 90 �C, was added NaOCl solution (70 mL,
3.8%, 37.6 mmol). After heating at the same temperature for 1 h, the
reaction mixture was concentrated and filtered. The white precipitate
obtained was dissolved in hot water and filtered to remove insolubles. The
filtrate was cooled and acidified with dilute HCl to obtain a pale yellow
product that, after filtration and drying, was sublimed under reduced
pressure. Yield 75%, m.p. 260 ± 261 �C (lit.[23] 261 ± 262 �C).


1-Nitropyrene : To a mixture of pyrene (3.0 g, 15.0 mmol) and Ac2O
(4.0 mL, 42.4 mmol) in EtOAc (30 mL) was added Cu(NO3)2 ¥ 3H2O (5 g,
21 mmol). The mixture was stirred at 55 �C for 20 h and a thick yellow
precipitate formed. The reaction mixture was cooled to room temperature
and the inorganic materials were filtered off. The crude product obtained
on evaporation of the solvent was purified on a silica gel column (3.2 cm�
19 cm, 10 ± 60% CHCl3/hexanes) to give the pure product (3.44 g; 93%);
m.p. 150 ± 152 �C (lit.[23] 153 ± 155 �C).


1-Aminopyrene : To a solution of 1-nitropyrene (0.8 g, 3.23 mmol) in
EtOAc (12 mL) and AcOH (1 mL), under H2 (1 atm) was added 10% Pd/C
(345 mg, 0.29 mmol). The mixture was stirred for 3 h. The solution was
filtered through a bed of celite and the crude product obtained on
evaporation of the solvent was crystallized from cyclohexane to yield 80%
of the product. M.p. 113 ± 114 �C (lit.[23] 115 ± 117 �C).


1-Bromopyrene : 1-Bromopyrene was synthesized by following a literature
procedure. M.p. 92 ± 93 �C (lit[27] 94.5 ± 95.5 �C).


Pyren-1-ol : 1-Bromopyrene (0.97 g, 3.47 mmol) and Mg pieces (0.11 g,
4.43 mmol) in dry THF (3 mL) were placed in a two-necked 50-mL round-
bottomed flask fitted with a reflux condenser and a septum under an
atmosphere of argon. BH3 ¥ SMe2 (0.4 mL of 10�, 4.0 mmol) was added
with a syringe. The reaction mixture was refluxed for 3 h, cooled to RT, and
water (1 mL) was added dropwise to destroy excess borane. NaOH (1�,
1.8 mL, 1.8 mmol) solution was added dropwise. After the mixture had
been stirred for 5 min, 30% H2O2 (0.48 mL, 4.23 mmol) was added
dropwise with ice cooling. The mixture was stirred for 1 h, concentrated
HCl (1 mL) and water (2 mL) were added and the mixture was extracted
with EtOAc (2� 10 mL), washed with brine, and dried over anhydrous
Na2SO4. After the volatiles had been removed in vacuo, the crude product
was purified on a silica gel column (2.2 cm� 27 cm, 4 ± 10% EtOAc/
hexanes) to give the desired product (0.37 g; 49%); m.p. 173 ± 173.5 �C
(decomp) (lit.[23] 179 ± 181 �C).


General procedure for the preparation of alkyl pyrene carboxylates :
1-Pyrene carboxylic acid (0.12 mmol) was converted to the corresponding
acid chloride by treating with oxalyl chloride (0.06 mL, 0.685 mmol) and
DMF (4 �L) in dry toluene (0.5 mL). After the reaction mixture had been
stirred for 1.5 h, volatiles were removed in vacuo. The crude acid chloride
obtained was dissolved in toluene (0.5 mL), treated with pyridine (0.5 mL)
and the appropriate alcohol (0.15 mmol), and stirred for 14 h. The reaction


mixture was extracted with EtOAc and the organic extract was washed with
dilute HCl, saturated NaHCO3 solution, water and brine. The crude
product obtained on evaporation of the solvent was purified on a silica gel
column (50 ± 60% CHCl3/hexanes) and subsequently crystallized from
EtOH.


1-Hexadecyl pyrene-1-carboxylate (4a): Yield 89%, m.p. 65 ± 66 �C; UV/
Vis (CHCl3): �max (log�)� 385.0 (3.85), 353.0 (4.38), 283.0 (4.43), 274.0
(4.26), 245 nm (4.63); IR (Nujol): �� � 1690, 1615, 1590 cm�1; 1H NMR
(300 MHz, CDCl3): �� 9.27 (d, J� 9.6 Hz, 1H), 8.64 (d, J� 7.8 Hz, 1H),
8.29 ± 8.04 (m, 7H), 4.51 (t, 2H), 1.90 (q, J� 6.9 Hz, 2H), 1.25 (m, 26H),
0.88 ppm (t, J� 6.9 Hz, 3H); 13C NMR (75 MHz, CDCl3): �� 168.11,
134.17, 131.03, 130.97, 130.36, 129.47, 129.29, 128.30, 127.11, 126.21, 126.17,
126.06, 124.92, 123.92, 124.80, 124.19, 124.06, 65.40, 31.91, 29.69, 29.66,
29.60, 29.56, 29.35, 28.85, 26.20, 22.66, 14.10 ppm; LRMS:m/z (%): 470 (12)
[M]� , 55 (100); elemental analysis calcd (%) for C33H42O2: C 84.2, H 9.0;
found: C 84.40, H 9.13.


1-Octyl pyrene-1-carboxylate (4b): Yield 68%, m.p. 52 ± 53 �C; UV/Vis
(CHCl3): �max (log�)� 385.0 (3.9), 353.2 (4.43), 283.2 (4.49), 273.6 (4.31),
245.8 nm (4.68); IR (neat): �� � 1700, 1620, 1590 cm�1; 1H NMR (300 MHz,
CDCl3): �� 9.27 (d, J� 9.3 Hz, 1H), 8.55 (d, J� 8.1 Hz, 1H), 8.29 ± 8.17 (m,
5H), 8.11 ± 8.04 (m, 2H), 4.52 (t, 2H), 1.83 (q, J� 7.2 Hz, 2H), 1.59 ± 1.51
(m, 4H), 1.43 ± 1.26 (m, 6H), 0.91 ppm (t, J� 6.9 Hz, 3H); 13C NMR
(75 MHz, CDCl3): �� 168.15, 134.20, 131.05, 131.01, 130.39, 129.50, 129.32,
128.32, 127.15, 126.25, 126.20, 126.10, 124.83, 124.21, 124.10, 123.96, 65.43,
31.82, 29.32, 29.25, 28.88, 26.23, 22.67, 14.11 ppm; LRMS:m/z (%): 358 (97)
[M]� ; elemental analysis calcd (%) for C25H26O2: C 83.76, H 7.31; found: C
84.09, H 7.36.


2-octyl pyrene-1-carboxylate [(R)-5/(S)-5]: To a stirred solution of pyrene-
1-carboxylic acid (102 mg, 0.415 mmol), dicyclohexylcarbodiimide (DCC)
(118 mg, 0.572 mmol), and dimethylaminopyridine (DMAP) (22 mg,
0.18 mmol) in dry THF (2.2 mL) was added (R)-2-octanol (0.06 mL,
0.378 mmol). After stirring for 12 h, the reaction mixture was extracted
with CHCl3, washed with water and brine, and dried over anhydrous
Na2SO4. The crude compound obtained on evaporation of the solvent was
purified on a silica gel column (16 cm� 1.2 cm, 50% CHCl3) to afford a
yellow oil in 55% yield. [�]25D ��15.5 (c� 1.1 in CHCl3) for the R isomer;
[�]25D ��15.0 (c� 1.2 in CHCl3) for the S isomer; UV/Vis (CHCl3): �max


(log�)� 384.5 (3.84), 352.5 (4.41), 283 (4.47), 271.5 (4.32), 246 nm (4.7); IR
(neat): �� � 1700, 1597, 1459, 1384, 1257, 1232, 1198, 1148, 1120, 1089, 1044,
854 cm�1; 1H NMR (300 MHz, CDCl3): �� 9.27 (d, J� 9 Hz, 1H), 8.62 (d,
J� 8.1 Hz, 1H), 8.28 ± 8.16 (m, 5H), 8.10 ± 8.03 (m, 2H), 5.39 (sextet, J�
6 Hz, 1H), 1.97 ± 1.85 (m, 2H), 1.8 ± 1.68 (m, 2H), 1.51 (d, J� 6.3 Hz, 3H),
1.6 ± 1.27 (m, 6H), 0.91 ppm (t, J� 6.6 Hz, 3H); 13C NMR (75 MHz,
CDCl3): �� 167.75, 134.08, 131.01, 130.97, 130.4, 129.42, 129.24, 128.18,
127.16, 126.23, 126.15, 126.05, 124.94, 124.83, 124.5, 124.24, 124.09, 72.04,
36.24, 31.79, 29.24, 25.6, 22.62, 20.24, 14.09 ppm; LRMS: m/z (%): 358
[M]� ; elemental analysis calcd (%) for C25H26O2: C 83.76, H 7.31; found: C
83.56, H 7.26.


1-Pyrenoyl-1-octadecyl amide (6): IR (thin film): �� � 3334, 1634, 1522,
1523, 1468 cm�1; 1H NMR (300 MHz, CDCl3): �� 8.56 (d, J� 9 Hz, 1H),
8.22 (d, J� 7.2 Hz, 2H), 8.16 ± 8.02 (m, 6H), 6.12 (br s, 1H), 3.62 (q, J�
6.6 Hz, 2H), 1.72 (quintet, J� 7.5 Hz, 2H), 1.26 (m, 28H), 0.85 ppm (t, J�
6.6 Hz, 3H); 13C NMR (75 MHz, CDCl3): �� 169.92, 132.35, 131.45, 131.15,
130.69, 128.54, 128.49, 128.44, 127.07, 126.25, 125.71, 125.63, 124.72, 124.41,
124.26, 40.33, 31.91, 29.77, 29.69, 29.61, 29.35, 27.08, 22.67, 14.10 ppm;
LRMS: m/z (%): 497 [M]� ; elemental analysis calcd (%) for C35H47NO: C
84.54, H 9.52, N 2.82; found: C 84.88, H 9.74, N 2.39.


1-Hexadecanoyl-1-pyrene : A mixture of 1-hexadecanoic acid (0.43 g,
1.67 mmol), oxalyl chloride (0.4 mL, 4.69 mmol) and DMF (4 �L) in dry
toluene (2 mL) was stirred at 45 �C for 1 h. Toluene and excess oxalyl
chloride were removed under reduced pressure. To the crude acid chloride,
dry nitrobenzene (4 mL) and pyrene (0.33 g, 1.63 mmol) were added,
stirred at 0 �C for 30 min, and then AlCl3 (0.38 g, 2.88 mmol) was added in
three portions at 5 min intervals. After the mixture had been stirred at
room temperature for 2 h, crushed ice was added. Nitrobenzene was
removed by steam distillation, the residue was extracted with EtOAc (2�
10 mL), washed with water (10 mL), dilute HCl (10 mL), saturated
NaHCO3 solution (15 mL), and with brine, and dried over anhydrous
Na2SO4. The crude product was purified on a silica gel column (2.2 cm�
15.5 cm, 30 ± 50% CHCl3/hexanes) to give the desired product (0.51 g;
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71%) as a yellow solid; m.p. 60 ± 61 �C; UV/Vis (1% CHCl3/EtOH v/v):
�max (log�)� 354.5 (4.33), 282 (4.56), 242 (4.68), 232.5 nm (4.70); IR (thin
film): �� � 1670, 1600 cm�1; 1H NMR (300 MHz, CDCl3): �� 8.85 (d, J�
9.6 Hz, 1H) 8.30 ± 8.01 (m, 8H), 3.19 (t, J� 7.5Hz, 2H), 1.85 (quintet, J�
6.9, J� 7.5 Hz, 2H), 1.47 (m, 24H), 0.88 ppm (t, J� 6.6 Hz, 3H); 13C NMR
(75 MHz, CDCl3): �� 205.49, 133.55, 133.03, 131.11, 130.59, 129.44, 129.34,
127.09, 126.35, 126.15, 125.96, 125.93, 125.04, 124.83, 124.38, 123.99, 42.73,
31.93, 29.69, 29.66, 29.62, 29.52, 29.50, 29.44, 29.36, 25.03, 22.70, 14.12 ppm;
LRMS: m/z (%): 440 [M]� , 229 (100); elemental analysis calcd (%) for
C32H40O: C 87.23, H 9.15; found: C 87.24, H 9.30.


1-Dodecanoyl-1-pyrene : This compound was made from 1-dodecanoic acid
and pyrene in 70% yield, m.p. 56 ± 57 �C; UV/Vis (1% CHCl3/EtOH): �max


(log�)� 356 (4.34), 282 (4.39), 242 (4.61), 233.5 (4.61), 209.5 nm (4.46); IR
(thin film): �� � 1668, 1595 cm�1; 1H NMR (300 MHz, CDCl3): �� 8.86 (d,
J� 9.6 Hz, 1H), 8.31 (d, J� 8.1 Hz, 1H), 8.26 ± 8.01 (m, 6H), 8.06 (d, J�
9.6 Hz, 1H), 3.12 (t, J� 7.2 Hz, 2H), 1.86 (q, J� 7.3 Hz, 2H), 1.47- 1.25 (m,
16H), 0.87 ppm (t, J� 6.6 Hz, 3H); 13C NMR (75 MHz, CDCl3): �� 205.57,
133.54, 133.00, 131.10, 130.57, 129.44, 129.35, 129.21, 127.09, 126.36, 126.15,
125.96, 125.93, 125.02, 124.80, 124.37, 123.99, 59.55, 42.73, 31.90, 29.60,
29.49, 29.42, 29.33, 25.02, 22.68, 14.11 ppm; LRMS:m/z (%): 384 [M]� , 229
(100%); elemental analysis calcd (%) for C28H32O: C 87.45, H 8.38; found:
C 87.69, H 8.52.


1-Hexadecyl-1-pyrene (7a): In a 35-mL test tube fitted with a reflux
condenser, 1-hexadecanoyl-1-pyrene (0.15 g, 0.34 mmol), hydrazine mono-
hydrate (0.14 mL, 2.88 mmol), and KOH (0.10 g, 1.78 mmol) in digol
(1.5 mL, 12.40 mmol) was heated at 125 �C in a sand bath for 2 h, and then
water was removed from the reaction mixture by distilling at 205 �C. The
reaction mixture was cooled to RT, extracted with CHCl3 (2� 5 mL),
washed with water and brine, and dried over anhydrous Na2SO4. The crude
product was purified on a silica gel column (1.2 cm� 15 cm, hexane) to give
7a (0.12 g; 80%). M.p. 79 ± 80 �C; UV/Vis (1% CHCl3/EtOH v/v): �max


(log�)� 342.5 (4.60), 326 (4.44), 313 (4.04), 276 (4.65), 265 (4.39), 255
(4.13), 243 (4.82), 210 nm (4.36); IR (Nujol): �� � 1465, 850 cm�1; 1H NMR
(300 MHz, CDCl3): �� 8.27 (d, J� 9.3Hz, 1H), 8.16 ± 8.08 (m, 4H), 8.02 ±
7.98 (m, 3H), 7.88 (d, J� 7.8 Hz, 1H), 3.33 (t, J� 7.7 Hz, 2H), 1.53 (quintet,
J� 7.5 Hz, 2H), 1.25 (m, 26H), 0.88 ppm (t, J� 6.9 Hz, 3H); 13C NMR
(75 MHz, CDCl3): �� 137.37, 131.43, 130.92, 129.65, 128.58, 127.52, 127.23,
127.04, 126.44, 125.72, 125.05, 124.75, 124.73, 124.57, 123.53, 33.62, 31.96,
31.92, 29.83, 29.69, 29.67, 29.63, 29.59, 29.36, 22.69, 14.12 ppm; LRMS: m/z
(%): 426 [M]� ; elemental analysis calcd (%) for C32H42: C 90.08, H 9.92;
found: C 90.49, H 10.12.


1-Dodecyl-1-pyrene (7b): A similar procedure gave 7b in 62% yield; m.p.
72 ± 73 �C; UV/Vis (1% CHCl3/EtOH v/v): �max (log�)� 342.5 (4.65), 326.5
(4.49), 312 (408), 276 (4.69), 265 (4.42), 255 nm (4.15); IR (thin film): �� �
1465, 840 cm�1; 1H NMR (300 MHz, CDCl3): �� 8.29 (d, J� 9.3 Hz, 1H),
8.17 (m, 5H), 8.02 (m, 2H), 7.87 (d, J� 7.8 Hz, 1H), 3.33 (t, J� 7.7 Hz, 2H),
1.37 (quintet, J� 7.5 Hz, 2H), 1.49 (m, 2H), 1.37 ± 1.26 (m, 16H), 0.88 ppm
(t, J� 6.8 Hz, 3H); 13C NMR (75 MHz, CDCl3): �� 137.39, 131.47, 130.96,
129.68, 127.54, 127.25, 127.07, 126.46, 125.74, 125.08, 124.77, 124.76, 124.59,
123.55, 33.64, 31.98, 31.93, 29.85, 29.68, 29.65, 29.61, 29.36, 22.07, 14.13 ppm;
LRMS: m/z (%): 384 [M]� ; elemental analysis calcd (%) for C28H34: C
90.75, H 9.25; found: C 90.95, H 9.33.


1-Ethylpyrene (7c): 1-Ethylpyrene was prepared following the procedure
for 7b in 98% yield; m.p. 94 ± 95 �C; 1H NMR (300 MHz, CDCl3): �� 8.26
(d, J� 9.3Hz, 1H), 8.14 ± 8.05 (m, 4H), 7.99 ± 7.91 (m, 3H), 7.86 (d, J�
6.9 Hz, 1H), 3.35 (q, J� 7.5 Hz, 2H), 1.45 ppm (t, J� 6.3 Hz, 3H); 13CNMR
(75, MHz, CDCl3): �� 138.57, 131.43, 130.92, 129.66, 128.36, 127.51, 127.12,
126.46, 126.35, 125.72, 125.05, 124.93, 124.75, 124.61, 123.33, 26.56,
16.12 ppm; LRMS m/z (%): 230 [M]� ; elemental analysis calcd (%) for
C18H14: C 93.87, H 6.13; found: C 94.12, H 6.22.


1-Tetradecyl-1-pyrenyl ether (8): In a 5-mL round-bottomed flask fitted
with a reflux condenser, 1-pyrenol (0.021 g, 0.095 mmol) and 1-tetradecyl-
bromide (28 �L, 0.094 mmol) in dry acetone (1.0 mL) were placed under an
Ar atmosphere and K2CO3 (0.014 g, 0.10 mmol) was added. The reaction
mixture was refluxed for 7.5 h. The solvent was removed in vacuo, extracted
with EtOAc (4 mL), washed with brine, and then the solvent was removed
in vacuo. The crude product was purified by column chromatography on
silica gel (1.0 cm� 14 cm, hexane) to give 8 (21 mg; 54%). M.p. 74 ± 75 �C;
UV/Vis (1% CHCl3/EtOH v/v): �max (log�)� 382.5 (3.96), 363 (4.14), 351
(4.40), 346 (4.42), 337 (4.33), 277.5 (4.61), 267 (4.31), 241.5 nm (4.78); IR


(Nujol): �� � 1250 cm�1; 1H NMR (300 MHz, CDCl3): �� 8.47 (d, J�
9.0 Hz, 1H), 8.16 ± 7.86 (m, J� 7.0 Hz. 7H), 7.53 (d, J� 8.4 Hz, 1H), 4.31
(t, J� 6.5 Hz, 2H), 2.06 (quintet, J� 6.7 Hz, 2H), 1.84 (m, 2H), 1.26 (m,
20H), 0.88 ppm (t, J� 6.0 Hz, 3H); 13C NMR (75 MHz, CDCl3): �� 153.27,
131.76, 131.73, 127.26, 126.24, 126.04, 125.49, 125.09, 124.99, 124.86, 124.15,
124.06, 121.32, 120.43, 109.14, 60.01, 31.94, 29.71, 29.69, 29.66, 29.64, 29.51,
29.48, 29.37, 26.28, 22.70, 14.13 ppm; LRMS: m/z (%): 414 [M]� ; elemen-
tal analysis calcd (%) for C30H38O: C 86.90, H 9.24; found: C 86.76,
H 9.34.


1-Pyrenyl-1-hexadecylcarboxylate (9): 1-Hexadecylcarboxylic acid
(160 mg, 0.62 mmol) was converted to the corresponding acid chloride by
treating with oxalyl chloride (0.16 mL, 1.85 mmol) and DMF (4 �L) in dry
toluene (1.4 mL). After the reaction mixture had been stirred at 45 �C for
1 h, volatiles were removed in vacuo. The crude acid chloride obtained was
dissolved in toluene (1.5 mL), and treated with pyridine (0.6 mL) and
pyrenol (146 mg, 0.63 mmol) in toluene (1 mL) and heated at 100 �C for
14 h. The reaction mixture was extracted with EtOAc and the organic
extract was washed with dilute HCl, saturated NaHCO3 solution, water and
brine. The crude product obtained on evaporation of the solvent was
purified on a silica gel column (3 ± 5% EtOAc/hexanes) to yield 9 (185 mg;
65%). IR (neat): �� � 3045, 2923, 2852, 1760, 1599 cm�1; 1H NMR
(300 MHz, CDCl3): �� 8.2 ± 8.07 (m, 8H), 7.81 (d, J� 8.4 Hz, 1H), 2.84
(t, J� 7.4 Hz, 2H), 1.92 (quintet, J� 7.5 Hz, 2H), 1.27 (m, 26H), 0.89 ppm
(t, J� 6.8 Hz, 3H); 13C NMR (75 MHz, CDCl3): �� 172.69, 144.36, 131.14,
130.97, 129.23, 128.07, 127.09, 127.02, 126.26, 125.60, 125.44, 125.17, 125.0,
124.57, 123.14, 120.24, 119.77, 34.54, 31.93, 29.71, 29.69, 29.63, 29.52, 29.37,
29.33, 29.28, 26.20, 22.70, 14.13 ppm; LRMS: m/z (%): 456 [M]� .


General procedure for the preparation of alkyl amides of pyrene : An
aliphatic acid (0.70 mmol) was converted to the corresponding acid
chloride by stirring with oxalyl chloride (2.25 mmol) and DMF (5 �L) in
dry toluene (1 mL) at RT. After 5 h, the volatiles were removed in vacuo
and the resulting oil was dissolved in dry CH2Cl2 (6 mL) and treated with
1-aminopyrene (0.69 mmol) and Et3N (1.0 mmol). A buff colored precip-
itate resulted. After the mixture had been stirred for 15 h, the precipitate
was filtered and washed with EtOH. The solid obtained was then dissolved
in hot 40%EtOH/CHCl3 and decolorized (charcoal). The white precipitate
formed on cooling the filtrate was collected by filtration and dried.


1-Octadecanoyl-1-pyrene amide (10a): Yield 73%; m.p. 153 �C; UV/Vis
(CHCl3): �max (log �)� 245.8 (4.54), 278.8 (4.36), 343.4 (4.33), 380.0 nm
(3.13); IR (Nujol): �� � 3240, 1650 cm�1; 1H NMR (300 MHz, CDCl3): ��
8.34 ± 8.00 (m, 9H), 7.80 (s, 1H), 2.59 (t, J� 7.5 Hz, 2H), 1.88 (q, J� 7.5 Hz,
2H), 1.26 (m, 28H), 0.90 ppm (t, 3H); LRMS: m/z (%): 483 (19) [M]� ;
elemental analysis calcd (%) for C34H45NO: C 84.42, H 9.38, N 2.89; found:
C 84.19, H 9.6, N 2.52.


1-Dodecanoyl-1-pyrene amide (10b): Yield 85%; m.p. 149 ± 149 �C; UV/
Vis (CHCl3): �max (log�)� 245.8 (4.52), 278.8 (4.35), 343.4 (4.3) 389.0 nm
(3.12); IR (Nujol): �� � 3240, 1640 cm�1; 1H NMR (300 MHz, CDCl3): ��
8.40 (s, 1H), 8.20 ± 8.02 (m, 8H), 7.78 (s, 1H), 2.60 (t, J� 7.5 Hz, 2H), 1.89
(q, 2H), 1.51 ± 1.11 (m, 16H), 0.88 ppm (t, 3H); LRMS:m/z (%): 399 [M]� ;
elemental analysis calcd (%) for C28H33NO: C 84.16, H 8.33, N 3.51; found:
C 84.17, H 8.41, N 3.2.


1-Octanoyl-1-pyrene amide (10c): Yield 81%; IR (Nujol): �� � 3240, 1650,
1590, 1560, 1530, 1465 cm�1; 1H NMR (300 MHz, CDCl3): �� 8.36 (s, J�
8.1 Hz, 1H), 8.33 ± 8.05 (m, 8H), 7.82 (s, 1H), 2.59(t, J� 7.5Hz, 2H), 1.88 (q,
2H), 1.5 ± 1.11 (m, 8H), 0.88 ppm (t, 3H); LRMS: m/z (%): 343 [M]� ;
elemental analysis calcd (%) for C24H25NO: C 83.92, H 7.34, N 4.08; found:
C 83.47, H 7.28, N 3.75.


General procedure for the synthesis of alkyl carbamates derived from
1-aminopyrene : To a stirred solution of the alcohol (0.62 mmol) in CHCl3
(3 mL), bis(trichloromethyl) carbonate (0.20 mmol) was added and the
mixture was cooled in an ice bath. Pyridine (0.62 mmol) was added slowly
over a period of 5 min. After 2 h, a solution of 1-aminopyrene (0.6 mmol)
and pyridine (0.7 mmol) in CHCl3 (2 mL) was added over a period of
10 min. After 1 h, the reaction mixture was diluted with CHCl3 (5 mL) and
washed with 1� HCl, water, aqueous NaHCO3, and dried over anhydrous
Na2SO4. The crude product was chromatographed on a silica gel column
(50% CHCl3/hexanes).


Pyren-1-yl-carbamic acid hexadecyl ester (11a): 1-Hexadecanol (0.150 mg)
was converted to the carbamate in 83% yield; m.p. 113 ± 114 �C; UV/Vis
(0.5% CHCl3/CH3CN): �max (log �)� 383 (3.26), 340 (4.44), 277(4.51), 269
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(4.33), 242 nm (4.78); IR (thin film): �� � 3280, 1690, 1520 cm�1; 1H NMR
(300 MHz, CDCl3): �� 8.38 (m, 1H), 8.2 ± 7.9 (m, 8H), 7.21 (br s, 1H), 4.27
(t, J� 6.6 Hz, 2H), 1.74 (m, 2H), 1.5 ± 1.2 (m, 26H), 0.88 ppm (t, J� 6.0 Hz,
3H); 13C NMR (75 MHz, CDCl3): �� 154.84, 131.42, 130.84, 130.64, 127.80,
127.31, 126.56, 126.14, 125.33, 125.29, 125.16, 124.87, 124.80, 120.03, 65.88,
31.94, 29.72, 29.68, 29.61, 29.58, 29.37, 29.32, 29.01, 25.93, 22.70, 14.13 ppm;
LRMS: m/z (%): 485 (100) [M]� ; elemental analysis calcd (%) for
C33H43NO2: C 81.60, H 8.92, N 2.88; found: C 81.45, H 8.91, N 2.53.


Pyren-1-yl-carbamic acid dodecyl ester (11b): 1-Dodecanol (0.20 g) was
converted to the carbamate in 60% yield; m.p. 113.6 ± 114.2 �C; UV/Vis
(0.5% CHCl3/CH3CN): �max (log�)� 383 (3.41), 340 (4.49), 277 (4.55), 269
(4.37), 242 nm (4.82); IR (thin film) �� � 1696, 1526 cm�1; 1H NMR
(90 MHz, CDCl3): �� 8.5 ± 7.8 (m, 9H), 7.2 (m, 1H), 4.25 (t, J� 6.3 Hz,
2H), 1.8 ± 1.0 (m, 20H), 0.85 ppm (t, 3H); 13C NMR (75 MHz, CDCl3): ��
154.83, 131.43, 130.86, 130.66, 127.83, 127.33, 126.59, 126.15, 125.34, 125.31,
125.18, 124.89, 124.83, 120.03, 65.89, 31.93, 29.68, 29.65, 29.60, 29.57, 29.37,
29.32, 29.01, 22.70, 14.13 ppm; LRMS: m/z (%): 429 (100) [M]� ; elemental
analysis calcd (%) for C29H35NO2: C 81.12, H 8.16, N 3.26; found: C 81.30,
H 8.28, N 3.00.


Pyren-1-yl-carbamic acid octyl ester (11c): 1-Octanol (0.170 g) was
converted to the carbamate in 65% yield; m.p. 126 �C; UV/Vis (0.5%,
CHCl3/CH3CN): �max (log �)� 383 (3.25), 340 (4.42), 277 (4.49), 269 (4.3),
242 nm (4.76); IR (thin film): �� � 1690 cm�1; 1H NMR (300 MHz, CDCl3):
�� 8.35 (brm, 1H), 8.2 ± 7.8 (m, 8H), 7.20 (br s, 1H), 4.24 (t, J� 6.6 Hz,
2H), 1.73 (m, 2H), 1.5 ± 1.2 (m, 10H), 0.88 ppm (t, J� 6.0 Hz, 3H);
13C NMR (75 MHz, CDCl3): �� 154.85, 131.35, 130.78, 130.59, 128.44,
127.68, 127.25, 126.50, 126.06, 125.26, 125.21, 125.06, 124.80,124.72, 119.99,
65.84, 31.79, 29.26, 29.22, 28.99, 25.92, 22.65, 14.11 ppm; LRMS: m/z (%):
373 (100) [M]� .


Pyren1-yl-carbamic acid 2-octyl ester: [(R)-12/(S)-12]: To a mixture of
1-aminopyrene (0.20 g, 0.922 mmol) and bis(trichloromethyl)carbonate
(0.10 g, 0.34 mmol), was added o-dichlorobenzene (2 mL). The mixture was
stirred at 120 �C. After 5 h, (R)-2-octanol (0.150 mL, 0.97 mmol) was added
and the mixture was stirred at 80 �C for 15 h. Solvent was removed in vacuo
and the residue adsorbed on silica gel (2 g, 60 ± 120 mesh, CHCl3 (20 mL)).
The crude product was chromatographed on a silica gel column (60 ±
120 mesh, 2 cm� 25 cm; 10% EtOAc/hexanes). The pure product was
obtained in 68% yield (0.233 g); m.p. 125 �C (EtOH); [�]21D ��35.4 (c� 1.3
in CHCl3) for the R isomer; [�]21D ��33.9 (c� 1.27 in CHCl3) for the S
isomer; UV/Vis (0.5%, CHCl3/CH3CN): �max (log�)� 383 (3.79), 340
(4.88), 277 (4.94), 242 nm (5.21); IR (thin film): �� � 3278, 1689, 1602,
1524 cm�1; 1H NMR (300 MHz, CDCl3): �� 8.39 (br s, 1H), 8.16 ± 8.13 (m,
3H), 8.12 ± 7.95 (m, 5H), 7.19 (br, 1H), 5.017 (q, J� 6 Hz, 1H), 1.7 ± 1.43 (m,
2H), 1.47 ± 1.25 (m, 11H), 0.89 ppm (t, J� 6.9 Hz, 3H); 13C NMR (75 MHz,
CDCl3): �� 154.45, 131.36, 130.77, 128.29, 127.6, 127.25, 126.39, 126.03,
125.21, 125.06, 124.74, 119.95, 72.60, 36.21, 31.76, 29.12, 25.41, 22.58, 20.29,
14.07 ppm; LRMS: m/z (%): 373 (25) [M]� , 261 (100); elemental analysis
calcd (%) for C25H27NO2: C 80.40, H 7.29, N 3.75; found: C 80.58, H 7.34, N
3.53.


1-Hexadecyl-1-pyren-1-yl-urea (13): To a solution of 1-aminopyrene
(0.14 g, 0.645 mmol) in 1,2-dichlorobenzene (2 mL) in a round-bottomed
flask was added bis(trichloromethyl)carbonate (0.064 g, 0.216 mmol). The
mixture was stirred at 80 �C. After 14 h cetylamine (0.11 g, 0.456 mmol) was
added and the mixture was stirred at the same temperature for 3 h. The
solvent was removed in vacuo and the residue was adsorbed on silica gel
(2 g, 60 ± 120, THF (3 mL)). The crude product was chromatographed on a
column of silica gel (60 ± 120 mesh, 2 cm� 25 cm, 20% EtOAc/CHCl3), to
yield 13 (0.2 g; 90%). UV/Vis (1% CHCl3/CH3CN): �max (log�)� 387
(3.57), 343 (4.32), 280 (4.37), 243 nm (4.64); IR (thin film): �� � 3314, 2929,
2849, 1629, 1569, 1466, 1245, 842 cm�1; 1H NMR (300 MHz, CDCl3): ��
8.26 ± 7.99 (m, 9H), 6.642 (br, 1H), 4.579 (br, 1H), 3.227 (m, 2H), 1.4 ± 1.18
(m, 28H), 0.876 ppm (t, J� 6.3 Hz, 3H); elemental analysis calcd (%) for
C33H44N2O: C 81.77, H 9.15, N 5.78; found: C 81.48, H 8.78, N 5.48.


1-Hexadecanoyl-2-naphthylamide (14): 1-Hexadecanoic acid (280 mg,
0.98 mmol) was converted to the corresponding acid chloride by stirring
with oxalyl chloride (0.36 mL, 4.1 mmol) and DMF (4 �L) in dry toluene
(0.5 mL) for 4.5 h. To the solid obtained on evaporation of the solvent in
vacuo, 2-naphthylamine (188 mg, 1.31 mmol), toluene (4 mL), and Et3N
(0.2 mL, 1.44 mmol) were added and stirred at room temperature. After
22 h, water was added and the organic layer was separated. The aqueous


layer was extracted with CHCl3 and the combined organic extracts were
washed with dilute HCl, aqueous NaHCO3 solution, water and brine, dried
over Na2SO4 and the solvent evaporated. The crude product was chromato-
graphed on a silica gel column (16 cm� 2.2 cm, CHCl3) to give 14 (333 mg;
83%). IR (Nujol): �� � 3240, 1640, 1590, 1520, 1490, 1450, 1400, 1360, 1330,
850, 820, 730, 700 cm�1; 1H NMR (300 MHz, CDCl3): �� 8,23 (s, 1H), 7.78
(d, 3H), 7.48 ± 7.33 (m, 4H), 2.41 (t, J� 7.5 Hz, 2H), 1.77 (q, J� 7.2 Hz, 2H),
1.33 ± 1.26 (m, 28H), 0.88 ppm (t, J� 6.9 Hz, 3H); LRMS: m/z (%): 409
[M]� ; elemental analysis calcd (%) for C28H43NO: C 82.1, H 10.58, N 3.42;
found: C 81.66, H 10.59, N 3.16.


Scanning electronmicrographs : To observe the morphology of the xerogels,
200 ä-thick gold films were deposited by d.c. sputtering, and were
examined with a Leica 440 i scanning electron microscope equipped with
a LaB6 emitter.


X-ray crystal structure analysis of (S)-12 : Crystallographic data were
collected on a Nonius Kappa CCD area-detector diffractometer using
graphite-monochromatized MoK� radiation (�� 0.71069 ä). Lattice pa-
rameters were determined from 10 images recorded with 1� � scans and
subsequently refined on all data. The data collections were performed with
� and � scans in 1� steps with an exposure time of 20 s per frame and the
crystal-to-detector distance fixed to 30 mm. The data were processed with
DENZO-SMN v0.93.0.[28] TheWinGX[29] system was used for the crystallo-
graphic calculations, the structure was solved by direct methods with
SHELXS-97[30] and refined on F 2 with SHELXL-97.[31] The graphics and
geometrical analysis was produced with the ORTEP[32] and PLATON/
PLUTON[33] software. The hydrogen atoms were found from the difference
Fourier map and were refined isotropically. Formula C25H27NO2, fw�
373.48, T� 173.0(1)�, monoclinic, space group P21 (no. 4), a� 4.884(2),
b� 10.107(2), c� 20.415(5) ä, �� 94.3542(3)�, V� 1004.8(5) ä3, Z� 2,
	calcd� 1.234 Mgm�3, 
� 0.077mm�1, F(000)� 400, crystal size 0.40�
0.30� 0.20 mm3, T range 3.00 ± 25.05� (�5�h� 5, �11� k� 12, �23�
l� 24), reflections collected 5378, independent reflections 3203 (R(int)�
0.0475), no absorption correction, refinement with full-matrix least-squares
on F 2 with 362 parameters, GOF on F 2� 1.047, R (I� 2�(I)), R1� 0.0445,
wR2� 0.0932, R (all data) R1� 0.0717, wR2� 0.1030, Largest different
peak and hole 0.148 and �0.126 eä�3 absolute structure parameter
0.10(16), extinction coefficient 0.043(6).


CCDC-194240 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (�44)1223-
336033; or deposit@ccdc.cam.uk).
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Mutations in Distant Residues Moderately Increase the Enantioselectivity
of Pseudomonas fluorescens Esterase towards Methyl
3-Bromo-2-methylpropanoate and Ethyl 3-Phenylbutyrate


Geoff P. Horsman,[a] Andrew M. F. Liu,[a] Erik Henke,[b] Uwe T. Bornscheuer,[b] and
Romas J. Kazlauskas*[a]


Abstract: Directed evolution combined
with saturation mutagenesis identified
six different point mutations that each
moderately increases the enantioselec-
tivity of an esterase from Pseudomonas
fluorescens (PFE) towards either of two
chiral synthons. Directed evolution
identified a Thr230Ile mutation that
increased the enantioselectivity from
12 to 19 towards methyl (S)-3-bromo-2-
methylpropanoate. Saturation mutagen-
esis at Thr230 identified another mutant,
Thr230Pro, with higher-than-wild-type
enantioselectivity (E� 17). Previous di-


rected evolution identified mutants As-
p158Asn and Leu181Gln that increased
the enantioselectivity from 3.5 to 5.8 and
6.6, respectively, towards ethyl (R)-3-
phenylbutyrate. In this work, saturation
mutagenesis identified other mutations
that further increase the enantioselec-
tivity to 12 (Asp158Leu) and 10
(Leu181Ser). A homology model of


PFE indicates that all mutations lie
outside the active site, 12 ± 14 ä from
the substrate and suggests how the
distant mutations might indirectly
change the substrate-binding site. Since
proteins contain many more residues far
from the active site than close to the
active site, random mutagenesis is
strongly biased in favor of distant muta-
tions. Directed evolution rarely screens
all mutations, so it usually finds the
distant mutations because they are more
common, but probably not the most
effective.


Keywords: directed evolution ¥
enantioselectivity ¥ hydrolases ¥
mutagenesis ¥ screening


Introduction


Enantioselectivity is an important, but incompletely under-
stood, characteristic of enzymes. Enantioselective enzymes,
especially hydrolases, are useful catalysts to make pure
enantiomers needed for pharmaceuticals, agrochemicals and
materials. However, the molecular details of enantioselectiv-
ity remain incomplete and sometimes contradictory. For
example, directed evolution experiments suggest that changes
in distant residues are most effective at increasing enantiose-
lectivity, while rational design experiments suggest that
residues in contact with the substrate are most effective.


Recently, several groups used directed evolution[1] (recur-
sive mutagenesis and screening for improved variants) to


increase, or even to reverse, the enantioselectivity of hydro-
lases. Surprisingly, many of the mutations revealed by directed
evolution to change the enantioselectivity lie far from the
substrate-binding site. For example, Reetz, Jaeger and co-
workers increased the enantioselectivity of a Pseudomonas
aeruginosa lipase (PAL) from 1.1 to 26 using four rounds of
directed evolution.[2] The resulting enzyme contained five
mutations all outside, and none within, the substrate-binding
site. These results, as well as others,[3] suggest that the
mutations far from the active site control the enantioselec-
tivity, although the precise reason for the increase remains
uncertain.


On the other hand, rational approaches to increase
enantioselectivity focus on residues close to the active site.
For example, a single mutation doubled the enantioselectivity
of Candida antarctica lipase B (CAL-B)[4] and another
mutation increased it from 1.2 to 22.[5] However, these
mutations also drastically decreased the reaction rate. Ration-
al design is difficult because it requires one to predict changes
that not only increase enantioselectivity, but also will not
degrade the activity or stability of the enzyme.[6]


In this paper, we use directed evolution to moderately
increase the enantioselectivity of Pseudomonas fluorescens
esterase (PFE). Like others, we found distant mutations that
increase enantioselectivity. However, we suggest that random
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mutagenesis biases directed evolution to mutations far from
the active site. We use a homology model of the enzyme to
propose a possible molecular basis for the increases in
enantioselectivity based on indirect changes to the sub-
strate-binding site. We propose that focusing mutations into
the active site would be a more effective strategy for
increasing enantioselectivity.


A key to success in directed evolution is a screen or
selection method to identify improved mutants.[7] We used the
Quick E screen, a colorimetric screen for enantioselectivity.[8]


The advantages of Quick E are firstly, that it measures the
true enantioselectivity, not an estimated value, and secondly,
that it uses the true substrate, not a chromogenic analogue.
Although we previously used Quick E to screen commercial
enzymes for high stereoselectivity, this is the first use of
Quick E to screen hydrolases in whole cells.


Our target enzyme, PFE, is easily expressed in E. coli,[9] is
stable over a wide pH and temperature range,[10] and has


broad substrate specificity.[11]


Initial substrate mapping iden-
tified several target substrates
for directed evolution,
Scheme 1. The esterase from
Pseudomonas fluorescens cata-
lyzes the hydrolysis of these
esters (Scheme 1) with low-to-
moderate enantioselectivity,
where the structures show the
absolute configuration of the
fast-reacting enantiomer.


One substrate, methyl 3-bromo-2-methylpropanoate
(MBMP), is a useful chiral synthon for the preparation of
captopril (a high blood pressure treatment),[12] retroviral
protease inhibitors,[13] unnatural amino acids,[14] cyclooxyge-
nase inhibitors,[15] and alkaloids.[16] Other enzymes catalyzed
hydrolysis of this ester,[12] but the enantioselectivities were
only moderate. Indeed, MBMP represents a difficult reso-
lution, as the enzyme must distinguish between two stereo-
center substituents of relatively similar size: methyl versus
bromo-methyl. PFE catalyzed hydrolysis of MBMP with
moderate enantioselectivity (E� 12) in favor of the S-
enantiomer. Increasing the enantioselectivity of PFE towards
MBMP would provide a good synthetic route to this useful
synthon.


A second substrate is ethyl 3-phenylbutanoate (EPB), a
chiral synthon for malyngolide,[17] an antibiotic discovered in
algae, �-methyl phenylalanine and �-methyl tyrosine,[18] and
several drug candidates.[19] Pure enantiomers of 3-phenyl-
butyric acid are accessible from classical resolutions,[20] lipase-
catalyzed resolution,[21] or stereoselective synthesis,[22] but an
esterase-catalyzed route could be a useful alternative. Wild-
type PFE showed low enantioselectivity (E� 3.5 favoring the
R-enantiomer) towards esters of 3-phenylbutyric acid and
previous directed evolution experiments employing a fluo-
rescence-based screening assay identified three improved
mutants (Leu181Gln, Asp158Asn, and Ala209Gly) with
enantioselectivities of 5 ± 7.[3b]


To enhance the enantioselectivity of PFE towards hydrol-
ysis of MBMP, we used directed evolution by random


mutagenesis, saturation mutagenesis, and Quick E screening.
To further increase the enantioselectivity of the previous
mutants towards EPB, we used saturation mutagenesis at
positions 158 and 181 and fluorescence-based screening.


Results


Thr230Ile mutant : To increase the enantioselectivity of PFE
towards hydrolysis of MBMP (EWT� 12 favoring the S
enantiomer), we used random mutagenesis by an E. coli
mutator strain followed by screening of 288 crude cell lysates
with Quick E (Figure 1).[23] Most of the mutants had enantio-
selectivities near that of the wild type (Quick E� 12), but one
mutant, MS6-31, showed significantly higher enantioselectiv-
ity (Quick E� 21). Figure 1a shows the data of 96 colonies,


Figure 1. Enantioselectivity of PFE mutants towards MBMP. A) Mutants
generated by random mutagenesis of the entire protein and ordered from
highest-to-lowest enantioselectivity. B) Saturation mutagenesis at amino
acid residue 230.


although 288 colonies were screened in this experiment. The
flat central part of curve a) represents colonies where there
was little or no change in enantioselectivity because they
either contained no mutations or mutations that did not affect
enantioselectivity. The best mutant showedE� 21 by Quick E
and E� 19 in a scale-up reaction. DNA sequencing revealed
that Thr230 changed to Ile in this mutant as mentioned above.
DNA sequencing revealed two single nucleotide substitutions.
The first was a G303A transition, which still codes for the same
amino acid, valine. Although the new codon (GTA) occurs
approximately half as frequently in E. coli as the original
codon (GTG),[24] we saw no change in the level of protein
expression (data not shown). The second mutation was a C689T
transition, which changes Thr230 to isoleucine.


Br


O


MeO


Ph


O


EtO


Scheme 1. Chiral synthetic in-
termediates: methyl (S)-3-bro-
mo-2-methylpropanoate and
ethyl (R)-3-phenylbutanoate.
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We confirmed the increased enantioselectivity of the
Thr230Ile mutant after purification by the endpoint method
of Chen et al. ,[25] Table 1. The endpoint method on purified


enzyme using gas chromatography to measure enantiomeric
purity yielded an E value of 19� 2 (error represents standard
error), which is significantly higher than wild type (E� 12� 1)
at the 99.5% confidence level. These values were in good
agreement with Quick E from the original screen. The
differences between Quick E and the endpoint method are
within experimental error even though we measured Quick E
values on cell lysates, but measured endpoint method values
on purified enzyme. Although we did not carefully measure
kinetics, a comparison showed that the rate of reaction of the
mutant with MBMP was within 40% of the wild type.


Saturation mutagenesis at position 230 : Random mutagenesis
at lowmutation rates may not identify the optimal amino acid.
Low mutation rates are likely to change only one nucleotide
per codon, but some amino acid substitutions require two
nucleotide changes per codon. Changing only a single
nucleotide per codon gives on average only 5.7 instead of 19
possible amino acid substitutions.[26] To test all 19 substitu-
tions, researchers use saturation mutagenesis.


Saturation mutagenesis inserts the degenerate codon NNK
at the desired position and generates a mixture of 32 possible
mutants, coding for all twenty amino acids at least once.[27] We
screened 175 colonies to ensure with �99% probability that
we tested each of the 32 mutants at least once.[28] None of the
mutants had higher enantioselectivity than the Thr230Ile
mutant, Figure 1b. Of 175 colonies screened towards MBMP,
28 clones or 16% had no activity. DNA sequencing of the two
best mutants (Quick E� 20, 19) revealed a proline substitu-
tion, while the worst mutant (Quick E� 6) contained a serine
substitution. Two mutants showing enantioselectivity similar
to wild type (Quick E� 12) contained a valine or glutamine
substitution. A single endpoint determination of enantiose-
lectivity for the best mutant (Thr230Pro) indicated an E value
of 17, which is better than wild type, but not better than the
Thr230Ile mutant.


Saturation mutagenesis at positions 158 and 181: Previous
directed evolution of PFE increased its enantioselectivity


towards EPB from 3.5 (wild-type) to 5.8 (Asp158Asn) and 6.6
(Leu181Gln).[3b] To further increase this enantioselectivity, we
tried saturation mutagenesis at each position. We screened
the mutants using a fluorogenic analogue of the EPB,
3-phenylbutyric acid resorufin ester, and identified several
improved mutants, Table 2. Endpoint determinations of
enantioselectivity using gas chromatography to measure
enantiomeric purity confirmed that several mutants showed
increased enantioselectivity towards EPB. The best mutants
at position 158 were Asp158Leu and Asp158Phe, which had
enantioselectivities of 12 and 9, respectively. The best mutants
at position 181 were Leu181Ser and Leu181Thr, which had
enantioselectivities of 10 and 9, respectively. Double mutants
combining the two best 158 mutants and the two best 181
mutants did not improve the enantioselectivity above that of
the best single mutant.


Homology model of PFE-containing reaction intermediate :
To identify the possible molecular basis for the enantioselec-
tivity increases, we created models of the key intermediates in
the hydrolysis. Since the X-ray structure of PFE is not solved,
we first built a homology model of wild-type PFE using the
automated homology modeler at SWISS-MODEL.[29] The
templates for the model were non-heme haloperoxidases,
which show 46 ± 51% amino acid sequence identity with PFE.
Although haloperoxidases catalyze oxidations, their protein
fold and catalytic mechanism resembles esterases. They
contain the �/�-hydrolase fold and the catalytic triad charac-
teristic of hydrolases.[30, 31] Haloperoxidases catalyze oxida-
tions by catalyzing formation of a peroxycarboxylic acid from
free carboxylic acid and hydrogen peroxide using an esterase-
like mechanism. The peroxycarboxylic acid then oxidizes the
halide, probably independently of the enzyme.[32, 33] Non-
heme haloperoxidases have low esterase activity and PFE has
low bromoperoxidase activity. Antibodies raised against a
haloperoxidase also react with PFE. Thus, in spite of the
different enzyme class, haloperoxidases are a good template


Table 1. Enantioselectivities of selected PFE mutants towards methyl
3-bromo-2-methylpropanoate (MBMP).


Mutation Quick E[a] Endpoint E[b]


Wild type 12 12� 1
Thr230Ile 21 19� 2
Thr230Pro 19 17
Thr230Gln 12 nd[c]


Thr230Val 12 nd[c]


Thr230Ser 6 nd[c]


[a] Colorimetric measurement in microplates using p-nitrophenol as the
pH indicator and resorufin acetate as the reference compound. Wild type
and all mutants favored the S-enantiomer. [b] Small scale reactions
(50 �mol) where the enantiomeric purity of the products and starting
materials were measured by gas chromatography on a chiral stationary
phase. Errors shown are standard errors. [c] nd� not determined. Table 2. Enantioselectivities of selected PFE mutants towards ethyl


3-phenylbutanoate (EPB).


Mutation Estimated E[a] True E[b]


Wild type 3.7 3.5
Asp158Asn 6.1 5.8
Asp158Glu 6 8
Asp158Leu 10 12
Asp158Cys 7 8
Asp158Phe 11 9
Leu181Gln 6.7 6.6
Leu181Trp 5 8
Leu181Ser 9 10
Leu181Thr 12 9
Asp158Phe, Leu181Ser nd 9
Asp158Phe, Leu181Thr nd 10
Asp158Leu, Leu181Ser nd 12
Asp158Leu, Leu181Thr nd 9


[a] Ratio of initial rates of reaction of (R)-3-phenylbutyrate resorufin ester
and (S)-3-phenylbutyrate resorufin ester. nd� not determined. Wild type
and all mutants favored the R-enantiomer. [b] Enantioselectivity towards
ethyl 3-phenylbutyrate measured by endpoint method where the enantio-
meric purity of the products and starting materials was measured by gas
chromatography on a chiral stationary phase.







FULL PAPER R. J. Kazlauskas et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 1933 ± 19391936


for a model of PFE. Homology models generated by SWISS-
MODEL with this level of sequence identity are usually
reliable. When researchers compared predictions with known
structures, 63% of the predicted models were within 3 ä of
the known structure.


The first step in hydrolysis is nucleophilic attack of the
Ser95 on the ester carbonyl carbon yielding a tetrahedral
intermediate. We built models of these tetrahedral intermedi-
ates for the slow-reacting enantiomers of MBMP and EPB
into the homology model of PFE, Figure 2. In both cases,
mutations that increase enantioselectivity occurred far from
the substrate, but on opposite sides of the substrate. The
mutated amino acid does not contact the tetrahedral inter-
mediate. Thr230 lies �14 ä to the left of the MBMP
tetrahedral intermediate (distance from C� of Thr230 to the
stereocenter in MBMP). Similarly, Leu181 lies �12 ä to the
right of the EPB tetrahedral intermediate and Asp158 lies
�13 ä to the right.


Mutation of Thr230 could indirectly affect the substrate-
binding site, but the details are speculative at this point.
Thr230 lies between a helix and a loop. This loop (221 ± 228)
protrudes into the acyl-binding region of the substrate-
binding site. In particular, residues Ile225 and Val226 (green
in Figure 2a) on this loop contact the MBMP tetrahedral
intermediate. The OH of Thr230 may donate a hydrogen bond
to the backbone carbonyl of Gln134. Amutation that retained
this OH (Thr230Ser) caused a decrease in enantioselectivity,
while the mutations that increased enantioselectivity
(Thr230Ile, Thr230Pro) disrupted this hydrogen bond. This
disruption may move the 221 ± 228 loop including Ile225 and
Val226 thereby changing the substrate-binding site and
increasing the enantioselectivity.


Mutations of Asp158 or Leu181 could also indirectly affect
the substrate-binding site, but again the details are specula-
tive. Both of these residues are located in the variable D�
helices which cover the active site and are thought responsible
for the differences in substrate specificity among �/� hydro-
lases.[30] Mutations on these helices may propagate to the
substrate-binding site via Trp29 and thereby increase the
enantioselectivity.


Discussion


One round of mutagenesis by an E. coli mutator strain
followed by Quick E screening identified a Thr230Ile mutant
with S-enantioselectivity improved from E� 12 to 19 towards
MBMP. Since the low frequency mutagenesis used in this
experiment is unlikely to substitute all 19 possible amino acids
at a given position, we used saturation mutagenesis to test all
19 amino acids at the positions where we found the initial
mutations. Saturation mutagenesis at position 230 did not
yield a further increase in enantioselectivity towards MBMP,
but did yield another mutant Thr230Pro, whose enantiose-
lectivity was similar to Thr230Ile, E� 17. This experiment also
identified two mutations at 230 that showed unchanged
enantioselectivity (Val, Gln) and one with lower enantiose-
lectivity (Ser, E� 6).


Figure 2. A homology model of PFE containing the first tetrahedral
intermediate for hydrolysis of the slow-reacting a) R-enantiomer of MBMP
and b) S-enantiomer of EPB, both in space-filling representation. The
catalytic His252 forms hydrogen bonds (dotted yellow lines) to the O� of
the catalytic Ser95, to the oxygen of the leaving group methanol (a), and
ethanol and to the catalytic Asp223 (red sticks) (b). a) Thr230 (orange
sticks), where mutations caused changes in enantioselectivity, lies approx-
imately 14 ä from MBMP (distance from C� of Thr230 to the stereocenter
in MBMP). The OH of Thr230 may donate a hydrogen bond to the
backbone carbonyl of Gln134 (cyan sticks). Mutations at position 230 may
move the 221 ± 228 loop including Ile225 and Val226 (green section), which
contact the substrate. This loop also contains the catalytic Asp223. b) The
two residues where mutations caused increased enantioselectivity (Asp158
and Leu181) lie on helices approximately 13 and 12 ä, respectively, from
EPB (distance from C� of amino acid to the stereocenter in EPB). A loop
containing Trp29 (yellow sticks) lies between these helices and the
substrate. Structural changes caused by mutations at Asp158 and Leu181
may propagate to the substrate via Trp29. For clarity, hydrogen atoms are
not shown and the loop containing residues 161 ± 174, which lies in front
lower right of this picture, is also not shown.


In contrast, saturation mutagenesis at sites 158 and 181 did
yield further increases in enantioselectivity towards EPB. An
Asn158Leu mutation doubled enantioselectivity from 5.8 (for
Asp158Asn) to 12 towards EPB (wild-type Asp158, Leu181
enantioselectivity is 3.5). A Gln181Ser mutation increased
enantioselectivity from 6.7 (for Leu181Gln) to 10. Double
mutants did not improve the enantioselectivity, showing that
the individual benefits of each mutation are not additive.
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Directed evolution experiments, including experiments in
this paper, consistently identify residues outside the active site
as key residues for enantioselectivity as well as other proper-
ties. At first glance these results suggest the surprising
conclusion that distant residues influence properties like
enantioselectivity more than residues close to the active site.
However, if one corrects for the numbers of close residues
versus distant residues, one comes to the opposite conclusion,
that residues close to the active site are more important than
those far from the active site. For PFE, directed evolution
identified three locations (positions 158, 181, and 230) where
mutations can moderately increase enantioselectivity. These
mutations lie approximately 13, 12, and 14 ä, respectively,
from the tetrahedral intermediate for hydrolysis of (R)-
MBMP or (S)-EPB. Although these mutations are outside the
active site, they lie much closer than one would expect from
random mutations, Table 3. Only seven C� atoms lie within
7 ä of the stereocenter carbon of the tetrahedral intermediate
for hydrolysis of (R)-MBMP. These seven C� atoms corre-
spond to only 2.6% of the total 270 C� atoms in this protein.
Similarly, only twenty-three C� atoms lie within 10 ä (8.5%)
and only ninety-seven within 15 ä (36%). Thus, only about
one third of random mutations involve an amino acid whose
C� lies within 15 ä of the stereocenter carbon. Random
mutagenesis is strongly biased towards mutations far from the
active site simply because there are more residues far from the
active site than there are close to it. In spite of this bias, all
three mutations identified to increase enantioselectivity in
this paper lie closer to the active site than expected by random
mutation. These results suggest that mutations within the
substrate-binding site would be even more effective in
increasing enantioselectivity than random mutations through-
out the protein. Indeed, we have confirmed this hypothesis
(manuscript in preparation).


That amino acid residues distant from the active site can
influence catalysis has been observed previously. The reasons
for these effects are sometimes explained by large conforma-
tional changes (for example, open and closed conforma-
tions),[34] subunit interface mutations affecting quaternary
structure,[35] or protein folding problems.[36] Often, however,
no major structural change is detected, and more subtle
effects such as long-range electrostatics,[37] disorder in essen-
tial loops,[38] or disruption of hydrogen-bonding networks[39]


explain the effect of the distant residue. Many reports do not


present a clear rationale for the effect beyond suggesting that
subtle structural changes from a mutation are somehow
propagated through the protein to the distant active site.[40]


For example, Chen et al.[40b] suggested that isocitrate dehy-
drogenase activity was reduced by transmission of long-range
conformational changes made by mutations in a loop some
14 ä from the active site. In another example, a triple mutant
of a lipase inverted enantioselectivity.[41] Structural data
indicates that one of the residues, Phe221, is 20 ä from the
active site.[42] However, the individual contribution of this
residue to enantioselectivity is unclear.


Experimental Section


General : Chemicals, buffers, and lysozyme were purchased from Sigma
Aldrich. LB media were obtained from Difco. RNase A was purchased
from USB and DNase I was purchased from Gibco BRL. The Sheldon
Biotechnology Centre (McGill University, Montre¬al, Canada) provided
primers and performed dideoxy termination sequencing.


Cloning of PFE and generation of random mutants : The esterase gene was
amplified from the plasmid pUE1251 and inserted into a His6-tagged
derivative (pJOE2775) of the rhamnose-inducible expression vector
pJOE2702[43] as described previously[11] to yield the vector pJOE2792.
Random mutants were generated as previously described[44 ± 46] by trans-
forming the plasmid containing the PFE wild-type gene into the mutator
strain E. coli XL-1 Red (Stratagene, La Jolla, USA) according to the
manufacturer×s instructions, and growing the culture in LB medium
(50 mL; MgCl2, 20m� ; glucose, 20m�) supplemented with ampicillin
(100 �gmL�1) overnight at 37 �C. Subsequent repetitions of mutagenesis
were performed by addition of overnight culture (0.5 mL) to LB medium
(20 mL; ampicillin, 100 �gmL�1) and further growth. Plasmid was isolated
from aliquots of culture (2 mL) from mutagenic repetitions 5, 6 and 7, and
transformed into E. coli DH5�. Colonies were transferred from LB agar
plates containing ampicillin (100 �gmL�1) to sterile 96-well microplates,
and grown overnight at 37 �C in LB medium (100 �L; ampicillin,
100 �gmL�1). Overnight culture was used fresh for further experiments,
and remaining culture was stored in 50% (v/v) glycerol at �20 �C.


Saturation mutagenesis : The QuikChange Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, USA) was used according to the manufacturer×s
instructions with complementary primers T230 (5�-C CAGATCGTGCCG
TTCGAGNNKACCGGCAAAGTGGCGGCGG-3�) and cT230 (5�-C
CGC CGC CAC TTT GCC GGTMNN CTCGAACGG CACGAT CTG
G-3�). The mutant plasmids were transformed into supercompetent XL1-
Blue cells, of which non transformed controls showed no hydrolysis of
methyl-3-bromo-2-methylpropanoate by Quick E screening. Transformant
colonies (175) were transferred from LB agar plates containing ampicillin
(100 �gmL�1) to 96-well microplates and grown overnight at 37 �C in LB
medium (100 �L; ampicillin, 100 �gmL�1). Overnight culture was used
fresh for further experiments, and remaining culture was stored in 50%
(v/v) glycerol at �20 �C. Similarly, saturation mutagenesis at D158 used
primers D158-V (5�-GCG CAG TTC ATC AGC NNN TTC AAC GCA
CCG TTC-3�) and D158-R (5�-GAA CGG TGC GTT GAA NNN GCT
GAT GAA CTG CGC-3�) and mutagenesis at L181 used primers L181-V
(5�-GTG CAG ACC CAG ACC NNN CAAATC GCC CTG CTG-3�) and
L181-R (5�-CAG CAG GGC GAT TTG NNN GGT CTG GGT CTG
CAC-3�). Mutants (330 for D158x and 298 for L181X) were screened
towards 3-phenylbutyric acid resorufin ester using fluorescence detection
as in previous work.[3b]


Enzyme production in 96-well format : To hasten the process of protein
expression and isolation and thus facilitate the screening of large numbers
of enzymes, bacteria were cultured in 96-well assay blocks (Costar,
Cambridge, MA, USA), where each well had a total available volume of
2 mL. Fresh overnight culture from microplates (10 �L) was added to each
well containing LB medium (1 mL; ampicillin, 100 �gmL�1), and the assay
block was incubated at 37 �C and 325 rpm for approximately 3 h, after
which time the OD600 was estimated to be 0.5. Protein expression was then
induced by the addition of sterile rhamnose solution to each well (50 �L;


Table 3. Number of C� atoms in PFE within different distances from the
stereocenter in hydrolysis of (R)-MBMP.


Distance[a] Number of Fraction of
C� atoms[b] all C� atoms in protein [%]


within 7 ä 7[c] 2.6
within 10 ä 23 8.5
within 15 ä 97 35.9
within 17.5 ä 136 50.4
all 270 100


[a] Distance from the C� of the amino acid to the stereocenter (C-2 of
3-bromo-2-methylpropanoic acid) of the tetrahedral intermediate.
[b] Does not include the C� of Ser95 or Met1, which was omitted from
the homology model. [c] Gly28, Trp29, Met96, Val122, Phe199, Ile225,
Val226.
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4% w/v), followed by incubation as above for 6 h. The assay blocks were
centrifuged (10 min, 2700� g, 4 �C), and the supernatant was removed. The
cell pellet was resuspended in BES buffer (400 �L; 5 m�, pH 7.2; lysozyme,
0.4 mgmL�1) and incubated at 37 �C and 325 rpm for 45 min followed by
freezing at�20 �C. After thawing at room temperature, the lysed cells were
treated with nucleases (RNase A, 10 �gmL�1; DNase I, 1.7 �gmL�1) for
15 min at 37 �C and 325 rpm, and then centrifuged (30 min, 2700� g, 4 �C).
The supernatant was used for further experiments. Quick E control
experiments ensured that no detectable hydrolysis of methyl 3-bromo-2-
methylpropanoate occurred due to the nucleases, lysozyme, or cell-free
extracts of non-transformed DH5�.


Quick E screening : Enzymatic hydrolyses of pure enantiomers of esters
were monitored colorimetrically in the presence of a reference compound
as previously described.[8] Rates of hydrolysis of substrate (11m� R-
enantiomer or 1.1m� S-enantiomer) and resorufin acetate (0.11m�) in
buffer solution (100 �L; BES, 5m�, pH 7.2; Triton X-100, 0.33m� ;
acetonitrile, 8% v/v ; enzyme solution, 10% v/v) were determined from
the change in absorbance at 404 and 574 nm as a function of time using a
microplate reader.


Confirmation of enantioselectivity by endpoint method : Enantioselectivity
of hydrolysis of (�)-methyl 3-bromo-2-methylpropanoate was calculated
using the method of Chen et al.[25] from the enantiomeric excesses of both
starting ester and esterified acid product determined by gas chromatog-
raphy as previously described.[11c]


Homology models containing tetrahedral intermediate in active site : The
primary amino acid sequence (excluding the His6-tag) of the esterase from
Pseudomonas fluorescens was submitted to the SWISS-MODEL automat-
ed homology modeling server of the Swiss Institute of Bioinformatics
(http://www.expasy.ch/swissmod/SM_FIRST.html)[29] and the results re-
turned by e-mail. The homology model was based on 46 ± 51% amino acid
identity with non-heme haloperoxidases,[31] which have the �/�-hydrolase
fold and exhibit low esterase activity. The quality of the model was judged
to be acceptable based on the low energy of the backbone and side chain
residues for the entire protein except for a few loops distant from the active
site. The tetrahedral intermediate formed after nucleophilic attack by the
catalytic serine (Ser95) on the carbonyl carbon of either methyl 3-bromo-2-
methylpropanonate or ethyl 3-phenylbutyrate was built into the homology
model using Sybyl version 6.6 (Tripos Software). The substrate was
positioned such that the oxyanion was stabilized by two hydrogen bonds:
one to the backbone N�H of Met96, and one to the backbone N�H of
Trp29. The protonated catalytic His252 formed hydrogen bonds with both
the Ser95 oxygen and the alcohol-leaving group of the substrate.
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Hydrogen ±Hydrogen Bonding: A Stabilizing Interaction in Molecules
and Crystals


Che¬rif F. Matta,[b] Jesu¬ s Herna¬ndez-Trujillo,[c] Ting-Hua Tang,[a] and
Richard F. W. Bader*[a]


Abstract: Bond paths linking two bond-
ed hydrogen atoms that bear identical or
similar charges are found between the
ortho-hydrogen atoms in planar biphen-
yl, between the hydrogen atoms bonded
to the C1 ±C4 carbon atoms in phenan-
threne and other angular polybenze-
noids, and between the methyl hydrogen
atoms in the cyclobutadiene, tetrahe-
drane and indacene molecules corseted
with tertiary-tetra-butyl groups. It is
shown that each such H±H interaction,
rather than denoting the presence of
™nonbonded steric repulsions∫, makes a
stabilizing contribution of up to
10 kcalmol�1 to the energy of the mol-
ecule in which it occurs. The quantum


theory of atoms in molecules–the phys-
ics of an open system–demonstrates
that while the approach of two bonded
hydrogen atoms to a separation less than
the sum of their van der Waals radii does
result in an increase in the repulsive
contributions to their energies, these
changes are dominated by an increase
in the magnitude of the attractive inter-
action of the protons with the electron
density distribution, and the net result is


a stabilizing change in the energy. The
surface virial that determines the con-
tribution to the total energy decrease
resulting from the formation of the H±
H interatomic surface is shown to ac-
count for the resulting stability. It is
pointed out that H±H interactions must
be ubiquitous, their stabilization ener-
gies contributing to the sublimation
energies of hydrocarbon molecular crys-
tals, as well as solid hydrogen. H ±H
bonding is shown to be distinct from
™dihydrogen bonding∫, a form of hydro-
gen bonding with a hydridic hydrogen in
the role of the base atom.


Keywords: bond path ¥ density
functional calculations ¥ hydrogen
bonds ¥ hydrogen ± hydrogen
interaction


Introduction


Chemistry made evident in real space : Matter is a distribution
of charge in real space, of pointlike nuclei embedded in the
diffuse density of electronic charge, �(r). All properties of
matter are made manifest in the charge distribution, its
topology delineating atoms and the bonding between them.[1]


In a bound molecular state, the nuclei of bonded atoms are
linked by a line along which the electron density is a


maximum with respect to any neighboring line; they are
linked by a bond path. The resulting molecular graph, that is,
the linked network of bond paths that defines a system×s
molecular structure, has been shown to recover the structures
in a multitude of systems, in terms of densities obtained from
both theory[2, 3] and experiment,[4] structures that were pre-
viously inferred from classical models of bonding in con-
junction with observed physical and chemical properties.
One correctly assumes that the physical presence of


bonding between atoms denoted by the existence of a bond
path, will also signify the presence of an accompanying
energetic stabilization. This is indeed the case, as a bond path
is mirrored by a virial path linking the same nuclei, along
which the potential energy density is maximally stabilizing.[5]


Thus co-existing with every molecular graph, is a shadow
graph–the virial graph–indicating the presence of a corre-
sponding set of lines, again defined in real space, that
delineates the lowering in energy associated with the for-
mation of the structure defined by the molecular graph.
Chemistry is observation: of charge distributions, of geo-
metries, of energy changes, and of the emission and absorp-
tion of electromagnetic radiation. Bonding, like other proper-
ties, should be evident in the measurable properties of a
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system. The quantum theory of atoms in molecules (QTAIM)
is quantum mechanics applied to a system×s measurable
charge distribution and it provides the atomic basis for all
measurable properties.[6]


There are many systems in which the bonding is between
closed-shell systems, and the classical models used to assign a
bonded structure based on the Lewis electron-pair model or
its analogue expressed in terms of the overlap of suitably
occupied atomic orbitals is not applicable. Hydrogen bonding
together with the bonding in molecular crystals and ionic
solids are examples of closed-shell interactions. The topology
of the density and the physics that determines it, however,
transcend all models, and the presence of a bond path linking
the nuclei of a pair of atoms in any of these structures
unequivocally identifies them as being bonded to one
another.[7] The directed intermolecular bond paths observed
in the experimental charge distribution of solid chlorine, for
example, account for its layered structure, a structure inex-
plicable in terms of van der Waals forces or ™nonbonded
interactions∫.[8]


The bond path provides an operational definition of
chemical bonding, one that can be directly related to
experimental observation. Many examples of bond paths
indicating the presence of intermolecular bonding have been
observed in experimental crystal densities. Koritsanszky and
Coppens,[4] in a review of applications of the topological
analysis to high-resolution X-ray densities, comment on the
ability of the theory to identify and define atomic connectiv-
ities that lie beyond the scope of classical models. Flaig et al.[9]


report a bond critical point analysis of inter- and intra-
molecular bonding, including strong to weak hydrogen bonds,
defined within the experimental charge densities of amino
acids. Espinosa, Molins, and Lecomte[10] have analyzed the
topological properties of the density obtained from accurate
X-ray diffraction experiments for 83 structures possessing an
X�H ¥¥¥O link and have shown that energy quantities
modeled on the density and its Laplacian at the bond critical
point exhibit a universal relationship with the H�O distance.
Two recent reviews of applications of QTAIM[11, 12] contain
discussions of and references to the many recent topological
analyses of experimentally determined charge distributions,
for both inter- and intramolecular interactions. Included is a
description of the work identifying a Mn-H-H-C dihydrogen
bond path in the experimental charge density of a Mn
complex.[13]


The present paper considers closed-shell hydrogen ± hy-
drogen (H±H) interactions, wherein a bond path links a pair
of identical or similar hydrogen atoms that are close to
electrical neutrality, that is, interactions that fall within the
classical category of nonbonded or van der Waals interac-
tions. Such interactions are found to link hydrogen atoms
bonded to both unsaturated and saturated carbon atoms in
hydrocarbon molecules, as illustrated in Figures 1 and 2 for
the systems under study here. It is demonstrated that H±H
interactions contribute a stabilizing contribution to the
energy, even in cases considered to involve ™steric nonbonded
repulsions∫[14] resulting from the approach of two hydrogen
atoms to within their van der Waals radii as found, for
example, in planar biphenyl.


Figure 1. Molecular graphs for phenanthrene (1), chrysene (2), 9,10-
dihydrophenanthrene (3), dibenz[a,j]anthracene (4), and planar biphenyl
(5). Bond critical points (CPs) are red, ring CPs yellow. Note the close
proximity of the bond and ring CPs for the H±H bonded ring in 3 and the
very curved nature of the H±H bond path for the 6 ± 31G** basis set.


Figure 2. Molecular graphs for the Td and T structures of tetra-tert-
butyltetrahedrane (6), tetra-tert-butylcyclobutadiene (7) and tetra-tert-
butylindacene (8). Bond CPs are in red, ring CPs in yellow. Note how the
H±H bond paths linking the methyl hydrogens in 6 and 7 effectively
encapsulate the otherwise unstable central cage and ring structures of four
carbon atoms. Correspondingly, the eight H ±H bond paths in 8 stabilize its
D2h structure. Note the proximity of the bond and ring CPs associated with
the bifurcated rings in 6 T, for the 6 ± 31G** basis set.


The H±H interaction existing between identically or
similarly charged hydrogen atoms is to be sharply distin-
guished from what is termed a ™dihydrogen bond∫, one
dominated by the electrostatic interaction between two
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hydrogens of opposite charge. A dihydrogen bond is a
particular kind of hydrogen bond whereby the role of the
base atom B in A-H-B is assumed by a hydridic hydrogen.
There is a considerable amount of literature on dihydrogen
bonding with a recent review by Custelcean and Jackson.[15]


The field begins with the classic example of the hydrogen
bonding resulting in the dimerization of BH3NH3.[16] Since
dihydrogen bonding is dominated by electrostatic contribu-
tions, its formation is restricted to systems that possess a
hydridic hydrogen, such as one bonded to a transition metal or
to a metal from Groups 1, 2, and 3. Popelier, for example,[17] in
a study of the dimer of BH3NH3, finds the hydridic H atom
bound to boron and the acidic H atom bound to nitrogen to
bear charges of �0.7 and �0.5 e, respectively. Popelier
demonstrated that the dihydrogen bonding in this dimer
exhibits the characteristics of hydrogen bonding, as deter-
mined by the electron density and atomic properties within
the framework of QTAIM. Grabowski[18±21] has conducted an
extensive theoretical study of the geometries and energetics
of dihydrogen bonding and has employed bond critical point
properties in an analysis of these interactions. He finds, for
example, that anMP2 calculation with a large basis set yields a
dihydrogen bond energy of 12.6 kcalmol�1 for the complex
F-H-H-Li, in which the hydrogen atoms in the free LiH and
HF molecules bear net charges of �0.9 e and �0.7 e,
respectively. Kulkarni and Srivastava[22] studied dihydrogen
bonding of LiH, BH3, and AlH3 with third-row hydrides,
contrasting their properties with the second-row congeners.
Weak dihydrogen bonds between a methyl hydrogen atom
and a hydrogen atom of an amino group are found in four
rotamers of the amino acid leucine.[23] Recently Del Bene et
al.[24] published an in-depth theoretical study of a range of
dihydrogen complexes from strong to weak, with emphasis on
a comparison of calculated and experimental properties. A
bond critical point analysis was employed in all of these
studies. The analysis presented here will contrast H ±H
bonding with dihydrogen bonding, showing that the two
differ in both their geometrical and energetic characteristics,
representing two extremes of possible interactions between
hydrogen atoms.


The underlying physics : Among the most important results
obtained from the quantum theory of atoms in molecules is its
demonstration of the intimate relationship that exists between
the distribution of the electron density within an atomic basin
and the atom×s contribution to a molecule×s properties. The
reason for this is readily understood. Any two pieces of
matter, including two atoms, are identical and possess
identical properties only if they possess identical charge
distributions, that is, they are indistinguishable in real space.
Since an atom of theory is defined by its charge distribution as
a bounded region of real space, its form necessarily reflects its
properties. The physics of an atom in a molecule[6]–the
physics of an open system–defines every measurable prop-
erty expressed as an expectation value of a Hermitian
operator, in terms of a corresponding ™dressed∫ density
distribution, one whose integration over an atomic basin
yields the atom×s additive contribution to that property.[25] A
dressed density distribution for some particular property


accounts for the corresponding interaction of the density at
some point in space with the remainder of the molecule, and it
exhibits the same degree of atomic transferability between
molecules as does the electron density.
A dressed density distribution of particular importance is


the virial field V(r), which represents the energy of interaction
of an electron at some position r with all of the other particles
in the system, averaged over the motions of the remaining
electrons.[1] When integrated over all space it yields the total
potential energy of the molecule, including the nuclear energy
of repulsion, and for a system in electrostatic equilibrium, it
equals twice the molecule×s total energy. The virial field
condenses all of the electron ± electron, electron ± nuclear,
and nuclear ± nuclear interactions, described by the many-
particle wave function, into an energy density that is
distributed in real space. Not only does the virial field, which
is everywhere negative, mimic the transferability of the
density and thus account for the existence of experimental
additivity schemes for heats of formation, its magnitude
�V(r) � is structurally homeomorphic with the electron
density; that is, every structure and change in structure
exhibited in the topology of �(r) is recovered in the topology
of �V(r) � , and it is this topology that defines the virial path
discussed above.[5] This congruence in the topological features
of the electron density distribution and the lowering of the
energy is made clear in a comparison of molecular graphs in
Figures 1 and 2, with the corresponding virial graphs in
Figure 3. A bond path in a molecular graph is mirrored by a
virial path in the virial graph, showing that each bonding line
of maximum electron density generates a virial line of
minimum potential energy.
It is important to realize that no net force acts on any of the


nuclei nor on the electrons in an equilibrium geometry of a
molecule in a bound state. Nuclear forces do arise as a result
of the ever present nuclear excursions about the equilibrium
configuration, but these are directed so as to return the system
to its equilibrium geometry. The variational principle ensures
that every wave function and its derived density distribution
minimize the system×s total energy, and the network of bond
paths is the result of the system×s charge distribution
responding so as to minimize the total energy for a given
nuclear configuration.


H±H bonding : The molecular graphs of the hydrocarbon
molecules studied here, 1 to 8, are illustrated in Figures 1 and
2. Bond paths are found between the pairs of hydrogens
linked to 1,4-carbon atoms in planar, unsaturated hydro-
carbons: as found in the ™bay regions∫ of phenanthrene (1)
and chrysene (2), and in twisted 9,10-dihydrophenanthrene
(3). The unique hydrogen extended into the enlarged bay
region of dibenz[a,j]anthracene (4), participates in bifurcated
H±H bonding. TwoH±H interactions are found in the planar
structure of biphenyl (5). The tert-butyl group is used to
stabilize molecules whose parent structures are thermody-
namically unstable, by effectively enclosing the parent
structure in a box that can be opened only by forcing the
hydrogen atoms of the tert-butyl methyl groups into closer
contact, termed the ™corset effect∫ by Maier.[26] Examples of
such structures are the tetra-tert-butyl derivatives of the
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Figure 3. Virial graphs for phenanthrene (1), chrysene (2), dibenz[a,j]an-
thracene (4), planar biphenyl (5), the Td structure of tetra-tert-butyltetra-
hedrane (6), tetra-tert-butylcyclobutadiene (7), and tetra-tert-butylinda-
cene (8) for the 6 ± 31G** basis set and for the T structure of tetra-tert-butyl
tetrahedrane for the 6 ± 311��G(2d,1p) basis set. Note that the separa-
tions between the bond and ring CPs for the H±H interactions in the virial
field are generally smaller than in they are in �(r), and their coalesence will,
in general, occur at longer H±H separations, a separation longer than the
equilibrium value of R(H ±H) found for 9,10-dihydrophenanthrene (3).


structural isomers of C4H4, tetra-tert-butyltetrahedrane (6)[27]


and tetra-tert-butylcyclobutadiene (7). The outer cage enclos-
ing these molecules is uniquely defined by the network of
bond paths that link the hydrogen atoms of the methyl groups
of neighboring tert-butyl groups. This paper will demonstrate
that the stability of these molecules is partially accounted for
in terms of the energy required to disrupt the encasing
network of H±H bond paths that number 18 in 6 and 12 in 7.
The final related example is 1,3,5,7-tetra-tert-butyl-s-indacene
(8), whose D2h structure has been confirmed by a low-
temperature X-ray diffraction experiment on its crystalline
form.[28] The electron density distribution of this molecule has
recently been determined in an accurate X-ray diffraction
experiment.[29] The experimental density indicates the pres-
ence of bond paths linking each of the apical hydrogen atoms
of the benzene ring to four hydrogen atoms of four separate
methyl groups, to yield a structure with eight H±H bonded
interactions; a result in accord with the theoretical molecular


graph, Figure 2. The linear isomers of 1 and 2, anthracene and
tetracene, respectively, are also investigated to determine
properties of hydrogen atoms in related systems that do not
exhibit H ±H bonding
The bond paths linking 1,4-carbon atoms in the molecules 1,


2, and 5 have been previously reported and studied by
Cioslowsky and Mixon.[14] The two H±H bond paths linking
1,4-carbon atoms in the planar geometry of biphenyl, �� 0�,
yield two six-membered rings and two corresponding ring
critical points (CPs). An increase in � from 0 to 27o causes
each of the H±H bond paths to vanish, as a result of the
coalescing of each of the bond CPs with the associated ring CP
in a fold catastrophe; Cioslowsky and Mixon used the
equation for such a catastrophe to relate the dependence of
the bond and ring CP properties on the interproton separation
R(H ±H). Their critical value of 2.18 ä, above which they
state no H±H interaction line should appear, is exceeded in
the bond paths encountered between methyl hydrogen atoms
of the tert-butyl groups forming the cage structures in 6, 7, and
8.
Because of their presence in systems in which R(H±H) is


less than the sum of the van der Waals radii, Cioslowski and
Mixon, following the classical interpretation of a ™nonbonded
steric interaction∫, concluded that the H ±H interaction lines
in these molecule denoted repulsive rather than bonded
interactions between the hydrogen atoms. There are no forces,
attractive or repulsive, operative in these molecules at the
geometries under discussion, and it will be shown that the
formation of the H ±H interactions lines in these molecules
lead to a lowering of the energy of the systems in which they
are found and that the H±H interactions satisfy all require-
ments of bonding.


Computational Methods


Molecular energies and electron densities were obtained in B3LYP
6-31G**//B3LYP 6-31G** calculations using Gaussian 94 for all of the
molecules.[30] Atomic and bond CP properties were obtained using
AIMPAC;[31] the molecular and virial graphs were calculated and plotted
using AIM2000.[32, 33] The atomic energies for the equilibrium geometries
were obtained from the atomic statement of the virial theorem that relates
the total energy E(�) of atom � to its electronic kinetic energy T(�)
through the relationship E(�)��T(�). The equivalent statement of the
molecular virial theorem, which requires that the ratio ���V/T equal 2,
was, in general, not exactly satisfied. To correct for this, each T(�) was
multiplied by the factor� (�� 1) rather than�1 to obtain E(�). The value
of � for the large hydrocarbons studied here can deviate from 2 by as much
as 0.01. While the corrections do scale linearly with respect to T(�), being
smallest for the H atoms and leaving the relative stabilities of the atoms
unchanged, we also performed self-consistent virial scaling (SCVS)
calculations for biphenyl in its planar and equilibrium geometries and for
the phenanthrene/anthracene pair of molecules at the restricted Hartree ±
Fock (RHF) level of theory using the 6-31G** basis set. These were SCF
calculations wherein the electronic coordinates were scaled so as to satisfy
the virial theorem, the deviation in � from its correct value of 2 being
reduced to 1� 10�9, while simultaneously re-optimizing the geometry. The
SCVS results demonstrated that the relative stabilities of the atoms do not
change when the virial theorem is satisfied and that the correction term of
� (�� 1) correctly predicts the relative atomic stabilities in these systems,
as it has been found to do in others.


Optimized RHF wave functions for the planar geometry and the twisted
equilibrium geometry of biphenyl were also obtained using the 6-311��
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G(2d,2p) basis set, and additional MP2 6-31G**//MP2 6-31G** calcula-
tions were carried out for the phenanthrene/anthracene pair. The
calculations demonstrated that the relative ordering of the atomic energies
remain unaltered by the SCVS procedure, by an increase in basis set, or by
the addition of electron correlation. Because of the weak nature of the H±
H interactions between the methyl hydrogens in 6 and 7, wave functions
and densities for these molecules were also calculated by using the larger
6-311��G(2d,2p) basis set in B3LYP calculations at the previously
determined 6-31G* geometry.[34] The calculated molecular graphs and in
particular the presence of the H±H bond paths were invariant to the choice
of basis set and level of theory for all of the molecules.


Results and Discussion


Properties of the bond critical points : Table 1 presents the
values of the internuclear separation R(H ±H), under the
heading BL, and the bond critical point (CP) data for the
bonded H±H interactions in the molecules 1 to 8 shown in
Figures 1 and 2. All results are obtained from the B3LYP/
6-31G** calculations. The changes in these values with basis
set and level of theory are too small to be of physical
significance. While the values of R(H±H) for the hydrogen
atoms bonded to 1,4-carbon atoms in the unsaturated systems
are all less than 4.0 au, a value less than twice the van der
Waals radius of hydrogen equal to 4.5 au, the H±H separa-
tions found between the H atoms bonded to the saturated
carbons of the methyl groups in 6, 7, and 8, all exceed 4.1 au
and are found to occur at a separation as large as 5.1 au in 6.
The bond paths for all of the H±H interactions are curved
with the bond path length (BPL), exceeding the bond length
by as much as 0.5 au (Table 1). As anticipated, the H±H
interactions exhibit the characteristics of closed-shell inter-
actions: a low value for the density at the bond CP (�b),
relatively small corresponding positive values for the Lap-
lacian (�2�b), and a positive value for the energy density Hb


that is close to zero. The values of �b decrease in a nearly
linear fashion with increasing H±H internuclear separation.
The experimental and calculated values of �b for 8 are in good
agreement.
While the values of the bond CP indices are typical of those


found for weak hydrogen bonds, being somewhat larger in
value than those for van der Waals interactions,[35] it is


important to note the features that distinguish H±H bonding
from dihydrogen bonding, aside from and in addition to the
evident feature that both hydrogens in the H±H interaction
exhibit identical or similar properties. The energy density Hb


becomes negative for strong hydrogen bonds and correspond-
ingly, for strong dihydrogen bonds. It is demonstrated below
that the energy of each of the hydrogen atoms forming the
H±H link can decrease by as much as 6 kcalmol�1; this places
the H±H interaction well outside the range of van der Waals
interactions and weak hydrogen bonds and within the range of
moderately strong hydrogen bonded systems. Nonetheless,
the kinetic energy density at the bond CP (Gb) dominates the
potential energy density (Vb) for all the H±H interactions,
and Hb remains small and positive.
There is a more striking distinction to be made between


H±H bonding and dihydrogen bonding. One of the most
characteristic features of hydrogen bonding is the increase in
the length of the A�H bond in A-H-B, and a concomitant red
shift in its vibrational frequency, a feature that persists for the
A�H participant in dihydrogen bonding.[24] In H±H bonding
on the other hand, the lengths of the C�H bonds linked by the
H±H bond path both undergo a significant decrease in length
of 0.002 ± 0.004 ä. Further important differences in the
physics underlying H±H and dihydrogen bonding are made
clear in the comparison of the atomic properties given below.
The presence of an intramolecular H±H bond path


necessitates the formation of a ring structure and an
associated ring critical point. The breaking of the H±H bond
path requires that the bond and ring CPs coalesce upon
attaining a common value, as described above in the twisting
of the rings in biphenyl. The approach of the two CPs causes
the negative curvature of the density at the bond CP lying
along the axis of their approach and the associated positive
curvature of the ring CP to approach zero; the vanishing of
the curvatures upon coalesence indicating the formation of an
unstable CP. Thus the ellipticity (�) at the bond CP–determined
by the ratio of the largest to the smallest of the magnitudes of
the two negative curvatures–becomes infinitely large imme-
diately preceding the coalescence of the CPs. Figures 1 and 2
indicate the positions of both the bond and ring critical points
and their separations are given in Table 1. With the exceptions
of 9,10-dihydrophenanthrene (3) and the ring structure


Table 1. Bond critical point data in atomic units and stabilization energies in kcalmol�1 for H±H bonding.


Molecule �b �r rb� rr �2�b � Gb Vb Hb BL BPL E(H ±H)


1 0.0120 0.0107 0.895 0.0485 0.498 0.0095 � 0.0069 0.0026 3.804 4.046 9.4
2 0.0133 0.0114 0.974 0.0528 0.435 0.0106 � 0.0080 0.0026 3.707 3.932 11.2
3 0.0102 0.0100 0.620 0.0443 1.208 0.0083 � 0.0055 0.0028 4.057 4.571 3.1
4 0.0126 0.0110 0.921 0.0501 0.457 0.0100 � 0.0075 0.0025 3.757 3.982 10.0
5 0.0136 0.0114 1.010 0.0535 0.403 0.0108 � 0.0083 0.0026 3.686 3.900 10.4
6 (Td) 0.0065 0.0036 1.577 0.0218 0.060 0.0043 � 0.0031 0.0012 4.247 4.284 1.6
6 (T) 0.0048 0.0034 1.358 0.0163 0.062 0.0031 � 0.0021 0.0010 4.587 4.670 0.8


0.0028 0.0027 0.681 0.0093 0.103 0.0017 � 0.0011 0.0006 5.133 5.233
7 0.0168 0.0055 1.871 0.0513 0.021 0.0121 � 0.0114 0.0007 3.413 3.457 4.6


0.0152 0.0052 1.944 0.0479 0.010 0.0110 � 0.0100 0.0010 3.511 3.557
0.0068 0.0055 1.140 0.0251 0.356 0.0048 � 0.0034 0.0015 4.373 4.547
0.0080 0.0057 1.309 0.0296 0.285 0.0058 � 0.0041 0.0016 4.196 4.339


8 0.0081 0.0064 1.247 0.0307 0.267 0.0059 � 0.0042 0.0018 4.161 4.161 3.8[a]


exptl. values[29] 0.0083 0.0336 0.590


[a] For two of the four H±H interactions linked to one benzenoid H atom.
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associated with the bifurcated H±H bonding in the T
structure of 6, significant separations (rb� rr) are seen to
exist between the bond and ring CPs, with values in excess of
0.9 au. In addition, significant differences exist between the
values of the density at the bond and ring (�r) CPs with the
same two exceptions (Table 1). Correspondingly, their bond
ellipticities are all less than 0.5, and the structures are stable
with respect to displacements of the nuclei. In 3 however, the
ellipticity equals 1.2, the two CPs are separated by 0.6 au, and
their densities differ in value by only 2� 10�4 au. A small
increase in the dihedral angle between the two aromatic rings,
from its equilibrium value of �23o, results in the coalescence
of the two CPs and in the breaking of the H±H bond path.
The H±H interaction in this molecule has the lowest value for
�b in the benzenoids and is closest to instability. The
subsequent analysis will show that it is energetically the
weakest of the benzenoid H±H interactions in this study. The
longest and weakest H ±H bonds in the series are those
associated with the bifurcated bonding in the T structure of 6
with �b� 0.0028 au, differing from �r by only 1� 10�4 au.
While the associated ellipticity is not large, this is a result of all
of the associated curvatures being of small magnitude,
�0.001 au. The instability of the H±H interactions in 6T
and in 3 are reflected in the absence of the associated virial
paths; the associated bond and ring CPs of the virial field
having already coalesced at the equilibrium geometries.
However, all the virial paths are present in 6T from the
results for the larger 6-311��G(2d,2p) basis set. The H±H
interactions in biphenyl are present in the planar structure,
transitional between the two equivalent twisted equilibrium
geometries. They will be formed and broken by the zero-point
internal rotation about the C ±C axis linking the two rings
surmounting the 2 kcalmol�1 barrier.


The polybenzenoids (1, 2, 3, and 4): The bond paths present in
the bay regions of phenanthrene (1) and chrysene (2) are
normally classed as examples of ™nonbonded steric repulsive
interactions∫, when in fact the heats of formation of both 1
and 2 are �6 kcalmol�1 less than those of their respective
linear isomers, anthracene and tetracene.[36] The RHF calcu-
lations predict 2 to be more stable than tetracene by
10.2 kcalmol�1 and 1 to be more stable than anthracene by
5.1 kcalmol�1, a value that increases to 6.4 kcalmol�1 for the
MP2 calculation and to 6.9 kcalmol�1 for the SCVS calcu-
lation.
There is a transfer of electronic charge from the carbon


atoms to the hydrogen atoms when the linear benzenoids
anthracene and tetracene are transformed into their isomeric
forms 1 and 2, 0.0093 e in 1 and 0.0169 e in 2. Consequently,
the carbon atoms are most stable in the linear isomers, with
the carbon atoms in anthracene being more stable by
8.0 kcalmol�1 and those in tetracene by 16.5 kcalmol�1. Thus
the extra stability of 1 and 2 over their linear analogues resides
in the hydrogen atoms. The hydrogen atoms in 1 are more
stable by 12.1 kcalmol�1 and those in 2 by 26.1 kcalmol�1 than
in the linear isomers. While the energies of the hydrogen
atoms in the linear analogues exhibit a spread of only
0.2 kcalmol�1, this is not the case for 1 and 2 in which the
hydrogen atoms that participate in H±H bonding show a


marked increase in their stability relative to the those in the
linear isomers; 4.7 kcalmol�1 per hydrogen in 1 and
5.6 kcalmol�1 per hydrogen in 2. Each of the remaining eight
hydrogen atoms, termed normal hydrogen atoms, are similarly
stabilized by 0.3 kcalmol�1 in 1 and by 0.5 kcalmol�1 in 2.
Thus the H±H bonded interaction contributes 2� 4.7�
9.4 kcalmol�1 to the excess stability of 1, and each such H±
H interaction contributes 11.2 kcalmol�1 to the excess stabil-
ity of 2. The same analysis from the results of the RHF-SCVS
calculation for phenanthrene yields a stabilization of
12.8 kcalmol�1 for the H±H interaction, the remaining
hydrogen atoms being stabilized by 0.4 kcalmol�1 relative to
those in anthracene. In an analogous manner, the MP2
calculation yields a stabilization of 10.0 kcalmol�1 for the H±
H interaction in phenanthrene, a value closer to the B3LYP
result of 9.4 kcalmol�1 than to the RHF SCVS results. We
define the H±H stabilization energy E(H ±H) to be the
energy lowering associated with the hydrogen atoms involved
in H±H bonding. Whether the energy lowering is gauged
relative to the energies of the other normal hydrogen atoms in
the same molecule or to those in a related molecule, the value
of E(H ±H) changes by less than 1 kcalmol�1. The values of
E(H ±H) are given in Table 1.
No isomers without H±H bonds of the molecules of 9,10-


dihydrophenanthrene (3) and dibenz[a,j]anthracene (4) were
considered, isomers that would provide a standard for the
determination of the increased stability of the H±H bonded
hydrogen atoms. However, the average energies of normal
benzenoid hydrogen atoms exhibit only small variations in all
these molecules, and one can obtain a measure of the
increased stability resulting from the presence of H±H
bonding in 3 and 4 by comparing the energies of the H±H
bonded hydrogen atoms in these molecules with the same
standard energies used in the determination of the H±H
bonding energy in 1 and 2. This procedure yields a result of
3.1 kcalmol�1 for E(H ±H) in 3, a value approximately one-
third as large as that found for 1. This result is not unexpected
in light of the close proximity of the bond and ring CPs for this
interaction (Figure 1), a proximity that reduces the value of �b
and places the interaction on the verge of annihilation.
The stability resulting from the presence of two H±H


interactions in chrysene is approximately twice that resulting
from the single such interaction in phenanthrene. This
approximate additivity of E(H±H) carries over to the
bifurcated H±H bonding found in dibenz[a,j]anthracene
(4). In this molecule, the excess stability of 9.5 kcalmol�1


found for the central hydrogen atom that serves as the
terminus for two H±H bond paths equals twice the value for a
H±H bonded hydrogen atom in phenanthrene, while each
hydrogen atom bonded to the bifurcated hydrogen atom in 4
is stabilized by 5.2 kcalmol�1. Thus each H±H interaction
contributes a stabilizing contribution of 10.0 kcalmol�1 to the
energy of 4.
The stabilization of a hydrogen atom bonded to an aromatic


ring that is involved in H±H bonding is calculated to be
approximately 5 kcalmol�1 in phenanthrene, chrysene, and
dibenz[a,j]anthracene. Thus the presence of hydrogen atoms
with a separation of less than 4 au in these molecules does not
result in ™a repulsive steric interaction∫, but rather in the
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formation of a bond path and a stabilizing contribution to the
energy, as anticipated for a bonded interaction. The stabiliza-
tion overrides the accompanying decrease in the stability of
the carbon framework in phenanthrene and chrysene, and the
presence of the H±H bonding imparts an increased stability
to these molecules over their linear isomers. There is no
attempt to define a corresponding ™H±H bond energy∫. The
energy changes associated with the presence or absence of
H±H bonding are not restricted to the hydrogen atoms
involved in the bonding, and one is faced with the usual
ambiguities in attempting to define a ™bond energy∫ in such
cases. What one can unambiguously define is the H±H
stabilization energy E(H ±H), the contribution to the low-
ering of the energy of the entire molecule that resides in the
energy associated with the hydrogens involved in H±H
bonding.


Biphenyl (5): The calculated B3LYP 6-31G** twisted equili-
brium geometry of biphenyl (�� 38o) is calculated to lie
2.1 kcalmol�1 lower in energy than the planar geometry (��
0o) and 2.5 kcalmol�1 lower in energy than the perpendicular
geometry (�� 90o). This energy ordering is in agreement with
experiment, which places the two barriers at 1.4 and
1.6 kcalmol�1 and the equilibrium value at �� 44.4o.[37] The
RHF SCVS 6-31G** calculation gives �� 45.5o and the RHF
with the large basis set gives �� 46.5o. The classical arguments
for these observations are that the perpendicular geometry
breaks the delocalization of the � density over the two rings,
while the planar structure is subject to ™steric nonbonded
repulsion∫. The attainment of the planar geometry causes the
length of the C1�C7 bond linking the two rings to increase
from its equilibrium value of 2.808 au to 2.824 au, a value that
increases further to 2.835 au in the perpendicular geometry.
The delocalization of electrons is determined by the


corresponding delocalization of the Fermi hole that governs
the spatial extent of the exchange of same-spin electrons.[38]


The total exchange of electrons between the basins of the
atoms A and B is measured by the delocalization index
�(A,B).[39] The delocalization of the electrons on one ring into
the atomic basins of the second ring is indeed found to be
maximized for the planar structure; 0.825 electrons or 2.05%
of the electron population of one ring is delocalized onto the
other ring in the planar structure. These values decrease to
0.793 e or 1.97% in the twisted equilibrium geometry and
attain their minimum values of 0.723 e or 1.80%when the two
rings are perpendicular. Of the 0.825 e delocalized from one
ring onto the other, 0.596 e come from carbon C1 or C7
forming the C�C link between the rings. Thus there is a
decrease in delocalization of one-tenth of an electronic charge
from one ring onto the other associated with a 0.4 kcalmol�1


energy increase in attaining the perpendicular from the planar
structure, as determined by the exchange of the electrons
between the two rings. The delocalization index between
bonded carbons in the same ring, �(C,C�), varies from 1.3 to
1.4 while the value for �(C1,C7) equals 1.05 in the planar
structure, decreasing to 1.04 in the twisted geometry and
attaining its minimum value of 1.00 in the perpendicular
geometry.


The rotation causing the formation of the planar structure
and the accompanying energy increase of 2.1 kcalmol�1 result
in a transfer of 0.030 electronic charges from the carbon to the
hydrogen atoms. One-half of the charge transfer is from the
ortho-carbon atoms, that is, those which are linked to the
hydrogen atoms that bond to one another in the planar
structure, and it is these hydrogens that are the major
recipients of the transferred charge, receiving 0.025 e. The
major geometric change accompanying the rotation is the
increase in the C1�C7 separation by 0.0163 au from the
equilibrium value of 2.824 au, a lengthening caused by the
accommodation of the approach of the ortho-hydrogen atoms.
As a consequence, the energies of these two carbon atoms
increase by 32.6 kcalmol�1. The energies of the remaining
carbon atoms decrease by 9.4 kcalmol�1, the two para-carbon
atoms accounting for 4.6 kcalmol�1 of the decrease. The major
decrease in energy in the formation of the planar structure
occurs for the H±H bonded hydrogen atoms, the transfer of
charge to these hydrogen atoms causing the energy of each to
decrease by 5.2 kcalmol�1. The resulting contribution of
20.8 kcalmol�1 from the formation of the two H±H bonded
interactions accounts for all but 1 kcalmol�1 of the energy
decrease undergone by all of the hydrogen atoms. The
stabilizing energy E(H ±H) is thus 10.4 kcalmol�1 for each
H±H interaction, one that increases to 15.4 kcalmol�1 with
the 6-31G** basis set in the RHF SCVS calculation and to
15.8 kcalmol�1 by using the larger 6-311��G(2d,2p) basis
set in a RHF calculation.
The approach of the ortho-hydrogen atoms to separations


less than the sum of their van der Waals radii upon attaining
the planar structure results in H±H bonding and to a
stabilizing contribution in excess of 20 kcalmol�1 to the
energy. The formation of the H±H interactions admittedly
causes an increase in the separation between the two rings,
one that results in an increase in energy of atoms C1 and C7
linking the rings. There is, however, no ™steric nonbonded
repulsion∫ between the ortho-hydrogen atoms in the planar
structure of biphenyl, just as there is none between the 1,4-
hydrogen atoms in molecules 1 and 2. Instead, the resultant
H±H bonding contributes a stabilizing contribution to the
energy in all three molecules, one that dominates the
accompanying increase in the energy of the carbon atoms in
1 and 2 relative to that of their linear isomers, but is less than
the increase in the energies of carbons C1 and C7 in attaining
the planar geometry in biphenyl.


Contrasting H±H with dihydrogen bonding


Atomic populations and volumes : A most important charac-
teristic of hydrogen bonding of A�H with B is the transfer of
electronic charge from H to both A and B, in the range from
0.01 to 0.1 e,[40, 41] with 0.06 and 0.04 e being transferred from
H in forming the ammonia and water dimers, respectively, for
example. These transfers increase the already large positive
charge on this atom. The hydrogen atoms in the polybenze-
noids on the other hand, bear slight negative charges, in the
range of a few thousandths of an electronic charge, a charge
that increases in magnitude on H±H bonding. Thus the
charge of �0.002 e on an ortho-hydrogen atom of biphenyl
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becomes slightly more negative with q(H)��0.008 e when
involved in H ±H bonding. Similarly the hydrogen atoms that
participate in H±H bonding in 1 and 2 bear charges more
negative than the average charge on the remaining hydrogen
atoms by�0.004 e in 1 and�0.003 e in 2. Thus H±H bonding
occurs between hydrogen atoms both of which bear small
negative charges, and it is accompanied by a small transfer of
charge to both hydrogen atoms. The charge redistribution
accompanying H±H bonding and its final disposition has no
electrostatic component to its energy, making it distinct from
the changes involved in hydrogen bonding.
In addition to the H�A length decreasing upon formation


of a hydrogen bond, the atomic volume of the hydrogen
(v(H)) undergoes a dramatic decrease because of the transfer
of electron density to both the A and B atoms and the
formation of the H�B interatomic surface.[40, 41] The atomic
volume is determined by the intersection of an atom×s
interatomic surfaces with the 0.001 au density envelope; an
envelope that has been shown to yield good agreement with
experimentally determined van der Waals radii in the gas
phase.[40] The decrease in v(H) for hydrogen is considerable,
even for interactions of moderate strength. In the dimers of
ammonia and water, for example, the change in v(H) is of the
order of 6 au, amounting to a 30% change. There is a much
smaller percentage decrease in the volume of the base atom B
of �2.5% for B�N or O.
The volume changes associated with H±H bonding are


absolutely and proportionately smaller than for the acidic
hydrogen in hydrogen bond formation and occur for both
hydrogen atoms. The 0.001 au envelope yields a nonbonded
radius of 2.55 au for a benzenoid hydrogen and 2.63 au for a
methyl hydrogen. The creation of the H±H interatomic
surface in the rotation leading to the attainment of the planar
geometry of biphenyl decreases the separation between the
ortho-protons to within 3.68 au, and the minimum density at
their point of contact, the value of �b, is increased to 0.014 au.
The rotation causes the volumes of the ortho-hydrogen atoms
to decrease by 2.5 au from their value of 49.2 au in the twisted
equilibrium geometry, a change of 5%. One may determine
the effective volume change for the H±H bonded hydrogens
in the polybenzenoids by comparing their volumes with the
average volume of a hydrogen atom not involved in H±H
bonding. This latter volume, equal to 49.7 au, is decreased by
3.2 au or 6% in 1 and by 3.8 au or 8% in 2.


Atomic energies : The most important difference between H±
H and dihydrogen bonding is in the differing energy changes
of the involved hydrogen atoms. In hydrogen bonding, the
energy of the acidic hydrogen increases and its population and
volume decrease. The destabilizing change in energy is
considerable, in the range of 20 to 40 kcalmol�1 for inter-
mediate to strong interactions.[40, 41] In contrast to this, H ±H


bonding results in the energy of the pair of atoms being
stabilized by amounts up to 10 kcalmol�1.
The decrease in volume coupled with a slight increase in


population for the H±H bonded hydrogen atoms means that
their average number of electrons per unit volume is greater
than for the other hydrogens. This corresponds to a compres-
sion of the density of the H±H bonded hydrogen atoms and
to an increase in their kinetic energy. For example, the N(H)/
v(H) for the ortho-hydrogen atoms in biphenyl increases from
0.0207 to 0.0220 e per unit volume in the planar geometry,
while the value of T(H)/v(H) increases from 0.0131 au per
unit volume to 0.0140 au. The corresponding values for the
H±H bonded hydrogens in 1 and 2 exhibit quite similar
changes. One might suppose that the compression leads to
their destabilization, but this is an erroneous conclusion. It is
true that local compressions and expansions in the electron
density may be related to corresponding changes in the
positive definite form of the kinetic energy density, as
discussed some time ago,[42] and the local statements of the
virial theorem provide precise relations between the local
kinetic and total energy densities.[1] However, for the total
molecule bounded at infinity or for one of its constituent
atoms bounded by a surface of zero flux, the relations
between their average kinetic, potential, and total energies
are governed by the virial theorem. In particular for an
equilibrium geometry, the virial theorem demands that
E(�)��T(�), in which � refers to the total molecule or to
an atom within the molecule. Thus the compression of the
charge distributions of the hydrogen atoms in the formation of
an H±H bonded interaction must necessarily lead to an
increase in their average electronic kinetic energy, as a
consequence of the concomitant lowering in their total
energy. Certainly a compression of an atom can lead to an
increase in its energy as demonstrated by the quantum
definition of pressure in terms of the surface virial of an atom,
as illustrated for an �H2 � molecule embedded in an extended
chain subject to an applied external pressure.[43] If the
compression of the hydrogen atoms resulting from the
attainment of the planar geometry in biphenyl, for example,
did result in ™steric nonbonded repulsions∫, their kinetic
energies would exceed the magnitudes of their total energies
by an amount equal to the virial of the external forces acting
on their nuclei. Instead, the compression results in a
reorganization of the molecular electron density and to a
new equilibrium geometry with vanishing forces on all of the
nuclei, and the increase in the kinetic energy of the hydrogen
atoms results in a stabilizing contribution to the total energy
of the planar geometry.
All energy contributions are defined for an open system


thus enabling one to determine the origin of the stabilization
resulting from H±H bonding.[1] Table 2 gives the kinetic and
total energies, together with the attractive and repulsive


Table 2. Contributions to change in energy of ortho-hydrogen atoms in the planarization of biphenyl.[a]


T(H)��E(H) Vneo(H) Vnet(H) Vee(H) Vnn(H) Vrep(H) V(H)� 2E(H)
equilibrium geometry 0.6520 � 1.3332 � 16.5792 7.6262 7.6490 15.2752 � 1.3040
change in energy � 7.7 � 10.5 � 173.9 � 78.9 � 79.5 � 158.4 � 15.4
[a] Total energies in atomic units, energy differences in kcalmol�1; E(planar)�E(equilibrium). Results are for RHF SCVS 6 ± 31G**//SCVS 6 ± 31G**
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contributions to the potential energy, for an ortho-hydrogen
(o-H) atom in the equilibrium geometry of biphenyl, together
with the changes in these energies upon attainment of the
planar structure and the atom×s participation in H±H
bonding. The results are for the SCVS calculation, and the
energy components and their change with geometry satisfy
the requirements of the virial theorem: T(H)��E(H) and
E(H)� (1/2)V(H), in which the virial for o-H reduces to the
potential energyV(H), because of the absence of forces on the
nuclei in both geometries. The stabilization energy for a single
hydrogen �E(H)��7.7 kcalmol�1 is a result of the decrease
in the attractive potential energy (increased stabilization) of
the ortho-proton, the quantity �Vnet(H), exceeding in magni-
tude the change in the repulsive contributions to the atom×s
energy, �Vrep(H), the sum of the changes in the electron
Vee(H), and nuclear Vnn(H) energies. The quantity �Vnet(H) is
the change in the energy of interaction of the ortho-proton
with the entire electronic charge distribution; the contribution
from just the change within the basin of the atom, the quantity
�Vneo(H), equals �10.5 kcalmol�1. Thus the repulsive con-
tributions to �E(H) do increase as a result of the ortho-
hydrogen atoms coming into contact (i.e., sharing an intera-
tomic surface) in the planar geometry, but the resulting
redistribution of the density leads to an overriding decrease in
the attractive potential energy. Just the opposite behavior is
found for the acidic hydrogen upon hydrogen bond formation,
with the repulsive energy increase outweighing the decrease
in the attractive interactions, as has been previously de-
tailed.[41]


The contribution to the change in energy arising from the
formation of an H±H interatomic surface in attaining the
planar geometry may be directly determined. This quantity,
Vs(H ±H), is the virial of the surface forces acting on the H±H
interatomic surface.[1, 44] It is obtained by the addition of the
surface virials for a bonded pair of o-H atoms. The resulting
expression for Vs(H ±H) is remarkably simple, equaling a
force acting through a distance. The force is the one exerted
on the electrons in the H±H interatomic surface,


�
dS�(r)


expressed in terms of the stress tensor �(r), and it is dotted
into the distance vectorR between the two ortho-protons. The
values of Vs(H ±H) are �14.5 and �20.6 kcalmol�1 for the
DFT and the SCVS calculations, respectively. Both values
exceed the corresponding H±H stabilization energies of 10.4
and 15.4 kcalmol�1 by approximately 5 kcalmol�1, differences
that are accounted for by an increase of�2.5 kcalmol�1 in the
value of the C�H surface and basin virials of each hydrogen
atom. Similar results are obtained for Vs(H ±H) from the
H±H surface present in phenanthrene which equals
�16.6 kcalmol�1 for the SCVS calculation, compared to a
stabilization energy of 12.8 kcalmol�1. Thus in each case the
formation of the H±H interatomic surface contributes to a
decrease in energy by an amount 5 kcalmol�1 in excess of the
stabilization energy.


Tetra-tert-butylindacene (8): There are four H±H bonded
interactions linking each of the apical hydrogens on the
central benzene to hydrogen atoms on four separate methyl
groups in the molecular graph for tetra-tert-butylindacene (8 ;
Figure 2). Each apical hydrogen thus participates in tetra-


furcated H±H bonding and is common to four seven-
membered rings, the ring CPs of which are seen in Figure 2.
There are no H±H bond paths between the hydrogens within
a single tert-butyl group, neither in isobutane nor in any of the
molecules stabilized by the tert-butyl groups. An H±H
interaction between a benzenoid hydrogen and a methyl
hydrogen in 8 is weaker than one between two benzenoid
hydrogens found in the polybenzenoids: it is of greater length
and has a lower �b value (Table 1).
One may obtain a measure of the extra stability associated


with the presence of the H±H bonding in this molecule by
performing a rotation of each methyl of the tert-butyl groups
by 60o, a motion that results in the rupturing of all eight H±H
bond paths. The rotation causes the energy to increase by
29 kcalmol�1, part of which arises from the loss of H±H
bonding. The same 60o rotation causes the energy of each of
the apical hydrogen atoms to increase by 5.6 kcalmol�1 and
that of each of the four methyl hydrogen atoms bonded to
them by 0.5 kcalmol�1. Thus the four H±H bond paths
associated with a single apical hydrogen have a total
stabilization energy of 7.6 kcalmol�1, and the breaking of the
eight H±H bonded interactions on rotation accounts for one-
half of the accompanying increase in energy. The apical
hydrogen atoms are, therefore, not in repulsive contact with
those of the tertiary butyl groups, since a rotation that
ruptures the H ±H interactions contributes to the resulting
increase in energy.


Tetra-tert-butyltetrahedrane (6) and tetra-tert-butylcyclobu-
tadiene (7): Balci, McKee, and Schleyer[34] have determined
the equilibrium structures of molecules 6 and 7 using RHFand
B3LYP of density functional theory with the 6-31G* basis set.
The ring in 7 is predicted to have unequal bond lengths of
1.354 and 1.608 ä, leading to a lowest energy structure of C2
symmetry, in agreement with the most recent X-ray structure
of this compound and other twisted cyclobutadiene deriva-
tives. The unequal bond lengths are reflected in the different
delocalization values �(C,C�), the long bond yielding a value
of 0.92 and the short one a value of 1.73. Tetra-tert-
butyltetrahedrane (6) is found to have a minimum energy
structure of T symmetry, one which is 0.5 kcalmol�1 lower in
energy than the more symmetrical Td structure. Our B3LYP
calculations using the 6-31G** and 6-311��G(2d,2p) basis
sets at the 6-31G* geometries of Balci et al. yield an excess
stability of the Tover the Td structure of 0.8 and 0.6 kcalmol�1,
respectively.
In their discussion of 6, Balci et al. note that: ™In the Td


symmetry structure there are 12 nonbonded H ¥¥¥H interac-
tions of 2.25 ä which are reduced to 12 H ¥¥¥H interactions of
2.43 ä in the T-symmetry structure.∫ There are indeed
12 equivalent H±H bond paths for H±H separations of
4.25 au in the Td structure that are transformed into 12 longer
H±H bond paths for H±H separations of 4.59 au in the T
structure. However, another six still longer H±H bond paths
are present in the T structure with H±H separations of
5.13 au (Table 1 and Figure 2). Thus the 12 H±H bonded
interactions in the Td structure with �b� 0.0065 au are
replaced by 18 interactions in the T structure with �b values
of 0.0048 and 0.0028 au, respectively, the larger basis set giving
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values that differ by no more than 0.0001 au. Of the three
hydrogen atoms of a methyl group in the Td structure, one is
normal and each of the remaining two is H ±H bonded to a
methyl on a neighboring tert-butyl group. Thus each methyl
group is linked to two methyls of other tert-butyl groups. Of
the three hydrogen atoms of a single methyl group in the T
structure, one is normal and another is engaged in bifurcated
H±H bonding, being linked to a corresponding bifurcated
hydrogen atom on a methyl (�b� 0.0028 au) and to a hydro-
gen atom in another methyl group (�b� 0.0048 au), both
methyls being on a neighboring tert-butyl group (Figure 2).
Thus each methyl group in the T structure is linked to three
other methyl groups on two other tert-butyl groups.
The energy analysis is given in terms of the results from the


large basis set. Each H±H interaction in the Td structure has a
stabilization energy of 1.6 kcalmol�1. The energy of a hydro-
gen atom engaged in bifurcated H±H bonding in the T
structure has a stabilization energy of 1.1 kcalmol�1, while the
energy of the singly bonded hydrogen atom is the same as that
of a normal hydrogen atom to within the integration error of
less that 0.1 kcalmol�1. Thus the 12 H±H interactions con-
tribute 19.2 kcalmol�1 to the stabilization of the Td structure
and the 18 such interactions contribute 13.2 kcalmol�1, or
�0.8 kcalmol�1 per H±H interaction, to the T structure
leading to a reduction in the stabilizing contribution from H±
H bonding in passage from the Td to the more stable T
structure.
Balci et al. state: ™The driving force behind the (Td�T)


distortion is the relief of steric repulsion between methyl
groups on different tert-butyl groups.∫ They also employ
group additivity increments, free from exo-substituent inter-
actions, to compute a heat of formation for tetra-tert-butyl
tetrahedrane that is 15.3 kcalmol�1 higher than a computed
heat of formation, an energy that they attribute to steric
repulsion between the tert-butyl groups. These classical strain
arguments are made in the absence of knowledge of the H±H
stabilizing interactions that are present in both the T and Td


structures and of the changes in energies of the individual
atoms and groups accompanying the Td�T transformation,
an analysis that clarifies the role of the H±H stabilization
energies. It should be recalled that the energies, and indeed all
properties, determined within the theory of atoms in mole-
cules recover experimental group additivity schemes and do
so in a manner that makes the additive behavior both
understandable and predictable.[1, 45] For example, a methyl
group in normal hydrocarbons past propane exhibits perfect
transferability (within both experimental and theoretical
accuracy) in its charge distribution and hence properties. It
necessarily differs slightly from a methyl group in ethane that
is electrically neutral. In bonding to a methylene group, not
only is charge conserved–the electronic charge gained by
methyl of ethane equaling that lost by methylene–but energy
is similarly conserved. Thus incremental group additivity is
maintained in spite of intergroup charge transfer by the
process of compensatory transferability, a process of not
uncommon occurrence in view of Benson×s extensive tabu-
lation of incremental group properties.[46] In a process where
compensatory transferability does not apply and the group
increments do not account for a change in energy, one may


employ the atomic energies of QTAIM to isolate the cause of
the difference. The energy of a CH2 in cyclopropane, for
example,[1] is found to exceed the transferable energy of the
same group in a linear hydrocarbon by one-third of the
classical strain energy assigned to the cyclic molecule, a
consequence of a transfer of density from H to C.
Changes in geometrical parameters accompanying the


Td�T transformation must necessarily lead to changes in
the electron density distribution, since the density determines
the Hellmann ±Feynman forces acting on the nuclei. The
principal geometrical changes for Td�T are a shortening of
the lengths of the C�C bonds in the C4 cage by 0.0014 ä and
of the bonds between a cage C atom and the C atom of a tert-
butyl group by 0.0020 ä. The remaining bond lengths all
increase, but by amounts less than 0.0004 ä. Since all bonds
linking a cage carbon atom shorten in Td�T, it is not
surprising that these carbon atoms undergo the largest
individual changes in energy, being stabilized by
3.0 kcalmol�1, and in population, which increases by
0.0004 e. The cage carbon atoms thus make the largest
contribution to the increase in stability of the T structure, a
contribution of�12.1 kcalmol�1. Each unique carbon atom of
a tert-butyl group, in addition to the shortening of its links to
the cage, also undergoes a lengthening of its bonds with its
three bonded methyl groups, and the contribution of all four
such carbon atoms is a net destabilization of the T structure by
�2.9 kcalmol�1. Because of the bond lengthening and a
concomitant loss of 0.009 e of electronic charge, the 12 carbon
atoms of the methyl groups are destabilized in the T structure
and contribute �13.1 kcalmol�1 to Td�T. In total, the
hydrogens are more stable in T than in Td and contribute
�4.8 kcalmol�1 to the energy change. Thus overall, the
methyl groups are destabilized by 8.3 kcalmol�1 in the
Td�T transformation. Consequently, the stabilization of
the T over the Td structure is not a result of a decrease in the
repulsion between the tert-butyl groups. Instead, the methyl
groups are actually destabilized in the Td�T transformation,
and the overriding energy change comes from the stabilizing
re-organization of the electron density in the interior of the
molecule–of the carbon atoms in the tetrahedral cage. The
6-31G** results yield the same analysis of the Td�T trans-
formation.
There are a total of 12 H±H bonded interactions in tetra-


tert-butylcyclobutadiene (7), grouped into two sets. Two
hydrogens of one methyl on one isobutyl group are each
H±H bonded to hydrogen atoms on methyl groups linked to
two other isobutyl groups. These latter hydrogen atoms are in
turn engaged in bifurcated H±H bonding, as pictured in
Figure 2. Three of the H±H interactions between two
bifurcated hydrogens have �b values of 0.0168 au, the
remaining three have values of 0.0152 au. The six H±H
interactions between a bifurcated and a singly H±H bonded
atom also fall into two groups, one set with �b values of
0.0080 au, the other with values of 0.0068 au. In this manner
there are six H±H bonded interactions linking the three
methyls of one isobutyl group with two of the methyls on two
neighboring isobutyl groups, and another set of six interac-
tions linking these methyl groups with the methyl groups on
the fourth isobutyl group.
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The six H±H bonded interactions between hydrogen atoms
engaged in bifurcated bonding in 7 are shorter and possess
larger �b values than the shortest and strongest of the H±H
interactions is found in the Td structure of 6. Thus it is not
surprising that the bifurcated hydrogens in 7 exhibit a
considerable increase in stability over the normal hydrogens,
equaling 6.5 kcalmol�1. The remaining hydrogens involved in
H±H bonding are stabilized by 0.4 kcalmol�1, and the
stabilization energy resulting from the H±H interactions in
7 is 55.2 kcalmol�1 compared to the 19.2 and 13.2 kcalmol�1


for the Td and T structures of 6. Thus the tighter ™corset∫[26]


enclosing the cylcobutadiene ring leads not to greater non-
bonded repulsions, but to a greater stabilization energy than
does the looser corset enclosing the tetrahedral cage in 6.
Heating is known to cause 6 to isomerize to 7. The


calculations reported by Balci et al. , including estimates of
heats of formation at both 0 and 298 K, predict nearly equal
stabilities for both molecules, with 6 more stable than 7 by
approximately 1.5 kcalmol�1; the present B3LYP/6-31G**
calculation yields an energy difference of 1.2 kcalmol�1. The
closer approach of the methyl hydrogen atoms in 7 compared
to 6, with the concomitant increase in the H±H stabilization
energy, indicates the driving force for the thermal isomer-
ization of 6 to 7 to be the increased stability of the methyl
groups in 7. The methyl groups in 7 are more stable than those
in 6 by 125 kcalmol�1. The energies of the four cage carbon
atoms increase by 158 kcalmol�1 in forming the cyclobuta-
diene ring, the four isobutyl carbon atoms accounting for the
remaining 32 kcalmol�1 decrease in energy. Thus the over-
riding energy change accompanying the transformation of 6 to
7 is an increase in stability of the methyl groups that is
partially (in reality) or completely (by present calculations)
counteracted by a decrease in the stabilities of the carbon
atoms of the cage.


Conclusion


The atomic interaction line resulting when a bonded hydrogen
atom is pushed against another atom in a closed-shell
interaction does not necessarily result in a ™nonbonded
repulsion∫ and an increase in energy. If the hydrogen is acidic
and the other atom basic, the atomic interaction line is a bond
path characterizing hydrogen bonding. If both atoms are
hydrogen and possess disparate charges, the resulting bond
path indicates the presence of ™dihydrogen bonding∫, an
interaction similar in all respects to hydrogen bonding. If a
hydrogen atom bearing a slight negative charge is placed in
close proximity to a transition metal atom, the result is not a
repulsion, but rather the formation of a bond path that
signifies the presence of an agostic interaction, one whose
characteristics are distinct from those of hydrogen bonding.[47]


The presence of a bond path linking a titanium atom to a
methyl hydrogen has been demonstrated in both experimen-
tal and theoretical charge distributions.[47,48]To this list one
may now add ™H±H bonding∫, a bonded interaction resulting
from the close approach of two bonded hydrogen atoms
bearing the same or similar net charges. While also a closed-
shell interaction, H ±H bonding is distinct from hydrogen


bonding in its atomic and geometric characteristics. One
anticipates, however, that just as hydrogen bonding exhibits
characteristics that range from closed-shell to shared inter-
actions as the strength of the interaction increases,[10, 40, 49] so
H±H bonding may be found to merge with dihydrogen
bonding, as the disparity in the charges on the two participat-
ing hydrogens increases.
The classification of H±H interactions as ™nonbonded


steric repulsions∫ in molecules such as the benzenoid hydro-
carbons is at variance with the demonstrated stabilizing
contribution their presence makes to the molecular energy.
Such interactions must in fact be ubiquitous, their stabilization
energies contributing to the sublimation energies of hydro-
carbon molecular crystals and accounting for the existence of
solid hydrogen. The intermolecular H±H bonding in solid
hydrogen, modeled by a linear chain of molecules, has been
documented and its variation with pressures up to 160 GPa
determined.[43] At low pressures the intermolecular H±H
bonding exhibits the closed-shell characteristics described
here, but with increasing pressure and the resulting accumu-
lation of density in the intermolecular regions, the H±H
interactions increasingly assume the characteristics of a
shared interaction. This is accompanied by an increasing
delocalization of the density–a process that eventually
culminates in the equal delocalization of the density over a
set of equally spaced atoms in the atomic metallic state.
H ±H bonding falls in the class of ™van der Waals∫ inter-


actions operative in all molecular crystals, no different in kind,
for example, from the intermolecular Cl ±Cl bonding present
in solid chlorine.[8] The ability to identify specific interactions
within a crystal, as defined in terms of the associated bond
paths and determine their directional and atomic character-
istics, aids in quantifying our understanding of the cohesive
properties of molecular crystals.[4]
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Theoretical Evidence of Persistent Chirality in D3 Homoleptic
Hexacoordinate Complexes with Monodentate Ligands**


Pere Alemany,*[a] Santiago Alvarez,[b] and David Avnir[c]


Abstract: A theoretical study of the
enantiomer interconversion pathway
relevant to racemization reactions of
hexacoordinate transition-metal com-
plexes is presented based on density
functional calculations. The potential-
energy surface for the trigonal twist
pathway of the [Zr(SH)6]2� model com-
pound has been explored. The optimum
structure reproduces, to a very good


approximation, the experimental geom-
etry of the analogous compound in
which the thiolato groups have C6H4-4-
OMe substituents instead of H atoms. A
barrier of about 19 kcalmol�1 is estimat-


ed for the racemization of [Zr(SH)6]2�


and exploratory calculations for
[Zr(SC6H4-4-OMe)6]2� indicate that a
larger barrier should be expected. For
the chiral homoleptic organometallic
complexes [ZrMe6]2� and [RhMe6]3� no
significant racemization barrier is ex-
pected.


Keywords: Bailar twist ¥ chirality ¥
coordination chemistry ¥ density
functional calculations


Introduction


Chirality of transition-metal complexes is of much current
interest because of their potential applications as catalysts for
asymmetric synthesis.[1] The main option usually considered
for inducing chirality in octahedral complexes is the use of two
or three bidentate ligands.[2] We have recently called to
attention the possibility of employing homoleptic hexacoor-
dinate complexes with monodentate ligands[3] whose chirality
is associated to a D3 symmetry point group. This chiral point
group appears in hexacoordinate complexes with structures
anywhere in between an exact octahedron and a perfect
trigonal prism. The distortive path that links these two


extremes is the well-known Bailar twist shown in scheme 1,
whereby the octahedron corresponds to �� 60� and the
trigonal prism to �� 0�. Furthermore, based on a quantitative
analysis of the degree of chirality along this D3 route carried


Scheme 1.


out with the help of continuous chirality measures (CCM),[4] it
was determined that the most chiral D3 complex is charac-
terized by a twist angle �� 23�. Since a variety of D3


hexacoordinate homoleptic complexes have already been
synthesized and structurally characterized, two key questions
that follow are: Why have the two enantiomers neither been
separately characterized nor have their optical rotatory
dispersion (ORD) or circular dichroism (CD) spectra been
recorded? Could these complexes be useful in chiral catal-
ysis? We believe that the main reason for the lack of chiral-
oriented research on these complexes has been the precon-
ception that only bi- and tridentate, but not monodentate,
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ligands can give rise to stable enantiomers that do not
racemize in solution at room temperature. In this report we
provide evidence to the contrary: Homoleptic hexacoordinate
metal complexes may be stable enough at room temperature
to allow separation of enantiomers and to act as chiral
catalysts. We do so by a theoretical investigation of the energy
barrier for the trigonal twist associated mainly with the
enantiomerization of the model molecular anion [Zr(SH)6]2�,
motivated by the identification in our previous work[3] of the
most chiral homoleptic complex in the crystal state,
[Zr(SC6H4-4-OMe)6]2� (Figure 1), a d0 thiolato complex[5]


that crystallizes in the enantiomorphic R32 group with a
ZrS6 core that has a twist angle of 30�. Calculations are also
reported for this complex as well as for someMMe6 molecules
with prismatic or twisted prismatic structures.


Figure 1. Projections along the trigonal axis of the [Zr(SC6H4-4-OMe)6]2�


ion (above) and of its inner core showing the trigonal faces and only the
ipso carbon atom of the organic group (below) as found in the experimental
structure (left, � isomer) and in its enantiomeric form (right, � isomer).


Two parameters are used to describe the structure of the
thiolato complex. The first one is the twist angle between two
parallel faces of the coordination polyhedron (� in Scheme 1).
Since in this case clockwise and anticlockwise rotations are
not equivalent due to the orientation of the thiolato sub-
stituents, we adopt the convention that negative twist angles
correspond to an anticlockwise, and positive ones to a
clockwise rotation (Scheme 2). The second parameter de-
scribes the orientation of the thiolato substituent and is
defined by the R-S-M-c torsion angle (�), whereby c is the
centroid of the corresponding trigonal face, as illustrated in
Scheme 3. The experimental values for the structure of the
[Zr(SC6H4-4-OMe)6]2� ion are ���30.5� and �� 240�
(shown in projection along the trigonal axis in Scheme 2,
and labeled �). Hence, the rearrangement of this molecule
leading from the � to the � enantiomer requires two


Scheme 2.


Scheme 3.


geometrical changes, which may occur in synchronous or
asynchronous ways: 1) the Bailar twist of the ZrS6 core that
generates its mirror image (from left to right in Scheme 2),
and 2) the rotation of the S�R bonds around the Zr�S axes for
the six sulfur atoms (from top to bottom in Scheme 2). An
alternative to S�R rotation that will be considered in the
discussion of the results is the inversion at the S atoms passing
through a linear Zr-S-R transition state. We note here that we
have labeled the two enantiomers according to the handed-
ness of the ZrS6 core, but since the R6 group is also chiral, at
some points along the enantiomerization path the corre-
sponding labels cannot be assigned, a problem of latent
handedness that has been discussed by one of us recently.[6]


This happens, for instance for the geometries with �� 0� in
Scheme 2.
Hexamethyl complexes of early transition metals also


present a variety of twist angles (see reference [3] for more
references and data). That d0 to d2 complexes with �-donor
ligands must be trigonal prismatic was first proposed based on
qualitative MO analysis[7] and later on through ab initio
calculations.[8] The report of the crystal structure of the
[Zr(CH3)6]2� ion[9] and of the electron diffraction structure of
[W(CH3)6][10] prompted new theoretical studies on hexameth-
yl complexes of the early transition metals, and it seems now
clear that a nearly trigonal prismatic (in some cases distorted
to C3v) structure is preferred for complexes with d0 to d2


electron configurations.[11] Although twisted geometries, in-
termediate between octahedral and trigonal prismatic, have
been predicted computationally for the d0 [Mo(SH)6] com-
plex,[11d] no attention has been paid so far to the chirality and
the racemization processes for this family of compounds.
Since [ZrMe6]2� is isoelectronic with [Zr(SC6H4-4-OMe)6]2�,
we have also carried out calculations on the hexamethyl
derivative, as well as on other hexamethyl complexes,
[NbMe6]� , [WMe6], and [RhMe6]3�, for the sake of compar-
ison.
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Computational Methods


Density functional calculations were carried out with the B3LYP method
and the LANL2DZ double-� basis set with pseudopotentials for the inner
orbitals by using the Gaussian 98 program.[12] For most of our calculations
the thiolato groups were replaced by SH�, thus [Zr(SH)6]2� was used as a
model complex. To keep the model as simple as possible we limited our
study to the two essential parameters � and �, keeping the Zr�S and S�H
bond lengths and the Zr-S-H angles constant at 2.574 and 1.25 ä and 110�,
respectively. The same relative orientation for all six S�H bonds was
assumed, and the two S-S-S basal planes were kept coplanar in all the
geometries studied. These geometrical features were those found exper-
imentally for [Zr(SC6H4-4-OMe)6]2� and were chosen to provide a
qualitative estimate of the energy changes for the full structure. Calcu-
lations were performed for the range �60�� �� 60� (at 5� intervals) and
0�� �� 180� (at 10� intervals). To further test our model results, we carried
out single point calculations on the full anionic complex, [Zr(SC6H4-4-
OMe)6]2�, with four relevant structures of the coordination sphere. The
orientation of the six C6H4-4-OMe groups was optimized at each rotation
angle by molecular mechanics calculations, freezing the position of the S
atoms and replacing Zr by a dummy atom. The energy profile through the
Bailar twist was calculated also for some selected [MMe6] complexes. Since
in this case clockwise and anticlockwise rotations are equivalent we only
explored the range 0�� �� 60� at 10� intervals.


Results


Energy and chirality surfaces : The energy of our model
compound [Zr(SH)6]2�, calculated as a function of the two
parameters, � and �, is presented as a contour plot in Figure 2
and the corresponding values for some singular points are
summarized in Table 1. We note that points related by
inversion through X or Y correspond to enantiomeric
structures, whereas points separated by a 120� interval along
the � axis represent identical structures. Two of the energy
minima found (A and A� in Figure 2) correspond to the two
enantiomeric forms. It is remarkable that this simplified
model, in which the C6H4-4-OMe groups have been substi-
tuted by hydrogen atoms, is able to reproduce to an excellent
approximation both the twist and torsion angles of the
experimental structure (�30.5 and 240�, respectively).
Three different pathways connecting the minima can be


found in the potential-energy surface:
1) The least motion path connecting points A and A� goes
through a transition state L (or L�) with a barrier of about
19 kcalmol�1.


Figure 2. Potential-energy surface calculated for [Zr(SH)6]2� as a function
of the Bailar twist angle (�) and the orientation of the SH bonds (�). Points
labeled A, A�, B, and B� correspond to energy minima and the isoenergy
curves are plotted at 3 kcalmol�1 intervals.


2) A second path connects two equivalent geometries A at a
fixed value of �� 225� by a trigonal twist of 120�, passing
through transition state M, with a slightly smaller energy
barrier (16 kcalmol�1).


3) A long path with energy barriers of about 18 kcalmol�1,
which connects the two enantiomers A and A� through
points N, B, P, B�, and N�. Of these, N, N�, and P are
transition states, whereas B and B� are relative minima,
10 kcalmol�1 above the global minimum.
Single-point calculations were also carried out for the full


anionic complex [Zr(SC6H4-4-OMe)6]2�. The estimated en-
ergy barrier for the AMA process is 24.6 kcalmol�1, of the
same order of magnitude but significantly higher than for the
simplified model (16.3 kcalmol�1, given by the energy differ-
ence between points A and M). The geometries correspond-
ing to a pseudooctahedral trigonal antiprism (�� 60�) and to a
trigonal prism (�� 0�), which are along the AM pathway, are
calculated to be 5.1 and 8.0 kcalmol�1 above that of A, in
excellent agreement with the topology of the corresponding
pathway in the potential-energy surface of the simplified
model. Calculations were also performed for the rotation of
only one thiolato group in [Zr(SC6H4-4-OMe)6]2�, while
keeping the rest of the molecule fixed and a high energy
barrier (19.4 kcalmol�1) was found.
It is of fundamental interest to understand how the chirality


of a dissymmetric molecule changes along an enantiomeriza-
tion path, since, contrary to intuition, the interconversion of
right- and left-handed enantiomers of a molecule need not go
through an achiral transition state,[13] and the present case
provides us with the opportunity to enhance our understand-
ing of such all-chiral pathways. For that reason we plot in
Figure 3 the continuous chirality measure (CCM) of
[Zr(SH)6]2� as a function of � and �. The corresponding
values at special points are given in Table 1. Among the three
pathways described in the potential-energy surface, theAMA
pathway is associated to an automerization process (i.e., it
does not involve enantiomerization), which does, however,
pass through a chiral transition state (Figure 3, point M). As
for the enantiomerization routes, the AL�A� path has a chiral
transition state L�, but the APA� pathway goes through the
achiral transition state P (Figure 3), which corresponds to two
aligned trigonal prisms, namely of H6 and ZrS6.


Table 1. Position, relative energies [kcalmol�1] and continuous chirality
measures (CCM) of some relevant points of the potential-energy surface of
[Zr(SH)6]2� (Figure 1), together with the experimental values for
[Zr(SC6H4-4-OMe)6]2�.


Point Nature � � CCM Energy


A minimum � 32 225 1.68 0
B minimum 18 319 2.92 9.9
L transition state � 35 180 3.57 18.7
M transition state 30 211 1.48 16.3
N transition state 60 280 3.88 19.3
P transition state 0 360 0.00 18.2
X maximum 0 180 0.00 22.5
Y maximum 60 180 0.00 19.4
Z maximum 10 260 1.85 43.3


experimental � 30.5 240 2.16 ±
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Figure 3. Continuous chirality measure of [Zr(SH)6]2� as a function of the
Bailar twist angle (�) and the orientation of the SH bonds (�). Labeling of
specific points as in Figure 2.


Since the homoleptic hexamethyl complexes of some
transition metals appear as trigonal metaprisms[14] (see twist
angles in Table 2), it is worth comparing their energy profiles
along the Bailar path with our results for the zirconium
thiolato complex. The calculated twist angles, the experimen-
tal data, and the calculated energies for the trigonal prismatic
(�� 0�) and octahedral (�� 60�) geometries are presented in
Table 2.


Discussion


It is important to realize that the ALA� pathway crosses the
�� 180� line, which implies steric repulsion between the
thiolato substituents (see Scheme 3), a repulsion that is
expected to increase significantly when the hydrogen atoms
of our model are replaced by the bulky phenyl groups in the
experimental compound. Hence this enantiomerization path
can be ruled out as a possible mechanism for the racemization
reaction of the real compound. Since the AMA pathway
corresponds to an automerization process, we are left with the
APA� path as the most likely one for the enantiomerization of
[Zr(SR)6]2� with R�H. This pathway requires a 180� twist
around the trigonal axis, combined with a 280� rotation of the
S�R groups around the Zr�S bonds through the outer part of
the octahedron (i.e. , passing through �� 0�, point P in
Figure 3), and its associated energy barrier (19.3 kcalmol�1)
corresponds to the relative energy of point N. This large value
implies that the racemization of [Zr(SC6H4-4-OMe)6]2� must
be quite slow at room temperature. For comparison we note
that, for example, the barrier for the racemization of
tris(dithiocarbamato)ruthenium complexes was found to be
about 10 kcalmol�1.[17]


The results of single-point calculations for [Zr(SC6H4-4-
OMe)6]2� show how well the simpler model represents the


behavior of the full molecule, even at the semiquantitative
level. A molecular model, however, tells us that the three
thiolato groups at one trigonal face cannot simultaneously
adopt the �� 0� orientation owing to severe steric congestion
(independent of the twist angle). An alternative mechanism
could imply asynchronous rotations of the thiolato groups,
that is, one at a time. However, rotation of only one thiolato
group, while keeping the rest fixed still requires a relatively
high energy (19.4 kcalmol�1) according to our calculations.
Although this barrier could be somewhat lowered if the two
S-S-S basal planes would be allowed to tilt from co-planarity,
no substantial decrease of the barrier is expected in this
situation. The alternative mechanism that involves lineariza-
tion of the Zr-S-H backbones is calculated to have a barrier of
145.6 kcalmol�1 (24.3 kcalmol�1 per SH group), so we do not
expect such a mechanism to give a lower barrier than thiolato
rotation. We therefore conclude that even for a nonconcerted
inversion of the six thiolato groups, the enantiomerization
barrier of [Zr(SC6H4-4-OMe)6]2� should be always higher
than that of the simpler model [Zr(SH)6]2�, and no racemi-
zation reactions should be expected to occur at room temper-
ature.
As the results of our calculations have shown that a chiral


trigonal metaprism is the most stable geometry for
[Zr(SH)6]2� and that there is a
substantial barrier for the race-
mization reaction, we need to
look for the reasons behind this
conclusion. In contrast to the d0


complexes with �-donor li-
gands, such as CH3, which pre-
fer the trigonal prismatic geom-
etry,[11] the Zr complexes with
�-donor ligands studied here


prefer a metaprism. The reason for the twist can be found
by analyzing the S ¥¥¥ S overlap populations. Although the
effect of �-bonding contributions[11d] cannot be totally ruled
out, the leading term seems to be the repulsion between the
lone pairs of the S atoms on opposite trigonal faces at the ideal
trigonal prism (�� 0�). The orientation of the substituents
found in both [Zr(SC6H4-4-OMe)6]2� (experimentally) and in
[Zr(SH)6]2� (computationally) is nearly coplanar to the
trigonal faces, hence the �-type lone pairs would strongly
overlap in a trigonal prismatic ZrS6 core, as shown in
Scheme 4, resulting in net electron pair repulsions. A trigonal
twist significantly reduces those interactions and stabilizes the
molecule. Since the orientation of the thiolato groups can be
significantly modulated by steric or �-stacking interactions
between the substituents, we
anticipate that some variability
in the rotation angle will be
found, depending on the nature
of those substituents.
Other members of the


[Zr(SC6H4R)6]2� family have
been structurally characterized
and have twist angles between
15 and 36� (R� p-OMe, o-Cl,
and H).[18] It remains to be


Table 2. Optimized twist angles [�] and relative energies [kcalmol�1] of the trigonal prismatic (�� 0�) and
octahedral (�� 60�) structures of some hexamethyl transition metal complexes.


�opt E (�� 0�) E (�� 60�) CCMcalcd �exptl CCMexptl space group ref.


[ZrMe6]2� 20.2 0.7 2.3 2.05 11.2 0.63 Aba2 [9]
[NbMe6]� 0 0.0 71.0 0.00 3.0 0.03 P212121 [15]
[WMe6] 0 0.0 105.6 0.00 1.4 0.01 Pbc21 [15]
[RhMe6]3� 44.6 1.9 0.3 0.56 44.0 0.70 R3≈c [16]


Scheme 4.
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explained why the analogous thiolato complex, [Zr(SC6H4-4-
Me)6]2�, reported by the same authors crystallizes in a
centrosymmetric space group and, therefore, combines the
two enantiomers in the solid state with a significantly smaller
rotation angle (�� 9.2�, �� 126.7�). We note, however, that
the geometry of this compound is still inside the low-energy
valley around the minimum A, and the structures found for
the two compounds are expected to differ by less than
5 kcalmol�1 according to Figure 2.
Contrary to the intuitive idea that interconversion of the


left- and right-handed enantiomers should proceed through
an achiral intermediate, one of the two enantiomerization
pathways just discussed has a chiral transition state (Figure 3,
point L). However, it has been proposed by Pinto and Avnir[6]


that most enantiomerization processes may proceed through
chiral transition states, because the requirement to have a
mirror plane at the transition state is too stringent. The reason
for a chiral transition state in this case is that both the ZrS6
and the H6 fragments are chiral at the minimum; hence,
enantiomerization requires the generation of the mirror
image of both groups. Since on going from A to L the twist
angle of the ZrS6 core does not change, its chirality is retained
(even if the degree of chirality changes slightly) and its mirror
image is generated after the transition state (from L toA�). In
other words, changes of chirality of the two chiral fragments
along the enantiomerization pathway are asynchronous.
The optimized geometries of two hexamethyl complexes,


[ZrMe6]2� and [RhMe6]3�, are also found to be metaprisms, in
agreement with their experimental twist angles (Table 2). The
first case is in contrast to the behavior of the isoelectronic
analogues [NbMe6]� and [MoMe6], which are nearly perfect
trigonal prisms. The significant twist found for the RhIII


complex (�� 44�), both experimentally and theoretically, is
in contradiction with the idea that d6 complexes with �-donor
ligands must be perfectly octahedral, but we have not found a
simple explanation for this computational result. The esti-
mated barriers for racemization of these two complexes
(corresponding to the relative energy at �� 0�), however, are
less than 2 kcalmol�1, and preparation of enantiopure com-
pounds is unlikely according to the present computational
results. We note that [WMe6], [ZrMe6]2�, and [RhMe6]3�


crystallize in non-enantiomorphic space groups with the two
enantiomers present in the unit cell, a fact that is consistent
with the calculated low racemization energy barrier (Table 2).
On the other hand, although [NbMe6]� crystallizes in an
enantiomorphic space group and is, therefore, enantiopure in
the solid state, the small twist angle may be induced by a chiral
packing of the counterions, and no chiroptical properties
should be expected in solution.


Conclusion


Twisted chiral conformations found in homoleptic hexacoor-
dinate complexes with monodentate ligands may have sub-
stantial barriers for racemization as computationally shown
here for the [Zr(SH)6]2� ion. The fact that the simplified
model reproduces the geometry of the experimentally re-
ported [Zr(SC6H4-4-OMe)6]2� ion very well, together with the


molecular orbital analysis of the geometrical preference,
indicates that departure from the trigonal prism and a
substantial barrier for racemization in thiolato d0 complexes
is electronically and not sterically imposed. It also shows that
the racemization process may proceed through a chiral
transition state, because the two stereogenic groups, R6 and
ZrS6 in [Zr(SR)6]2�, evolve asynchronously. Chiral hexameth-
yl complexes, in contrast, should be expected to present very
low racemization energy barriers. We hope that the present
theoretical results will encourage active experimental search
for as yet unreported manifestations of optical activity in
homoleptic transition-metal complexes.
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Novel and Anti-Inflammatory Constituents of Garcinia subelliptica


Jing-Ru Weng,[a] Chun-Nan Lin,*[a] Lo-Ti Tsao,[b] and Jih-Pyang Wang[b]


Abstract: Four novel phloroglucinol de-
rivatives, garcinielliptones A (1), B (2),
C (3), D (4), a novel triterpenoid,
garcinielliptone E (5), and three known
compounds were isolated from the seeds
of Garcinia subelliptica. The structures,
including relative configurations, were
elucidated by means of spectroscopic
data. Known compounds garsubellin A
(6) and garcinielliptin oxide (7) showed
potent inhibitory effects on the release
of �-glucuronidase, and �-glucuronidase


and histamine, respectively, from peri-
toneal mast cells stimulated with com-
pound 48/80 in a concentration-depend-
ent manner with IC50 values of 15.6�
2.5, and 18.2� 3.6 and 20.0� 2.7��,
respectively. Compound 7 showed po-


tent inhibitory effects on the release of
�-glucuronidase and lysozyme from neu-
trophils stimulated with formyl-Met-
Leu-Phe(fMLP)/cytochalasin B (CB) in
a concentration-dependent manner with
IC50 values of 15.7� 3.0 and 23.9�
3.2��, respectively. Compound 7 also
showed potent inhibitory effect on su-
peroxide formation from neutrophils
stimulated with fMLP/CB also in a
concentration-dependent manner with
an IC50 value of 17.9� 1.5��.


Keywords: anti-inflammatory
activity ¥ Garcinia subelliptica ¥
NMR spectroscopy ¥ phloroglucinol
derivatives ¥ terpenoids


Introduction


Recently, the isolation and characterization of several various
constituents and antioxidant xanthones of the wood and root
bark of Garcinia subelliptica Merr. (Guttiferae) have been
reported.[1, 2] In the search for bioactive constituents in
Formosan Guttiferae plants, we investigated bioactive con-
stituents of the seeds ofG. subelliptica and reported two novel
triterpenoids named garcinielliptin oxide and garcinielliptone,
respectively.[3, 4] In a continuing study of biologically active
compounds in Formosan Guttiferae plants, we further inves-
tigated the constituents of the seeds of G. subelliptica ; four
novel phloroglucinols, garcinielliptones A±D (1 ± 4), a novel
triterpenoid, garcinielliptone E (5), and three known com-
pounds, garsubellin A (6),[5] garcinielliptin oxide (7),[3] and
garsubellin D (8),[6] were isolated from the seeds of this plant.
In the present paper, the structure elucidations of the five
novel compounds 1 ± 5 and the anti-inflammatory effects of 1,
2, 6, 7, and 8 are reported.


Results and Discussion


The molecular formula of garcinielliptone A (1) was deter-
mined to be C30H46O5 by HR-FABMS (m/z 467.3122 [M� 1�
H2O]�) and DCIMS (m/z 485.2917 [M� 1]�), which was
consistent with the 1H and 13C NMR data. The IR absorption
of 1 implied the presence of OH (3424 cm�1), CO (1724 cm�1),
conjugated ketone (1657 cm�1), and C�C (1602 cm�1) moi-
eties. The 1H NMR spectrum of 1 (see Experimental Section)
resembles that of garsubellin A (6), measured in CDCl3,
except for the proton signals of H2-7, H2-17, H2-18, Me-21, and
H2-22. The 13C NMR spectrum of 1 (Table 1) also resembles
that of 6, measured in CDCl3, except for the carbon signals of
C-3, C-4, C-6, C-17, C-18, C-19, C-21, and C-22. This clearly
indicates that 1 possesses the partial moiety represented as
bold lines in 1 (Figure 1). The 1H± 1H COSY correlations of
H2-22/H-23 and the HMBC correlations of H2-22/C-1 and C-2
establish the connectivities between C-22 and C-23, and C-22
and C-2. The HMBC correlations of H2-22/C-3, H�-17/C-3,
C-4, and C-5, C-19/Me-20 and Me-21, and Me-20/Me-21, the
1H-1H COSY correlation between H2-17 and H2-18, and the
NOESY correlations of H�-18/Me-20 and Me-21 establish the
C-2 linked through C-3 and C-4 to C-5, and the 3-hydroxy-3-
methylbutyl group located at C-4. The HMBC correlations of
H�-7/C-4 and C-5 establish the connectivities between C-4 and
C-5, and C-4 and C-7. The HMBC correlation of C-6/Me-10
and Me-11 and NOESY correlation of Me-10/Me-29 confirm
that the 1-oxopropyl group is linked to C-6 and the hydroxy
group is linked to C-3. Based on the above results and the fact
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that C-5 and C-6 are quarternary carbon atoms, C-5 and C-6
must be connected. Thus garcinielliptone Awas characterized
as 1 with a bicyclo[3.3.1]nonane moiety. The presence of
characteristic peaks at m/z 468 [M�H2O]� , 467 [M�H2O�
1]� , 399 [468� a]� (fragment a is defined in Figure 1) in its
DCIMS also support the characterization of 1.
Selected cross peaks were observed in the NOESY


spectrum of 1, as indicated in Figure 2. The relative config-
urations at C-4, C-6, and C-8 were deduced from the NOESY
cross peaks of H�-12/H�-8, H�-8/H�-7, H�-7/H�-17, H�-17/H�-
18, H�-12/Me-10, Me-10/Me-29, and Me-10/Me-16, while


3-hydroxy-3-methylbutyl group at C-4, 1-oxopropyl group at
C-6, and prenyl group at C-8 are on the �, �, and � sides of 1,
respectively.[5] From the above results, compound 1 was
characterized as having a trans-bicyclo[3.3.1]nonane moiety
(Figure 1). However, further experiments are required to
elucidate the absolute stereochemistry of 1.
Based on the information from 1H, COSY, and NOESY


spectra, a computer-assisted 3D structure (Figure 2) was
obtained by using the molecular modeling program
CS CHEM 3D V3.5.1, with MM2 force-field calculations for
energy minimization. The calculated distances between H�-18
and H�-17 (2.52 ä), H�-17 and H�-7 (2.48 ä), H�-7 and H�-8
(2.30 ä), H�-8 and H�-12 (2.41 ä), H�-12 and Me-10 (3.76 ä),
Me-10 and Me-16 (3.07 ä), and Me-10 and Me-29 (2.28 ä),
are all less than 4.00 ä; these values are consistent with the
well-defined NOESY experiments observed between each of
these proton pairs. Thus garcinielliptone A (1) was charac-
terized as 3-hydroxy-4-(3-hydroxy-3-methylbutyl-6-(1-oxo-
propyl)-2,8-diprenyl-8�-H-trans-bicyclo[3.3.1]non-2-en-1,5-
dione (1).
The molecular formula of garcinielliptone B (2) was


determined to be C30H44O4 by HR-EIMS (m/z 468.3242
[M]�), which was consistent with the 1H and 13C NMR data.
The IR absorption of 2 implied the presence of CO
(1724 cm�1), conjugated ketone (1639 cm�1), and C�C
(1594 cm�1) moieties. The 1H NMR data of 2 were very
similar to those of 1, except for the absence of signals due to
3-hydroxy-3-methylbutyl group and the appearance of signals
due to a 2,2-dimethylpyran moiety. The HMBC correlations
of H�-7/C-3, C-4, and C-5 and H�-7/C-3 established the
connectivities between C-4 and C-5, C-3 and C-4, and C-4
and C-7, and the HMBC correlations of H�-17/C-4 and C-18,
H�-17/C-4, C-5, C-18, and C-19, H-18/Me-20, and Me-21/
Me-20 confirmed that a prenyl group was linked at C-4.
For the 2,2-dimethylpyran moiety, the connectivity between
C-22 and C-23 was clearly revealed by the COSY data. The
HMBC correlations of H2-22/C-2, C-3, C-24 established that
the 2,2-dimethylpyran moiety is fused on C-2 ±C-3 bond. In
the 13C NMR spectrum of 2 (Table 1), the chemical shift
values of 2 were almost identical to corresponding data of 1
except for C-1, C-2, C-3, C-4, C-6, and C-17 ±C-26. The
presence of significant peaks at m/z 453 [M�Me]� , 399
[453� a�H]� , and 357 [M� 2a�H]� (fragment a is defined
in Figure 1) in its EIMS also supported the characteriza-
tion of 2. Thus garcinielliptone B (2) was characterized as
having a new 3,4-dihydro-2H-pyrano[2,6-b]bicyclo[3.3.1]-
nonane skeleton.
Selected cross peaks were observed in the NOESY experi-


ment of 2, as indicated in Figure 2. The relative configurations
at C-4, C-6, and C-8 were deduced from NOESY cross peaks
of H�-7/H�-17, H�-8/Me-10, and Me-10/Me-30 while prenyl
groups at C-4 and C-8, and 1-oxopropyl group at C-6 are on
the �, �, and � sides of 2, respectively.[5]


Based on the information from 1H, COSY, and NOESY
spectra, a computer-assisted 3D structure (Figure 2) was
obtained by using the above-mentioned molecular modeling
program, with MM2 force-field calculations for energy
minimization. The calculated distances between H�-7 and
H�-17 (2.57 ä), H�-8/Me-10 (2.24 ä), Me-10/Me-30 (2.55 ä),
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Abstract in Chinese:


Table 1. 13C NMR data for compounds 1 ± 5 in CDCl3.[a]


Position 1 2 3 4 5


1 194.6 191.3 193.1 194.6 209.2
2 115.9 114.6 117.1 115.9 97.1
3 166.0 169.9 173.6 166.0 207.1
4 64.5 56.7 59.6 64.6 44.0
5 206.8 207.2 204.6 207.0 107.8
6 75.8 83.6 82.2 80.5 40.8
7 40.5 39.4 38.4 40.7 33.6
8 43.3 43.6 42.4 43.3 54.9
9 45.3 46.5 46.4 45.3 70.6
10 16.4 15.6 16.0 25.4 217.3
11 23.9 23.0 22.7 27.9 38.7
12 27.4 26.5 26.5 27.3 16.9
13 122.5 122.7 122.2 122.5 19.3
14 133.1 133.1 133.5 133.1 17.7
15 17.7 17.8 25.8 17.7 23.0
16 25.8 25.9 17.9 25.8 19.8
17 16.8 16.4 30.1 29.3 36.7
18 32.2 119.5 90.4 119.9 70.2
19 80.5 133.4 70.6 133.8 28.8
20 25.5 18.2 26.9 18.0 29.4
21 27.8 25.7 24.1 25.9 27.7
22 29.3 29.3 18.0 16.8 122.0
23 119.9 31.8 41.3 32.1 133.3
24 133.8 79.0 71.1 75.7 25.8
25 18.0 24.7 29.9 16.4 18.0
26 25.9 27.8 28.7 24.0 31.3
27 209.3 209.3 208.8 208.8 119.3
28 40.2 42.4 42.0 47.0 133.3
29 21.7 20.5 20.5 18.0 25.8
30 21.2 21.5 21.4 27.4 17.7
31 11.5


[a] The number of protons directly attached to each C atom was verified by
DEPT experiments. Signals obtained by 1H ± 1H COSY, HMQC, HMBC,
and NOESY techniques and comparison with corresponding reported
data.[3, 5]
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are all less than 4.00 ä; these values are consistent with the
well-defined NOESY experiments observed between each of
these proton pairs. Therefore, garcinielliptone B (2) was
characterized as 2,3-(2,2-dimethyl-3,4-dihydro-2H-pyran)-6-
(1-oxopropyl)-4,8-diprenyl-8�-H-cis-bicyclo[3.3.1]non-1,5-di-
one.
The molecular formula of garcinielliptone C (3) was


determined to be C30H46O6 by HR-EIMS (m/z 502.3305
[M]�), which was consistent with the 1H and 13C NMR data.
The IR absorption of 3 implied the presence of OH
(3416 cm�1), CO (1723 cm�1), conjugated ketone
(1631 cm�1), and C�C (1605 cm�1) moieties. The 1H NMR
spectrum of 3 (see Experimental Section) was very similar to
that of 6, except for the absence of signals due to a prenyl
group and the appearance of signals due to a 3-hydroxy-3-


methylbutyl group. The HMBC
correlations of H2-22/C-1, C-2,
and C-3, established the connec-
tivities between C-1 and C-2, C-2
and C-3, and C-2 and C-22, and
the HMBC correlations of H2-22/
C-23 and C-24, Me-25/C-23, C-24,
and C-26, Me-26/C-23, C-24, and
C-25 confirmed that the prenyl
group linked at C-2. In the
13C NMR spectrum of 3 (Table 1),
the chemical shift values of 3 were
almost identical to the corre-
sponding data of 6 except for
C-22 ±C-26. In the EIMS of 3,
the base peak at m/z 415 was
attributed to the fragment [M�
b�H]� , and significant peak at
m/z 446 ([M� a�H]�) (frag-
ments a and b are defined in Fig-
ure 1) also supported the charac-
terization of 3. Thus, garciniellip-
tone C (3) was characterized as a
bicyclo[3.3.1]nonane skeleton.
The relative configurations at


C-4 and C-6 are determined by
comparing the relative stereo-
chemistry of 6.[5] The NOESY
experiment of 3 showed cross
peaks between H�-8/H�-12 and
H�-17/H-18 (Figure 1). Based on
the above NOESY experiment
and the values of coupling con-
stants of H2-17 and H-18 in the
1H NMR spectrum, we can say
that the 2-�-hydroxyisopropyl and
prenyl groups are on � and � sides
of 3, respectively. Therefore, gar-
cinielliptone C (3) was character-
ized as 2-(3-hydroxy-3-methylbu-
tyl)-3,4-(2-�-hydroxyisopropyl-
dihydrofurano)-6-(1-oxopropyl)-
8-prenyl-8�-H-cis-bicyclo[3.3.1]-
non-2-en-1,5-dione.


The molecular formula of garcinielliptone D (4) was
determined to be C31H48O5 by HR-EIMS (m/z 498.3340
[M� 2]�), which is consistent with the 1H and 13C NMR data.
The IR absorption of 4 implied the presence of OH
(3416 cm�1), CO (1724 cm�1), conjugated ketone
(1646 cm�1), and C�C (1602 cm�1) moieties. The 1H NMR
spectrum of 4 were very similar to those of 1, except for the
presence of signals due to an 1-oxobutyl group and the
absence of signals due to 1-oxopropyl group. In the 13C NMR
spectra of 4, the chemical shift values of 4 were almost
identical those of 1 except for C-10, C-11, and C-17 ±C-26,
C-28, C-29, C-30, and C-31. Additionally, 1H ± 1H COSY and
HMQC of 4 indicated the presence of a sec-butyl group, which
was not present in the structure of 1. These spectral data
suggest that 4 is a phloroglucinol derivative, in which the
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Figure 1. Structures of 1 ± 8, substructure (bold lines) of 1, selected NOESY cross peaks of 3, and MS
fragmentation patterns of 1 ± 3.
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Figure 2. Selected NOESY correlations and relative stereochemistry for 1,
2, and 4.


Me C-30 group of 1 is replaced by an ethyl group. The HMBC
correlations of H2-17/C-3, C-4, C-5, C-7, C-18, and C-19, H2-
22/C-2, C-3, C-23, and C-24, Me-29/C-27, C-28, and C-30, H2 ±
30/C-28, Me-31/C-28 and C-30 established that the prenyl
group, 3-hydroxy-3-methylbutyl, and sec-butyl group were
linked to C-8, C-2, and C-27, respectively. The HMBC
correlations of C-6/Me-10 and Me-11, and Me-10/Me-11,
and NOESY correlations of Me-10/Me-29 and H�-8/Me-11


established Me-10 and Me-11, and C-27, were linked to C-9
and C-6, respectively.
Selected cross peaks were observed in the the NOESY


spectrum of 4 as shown in Figure 2. The relative configura-
tions at C-4, C-6, and C-8 are deduced from NOESY cross
peaks of H�-7/H�-17, H�-8/Me-11, and Me-10/Me-29 while the
prenyl groups at C-4 and C-8, and 1-oxobutyl group at C-6 are
all on the � side of 4.[5]


Based on the information from 1H, COSY, and NOESY
spectra, a computer-assisted 3D structure (Figure 2) was
obtained by using the above-mentioned molecular modeling
program, with MM2 force-field calculations for energy
minimization. The calculated distances between H�-7 and
H�-17 (2.47 ä), H�-8/Me-11 (2.35 ä), Me-10/Me-29 (2.39 ä),
are all less than 4.00 ä; these values are consistent with the
well-defined NOESY experiments observed between each of
these proton pairs. Therefore, garcinielliptone D (4) was
characterized as 2-(3-hydroxy-3-methylbutyl)-3-hydroxy-6-
(1-oxobutyl)-4,8-diprenyl-8�-H-cis-bicyclo[3.3.1]non-2-en-
1,5-dione.
The molecular formula of garcinielliptone E (5) was


determined to be C30H46O6 by HR-EIMS (m/z 502.3288
[M]�), which was consistent with the 1H and 13C NMR data.
The IR absorption of 5 implied the presence of OH
(3313 cm�1) and three CO (1769, 1739, 1675 cm�1) moieties.
The 1H NMR spectrum of 5 resembled that of garcinielliptone
oxide (7),[3] except for the absence of signals due to a prenyl
group and the appearance of signals due to a 3-hydroxy-3-
methylbutyl group. The 13C NMR spectrum of 5 (Table 1) also
resembled to those of 7 except for C-16 ±C-20, indicating that
5 was a triterpenoid. From the above information in
conjunction with the molecular formula, we suggest that
compound 5 possesses a cis-bicyclo[4.3.0]nonane moiety with
a hydroxy group at C-9.[3]


The HMBC correlations of H2 ± 17/C-19 and C-20,
Me-19/C-18, Me-20/C-18 and NOESY correlations of
Me-19/Me-14, Me-20/Me-14 confirmed that the 3-hydroxy-
3-methylbutyl group was linked to C-2. The presence
of significant peaks at m/z 484 [M�H2O]� , 388
[M�H2O�Me2CCHCH2CO�H]� , 345 [M�C3H7�H2O�
Me2CCHCH2CO�H]� , 319 [M�C3H7�H2O�Me2CCHCH2-
CO�CO�3H]� in its EIMS also supported the character-
ization of 5. Therefore, garcinielliptone E (5) was character-
ized as 2-(3-hydroxy-3-methylbutyl)-9-hydroxy-5-(1-oxoprop-
yl)-6,8-diprenyl-6�-H-cis-bicyclo[4.3.0]non-2,5-oxo-1,3-dione.
Garcinielliptone E (5) is the second example of triterpenoid
with a novel skeleton.
The anti-inflammatory activity of 1, 2, and 6 ± 8 were


studied in vitro by measuring the inhibitory effects on the
chemical mediator released from mast cells and neutrophils.
Compounds 6 and 7 showed potent inhibitory effects on the
release of �-glucuronidase, and �-glucuronidase and hista-
mine, respectively, from peritoneal mast cells stimulated with
compound 48/80 (10 �g mL�1) in a concentration-dependent
manner with IC50 values of 15.6� 2.5, and 18.2� 3.6 and
20.0� 2.7��, respectively, while 1, 2, and 8 had no significant
inhibitory effects (Table 2). These results indicate the cleav-
age of dihydrofurano ring from chemical bond between O-C-3
and C-18 in 6 did not enhance the inhibitory effects. As shown
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in Table 2, there is a clear indication that compounds which
possess a cis-bicyclo[4.3.0]nonane moiety (i.e., 7) have potent
inhibitory effects on mast cell degranulation stimulated with
compound 48/80, and the inhibitory effects of 6 and 7 are
stronger than that of mepacrine. Mepacrine was used in this
experiment as a positive control.
The introduction of formyl-Met-Leu-Phe (fMLP) (1��)/


cytochalasin B (CB) (5 �gmL�1) stimulated the release of �-
glucuronidase and lysozyme from rat neutrophils. Compound
7 had potent and concentration-dependent inhibitory effects
on neutrophil degranulation, while 1, 2, 6, and 8 did not show
significant inhibitory effects (Table 3). These results indicated
that triterpenoids with bicyclo[3.3.1]nonane moiety did not
show significant inhibitory effects. Trifluoperazine was used in
this experiment as a positive control.


The introduction of fMLP (0.3��)/CB (5 �gmL�1) or
phorobol myristate acetate (PMA) (3n�) stimulated super-
oxide anion generation in rat neutrophils. Compound 7 had
potent inhibitory effect on fMLP/CB-induced superoxide
anion generation, while 1, 2, 6, and 8 had no significant
inhibitory effects (Table 4). These results also indicated that
triterpenoids which possess a cis-bicyclo[4.3.0]nonane moiety
have potent inhibitory effects on fMLP/CB-induced super-
oxide anion generation. Both fMLP and PMA activate
NADPH oxidase to produce superoxide anion, but through
different cellular signaling mechanisms.[7] The observations
that 7 had no appreciable effect on PMA-induced response
suggests the involvement of PMA-independent signaling


pathway. The inhibitory effect of compouds 3 ± 5 on mast cell
and neutrophil degranulation are currently being undertak-
ing.
Compound 6 also induced choline acetyltransferase


(ChAT) activity in P10 rat septal neuron cultures.[5] The
present results suggest that compounds 6 and 7may have anti-
inflammatory effects, because they inhibited the chemical
mediators released from mast cells and neutrophils.


Experimental Section


General : Optical rotations: JASCO model DIP-370 digital polarimeter. IR
spectra: Hitachi 260 ± 30 spectrophotometer; �� in cm�1. 1H and 13C NMR
spectra: Varian Unity-400 spectrometer; 400 and 100 MHz, respectively; �
in ppm, J in Hz. MS: JMS-HX100 mass spectrometer; m/z (rel. %)


Plant material: The fruits of G. subelliptica were collected at Kaohsiung,
Taiwan, in July 2001. A voucher specimen (2003) has been deposited at the
Department of Medicinal Chemistry, School of Pharmacy, Kaohsiung
Medical University.


Extraction and isolation : The fresh seeds (7.5 kg) obtained from the fresh
fruits (22.8 kg) of G. subelliptica, were extracted with chloroform at room
temperature. The CHCl3 extract was concentrated under reduced pressure
to afford a brown residue (130 g). This residue was subjected to column
chromatography (silica gel). Elution with n-hexane/acetone (3:1) yielded 1
(20 mg), 2 (18 mg), and 6 (31 mg). Elution with CHCl3/acetone (9:1)
yielded 3 (15 mg), 4 (14 mg), and 5 (8 mg). Elution with n-hexane/ethyl
acetate (10:1) yielded 7 (11 mg), and 8 (12 mg). The known compounds 6, 7,
and 8 were identified by spectral methods and compared with spectral data
reported in literature.[3, 5, 6]


Garcinielliptone A (1): Colorless oil; [�]D��33 (c� 0.62 in CHCl3); IR
(film on NaCl): �� � 3424 (OH), 1724 (C�O), 1657, 1602, 1443 cm�1;
1H NMR ([D1]CHCl3): �� 1.00 (s, H3-11), 1.05 (d, J� 6.4 Hz, H3-29), 1.13
(d, J� 6.4 Hz, H3-30), 1.25 (s, H3-10), 1.29 (dd, J� 12.0, 7.6 Hz, H�-7), 1.33
(s, H3 ± 20), 1.35 (m, H�-8), 1.39 (s, H-21), 1.50 (s, H3-15), 1.56 (dd, J� 13.2,
5.2 Hz, H�-12), 1.63 (s, H3-16), 1.63 (s, H3-25), 1.65 (s, H3-26), 1.69 (dd, J�
9.2, 6.4 Hz, H�-18), 1.77 (m, H�-18), 1.77 (m, H�-7), 2.05 (dd, J� 13.5,
5.2 Hz, H�-12), 2.37 (m, H-28), 2.43 (m, H2 ± 17), 2.43 (m, H2-22), 4.90 (t,
J� 7.2 Hz, H-13), 5.00 ppm (t, J� 7.2 Hz, H-23); 13C NMR: see Table 1;
DCIMS: m/z (%): 485.2917 [M� 1]� (3), 468.2695 (100), 406.1470 (7),
390.1648 (37); HR-FABMS: calcd for C30H43O4


� : 467.3161; found: 467.3122
[M� 1�H2O]� .


Garcinielliptone B (2): Colorless oil; [�]D��23 (c� 0.11 in CHCl3); IR
(film on NaCl): �� � 1724 (C�O), 1639, 1594 cm�1; 1H NMR ([D1]CHCl3):
�� 0.99 (s, H3-10), 1.01 (d, J� 6.4 Hz, H3-30), 1.11 (d, J� 6.4 Hz, H3-29),
1.18 (m, H�-12), 1.21 (s, H3-11), 1.21 (m, H2-23), 1.22 (s, H3-25), 1.30 (m,
H�-7), 1.35 (s, H3-26), 1.54 (s, H3-15), 1.65 (s, H3-16), 1.65 (s, H3-21), 1.66 (s,
H3-20), 1.77 (m, H2-23), 1.79 (dd, J� 12.4, 3.2 Hz, H�-7), 2.06 (m, H�-8), 2.06
(m, H-28), 2.13 (m, H�-12), 2.35 (m, H�-17), 2.39 (m, H2-22), 2.45 (m, H�-
17), 4.91 (t, J� 6.8 Hz, H-13), 4.98 ppm (t, J� 6.8 Hz, H-18); 13C NMR: see
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Table 2. The inhibitory effects of 1, 2, and 6 ± 8 on the release of �-
glucuronidase and histamine from rat peritoneal mast cells stimulated with
compound 48/80 (10 �gmL�1).


Compound IC50 [��][a]


�-Glucuronidase Histamine


1 � 30 (38.6� 2.4) � 30 (36.1� 1.3)
2 � 30 (31.7� 1.2) � 30 (34.9� 3.9)
6 15.6� 2.5 � 30 (46.7� 3.7)
7 18.2� 3.6 20.2� 2.7
8 � 30 (47.7� 2.8) � 30 (37.6� 3.6)
mepacrine 20.6� 1.2 50.1� 4.1
[a] When 50% inhibition could not be reached at the highest concen-
tration, the % of inhibition is given in parentheses. Data are presented as
the mean� s.e.m. (n� 3 ± 5). Mepacrine was used as a positive control.


Table 3. The inhibitory effects of 1, 2, and 6 ± 8 on the release of �-
glucuronidase and lysozyme from rat neutrophils stimulated with fMLP
(1��)/CB (5 �gmL�1).


Compound IC50 [��][a]


�-Glucuronidase Lysozyme


1 � 30 ( ± 3.0� 3.4) � 30 (13.5� 4.8)
2 � 30 (16.4� 2.8) � 30 (10.0� 1.5)
6 � 30 (17.5� 1.1) � 30 (34.6� 3.1)
7 15.7� 3.0 23.9� 3.2
8 � 30 (25.4� 3.4) � 30 ( ± 5.2� 4.5)
trifluoperazine 12.2� 0.3 13.2� 0.7
[a] When 50% inhibition could not be reached at the highest concen-
tration, the% of inhibition is given in parentheses. Data are presented as
the mean� s. e. m. (n� 3 ± 5). Trifluoperazine was used as a positive
control.


Table 4. The inhibitory effects of 1, 2, and 6 ± 8 on superoxide anoion
generation in rat neutrophils stimulated with fMLP (0.3��)/CB
(5 �gmL�1) or PMA (3n�).


Compound IC50 [��][a]


fMLP/CB PMA


1 � 30 ( ± 12.5� 7.3) � 30 (15.7� 5.2)
2 � 30 (23.4� 1.8) � 30 (9.9� 4.2)
6 � 30 (17.5� 1.1) � 30 (34.6� 3.1)
7 17.9� 1.5 � 30 (43.6� 3.1)
8 � 30 (30.0� 1.6) � 30 (41.8� 3.9)
trifluoperazine 6.2� 0.3 7.6� 0.3
[a] When 50% inhibition could not be reached at the highest concen-
tration, the % of inhibition is given in parentheses. Data are presented as
the mean� s.e.m. (n� 3 ± 5). Trifluoperazine was used as a positive control.
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Table 1; EIMS: m/z (%): 468 [M]� (33), 399 (34), 357 (100), 331 (62), 277
(67); HR-EIMS: calcd for C30H44O4


� : 468.3239; found: 468.3242 [M]� .


Garcinielliptone C (3): Colorless oil; [�]D��40 (c� 0.16 in CHCl3); IR
(film on NaCl): �� � 3416 (OH), 1723 (C�O), 1631, 1605 cm�1; 1H NMR
([D1]CHCl3): �� 0.97 (d, J� 6.8 Hz, H3-30), 1.02 (s, H3-10), 1.06 (d, J�
6.8 Hz, H3-29), 1.19 (s, H3-21), 1.20 (s, H3-26), 1.24 (s, H3-25), 1.24 (s, H3-11),
1.37 (s, H3-20), 1.46 (m, H�-7), 1.48 (m, H2-23), 1.50 (m, H�-8), 1.53 (s, H3-
16), 1.67 (s, H3-15), 1.75 (dd, J� 12.8, 5.8 Hz, H�-17), 1.75 (dd, J� 12.8,
5.8 Hz, H�-12), 1.93 (m, H-28), 1.99 (m, H-7), 2.14 (m, H�-12), 2.50 (m, H2-
22), 2.64 (dd, J� 12.8, 11.2 Hz, H�-17), 4.54 (dd, J� 11.2, 5.8 Hz, H�-18),
4.92 ppm (t, J� 7.2 Hz, H-13); 13C NMR: see Table 1; EIMS: m/z (%): 502
[M]� (14), 468 (18), 415 (11), 347 (39), 305 (24), 287 (28), 234 (48); HR-
EIMS: calcd for C30H46O6


� : 502.3294; found: 502.3305 [M]� .


Garcinielliptone D (4): Colorless oil; [�]D��22 (c� 0.12 in CHCl3); IR
(film on NaCl): �� � 3416 (OH), 1724 (C�O), 1646, 1602 cm�1; 1H NMR
([D1]CHCl3): �� 0.81 (t, J� 7.6 Hz, H3-31), 1.00 (s, H3-25), 1.04 (d, J�
6.8 Hz, H3-29), 1.25 (s, H3-26), 1.32 (s, H3-10), 1.33 (m, H�-12), 1.36 (dd, J�
13.6, 7.2 Hz, H�-7), 1.41 (s, H3-11), 1.49 (s, H3-15), 1.58 (m, H�-8), 1.58 (m,
H�-30), 1.62 (s, H3-16), 1.63 (s, H3-21), 1.64 (s, H3-20), 1.77 (m, H2-23), 1.81
(m, H�-7), 1.95 (m, H�-12), 2.04 (m, H�-30), 2.09 (m, H-28), 2.39 (m, H2-17),
2.47 (m, H2-2), 4.89 (t, J� 7.2 Hz, H-13), 4.95 ppm (t, J� 7.2 Hz, H-18);
13C NMR: see Table 1; EIMS:m/z (%): 498 [M� 2]� (1), 482 (35), 425 (14),
357 (90), 291 (97); HR-EIMS: calcd for C31H46O5


� : 498.3345; found:
498.3340 [M� 2]� .
Garcinielliptone E (5): Colorless oil; [�]D��51 (c� 0.18 in CHCl3); IR
(film on NaCl): �� � 3313 (OH), 1769, 1739, 1675 cm�1 (C�O); 1H NMR
([D1]CHCl3): �� 0.87 (m, H�-6), 0.87 (d, J� 6.8 Hz, H3-13), 0.93 (s, H3-14),
1.09 (d, J� 6.8 Hz, H3-12), 1.09 (m, H�-17), 1.18 (m, H�-17), 1.18 (m, H�-21),
1.19 (s, H3-19), 1.22 (s, H3-20), 1.22 (m, H�-7), 1.25 (s, H3-15), 1.54 (s, H3-25),
1.55 (s, H3-30), 1.67 (s, H3-24), 1.68 (s, H3-29), 1.71 (td, J� 13.4, 4.4 Hz, H�-
16), 1.87 (dd, J� 14.0, 3.6 Hz, H�-7), 2.07 (brd, J� 13.2 Hz, H�-21), 2.32 (td,
J� 13.4, 4.4 Hz, H�-16), 2.40 (d, J� 8.4 Hz, H2-26), 3.22 (m, H-11), 4.91 (t,
J� 7.6 Hz, H-22), 5.33 ppm (t, J� 7.2 Hz, H-27); 13C NMR: see Table 1;
EIMS: m/z (%): 484 (12), 416 (11), 388 (26), 345 (54), 319 (100); HR-
EIMS: calcd for C30H46O6


� : 502.3294; found: 502.3288 [M]� .


Mast cell degranulation : Heparinized Tyrode×s solution was injected into
the peritoneal cavity of exsanguinated rat (Sprague ±Dawley, 250 ± 300 g).
After abdominal massage, the cells in the peritoneal fluid were harvested
and then separated in 38% bovine serum albumin in glucose-free Tyrode×s
solution. The cell pellets were washed and suspended in Tyrode×s solution.
Cell suspension was pre-incubated at 37 �C with DMSO or drugs (3, 10, 30,
50, or 100��) for 3 min. Fifteen minutes after the addition of compound 48/
80 (10 �gmL�1), �-glucuronidase (phenolphthalein-�-�-glucuronide as
substrate, 550 nm) and histamine (o-phthadialdehyde condensation, 350/
450 nm) in the supernatant were determined. The total content was
measured after treatment of the cell suspension with Triton X-100. The
percentage released was determined.[8] To eliminate the effect of the
solvent on the mast cell degranulation, the final concentration of DMSO
was fixed at 0.5%.


Neutrophil degranulation : Blood was withdrawn from a rat and mixed with
EDTA. After dextran sedimentation, Ficoll ±Hypaque separation, and
hypotonic lysis of the residual erythrocytes, neutrophils were washed and
suspended in Hanks× balanced salt solution (HBSS) to 1� 107 cellsmL�1.[9]


The cell suspension was pre-incubated at 37 �C with DMSO or drugs for
10 min, and then stimulated with fMLP (1 ��)/CB (5 �gmL�1). After
45 min, the lysozyme and �-glucuronidase in the supernatant were
determined.[10, 11] The total content was measured after treatment of the
cell suspension with Triton X-100 and the percentage released was
calculated. The final volume of DMSO was �0.5%.


Superoxide anion formation : Superoxide anion formation was measured in
term of superoxide dismutase inhibitable cytochrome c reduction.[12]


Neutrophil suspension was preincubated with 0.5% DMSO or drugs for
3 min, and then superoxide dismutase or HBSS was added into the blank
and test wells, respectively. After addition of cytochrome c, reaction was
initiated by stimulating with fMLP (0.3 ��)/CB (5 �g/ml) or PMA (3 n�).
Thirty minutes later, the reaction was terminated by centrifugation, and the
absorbance changes of supernatant were monitored at 550 nm in a
microplate reader. The final concentration of drugs in DMSO was fixed
at 0.5%.


Statistical analysis : Data are presented as the mean� s.e.m. Statistical
analyses were performed using the least significant difference test method
after analysis of variance. P values �0.05 were considered to be significant.
Analysis of the regression line was used to calculate IC50 values.
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Solution- and Bound-State Conformational Study of N,N�,N��-Triacetyl
Chitotriose and Other Analogous Potential Inhibitors of Hevamine:
Application of trNOESY and STD NMR Spectroscopy


Antje Germer,[a] Clemens M¸gge,[b] Martin G. Peter,[a] Antje Rottmann,[a, c] and
Erich Kleinpeter*[a]


Abstract: The solution-state conforma-
tions of N,N�,N��-triacetyl chitotriose (1)
and other potential chitinase inhibitors
2 ± 4were studied using a combination of
NMR spectroscopy (NOESY) and mo-
lecular mechanics calculations. Deter-
mination solely of the global energy
minimum conformation was found to be
insufficient for an agreement with the
NMR results. An appropriate consisten-
cy between the NMR experimental data
and theoretical calculations was only
reached by assessing the structures as
population-weighted average conform-
ers based on Boltzmann distributions
derived from the calculated relative


energies. Analogies, but also particular
differences, between the synthetic com-
pounds 2 ± 4 and the naturally-occurring
N,N�,N��-triacetyl chitotriose were
found. Furthermore, the conformation
of compounds 1 and 2 when bound to
hevamine was also studied using trans-
ferred NOESY experiments and the
binding process was found to impart a
level of conformational restriction on


the ligands. The preferred conformation
as determined for 1 in the bound state to
hevamine belonged to one of the con-
formational families found for the com-
pound when free in solution, although
full characterisation of the bound-state
conformations was impeded due to se-
vere signal overlap. Saturation transfer
difference NMR experiments were also
employed to analyse the binding epito-
pes of the bound compounds. We thus
determined that it is mainly the acetyl
amido groups of the trisaccharide and
the heterocyclic moiety which are in
close contact with hevamine.


Keywords: carbohydrates ¥
chitotriose ¥ conformation analysis
¥ molecular modelling ¥ NMR
spectroscopy


Introduction


Chitinases are enzymes capable of cleaving the bond between
two consecutive N-acetyl glucosamine residues of chitin, a
major component of the cell wall of many fungi and the
exoskeleton of insects and crustaceans. Chitinases have been
found in a wide range of organisms including bacteria, which
degrade chitin as a source of carbon,[1, 2] as well as crustaceans
and insects, for which the enzymes perform an essential
function during growth and moulting,[3] and fungi or even


plants. The function of chitinases in plants seems to be to
provide the plant with a general means of defence against
attack by fungal pathogens and insects.[4] Therefore, these
proteins and their inhibitors are of general interest to many
fields of study. One well known chitinase is hevamine,[5] an
enzyme which can be isolated from latex freshly tapped from
the rubber tree Hevea brasiliensis. Based on the amino acid
sequence and protein folding, hevamine belongs to the family
of 18 chitinases.[6] The structure of hevamine is well charac-
terised; the crystal structure has been refined to an R value of
1.8 and the reaction mechanism for hydrolysis is understood
quite well, at least theoretically.[7±10] In addition to further
clarification of the reaction mechanism, the binding charac-
teristics of various hevamine ligands are also important for the
design of new transition state analogues which may act as
chitinase inhibitors and therefore represent potential insecti-
cides[11, 12] and/or fungicides.[13]


In order to design novel potential inhibitors rationally, a
fundamental understanding of the underlying molecular
mechanism of the interaction of hevamine with carbohydrate
substrates is essential. Thus, it is important to verify whether
or not the bound conformation of natural saccharides is also
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maintained by synthetic analogues. In the last few years, new
NMR-based screening methods, for example the transferred
nuclear overhauser enhancement spectroscopy (trNOESY),
have been developed to characterise the binding process; this
NMR experiment allows access to the stereochemistry of the
ligand in the bound state.[14±16] A further technique, the
recently reported saturation transfer difference (STD) NMR
method, allows determination of binding epitopes.[17, 18] The
observation of binding-induced changes in the chemical shift
or the flexibility (relaxation measurements) of the protein
residues or the ligand itself provide further insight.[19]


Herein, the conformation and binding of oligosaccharide
inhibitors 2 ± 4 and the substrate analogues of N,N�,N��-
triacetyl chitotriose (1) to hevamine have been studied (see
Figure 1). A complete array of 1D and 2D NMR spectro-
scopic techniques was employed for the structural character-
isation and spectral assignment of the ligands 1 ± 4. A study of


Figure 1. The structures of N,N�,N��-triacetyl chitotriose (1) and the
synthetic potential inhibitors 2 ± 4. The bonds about which the torsional
angles�,�,��,��, �1, �2 and �3 occur are indicated. The numbering scheme
employed is also indicated.


both the solution-state conformations and the hevamine-
bound conformation of the compounds 1 ± 4 was also per-
formed. For the conformational analysis of the hevamine-
bound conformations, and the determination of binding itself,
trNOESYexperiments were utilised. To unequivocally define
the binding epitopes of the carbohydrate ligands, STD NMR
experiments on the hevamine-bound compounds were per-
formed. The STD experiments have only recently been
introduced as a tool for screening compound mixtures for
binding activity and for determining binding epitopes.[17, 18]


The NMR experiments were furthermore complemented by
modelling studies utilising molecular mechanics calculations.
The results obtained for compound 3[20, 21] were then com-
pared with the conformational behaviour of 2 and 4 as
described in the following.


Results and Discussion


Molecular mechanics calculations : Since the measured NOE
values represent population-weighted averages of all partic-
ipating conformers, the NMR data alone, therefore, can rarely
define the population of oligosaccharides unambiguously.
Therefore the conformational analysis of these compounds
requires additional molecular modelling methods to comple-
ment the experimental NMR data. Thus, population-weighted
average conformations were calculated for the complete
number of accessible conformations for compounds 1 ± 4 and
then compared with the experimentally observed NOE data.
Each molecule was subjected to an extensive conformational
search and grid search simulations were run to calculate
relaxed potential energy maps for � and �.
For the molecular modelling, we used a distance depending


dielectric constant of 78 to implicitly consider the presence of
the solvent water. To take thus solvent effect into account, is
particularly important in the modeling of carbohydrates due
to their extremly strong tendency to form inter/intramolecular
hydrogen bonds. We were aware of the difficulty of this
approach in case of solvents which could be also be involved
in hydrogen bonding. However, since the charge screening is
the most important solvent influence, this approach should
provide good results. Larwood et al.[22] who among others
studied the solvation effects on the conformational behaviour
of gellan with explicit and implicit inclusion of water found
out that there are no differences in the location of the
minimum energy conformations around the glycosidic link-
age, although there were differences in the orientation of
some of the hydroxyl groups, and as expected, the hydroxyl
groups of such residues were involved in hydrogen bonding
with water molecules.[23]


In order to further justify our approach, we studied the
solvation energy during the MD simulation in the presence of
water molecules exemplary for compound 3 : six minima
conformations around the glycosidic linkage of 3 were
subjected to the MD simulation in a box of explicit water
molecules, as described in more detail in ref. [20]. The
minimum energy conformations were restricted to aggregates,
that is their relative geometry is not be optimized. Therefore,
only the interaction energy of compound 3 and water was
calculated. These calculations proved very similar solvation
energies to be present in all minimum energy conformations
(�Esolv � � 1 kcalmol�1). From these results, it was conclud-
ed, that it is sufficient to consider the solvent in an implicit
manner only along the calculation of the present disaccharide
fragment, as long as the differences in the orientation of the
hydroxyl groups in the two different models are considered
correctly.
Concerning the conformational search of the hydroxymeth-


yl group, only the gt and the gg orientations of the exocyclic
portion were explicitly taken into account. Thus, four
combinations for each disaccharidic unit in 1 ± 3 were taken
into account, namely gg-gg, gg-gt, gt-gg and gt-gt ; accordingly,
these four initial conformations were considered. As reported
previously, we found out that the shape of the potential energy
surface is independent of the initial conformation of the
hydroxymethyl group.[24] Population-weighted averages were







FULL PAPER E. Kleinpeter et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 1964 ± 19731966


then calculated from the local minima conformations thus
obtained by using Boltzmann distributions[25] calculated from
the relative energies of the conformers. The internuclear
distances in a system with N possible non-degenerate states
can be calculated by:


d�
�N


i� 1


fidi (1)


where fi is a normalised weighting factor for state i, given by:


fi�
qi


�N


i� 1


qi


(2)


The quantity qi is the individual partition function of state i,
which is defined as:


qi���E


RT
(3)


where �E is the energy difference between state i and the
ground state, R the gas constant, and T the absolute temper-
ature.


Conformation of the glycosidic bond : The adiabatic surface
calculated with respect to the torsional angles � and � for
compound 1 using the AMBER4.1 force field routine which is
implemented in the SYBYL program[26] is presented in
Figure 2.


Figure 2. Conformational map with respect to the torsional angles�and�
for compound 1. Population densities are indicated by contour lines;
position A represents the global minimum, B ±F other local minima.


Six different conformational families (A±F) were found for
the glycosidic linkage C1�-O-C4. The same conformational
families were obtained for the same glycosidic linkage in the
other potential inhibitors 2 and 3. This result is in slight
contrast to the report of Aida et al.[23] who found chitobiose as
a highly populated single conformer of the linkage domain;
but it concurs with the results of Espinosa et al.[24] who
indicated the existence of more than one populated region. In
both studies, a global minimum in the region of A was
obtained which is the expected conformation for the �-(1� 4)
glycosidic linkage.[27±29] However, it is generally accepted that
the generated minima conformations strongly depend on the
force field used and in comparison to Espinosa who predicted
the global minima at � �54� and � 0� using the AMBER
force field parameterised by Homans[30] for carbohydrates, the
global minimum in this work was calculated to be at � �8�
and � �39� using the AMBER force field parameterised by
Woods[31] for carbohydrates. Nevertheless, there is still


another local minimum conformation at � �36� and � �7�
near that global minimum. Furthermore, the dominance of
the global minimum (Espinosa 84%) is somewhat reduced in
our calculations on compound 3 (A, 70%). The most striking
difference between the calculated minima conformations
about the C1�-O-C4 glycosidic bond lies in the number of
local minima conformations, in this work six local minima
conformations (A±F) were calculated compared to three by
Espinosa et al.[24] However, only the A (70%) and B (25%)
conformations were found to be densely populated; for C ±F,
only about 1% contribution for each conformer was found.
For compounds 1 and 2, each of the low energy conforma-


tions, A ±F, with respect to the glycosidic bond C1�-O1-C4,
was set as the starting point for the next run of grid search
simulations for finding minima about the torsional angles ��
and �� of the second glycosidic bond C1��-O1-C4�. Similar
local minima conformations A±F were also found for the
C1��-O1�-C4� linkage, resulting in a total of 36 local conforma-
tional minima overall. Of these 36 conformational minima for
1, nine were populated by more than 1% (see Table 1).
Similar results with respect to the conformations of the
glycosidic linkage were obtained for 2 and therefore these
local conformational minima about the glycosidic linkages
evidently do not depend on the presence or absence of an
aglycon at C1. The four most populated conformations of 1
are depicted in Figure 3.


Regarding the torsional angles �1, �2 and �3 of the
conformational minima for compounds 2 ± 4, �1 has two local
minima at about 0� and about 180� ; a trans conformation is
highly favoured for �2 and the high flexibility about �3 shows
two local minima at 0 and 180� in each case for each of the
three compounds 2 ± 4. All these minima have been verified
for compounds 2 ± 4 using ab initio quantum-mechanical
calculations.
The calculated, and moreover expected, elongated orienta-


tion of the heterocyclic moiety for compounds 2 ± 4 with
respect to the pyranose rings was consistent with the NMR
data (see below) in so far as interresidual NOEs between the
middleN-acetyl glucosamine residue and the heterocyclic ring
were not detected.


NMR studies : The full assignment of the 1H and 13C NMR
signals of each compound was accomplished using the whole


Table 1. Torsion angles �, �, ��, and �� for the predicted local conforma-
tional minima of 1 with a population in excess of 1%.


C1�-O-C4 Dihedral C1��-O-C4� Dihedral Population [%]
Conformer angles angles


� � �� ��


1 � 8 � 40 13 174 34
2 13 174 13 174 26
3 � 8 � 40 � 8 � 40 16
4 13 174 � 9 � 40 11
5 � 9 � 40 146 2 1
6 36 6 13 174 1
7 � 8 � 40 40 8 1
8 13 174 36 4 1
9 36 4 � 8 � 40 1
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Figure 3. Four of the most populated, low energy conformers of 1 (1, 34%;
2, 26%; 3, 16%; 4, 11%).


arsenal of 1D and 2DNMR techniques. The spectrally distinct
anomeric protons were useful entry points into the spin
systems and the application of DQF-COSY, TOCSY and
HMQC experiments, corroborated by the additional applica-
tion of HMQC-TOCSY experiments, provided the assign-
ments of each sugar residue. HMBC spectra were acquired for
both the assignment of the quaternary carbons and to
substantiate the interresidue linkages. The distinction be-
tween the �- and �-anomers of 1 was facilitated by the fact
that the anomeric proton in the �-anomer, in comparison to
the �-anomer, was significantly more downfield and 3JH1,H2


was considerably smaller, �2.5 Hz, due to the relative
disposition of H1 and H2 (cf. the trans diaxial orientation of
H1 and H2 in the �-anomer). Although the analysis was
routine in method, it was not necessarily straightforward due
to severe signal overlap and the use of 3D HMQC-TOCSY
was found to be necessary to alleviate this problem. As an
example, Figure 4 shows the COSY spectrum of 1. The 1H and
13C chemical shifts for compounds 1 ± 4 are presented in
Tables 2 and Table 3, respectively.
The validity of the theoretical results for the adopted


conformations was examined using NMR and was based


essentially on NOESY measurements. Compounds 1 ± 4 were
subjected to 2D NOESYexperiments utilising mixing times of
200, 400, 600 and 1000 ms.
However, because of the severe signal overlap and because


of the uncertainty in the dynamic properties of different parts
of the compounds, namely the carbohydrate and heterocyclic
residues, strict quantitative analysis was not possible. Only the
upper and lower bounds of interproton distances could be
estimated by calibration against known distances such as the
distance between H1 and H3 (2.64� 0.01 ä) of the non-
reducing residue of N-acetyl glucosamine (GlcNAc). Never-
theless, the intensities of all the NOE cross peaks at different
mixing times were determined using spectrometer routines,
compared to the intensities of the NOE cross peak between
H1 and H3 and assessed as very strong (dH,H � 2.8 ä), strong
(2.8 ä � d � 3.2 ä), medium (3.2 ä � d � 3.6 ä) and weak
(3.6 ä � d � 4 ä).
As an example, NOEs involving the anomeric pro-


tons are displayed in Figure 5 for compound 1 (see
below).
The interresidue NOEs of significance for compounds 1 ± 3


are presented in Table 4 together with the population-
weighted internuclear distances of all conformational minima.
The data in Table 4 clearly indicate that it is not possible to


simultaneously justify all of the observed NOEs by the one
conformer. For example, at least qualitatively, the presence of
the NOEs between H1� and H3�/� and between H1�� and H3�
for 1 indicate that the conformational minimum B is heavily
populated. Furthermore, the NOE between H1� and H4� and
between H1�� and H4� also indicates the presence of con-
former A and/or C. This is confirmed by NOEs between H1�
and the two H6-proS and between H1�� and the two H6-proS�,
which are indicative for the minima C and D. Thus a NOE
could only be observed if the orientation of the hydroxy-
methyl group occupies a gt orientation (the population-
weighted average of the internuclear distance between H1��
and the two H6-proS� is ca. 3.54 ä for 1). Finally, no indicative
NOE could be detected for minima E and F, but the absence
of an NOE does not necessarily mean that these conformers
are completely absent.
From a quantitative point of view, the population-weighted


distances obtained from the molecular mechanics distribution
were compared with the NOE values obtained experimental-
ly. It can be observed that the agreement is satisfactory, and
that the conformational behaviour could be explained by a
dynamic equilibrium consisting of the six minima A±F. It
should be noted that whilst the population of the local minima
A and B dominate, the agreement between the theoretical
and experimental results is much better if all conformations
are taken into account and indeed also the rotation about the
torsional angles �1, �2 and �3 . Especially for compound 3, the
dominance of the minima A and B are expressed by a strong
NOE between H1� and H4 and between H1� and H3. For
compounds 1 and 2, the changes in the strength of the NOEs
compared with 3 is indicative of a change in the population of
the minima about the glycosidic linkages and a change in the
number of the higher-populated conformations. For com-
pounds 2 ± 4, interresidual NOEs between the N-acetyl
glucosamine units and the heterocyclic unit were not observed
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consistent with an elongated, linear orientation of the rings as
predicted by the modelling results.
In summary, the minima about the glycosidic linkage are


dominated by the exo-anomeric conformations about �


(minima A±C) as proposed similarly by Espinosa et al.[24]


and by Aida et al.[23] for this part of 1 ± 3.The crystal structure
analysis[32] of chitobiose also revealed the same conformation


about �. The predominant syn-�,� conformer (minima A
and C) could be corroborated for chitobiosyl derivative 3.
However, for chitotriosyl derivatives 1 and 2, the dominance
of the syn-�,� conformer is reduced at the gain of the syn-�/
anti-� conformer. Conclusively, the syn-�,�± syn-��/anti-��
and syn-�/anti-�± syn-��/anti-�� conformers are most popu-
lated in the chitotriosyl derivatives 1 and 2.


Table 2. 1H chemical shifts �(1H) [ppm] for compounds 1 ± 4.


Compound Unit H1, H2, H3, H4, H5 H6-proS, Me 3JH1,H2


H10 H12 H13 H14 H6-proR


1,� GlcNAc 5.20 3.89 3.89 3.64 3.90 3.68, 3.80 2.05 2.56
anomer GlcNAc� 4.59 3.78 3.73 3.65 3.57 3.69, 3.86 2.06 8.46


GlcNAc�� 4.60 3.76 3.58 3.48 3.50 3.76, 3.93 2.07 8.40
1,� GlcNAc 4.71 3.71 3.70 3.62 3.52 3.68, 3.84 2.05 8.14
anomer GlcNAc� 4.59 3.78 3.73 3.65 3.57 3.68, 3.86 2.06 8.46


GlcNAc�� 4.60 3.76 3.58 3.48 3.50 3.76, 3.93 2.07 8.40


GlcNAc 5.20 3.89 3.88 3.63 3.64 3.66, 3.86 1.98 9.73
2 GlcNAc� 4.59 3.78 3.73 3.64 3.56 3.66, 3.86 2.07 8.09


GlcNAc�� 8.84 3.75 3.57 3.48 3.50 3.75, 3.93 2.07 8.27
heterocycle 4.60 8.61 7.52 8.24 ± ± ± ±


GlcNAc 5.29 4.02 3.84 3.70 3.69 3.70, 3.87 1.98 9.63
3 GlcNAc� 4.63 3.76 3.58 3.48 3.50 3.76, 3.92 2.08 8.38


heterocycle 8.86 8.72 7.59 8.15 ± ± ± ±


4 GlcNAc 5.20 3.89 3.60 3.48 3.52 3.69, 3.82 1.88 9.65
heterocycle 8.75 8.61 7.49 8.06 ± ± ± ±


Figure 4. DQF-COSY spectrum of compound 1.
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Binding studies to hevamine : Compounds 1 ± 4were subjected
to comparative NOESY experiments in the presence and
absence of hevamine. In the absence of hevamine, positive
NOEs were observed for 1 ± 4, as is expected for small
molecules. Upon the addition of hevamine, both compounds 1
and 2 displayed trNOEs as indicated by a reversal of the sign
of the cross peaks (see Figure 5). Furthermore, these cross
peaks showed a different sign to the diagonal peaks in
trROESY experiments, thus excluding the possibility of
protein-relayed or spin diffusion-mediated correlations.
Hence, it can be concluded that both compounds 1 and 2
bind to hevamine within a range of 10�3 ± 10�7� for KD, which
characterises the observation window for trNOESY. The
trNOEs for compounds 1 and 2 are presented in Table 5.
Unfortunately, full assignments were precluded in some
instances due to extensive signal overlap.
Close scrutiny of the NOESY spectra recorded in the


absence and presence of hevamine showed important and
clear differences. Some of the cross peaks in the NOESY
spectrum of the free ligand differ in their intensity in the
trNOESY spectrum of the complex. In particular, for com-
pound 1, both the trNOEs between H1�� and H4� and between
H1� and H4�/H4� were strong in comparison to the medium
or weak NOEs observed in the free state, evidence that when
bound to hevamine 1 is in the syn-�,�-syn-��,�� conforma-
tion (minima A and C). The medium to strong NOEs between
H1�� and H6-proR� and between H1� and H6-proR support a
high population of the syn-�,� conformation at both
glycosidic linkages. Both observed NOE values, though, are
best explained by the conformational minimum C (cf. Ta-
ble 4). Minimum A can only explain a strong NOE between
H1� and H4 and minimum D can only explain a strong NOE
between H1� and H6-proR. Population of both minima is
unlikely however, and would, with a 50:50 distribution of A
and D conformers, actually result in the observation of
medium intensity NOEs instead of the observed strong ones.
The NOE between H1� and H3�/H3� was absent in the
trNOESY spectrum. The position of a possible H1��/H3�
correlation is potentially overlapped by a possible H1�/H3�


Figure 5. Comparison of 2D NOESY spectrum of 1 (top) with 2D
trNOESY spectrum of 1 complexed to hevamine (bottom). Solid contour
lines indicate negative cross peaks whilst broken contour lines describe
positive cross peaks. Assignments are so indicated.


correlation and ambiguity therefore arises. On the other hand,
support for a medium size for the NOE by theoretical
calculations (see Table 4) suggests that the cross peak should
be assigned to a correlation between H1� and H3�. These


Table 3. 13C NMR chemical shifts �(13C) [ppm] for compounds 1 ± 4.


Compound Unit C1, C2, C3, C4, C5, C6, acetyl
C8 C9 C10 C12 C13 C14 Me, carbonyl


1, � GlcNAc 90.3 53.5 69.0 79.4 69.8 59.9 21.9, 173.7
anomer GlcNAc� 101.1 54.8 72.0 78.9 74.3 60.5 21.8, 173.8


GlcNAc�� 101.3 55.4 73.2 69.5 75.7 59.8 21.8, 173.9
1, � GlcNAc 94.6 55.9 72.3 78.9 74.4 59.8 21.9, 173.7
anomer GlcNAc� 101.1 54.8 72.0 78.9 74.3 59.9 21.8, 173.8


GlcNAc�� 101.3 55.4 73.2 69.5 75.7 60.5 21.8, 173.9


GlcNAc 95.0 57.8 68.8 83.3 83.3 64.2 26.5, 178.2
2 GlcNAc� 105.7 59.0 76.2 83.4 78.8 64.2 26.5, 178.2


GlcNAc�� 105.9 59.2 77.7 73.9 80.2 64.8 26.6, 178.8
heterocycle 173.4 140.6 153.4 155.0 128.5 142.0


GlcNAc 83.7 58.5 77.1 83.3 80.9 64.4 26.4, 179.4
3 GlcNAc� 105.9 60.1 77.9 74.2 80.4 65.1 26.6, 179.2


heterocycle 173.6 133.3 152.2 156.7 128.8 140.9 ±


4 GlcNAc 81.9 57.2 77.2 83.4 80.4 63.6 26.4, 179.3
heterocycle 172.3 132.7 152.4 157.1 128.8 140.8 ±
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features clearly indicate that the conformation in the bound
state is the local minimum C of the syn-�,�-syn-��,�� family
of 1.
In the X-ray crystal structure determination of theN,N�,N��-


triacetylchitotriose/hevamine complex (1),[33] the non-reduc-
ing residue was found to occupy subsite A. Molecular
mechanics calculations revealed strong contacts between the
acetamido methyl group of the non-reducing sugar with the
Gly48 and Gly11 residues, the acetamido methyl group of the
middle sugar showed strong interaction with Gly9 and the
acetamido methyl group of the reducing sugar showed strong
contacts with Trp255 along with contacts between (OH)-6��
and Gly69 and Ile82. The conformation about the glycosidic
linkages were calculated as syn-�,� (�17 and �34�, respec-
tively) and syn-��,�� (�32 and �6�, respectively). The
overlay between the low energy conformer in the free state
(global minimum A) and the bound conformer is depicted in
Figure 6.


Figure 6. Superposition of the low energy solution-state conformation A
of 1 and the calculated hevamine-bound conformation (dark-grey).


Considering the difference in energy between the confor-
mation adopted in the bound state and the global minimum
conformer for 1, �Edeform. �4 kcalmol�1, it is requisite that the


binding energy should be at least of this magnitude. It is
known that for the binding of a flexible compound to a
protein, usually one of the conformations of the ensemble
existing in the free state is preferred,[34, 35] but not exclusively
as conformers, higher in energy, can also be present in the
bound state.[36] In the former case, a negative binding entropy
results leading to a decrease in the free energy of binding.
For compound 2, changes in the NOE pattern in the


absence and in the presence of hevamine were also discerned.
In particular, the NOE between H1�� and H3� disappears,
evidence that the syn-��/anti-�� conformer (minima B) is not
energetically favoured when 2 is complexed to hevamine.
Unfortunately, the important glycosidic NOEs between H1��
and H4� and between H1� and H4 are overlapped with those of
H5�� and therefore explicit information regarding the bound-
state conformation was precluded. Since trNOEs could only
be observed for 1 and 2, that is compounds with at least three
N-acetyl glucosamine residues, it is tempting to conclude that
binding is strongest to the sugar units and is independent of
the presence or absence of a heterocyclic moiety.


STD NMR experiments : The 1D saturation transfer differ-
ence (STD) NMR experiments were performed on all four
compounds, 1 ± 4, in the presence of hevamine (ca. 100-fold
excess of the ligands). As a difference spectrum, only signals
from bound ligands are present thus permitting their imme-
diate identification. This technique has the great advantage
that it can be combined with any NMR pulse sequence and in
the 1D mode, the method is fast and robust.[17] The results
confirmed the binding indicated previously by trNOESY, that
is compounds 1 and 2 bind to hevamine but compounds 3 and
4 do not; additionally though, the binding epitopes of the
bound ligands were now able to be conclusively identified. For


Table 4. Comparison of the intensity of interresidual NOEs from experimental NOESY spectra and the internuclear distances for all low-energy
conformations of 1 ± 3 obtained by force field calculations together with the population-weighted average values.


Compound Hydrogens Internuclear distances from modelling calculations Observed Average
for each conformer signal internuclear


A B C D E F intensity[a] distance[b]/ ä


H1��, H4� 2.3 3.6 2.3 3.4 3.6 4.0 m-w 3.12
H1��, H3� 3.6 2.2 4.5 4.5 4.3 3.2 s 2.71
H1��, H6S� 4.1 3.4 2.5 2.9 3.7 3.7 m 3.54


1 H1�, H3� 3.6 2.2 4.5 4.5 4.3 3.2 m 3.03
H1�, H4� 2.3 3.6 2.3 3.4 3.6 4.0 m-w 2.82
H1�, H3� 3.6 2.2 4.5 4.5 4.3 3.2 m 3.03
H1�, H6S 4.1 3.4 2.5 2.9 3.7 3.7 w 3.70


H1��, H4� (� H5, H4) 2.3 3.6 2.3 3.4 3.6 4.0 vs 3.22
H1��, H3� 3.6 2.2 4.5 4.5 4.3 3.2 s 2.71


2 H1��, H6�S 4.1 3.4 2.5 2.9 3.7 3.7 m 3.56
H1�, H4 (� H5, H4�) 2.4 3.6 2.3 3.4 3.6 4.0 vs 2.82
H1�, H3 3.6 2.2 4.5 4.5 4.3 3.2 m 3.15
H1�, H6S 4.1 3.4 2.5 2.9 3.7 3.7 m 3.75


H1�, H4 2.3 3.6 2.3 3.4 3.6 4.0 vs 2.82
H1�, H3 3.6 2.2 4.5 4.5 4.3 3.2 s 3.11
H1�, H5 4.5 2.2 4.0 4.5 4.5 3.8 n.d. 3.65


3 H1�, H6R 4.4 4.5 2.9 4.3 4.7 5.4 n.d. 4.47
H2�, H4 3.9 4.5 4.5 3.5 2.1 4.1 n.d. 4.17
H2�, H5 4.7 4.8 4.7 4.8 4.3 2.6 n.d. 4.75
H2�, H6S 3.1 4.5 4.0 5.2 2.8 2.2 n.d. 3.66


[a] vs, very strong (� 2.8 ä); strong (2.8 ± 3.2 ä); m, medium (3.2 ± 3.6 ä); w, weak (3.6 ± 4 ä); nd, not detected. [b] Determined for the calculated structures.
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example, the 1D STD NMR spectrum for compound 1 is
presented in Figure 7. The significantly better results that are
obtainable by the incorporation of a spinlock[17] (see bleow)
are also highlighted in Figure 7.
An expansion of the aromatic and aliphatic region for


compound 2 is depicted in Figure 8.


Figure 7. 1D STD NMR spectrum with spinlock (top) in comparison to an
STD NMR spectrum without spinlock (bottom) for compound 1.


Figure 8. 1D STD NMR spectrum (top traces) in comparison to a normal
proton NMR spectrum (bottom traces) in the presence of hevamine for
compound 2 (the molar ratio of hevamine to compound 2 was approx-
imately 1:100).


Prominent signals in the 1D STD NMR spectrum were the
methyl protons of the N-acetyl groups in compound 1 and 2.
The saturation transfer was also efficient for the aromatic
protons of compound 2 and indicate that these protons must
be close to the protein surface. Some adjustment of the
saturation time provided an indication that the methyl groups
were closer to the protein surface than the aromatic protons.
Despite saturation times of about 3 s, in the case of compound
1, STD signals for the ring protons (which are also of smaller
S/N ratio than the N-acetyl groups) could not be detected. To
better resolve the spectral region of the ring protons, STD
TOCSY NMR spectra were also acquired but additional
information was not forthcoming (data not shown). There-


fore, we suppose small dissociation rates for the studied
system, which result in a smaller signal intensity in general.
To summarise, the STD NMR spectra confirm the results of


the trNOESY spectra that both compounds 1 and 2 have
binding activity to hevamine. The N-acetyl groups of the sugar
residues are important for binding and should be closer to the
protein surface than the other protons. These epitopes are
depicted in Figure 9. Thus, despite the implication that the
heterocyclic moiety does not appear to play a determinant
role in the binding process, it is nevertheless in intimate
contact with the protein.


Conclusion


Our studies furnished a comprehensive representation of the
conformation of N,N�,N��-triacetyl chitotriose (1) and the
potential inhibitors 2 ± 4 in the free state, as well as of 1 and 2
when bound to hevamine. Utilising 2D NOESY experiments
together with accompanying AMBER force field calculations,
it was shown that the compounds adopt more than one
conformation when free in solution as consensus between the
NMR experimental data and the theoretical calculations was
only reached by assessing the structures as population-
weighted average conformers based on Boltzmann distribu-
tions derived from the calculated relative energies. Although
quantitative analysis was restricted because of severe signal
overlap, our experimental results were nevertheless con-
firmed by molecular mechanics calculations. trNOESY ex-
periments indicated binding for compounds 1 and 2 but not
for compounds 3 and 4 and it is therefore concluded that in
order to bind to hevamine, at least three sugar residues are
required for this series of compounds. Although the major
requirement is that three sugars are present and that binding
is independent of the presence of a heterocyclic moiety,
nonetheless, the heterocyclic moiety is in intimate contact
with the protein as established from STD experiments where
it was clear that the closest binding epitopes of 1 and 2 consist
of the N-acetyl groups of the sugar residues and for 2, the
aromatic heterocycle. The bound, and therefore bioactive


Table 5. Comparison of NMR data (intensity of interresidual trNOEs) and
calculated values for the conformation of 1 and 2 in the ligand/hevamine
complex obtained by force field calculations.


Compound Hydrogens Observed signal Average internuclear
intensity[a] distance[b]/ ä


H1��/H1�, H3� m 4.3
H1��, H4� s 2.16
H1�, H6-proR m-s 3.1


1 or
H1��, H6-proR� m-s 3.9
H1�, H4� m-s 2.28
H1�, H4� m 2.28


H1��/H1�, H3� s 4.4/2.54
H1��, H6-proS� m 3.05


2 H1�, H4/H4� s 2.3/3.9
or
H1��, H4�/H5�� s 2.2/2.4


[a] s, strong; m, medium. [b] Determined for the calculated structures. The
experimental error in signal intensity was estimated to be less than 20%.
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conformations, of 1 and 2 was near to the minimum
conformation C (Table 4) of the glycosidic linkages of the
two N-acetyl glucosamines. Thus, the combination of molec-
ular mechanics calculations and NMR results together
allowed a description of the conformational behaviour of
compounds 1 ± 3 with respect to the glycosidic linkage
between two adjacent N-acetyl glucosamines and between
the N-acetyl glucosamine unit and the heterocyclic unit in
compounds 2 ± 4.


Experimental Section


Samples : Hevamine was isolated from freshly collected latex of Hevea
brasilienis in the Laboratory of Biochemistry (J. J. Beintema), Rijksuni-
versiteit Groningen (The Netherlands). N,N�,N��-Triacetyl chitotriose (1)
was isolated by standard procedures from a hydrolysate of chitin (cf.[37]).
Compounds 3 and 4 were synthesized as described previously.[38]


N-[2-Acetamido-4-O-(2-acetamido-4-O-{2-acetamido-2-deoxy-�-�-gluco-
pyranosyl}-2-deoxy-�-�-glucopyranosyl]-2-deoxy-�-�-glucopyranosyl]-
nicotinic amide (2): EEDQ was added (29 mg, 0.12 mmol) to a solution of
nicotinic acid (25 mg, 0.2 mmol) in dry CH2Cl2 (5 mL). After stirring for
12 h at RT, a solution of undecaacetylchitotriosyl amine[39] (50 mg,
0.054 mmol) in CH2Cl2 (2 mL) was added dropwise and stirring was
continued for 120 h. The solvent was evaporated in vacuo. Et2O was added
and stirring was continued for 1 h. After filtration, the solid residue was
analyzed by TLC and MS before the crude undecaacetylchitotriosylglycosl
nicotinic amide was subjected to O-deacetylation. Rf� 0.25 (CHCl3/
acetone 1:3). MALDI-MS: m/z : 1064.4 [M�K]� , 1048.5 [M�Na]� , 1026.5
[M�H]� .


Ammonia was passed through an ice-cold stirred solution of the crude
undecaacetylchitotriosylglycosl nicotinic amide (55.4 mg, 0.054 mmol) in
dry methanol (5 mL). The reaction vessel was sealed and stirring was
continued at RT for another 24 h. The mixture was filtered over a Celite
pad, the solvent was evaporated, and the solid residue was triturated under
vigorous stirring with CH2Cl2 (5 mL) for 30 min. Chromatography on silica
(MeOH) yielded 2 as colourless crystals (25 mg, 64%). Rf� 0.37 (MeOH);


m.p. 234 ± 243 �C (decomp); [�]22D �
�15.6 (c� 0.5, H2O); MALDI-MS:
m/z : 770.3 [M�K]� , 754.1 [M�Na]� ,
732.1 [M�H]� ; MALDI-HR-MS:
m/z : calcd for C30H45NaN5O16:
754.2759; found: 754.2746 [M�Na]� .
NMR Experiments : 600 MHz spectra
were performed on a BRUKERAMX
600 NMR spectrometer at the Hum-
boldt university of Berlin (group C.
M¸gge). Solutions of 1 ± 5 mg of sam-
ples 1 ± 4 and of hevamine, respective-
ly, were lyophilised twice from 1 mL of
D20 (99.8% deuteriated) prior to dis-
solution in 700 �L of D2O. All NMR
experiments were carried out in oxy-
gen-depleted solutions which were
obtained by purging the NMR samples
in situ with argon for 30 min. In the
binding experiments, the molar ratio
of hevamine to ligand was 1:30 for the
trNOESY and 1:100 for the STD
NMR experiments. Spectra were re-
corded at 313 and 298 K without
sample spinning using the HDO signal
as an internal reference (4.78 ppm at
313 K). Data acquisition and process-
ing were performed with XWIN-NMR
software (Bruker). For assignment of
the 1H and 13C NMR spectra, DQF-
COSY, phase-sensitive HMQC,
HMBC, and HMQC-TOCSY spectra


were measured. NOESY, ROESYand TOCSY spectra were all recorded in
phase-sensitive mode. The relaxation delay was set at 2 s in each case and
the mixing times were chosen as 200, 400, 600 and 1000 ms for the NOESY
experiments. To suppress Hartmann-Hahn magnetisation transfer, 2D
ROESY experiments were performed with a mixing time of 250 ms and a
spin-locking field of 2 ± 3 kHz. For the 2D TOCSYexperiments, the mixing
time was set to 80 ms and the spin-locking field was 8 kHz. For all 2D NMR
spectra, a total of 2k (F2) � 512 (F1) data points were recorded. Sixty-four
transients were accumulated for each F1 data point. The residual HDO
signal was suppressed by presaturation when necessary.


2D trNOESY Experiments on 1 ± 4 were recorded with a total of 2 k (F2)�
512 (F1) data points for each experiment. The HDO signal was suppressed
by low-power presaturation during the relaxation and mixing times. The
total relaxation delay was 1.2 s. Mixing times of 150, 300 and 600 ms were
utilised. The interproton distances were obtained from volume integrals
employing H1 and H3 as a reference spin pair and a distance approx-
imation of 2.64 ä between the protons.


For 1D STD experiments,[17] saturation transfer was achieved by using 39
selective 1 k Gaussian 90� pulses with a duration of 50 ms and a spacing of
1 ms. For one set of spectra, the protein envelope was irradiated at 1.2 ppm
(on-resonance) and 20 ppm (off-resonance). Another set of spectra was
generated by setting the on-resonance frequency to 7.2 ppm. Saturation
times were 0.5, 1.0, 1.5 and 2 s. The relaxation delay was set to 4 s for
compound 1 and 12 s for compounds 2 ± 4. STD TOCSY spectra were
recorded with 256 increments with 32 transients per increment using a
MLEC 17 spin-lock field of 60 ms at 7.5 kHz. The relaxation delay was set
at 4 s for compound 1 and 12 s for compound 2.


Molecular mechanics calculations : Molecular mechanics calculations were
run either on a Silicon Graphics O2 R5000 or a Silicon Graphics Origin
24�R10000 workstation. All calculations were run with the AMBER4.1
force field implemented in the SYBYL6.4[24] program. Based on GLY-
CAM93[31] parameters, a new set of parameters was developed for
compounds 2 ± 4 that is consistent with AMBER (details to be published
elsewhere). Dihedral angles at the glycosidic and other interresidual
linkages are defined as follows (cf. Figure 1):


��H1�-C1�-O-C4 and ��C1�-O1�-C4-H4 for compounds 1 ± 3 ;


���H1��-C1��-O-C4� and ���C1��-O-C4�-H4� for compounds 1 and 2 ;


Figure 9. Orthographic view of the major binding epitopes of 1 (the bound conformation resulting from
trNOESY studies is shown) and 2 (the supposed bound conformation from trNOESY studies) for binding to
hevamine. The protons that were found to be in close contact with the protein surface are covered by aMOLCAD
surface.
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�1�H1-C1-N7-C8, �2�C1-N7-C8-C9, and �3�N7-C8-C9-C10 for com-
pounds 2 ± 4.


Glycosidic bond angles at the beginning of the calculations were fixed at
117� and the pyranose rings were treated as rigid units adopting a 4C1


conformation. The dihedral angle � (O5-C5-C6-O6) was not explicitly
restrained. Only the gt and gg conformation was taken into account for the
lateral chain of the GlcNAc moieties.[40, 41] The N-acetyl group was fixed in
an energetically lower trans position. Furthermore, the assumption that
every state is equally degenerate was made; a distance dependent dielectric
constant of 78.0 was used; interactions for all compounds 1 ± 4 were scaled
by a factor of 0.83; and a cut-off for the nonbonding interactions at 12 ä
was also applied. Thus, in first step the relaxed potential energy maps were
calculated for the corresponding glycosidic linkage �,� using a grid step of
10� for compounds 1 ± 3 and for �1 and �3 for compound 4. �2 was found to
be in the energetically lower trans position. Every point of this map was
optimised using 1000 gradient iterations. From these relaxed maps,
adiabatic surfaces were built and the probability distributions calculated
for each �,� point according to the Boltzmann function at 313 K. In the
last step, each of the local minima point�,� was used as a starting point for
�� and �� for 1 and 2 and �1 and �3 for 3, resulting in 6 additional potential
energy maps. The resulting combinations of local minima �,�±��,��,
�,�±��,�� ± �1,�3 and �,�± �1�3 were then re-optimised.


Bound-state molecular modelling : Protein co-ordinates were taken from
the crystal structure described by Terwisscha van Scheltinga et al.[33]


Glycosidic torsion angles for compounds 1 ± 4 were set to those described
in the free state. The starting orientations for the sugar residues were
chosen to match the relative position of 1 in the crystal structure and were
obtained by fitting the new compound over 1 and afterwards deleting 1.


Atomic charges were AMBER charges. For the complex, all energy
calculations were carried out using the AMBER4.1 force field. A cut-off of
nonbonding interaction at 20 ä was applied. Energy minimisations were
then conducted on the different complexes using a gradient termination of
0.05 kcalmol�1 ä.
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Mechanisms of Electrochemically-Induced Retro-Cyclopropanation
Reactions of Fullerene Derivatives Using Digital Simulations


Maurizio Carano[b] and Luis Echegoyen*[a]


Abstract: Three C60 derivatives, 1, 2 and
3, have been studied by cyclic voltam-
metry (CV) under high vacuum in
anhydrous tetrahydrofuran (THF). The
CV behavior was essentially similar to
that already observed for other cyclo-
propanated fullerene derivatives. After
the second reduction processes all com-
pounds undergo a chemical reaction that
generates another electroactive species.
This ™new∫ chemical species is likely to
be the compound with the cyclopropane


ring open. Differences in CV behavior
were observed for the different addends.
Electrochemical data obtained at differ-
ent scan rates for a given potential
window, were fit with the BAS digital
simulation program, DigiSim. The pur-


pose of this study was to probe the
proposed mechanisms and to obtain
reliable estimations of the kinetic con-
stants for the homogeneous chemical
reactions taking place during the CV
experiments. Calculations at the PM3
level lend additional support to the
conclusions derived from digital simula-
tions. The proposed mechanism is sim-
ilar for all the compounds and involves
two main chemical reactions in a rever-
sible square scheme.


Keywords: cyclic voltammetry ¥
digital simulation ¥ electrochemistry
¥ fullerenes ¥ retro-cyclopropana-
tion


Introduction


The discovery of the retro-Bingel reaction[1] was made by
electrolyzing a CH2Cl2 solution of diethyl 1,2-methano-[60]-
fullerene-61,61-dicarboxylate (in 0.1� Bu4NPF6) at 293 K at a
controlled potential of�1.55 V (vs Ag). The applied potential
corresponded to that for the voltammetric formation of the
dianion, but during the 30 min of the bulk electrolysis
experiment, four electrons per molecule were transferred.
Analysis of the products after reoxidation of the solution at
0 V followed by column chromatography yielded pure C60 in
over 80% yield. Equivalent experiments conducted with C60,
C70, and C76 derivatives led to the use of this reaction as a
synthetic tool in fullerene chemistry.[2a] Additional work
resulted in the discovery of an intramolecular electrochemi-
cally-induced isomerization of C60 bis-adducts.[2b] Exhaustive
reduction (at �1.2 V vs Ag) with one electron per molecule
resulted in seven regioisomers regardless of which pure bis-
adduct regioisomer was electrolyzed. These bis-adducts were


successively separated and chemically and electrochemically
characterized.
Some spiromethanofullerenes were also found to be


unstable after multiple reduction processes,[3] and CPE
experiments have led to the isolation of C60 in high yields.
Thus the electrochemical removal of methano-adducts is not
limited to the malonate derivatives of fullerenes (Bingel
adducts). A more recent study was conducted in THF to avoid
the well-known reactivity of CH2Cl2 towards the polyanions of
C60[4] and to explore the mechanisms involved during adduct
removal.[5] Surprisingly, an electrochemically induced inter-
molecular adduct transfer was observed for the spirometha-
nofullerenes studied, but not for the diethyl 1,2-methano-[60]-
fullerene-61,61-dicarboxylate. The regioisomer distribution
found in THF differed significantly from that obtained when
the compounds are prepared by a direct synthetic route.[1, 5]


The proposed mechanism for the formation of bis-adducts
during the CPE timescale involves the presence of two distinct
pathways. When the reductive electrochemistry leads to the
cleavage of one of the two cyclopropane bridging bonds, the
intermediate is capable of either losing the addend from the
fullerene cage or of reacting with another fullerene molecule.
This could lead to the formation of dimers in which the two
fullerene cages share one or two addends.
Because of its generality and ease, the retro-cyclopropana-


tion reaction has been used as a synthetic tool for various
purposes.[1±7] The ™Bingel ± retro-Bingel∫ strategy as a protec-
tion ± deprotection scheme has already found several appli-


[a] Prof. L. Echegoyen
Clemson University, Department of Chemistry
219 Hunter Chemistry Laboratories
P.O. Box 340973, Clemson, SC 29634-0973 (USA)
Fax: (864)-656-6613
E-mail : luis@clemson.edu


[b] Dr. M. Carano
Department of Chemistry and Biochemistry
University of Texas, Austin, TX 78712 (USA)


FULL PAPER


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200204407 Chem. Eur. J. 2003, 9, 1974 ± 19811974







1974±1981


cations in fullerene derivative synthesis and in higher full-
erene isomer chemistry[8] and electrochemistry.[7] Taking
advantage of the fact that covalent adducts of isomeric higher
fullerenes are much easier to separate than the parent
unfunctionalized carbon spheroids, it was possible to isolate
two major isomers and a third minor isomer of C84 in pure
form. When different addends are present on the same C60
sphere, it is also possible to selectively remove the bis(alkox-
ycarbonyl)methano addend. The Bingel addend can therefore
play the role of a protecting group and also direct unusual
multiple addition patterns.[8]


As mentioned above, the mechanism of these retro-cyclo-
propanation reactions is still not understood although some
work has been done in our group and in others to gain better
knowledge of the processes involved. Nuretdniov et al.[9]


reported a study based on the electrochemical character-
ization of four C60 derivatives. Based on the number of
exchanged electrons, and using Nicholson×s treatment,[10] they
reported rate constants for chemical processes involved in the
retro-cyclopropanation reaction. However, the proposed
mechanism was not supported by simulations or product
characterizations. Additionally, there are internal inconsis-
tencies, since C60 is supposed to be formed, yet no anodic
peaks assignable to C60 are observed.
Here we report an electrochemical study of three C60


derivatives (Scheme 1) by cyclic voltammetry, and a mecha-
nistic study using digital simulations.[11±15] Theoretical calcu-
lations using PM3 further support the hypothesis formulated
in this work.


Scheme 1. Structures of the compounds studied.


Results and Discussion


Compounds 1 ± 3 were studied using cyclic voltammetry in
THF under aprotic conditions.[16] This solvent was the most
suitable for a cathodic investigation and provided good
solubility for the compounds selected.[17] For a given potential
window, several scans at different rates were performed. This
provided a wide range of experimental conditions for
appropriate data fitting of the proposed mechanism. The best
fitting is obtained by the optimization of the kinetic param-
eters for the electrochemically induced homogeneous chem-
ical reactions. The three compounds were chosen because
they all give retro-cyclopropanation reactions after the second
electron reduction of the C60 cage, but at the same time, each
of them exhibits a distinct and characteristic CV behavior.


The electrochemistry of 1 is mainly characterized by the
appearance of a small peak after the second reduction process.
This peak is not assignable to C60 and the addend is not
electroactive at this potential. The following reduction is
irreversible, and when the scan is reversed after this latter
process the new peak is more evident than in the forward scan.
Compound 2 has been reported[18] and the reduction poten-
tials and orbital energies are available. Its behavior is
somewhat similar to that of 1. Compound 3 has a 1,3-
indandione addend and exhibits a different CV pattern when
compared to 1 and 2 under the same experimental conditions.


Electrochemical investigations of C60 derivatives: All CV
scans were limited to the first three reduction processes in
order to focus our attention on the first stages of the
electrochemically induced decomposition of these com-
pounds. These derivatives can be reduced by more than three
electrons within the experimentally available potential win-
dow, leading to further, and even more complicated, ECC
and/or ECEC mechanisms. Interestingly, and somehow sur-
prisingly, it was clear that the first two C60 centered reduction
processes are reversible for all three compounds. This means
that even if chemical reactions are taking place, the processes
are reversible on the CV timescale and the starting compound
is recovered at the end of the experiment.
Figure 1a shows the CV for a 0.5 m� THF solution of 1


(using a Pt disk as working electrode). We can observe three
main reduction processes, the first two being reversible and
the third one chemically irreversible. The small peak between
the second and third C60-based reductions is designated II*.
This peak, which is barely discernible under these exper-
imental conditions, becomes more evident if the scan rate is
decreased. We can better appreciate the presence of this
redox process if, at lower scan rates, we reverse the CV scan
right after the potential at which it occurs (Figure 1b). This
peak is always observed while performing cyclic voltammetry
for this compound, as has been reported by many different
research groups, and the ratio between its height and that of
the other peaks is always the same under identical exper-
imental conditions (scan rate and temperature in this case).
As mentioned above, the cathodic peak II*c completely


disappears upon increasing the scan rate from 0.2 to 1 Vs�1


(Figure 1c solid line); this indicates that this process is due to
some unstable species, perhaps an intermediate, arising from a
chemical reaction. On the contrary, its anodic counterpart II*a
increases in height also with respect to the other peaks when
the sweep is faster (Figure 1c solid bold line).
A second reaction pathway following the reduction process


at peak III leads to the same intermediate chemical species in
a higher reduction state. It was assumed that the reoxidation
of the product of the latter homogeneous chemical reaction
takes place at II*a. Since peak III is still irreversible when the
scan rate is increased and the current function for peak IIa is
lower than at lower scan rates, it can be argued that the rate
constant for the backward chemical reaction is not high
enough to regenerate the original concentration of the
starting compound.
Increasing the scan rate up to 10 Vs�1 did not improve


chemical reversibility for peak III. Limiting the scan to peak
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Figure 1. a) Cyclic voltammogram for a 0.5 m� THF solution of 1 at v�
0.5 Vs�1, Pt as working electrode, Pt-mesh counter electrode and Ag wire
as a quasi-reference electrode, T� 25 �C. Multiple cycles have been
performed without the renewal of the diffusion layer. b) v� 0.05 Vs�1,
concentration of 1 is 0.1 m� ; c) v� 1 Vs�1, concentration of 1 is 0.1 m�.


II* only, it was possible to observe how it disappeared at scan
rates higher than 1 Vs�1 (Figure 1c dotted line).
These experimental results are fully in agreement with


those previously obtained in our group using other solvents.[3]


From the analysis of these results, it is possible to have an idea
of the difference between the rate constants for the homoge-
nous reactions occurring after peaks II and III.


The CV for an analogous solution of compound 2 is shown
in Figure 2. It is clear that the pattern is very different from
that observed for compound 1 and, while peak I remains
reversible, peak II is chemically irreversible. The third reduc-
tion process is almost fully reversible, indicating that if a


Figure 2. Cyclic voltammetric curves for a 0.5 m� THF solution of 2 at v�
0.5 Vs�1, Pt as working electrode, Pt-mesh counter electrode and a Ag wire
as a quasi-reference electrode, T� 25 �C.


chemical reaction is coupled with the electron transfer it is not
fast enough on the experimental timescale. Interestingly, a
new peak (Ia*) appears as a shoulder on peak Ia in the reverse
scan at potentials slightly more cathodic (approximately
80 mV) with respect to E1/2 for peak I. Nevertheless peak I
appears to be fully reversible under all experimental con-
ditions. Even if the scan is reversed after peak II (and for v�
0.2 Vs�1), peak I remains irreversible but peak Ia* is no longer
present, suggesting that the chemical reaction occurs only
after the third reduction process. A similar effect was
observed by performing the complete scan, including peak III,
at a scan rate of at least 3 Vs�1.
It is known that the antraquinone unit gives an irreversible


first reduction process,[18] which can be confidently assigned to
peak II. Thus it seems that for compound 2 the retro-
cyclopropanation reaction takes place after the third reduc-
tion of the molecule and at this stage, this is apparently not a
fast process on the experimental CV timescale.
The most complicated CV behavior was found for com-


pound 3, which undergoes an initial two electron reduction
followed by another process which is 700 mV more cathodic
(Figure 3, continuous line). Interestingly, an intermediate
irreversible peak was found (II) whose intensity increases
with the scan rate relative to the other two peaks. At v�
3 Vs�1, the current function ratios between peaks I, II and III
are evidently different (Figure 3, dotted line) from those at
0.2 Vs�1 (Figure 3, solid line). Even if the scan is stopped after
peak II, there is no improved reversibility of this second
process. Increasing the scan rate increases the distance
between cathodic and anodic peaks for I but not for III
(while the irreversible reduction at II is shifted towards more
negative potentials). This means that the observed effect on
the rate of the electron transfer is not exclusively the result of
the ohmic drop since it affects only one portion of the CV.
This feature and the general shape of the curve is reminiscent
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Figure 3. Cyclic voltammetric curves for a 0.5 m� THF solution of 3 at v�
0.5 Vs�1 (––) and 3 Vs�1 (- - - -), Pt as working electrode, Pt-mesh counter
electrode and a Ag wire as a quasi-reference electrode, T� 25 �C. The
current for the scan at 3 Vs�1 is divided by a suitable factor, i.e., the ratio
between the square roots of the scan rates (31/2/0.51/2). This treatment allows
a direct comparison of the height of the peaks at different scan rates.


of a bi-electronic slow electron transfer process.[19] By
convolutive analysis[20] it was possible to calculate the number
of electrons for peaks I, II and III. This number was found to
be equal to approximately 1.9, 0.1 and 0.9, respectively, at
0.2 Vs�1 and to 1.6, 0.4 and 0.9 at 3 Vs�1. This is in agreement
with the fact that peak II is due to the reduction of an
intermediate and that it is possible to observe this species if
the scan rate is increased. After this further reduction,
peak III remains always reversible and its height behaves as
predicted by theory.[13]


Digital simulations : The effects of mass transport, electron
transfer kinetics and the kinetics of the coupled chemical
reactions (if there are any) on a cyclic voltammogram cannot
be easily separated. The extraction of quantitative informa-
tion, such as rate constants for the preceding or following
chemical reactions from such a series of experimental results
typically requires comparison of the latter with simulated data
or with predictions derived from a theoretical model.[21, 22]


When considering chemical reactions coupled to electron
transfer it has to be taken into account that any variation from
reversible behavior is related not to the absolute magnitude of
the rate constant for the chemical reaction, but to the value of
this rate constant relative to the timescale of the experi-
ment.[23] Thus increasing the scan rate of the experiment (i.e.,
decreasing its timescale), also decreases the time available for
the chemical reaction to take place and hence the effect of the
latter can be decreased or even eliminated.[24] It is important
to realize that for a given CV, there might be several
mechanisms and parameter value sets that provide a good
match between the experimental and simulated data. There-
fore it is necessary to acquire a wide set of the experimental
CVs, run under different conditions (scan rate and concen-
tration of reagents, for instance), in order to provide good
support for the fitting. This approach greatly increases the
chances to find reliable values for those parameters governing
the mechanism for the studied process, and minimizes the risk
of finding a relative minimum during the fitting procedure.
Some of the parameters used were measured (such as E1/2 and


Epeak potentials) and some were assigned based on previously
published values (electron transfer rates and diffusion coef-
ficients).[25] The remaining parameters for the homogeneous
chemical reactions were fitted to the experimental curves.
Digital simulation experiments are a powerful tool for


confirming reaction mechanisms and for evaluation of the
relevant kinetic[26] and thermodynamic (E1/2 ,[27]Keq


[28]) param-
eters. One of the commercially available software packages
for digital simulation of cyclic voltammetries is DigiSim,
which is currently used widely to support experimental
observations.[29]


The kinetic parameters reported in this article provided the
best fits between experiment and theory for cyclic voltam-
metry experiments. In order to check if true minima had been
found, the fitting routine was also run using different starting
values for the selected parameters.


Compound 1: Based on the available experimental evidence
the reaction mechanism proposed and tested by digital
simulation is that shown on the right of Figure 4a. In this
scheme there are three reduction processes in which the
starting compound (A) is involved and two homogeneous
chemical reactions that lead to a new species (B). The new
species is also electroactive and this electrochemical process,
the reduction of B leading to B1, closes a square Scheme that
also involves the di- and tri-anions of A. This Scheme
accounts for the main features of the recorded CVs. A slow
initial chemical reaction accounts for the smooth peak (II*c)
observed in the forward scan (Figure 4a, left side) and
another, fast reaction accounts for the irreversibility of the
third reduction. Peaks I and II are reversible for all the scan
rates recorded. This is in agreement with a reversible chemical
reaction like the above-mentioned opening of the cyclo-
propane ring. Values of the kinetic constants are reported in
Table 1.


On the CV timescale, it is not likely that C60 will form in
appreciable amounts. Performing multiple scans without the
renewal of the diffusion layer shows that the original
compound is reformed after every cycle, confirming this
prediction. However, a mechanism involving C60 as a product
on the voltammetric timescale has been proposed.[9] This
hypothesis was tested via digital simulation. The rate constant
for the first chemical reaction reported in that article was used
in the Scheme in Figure 4a. The simulation is in agreement
with the experimental curve for the forward scan but not with
that for the backward. Another simulation was performed
assuming that C60 is formed as reported in the same article.
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Table 1. Kinetic parameters obtained from the simulations for compounds
1 ± 3. Electron transfer processes were considered fast (k� 104 s�1) and
electron transfer coefficients (�) were assumed to be equal to 0.5.


k If k Ib k IIf k II
b


1 6� 10�3 s�1 9� 10�2 s�1 6� 102 s�1 3� 10�2 s�1
2 � 0 s�1 105 s�1 0.7 s�1 0.2 s�1


3 2 s�1 4 s�1 7� 102 s�1 4� 10�6 s�1
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Figure 4. a) ± c) are the best simulated curves (on the left side) for
compounds 1 ± 3, respectively, following the mechanisms shown on the right
side of the figure. a) and b) at 0.5 Vs�1, c) at 3 Vs�1.


Thus the known C60 reduction potentials were assigned to the
new species in the simulated mechanism (B in the present
case). The values for Ep reported in the article were also used
in the simulation, which showed a reversible third reduction
while the first reoxidation peak was split into two. This
simulation was not in agreement with the experimental results
reported in that article or with those reported in here. A final
simulation was performed using the mechanism proposed by
the authors together with the kinetic parameters reported in
the table. This led to a multi-electronic peak for the third wave
and to split oxidation processes for II and I. Once again, these
results are far from the experimentally recorded voltammo-
grams. Since the redox potentials for the starting compound
and those for C60 are substantially different, it would be


evident from the position of the reoxidation peaks if C60 was
the main product of the retro cyclopropanation reaction on
the CV timescale.[9] In fact, even if some C60 was formed
during the sweep, it must be a very small quantity because it is
not detected in the experimental voltammograms.
In order to further test this hypothesis, Figure 5 shows the


simulated voltammogram for the same mechanism of Fig-
ure 4a, but considering that the product of the homogeneous


Figure 5. Digital simulation based on mechanism shown in Figure 1a and
assuming that the final product (B) of the homogeneous reaction is C60.
Redox potentials for C60 in the same experimental conditions are available
in literature.[35]


reaction B is C60. Therefore the known redox potentials for
this molecule were assigned to the new chemical species. It is
evident how the CV is substantially different from the
experimental one (Figure 1a). In particular, peak III is now
more reversible but at the same time its anodic component is
shifted towards less negative potential. Also the shape of
peak I is different from the experimental one while two
reoxidation processes are clearly present in the potential
region of peak II. The simulation of multiple scans shows how
these features are even more evident after the first cycle.
As already reported, digital simulations were performed


over a wide range of scan rates and concentration values to fit
the experimental curves. As found experimentally, while
changes in concentration did not affect the morphology of the
voltammograms, changes in sweep rates had a considerable
impact on the curves. As an example, Figure 6 shows an
experimental and a simulated curve (continuous and dotted
line, respectively), for 3. The first one was acquired under the
same experimental conditions as in Figure 3 at 0.5 Vs�1, and
the simulation was performed following the Scheme and using
the parameters of Figure 4c. The only parameter changed with
respect to Figure 4 was the scan rate. Even if the two curves
don×t overlap perfectly (partly due to a higher background
current in the experimental curve after the first reduction
peak), the agreement between the simulated and the exper-
imental curves is very good. In particular, the height of peak II
decreases for both curves (Figure 3 dotted line and Figure 4)
as predicted by the mechanism.


Compound 2 : The CV behavior for compound 2 (Figure 2) is
evidently different from that of compound 1 because the
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Figure 6. Cyclic voltammetric curves for a 0.5 m� THF solution of 3 at v�
0.5 Vs�1 (––) and simulated curve based on mechanism shown in
Figure 4c (- - - -) for the same scan rate. Pt as working electrode, Pt-mesh
counter electrode and an Ag wire as a quasi-reference electrode, T� 25 �C.


anthrone addend is capable of undergoing a reduction process
within the scanned potential window.[18] Since this process is
electrochemically irreversible and its redox potential is
�1.59 V vs Fc�/Fc, it is likely that this unit is responsible for
the appearance of peak II. At this potential one electron is
mainly localized on the fullerene cage and another one on the
addend and these are non-interacting units. This is a
reasonable assumption since the difference between the
reduction potential of anthrone and its corresponding redox
potential in compound 2 is quite small. Peak III probably
corresponds to the second reduction of the fullerene group
and it is reasonably reversible. Only a very small portion of
the reduction current is not fully recovered in the anodic part
of the process. This is probably due to a chemical reaction of
the tri-reduced species. The final simulation mechanism used
for this compound (Figure 4b, right side) turned out to be
essentially the same as the one found for compound 1 (i.e., a
square mechanism). In this case the chemical instability of this
C60 derivative shows up after the third reduction process
(reaction 2), that is, after a two electron reduction of the
fullerene unit and a one electron reduction of the anthrone
addend. This chemical reaction leads to the formation of an
electroactive species which is reoxidized in I* (mechanism
ECE with a square scheme). After this reoxidation process, a
fast chemical reaction (reaction 1, see Table 1 for the value of
the kinetic constant) reforms the starting compound in its
mono reduced state (A1). This chemical step accounts for the
chemical reversibility of peak I. The irreversible reduction
process of the addend is not included in the main Scheme
since its redox state does not seem to affect the chemical
behavior of the starting compound.[30±32] The second and third
reduction potentials for compound 2were essentially identical
to those measured for the first reduction of anthrone and the
second reduction for a substituted C60,[33±35] respectively,
indicative of very weak electronic interactions between the
addend and the fullerene core. The calculated kinetic constant
for the chemical reaction occurring after the third reduction
wave was found to be quite small (0.7 s�1) and is reported,
with other data, in Table 1. This explains why peak III is
almost reversible and peak I* disappears if the scan rate is
increased. As can be seen from the simulated mechanism and


from the calculated kinetic constant values, the first chemical
equilibrium is totally displaced towards the mono-reduced
starting compound. The agreement between the experimental
curves and those obtained with the digital simulation program
was good for all of the scan rates recorded.


Compound 3 : In contrast to the other compounds, the
electroactivity of the addend in compound 3 greatly influen-
ces the overall electrochemical behavior. The simulation
shown in Figure 4c was made using the mechanism shown on
the right side of the figure. This path takes into account both
the new experiments and previously published data.[5] The
most challenging feature of the pattern to simulate was the
increasing height of the second reduction peak with an
increase of the scan rate. As previously explained, if the rate
of the potential sweep is increased, the height of this peak
increases while that of peak I decreases (peak I is bielectronic
at 0.02 Vs�1 and becomes closer and closer to monoelectronic
as the scan rate is increased). Peak II is totally irreversible
within the scan rate range investigated (0.02 Vs�1, 20 Vs�1).
After many attempts it was possible to simulate this interest-
ing pattern by assuming that after the first reduction (peak I,
first electron) a subsequent reaction forms a new species (B)
which has the same reduction potential (or perhaps even less
negative) than that of the starting molecule (peak I second
electron). The fraction of the monoanion of the original
species (A) that does not undergo the chemical reaction is
then responsible for peak II. This is an irreversible process
because at this stage another homogenous reaction transforms
A2 into B1. Since increasing the scan rate increases the height
of peak II, it is clear that the first chemical reaction (A1
leading to B) is not extremely fast on the experimental
timescale (see values in Table 1). After peak II, the remaining
starting compound is transformed into the new one (B1) and
after this stage this new chemical species is capable of
accepting reversibly another electron. Comparison of the rate
constants obtained from the simulation shows that both
processes are not very fast for these sweep rates, even if the
forward kinetic constant for the second reaction is in the range
of 103 s�1. Nevertheless the second reduction is irreversible
with a rate constant for the backward process of 10�6 s�1. If the
scan rate is increased, part of the anodic component of I shifts
towards less negative potential because the chemical equili-
brium is displaced (square scheme on the right side of
Figure 4c). Therefore, there is not enough time for A1 to be
regenerated after the reoxidation of B1 to B during the
reverse scan. This shift is due to the relatively low value of k 1b.
In the simulations, as well as in the experimental results, the
anodic peak (that always corresponds to a two-electron wave)
is broader than the cathodic one due to this chemical
conversion. Nevertheless, as A1 is formed it is readily
reoxidized to A since the redox potential for this couple is
more negative than that for B and B1.


Semiempirical calculations : Two extreme structures were
optimized for all the compounds, one with the cyclopropane
ring intact and another with the ring open. PM3 calculations
were performed to determine orbital energies of the neutral
and the mono reduced species. A study, at the PM3 level, of
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the electronic structure of some spiroannelated methanoful-
lerenes has been previously reported by Wudl and co-work-
ers.[33] Since results for compound 2 were reported in that
article, it was possible to validate our work by reproducing
those data. The LUMO for 1 was found to be at �2.80 eV.
Adding electrons and calculating the energies for both open
and closed structures showed that the open geometry
becomes slightly favored after the second electron addition.
This explains the slow rate constant found for the first
chemical reaction that, according to the mechanism, leads to
the cleavage of the cyclopropane ring. The cathodic shift
found experimentally for 2 with respect to C60 is smaller than
the one reported for the same compound in the literature. A
possible explanation, which agrees with the results reported in
the same article, is the different experimental conditions
(solvent and supporting electrolyte). The first reduction
occurs at a potential 88 mV more cathodic than the first
reduction of C60.[34, 35] The value for the calculated energy of
the LUMO in the neutral species was in perfect agreement
with that reported in the literature (�2.84 eV).[33] The LUMO
energy for the mono-reduced compound was found to be
�2.75 eV for the closed structure, while that found for the
open structure was too high in energy to represent a
reasonable alternative. The electron density for this orbital
confirms that the second reduction involves mainly the
anthrone unit. At this point it is important to recall that,
according to the electrochemical data, the second electron
transferred to 2 is located on the quinone-type ligand.
According to the published result, the two units (namely the
C60 cage and the anthrone addend) are electrochemically
independent. This means that the second reduction has no
effect on the stability of the cyclopropane ring. Thus after the
second reduction there is no cleavage of the cyclopropane ring
since electrons are localized one on each group. Only when
the third electron is transferred, that is when the second
electron reduction occurs on the C60 cage, cleavage of the
cyclopropane occurs. This process is quite slow (kf� 0.7 s�1
according to the mechanism) indicating that the conversion of
the starting compound into a new chemical species is far from
complete on the CV timescale. The closed structure of 3 has a
�2.88 eV value for the LUMO energy. This is in agreement
with the first reduction process which occurs at a slightly more
cathodic potential relative to that of C60, where the LUMO is
located at �2.89 eV. As previously reported,[33a] the first
electron is based on C60 and the spin density was found to be
different for the closed and the open structures. In fact, while
for the closed structure the unpaired electron density is
mainly localized on the C60 moiety, the open cyclopropane
structure has the unpaired electron density residing mainly on
the addend. The closed structure shows a LUMO for the
mono-anion that is too high in energy to explain the
experimental CV behavior in which the first two electrons
are transferred at the same potential. On the other hand, the
open structure of 3 .� has a new orbital localized on the 1,3-
indandione addend (due to the structural rearrangement of
the molecule after the opening of the cyclopropane ring), and
its energy is between the HOMO and the LUMO of the C60
cage. The orbital is half occupied by the electron correspond-
ing to the first reduction process. The second electron is


therefore expected to be localized in the addend, and this
explains the two electron reduction process found for this
compound. The open structure of 3 .� is stabilized by about
19 kcalmol�1 according to PM3 calculations. This provides a
good explanation for the coincidence of the two reduction
waves.


Conclusions


For the first time a systematic study to determine the kinetic
parameters for the electrochemically induced retro-cyclo-
propanation reaction was carried out using digital simulations.
The study was conducted with three different C60 derivatives
in which the addends result in different electrochemical
responses. They range from the non-electroactive addend in 1
to the electroactive and highly interacting unit in compound 3,
while in 2 the antraquinone moiety is an electroactive species
that interacts poorly with the fullerene cage. This wide range
of characteristics explains the differences between the pro-
posed mechanisms for the compounds. On the other hand,
many common features were found, such as the necessity for
the description of these processes to include a square Scheme
mechanism in order to regenerate the starting compound, on
the CV timescale. Comparing the rate constants at the same
reduction stage of the C60 core, that is, when the same number
of electrons has been transferred to the fullerene cage shows
that the rate for the cleavage of the cyclopropane ring
increases in going from 1 to 3. Compound 1 is the simpler case
studied since all of its redox processes are exclusively C60
centered. Digital simulations confirmed the proposed mech-
anism and allowed the estimation of the rate constants of the
chemical reactions.
Compound 2 was found to be unstable only after the third


reduction process because the two components of the
molecule have weak electronic coupling. The reduction of
the addend does not seem to affect the structure of the
molecule. Experimental CVs, digital simulations (i.e., calcu-
lated kinetic constants) and calculations demonstrate that
cyclopropane ring opening is slow. It is actually possible to
minimize its effect by simply increasing the scan rate by about
an order of magnitude (from 0.5 to 3 Vs�1).
In contrast to 1 and 2, 3 is unstable after the first reduction


process. The mechanism involves cleavage of the cyclopro-
pane ring after the first electron reduction. At slower scan
rates, a second electron is transferred at the same potential as
the first one. Increasing the scan rate allows the observation of
the increase of the height of the intermediate peak (II) which
is due to the original species.


Experimental Section


C60 derivatives (10�3�) and supporting electrolyte Bu4NPF6 (10�1�) were
added into a home built electrochemical cell. The cell was degassed and
pumped to 10�6 mm Hg. The solvent, THF (previously dried using a Na/2K
amalgam and stored under argon), which had also been degassed and
pumped to the same pressure, was then vapor-transferred into the cell,
directly from the storing flask. All CVs were recorded in THF (NBu4PF6 as
supporting electrolyte) using a Pt disc (1 mm diameter) as a working
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electrode, a Pt-mesh counter electrode and a Ag wire as a quasi-reference
electrode. The potential of the Ag wire was assumed to be stable within the
CV timescale. Ferrocene was added, under an argon flux, at the end of the
measurements as an internal standard. For digital simulations the BAS
program, DigiSim version 3.03 (CV), was used. The Wavefunction
software, PC-Spartan pro was used at the PM3 level for the semiempirical
calculations.
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Abstract: The reactions of neutral or
cationic manganese carbonyl species
towards the oxo-nitrosyl complex
[Na(MeOH){Mo5O13(OCH3)4(NO)}]2�


have been investigated in various con-
ditions. This system provides an unique
opportunity for probing the basic reac-
tions involved in the preparation of solid
oxide-supported heterogeneous cata-
lysts, that is, mobility of transition-metal
species at the surface and dissolution ±
precipitation of the support. Under
nitrogen and in the dark, the reaction
of in situ generated fac-{Mn(CO)3}�


species with (nBu4N)2[Na(MeOH)-
{Mo5O13(OMe)4(NO)}] in MeOH
yields (nBu4N)2[Mn(CO)3(H2O){Mo5O13-
(OMe)4(NO)}] at room temperature,


while (nBu4N)3[Na{Mo5O13(OMe)4-
(NO)}2{Mn(CO)3}2] is obtained under
reflux. The former transforms into the
latter under reflux in methanol in the
presence of sodium bromide; this in-
volves the migration of the fac-
{Mn(CO)3}� moiety from a basal �2O
coordination site to a lateral �3O site.
Oxidation and decarbonylation of man-
ganese carbonyl species as well as deg-
radation of the oxonitrosyl starting
material and reaggregation of oxo-
(methoxo)molybdenum fragments oc-


cur in non-deareated MeOH, and both
(nBu4N)4[Mn(H2O)2{Mo5O16(OMe)2}2-
{Mn(CO)3}2] and (nBu4N)4[Mn(H2O)2-
{Mo5O13(OMe)4(NO)}2] as well as
(nBu4N)2[MnBr{Mo5O13(OMe)4(NO)}]
have been obtained in this way. The
rhenium analogue (nBu4N)2[Re(CO)3-
(H2O){Mo5O13(OMe)4(NO)}] has also
been synthesized. The crystal structures
of (nBu4N)2[Re(CO)3(H2O){Mo5O13-
(OMe)4(NO)}], (nBu4N)3[Na{Mo5O13-
(OMe)4(NO)}2{Mn(CO)3}2], (nBu4N)4-
[Mn(H2O)2{Mo5O16(OMe)2}2{Mn(CO)3}2],
(nBu4N)4[Mn(H2O)2{Mo5O13(OMe)4-
(NO)}2] and (nBu4N)2[MnBr{Mo5O13-
(OMe)4(NO)}] have been determined.


Keywords: carbonyl ligands ¥
manganese ¥ molybdenum ¥
polyoxometalates ¥ rhenium


Introduction


Polyoxometalates are a rich and diverse class of compounds
that are of interest for both fundamental studies and practical
applications.[1] The structural analogy between polyoxometa-
lates and extended oxides was first pointed out by Baker[2] and
later expanded by Pope,[1a] Klemperer,[3] Finke[4] andM¸ller.[5]


Indeed, the surfaces of many polyanions mimick those of
metal oxides, and it is currently thought that the study of
transition metal derivatives of polyanions might contribute to
the understanding at the molecular level of the different steps
of the preparation of heterogeneous metal-oxide-supported
catalysts. However polyoxometalate-based transition-metal
complexes are not merely analogues of solid oxide-supported
catalysts, but they can also display their own catalytic activity.
Indeed the polyoxoanion-supported iridium complex


(nBu4N)5Na3[Ir(1,5-cod)P2W15Nb3O62] has been shown to be
an active homogeneous catalyst for the autoxidation of
cyclohexene.[6]


The first complexes incorporating an intact polyanion unit
were [MIV(Nb6O19)2]12� (M�Mn, Ni) and [MIII(H2O)-
(en)(Nb6O19)]5� (M�Cr, Co).[7] Since then organometallic
derivatives of the hexametalate ions [cis-Nb2W4O19]4�,
[MW5O19]3� (M�Nb, Ta), [(�5-C5H5)Ti(M5O19)]3� (M�Mo,
W), and [(�5-C5Me5)Ti(W5O19)]3� have been extensively
studied by Klemperer,[8] while triscarbonyl derivatives of the
hexaniobate and hexatantalate anions have been recently
reported by Pope.[9] Although the free hexavanadate
[V6O19]8� ion is unknown, it can be stabilized through
attachement of organometallic groups.[10] Owing to the
porphyrin-like nature of metal-substituted polyoanions,[11, 12]


monovacant Lindqvist species would be of interest. However,
such chemistry has been limited to derivatives of {W5O18}6�


until the isolation of the oxonitrosyl species
[Mo5O13(OMe)4(NO)]3�, which can be viewed as a function-
alized, monovacant Lindqvist-type polyanion.[13] This species
has proved to be a versatile ligand that can act either as a
porphyrin-like tetradentate ligand,[13, 14] a bidentate li-
gand,[15, 16] or a bridging ligand.[15, 17] In addition it may act as
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a source of {MoO}4� and {Mo(NO)}3� units.[16, 18] The
formation of [{Ni(MeOH)2}2{Mo(NO)}2(�3-OH)2(�-OMe)4-
{Mo5O13(OMe)4(NO)}2]2� in the reaction of (nBu4N)2[Na-
(MeOH){Mo5O13(OCH3)4(NO)}] with various nickel(��) salts
in methanol[16] is reminiscent of the dissolution ± precipitation
of oxide supports in the preparation of supported catalysts.[19]


The behavior of [Na(MeOH){Mo5O13(OCH3)4(NO)}]2� to-
wards manganese carbonyls is even more interesting, as it
mimicks several of the basic reactions involved in the
preparation of supported catalysts by impregnation of oxides
with solutions of transition-metal ions, that is, mobility at the
surface and dissolution ± precipitation of the support. In this
account, [Mo5O13(OMe)4(NO)]3�, for short {Mo5}, may be
considered as a paradigm for metal oxide analogues in the
same way as [P2Nb3W15O62]9�.[6]


Results


The synthesis and characterization of the following com-
pounds will be discussed: (nBu4N)2[Na(MeOH){Mo5O13-
(OMe)4(NO)}] ¥ xMeOH (1), (nBu4N)2[Mn(CO)3(H2O)-
{Mo5O13(OMe)4(NO)}] (2a), (nBu4N)2[Re(CO)3(H2O)-
{Mo5O13(OMe)4(NO)}] (2b), (nBu4N)3[Na{Mo5O13(OMe)4-
(NO)}2{Mn(CO)3}2] (3), (nBu4N)4[Mn(H2O)2{Mo5O13(OMe)4-
(NO)}2] (4), (nBu4N)2[MnX{Mo5O13(OMe)4(NO)}] X�Br
(5a), Cl (5b), (nBu4N)4[Mn(H2O)2{Mo5O16(OMe)2}2{Mn-
(CO)3}2] (6), and (nBu4N)[Mo2O5(OMe)5{Mn(CO)3}2] (7).


Syntheses: There is no apparent reaction between 1 and
[MnBr(CO)5] in deaerated methanol at room temperature
and in the dark. However, solvated {Mn(CO)3}�, presumably
{Mn(CO)3(MeOH)3}�, formed in situ by treatment of
[MnBr(CO)5] with one equivalent of AgBF4 in MeOH does
react with 1 at room temperature. Stirring of a 1:1 mixture of 1
and {Mn(CO)3}� in MeOH at room temperature for less than
1 h, followed by cooling at �40 �C for a few days led to the
isolation of 2a in approximately 30% yield. Compound 2a
was also obtained by treating 1 with {Mn(CO)3(MeCN)3}�[20a]


or [Mn2Br2(CO)6(MeCN)2].[20b] However, the former proce-
dure is preferable due to the instability of 1 in the presence of
acetonitrile.[13a] Refluxing of a mixture of 1 with either
{Mn(CO)3}� or [MnBr(CO)5] in MeOH, followed by cooling
at �40 �C for one week, led to the isolation of 3 in about 54%
yield. Compound 3 was alternatively obtained by refluxing a
solution of 2a in MeOH in the presence of NaBr.


In non-deaerated solutions, the reactions of manganese
carbonyls towards 1 take a different course. Oxidation and
decarbonylation of {Mn(CO)3}� is indicated by the progres-
sive decrease in the intensity of the band at 390 nm and by the
isolation of products containing MnII centers. Thus com-
pounds 4 and 6were obtained upon concentration and cooling
of solutions of 1 and {Mn(CO)3}�, which had been refluxed
first, while 5a was obtained from a refluxed solution of 1 and
[MnBr(CO)5] in non-deareated methanol. Compounds 4 and
5a were alternatively obtained upon addition of Mn(NO3)2 ¥
4H2O and MnBr2 ¥ 4H2O, respectively, to a solution of 1 in
methanol. Compound 5b has been similarly obtained from 1
and MnCl2 ¥ 4H2O. It must be noted that 4 is not very stable in


methanol and that (nBu4N)2[Mo6O19] slowly crystallizes from
its solutions. The formation of 6 in the course of the reaction
of {Mn(CO)3}� with 1 does not only imply the oxidation and
decarbonylation of part of the manganese carbonyl, but also
the degradation of [Mo5O13(OMe)4(NO)]3� followed by
aggregation of oxomethoxo fragments to give the novel
lacunary Lindqvist-type [Mo5O16(OMe)2]4� ion, which is
trapped by {Mn(CO)3}� and MnII electrophilic centers. As
previously reported,[21] complex 6 can be obtained together
with (nBu4N)[Mo2O5(OMe)5{Mn(CO)3}2] (7) by refluxing a
mixture of (nBu4N)2[Mo2O7] and [MnBr(CO)5] in non-
deaerated methanol. However, the most convenient synthesis
of 6 consists of adding (nBu4N)2[Mo2O7] to a mixture of
Mn(NO3)2 ¥ 4H2O and [MnBr(CO)5] in boiling methanol.


The rhenium carbonyl [ReBr(CO)5] is much less reactive
than [MnBr(CO)5] towards 1, and no reaction occurs even in
boiling MeOH. However, solvated {Re(CO)3}� slowly reacts
with 1 in refluxing MeOH to give 2b, the rhenium analogue of
2a. It is noteworthy that the rhenium analogue of 3 was not
obtained; this could indicate that {Re(CO)3}� is much
less mobile than {Mn(CO)3}� at the surface of
[Mo5O13(OMe)4(NO)]3� (vide infra). In addition {Re(CO)3}�


is much less reluctant than {Mn(CO)3}� towards oxidation,
and no oxidation product was isolated from non-deaerated
reacting mixtures.


Spectroscopic characterization : The IR spectra of compounds
2 ± 5 show similar patterns characteristic of the
[Mo5O13(OMe)4(NO)]3� unit: these are a strong band in the
range 1610 ± 1650 cm�1 assigned to �(NO), a fairly broad band
of medium intensity in the range 1030 ± 1060 cm�1 assigned to
the C�O stretches of the methoxo groups, three bands in the
range 955 ± 845 cm�1 characteristic of terminal oxo groups
�(MoOt) and a broad band in the range 670 ± 700 cm�1


assigned to �(Mo-Ob-Mo). According to our previous stud-
ies,[14] a three-band pattern for theMoOt stretches is indicative
of a bidentate coordination mode for the {Mo5} ligand, while a
two-band pattern is observed when the approximate fourfold
symmetry of the ligand is retained upon coordination. A
three-band pattern is actually observed for compounds 2 and
4 in accordance with their crystal structures. On the other
hand, three bands are also observed for 5a and 5b, while only
two bands were expected on the basis of the crystal structure
of 5a. However, the two lowest frequency bands are fairly
close together. The �(MoOt) band pattern for 3 is unusual,
with two weak peaks at 940 and 950 cm�1 and a strong one at
911 cm�1. Broadening of the methoxo stretching band arises
from the presence of a shoulder on its high frequency side. In
addition, the IR spectra of 3 and 6 show low frequency
methoxo stretching bands at approximately 1000 cm�1, indi-
cative of triply-bridging methoxo ligands. Assuming local C3v


symmetry of the {M(CO)3} groups, one would expect two
modes (a1 and e) in the CO stretching region. The e mode is
actually split in the spectra of 2a, 2b, 3, and 6. The frequencies
of the carbonyl bands in 2b are similar to those of
(nBu4N)3[(Nb2W4O19){Re(CO)3}],[22] but higher than those
of (nBu4N)8[(P2W15Nb3O62){Re(CO)3}].[23] This indicates that
the [Mo5O13(OMe)4(NO)]3� ligand is a donor similar to
[Nb2W4O19]4�, but weaker than [P2W15Nb3O62]9�. The carbon-
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yl bands in 2a have higher wavenumbers than those of 2b ; this
reflects the decreased basicity of manganese with respect to
rhenium. On the other hand, there are only minor shifts of the
carbonyl bands in 3 and 6 towards 2a.


The electronic spectra of the triscarbonyl manganese
derivatives 2a, 3, and 6 display a broad and strong band at
approximately 400 nm, which is characteristic of the
{Mn(CO)3}� chromophore.[24] On the other hand, those of 4
and 5b display a weak band at about 550 nm, which is
characteristic of the [Mo5O13(OMe)4(NO)]3� unit and was
assigned to the dxz,dyz�dxy transition within the {Mo(NO)}3�


unit.[13] This band is partly obscured by the {Mn(CO)3}�


transition in the spectra of 2a and 3, in which it appears as a
shoulder at 535 nm.


The 1H NMR spectra of 2b and 3 were recorded at 297 K in
[D4]methanol, while the 13C NMR spectra of 2a, 2b, and 3
were recorded in methanol/[D4]methanol or methanol/
[D6]acetone mixtures. All these spectra display two signals
of equal intensity for the methoxo ligands; this is in agreement
with the crystal structures of these compounds. At the very
least, the 1H and 13C NMR spectra of 3 indicate that the side-
on coordination of the triscarbonyl manganese fragment is
retained in solution. In addition, a unique signal was observed
at 221.7 ppm for the carbonyl ligands in the 13C NMR
spectrum of 2b, while a 2:1 two-line pattern could be
expected on the basis of the crystal structure. That connects
with the behavior of the oxotrisalkoxo cluster [Mo2O4{MeC-
(CH2O)3}2{Mn(CO)3}2], whose carbonyl ligands also appear
equivalent in solution, but contrasts with that of
[Mo2O5(OMe)5{Mn(CO)3}2]� and [Mo6O16(OMe)2{MeC-
(CH2O)3}2{Mn(CO)3}2]2�.[21] Pivoting of the {Re(CO)3(H2O)}�


fragment around the lacuna of the {Mo5} ligand would account
for the equivalence of the carbonyl ligands in 2b.


Crystal structures : Compounds 2b, 3, 4, 5a, and 6 were
characterized by single-crystal X-ray diffraction. The selected
bond lengths and angles are given in Tables 1 ± 5.


Compounds (nBu4N)2[Mn(CO)3(H2O){Mo5O13(OMe)4-
(NO)}] (2a) and (nBu4N)2[Re(CO)3(H2O){Mo5O13(OMe)4-
(NO)}] (2b) are isomorphous, and only the crystal structure of
2b was fully analyzed. The molecular structure of the anion of
2b is displayed in Figure 1. The structure is quite similar to
that of [Cp*Rh(H2O){Mo5O13(OMe)4(NO)}]� .[15] In both
cases, the organometallic fragment {Cp*Rh}2� and {Re-
(CO)3}�, respectively, is bonded to two adjacent axial oxygen
atoms of the {Mo5} ligand and achieves an 18-electron
configuration through coordination to a molecule of water.
In both cases, attachment of the organometallic fragment
results in a pattern of bond length alternation. Indeed, the
Mo�O bonds that involve the oxygen atoms bonded to
rhodium or rhenium, are slightly but significantly lengthened,
which results in a shortening of the trans Mo�O bonds
(Table 1). Also in both cases the water molecule is involved in
hydrogen bonds with the two ™free∫ axial oxo ligands of the
{Mo5} unit. In 2b, the distances between these two oxygen
atoms (O41 and O51) and the oxygen atom of the coordinated
water (O5) are equal to 2.64 and 2.67 ä, respectively. The
Re�O bond lengths in 2b are quite similar to the Rh�O bond


Figure 1. Structure of the anion in 2b (20% probability thermal ellip-
soids).


lengths in [Cp*Rh(H2O){Mo5O13(OMe)4(NO)}]� .[15] The dif-
ferences between the three Re�O bond lengths lie within
experimental errors, and it is the same for the three Re�C
bond lengths. However, the latter are more spread out
(Re1�C4� 1.79(2), Re1�C3� 1.85(2), Re1�C2� 1.89(2) ä);
this suggests that the fac-{Re(CO)3} unit departs slightly from
the ideal C3v symmetry.


The molecular structure of the [Na{Mo5O13(OMe)4-
(NO)}2{Mn(CO)3}2]3� ion in 3 ¥MeOH is shown in Figure 2.
This species is made of two crystallographically independent
[{Mo5O13(OMe)4(NO)}{Mn(CO)3}]2� units connected by a
sodium cation. Each {Mn(CO)3}� fragment is linked to a
distinct {Mo5} unit through the oxygen atoms of two adjacent
methoxo ligands and one bridging oxo ligand. The Mn�O
bond involving the bridging oxo ligand is only marginally
shorter than those with the bridging methoxo ligands. The
Mn�C bond lengths are equal within experimental errors
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Table 1. Selected bond lengths [ä] and angles [�] for the anion of 2b.


O21�Re1 2.130(8) O31�Re1 2.123(8)
Re1�C2 1.89(2) Re1�C3 1.84(2)
Re1�C4 1.80(2) Re1�O5 2.18(1)
C2�O2 1.15(2) C3�O3 1.20(2)
C4�O4 1.19(2)


Mo2-O21-Re1 144.2(4) Mo3-O31-Re1 146.4(5)
O21-Re1-O31 81.2(3) O21-Re1-C2 96.3(6)
O31-Re1-C2 176.5(6) O21-Re1-C3 175.7(6)
O31-Re1-C3 94.5(6) C2-Re1-C3 88.0(8)
O21-Re1-C4 98.7(5) O31-Re1-C4 93.2(5)
C2-Re1-C4 89.6(7) C3-Re1-C4 82.3(6)
O21-Re1-O5 80.8(3) O31-Re1-O5 83.0(3)
C2-Re1-O5 94.2(6) C3-Re1-O5 98.0(5)
C4-Re1-O5 176.2(5) Re1-C2-O2 177.3(18)
Re1-C3-O3 172.2(17) Re1-C4-O4 177.3(13)
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Figure 2. Structure of the complete anion in 3 ¥MeOH (20% probability
thermal ellipsoids). For clarity, only the upper part is labeled.


(Table 2). Although the bonding of the {M(CO)3}� fragment
(M�Mn or Re), and in a general way that of d6-fac-ML3


fragments, to a triangle of bridging oxygen atoms is usually the
rule within polyoxometalate-supported organometallic com-
plexes,[8, 9, 22, 23, 25] such a coordination mode was unknown for
the {Mo5} ligand till the characterization of 3. Each
[{Mo5O13(OMe)4(NO)}{Mn(CO)3}]2� unit interacts with the
sodium cation through its four axial oxo ligands in such a way
that Na� displays distorted square-antiprismatic coordination.


While seven of the eight Na�O bond lengths lie in a rather
narrow range, from 2.53(1) to 2.67(2) ä, the last one is
markedky longer (2.83(2) ä). The two square bases of the
coordination polyhedron are not strictly parallel, but are at a
8.5� angle. The distortion of the polyhedron could arise from
the hydrogen bond between the molecule of methanol and the
equatorial terminal oxygen atom O41 (Figure 2).


The molecular structure of the [Mn(H2O)2{Mo5O16-
(OMe)2}2{Mn(CO)3}2]4� ion in 6 ¥ H2O is shown in Figure 3
(Table 3 give selected bond lengths and angles). This species


can be viewed as being made of two crystallographically
independent [{Mo5O16(OMe)2}{Mn(CO)3}]3� units connected
by a {Mn(H2O)2}2� linker. The features of the
[{Mo5O16(OMe)2}{Mn(CO)3}]3� units in 6 ¥ H2O are quite
similar to those of the [{Mo5O13(OMe)4(NO)}{Mn(CO)3}]2�


units in 3. Each {Mn(CO)3}� fragment is linked to a distinct
[Mo5O16(OMe)2]4� ligand through the oxygen atoms of the
methoxo ligands and one bridging oxo ligand. The novel
lacunary Lindqvist-type isopolyanion [Mo5O16(OMe)2]4� de-
rives from [Mo5O18]6� through the replacement of two
adjacent side-on bridging oxo ligands by methoxo ligands.
Both species remain unknown when uncomplexed. Besides
side-on coordination to a {Mn(CO)3}� cation, each
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Table 2. Selected bond lengths [ä] and angles [�] for the anion of
3 ¥ CH3OH.


Mn6�O12 2.062(9) Mn6�O13 2.075(9)
Mn6�O23 2.024(9) Mn6�C2 1.78(2)
Mn6�C3 1.80(2) Mn6�C4 1.78(2)
Mn106�O115 2.07(1) Mn106�O114 2.066(9)
Mn106�O145 2.021(9) Mn106�C102 1.78(2)
Mn106�C103 1.80(3) Mn106�C104 1.81(2)
O2�C2 1.15(2) O3�C3 1.14(2)
O4�C4 1.15(2) O102�C102 1.15(2)
O103�C103 1.12(2) O104�C104 1.13(2)


O12-Mn6-O13 78.9(3) O12-Mn6-O23 78.6(3)
O13-Mn6-O23 76.2(3) O12-Mn6-C2 96.0(6)
O13-Mn6-C2 171.6(5) O23-Mn6-C2 96.2(6)
O12-Mn6-C3 96.8(6) O13-Mn6-C3 95.9(6)
O23-Mn6-C3 171.5(6) C2-Mn6-C3 91.4(8)
O12-Mn6-C4 172.6(6) O13-Mn6-C4 96.9(6)
O23-Mn6-C4 94.6(6) C2-Mn6-C4 87.4(8)
C3-Mn6-C4 89.7(8) Mo1-O12-Mn6 101.8(4)
Mo2-O12-Mn6 94.4(3) Mn6-O12-C12 120.6(8)
Mo1-O13-Mn6 101.4(4) Mo3-O13-Mn6 95.1(3)
Mn6-O13-C13 117.5(9) Mo2-O23-Mn6 109.6(4)
Mo3-O23-Mn6 111.0(4) Mn6-C2-O2 177.9(16)
Mn6-C3-O3 179.1(17) Mn6-C4-O4 174.9(16)


Table 3. Selected bond lengths [ä] and angles [�] for the anion of 6 ¥ H2O.


Mn1�O14 1.99(3) Mn1�O15 2.09(2)
Mn1�O45 1.99(2) Mn1�C1 1.79(6)
Mn1�C2 1.76(4) Mn1�C3 1.76(6)
Mn3�O21 2.13(2) Mn3�O31 2.16(2)
Mn3�O100 2.18(2) Mn3�O121 2.17(2)
Mn3�O131 2.12(2) Mn3�O200 2.21(2)
Mn101�C102 1.72(4) Mn101�O114 2.06(2)
Mn101�O115 2.04(2) Mn101�O145 2.06(2)
Mn101�C101 1.82(4) Mn101�C103 1.66(4)
O1�C1 1.11(6) O2�C2 1.18(4)
O3�C3 1.13(5) O101�C101 1.07(4)
O102�C102 1.20(4) O103�C103 1.27(4)


O14-Mn1-O15 75.1(9) O14-Mn1-O45 77.6(9)
O15-Mn1-O45 78.2(8) O14-Mn1-C1 99.7(19)
O15-Mn1-C1 98.7(20) O45-Mn1-C1 176.3(19)
O14-Mn1-C2 98.1(15) O15-Mn1-C2 172.1(14)
O45-Mn1-C2 96.6(14) C1-Mn1-C2 86.3(22)
O14-Mn1-C3 169.5(18) O15-Mn1-C3 98.6(18)
O45-Mn1-C3 93.1(18) C1-Mn1-C3 89.4(24)
C2-Mn1-C3 87.6(20) O21-Mn3-O31 87.2(8)
O21-Mn3-O100 93.6(9) O31-Mn3-O100 88.8(9)
O21-Mn3-O121 178.8(9) O31-Mn3-O121 93.3(9)
O100-Mn3-O121 87.5(9) O21-Mn3-O131 92.8(9)
O31-Mn3-O131 179.4(9) O100-Mn3-O131 91.8(9)
O121-Mn3-O131 86.7(9) O21-Mn3-O200 89.8(9)
O31-Mn3-O200 86.7(9) O100-Mn3-O200 174.3(10)
O121-Mn3-O200 89.2(9) O131-Mn3-O200 92.7(9)
Mn1-O14-Mo1 105.9(11) Mn1-O14-Mo4 95.8(9)
Mn1-O14-C14 121.2(19) Mn1-O15-Mo1 104.9(10)
Mn1-O15-Mo5 94.0(8) Mn1-O15-C15 115.5(19)
Mn3-O21-Mo2 140.7(13) Mn3-O31-Mo3 138.5(12)
Mn1-O45-Mo4 111.4(10) Mn1-O45-Mo5 108.5(10)
Mn1-C1-O1 171.4(55) Mn1-C2-O2 176.4(37)
Mn1-C3-O3 169.0(48)







FULL PAPER P. Gouzerh et al.


[Mo5O16(OMe)2]4� acts as a bidentate ligand towards the MnII


center, which achieves octahedral coordination with two
mutually trans molecules of water. It is unlikely that lacunary
Lindqvist-type polyanions such as [Mo5O16(OMe)2]4� and
[Mo5O18]6� would display side-on coordination unless the oxo
ligands that delineate the lacuna are already bonded to some
electrophilic fragment. Further examples are provided by the
recently reported clusters [Ru(�6-C6Me6)(H2O)(M5O18){Ru-
(�6-C6Me6}2] (M�Mo, W), which can be viewed as [M5O18]6�


polyanions supporting one {Ru(�6-C6Me6)(H2O)}2� and two
{Ru(�6-C6Me6)}2� fragments.[27] When two different electro-
philic groups are involved, as in 3 and 6, hard cations, such as
Na� and Mn2�, show preference
towards the oxygen atoms of the
lacuna.


The structure of the centro-
symmetrical [Mn(H2O)2-
{Mo5O13(OMe)4(NO)}2]4� ion in
4 is shown in Figure 4 (selected
bond lengths and angles are
given in Table 4). As far as MnII


center is concerned, the molec-
ular structures of the anions in 4
and 6 are quite similar. In
[Mn(H2O)2{Mo5O13(OMe)4-
(NO)}2]4�, the MnII center is
linked to two bidentate {Mo5}
ligands and achieves octahedral
coordination with two molecules
of water. The coordination
mode of the {Mo5} ligand is the
same as in 2, and the O ¥¥¥O
distances of 2.78 and 2.80 ä are
indicative of hydrogen bonding
between the coordinated water


molecules and the axial oxygen
atoms of the polyanions that are
not bonded to MnII.


The molecular structure of the
complex [MnBr{Mo5O13(OMe)4-
(NO)}]2� in 5a is displayed in
Figure 5 (selected bond lengths
and angles are given in Table 5).
The MnII center exhibits square-
pyramidal pentacoordination
and is displaced by 0.83 ä from
the plane of the four oxygen
donors towards the apical bro-
mide ligand. Furthermore, the
Mn�Br bond is not exactly or-
thogonal to the basal plane of
the pyramid. Indeed two of the
O-Mn-Br angles are close to
109�, while the other two are
close to 116�. The Mn�O bond
lengths are similar to those in
compounds 4 and 6. In contrast
to compounds 2 and 4, in which a
pattern of bond length alterna-


tion is clearly apparent within the {Mo5} ligand, a symmetrical
pattern is observed in 5a ; this reflects the symmetrical
coordination mode.


Discussion


Triscarbonylmanganese(�) complexes and their rhenium ana-
logues have played a key role in the development of organo-
metallic chemistry of polyoxometalates. Indeed the com-
plexes [(OC)3M(Nb2W4O19)]3� (M�Mn, Re) were the very
first polyoxometalate-supported organometallic complexes to
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Figure 3. Structure of the anion in 6 ¥ H2O (20% probability thermal ellipsoids).


Figure 4. Structure of the centrosymmetrical anion in 4 (20% probability thermal ellipsoids).
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be reported,[22] followed by the {Mn(CO)3}� adduct of the
[Mo5O18(TiCp)]3� ion.[25] Derivatives of the Dawson-type
[P2W15Nb3O62]9� polyoxoanion[23] and of the Lindqvist-type
hexametalate anions, [M6O19]8� (M�Nb, Ta),[9] have been
more recently reported. In all these complexes the metal
triscarbonyl unit is bonded to a triangle of three bridging
oxygen atoms. A different binding mode is observed in
[M(CO)3(H2O){Mo5O13(OMe)4(NO)}]2� (M�Mn, Re), in


which the metal triscarbonyl unit is bonded to two terminal
oxygen atoms of the polyanion and to a molecule of water. To
the best of our knowledge, the polyanion acts as a tridentate
ligand in all previously reported complexes of plenary
polyoxometalates with fac-d6-{ML3} units, such as
{M(CO)3}�,[8, 9, 22, 23, 25] {Rh(�5-C5Me5)}2�,[3, 8, 26, 28a,b] and
{Ru(�6-arene)}2�,[10c, 28] with the possible exception of
[Cp*RhCl2(Nb2W4O19)]4�, which has been proposed as an
intermediate in the formation of [Cp*Rh(Nb2W4O19)]2� by
reaction of [Cp*RhCl2]2 with [Nb2W4O19]4�, and in which the
polyanion is assumed to bind to rhodium through one of its
ONb oxygen atoms.[26a] We anticipated the defect
[Mo5O13(OMe)4(NO)]3� ion binding through the oxygen
atoms that delineate the lacuna. Indeed its adducts with fac-
d6-{ML3} fragments usually display �2O coordination, and the
complexes [M(CO)3(H2O){Mo5O13(OMe)4(NO)}]2� (M�
Mn, Re) and [Cp*Rh(H2O){Mo5O13(OMe)4(NO)}]�[15] are
isostructural.


However, the manganese adduct is unique in that migration
of the triscarbonyl manganese unit can be induced by Na�


ions. Indeed, compound 2a is obtained from the reaction of 1
with solvated {Mn(CO)3}� ions at room temperature, while 3
is obtained upon heating. Moreover, compound 3 can be
obtained upon heating a solution of 2a in MeOH in the
presence of a sodium salt. These observations suggest that 2a
is the kinetic product of the reaction, while 3 is the
thermodynamic product. Of direct relevance to the present
work, is the Dawson-type polyoxoanion-supported {Re-
(CO)3}� complex [{Re(CO)3}(P2W15Nb3O62)]8�, which displays
either non-C3v or C3v symmetry depending on whether sodium
cations are present or not.[23] Only a few other examples of
isomerization processes involving organometallic cation mo-
bility on polyoxoanions have been reported. These are the
intermolecular isomerization of [Cp*Rh(Nb2W4O19)]2�, which
involves the [(Cp*Rh)2(Nb2W4O19)] molecule as an interme-
diate,[26a] the intramolecular endo ± exo isomerization of the
vanadate-supported complexes [{(�4-C8H14)Rh}2(V4O12)]2�


and [{(�4-C6H10)Rh}2(V4O12)]2� through pivoting of the orga-
nometallic fragments on the surface of the metavanadate
ring,[29] and the intramolecular windmill-triple cubane isomer-
ization of the cluster [{Ru(�6-p-MeC6H4iPr)}4Mo4O16].[30] Be-
sides these processes with net structural changes, organo-
metallic cation mobility could also account for the fluxional
behavior of some polyoxoanion-supported organometallic
complexes, in particular those containing {Ir(�4-C8H12}�


groups.[31] Nevertheless, examples of organometallic cation
mobility over a polyoxoanion surface are still rare. They are,
however, of interest as models in oxide-supported organo-
metallic chemistry as there is evidence for the mobility of
surface intermediates.[32]


Another significant feature of the [Mo5O13(OMe)4(NO)]3�


ligand is its ability to transform under various conditions.
Indeed, this polyanion is only fairly stable and can act as a
source of both {Mo(NO)}3� and {MoO}4� moieties. In CH2Cl2
or MeCN, reaggregation yields the [Mo6O18(NO)]3� ion,[13a]


while the moiety can be trapped by the monovacant Keggin-
type polyoxometalates [PM11O39]7� to give
[PM11O39{Mo(NO)}]4� (M�Mo, W).[18a] In the presence of
NiII salts, limited decomposition of [Mo5O13(OMe)4(NO)]3�
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Table 4. Selected bond lengths [ä] and angles [�] for the anion of 4.


Mn1�O21 2.201(6) Mn1�O31 2.150(6)
Mn1�O100 2.188(7) Mn101�O131 2.154(7)
Mn101�O151 2.161(6) Mn101�O200 2.204(7)


O21-Mn1-O31 84.7(2) O21-Mn1-O31� 95.3(2)
O21-Mn1-O100 93.7(3) O31-Mn1-O100 94.0(3)
O21-Mn1-O100� 86.3(3) O31-Mn1-O100� 86.0(3)
Mo2-O21-Mn1 141.0(4) Mo3-O31-Mn1 142.7(4)
O131-Mn101-O151 84.5(2) O131-Mn101-O151� 95.5(2)
O131-Mn101-O200 91.7(3) O131-Mn101-O200� 88.3(3)
O151-Mn101-O200 91.6(3) O151-Mn101-O200� 88.4(3)
Mo103-O131-Mn101 141.7(4) Mo105-O151-Mn101 142.8(4)


Figure 5. Structure of the anion in 5a (20% probability thermal ellip-
soids).


Table 5. Selected bond lengths [ä] and angles [�] for the anion of 5a.


Mn1�Br1 2.457(3) Mn1�O21 2.16(1)
Mn1�O31 2.14(1) Mn1�O41 2.18(1)
Mn1�O51 2.14(1)


Br1-Mn1-O21 116.2(3) Br1-Mn1-O31 108.9(3)
O21-Mn1-O31 81.7(4) Br1-Mn1-O41 116.1(3)
O21-Mn1-O41 81.0(4) O31-Mn1-O41 134.9(4)
Br1-Mn1-O51 109.1(3) O21-Mn1-O51 134.6(4)
O31-Mn1-O51 81.7(4) O41-Mn1-O51 81.6(4)
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occurs and subsequent reaggregation leads to the formation of
a rhomblike Ni2Mo2 cluster, which is stabilized by coordina-
tion to two [Mo5O13(OMe)4(NO)]3� units.[16] This reaction is
reminiscent of the reactions of dissolution ± reprecipitation of
oxides by reaction with metal ions in solution. The mechanism
of this type of reaction has been demonstrated by the
deposition of the Anderson-type heteropolymolybdate
[Al(OH)6Mo6O18]3� and of Keggin-type aluminotungstic
species onto the support during the preparation of MoOx/�-
Al2O3 and WOx/�-Al2O3 catalysts, respectively.[19] In the
present case, degradation of [Mo5O13(OMe)4(NO)]3� is fol-
lowed by the building of a new soluble oxide,
[Mo5O16(OMe)2]4�. This species has not been previously
characterized, and it is unlikely that it could exist in an
uncomplexed form. However, it is stabilized by coordination
to both {Mn(CO)3}� and Mn2� ions, as shown by the isolation
of 6. The [Mo5O16(OMe)2]4� ion is a newmember of the family
of monovacant Lindqvist-type polyoxomolybdates, besides
[Mo5O13(OMe)4(NO)]3� and [Mo5O18]6�. This last ion can be
seen in the recently reported complex [{Ru(�6-C6Me6)}2-
Mo5O18{Ru(�6-C6Me6)(H2O)}].[27] Such species are highly
nucleophilic and their isolation is possible only in the presence
of stabilizing cations. Possibly the {Mn(CO)3}� and Mn2� ions
do not provide enough stabilization to the [Mo5O18]6� ion, in
contrast to {Ru(�6-C6Me6)}2�.


Conclusion


The [Mo5O13(OMe)4(NO)]3� ion is a multifaceted ligand that
offers several coordination sites and can display various
coordination modes. In all its previously reported complexes,
this anion was linked through terminal oxo ligands as a
bidentate, tetradentate, or bridging bisbidentate ligand. Novel


coordination modes have been characterized in the course of
this work. Indeed, this anion can also provide a triangle of
three contiguous bridging oxygen atoms (one oxo and two
methoxo groups), thus acting as a �3O tridentate ligand.
Apparently, side-on coordination can be observed only when
terminal coordination is fulfilled. Moreover, the
[Mo5O13(OMe)4(NO)]3�/Na�/Mn(CO)3� system provides one
of the very few examples of isomerization processes involving
organometallic cation mobility on polyoxoanions. In addition,
the [Mo5O13(OMe)4(NO)]3� ion can rearrange under reaction
with transition-metal complexes. Degradation of
[Mo5O13(OMe)4(NO)]3� followed by reaggregation can afford
new polyoxoanions, such as [Mo5O16(OMe)2]6�. In conclusion,
the [Mo5O13(OMe)4(NO)]3� ion displays a varied coordina-
tion chemistry and it provides structural models for surface
organometallic chemistry. In that sense, it can be considered
as a soluble oxide analogue.


Experimental Section


Materials : The oxonitrosyl precursor (nBu4N)2[Na(MeOH){Mo5O13(O-
Me)4(NO)}] ¥ 3MeOH (1) was prepared as reported previously.[13]


[MnBr(CO)5] and [ReBr(CO)5] were prepared as described in the
litterature.[33] Reagent grade solvents (methanol and diethyl ether) and
inorganic compounds (Br2, [Mn2(CO)10], [Re2(CO)10], MnBr2 ¥ 4H2O,
MnCl2 ¥ 4H2O, Mn(NO3)2 ¥ 4H2O, and AgNO3 were purchased from Strem
Chemicals, ACROS, or Aldrich and used as received.


Methods : IR spectra were recorded from KBr pellets on a Bio-RadWin-IR
FTS 165 FT-IR spectrophotometer, and UV-visible spectra were recorded
on a Shimadzu UV-2101 spectrophotometer. 1H and 13C NMR spectra were
recorded at 300.13 and 75.47 MHz on a Brucker AC 300 spectrometer.
Elemental analyses were performed by the Service Central d×Analyse of
the CNRS (Vernaison, France).


Crystal structure analyses: Crystal structure data are summarized in
Table 6. Data were recorded at room temperature on either a CAD4 or
MACH3 Enraf-Nonius diffractometer with graphite-monochromated
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Table 6. Crystal structure data for 2b, 3 ¥ CH3OH, 4, 5a, and 6 ¥ H2O


2b 3 ¥ CH3OH 4 5a 6 ¥ H2O


formula C39H86Mo5N3O22Re C63H136Mo10Mn2N5 NaO43 C72H172Mo10MnN6O38 C36H84BrMnMo5N3O18 C74H162Mn3Mo10N4O45


Mr 1615.0 2744.5 2744.5 1461.0 2958.3
color red red violet violet green
space group P21/c P1≈ P1≈ P21/n P21/c
a [ä] 16.928 (7) 15.037 (7) 12.909 (5) 17.618 (4) 12.659 (4)
b [ä] 17.020 (7) 18.000 (3) 19.136 (6) 18.411 (1) 36.012 (9)
c [ä] 21.857 (10) 21.350 (9) 24.882 (6) 17.641 (10) 25.788 (7)
� [�] 82.72 (2) 68.62 (2)
� [�] 106.03 (4) 80.04 (4) 82.82 (3) 93.87 (1) 99.13 (3)
� [�] 65.29 (3) 81.82 (3)
V [ä3] 6052 (5) 5160 (3) 5647 (10) 5709 (4) 11607 (6)
Z 4 2 2 4 4
T ambient ambient ambient ambient ambient
�calcd [gcm�3] 1.77 1.77 1.61 1.70 1.69
� [cm�1] 30.7 14.5 12.2 20.0 13.90
reflns (unique) 11855 18069 15684 9826 14192
reflns (obsvd) 5697 6278 9339 3504 3968
R (Fo)[a] 6.15 5.11 5.16 6.44 7.82
Rw (Fo)[b] 6.11 5.95 6.26 6.62 7.91
diff peak [eä�3] � 1.95 � 0.82 � 0.90 � 0.63 � 0.86
diff hole [eä�3] 1.56 0.78 1.03 0.76 1.10


[a] R�� ��Fo� � �Fc��/��Fo�. [b] Rw � [�w(�Fo� � �Fc�)2/�w�Fo�2]1/2 (w�w�[1� {(��Fo� � �Fc��)/6�(Fo)}2]2 with w�� 1/�rArTr(X) for which X�Fc/Fc(max) with
coefficients for a Chebyshev series: 1.29 and 0.73 for 2b ; 4.89, �1.04, and 3.76 for 3 ¥ CH3OH; 6.44, 0.83, and 4.85 for 4 ; 1.15, 0.67, and 0.79 for 5a ;
5.88, �3.68, and 4.19 for 6 ¥ H2O.
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MoK� radiation (	� 0.71069 ä). Crystals of 2b, 4, and 5a were mounted on
glass fibers and sealed with an epoxy cement, while crystals of 3 ¥MeOH
and 6 ¥ H2O were coated with glue and put in Lindeman tubes. Lattice
parameters and the orientation matrix were obtained from a least-squares
fit of 25 automatically centered reflections in the range 14 ± 14.2� for 2b,
10 ± 10.5� for 3 ¥MeOH, 14.9 ± 15� for 4 and 5a, and 12 ± 12.2� for 6 ¥ H2O.
Intensities were corrected for Lorentz and polarization effects. An
empirical absorption correction was applied.[34] Only the reflections with
I� 3�(I) were retained for calculations. Data processing was performed
with the program CRYSTALS.[35] The structures were solved by direct
methods[36] and subsequent Fourier syntheses. All atoms were refined
anisotropically, except for 6 ¥ H2O, for which non-metal atoms were refined
isotropically. Hydrogen atoms were not included in the refinements.
Neutral-atom scattering factors were used with anomalous dispersion
corrections applied.[37] Molecular structures were drawn with the program
CAMERON[38] and are reported in Figures 1 ± 5. The numbering scheme
for the {Mo5} units in compounds 2b, 3 ¥MeOH, 4, and 5a follows that
previously adopted:[13, 14, 15] the MoII center was labeled Mo1, while the
MoVI centers were numbered from Mo2 to Mo5. Terminal oxygen atoms
(Ot) were labeled Oii�, where i is the number of the molybdenum atom and
i�� 1 or 2 depending on whether the oxygen atom is axial or equatorial.
Bridging oxygen atoms (Ob) were labeled Oij, where i and j are the indexes
of the bridged molybdenum atoms. Finally, the central oxygen atom (Oc)
was labeled O10. The numbering scheme for the second distinct {Mo5} unit
in 4 was obtained by adding 100 to each basic index. CCDC-193003 ±
193007 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallogrphic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: (�44)1223-336-033; e-mail :
deposit@ccdc.cam.ac.uk).


Preparation of (nBu4N)2[Mn(CO)3(H2O){Mo5O13(OMe)4(NO)}] (2a): A
mixture of [MnBr(CO)5] (0.140 g, 0.5 mmol) and AgNO3 (0.084 g,
0.5 mmol) in methanol (5 mL) was stirred at room temperature under
nitrogen and in the dark for 1 h; afterwards the precipitate of AgBr was
filtered off and washed with methanol (2 mL). The light yellow combined
filtrates were dropped into a solution of 1 (0.68 g, 0.5 mmol) in deaerated
methanol (5 mL), the violet color of which changed at once to orange-red.
The solution was stirred in the dark for half of an hour, then its volume was
reduced to 5 mL and the solution was allowed to stand at �40 �C for one
week. Deep-red air-stable crystals of 2a were collected by filtration and
washed successively with a small amount of cold methanol and diethyl
ether. Yield: 0.20 g (27%); IR (KBr): �
 � 2029 (s), 1933 (s), 1916 (s), 1617
(s), 1065 (w), 1042 (m), 933 (s), 888 (s), 854 (m), 701 (s), 678 (s), 630 cm�1


(m); UV/Vis (MeOH): 	max (�)� 530 (sh), 410 nm (1930mol�1 dm3cm�1);
13C NMR (75.47 MHz, CH3OH/(CD3)2CO, 297 K, TMS): �� 68.4 (s, 2C;
OCH3), 68.8 ppm (s, 2C; OCH3); elemental analysis (%) calcd for
C38H86MnMo5N3O22: C 31.57, H 5.84, Mn 3.70, Mo 32.33, N 2.83; found:
C 31.19, H 6.01, Mn 3.07, Mo 32.96, N 3.21.


Preparation of (nBu4N)2[Re(CO)3(H2O){Mo5O13(OMe)4(NO)}] (2b): A
mixture of [ReBr(CO)5] (0.101 g, 0.25 mmol) and AgNO3 (0.042 g,
0.25 mmol) in methanol (5 mL) was stirred for 2 h at room temperature
and then filtered. The colorless filtrate was added in a solution of 1 (0.34 g,
0.25 mmol) in methanol (5 mL), and the resulting red solution was refluxed
for 24 h. The mixture was filtered while hot, giving a fine white solid, which
was discarded, and the filtrate was allowed to stand at �40 �C for 1 d. Red
crystals of 2b suitable for X-ray diffraction were collected by filtration.
Further crops of crystals were obtained after concentration of the filtrate
under vacuum and prolonged standing at �40 �C. Total yield: 0.1 g (25%);
IR (KBr): �
 � 2013 (s), 1910 (s), 1885 (s), 1621 (s), 1062 (w), 1041 (m), 936
(s), 885 (s), 852 (m), 698 (s), 672 (sh), 630 cm�1 (m); 1H NMR (300.13 MHz,
CD3OD, 297 K, TMS): �� 4.70 (s, 6H; OCH3), 4.82 ppm (s, 6H; OCH3);
13C NMR (75.47 MHz, CH3OH/CD3OD, 297 K, TMS): �� 66.4 (s, 2C;
OCH3), 66.8 ppm (s, 2C; OCH3); elemental analysis (%) calcd for
C38H86Mo5N3O22Re: C 29.00, H 5.37, Mo 29.70, N 2.60, Re 11.53; found:
C 28.93, H 5.28, Mo 29.11, N 2.56, Re 11.56.


Preparation of (nBu4N)3[Na{Mo5O13(OMe)4(NO)}2{Mn(CO)3}2] ¥MeOH
(3 ¥MeOH): Solid [MnBr(CO)5] (0.140 g, 0.5 mmol) was added to a
solution of 1 (0.68 g, 0.5 mmol) in deaerated methanol (10 mL). The
resulting red solution was refluxed under nitrogen and in the dark for 16 h,
upon which its color had changed to brownish-green. The volume was
reduced to 3 mL, and the solution was allowed to stand at �40 �C for one


week. Brown crystals with the composition 3 ¥MeOH, according to
crystallography analysis, were collected by filtration. These crystals
appeared to be unstable outside the mother liquor due to loss of solvent.
Yield: 0.37 g (54%); IR (KBr): �
 � 2036 (s), 1930 (s), 1920 (s), 1650 (s),
1030 (m), 1005 (w), 950 (w), 940 (w), 911 (s), 720 (sh), 676 (s), 635 (m),
635 cm�1 (sh); UV/Vis (CH3OH): 	max (�)� 540 (sh, 134), 390 nm
(3850mol�1dm3cm�1); 1H NMR (300.13 MHz, CD3OD, 297 K, TMS):
�� 4.59 (s, 6H; OCH3), 5.21 (s, 6H; OCH3) ppm; 13C NMR (75.47 MHz,
CH3OH/CD3OD, 297 K, TMS): 69.2 (s, 2C, OCH3), 69.9 (s, 2C, OCH3),
221.7 (s, 3C, CO); elemental analysis (%) calcd for C62H132Mn2Mo10N5-


NaO42: C 27.46, H 4.91, Mn 4.05, Mo 35.38, N 2.58, Na 0.85; found: C 27.29,
H 4.95, Mn 3.98, Mo 34.76, N 2.69, Na 0.75.


Preparation of (nBu4N)4[Mn(H2O)2{Mo5O13(OMe)4(NO)}2] (4):
Mn(NO3)2 ¥ 4H2O (0.063 g, 0.25 mmol) and 1 (0.34 g, 0.25 mmol) were
added to methanol (10 mL), and the mixture was stirred for 6 h at room
temperature. After separation of a fine precipitate, the red filtrate was
allowed to stand at �40 �C for one week, after which time the precipitated
orange-violet oblong crystals were collected. Yield: 0.115 g (54% based on
Mo); IR (KBr): �
 � 1620 (s), 1070 (sh), 1046 (m), 927 (s), 897 (s), 862 (m),
696 (br), 625 cm�1 (m); UV/Vis (CH3OH): 	max (�)� 535 nm
(120mol�1dm�3 cm�1); elemental analysis (%) calcd for C72H172MnMo10-
N6O38: C 31.51, H 6.32, Mn 2.00, Mo 34.96, N 3.06; found: C 31.43, H 6.44,
Mn 1.91, Mo 32.49, N, 2.99.


Preparation of (nBu4N)2[MnX{Mo5O13(OMe)4(NO)}] X�Br (5a), Cl
(5b):Amixture of MnBr2 ¥ 4H2O (0.72 g, 2.5 mmol) and 1 (3.4 g, 2.5 mmol)
in methanol (20 mL) was refluxed for 2 h and then cooled to ambient
temperature. Upon addition of diethyl ether (100 mL) to the deep plum-
colored solution under vigorous stirring a blue-violet precipitate(5a) was
obtained. It was recrystallized from methanol due to the possible
contamination with (nBu4N)2[Mo6O19]. Slow diffusion of diethyl ether into
the solution of the crude precipitate resulted in the formation of crystals
suitable for X-ray diffraction analysis. Compound 5b was similarly
obtained from a mixture of MnCl2 ¥ 4H2O (0.215 g, 1.09 mmol) and 1
(1.5 g, 1.09 mmol) in methanol (10 mL).


Compound 5a : Yield after recrystallization: 2.8 g (77%); IR (KBr): �
 �
1643 (s), 1055 (sh), 1035 (s), 938 (s), 868 (s), 845 (s,) 677 (br), 630 cm�1 (m);
UV/Vis (CH3OH): 	max (�)� 545 nm (55mol�1 dm3cm�1); elemental anal-
ysis (%) calcd for C36H84BrMnMo5N3O18: C 29.58, H 5.79, Br 5.47, Mn 3.76,
Mo 32.82, N 2.87; found: C 28.99, H 5.66, Br 5.57, Mn 3.72, Mo 32.89, N 2.96.


Compound 5b : Yield after recrystallization: 1.08 g (68%); IR (KBr): �
 �
1645 (s), 1057 (sh), 1033 (s), 938 (s), 870 (s), 846 (s), 678 (br), 630 cm�1 (m);
UV/Vis (CH3OH): 	max (�)� 545 nm (55mol�1 dm3cm�1); elemental anal-
ysis (%) calcd for C36H84ClMnMo5N3O18: C 30.51, H 5.97, Cl 2.50, Mn 3.88,
Mo 33.88, N 2.97; found: C 30.54, H 5.95, Cl 2.70, Mn 3.72, Mo 33.10, N 3.00.


Preparation of (nBu4N)4[Mn(H2O)2{Mo5O16(OMe)2}2{Mn(CO)3}2] (6):
(nBu4N)2[Mo2O7] (0.8 g, 1 mmol) was added to a solution of Mn(NO3)2 ¥
4H2O (0.05 g, 0.2 mmol) and [MnBr(CO)5] (0.22 g, 0.8 mmol) in methanol
(10 mL). Ayellow precipitate was soon apparent. The mixture was refluxed
under nitrogen for half an hour, during which time the precipitate became
more abundant. The precipitate (analytically pure 6) was collected by
filtration after cooling to ambient temperature. Yield: 0.36 g (61%, based
on Mo); IR (KBr): �
 � 2034 (s), 1930 (s), 1910 (s), 1000 (m), 950 (m), 933
(s), 910 (s), 895 (sh), 880 (m), 815 (s), 785 (m), 695 (br), 663 (m), 635 cm�1


(m); UV/Vis (CH3OH): 	max (�) 390 nm (2780mol�1dm3cm�1); elemental
analysis (%) calcd for C74H160Mn3Mo10N4O44: C 30.29, H 5.50, Mn 5.62, Mo
32.70, N 1.91; found: C 29.52, H 5.13, Mn 5.32, Mo 31.63, N 1.98.


Crystals of 6 ¥ H2O suitable for X-ray diffraction were obtained in the
following way: a mixture of (nBu4N)2[Mo2O7] (0.4 g, 0.5 mmol) and
[MnBr(CO)5] (0.27 g, 1 mmol) in methanol (15 mL) was refluxed for 2 h.
The mixture was filtered while hot, and the green filtrate was allowed to
stand at room temperature for a few days, during which time small green
crystals of 6 ¥ H2O formed together with a yellow powder, which proved to
be a mixture of 6 and 7.
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A Distinctive Example of the Cooperative Interplay of Structure and
Environment in Tuning of Intramolecular Charge Transfer in Second-Order
Nonlinear Optical Chromophores


Alessandro Abbotto,*[a] Luca Beverina,[a] Silvia Bradamante,[b] Antonio Facchetti,[a]


Christopher Klein,[c] Giorgio A. Pagani,*[a] Mesfin Redi-Abshiro,[c] and
R¸diger Wortmann[c]


Abstract: The strongly enhanced coop-
erative influence of medium polarity
and organic structural design on the first
hyperpolarizability � of a novel family of
highly polarizable azinium-(CH�CH-
thienyl)-dicyanomethanido chromo-
phores 1 ± 3 is described. The dyes can
be efficiently synthesized by regioselec-
tive protonation/alkylation of the corre-
sponding bidentate anion precursors.
Consecutive annelation of the pyridyl
ring of 1 (pyridine� quinoline� acri-
dine) and medium polarity effects are
responsible for an extraordinarily varia-
ble range of intramolecular charge
transfer (ICT), leading to a large set of
�-electron distribution patterns. Ac-
cordingly, systems with remarkably dif-
ferent zwitterionic/quinoid character in


the ground and excited states present �
values in a broad range, eventually
switching from negative to positive.
Our investigation is based on a combi-
nation of experimental (UV/Vis spec-
troscopy, multinuclear NMR spectrosco-
py, and electrooptical absorption meas-
urements) and computational (ab initio)
approaches. It is shown that: 1) � and ��


are dramatically influenced, even by
orders of magnitude, by a complex,
non-monotonic interplay of structure
and medium action, which in turn affects


molecular ICT and bond length alterna-
tion (BLA), 2) the computations, vali-
dated by different experimental data,
are to be recommended as an extremely
useful tool in the search for a greatly
improved set of molecular nonlinear
optical (NLO) responses (in the case of
1 ± 3 they show that such conditions may
be attained only in a narrow and limited
range of dielectric constants in which the
annelation effect operates most effi-
ciently), and 3) the search for the most
favorable molecular NLO response of a
highly polarizable chromophore both in
solution and in solid matrices should
simultaneously take into account not
only the molecular design supplemented
by annelation effects but also the polar-
ity of the medium.


Keywords: ab initio calculations ¥
annelation ¥ heterocyclic zwitterions
¥ NMR spectroscopy ¥ nonlinear
optics


Introduction


The electronic and structural properties of organic push ± pull
conjugated compounds are of considerable interest for non-
linear optical (NLO) applications in photonic and electrooptic
devices such as high-speed photonic switching and electro-
optic modulators.[1] To generate highly efficient NLO-phores
with a large quadratic hyperpolarizability �, extensive molec-
ular polarization of the �-electron structure is usually
provided by means of a strong interaction between end-
capped donor and acceptor groups. This situation gives rise to
a dominant intramolecular charge-transfer (ICT) transition
from the ground state (g) to their first excited state (e). The
sign and value of � have been correlated with the bond length
alternation (BLA)[2] structural parameter, whereas other
authors have correlated �, through the two-state model, to
other expressions such as c2[3] andMIX.[4] All three descriptors
are correlated between themselves.[4] In the plot of � against
BLA it has been shown that in push ± pull polyenes � moves
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from positive (BLA� 0, neutral ground state) to negative
(BLA� 0, dipolar ground state), with values passing through
zero (BLA� 0, cyanine limit).[5]


We have reported the synthesis of a novel series of
chromophores[6] A endowed with solvent-dependent, very
large, and negative �� values (Scheme 1).[7] Indeed, the
solvent polarity has been shown both theoretically[8] and
experimentally[9] to have a great influence on ICT, and thus on
�. Changing the strength of the donor and the polarity of the
solvent � can even change the sign.


Our molecular design approach was based on the following
main strategic choices:
1) Exploitation of �-excessive and �-deficient heteroaromat-


ic compounds[10] as key constituent donors and acceptors of
the push ± pull NLO-phore.[11] Theoretical and experimen-
tal studies have demonstrated that �-excessive and �-
deficient heterocycles can efficiently function as primary[11]


and/or auxiliary[12] donor and acceptor groups in push ±
pull dyes; furthermore, the reduced ring aromaticity
relative to benzene of the five-membered heterocycles
leads both to an increased transition moment and to
change in dipole moment.[13]


2) In contrast to the most common approach in the litera-
ture (e.g., for 4-dimethylamino-4�-nitrostilbene DANS,
Scheme 1), the dipolar (zwitterionic) limit formula retains
aromaticity, whereas the neutral limit formula is qui-
noid.[14]


We realized, however, that for the above zwitterions, both
the large solvatochromic response and the highly solvent-
dependent �� values, which increase as the solvent polarity
decreases, needed a rationale. This prompted us to investigate
the solvent response of the zwitterionic systems more closely,
and in this we were strongly supported by our recent
experimental findings that the solvent modulates[15] the extent
of ICT within a series of pyridine-based systems. We thus
decided to obtain �� values in a solvent possessing a dielectric
constant � definitely lower than those of the previously
considered solvents (DMF and CHCl3). Preliminary experi-
ments convinced us that EFISH (electric-field-induced sec-
ond harmonic) generation[1] experiments were not viable


because of the extremely low solubility of the zwitterions of
type A–that in all cases retain highly polar natures–in any
solvent of low polarity. The EOAM (electrooptical absorption
measurements) approach[16, 17] seemed practicable since the
measurements can be obtained at concentrations typical of
UV/Vis absorption spectroscopy. In addition, we felt it might
be profitable to carry out ab initio computations that, by
taking into account of the solvent effects, could mimic the
contributions of the dipolar and zwitterionic structures in the
different environments.


Since, on the whole, the com-
bination of BLA, which strictly
depends upon the �-electron
structure, and of the solvent
influences the change in the rel-
ative contributions of the two
neutral and dipolar limit forms
of the chromophore ground and
excited states, we decided, taking
the zwitterion 1 a (see Scheme 2)
as a starting point, to extend the
investigation to very similar sys-
tems presenting in their struc-
tures other acceptor groups, but
ones with small or negligible
variation in their electron-with-
drawing capacities and that
would in turn be able to influence
the BLA on the basis of bond


localization only. We took the decision, unprecedented in the
literature, to use benzofusion (annelation effect)[18] of the
acceptor pyridinium ring as a regulator of �-delocalization.
Accordingly, we prepared and characterized chromophores
1 ± 3 and, to address solubility problems, also planned the
synthesis of the type b N-decyl-substituted chromophores
(Scheme 2). Indeed, Scheme 3 shows that the bond lengths of
the bonds from the pyridyl-nitrogen atom to the position at
which the double bond in 1 ± 3 is joined show considerable
alternation. Thus, consecutive annelation of pyridine with one
and then with two benzene rings in 1 ± 3 can cause significant
bond alternation and would be expected to influence the
relative importance of the aromatic/quinoid character of the
azinium ring, thus affecting the entire � framework.
Scheme 2 clearly shows that, whereas the pyridine ring loses


aromaticity in the right-hand side formula, the acridinium ring
can better sustain a quinoid character thanks to the restored
full aromaticity of the two benzene side rings. The quinoli-
nium ring is somewhere in the middle. It is therefore to be
expected that in the ground state the importance of the ZW
form should sequentially decrease, and the Q form simulta-
neously increase, on going from pyridine to quinoline to
acridine. To the best of our knowledge the annelation effect
has never been used as a structural tool for affecting the
relative contribution of the two limit forms, but the acridine
ring was also never reported as an acceptor moiety in NLO
dyes. Indeed, the quinolinium ring has hardly appeared in the
NLO literature[14d, 19] and in none of these cases did the
authors mention the annelation effect as a precise tool for
designing new dyes with optimized values of �.


Scheme 1. Resonance between zwitterionic/aromatic ± neutral/quinoid (system A) and neutral/aromatic ± di-
polar/quinoid (DANS-like systems) limit forms.
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Scheme 3. Bond lengths [ä] in pyridine, quinoline, and acridine (averages
of different X-ray data reported in the literature for alkyl derivatives).


In short, for the detailed investigation of systems 1 ± 3 we
will use a combination of a number of approaches, very
different in nature and targets: organic design and synthesis,
multinuclear NMR investigation to provide insights into
charge-mapping and bond length alternation, linear absorp-
tion, EOA measurements in 1,4-dioxane for comparison with
and discussion of previous measurements in solvents of higher
polarity, and computational (ab initio) investigation, with
effects of the medium always included. We will show that the
successive steps we propose herein–molecular design includ-
ing annelation effects and choice of the
medium–can provide an extremely varia-
ble (to the extent of orders of magnitude)
set of � values. We believe that the proce-
dure outlined herein provides an unprece-
dented novel methodology to access opti-
mized NLO properties.


Results


Synthesis of chromophores


The synthesis of chromophores 1 and 2 are
reported in Scheme 4 and that of chromo-


phore 3 is reported in Scheme 5. Bromo derivatives 7 and 8
are new compounds. Compound 7 was prepared by a
Horner ±Wittig reaction between the diethyl[(5-bromothien-
2-yl)methyl]phosphonate anion and 4-formylquinoline in
THF. Condensation of 4-methylacridine (9) with 5-bromo-2-
formylthiophene in AcONa/AcOH solution afforded 8 as a
mixture of the E and Z geometric isomers. This result is
surprising in view of the large steric hindrance experienced by
the cis diastereoisomer. Isomers (E)-8 and (Z)-8 can conven-
iently be separated by column chromatography.
In a previous paper[6] we described the preparation of


sodium salt 4. Similarly, 5 and 6 were synthesized from the
parent bromothiophenes 7 and 8, respectively, by treatment
with malonodinitrile sodium salt in dimethoxyethane, with
tetrakis(triphenylphosphine)palladium(0) as catalyst. Note
that both (E)-8 and (Z)-8 diastereoisomers react with
malonodinitrile sodium salt to afford the same product (E)-
6 (Scheme 6). It is likely that each bromo isomer gives the


Scheme 2. Effect of annelation of the pyridine ring on the contribution of the zwitterionic/aromatic (ZW) and neutral/quinoid (Q) resonance structures in
the description of the ground state.


Scheme 4. Synthesis of pyridine chromophores 1 a and 1b and quinoline chromophores 2 a and 2b :
i) HCl, DMSO; ii) CF3SO3C10H21, acetone, RT; iii) NaH, THF, reflux; iv) CH2(CN)2, NaH, DME,
[Pd(PPh3)4], RT; v) CF3SO3C10H21, K2CO3, CH3CN, �.
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Scheme 6. Preparation of the E diastereoisomer of the acridine-based
sodium salt 6 from both the E and the Z forms of the precursor bromo
derivative 8 : i) CH2(CN)2, NaH, DME, [Pd(PPh3)4], RT.


corresponding sodium salt and that (Z)-6 only subsequently
isomerizes to (E)-6.
Finally, the last synthetic step to prepare dyes 1 ± 3 was


designed on the basis of our previous experience on bidentate
anions. All chromophores 1 a ± 3 a were conveniently prepared
in high yields (� 80%) by regioselective nitrogen protonation
of anions 4 ± 6 with 10% hydrochloric acid. Among the N-
alkyl substituents we made use of a medium-length chain to
improve the solubility of the final zwitterions 1 ± 3. The
sodium salts 4 ± 6 exhibit different behavior toward alkylation
with alkyl triflates. In fact, while the reaction between 4 and
CF3SO3C10H21 took place efficiently and in high yield,
compound 5 reacted less easily and 6 did not at all. Compound
1 b was prepared in acetone, but sodium salt 5 afforded 2 a
under the same conditions. Probably the quinoline nitrogen
atom is less reactive and so the alkyl triflate has time to react
with acetone to form triflic acid, which protonates 5 to give
2 a. To avoid this inconvenience, the alkylation reaction was
carried out in acetonitrile and in the presence of K2CO3.
Compound 2 b was isolated in pure form after column
chromatography. All attempts to prepare 3 b with different
alkylation reagents and/or under different experimental
conditions failed. However, the fact that 3 b was not available
does not constitute a problem: compound 3 a is fortunately
soluble enough and the optical properties of the series 1/2 (a)
are indistinguishable from those of series 1/2 (b).


Solvatochromic data


Both the ground and the excited states of molecules 1 ± 3 can
be represented as linear combinations of the zwitterionic


(ZW) and quinoid (Q) limit
resonance formulas, and the
solvatochromic effect–defined
as the dependence of the dyes×
UV/Vis absorption spectra on
solvent polarity–is a useful
method for investigating their
nature. Depending on chromo-
phore structure and solvent po-
larity,[20] one of the two limit
formulas will be more suitable
to describe the chemical bond-
ing of the real molecule in the
two states (Scheme 7).
Each of the chromophores


1 ± 3 presents a strong charge-


Scheme 7. Zwitterionic/aromatic (ZW) and neutral/quinoid (Q) resonance
structures of chromophores 1 ± 3.


transfer (CT) band in the visible region of the spectrum.
Table 1 lists absorption data (�max) relative to the CT band in
selected solvents (the corresponding spectra can be found in
the Supporting Information; Figures S1 ± S5). Maximum
wavelength values listed in Table 1 are taken at the local
maximum of the lowest energy band, on the assumption that
this band should refer to the monomeric species.[21] A recent
investigation into the aggregation of merocyanine dyes has
shown that the band of lowest energy can be ascribed to the
monomers, with subsidiary vibronic maxima or shoulders at
shorter wavelengths; dye aggregates are hypsochromically
shifted with respect to the monomer.[22]


If the molecular ground state is better described by ZW, the
charge-transfer direction is from the negatively charged
dicyanomethanido moiety to the N-alkylazinium group. The
other possibility, envisioned when Q is the better ground state
descriptor, is from the aminoquinoid group to the dicyano-
vinyl acceptor. The first situation gives rise to a negative
solvatochromic response, which becomes positive in the latter
case.


Scheme 5. Synthesis of the acridine derivative 3 a and failure to prepare 3b : i) AcOH, ZnCl2, 200 �C; ii) AcOH,
AcONa, 130 �C; iii) CH2(CN)2, NaH, DME, [Pd(PPh3)4], RT; iv) HCl, DMSO; v) CF3SO3C10H21, different
conditions.


Table 1. Solvatochromic data[a] (�max [nm] of the charge-transfer band) for
the chromophores 1 a ± 3a, 1b, and 2 b in selected solvents.


Compound DMSO Acetone THF CHCl3[b] Dioxane[b] ��


(�) (46.7) (20.7) (7.6) (4.8) (2.2)


1a 608 635 676 684 709 � 101
1b 619 645 686 702 708 � 89
2a 697 723 739 746 748 � 51
2b 714 738 758 765 763 � 49
3a 787 678 672 658 630 � 157


[a] ��� �max(DMSO)� �max(dioxane); positive �� values mean positive
solvatochromism. [b] The lowest energy transition was considered.
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Multinuclear NMR investigation


13C and 15N NMR data : Theoretical studies have shown the
strict correlation between molecular NLO activity and charge
distribution on the donor, spacer, and acceptor chromophore
groups.[8b, 23] We had previously proposed,[24] and confirmed,[25]


the validity of empirical �-electron/shift relationships [Eq. (1)
and Eq. (2)] to correlate the variation of the � electron
density on sp2 carbon and nitrogen atoms with variation of the
corresponding chemical shift.


��(13C)��160�qC� (1)


��(15N)��366.34�qN� (2)


The 13C and 15N NMR shifts (Figure 1) therefore allow a
map of charge distribution on the chromophore structure in
solution to be drawn and could, for the first time, provide a
useful experimental correlation between �-charge and NLO
activity.


1H NMR data : 3J(H,H) coupling constants are particularly
sensitive to H-C-C-H bond lengths, angles, and carbon
hybridization: in short, to molecular structure.[4b, 26] Combined
theoretical and NMR investigations on cyanine, merocyanine,
and polyenes dyes have shown a clear correlation between the
coupling constant of trans vicinal protons in the conjugated
chain and the corresponding C�C bond order.[27] In addition,
solvent-dependent NMR studies conducted on push ± pull
polyenes suggested that the ground-state structure can be
significantly affected by solvent polarity.[4c, 28] Therefore, the


coupling constants of dyes 1 ± 3 in general, and 3J of the �-
bridge in particular, would be expected to vary on going from
a ZW to a Q limit structure (Scheme 8).


Scheme 8. Use of the 3J(H,H) coupling constant of the central ethenylic
unit of chromophores 1 ± 3 to monitor the different contributions of the
zwitterionic/aromatic (ZW) and neutral/quinoid (Q) resonance structures
to the description of the ground state.


Proton NMR spectra of compounds 1 b, 2 b, and 3 a were
recorded in solvents of different polarities. We chose deu-
terated dimethyl sulfoxide, chloroform, and dioxane: their
corresponding protonated analogues have dielectric constant
� values of 46.7, 4.80, and 2.21, respectively. By this approach it
is possible to analyze: 1) whether the ground state chemical
representation of dyes 1 ± 3 is closer either to the ZWor to the
Q structure in that particular environment, and 2) the
sensitivity of each structure to solvent polarity.
Figure 2 shows 1H NMR spectra of 1 b in these three


solvents. Table 2 lists 3J(H,H) values for the chromophores
under investigation in selected solvents. Considering the same
chromophore system, and therefore looking at Table 2 along
the rows, it can be noted that a decrease in solvent polarity is


concomitant with a decrease in
the 3J(H,H) coupling constant.
This result suggests the conclu-
sion that the double-bond char-
acter of the � bridge is reduced,
indicative of an increased con-
tribution of the quinoid limit
formula. This change is larger
for the pyridine-based system
(�3J(H,H)� 1.51 Hz) than for
the quinoline- (�3J(H,H)�
1.31 Hz) and acridine-based
(�3J(H,H)� 1.07 Hz) systems.
Alternatively, when the same
solvent is considered, 3J(H,H)
(1)� 3J(H,H) (2)� 3J(H,H) (3),
showing that the pyridine-
based system 1 is always more
zwitterionic than 2, while 3 has
the most quinoid character in
all solvents.
A further remarkable result


is that a drastic change in the
chemical shifts is recorded on
going from DMSO to less polar
solvents. Pyridine protons shift
upfield by about 1 ppm on go-
ing from DMSO to CDCl3/di-
oxane, meaning that they move


Figure 1. 13C and 15N (italics) NMR data in DMSO at 27 �C for compounds 1a ± 3a, 1b and 2 b ; ndmeans that the
signal was not detected.
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from a typical pyridinium salt environment to a more quinoid-
like structure. In addition, while the DMSO spectrum exhibits
very sharp signals, the dioxane and CDCl3 spectra are
somewhat broader. This result can be explained by assuming
completely free rotation about the C�C bonds adjacent to the
C�C in a zwitterionic-like structure (DMSO), whereas an
equilibrium between different rotamers can be envisioned in a
quinoid-like structure (CDCl3, dioxane). Another possibility
could be due to the formation of molecular aggregates, a
known phenomenon[29] more likely in nonpolar or weakly
polar solvents. A similar trend, but more attenuated, can be
observed for all of the other chromophores.


Electrooptical and nonlinear-optical properties


Optical absorption spectra of donor–acceptor-substituted �


systems typically show a single intense charge-transfer (CT)
transition at low energy. A powerful experimental technique
with which to characterize these CT transitions is electro-
optical absorption (EOA) spectroscopy.[16, 17] In this work we
have utilized this technique to determine the ground and
excited state dipole moments of the chromophores 1 b, 2 b,


and 3 a and to analyze the
resonance structures of the
chromophores in terms of the
Q and ZW limit contributions.
The EOA technique meas-


ures the influence of the square
of an external electric field on
the molar decadic absorption
coefficient according to Equa-
tion (3), where �E is the absorp-
tion coefficient in the presence
of the electric field E.


�E(�,��)� �(��)[1�L(�,��)E2�. . .] (3)


The relative change induced
by the field L is a function of
the wavenumber �� � 1/� and the
angle � between the polariza-
tion vector of the incident light
and the applied field. Typically
the EOA spectrum is recorded
for two polarizations �� 0� and
90�, and multilinear regression
analysis in terms of the optical
absorption spectrum and its
first derivative yields a set of
regression coefficients D, E, F


andG, from which the ground state dipole moment �g and the
dipole difference �� between the ground state (g) and the
excited state (e) may be calculated.[30] An important addi-
tional quantity is the magnitude of the transition dipole
moment �eg, which may be determined from the integrated
absorption spectrum. It has been demonstrated in a series of
papers[3, 31] that knowledge of ��, �eg and of the wavelength of
optical excitation (�eg) of the CT transition obtained fromUV/
Vis and EOA spectra allows the static second order polar-
izability �0 [Eq. (4) ] and the anisotropy of the first order
polarizability ��0 of the dye to be estimated in a two-level
model [Eq. (5)].


�0�
6�2


eg���
2
eg


�hc�2 (4)


��0�
2� 2


eg�eg


�hc� (5)


Furthermore, EOA results allow us to analyze the reso-
nance structure of the chromophores in a simple CT model,
which describes the ground and excited states as linear
combinations of the Q and ZW limit structures on the basis of
the resonance parameter c2. According to this simple model,
donor–acceptor-substituted �-conjugated chain molecules
may be classified from polyene-type (c2� 0) through neutro-
cyanines (™cyanine limit∫, c2� 0.5) to zwitterionic systems
(c2� 1). The implications of this classification for the opti-
mization of chromophores for nonlinear-optical and photo-
refractive applications have been discussed in a number of
publications.[32] A further parameter of this model is the
maximal hypothetical dipole change ��max: the difference of


Figure 2. 1H NMR spectra of 1b in [D6]DMSO, CDCl3, and [D8]dioxane at 25 �C (aromatic region).


Table 2. Solvent-dependent 1H NMR coupling constants [Hz] of the
central ethenylic unit in systems 1 ± 3.[a]


Compound Dioxane CHCl3 DMSO


1b 13.61 14.02 15.12
2b 12.99 13.42 14.33
3a 12.69 12.78 13.76


[a] Measured at 298 K.
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the dipole moments of the Q and the ZW structures. The
model parameters c2 and ��max can be estimated from
Equation (6) and Equation (7)


c2� 1/2 [1�	�(4�2
eg�	�2)�1/2] (6)


	�max�	�/(1� 2c2) (7)


Figures S6 and S7 in the Supporting Information and
Figure 3 display the EOA spectra of 1 b, 2 b, and 3 a,
respectively, and Table 3 summarizes all EOA results. Be-
cause of partial aggregation (dimer formation) of 1 b and 2 b in


Figure 3. Optical (�/��) and electro-optical absorption spectra (L�/��) of 3a
in dioxane, T� 298 K. Data points for parallel (�: �� 0�) and perpendic-
ular polarisation (�: �� 90�) of the incident light relative to applied
electric field and multilinear regression curves.


dioxane at the concentration of the EOA measurement, only
the lowest energy vibronic band of the spectra were taken into
account in the regression analysis. These bands originate from
the nonaggregated monomer forms of the chromophores,
while the higher energy bands strongly overlap with the dimer
absorption. For the same reason, the absorption and EOA
spectra of 1 b and 2 b are displayed in Figures S6 and S7 in the
Supporting Information in relative units only. Compound 3 a
did not show dimer formation in dioxane solution, providing


further evidence of its reduced dipolar nature relative to 1 b
and 2 b. The spectra of 3 a are therefore displayed in conven-
tional absolute units (Figure 3) and the regression could be
extended over the complete CT band. The ground state dipole
moments were calculated as usual[30] from E� 6D (cf.
Table 3) in the case of 3 a and from E� 2D for 1 b and 2 b,
taking contributions from electric field-induced dimer disso-
ciation[22] into account. Dipole differences were calculated
from the average values of regression coefficients F and G.[30]


Generally, the EOA spectra of the chromophores are
governed by two effects. The first is the electrodichroic effect
caused by orientation of the chromophores in the externally
applied electric field. This effect is measured by the regression
coefficient E. In all cases, strongly positive electrodichroism is
observed: that is, the absorption for parallel polarization (��
0�) of the incident light field relative to the externally applied
field increases, while decreasing for the orthogonal polar-
ization (�� 90�). This allows the conclusion that the ground
state dipole moment �g and the transition dipole moment �eg


are essentially parallel and oriented along the conjugated
chain of the chromophores. The second effect is the band shift
effect (Stark effect) of the CT band in the electric field due to
the change in the dipole moment �� upon electronic
excitation. The largest shift of the EOA spectrum relative to
the optical absorption spectrum is clearly observed for 3 a
(Figure 3), indicating a large value of ��, while the shifts in
the spectra of 1 b and 2 b (see Figures S6 and S7 in the
Supporting Information) are much smaller.
Quantitative evaluation of the regression coefficients shows


that the ground state dipole moment increases strongly in the
sequence 3 a, 2 b, and 1 b (Table 3), while the dipole difference
decreases and even becomes negative in the case of 1 b. This
may be interpreted in terms of larger ZW contributions to the
electronic ground states in 2 b and 1 b. The calculated
resonance parameter c2 shows that 1 b has the largest ZW
character (56%) and at the same time the largest ground state
dipole moment. The ZW character of 2 b is considerably
reduced (46%), and 3 b is already largely Q-like (only 20%
ZW character). The resonance parameter c2 correlates
linearly with the ground state dipole moment, with slope
94� 10�30 Cm and intercept at 14� 10�30 Cm. The slope
agrees reasonably with the value of ��max and the intercept
with the dipole moment of two cyano groups attached to a
weakly polarized � system. Thanks to the close similarity of
the topologies of the three chromophores, the dipole differ-
ence��max calculated in the CTmodel should be similar for all
of them. In fact, the estimated values of ��max are found to be
almost identical for all chromophores, a result that nicely
corroborates the model assumptions.


Ab initio computations


Need for computational approaches to provide a rationale for
the experimental results and to assess predictability : The
inversion of sign in the solvatochromic response on going
from the pyridine and quinoline derivatives 1 and 2 to the
acridine derivative 3 (Table 1), the large solvent-dependent
1H NMR chemical shift variations of the pyridine-based
system 1 b (Figure 2), and the dependence of the coupling


Table 3. Results of electrooptical absorption measurements in dioxane
(T� 298 K) and derived nonlinear-optical properties of 1b, 2 b, and 3a.


Parameter units Compound
1b 2 b 3a


D [10�20V�2m2] 7820	 530 3660	 430 300	 90
E [10�20V�2m2] 118500	 3100 80400	 2700 26500	 540
F [10�40CV�1m2] � 2780	 620 1170	 580 7090	 390
G [10�40CV�1m2] � 2860	 620 1780	 580 7430	 390
�eg [nm] 708 763 630
� [m2mol�1] ± ± 3410
�eg [10�30Cm] 37.0 36.8 31.6
�g [10�30Cm] 66.7	 1.1 56.2	 1.1 32.7	 0.5
�� [10�30Cm] � 8.9	 1.1 5.5	 1.5 46.7	 1.9
�e [10�30Cm] 57.8	 1.8 61.7	 1.8 79.3	 1.8
��0 [10�40CV�1m2] 98 104 69
�0 [10�50CV�2m3] � 92	 15 66	 18 338	 14
c2 0.56	 0.01 0.46	 0.01 0.20	 0.01
��max [10�30Cm] 74.5	 0.2 73.8	 0.2 78.6	 1.1
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constant value of the central ethenylic unit on structural
(pyridine ± quinoline ± acridine) and medium (dioxane ±
CHCl3 ±DMSO) effects (Table 2) represent unequivocal ex-
perimental evidence of the high tuneability of the �-electron
structure of the class of azinium-[-C�C-thienyl]dicyanome-
thanido dyes 1 ± 3. Evidence that this result should be
successfully translatable into structure- and medium-based
fine control is suggested by the set of the �0 experimental
values obtained from EOA measurements in dioxane (Ta-
ble 3) and by the very different NLOEFISH data obtained for
system 1 when the solvent is shifted to CHCl3 and DMF
(Table 4).[7] Unfortunately, lack of NLO EFISH measure-
ments for systems 2 and 3, due to low solubility, and
experimental difficulties in use of the EOAM technique in
polar solvents, prevented us from obtaining a full set of
experimental NLO values as a function of structure and
solvent.
All these results are functions of the complex interplay of


structural (BLA) and solvent effects. Experimentally based
discrimination between the two contributions appears com-
plex. We thus reverted to computational approaches and
decided to perform a full and detailed ab initio investigation
of the structural, electronic and NLO properties of systems
1 ± 3, considering both structural and solvent effects. Our goal
is: a) to rationalize and complement available experimental
data with a set of additional important parameters, b) to
extend the investigation to media in which experimental
measurements are not viable or reliable, including several
solvents of different polarity and the gas phase. Agreement of
experimental and computed results should, when both are
available, allow us to produce a reliable picture of the effect of
structure and medium on molecular properties, and conclu-
sions based on the combination of different experimental
techniques and ab initio study would be legitimate.


Computational details : Computational investigation was
carried out for molecules 1 c ± 3 c, taken as representative
models of the compounds studied in this work, and on the
assumption that the different substitution at the pyridine-like
nitrogen (H versus Me, alkyl chain) would not affect the �-
electron structure and NLO properties of the molecules.
Results are therefore directly correlated with experimental
data obtained for the species presented in the previous
section. All ab initio computations used the GAUSSIAN 98[33]


program packages.[34] Because of the considerable size of the
molecules under investigation and the high computational
requirements due to the inclusion of the solvent effect (see
below), we carried out full geometry optimizations and
frequency computations at the Restricted Hartree ±Fock
(RHF) level of theory, using 6-31G* as a basis set and
adopting Cs symmetry for all the species. Test density func-
tional theory (DFT) calculations did not produce significantly
different conclusions.[35] The higher computational cost and
the belief that the accuracy of the HF approach would not be
much improved by higher levels of theory for the purposes of
our work discouraged us from pursuing different approaches.
Conversely, for the reasons outlined in the previous section
pertaining to the experimentally inaccessible full range of
solvent polarities, we paid considerable attention to obtaining
clues on the interaction of polarizable systems, such as 1 ± 3,
with different media by means of calculations. Thus, struc-
tures, electronic parameters and � values were computed,
taking the solvent effect into account by adoption of
Onsager×s self-consistent reaction field (SCRF) approach,[36]


as available in the Gaussian package. In this model the
chromophores are inserted in a spherical cavity in a contin-
uum of solvent molecules: the solute radius and the dielectric
constant � of the solvent are the input parameters for Onsager
SCRF computations.[37]


Ab initio ground state geometric and electronic computed
parameters : To investigate the dependence of molecular
parameters on solvent effects we have performed geometry
optimization and charge computations with several solvent
dielectric constants, ranging from 1.0 (gas phase) to 46.7
(DMSO). In this way, we were able to compute all the
relevant molecular parameters in solvents of very different
natures, going from apolar to highly polar media. However,
for direct comparison with experimentally determined (NMR
and �) data, most of the values presented refer to the gas
phase and to the following solvents: dioxane (�� 2.21), CHCl3
(�� 4.80), DMF (�� 36.70), and DMSO (�� 46.70).
Optimized structures of compounds 1 c ± 3 c in the gas phase


and in DMSO, dioxane and CHCl3, including relevant bond
length values, are presented in Figure 4, Figure 5, and
Figures S8 and S9 (see the Supporting Information), respec-
tively. Table S10 (in the Supporting Information) gives
absolute energy values (atomic units) and frequency analysis


Table 4. Experimentally measured and computed[a] dipole moments and first hyperpolarizabilities of compounds 1 ± 3.


System Gas phase Dioxane[b] CHCl3 DMF
(�) (2.2) (4.8) (36.7)


�g
[c] �0


[d] ��0
[e] �g


[c] �0
[d] ��0


[e] �g
[c] �0


[d] ��0
[e] �g


[c] �0
[d] ��0


[e]


1 exptl 20.0 � 62 � 1240 � 6990[f] � 2000[f]


calcd [g] 18.4
(20.3)


17 310 27.1
(28.2)


� 30 � 810 45.8
(37.5)


� 210 � 9600 54.1
(50.8)


� 78 � 4200


2 exptl 16.9 44 750
calcd 16.6 22 360 24.2 31 750 47.6 � 230 � 11000 56.9 � 69 � 3900


3 exptl 9.8 230 2230
calcd 14.3 29 420 19.8 89 1760 48.1 � 280 � 13500 58.5 � 62 � 3600


[a] RHF/6 ± 31G*//RHF/6 ± 31G*; Cs symmetry point group; compounds 1 c ± 3c. [b] Experimentally determined values from electrooptical absorption
measurements on 1b, 2b, and 3a. [c] in Debye. [d] Values according to the phenomenological convention (ref. [44]); 10�30 esu. [e] Values according to the
phenomenological convention (ref. [44]); 10�48 esu. [f] EFISH measurements for compound 1 c (ref. [7]). [g] B3LYP/6 ± 31G*//B3LYP/6 ± 31G* computed
values in parentheses.
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results (number of imaginary frequencies) for the computed
structures. Frequency analysis found one imaginary frequency
for the pyridine derivative 1 c, corresponding to the N-methyl
rotation. Two and three imaginary frequencies were found for
the quinoline and acridine derivatives 2 c and 3 c, respectively.
In both cases the lowest imaginary frequency is due to the


methyl rotation. In the case of
2 c and 3 c, frequency analysis
therefore showed that the Cs


geometry does not represent a
local minimum. However, we
have also assumed for these
compounds that computation-
al data relative to the Cs ge-
ometry would be sufficiently
accurate for our purposes.[38]


The results clearly reveal
not only that the structures of
the three compounds are dra-
matically affected by the po-
larity of the surrounding me-
dia, but also that the predom-
inant character (ZW versus Q)
is not maintained throughout
the range of polarity consid-
ered. In particular, the natures
of the three systems are pre-
dominantly quinoid in the gas
phase, whereas in the highly
polar DMSO the zwitterionic
character is strongly predom-
inant. An intermediate situa-
tion is found for less polar
solvents, such as dioxane and
CHCl3, in which, however, the
contribution of the zwitterion-
ic form is always predominant.
Because of the benzoconden-
sation of the azine ring on
going from the pyridine to
the quinoline and acridine de-
rivative, the contribution of
the quinoid limit form increas-
es in all of the solvents on
going from 1 c to 3 c.
A detailed quantitative in-


vestigation on the solvent-de-
pendent ICT was performed
by computation of natural
charges (natural population
analysis (NPA))[39, 40] in the
gas phase and in different
solvents, site by site (Figure 6).
To focus attention better on
acceptor ± donor properties of
the terminal moieties and on
the extent of ICT, Figure 6
shows natural charges grouped
by acceptor (azinium), donor


(thienyldicyanomethanido), and bridging ethene units. In this
way, we wanted quantitatively to probe the contribution of the
two limit formulas to the description of the ground state in
terms of natural charges residing on the two end groups.
Namely, it was found that the negative total charge on the
donor group (dicyanomethanido moiety) increases on going


Figure 4. Optimized structures of chromophores 1c ± 3 c in the gas phase.
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from the poorly polar dioxane to the highly polar DMF and
DMSO, consistently with an increased contribution of the ZW
form in the latter two solvents. Total charges correspondingly
became more positive on the acceptor group (azine moiety).
It should be noted that the charge is almost symmetrically


shared between the two side
units, with no significant in-
volvement of the central dou-
ble bond, which remains sub-
stantially neutral.
The annelation effect, expe-


rienced on going from the
pyridine 1 c to the quinoline
2 c and the acridine derivative
3 c, operates, in terms of
charge distribution, in the di-
rection of increasing quinoid
character. Indeed, annelation
promotes charge transfer from
the donor to the acceptor site,
as can be seen from the de-
crease in negative and positive
total charge on the donor and
acceptor moiety, respectively.
A levelling off of annelation-
induced charge variation is
observed at higher polarities,
as a consequence of a predom-
inant frozen (less flexible)
zwitterionic structure. These
results are discussed, in con-
junction with all other studies,
in the following section.


Ab initio computed solvent-
dependent first hyperpolariza-
bilities : Computed static (zero
frequency) first hyperpolariz-
ability �0 values and ��0 values
are collected in Table 4 for a
number of different media,
together with experimentally
ascertained values. Computed
�0 values were obtained at the
HF level by the coupled per-
turbed Hartree ± Fock (CPHF)
method,[41] by use of the rou-
tine available in the Gaussian
program. From the calculated
values of the ten independent
components �ijk (i,j,k� x,y,z)
of the first hyperpolarizability
tensor, we obtained �vec and
�tot values from Equa-
tions (8)–(10) ,[42] through
the adoption of Kleinman
symmetry relations.[43]


�i��iii�(1/3)�i�k(�ikk��kik��kki) i,k� x,y,z (8)


�vec� (�x�x��y�y��z�z )/ 
 � 
 (9)


�tot� (�2
x��2


y��2
z�1/2 (10)


Figure 5. Optimized structures of chromophores 1c ± 3 c in DMSO.
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The �vec values are identical to the �tot values when the
intramolecular charge transfer is collinear to the molecular
ground-state dipole moment. We have checked that the two �


values are very similar to each other and consequently only
the �vec values are presented. According to the ™phenomeno-
logical∫ convention used in EFISH experimental measure-
ments,[44] calculated � values were multiplied by a factor of 0.5
to make them directly comparable with experimentally
determined values.


Discussion


Structural control of ICT: The extent of the solvatochromic
response of these dyes in solution (Table 1) is the first
indication of their high molecular polarizability. The ��max


(DMSO� dioxane) sign inversion on going from the pyr-
idine- to the acridine-based systems confirms the influence of
molecular design at the acceptor level on fine control over the
�-electron distribution on the whole chromophore structure.
In this case we manipulate the aromaticity of the pyridinium/
annelated pyridinium rings to control the �-electron-with-
drawal strength of the end-heterocycle ring acceptor and
therefore the extent of the charge transfer from the donor
group. In fact, in the azine series (pyridine, quinoline and
acridine)–as in the benzenoid one (benzene, naphthalene
and anthracene)–the aromaticity of the central ring decreas-
es through annelation. The result is a modulation of ground


state dipole moments, affecting optical[18] absorption in
solution.


15N and 13C NMR experiments were performed in DMSO.
Table 5 lists the sum of carbon chemical shifts on the ethenyl
(C�C) and thienyldicyanomethanido (T(CN)2) fragments and
in the whole donor-spacer unit (Tot.). Chemical shifts can be
converted into �-electron densities (�q�) on the carbon
framework by use of Equation (1). Values are reported as
variations with respect to the system 1, taken as a reference.
Note that only the donor-spacer fragment was considered in
this computation, since it remains unchanged along the whole
series of chromophores. Therefore, on moving from the
pyridine-based systems 1 a/b to the corresponding quinoline
2 a/b and acridine 3 a derivatives, total q� variations (�q� Tot)
can be ascribed only to intramolecular charge transfer


Figure 6. Computed solvent-dependent natural charge distributions of compounds 1c ± 3c. Acceptor (left bar), ethenyl unit (mid bar), and donor (right bar)
group charges are shown for each compound in each medium.


Table 5. Sum (��) of the 13C shifts [ppm] of 1 ± 3 on the ethenyl (C�C) and
thienyldicyanomethanido (T(CN)2) molecular fragments and variation of
the local �-electron densities �q� on going from 1a/b to the corresponding
2a/b and 3a systems.


Compound ��(13C NMR) �q�[a]


C�C T(CN)2 Tot C�C T(CN)2 Tot


1a 247.9 814.7 1062.6 0.00 0.00 0.00
1b 247.3 816.4 1078.7 0.00 0.00 0.00
2a 244.4 834.3 1063.7 0.02 � 0.12 � 0.10
2b 244.0 835.1 1079.1 0.02 � 0.12 � 0.10
3a 252.9 834.3 1087.1 � 0.03 � 0.12 � 0.15


[a] Calculated according to Equation (1); negative values correspond to a
decrease of �-electron density
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promoted by pyridine annelation. From this study two
important conclusions can be drawn. First, N-protonated (a
derivatives) and N-alkylated (b derivatives) systems exhibit
identical �q� values (1 a� 2 a and 1 b� 2 b). Thus, �-molec-
ular polarization is substantially independent of H/alkyl �


substitution at the azine nitrogen atom and makes it
legitimate to compare the NLO properties of differently �-
functionalized derivatives at the azine nitrogen. Second, on
going from the pyridine to the quinoline and then to the
acridine dye there is a slight decrease (�0.10 and �0.15,
respectively) in the �-electron density on the donor site. This
experimental evidence is nicely in
accord with the greater accepting
properties of acridinium and qui-
nolinium relative to the pyridini-
um group. In addition, this result
is even more important in view of
the fact that DMSO is certainly
not the best solvent in which to
evaluate this trend, since its high
polarity pushes all the three chro-
mophores toward their zwitter-
ionic limit. Under such conditions,
the �-framework along the ICT
direction is almost identical in all
of the chromophores, and so the
charge distribution on the donor
site is similar in the three species.
Unfortunately, poor chromo-
phore solubility in solvents of
low dielectric constant, in which
higher overall sensitivities would
be expected, prevented us from
performing multinuclear NMR
experiments in CHCl3 and diox-
ane.
The above behavior is in full


agreement with the predications
of ab initio computation. From
the computed absolute �-electron
densities in DMSO, it is possible
to derive the �q� values for the -
(C�C)-thienyldicyanomethanido
fragment, if molecule 1 c is taken
as the reference system. The com-
puted �q� values are indeed very
small (�q�� 0.004 electrons) and
differences in the three systems
are negligible. In short, the high
solvent polarity of DMSO freezes
the chromophore �-electron dis-
tribution in an almost completely
charge-separated (ZW) structure.


Environmental control of ICT:
Medium polarity proves to be a
very efficient tool with which to
steer the molecular response for
highly polarizable systems such as


those presented here. Both 13C NMR and computation have
shown the rigidity of the �-structure in highly polar solvents
such as DMSO. However, things change dramatically when
solvent polarity starts to decrease. A first hint of this behavior
is the drastic change in the 1H NMR chemical shifts and
H-C�C-H coupling constants in 1 ± 3 as a function of solvent
polarity.
An interesting complementary way to visualize the strongly


solvent-dependent molecular properties is to plot the com-
puted ground state dipole moment � values against the
solvent×s dielectric constant � (Figure 7a). Two regions of �


Figure 7. Plots of computed � (a) and static ��0 (b) against dielectric constant � of the surrounding medium,
and ��0 against (�� 1)/(2��1) (c) for 1 c (�), 2 c (�), and 3c (�).
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values with different effects are then identified: 1) a large
range (7� �� 47) of dielectric constants in which � values of
chromophores 1 ± 3 are very large and do not vary signifi-
cantly either with structure or with solvent polarity; this is in
agreement with predominantly zwitterionic character in the
systems, and 2) a much smaller � range (1� �� 7) in which the
dipole moments decrease dramatically; here the contribution
of the quinoid structure increases for all the systems, in
particular for the acridine-based derivative 3 a.
This very large sensitivity of the �-structure in the 1� �� 7


range is confirmed by the solvatochromic response of 1 b in
bulk. Host ± guest films of 1 b were prepared with matrices of
different dielectric constants. Loading of 1 b was kept very low
(�0.5 wt%) to prevent formation of aggregates and micro-
domains and to avoid substantial changes in � on going from
the pure matrix to the blend. In particular, we chose host
polymer matrices with low dielectric constants, to match the
region in which the molecular polarization of dyes 1 ± 3 is
significantly affected. Some of these templates–such as
PMMA, polyimides, and sol ± gel glasses–have been exten-
sively used in the preparation of active electrooptic materi-
als.[45] The solid-state solvatochromic data for 1 b are collected
in Table 6. The solvatochromic shift of dye 1 b from the low-
polar polystyrene (�� 2.5 ± 2.6; Table 6, entry 8) to the high-
polar siliceous matrix (�� 6; entry 1) is extremely large (��max


as high as �132 nm). This surprisingly high solvatochromic
shift, even larger than that found in solution (��max � �
89 nm), is probably due to the peculiar nature of the siliceous
matrix, in which multiple and strong intermolecular inter-
actions occur between the highly polar dye and the pore
surface, exposing hydroxy functionalities.[46]


Finally, Table 7 shows computed ethenyl bond lengths of
the central spacer unit in dioxane, chloroform, and DMSO for
compounds 1 ± 3. A progressive elongation of this bond in the
series of chromophores is observed when the solvent polarity
is concomitantly increased. This data demonstrate the varia-


ble contribution of the Q and ZW limit formulas to dyes×
descriptions, with an increased/decreased contribution of the
ZW/Q structure in higher polar solvents. This result is fully
supported experimentally by the 3J behavior of this bond in
such solvents.


Nonlinear optical molecular response : Table 4 collects both
experimentally determined (EFISH and EOAM) and com-
puted �, �0 and ��0 values for 1 ± 3 in different media. The
excellent agreement found between the computed and the
available experimental ��0 results, also taking account of the
implicit errors arising from measurements and computational
approximations, is remarkable and allow us to view the
computed values in solvents for which NLO experimental
data are not accessible as realistic.
The overall picture that emerges from the combination of


experimentally determined and computational investigation
leads to important and, in some ways, amazing and unexpect-
ed conclusions.
First, chromophore NLO �0 responses are low and positive


in media of very low dielectric constant (gas phase) while
being low and negative in solvents of high dielectric constant
(DMF). Note that ��0 (DMF) is indeed much higher than ��0


(gas) but that most of the contribution comes from the higher
� values. Indeed, these results are to be expected because both
limit situations are characterized by a molecular �-structure
frozen in either the quinoid or the zwitterionic limit formula.
In accordance with the two-state model, these situations lead
to the lowest second-order NLO activity. In this context (at
these extreme situations) annelation of the pyridine acceptor
has very little influence on the extent of the charge transfer
and the molecular properties are environmentally controlled.
These data are in line with the solvatochromic and NMR
results.
Second, completely different behavior is observed when


media possessing suitable dielectric constants (2� �� 7), such
as chloroform and dioxane solvents, are considered. We have
already shown how they greatly affect the molecular dipole
moments. In this case the description of the dyes× ground or
excited states is a ™loose∫ combination of both Q and ZW
limit formulas, which can easily be perturbed. In this situation,
slight structural modifications and/or minute � variations
greatly affect the nonlinear optical response. In dioxane,
simply through annelation of the pyridine ring, ��0 changes
from negative (ca.�1200 for 1 b) to positive (ca.�800 for 2 b)
to highly positive (ca. �2200 for 3 a). Moving from dioxane to
chloroform (��� 2.6) the nonlinear optical figure of merit ��0


increases by a factor of ten. However, to stress the overall
sensitivity of 1 ± 3 second-order NLO responses with medium
polarity, Figure 7b and Figure S11 (in the Supporting Infor-
mation) show plots of ��0 and �0 , respectively, against �.
Alternatively, the permittivity dependence of ��0 in terms of
the function (�� 1)/(2��1), which controls the magnitude of
the reaction field,[8d] is illustrated in Figure 7c.
These graphs clearly show the highly strategic role of the


polarity of the surrounding media in determining the NLO
molecular response. It should be noted how, upon changing
the value of the dielectric constant �, ��0 values can not only
change sign, but more importantly, vary by orders of


Table 6. Solvatochromic data (�max [nm] of the charge-transfer band) for
the chromophore 1 b in selected film matrices.


Entry Matrix � �max [nm]


1 siliceous � 6 592
2 poly(p-hydroxystyrene) [a] 616
3 poly(ethyleneglycol) 3.6 ± 4.0 628
4 1 b[b] [a] 648
5 PMMA 3.2 ± 3.5 676
6 polymaleimide 3.1 ± 3.3 680
7 poly(vinylbenzyl chloride) 2.7 ± 2.9 702
8 polystyrene 2.5 ± 2.6 724


[a] Unknown. [b] As free standing neat film obtained by spin coating.


Table 7. Solvent-dependent computed C�C bond lengths [ä] of the
central ethenylic unit in systems 1 ± 3.[a]


Compound Dioxane CHCl3 DMSO


1c 1.404 1.348 1.337
2c 1.417 1.347 1.337
3c 1.435 1.349 1.340


[a] Calculated at the RHF/6 ± 31G*//RHF/6 ± 31G* level; Cs symmetry
point group.
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magnitude. For instance, 
��0 
 of acridine derivatives is
predicted to change from zero to 2.2� 10�44 esu (a value that
would be one of the largest ever reported in the literature)
within a range of only 0.4 � units (from 3.4 to 3.8)!


Conclusion


In this study a combination of organic synthesis, multinuclear
(1H, 13C, 15N) NMR study, optical absorption spectroscopy,
nonlinear optical measurements, and ab initio computations
have been applied to the design, preparation, and character-
ization of a novel family of push ± pull chromophores 1–3, in
which fine control over molecular properties is based on
structural and media effects.
The chromophore design of the electron-poor central


pyridine ring as a �-acceptor unit conjugated with the
dicyanomethanido donor, based on the different aromaticity
achieved through annelation, provides a set of structures that
exhibits either similar or differentiated properties, depending
on the surrounding media. In fact, the ground and excited
states of these systems can be described as linear combina-
tions of two limit formulas, ZW and Q, the relative weights of
which significantly affect the molecular performance in terms
of linear and nonlinear optical responses.
This study demonstrates that dyes 1 ± 3 are undoubtedly


highly polarizable structures. On the basis of multinuclear
NMR analysis and solvatochromic data, all of the systems 1 ± 3
are primarily zwitterionic over a large range of high dielectric
constants, while the quinoid contribution increases as �


decreases. Eventually, they are completely quinoid for �� 2.
These results are confirmed both by nonlinear optical
measurements in dioxane, chloroform and DMF and by
computations. Bond-localized quinoid arrangements must be
a realistic structural prerequisite: their evolution into charge-
separated structures by ICT must be made possible by
favorable interaction with polar media. Computations are
invaluable in suggesting proper environments for adjusting
the ICT and should allow improvement, even of orders of
magnitude, of the first hyperpolarizability performance of
highly polarizable NLO-phores.
In short, dyes 1 ± 3 give access to large second-order


molecular NLO activities, which can only be reached, how-
ever, if medium polarity effects are carefully taken into
consideration. An excellent NLO response in solution might
vanish when the active chromophore is dispersed in a matrix
with unsuitable dielectric properties. Vice versa, a mediocre
NLO response for a newly designed chromophore could be
the result of an unfortunate choice of solvent, as dictated by
instrumental availability or solubility properties; the same
chromophore might prove to perform very well under
appropriately chosen environmental (solvent, matrix) condi-
tions. The commonly established procedure for NLO com-
pounds to report � values in one solvent only, may in certain
cases be insufficient to draw definite conclusions on the
overall chromophore performance and the prospect of differ-
ent design strategies.


Experimental Section


General : 1H NMR spectra were recorded at 300 and 500 MHz. UV/Vis
spectra were recorded with a Varian Cary 1E spectrophotometer. Mass
spectra were determined at an ionizing voltage of 70 eV. Anhydrous
solvents were prepared by continuous distillation over sodium sand, in the
presence of benzophenone and under nitrogen or argon, until the blue
color of sodium ketyl was permanent. Anhydrous N,N-dimethylformamide
(DMF) was supplied by Fluka. Acetone was dried over Na2SO4 for a few
days. Diisopropylamine was heated at reflux over CaH2 for 4 h and distilled
under nitrogen prior to use. Extracts were dried over Na2SO4 (4 h). Melting
points are uncorrected.


Electrooptical absorption measurements (EOAM): The EOAM character-
ization of the NLO-phores was carried out by previously described
methods.[16, 31] Electrooptical absorption spectra were recorded in dioxane,
which was purified and carefully dried prior to use by distillation from Na/
K under argon. Supplementary optical absorption spectra required for
evaluation of the EOAM spectra were determined with a Perkin-Elmer
Lambda 900 spectrophotometer.


Materials : 4-Pyridinecarbaldehyde, 4-quinolinecarbaldehyde, and 2-bro-
mothiophene were commercially available. 1-(4-Pyridyl)-2-{2-[5-(dicyano-
methanido)thienyl]}ethene sodium salt and decyl triflate were prepared by
known procedures.[6]


Film preparation : A solution of 1b (0.1 mg) in THF (0.1 mL) was added to
a solution obtained from polymeric samples (entries 2, 3, 5-±8, Table 6,
�15 mg) dissolved by sonication in either THF or CHCl3 (1 mL). The
mixture was sonicated for 2 min and then spin-coated (1500 ± 2000 rpm,
10 s) onto sodium lime glass substrates (Fisher). A 1 b film (entry 4,
Table 6) was prepared by spin-coating a solution of 1b (5 mg) in CHCl3
(1 mL). Siliceous film (entry 1, Table 6) was prepared from a mixture of 1b
(0.2 mg) and Si3O3Cl8 (0.01 mL) in THF (1 mL). After spin-coating, the
film was dried under vacuum for 10 min and rinsed twice with diluted
ammonium hydroxide solution (2%) and finally with water. UV/Vis
spectra were immediately recorded after film preparation.


1-(4-1H-Pyridinium)-2-{2-[5-(dicyanomethanido)thienyl]}ethene (1 a):
Aqueous HCl (10%) was added dropwise to a suspension of 1-(4-
pyridyl)-2-{2-[5-(dicyanomethanido)thienyl]}ethene sodium salt (0.185 g,
0.68 mmol) in H2O (5 mL) until pH 1 was reached. After the mixture had
been stirred at room temperature for 30 min, the blue precipitate was
collected, washed with water, and dried under vacuum at 80 �C to afford the
pure product (0.140 g, 0.56 mmol, 82.4%): m.p. 234 ± 235 �C(DMF);
1H NMR ([D6]DMSO, 25 �C, TMS): �� 14.2 (broad, 1H), 8.40 (d,
3J(H,H)� 7.0 Hz, 2H), 7.97 (d, 3J(H,H)� 15.1 Hz, 1H), 7.75 (d, 2H), 7.19
(d, 3J(H,H)� 4.2 Hz, 1H), 6.34 (d, 1H), 6.25 (d, 1H); elemental analysis
calcd (%) for C14H9N3S ¥ 0.5H2O (260.3): C 64.58, H 3.87, N 16.14; found: C
65.01, H 4.02, N 15.61.


1-(4-1-Decylpyridinium)-2-[2-[5-(dicyanomethanido)thienyl]ethene (1 b):
Decyl triflate (0.21 g, 0.74 mmol) in dry acetone (1 mL) was added
dropwise to a suspension of 1-(4-pyridyl)-2-{2-[5-(dicyanomethanido)thie-
nyl]}ethene sodium salt (0.19 g, 0.70 mmol) in the same solvent (4 mL). The
color of the solution changed immediately from orange to blue. After the
mixture had been stirred overnight at room temperature, the precipitate
was collected and washed with EtOH and water to give the practically pure
product (0.141 g, 0.36 mmol, 51.4%) as a blue solid: m.p. 225 ± 226 �C
(EtOH); 1H NMR ([D6]DMSO, 25 �C, TMS): �� 8.45 (d, 3J(H,H)� 7.1 Hz,
2H), 7.99 (d, 3J(H,H)� 15.1 Hz, 1H), 7.75 (d, 2H), 7.20 (d, 3J(H,H)� 4.2,
1H), 6.35 (d, 1H), 6.25 (d, 1H), 4.25 (t, 3J(H,H)� 7.2 Hz, 2H), 1.81 (m,
2H), 1.18 ± 1.35 (m, 14H), 0.84 ppm (t, 3J(H,H)� 6.9 Hz, 3H); elemental
analysis calcd (%) for C24H29N3S ¥ 0.5H2O (400.6): C 71.95, H 7.56, N 10.49;
found: C 71.95, H 7.16, N 10.07.


1-(4-1H-Quinolinium)-2-[2-[5-(dicyanomethanido)thienyl]ethene (2 a):
Aqueous HCl (10%) was added dropwise to a suspension of 1-(4-
quinolyl)-2-{2-[5-(dicyanomethanido)thienyl]}ethene sodium salt (0.21 g,
0.645 mmol) in H2O (7 mL) until pH 1 was reached. After the mixture had
been stirred for 30 min at room temperature, the blue precipitate was
collected, washed with water and dried under vacuum to afford the pure
product (0.16 g, 0.52 mmol, 82.3%): m.p. �240 �C; 1H NMR ([D6]DMSO,
25 �C, TMS): �� 14.10 (s, 1H), 8.62 (d, 3J(H,H)� 8.6 Hz, 1H), 8.51 (d,
3J(H,H) � 6.5 Hz, 1H), 8.26 (d, 3J(H,H)� 14.3 Hz, 1H), 7.93 (t, 3J(H,H)�
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7.8 Hz, 1H), 7.86 (d, 3J(H,H)� 8.4 Hz, 1H), 7.81 (d, 1H), 7.68 (t, 1H), 7.46
(d, 3J(H,H)� 4.2 Hz, 1H), 6.99 (d, 1H), 6.45 ppm (d, 1H); elemental
analysis calcd (%) for C18H11N3S ¥ 2H2O (337.4): C 64.07, H 4.49, N 12.45;
found: C 64.41, H 4.27, N 12.88.


1-(4-1-Decylquinolinium)-2-{2-[5-(dicyanomethanido)thienyl]}ethene
(2 b): Decyl triflate (0.49 g, 1.71 mmol) in dry acetonitrile (30 mL) was
added dropwise to a suspension of 1-(4-quinolyl)-2-{2-[5-(dicyanometha-
nido)thienyl]}ethene sodium salt (0.50 g, 1.55 mmol) and K2CO3 (0.64 g,
4.65 mmol) in the same solvent (30 mL). The color of the solution changed
immediately from orange to green. After the mixture had been heated at
reflux for 2 h, the solvent was evaporated and the residue was chromato-
graphed on alumina (neutral, acetone/CHCl3 1:1) to afford the pure
product (0.09 g, 0.20 mmol, 13.1%): m.p. 156 ± 158 �C; 1H NMR
([D6]DMSO, 25 �C, TMS): �� 8.69 (d, 3J(H,H)� 8.8 Hz, 1H), 8.55 (d,
3J(H,H) � 7.05 Hz, 1H), 8.29 (d, 3J(H,H)� 14.2 Hz, 1H), 8.11 (d, 1H), 7.98
(t, 3J(H,H)� 7.4 Hz, 1H), 7.77 (d, 1H), 7.70 (t, 1H), 7.49 (d, 3J(H,H)�
4.3 Hz, 1H), 7.01 (d, 1H), 6.50 (d, 1H), 4.57 (t, 3J(H,H)� 7.22, 1H), 1.82 (m,
2H), 1.40 ± 1.10 (m, 14H), 0.84 ppm (t, J(H,H)� 6.5, 3H); elemental
analysis calcd (%) for C28H31N3S (441.7): C 76.27, H 7.50, N 9.20; found:
C 76.18, H 6.98, N 9.38.


1-(4-Quinolyl)-2-[5-(dicyanomethanido)thien-2-yl]ethene sodium salt
(5): Malononitrile (0.35 g, 5.30 mmol) was added portionwise to an ice-
cooled suspension of sodium hydride (0.25 g, 60% in oil, 6.25 mmol) in
anhydrous 1,2-dimethoxyethane (27 mL), and the mixture was stirred
under nitrogen atmosphere at room temperature for 30 min. 1-(4-Quinol-
yl)-2-(5-bromothien-2-yl)ethene (0.64 g, 2.22 mmol) and tetrakis(triphe-
nylphosphine)palladium(0) (0.25 g, 0.22 mmol) were added to the above
solution, and the mixture was stirred overnight at room temperature. The
solvent was removed under reduced pressure and the resulting gummy
solid was taken up with benzene (3� 10 mL) and hexane (30 mL), and
finally washed with H2O (2� 8 mL) to give the product as a red-brown
solid (0.67 g, 2.07 mmol, 93.2%), which was used in the next step without
further purification: m.p.�240 �C; 1H NMR ([D6]DMSO, 25 �C, TMS): ��
8.72 (d, 3J(H,H)� 4.8 Hz, 1H), 8.33 (d, 3J(H,H) � 8.3 Hz, 1H), 7.95 (d,
3J(H,H)� 8.5 Hz, 1H), 7.72 (t, 1H), 7.68 (d, 1H), 7.66 (d, 3J(H,H)� 11.8 Hz,
1H), 7.57 (t, 1H), 7.04 (d, 1H), 7.03 (d, 1H), 6.09 ppm (d, 3J(H,H)� 3.8 Hz,
1H).


1-(4-Quinolyl)-2-(5-bromothien-2-yl)ethene (7): A mixture of 5-bromo-2-
chloromethylthiophene[47] (4.60 g, 21.76 mmol) and triethylphosphite
(3.60 g, 21.76 mmol) was heated at reflux at 110 �C for 6 h. The resulting
oil was heated at 200 �C and at 1 mmHg in a Kugelrohr apparatus to distil
low-boiling components, leaving the diethyl 5-bromothien-2-ylmethane-
phosphonate (6.02 g, 19.22 mmol, 88%) as a light red, oily residue; this was
used for subsequent steps without further purification. 1H NMR (CDCl3,
25 �C, TMS): �� 6.88 (d, 3J(H,H)� 3.7 Hz, 1H), 6.71 (tt, 4J(P,H)� 1.0 Hz,
3J(H,H) � 3.7 Hz, 1H), 4.07 (dq, 3J(P,H)� 8.22 Hz, 6H), 3.26 (dd,
2J(P,H)� 20.7 Hz, 2H), 1.28 ppm (t, 3J(H,H)� 7.1 Hz, 9H).


A suspension of sodium hydride in oil (60% by weight; 0.16 g, correspond-
ing to 0.27 g, 6.96 mmol) was thoroughly washed with anhydrous hexane
and then suspended in anhydrous THF (15 mL). A solution of diethyl
5-bromothien-2-ylmethanephosphonate (1.99 g, 6.36 mmol) in THF (5 mL)
was added under nitrogen to this suspension, followed by the addition of a
solution of 4-quinolylcarbaldehyde (1.00 g, 6.36 mmol) in the same solvent
(5 mL). The mixture was cautiously heated on an oil-bath at 50 �C until the
evolution of hydrogen had ceased, and then at reflux for 2 h. The mixture
was poured onto ice (100 mL) and the aqueous phase was extracted with
ether (4� 50 mL). The ethereal phases were combined, washed with water
and dried over Na2SO4, and the solvent was finally evaporated to afford a
dark oil (1.97 g). The pure product was obtained after column chromatog-
raphy (silica gel, ether) as a light yellow solid (1.041 g, 3.29 mmol, 51.7%):
m.p. 113 ± 114 �C (after sublimation); 1H NMR ([D6]DMSO, 25 �C, TMS):
�� 8.87 (d, 3J(H,H)� 4.7 Hz, 1H), 8.42 (d, 3J(H,H) � 7.9 Hz, 1H), 8.03 (d,
3J(H,H)� 7.9 Hz, 1H), 7.81 (d, 1H), 7.79 (t, 3J(H,H)� 6.9 Hz, 1H), 7.73 (s,
2H), 7.66 (t, 1H), 7.32 (d, 3J(H,H)� 3.8 Hz, 1H), 7.28 (d, 1H); elemental
analysis calcd (%) for C15H10BrNS (316.2): C 56.98, H 3.19, N 4.43; found:
C 57.31, H 3.42, N.4.67


1-(4-10H-Acridinium)-2-{2-[5-(dicyanomethanido)thienyl]}ethene (3 a):
Aqueous HCl (10%) was added dropwise to a suspension of 1-(9-
acridyl)-2-{2-[5-(dicyanomethanido)thienyl]}ethene sodium salt (1.91 g,


5.10 mmol) in H2O (50 mL) until pH 1 was reached. After the mixture
had been stirred at room temperature for 30 min, the blue precipitate
was collected, washed with water, and dried under vacuum at 80 �C to
afford the pure product (1.49 g, 4.22 mmol, 82.9%). m.p. �300 �C(DMF);
1H NMR ([D6]DMSO, 25 �C, TMS): �� 12.2 (broad, 1H), 8.27 (d,
3J(H,H)� 8.3 Hz, 2H), 8.01 (d, 3J(H,H)� 13.5 Hz, 1H), 7.84 (d,
3J(H,H)� 4.9 Hz, 1H), 7.71 (t, 3J(H,H)� 7.6 Hz, 2H), 7.52 (d, 3J(H,H)�
8.2 Hz, 2H), 7.35 (t, 3J(H,H)� 7.6 Hz, 2H), 7.16 (d, 3J(H,H)� 13.7 Hz, 1H),
6.88 ppm (d, 3J(H,H)� 4.9 Hz, 1H); elemental analysis calcd (%) for
C22H13N3S (351.4): C 75.19, H 3.73, N 11.96, S 9.12; found: C 75.03, H 3.81,
N 11.51, S 8.60.


1-(9-Acridyl)-2-{2-[5-(dicyanomethanido)thienyl]}ethene sodium salt (6):
A solution of malononitrile (0.15 g, 2.2 mmol) in 1,2-dimethoxyethane
(4 mL) was added to an ice-cooled suspension of sodium hydride (0,18 g,
60% in mineral oil, 4.5 mmol) in the same solvent (10 mL), and the mixture
was stirred at room temperature under nitrogen for 1 h. 1-(9-Acridyl)-2-(5-
bromothien-2-yl)ethene (0.41 g, 1.1 mmol) and tetrakis(triphenylphosphi-
ne)palladium(0) (0.14 g, 0.1 mmol) were added, and the reaction mixture
was stirred overnight at room temperature. The solvent was remove under
reduced pressure, and the solid was taken up with dry benzene (25 mL) and
washed with water (5 mL) to give the product as a purple solid (0.41 g;
1.1 mmol; 97%). m.p. �240 �C; 1H NMR ([D6]DMSO, 25 �C, TMS): ��
8.39 (d, 3J(H,H)� 8.7 Hz, 2H), 8.09 (d, 3J(H,H)� 8.6 Hz, 2H), 7.81 (t,
3J(H,H)� 7.6 Hz, 2H), 7.58 (t, 3J(H,H)� 7.7 Hz, 2H), 7.26 (s, 2H), 7.03 (d,
3J(H,H)� 3.9 Hz, 1H), 6.10 ppm (d, 3J(H,H)� 3.9 Hz, 1H).


1-(9-Acridyl)-2-(5-bromothien-2-yl)ethene (8): A mixture of sodium ace-
tate (8.17 g, 99.6 mmol), acetic acid (98%, 28 mL), and 9-methylacridine
(1.63 g, 8.5 mmol) was heated at 80 �C for few minutes. 5-Bromo-2-
thiophenecarbaldehyde (3.22 g, 17.0 mmol) was then added, and the
reaction mixture was heated at reflux for 8 h. After cooling, the reaction
mixture was poured into iced water (140 mL), and ammonium hydroxide
(25%) was added until pH 14 was reached. The basic solution was
extracted with ethyl acetate (5� 65 mL) and the organic phase was washed
twice with water and dried over Na2SO4, and the solvent was evaporated to
give the crude product (4.05 g), which was purified by column chromatog-
raphy on silica gel (dichloromethane/diethyl ether 20:1). Two isomers were
isolated: cis isomer (0.21 g, 0.6 mmol, 6.6%): m.p. 134 ± 135 �C; 1H NMR
(CDCl3, 25 �C, TMS): �� 8.28 (d, 3J(H,H)� 8.8 Hz, 2H), 8.15 (d,
3J(H,H)� 8.6 Hz, 2H), 7.76 ± 7.82 (m, 2H), 7.45 ± 7.53 (m, 2H), 7.28 (d,
3J(H,H)� 12.1 Hz, 1H), 6.99 (d, 3J(H,H)� 12.1 Hz, 1H), 6.70 (d,
3J(H,H)� 3.9 Hz, 1H), 6.64 ppm (d, 3J(H,H)� 3.9 Hz, 1H); MS (EI,
70 eV): m/z (%): 367 (52) [M]� ; trans isomer (1.10 g, 3.0 mmol, 35.5%):
m.p. 197 ± 200 �C (AcOEt); 1H NMR (CDCl3, 25 �C, TMS) �� 8.27 (d,
3J(H,H)� 8.8 Hz, 2H), 8.24 (d, 3J(H,H)� 8.7 Hz, 2H), 7.74 ± 7.82 (m, 2H),
7.63 (d, 3J(H,H)� 16.3 Hz, 1H), 7.51 ± 7.58 (m, 2H), 7.07 (d, 3J(H,H)�
16.3 Hz, 1H), 7.05 (d, 3J(H,H)� 3.9 Hz, 1H), 6.94 ppm (d, 3J(H,H)�
3.9 Hz, 1H); MS (EI, 70 eV): m/z (%): 367 (100) [M]� ; elemental analysis
calcd (%) for C19H12BrNS (366.3): C 62.30, H 3.30, N 3.82; found: C 61.80,
H 3.26, N 3.69.


9-Methylacridine (9): A mixture of diphenylamine (13.25 g, 78.3 mmol),
acetic acid (60%, 8 mL), and ZnCl2 (22.91 g, 168.1 mmol) was heated at
170 �C for 17 h. After cooling, the solid was taken up with warm water (2�
50 mL), which was discarded, and then extracted with hot water (4�
60 mL). The aqueous phases were combined, NH4OH (30%) was added,
and the basic solution was extracted with ethyl acetate (3� 200 mL). The
organic phase was washed with water (100 mL) and dried over Na2SO4, and
the solvent was evaporated to give the product as a yellow solid (4.01 g,
20.8 mmol, 26.5%). m.p. 114 �C (lit.[48] 114 ± 115 �C); 1H NMR (CDCl3,
25 �C, TMS): �� 8.22 (d, 3J(H,H)� 8.8 Hz, 2H), 8.19 (d, 3J(H,H)� 8.6 Hz,
2H), 7.71 (t, 3J(H,H)� 7.4 Hz, 2H), 7.50 (t, 3J(H,H)� 7.5 Hz, 2H), 3.06 ppm
(s, 3H).
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Formation of Novel Sulfur-Containing C60F16 Cycloadducts between
Tetrathiafulvalene and C60F18; A Unique Six-Electron Cycloaddition of a
Fullerene Involving F2 Loss


Adam D. Darwish,[a] Anthony G. Avent,[a] Olga V. Boltalina,[b] Ilya Gol�dt,[b]
Igor Kuvytchko,[b] Tatiana Da Ros,[a] Joan M. Street,[c] and Roger Taylor*[a]


Abstract: Co-evaporation of solutions
of C60F18 and tetrathiafulvalene in tol-
uene produces an unsymmetrical
C60F16:tetrathiafulvalene adduct through
a unique six-electron cycloaddition in-
volving displacement of two fluorine
atoms by a terminal C�C double bond
of the fulvalene. The adduct rearranges
into two further adducts, one of which is


characterised as a new type of fullerene
derivative, a thiiranofullerene, formed
by elimination of a thioketene moiety
from the tetrathiafulvalene adduct. The


initial addition also produces a bisad-
duct in which the addends comprise one
tetrathiafulvalene molecule and one in
which carbon disulfide has been elimi-
nated. The latter adduct involves cyclo-
addition of an unsaturated aromatic
dithiolactone moiety.


Keywords: aromaticity ¥ cyclo-
addition ¥ elimination ¥ fullerenes
¥ tetrathiafulvalene


Introduction


Use of tetrathiafulvalene as an electron donor has been in the
forefront of research into photoinduced intramolecular elec-
tron transfer involving fullerenes.[1] We intended to examine
the effect of this group attached to the five-membered
pyrrole-type ring of pyrrolidinofullerenes, derived from
C60F18 since this is a better electron acceptor than C60 itself.
However, our preliminary experiments indicated that un-
planned reactions were occurring. We therefore examined the
reaction of C60F18


[2] with tetrathiafulvalene itself, which
showed that these reagents combine to give a number of
novel derivatives, here described. The nature of the combi-
nation appears to be unique, in that reaction occurs only on
co-evaporation of the reagents to dryness. This results in the
formation of two products A (major) and D (minor), and on
standing A rearranges to two further products B and C, each
of which was separated and purified by HPLC.


Results and Discussion


Characterisation of compound A (18.5 min HPLC retention
time): The ions in the mass spectrum (Figure 1) at m/z 204 and
1024 show A to be an adduct of C60F16 and TTF. This is
confirmed by the 19F NMR spectrum (Figure 2) which shows
16 lines together with the couplings obtained from a 2D
spectrum. In general for C60F18 derivatives, the six peaks in the


Figure 1. EI mass spectrum (70 eV) for the productA of 18.5 min retention
time (see text).


[a] Prof. R. Taylor, Dr. A. D. Darwish, Dr. A. G. Avent, Dr. T. Da Ros
The Chemistry Laboratory, CPES School
Sussex University
Brighton BN1 9QJ (UK)
Fax: (44) 1273-677-196
E-mail : R.Taylor@sussex.ac.uk


[b] Dr. O. V. Boltalina, I. Gol�dt, I. Kuvytchko
Chemistry Department
Moscow State University
Moscow 119899, (Russia)


[c] J. M. Street
Chemistry Department
The University
Southampton, SO17 1BJ (UK)


FULL PAPER


¹ 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim DOI: 10.1002/chem.200204549 Chem. Eur. J. 2003, 9, 2008 ± 20122008







2008 ± 2012


Figure 2. 19F NMR spectrum of the C60F16:TTF adduct A.


��� (136 ± 138) ppm region are due to fluorine atoms
adjacent to the central benzenoid ring, but in the present
instance two peaks (at ���140.25 and �141.93 ppm) are
shifted upfield due to the electron-releasing nature of the
addend in A compared to C60F18 derivatives in which two
fluorine atoms occupy the addend positions.


Previously we have determined the structure of C60F16 to be
as shown on the Schlegel diagram in Figure 3, its formation


Figure 3. Schlegel diagram of the structure of C60F16.


being energetically favourable since C60F16, like C60F18, has a
central fully delocalised hexagonal ring.[3] We have confirmed
that the C60F16 moiety in the adduct with TTF is that shown in
Figure 3. It is characteristic of C60F18 and its derivatives, that
fluorine peaks corresponding to those labelled a in Figure 3
are the most upfield in the spectrum and are coupled to b
which are the most downfield; in C60F18 there are three such
pairs but only two in C60F16. This pattern is evident in Figure 2,
which confirms both that an a,b pair has been lost from the
C60F18 precursor, and that the adduct is unsymmetrical.


The asymmetry is confirmed by the 1H NMR spectrum
(Figure 4), which shows two AB systems; one is clearly in the
alkene region, �� 6.46 (d, 1 H, J� 6.6 Hz), 6.37 (d, 1 H, J�
6.6 Hz). Coupling constants (9.4 Hz) indicate that the other
AB system is due to tertiary C�H hydrogen atoms that are
exceptionally downfield due to the electron-withdrawing
property of the adjacent cage: �� 5.765 (d, 1 H, J� 9.4 Hz),
5.61 (d, 1 H, J� 9.4 Hz). Thus addition does not take place
across the central bond of TTF (analogous to addition to


Figure 4. 1H NMR spectrum of the C60F16:TTF adduct A.


tetra-alkoxyalkenes),[4] but rather occurs at one of the
�terminal� double bonds to give the product shown in Figure 5,
and the two upfield-shifted fluorine peaks noted above, are
due to the fluorine atoms adjacent to the electron-supplying
addend.


Figure 5. Structure of the C60F16:TTF adduct A (��F).


This formation mechanism is unique and involves displace-
ment of fluorine by the � electrons of one of the terminal
double bonds in a six-electron process as shown in Scheme 1.
Halogen loss from either C60Cl6, C60Br6 or C60Br8 in the
presence of TTF has been reported[5] but derivatives were
neither isolated nor characterised; both bromine and chlorine
attached to fullerenes are much more labile than fluorine.


Scheme 1. Mechanism of formation of A from C60F18 and TTF.


Rearrangement of A into compounds B and C (retention
times 30.3 and 48.6 min, respectively): A remarkable rear-
rangement of A occurred, but only when it was subjected to
NMR spectroscopy. We were very puzzled by this observation
but find now that it is triggered by the presence of CDCl3.
Thus a sample left standing in toluene shows no rearrange-
ment, but one to which CDCl3 has been added does rearrange,
the effect of this solvent being possibly to provide increased
polarity necessary for the process. Additional peaks very
slowly grow into the spectrum during acquisition of the signals
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for A (which correspondingly diminish). The process was
allowed to go to completion, the sample being then reproc-
essed by HPLC, which gave two new components B and C.


Both of the new derivatives, (B, minor, retention time
30.3 min) and (C, major, retention time 48.6 min) gave parent
ions of 1082 amu in their identical mass spectra (e.g. Figure 6;
inset shows the low mass region). This corresponds to


Figure 6. Mass spectrum (70 eV) for the products of C obtained from
decomposition of the C60F16:TTF adduct A ; B gave a similar spectrum.


C60F16:[(CH)2�S)], and the spectrum shows fragment ions at
m/z 1050 (loss of S), 1024 (loss of CH�CH), and in the low
mass region a peak at 778 amu [C60:(SCH�CH)] (loss of all of
the fluorine atoms).


Compound B was too unstable for further analysis but C
was shown to be structurally similar to A in being both an
asymmetric compound and giving a 16-line 19F NMR spec-
trum (Figure 7). The 2D spectrum showed that the two most


Figure 7. 19F NMR spectrum of C.


upfield lines are coupled with the two most downfield lines,
confirming the C60F16 motif, and the absence of one a and b
type fluorine atom locates the sulfur-containing addend. The
peaks were each about �� 3 ppm downfield from correspond-
ing peaks in the precursor (except for the peak at �F � �
140.25 ppm which is shifted downfield by 6.4 ppm), and this
confirms further the similar location of the addends in A and
C (see Scheme 2). The large downfield shift of one of the
peaks is consistent with a reduced interaction between one of


Scheme 2. Conjectured mechanism for the elimination of a thioketene
moiety from C60F16 : TTFA to give derivative C.


the fluorine atoms and the sulfur atom that was adjacent to it
in A.


The 1H NMR spectrum shows two doublets at �� 5.99 and
5.82 ppm (J� 11.1 Hz), consistent with the proposed structure
(Scheme 2); these peaks are slightly downfield from those for
the corresponding hydrogen atoms in A.


The elimination is driven presumably by reduction in the
eclipsing strain between S and F in the cycloaddend. Alter-
native structures can be conjectured, but all are unsatisfactory,
for example formation of the isomeric thiophenofullerene is
ruled out because it would have Cs symmetry, and the
frontside substitution of C on the cage by S, required for its
formation, should not be possible. Likewise, a mechanism
involving attack of a (remote) sulfur atom on the localised
double bond in the tetra-addended hexagonal ring may also
be ruled out; it would lead to 1,4-addition of ±CH�CH�S-,
producing a very strained structure and location of a double
bond in an unaddended pentagonal ring, which is energeti-
cally unfavourable.


We rule out also a process in which either one or two
fluorine atoms undergo consecutive 1,3-shifts (discovered
recently in C1 C60F36).[6] This would lead to structures (Fig-
ure 8) with either two or three fluorine atoms having only one


Figure 8. Structure that would result from consecutive 1,3-shifts of
fluorine; ��F, �� sites of ±CH�CH-S- addend


sp3-carbon atom neighbour, which would then appear well
downfield, as for b-type fluorine atoms. The second migration
would lose the aromaticity of the central ring since it would
then lack the sextet of surrounding sp3-carbon atoms.


Characterisation of compound D (retention time 21 min): The
mass spectrum (Figure 9) for this compound shows a parent
ion at 1152 amu with fragmentation ions at 1094, 1050 and
1024 amu, the latter again being C60F16. These correspond to
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Figure 9. EI mass spectrum (70 eV) for D.


loss of fragments of 58, 44 and 26 amu (128 amu total). The
identical fragmentation pattern (ions at 848, 790, 746 and
720 amu) is seen in the spectrum after total fluorine loss. The
fragments can only be -S-CH-CH-, -C(S)-, and -CH-CH-.
Thus in order to produce this derivative, the TTF adduct has
eliminated carbon disulfide. The spectrum also shows a peak
of 204 amu (TTF) indicating (confirmed below) that a second
TTF molecule has also cycloadded to the cage, and is cleaved
under EI mass spectrometry conditions.


The 19F NMR spectrum (Figure 10) shows sixteen fluorine
atoms, and has the usual pattern of the two most downfield
peaks being coupled to the two most upfield ones (confirmed
by a 2D 19F NMR spectrum), and thus addition again involves
loss of an a- and b-type fluorine atom.


Figure 10. 19F NMR spectrum of D.


The 1H NMR spectrum (Figure 11) shows eight lines a ± h.
Decoupling experiments showed that Ha is coupled to Hb, and
Hc is coupled to Hg but these pairs are neither coupled to each
other nor to any other hydrogen atoms. They are assigned to
the TTF addend, and show similar shift characteristics to those
of the four hydrogen atoms in C60F16:TTF (A). �Roofing�
showed Hd to be coupled with Hf, and decoupling showed also


Figure 11. 1H NMR spectrum of D.


that Hh is coupled to both Hf and to He, Together with the MS
fragmentation data, these data show that the second addend is
an unsaturated dithiolactone, E (Scheme 3), produced by
elimination of CS2 from TTF. The ready formation of E is due
to it having substantial aromaticity. In E, the � density of one


Scheme 3. Cycloaddition of a dithiolactone intermediate E, formed
through loss of carbon disulfide from tetrathiofulvalene.


of the double bonds (p; in Scheme 3) is enhanced through co-
ordination with sulfur, whilst in the other (q) it is reduced
through conjugation with the �C�S group; the former double
bond is thus the one which undergoes [2�2] cycloaddition
with the fullerene cage. In the 1H NMR spectrum, He is shifted
downfield compared to Hh due to electronegativity of the
adjacent sulfur atom, and Hd is likewise downfield relative to
Hf due to the adjacent C�S group.


One addend, presumably the TTF moiety, has occupied the
a and b positions in the C60F18 precursor, and the dithiolactone
E has added onto the curved non-fluorinated surface of A.
Although the MS fragmentation pattern is different from that
observed with A in that the TTF addend cannot be seen, it is
evident as a fragment ion (204 amu) in the low mass region of
the spectrum (inset to Figure 9). However, we cannot totally
discount the alternative possibility that E has, through
addition, displaced the a- and b-type fluorine atoms, whilst
TTF has added elsewhere to the cage.
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Conclusion


Overall this work provides yet further examples of the
unusual structures that are produced on reaction with full-
erene cages, exacerbated in the present case by the presence
of fluorine atoms.


Experimental Section


Reagents: Tetrathiofulvalene was supplied by Aldrich, and C60F18 prepa-
ration has been described.[2] Mass spectra (EI) were run at 70 eV, 1H and 19F
NMR spectra at 500 and 376.4 MHz, respectively.


Reaction of C60F18 with tetrathiofulvalene : An initial experiment was
performed by heating a mixture of C60F18 (3.0 mg, 2.8� 10�3 mmol) and
tetrathiofulvalene (TTF, 1.2 mg, 5.6� 10�3 mmol) in toluene (5 mL, HPLC
grade), which was then evaporated to dryness on a rotavapor (reduced
pressure, 40 �C) to give a deep brown solid. Monitoring of the reaction by
HPLC, using a 10� 250 mm Cosmosil Buckyprep column with elution by
toluene at 4.7 mL min�1, showed that the reaction occurred almost entirely
during this evaporation procedure. HPLC purification of this material gave,
apart from recovered reagents, peaks with retention times (Cosmosil 5
PYE column, toluene elution at 4 mL min�1) of 18.5 min (A, major) and
21 min (D, minor) The result was replicated a number of times, with
recovered unreacted C60F18 being recycled. Increasing the amount of TTF
did not reduce the amount of unused C60F18, and the yield was not altered if
the mixture was heated under reflux for 5 h before evaporation to dryness,
probably because this induced a retro-addition. A solution ofA in toluene,
in the presence of CDCl3, slowly rearranged; HPLC of the product
obtained after about four days yielded two components B (minor) and C
(major) with retention times of 30.3 and 48.6 min, respectively.
NMR spectroscopy
19F NMR spectrum of A : �F ��130.11 (d, 1F, J� 18.6 Hz), �130.30 (d, 1 F,
J� 18.7 Hz), �136.11 (d, 1 F, J� 9.2 Hz), �136.28 (d, 1F, J� 8.4 Hz),
�137.12 (m, 2F), �140.25 (m, 1 F), �141.93 (dd, 1 F, J� 17.3 and 29.4 Hz),
�142.32 (dd, 1 F, J� 16.1 and 29.4 Hz), �143.3, (dd, 1 F, J� 4.7 and 21 Hz),
�143.44 (dd, 1 F, J� 4.2 and 7.6 Hz), �143.55 (dd, 1F, J� 4.0 and 7.4 Hz),
�144.87 (dd, 1F, J� 6.4 and 21.3 Hz), �145.93 (m, 1F, J� 6.2 and 12.9 Hz),
�158.34, (m, 1 F, J� 9.6 and 18.7 Hz), �158.68 (m, 1F, J� 9.4 and 18.9 Hz).


19F NMR spectrum of C : �F ��130.2, (d, 1 F, J� 19 Hz), �130.4 (d, 1F, J�
19 Hz), �133.8 (m, 1F, J� 7 Hz), �135.47 (m, 1F), �135.76 (m, 1F),
�136.4 (m, 2 F), �142.08 (dd, 1F, J� 10 and 19 Hz), �142.5 (m, 2F),
�142.9 (m, 2 F), �143.66 (dd, 1 F, J� 6 and 27 Hz), �144.6 (m, 1 F, J�
6 Hz), �157.4, (df, 1F, J� 10 Hz), �157.7 (dt, 1 F, J� 10 Hz).
19F NMR spectrum of D : �F ��130.38 (d, 1F), �130.51 (d, 1F), �136.49
(br s, 1 F), � 136.74 (br s, 1 F), �137.21 (br s, 1F), �137.54 (br s, 1F),
�138.21 (br s, 1F), �138.82 (br s, 1F), �140.93 (dd, 1F, J� 28.0 and
15.9 Hz), �142.38 (d, 1F, J� 24 Hz), �143.61 (coincident, 2 F), �144.17 (d,
J� 28 Hz), �145.48 (dd, 1F, J� 27.4 and 10.5 Hz), �158.36 (m, 1F, J�
9.3 Hz), �158.52 (m, 1F, J� 9.5 Hz).
1H NMR spectrum of D : �� 6.590 (d, 1 H, J� 6.54 Hz; Ha), 6.519 (d, 1H,
J� 6.51 Hz; Hb), 6.242 (d, 1 H, J� 6.66 Hz; Hc), 6.190 (d, 1 H, J� 6.57 Hz;
Hd), 6.07 (m, 1 H; He), 6.002 (dd, 1H, J� 6.64 and 0.9 Hz; Hf), 5.845 (d, 1H,
J� 6.68 Hz; Hg), 4.47 (m, 1H; Hh).
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Palladium(��) Complexes of the Reducing Sugars �-Arabinose, �-Ribose,
rac-Mannose, and �-Galactose**


Peter Kl¸fers* and Thomas Kunte[a]


Abstract: The cellulose solvent Pd-en,
an aqueous solution of [(en)PdII(OH)2]
(en� ethylenediamine), reacts with the
monosaccharides �-arabinose (�-Ara),
�-ribose (�-Rib), rac-mannose (rac-
Man), and �-galactose (�-Gal) under
formation of dimetalated aldose com-
plexes, if the molar ratio of Pd and sugar
is 2:1 or larger. In the Pd2 complexes, the
aldoses are tetra-deprotonated and act
as bisdiolato ligands. Two crystalline
pentose complexes were isolated:
[(en)2Pd2(�-�-Arap1,2,3,4H�4)] ¥ 5H2O
(1) and [(en)2Pd2(�-�-Ribp1,2,3,4H�4)] ¥


6.5H2O (2), along with two hexose
complexes. With rac-Man, the major
solution species is crystallized as the
9.4-hydrate [(en)2Pd2(�-rac-Manp-
1,2,3,4H�4)] ¥ 9.4H2O (3). From the re-
spective �-Gal solutions, [(en)2Pd2(�-�-
Galf1,3,5,6H�4)] ¥ 5H2O ¥C2H5OH (4),
with the sugar tetraanion in its furanose
form, is crystallized though it is not the


major species, rather the second most
abundant in purely aqueous solutions.
The Galf species is enriched in the
mother liquors to the extent of 25% of
total sugar content. Substitution of the
en ligand by two molecules of ammonia,
methylamine, or isopropylamine, re-
spectively, results in the formation of
different solution species. With the
bulkiest ligand, isopropylamine, mono-
metalation of the aldoses in the 1,2-
position is exclusively observed.


Keywords: carbohydrates ¥ coordi-
nation modes ¥ palladium ¥ mono-
saccharides


Introduction


Despite their significance both as renewable resources and
ubiquitous reactants in metabolic pathways, the information
available regarding the metal-binding sites of monosacchar-
ides is scant. The reason for the absence of a body of
knowledge is clearly down to the characteristic reactivity of
aldoses and ketoses. Nonreducing sugars, particularly sucrose,
and sugar derivatives such as sugar alcohols, on- and ar-acids,
or glycosides have fixed configurations and hence limited
capability to match their oxygen-atom pattern with the
binding sites of a metal ion. However, reducing sugars
(including the uronic acids) can isomerize to the various
furanose and pyranose anomers. As a result, metal ±mono-
saccharide interactions are hard to predict when, for example,
the binding of an aldose to a carbohydrate-directed metal-
loenzyme or the design of catalytic transformations are
considered.
As a prerequisite for the evaluation of transition-metal-


catalyzed transformations of the carbohydrates, we have
started a program to investigate the metal-binding sites of the


monosaccharides by combined X-ray and NMR methods.
Crystal-structure determinations of transition-metal com-
plexes of monosaccharides are sparse. The first crystal
structure of this type was described in 1981 by Taylor and
Waters for an oxodimolybdate(��) featuring an entirely
deprotonated �-lyxose ligand.[1] One-and-a-half decades later,
entirely deprotonated �-�-mannofuranose has been found as
the only ligand in homoleptic dimetalates of the trivalent
metals vanadium, chromium, and iron,[2] as well as in
manganese complexes with MnIII


2 and MnIIIMnIV couples.[3]


Recently, �-glucose[4] and rac-lyxose[5] complexes with four-
fold deprotonated aldose ligands have been characterized,
each bound to two ethylenediamine ± palladium(��) moieties,
and threefold deprotonated �-lyxose has been shown to be
the ligand in two cupric complexes with ammonia and
ethylenediamine as additional ligands, respectively[5] To sum
up, there are, to the best of our knowledge, only ten
crystal structure determinations in the whole area of tran-
sition-metal complexes of monosaccharides. This fact is
intriguing since knowledge of the metal-binding sites of a
monosaccharide appears to be a prerequisite for a rational
design of catalytic routes in a carbohydrate-based branch of
green chemistry.[6]


Herein, we report on the synthesis and characterization of
palladium(��) complexes of the aldoses arabinose, ribose,
mannose, and galactose. The palladium agent used was the
cellulose solvent ™Pd-en∫, which has been recognized as a
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suitable agent for the complexation of the reducing sugars,
though, of course, the solutions are prone to Fehling-type
reactions.[4]


Results and Discussion


Solution equilibria : The focus of this work was on palladium-
rich solutions to attempt maximum metalation of the respec-
tive monosaccharide. As a result, dimetalation was observed
throughout a series of aldo-pentoses and hexoses by NMR
spectroscopy when the respective sugars were dissolved in 1�
Pd-en in a 3:1 Pd:aldose molar ratio. Almost identical spectra
were obtained when only a stoichiometric amount of palla-
dium(��) for dimetalation was used. Even in solutions with a
2:1 ratio, neither monometalated nor free sugars were
detected, which indicates the high stability of the Pd2
complexes. However, the relatively highly concentrated
solutions that have been used for spectroscopy showed signals
of decomposition products when stored for a few hours at 5 �C
(note the much lower concentrations in the crystallization
batches).
The species distribution in aqueous solutions of the mono-


saccharides investigated in this work is given in Table 1, the
corresponding configurations and conformations of the car-
bohydrate ligands are depicted in Scheme 1 for the pyranose
forms. Previous results on glucose[4] and lyxose[5] are included
as well. The individual 13C NMR shifts of the complexes of the
aldoses investigated in this work are collected in Table 2. The
signals have been assigned by means of HMQC and COSY
techniques and by using H-H coupling constants.
Since no indication was found for palladium complexation


of the primary hydroxy group of a hexose (the one at C6), the
palladium-bonding capability may be assessed based on the
stereochemistry at the pyranose backbone. Formation of


Scheme 1. The pyranose bisdiolate ligands in binuclear complexes as
detected by NMR spectroscopy (charges omitted; R�CH2OH, left: �-
pyranoses, right: �-pyranoses; the conformation is 4C1 except for �-�-Arap
(top left), which has to adopt the 1C4 conformation in its Pd2 derivative).
Relative quantities are given in Table 1. Note the close resemblance of the
lyxose/mannose and the xylose/glucose pairs. See also entries in Table 1.


dimetalated pyranoses requires two diol functions that are not
trans-diaxial. Hence, for lyxopyranose and its homologue
mannopyranose, only the �-anomer in its 4C1 conformation
can be dimetalated. The major dimetalated species in
solutions of ribose and galactose can be predicted as well,
since the most stable form of the free sugars in aqueous
solution (Table 1) provides two diol functions that are well-
suited for palladium bonding without rearrangement. The
same appears to hold true at first glance for the xylose/glucose
pair. However, the actual anomer distribution deviates from
that of the free sugars by a shift of the concentrations towards
the �-anomer (compare the factors leading to the ™anomeric
effect∫[7a]).
The bonding modes of dimetalated arabinopyranoses


cannot be predicted. Suitable bisdiol conformations are
adopted for the �-anomer both in its 1C4 and 4C1 conforma-


Table 1. Percentage composition of the cyclic forms of monosaccharides in
aqueous solution.[a]


�-p �-p �-f �-f


arabinose Pd2 20 80
free 60 35.5 2.5 2


lyxose[b] Pd2 100
free 70 28 1.5 0.5


ribose Pd2 30 70
free 21.5 58.5 6.5 13.5


xylose Pd2 65 35
free 36.5 63 � 1 � 1


galactose Pd2 20 55 25
free 30 64 2.5 3.5


mannose Pd2 100
free 64.9 34.2 0.6 0.3


glucose[c] Pd2 65 35
free 38 62 0.14


[a] In each entry, the first line denotes the amount of dimetalated aldose in
1� Pd-en (Pd:aldose molar ratio: 3:1); the isomer that is the ligand in
crystalline bispalladium complexes is printed in boldface. The second line
shows the respective values for the free aldose according to reference [7b].
The entries in the Pd2 rows are less precise than for the free mono-
saccharides because of decomposition products in the concentrated
solutions used for NMR spectroscopy (see text). In the table header, p
and f denote the pyranose and furanose forms, respectively. [b] Ref. [5];
[c] Ref. [4]
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tions (two axial substituents in each case) and in its 1C4-�-
anomer, the latter and the 4C1-�-anomer being handicapped
by an anomeric effect if the findings in the xylose/glucose case
are generalized. In fact, the spectra show the �-form is
preferred. Contradicting considerations on an anomeric
effect, the H2,H3-coupling constant of 2 Hz is consistent with
the exclusive existence of the 4C1-�-anomer (H2-C2-C3-H3
torsion angles: ca. 60� for 4C1, 180� for 1C4 ; a coupling
constant of about 10 Hz is to be expected for the latter
conformer).
Generally, no dimetalated furanose forms are observed.


The only exception in the aldose series has been found with
galactose. Looking for the amount of furanoses in the aqueous
equilibria of the free sugars, the galactofuranoses are the
second most abundant furanose forms in the series of
monosaccharides in this work (the ribofuranoses being the
most abundant with a total amount of 20%). Galactose thus
being a good candidate for furanose complexation, the 25%
quantity of dimetalated galactofuranose, which resembles an
eightfold enrichment, is astonishing and points towards a
particularly stabilized metal derivative.


Crystallization of the major solution species: arabinose,
ribose, and mannose : Scheme 2 summarizes the successful
attempts to crystallize some of the solution species. As has
been observed with glucose and lyxose, dimetalated forms of
arabinose, ribose, and mannose that are the major solution
species are the ones that precipitate in the crystallization


batches. This indicates that, as a rule of thumb, the solubilities
of the various forms are almost the same for a given aldose,
hence nucleation is determined simply by the concentration of
a particular species. Attempts to obtain well-grown crystals of
the complexes of the pure �-configured pyranoses were
successful for �-arabinose. Structural analysis on the yellow
crystals of [(en)2Pd2(�-�-Arap1,2,3,4H�4)] ¥ 5H2O (1) con-
firms the NMR assignment of a 4C1 conformer (Figure 1). The
tetra-deprotonated �-�-arabinopyranose ligand is the only
one in this work that exhibits two axial alkoxy functions.
With �-ribose, thin platelets of [(en)2Pd2(�-�-


Ribp1,2,3,4H�4)] ¥ 6.5H2O (2) were obtained, but the quality
of the diffraction data was low. Hence, no attempts were made
to locate the hydrogen atoms of water molecules. Moreover,
since thermal parameters refined unsatisfactorily, Figure 2
shows only a sketch of the structure as a preliminary result.
Although NMR spectra show a single solution species,


crystallization was hampered with �-mannose. In this case we
took advantage of the experience that the corresponding
racemic species, which may crystallize in a centrosymmetric
space group now and then, shows a higher tendency to form
crystals. In fact, a 1:1 mixture of �- and �-mannose yielded
yellow crystals of [(en)2Pd2(�-rac-Manp1,2,3,4H�4)] ¥ 9.4H2O
(3) (Figure 3).


Crystallization of a metalated furanose: galactose : The
significance of secondary interactions that may stabilize a
particular configuration of the ligand can be derived from
experiments with galactose. NMR spectra of the monosac-
charide in Pd-en in a Pd:Gal ratio of 3:1 show three
dimetalated species, which can be attributed to the Pd2(�-
Galp), the Pd2(�-Galp), and the Pd2(�-Galf) complex. The
latter species is present up to an amount of one quarter of all
galactose-containing species in pure aqueous solutions prior
to addition of any precipitating agents. Coordination-induced
shift (CIS) values (Table 2) do not allow us to establish a
substantiated structural model but, fortunately, the furanose
complex crystallizes as the only solid product after addition of
ethanol. Yellow crystals of [(en)2Pd2(�-�-Galf1,3,5,6H�4)] ¥
5H2O ¥C2H5OH (4) are obtained by allowing ethanol vapors
to diffuse into the aqueous reaction mixtures. The factor that
is responsible for an increase of the �-furanose quantity of
about one order of magnitude in the equilibrium mixture
(Table 1) is made strikingly clear by the molecular structure
(Figure 4). Contrary to the other aldose structures with
Pd(en) moieties, a strong intramolecular hydrogen bond of
the O�H ¥¥¥O� type is established with O2�H as the donor
and O5 as the acceptor (the same bond may be responsible for
the decreased solubility of this species by decreasing the
hydrogen-bond donor and acceptor number for interactions
with the solvent). One of the palladium atoms is coordinated
by a 1,3-diolato(2�) ligand. Though this bonding mode is
unusual, it is not unique, since levoglucosane (1,6-anhydro-�-
�-glucose) binds to palladium(��) in a similar way.[8] The
question may arise why the O2�H ¥¥¥O5 bond, which of
course may also be established in free galactose, causes
furanose enrichment after metalation. However, the free
galactofuranoses are enriched compared with the other
hexoaldoses. Nevertheless, strengthening of the bond by


Table 2. Signal positions of bispalladium species detected by 13C NMR
spectroscopy.[a]


C1 C2 C3 C4 C5 C6


�-Arap[d] � 105.4 84.8 84.4 78.8 67.2
�� 10.1 11.4 10.4 8.8 � 0.7


�-Arap � 104.2 84.1 82.3 73.2 64.8
�� 10.1 14.1 12.2 3.2 0.8


�-Ribp[e] � 106.2 83.5 83.9 83.9 67.0
�� 11.2 12.0 13.2 15.1 2.5


�-Ribp � 101.7 82.0 83.9 77.4 66.3
�� 6.4 9.5 13.5 8.7 1.8


�-Xylp � 102.3 83.3 86.4 78.8 63.8
�� 8.6 10.3 12.1 7.9 1.4


�-Xylp � 106.8 85.3 87.2 80.1 65.6
�� 8.7 9.8 9.9 9.4 � 1.1


�-Galp � 101.9 83.0 79.1 80.9 70.6 62.2
�� 8.3 13.2 8.4 10.1 � 1.4 � 0.5


�-Galp � 105.0 84.8 84.7 80.4 76.1 62.1
�� 7.1 11.4 10.4 10.2 � 0.5 � 0.4


�-Galf � 105.0 81.0 87.6 78.3 79.4 72.7
�� 3.2 � 1.2 11.0 � 4.5 7.9 9.1


�-Manp � 108.2 86.0 84.3 75.5 76.8 62.1
�� 13.0 13.3 9.8 7.4 � 0.8 � 0.4


[a] In each second and fourth numeric row ��, defined by �complex� �reference,
is tabulated; the reference is an approximately 0.6 � solution of the
respective monosaccharide in D2O.[b] �� values that indicate a ™coordina-
tion induced shift∫ (™CIS∫) appear in boldface. The �� values for �-
galactofuranose appear to be the least certain due to only a 3.5%
abundance of this form in the reference sample.[c] [b] M. J. King-Morris,
A. S. Serianni, J. Am. Chem. Soc. 1987, 109, 3501 ± 3508. [c] K. Bock, C.
Pedersen,Adv. Carbohydr. Chem. Biochem. 1983, 41, 27 ± 66. [d] Ambigous
assignment for C2 and C3, which may be subject to change. [e] Uncertain
assignment of this minor component due to part decomposition of the
solution
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Figure 1. The molecular structure of one of two symmetrically independ-
ent molecules of [(en)2Pd2(�-�-Arap1,2,3,4H�4)] in crystals of the penta-
hydrate 1 (40% probability ellipsoids). Distances [ä] and angles [�]: from
Pd1 to: O1 2.003(6), O2 2.008(5), N2 2.043(7), N1 2.052(6); from Pd2 to: O4
2.002(5), O3 2.007(5), N3 2.038(7), N4 2.056(7); torsion angles: O1-C1-C2-
O2 45.4(8), O2-C2-C3-O3 �159.5(6), O3-C3-C4-O4 44.8(8); add the digit
™2∫ to each atomic label to obtain the appropriate label in the Crystallo-
graphic Information File.


Figure 2. The structure of the dimetalated ribose complex
[(en)2Pd2(�-�-Ribp1,2,3,4H�4)] in a preliminary structure analysis
of 2. Mean distances [ä]: Pd�O 2.009, Pd�N 2.029; add the digit ™2∫
to each atomic label in the Figure to obtain the label in the
crystallographic information file (CIF).


Figure 3. The molecular structure of the � enantiomer [(en)2Pd2(�-
�-Manp1,2,3,4H�4)] in crystals of the 9.4-hydrate 3, which form as a
racemic mixture with the � enantiomer (70% probability ellipsoids).
Distances [ä] and angles [�]: from Pd1 to: O1 1.988(2), O2 2.008(2),
N1 2.011(3), N2 2.042(3); from Pd2 to: O4 2.007(2), O3 2.016(2), N3
2.026(3), N4 2.033(3); torsion angles: O1-C1-C2-O2 �46.9(4), O2-
C2-C3-O3 52.7(4), O3-C3-C4-O4 54.7(3).


deprotonation of the O5 acceptor is substantial in terms
of energy[8] and appears to be the reason for the
observed quantities of dimetalated furanose.


Hydrogen bonding in the solid state : The crystal structures of
the title compounds are governed by hydrogen bonding. Two
peculiarities that are typical for polyolato ±metal structures
are apparent: 1) an almost balanced donor:acceptor ratio, and
2) the predominance of cooperative hydrogen bond sequen-
ces. The structure of 4 may be analyzed as an example.
Examination of Scheme 2 reveals 20 hydrogen donors (eight
N-bonded, one galactose, one ethanol, and ten water hydro-
gen atoms), and 24 acceptor sites (that is, oxygen lone pairs�
2� {6galactose-O� 5water-O� 1ethanol-O}). Note that a
water molecule with its balanced hydrogen atom:lone-pair
number does not alter a hydrogen or acceptor-site excess
stemming from another constituent, but is able to support the
formation of cooperative hydrogen bond sequences. Owing to
a small acceptor-site excess in the structure of 4, acceptor sites
at three water molecules and at the ring oxygen atom are left
without a matching donor. Distances and angles are normal;
the mean value of the water-O to alkoxide distance is (2.77�
0.05) ä for example. An exception is the intramolecular bond
O2�H ¥¥¥O5, which is rather short (Figure 4).


Scheme 2. Reaction scheme for the four crystalline compounds 1 ± 4.
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Figure 4. The structure of [(en)2Pd2(�-�-Galf1,3,5,6H�4)] molecules in
crystals of 4 (50% probability ellipsoids). The intramolecular O2�H ¥¥¥O5
bond is shown as a gray bar. Distances [ä] and angles [�]: from Pd1 to: O1
2.010(2), O3 2.014(2), N2 2.040(3), N1 2.044(3); from Pd2 to: O6 1.992(2),
O5 2.016(2), N4 2.026(3), N3 2.054(3); O1�C1 1.383(4), O2�C2 1.439(4),
O3�C3 1.408(4), O4�C1 1.441(4), O4�C4 1.447(4), O5�C5 1.431(4),
O6�C6 1.423(4), C1�C2 1.521(5), C2�C3 1.528(5), C3�C4 1.556(4),
C4�C5 1.524(4), C5�C6 1.525(4); galactose bond angles with largest
deviation from the tetrahedral angle: C1-C2-C3 101.6(3), C2-C3-C4
101.7(3); torsion angles: O1-C1-C2-O2 �160.0(3), O2-C2-C3-O3
160.0(3), O3-C3-C4-O4 98.0(3), O4-C4-C5-O5 71.0(4), O5-C5-C6-O6
49.6(4); intramolecular hydrogen bond: O2�H 0.91(4), H ¥¥¥O5 1.64(4),
O2 ¥¥¥O5 2.544(3) ä, O2�H ¥¥¥O5 172(4)� ; puckering parameters[13] of the
furanose ring O4�C1... : Q2� 0.407(3) ä, �2� 248.5(5)�, the conformation
therefore being close to EC2 (ideal �2 : 252�).


Monometalated aldoses with bulky nitrogen ligands : Aldoses
always form dimetalated complexes when the required
amount of Pd(en) moieties is provided (Pd:aldose molar
ratios of 1:1 result in the formation of mononuclear species
with aldos-1,2-O-diato ligands but, in addition, equal amounts
of dimetalated and free sugar are observed). All these findings
only hold true for ethylenediamine as the co-ligand. When en
is replaced by increasingly bulky ligands, mononuclear aldos-
1,2-O-diato complexes gain increasing importance as the only
species detected by NMR methods even in metal-rich
solutions. To demonstrate this dependence, aqueous solutions
of the (probably trans-configured) palladium(��) complexes
[(NH3)2Pd(OH)2],[5] [(MeNH2)2Pd(OH)2], and [(iPrNH2)2P-
d(OH)2], are investigated. In the following, the nomenclature
for cellulose solvents[9] is used for the aqueous solutions, that
is, Pd-NH3, Pd-MeNH2, and Pd-iPrNH2, respectively.
A particularly simple case is lyxose. Throughout the series


of solvents, the �-anomer is the only one observed–simply
the number of bound palladium atoms varies. As described,
dimetalation is observed in Pd-en, both for a stoichiometric
molar ratio or in excess Pd-en. Both monometalated and
dimetalated lyxose is found in excess Pd-NH3, whereas only
1,2-deprotonated �-lyxopyranose is detected in excess Pd-
MeNH2, and Pd-iPrNH2.
A more complex case is glucose. Reaction with excess Pd-


en yields the dimetalated pyranoses in a 2:1 � :�-ratio.[4] In
Pd-NH3, a 2:0.5:0.5 ratio of �-Pd2:�-Pd2:�-Pd is observed,


that is, monometalated �-anomer is formed at the expense of
the �-Pd2 species. Finally, only mono-metalated glucopyra-
nose is found in Pd-iPrNH2 in a 3:1 � :�-ratio.
As has been demonstrated for galactofuranose, metal


coordination may result in enrichment of a minor aldose
isomer. That the aiding ligand is one of the parameters that
may be used to select a particular isomer may be shown with
ribose. Dissolution of ribose in Pd-iPrNH2 results in the
formation of a single species with the monometalated 1,2-
deprotonated �-ribopyranose as the ligand. It is notable that
�-ribopyranose has about a 20% abundance in aqueous
ribose solutions only, whereas excess Pd-en yields 30% �-
Ribp but 70% �-Ribp.


Conclusion


Pyranoses are relatively rigid in terms of torsion angles, which
are restricted to values of about �60 or 180� (only the 60�
angle being relevant for a bidentate ligand). Hence, small
central atoms that require chelating ligands with a small bite
angle form stable diolato complexes with open-chain or, most
efficiently, with furanoidic diols.[10] However, with the rela-
tively large palladium(��) central atoms, the rather large O-C-
C-O torsion angles of a pyranoidic diol do not affect complex
stability. Hence amine ± palladium moieties are able to form
aldose ±metal complexes with the monosaccharide in both the
pyranose and the furanose form. Under the conditions of
permetalation, the solution species may be predicted by
considering those conformers that allow for maximum metal
bonding. This principle is illustrated best for lyxose and
mannose. Both sugars exhibit only one pyranose form that is
capable of binding two metal atoms. Dissolution in Pd-en
therefore transforms the former isomer mixture into a single-
species solution.
In the case of galactose, an additional structure-determin-


ing factor becomes visible, which should be more important in
di- and oligosaccharide complexes: The acceptor strength of
an aldose-hydroxy group is increased after deprotonation and
metal ligation. Hydrogen bonds are significantly strenghth-
ened as a result. For entropic reasons, conformers with
intramolecular hydrogen bonds are enriched.


Comment on nomenclature : In the framework of the IUPAC
recommendations concerning coordination compounds on
one side and carbohydrates[11] on the other, the following
suggestions are made: ligands are usually abbreviated by
lower-case letters (™en∫). In the case of ligands derived from
acids, the ligand, not the acid, bears the short symbol:
compare [Fe(ox)3]3� with H2ox for oxalic acid. Carbohydrates
are abbreviated by a three-character code, starting with an
upper-case character, stereo descriptors being added in italics
when required: Glc for glucose, �-Manf for �-mannofuranose,
etc. As used throughout this work, it is suggested that both
types of usage are combined, that is to use a coordination
compound type symbol for a non-carbohydrate ligand but to
switch to a carbohydrate-type abbreviation for the carbohy-
drate ligand. Missing protons are treated in the style of
substituents. Hence, �-�-Galf1,3,5,6H�4 is �-�-galactofura-
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nose, which is tetradeprotonated at the positions 1, 3, 5, and 6.
The entirely deprotonated �-�-mannofuranose ligands refer-
red to in the Introduction are simply abbreviated �-�-
ManfH�5. This procedure appears to be more reliable than
strictly applying coordination chemistry nomenclature with
newly designed names for well-knownmolecules; hence glcH5


for glucose and �-�-galf2H or something similar for the
above-mentioned tetraanionic ligand is avoided.


Experimental Section


Preparation : Pd-en[8] and Pd-NH3
[12] were prepared as described earlier;


Pd-MeNH2 and Pd-iPrNH2 were prepared by an analogous procedure as
for Pd-NH3.
1H NMR : Complete 1H NMR (400 MHz, D2O, 25 �C) data sets of
dimetalated aldose species in aqueous solution are given for �-�-arabinose
and �-�-mannose; the data for galactose and ribose species are summarized
without coupling constants, which have not been determined for the entire
signal set of the respective sugar.


Ethylenediamine-(�-�-arabinopyranos-1,2,3,4-O-tetraato)palladium(��) ±
water (1/5) (1): �-Arabinose (86 mg, 0.57 mmol) was dissolved in 0.8�
(2.5 mL, 2 mmol) Pd-en. After the mixture was stirred for 2 h at 0 �C under
nitrogen, acetone vapours were allowed to diffuse into the solution at 4 �C.
Yellow crystals of 1 formed within three days. The water-soluble crystals
are stable in air but start to decompose with formation of palladium metal
at room temperature within a few minutes, which generally is the behavior
of the crystalline samples described here. 1H NMR: �� 3.24 (ddd,
3J(H,H)� 2.0 Hz, 11.0 Hz, 5.0 Hz, 1H; C4H), 3.28 (dd, 3J(H,H)� 2.0 Hz,
2.0 Hz, 1H; C2H), 3.52 (dd, 3J(H,H)� 2.0 Hz, 2.0 Hz, 1H; C3H), 3.58 (dd,
3J(H,H)� 5.0 Hz, 2J(H,H)� 11.0 Hz, 1H; C5H), 3.85 (dd, 3J(H,H)�
11.0 Hz, 2J(H,H)� 11.0 Hz, 1H; C5H), 4.32 (d, 3J(H,H)� 2.0 Hz, 1H;
C1H). Crystal data: C9H32N4O10Pd2, Mr� 569.21 gmol�1, triclinic (0.19�
0.10� 0.09 mm), P1, a� 8.04970(10), b� 8.18250(10), c� 16.1659(3) ä,
�� 85.9287(10), �� 86.6638(11), �� 62.4320(7)�, V� 941.13(2) ä3, Z� 2,
�� 2.00867(5) gcm�3, T� 200(2) K, �(MoK�)� 1.965 mm�1, numerical ab-
sorption correction, Enraf-Nonius KappaCCD, � range� 3.69 ± 27.50,
13685 reflections, 7652 independent, 7273 with I� 2�(I), Rint� 0.0308,
mean �(I)/I� 0.0621, C- and N-bonded H atoms fixed at idealized
positions, O�H distance for water molecules refined as one variable, which
refined to 0.88 ä, H ¥¥¥H distances in water molecules fixed to 1.57�O�H
distance, one common U(H) refined; 528 parameters, R(Fobs)� 0.0287,
Rw(F 2)� 0.0618, S� 1.041, max./min. residual electron density: 0.664/�
0.783 eä�3, shift/errormax� 0.001.


Ethylenediamine-(�-�-ribopyranos-1,2,3,4-O-tetraato)palladium(��) ±wa-
ter (1/6.5) (2): �-Ribose (72 mg, 0.48 mmol) was dissolved in 0.3� (4 mL,
1.2 mmol Pd) Pd-en and stirred for 2 h at 0 �C under nitrogen. The solution
was covered with acetone at 4 �C. Yellow crystals of 2 formed in the course
of one week. 1H NMR: �� 3.1 (2H; C2H, C4H), 3.5 (1H; C5H), 3.9 (1H;
C3H), 4.1 (1H; C5H), 4.7 ppm (1H; C1H). Crystal data: C9H35N4O11.50Pd2,
Mr� 596.23 gmol�1, monoclinic (0.22� 0.11� 0.02 mm), P21, a� 5.3270(5),
b� 16.4449(16), c� 24.664(3) ä, �� 94.385(13)�, V� 2154.3(4) ä3, Z� 4,
�� 1.8383(3) gcm�3, T� 200(3) K, �(MoK�)� 1.726 mm�1, numerical ab-
sorption correction, Stoe-IPDS, � range� 1.66 ± 23.86, 10886 reflections,
6420 independent, 5151 with I� 2�(I), Rint� 0.0613, mean �(I)/I� 0.0715,
only C- and N-bonded H atoms considered in a riding model,U(H) coupled
to U of the respective pivot atom, 478 parameters, R(Fobs)� 0.0592,
Rw(F 2)� 0.1554, S� 0.988, max./min. residual electron density: 3.725/�
1.913 eä�3, shift/errormax� 0.001.


Ethylenediamine-(�-rac-mannopyranos-1,2,3,4-O-tetraato)palladium(��)
±water (1/9.4) (3): �-Mannose (25 mg, 0.14 mmol) and �-mannose (25 mg,
0.14 mmol) were dissolved in 0.2� (5 mL, 1 mmol) Pd-en under nitrogen.
After the mixture was stirred at 0 �C for 2 h, acetone vapors were allowed to
diffuse into the solution at 4 �C. Yellow crystals of 3 formed within three
days. 1H NMR: �� 3.06 (ddd, 3J(H,H)� 7.5 Hz, 7.5 Hz, 1.5 Hz, 1H; C5H),
3.3 (m, 2H; C3H, C4H), 3.59 (dd, 3J(H,H)� 7.5 Hz, 2J(H,H)� 11.5 Hz,
1H; C6H), 3.76 (s, 1H; C2H), 3.78 (dd, 3J(H,H)� 1.5 Hz, 2J(H,H)�
11.5 Hz, 1H; C6H), 4.18 ppm (s, 1H; C1H). Crystal data:


C20H85.6N8O30.8Pd4, Mr� 1357.02 gmol�1, triclinic (0.46� 0.28� 0.10 mm),
P1≈, a� 8.1798(8), b� 10.9038(11), c� 14.3754(12) ä, �� 89.892(11), ��
105.078(10), �� 90.389(12)�, V� 1238.0(2) ä3, Z� 1, �� 1.8202(3) gcm�3,
T� 200(2) K, �(MoK�)� 1.525 mm�1, numerical absorption correction,
Stoe-IPDS, � range� 2.38 ± 23.00, 6385 reflections, 3252 independent,
2912 with I� 2�(I), Rint� 0.0344, mean �(I)/I� 0.0378, H atom refinement
as with 1, O�H� 0.76 ä; 379 parameters,R(Fobs)� 0.0250, Rw(F 2)� 0.0629,
S� 1.008, max./min. residual electron density: 0.561/� 0.555 eä�3, shift/
errormax� 0.001.


Ethylenediamine-(�-�-galactofuranos-1,3,5,6-O-tetraato)palladium(��) ±
water ± ethanol (1/5/1) (4): �-Galactose (108 mg, 0.6 mmol) was dissolved
in 0.5� (3 mL, 1.5 mmol) Pd-en and stirred under nitrogen for 1 h at 4 �C.
The solution was saturated with acetone at 0 �C, covered with ethanol and
stored at 4 �C. Yellow crystals of 4 formed within three days. 1H NMR: ��
3.25 (1H; C6H), 3.27 (1H; C4H), 3.42 (1H; C2H), 3.56 (1H; C6H), 3.70
(1H; C5H), 4.20 (1H; C3H), 4.59 ppm (1H; C1H). Crystal data:
C12H40N4O12Pd2, Mr� 645.31 gmol�1, orthorhombic (0.35� 0.09�
0.04 mm), P212121, a� 7.73980(10), b� 15.10640(10), c� 20.0460(2) ä,
V� 2343.79(4) ä3, Z� 4, �� 1.82878(3) gcm�3, T� 200(2) K, �(MoK�)�
1.596mm�1, numerical absorption correction, Stoe-IPDS, � range� 3.59 ±
27.49, 58511 reflections, 5317 independent, 4955 with I� 2�(I), Rint�
0.0533, mean �(I)/I� 0.0274, H atom refinement as with 1, O-H� 0.91 ä;
310 parameters, R(Fobs)� 0.0206, Rw(F 2)� 0.0677, S� 1.122, max./min.
residual electron density: 0.989/� 1.027 eä�3, shift/errormax� 0.001.


�-�-Galp : 1H NMR: �� 2.86 (1H; C3H), 3.53 (1H; C4H), 3.61 (1H;
C5H), 3.70 (2H; C6H2), 4.05 (1H; C2H), 4.26 ppm (1H; C1H).


�-�-Galp : 1H NMR: �� 3.70 (4H; C2H, C4H, C6H2), 3.81 (1H; C3H),
4.01 (1H; C5H), 5.22 ppm (1H; C1H).


CCDC-188965 (1), CCDC-188968 (2), CCDC-188967 (3), and CCDC-
188966 (4) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge via www.ccdc.can.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Centre, 12 Union
Road, Cambridge CB21EZ, UK; Fax: (�44)1223-336033; or deposit@
ccdc.cam.ac.uk).
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Constant-Distance Mode Scanning Electrochemical Microscopy (SECM)–
Part I: Adaptation of a Non-Optical Shear-Force-Based Positioning Mode for
SECM Tips


Bernardo Ballesteros Katemann, Albert Schulte, and Wolfgang Schuhmann*[a]


Abstract: A non-optical shear-force-
based detection scheme for accurately
controlling the tip-to-sample distance in
scanning electrochemical microscopy
(SECM) is presented. With this ap-
proach, the detection of the shear force
is accomplished by mechanically attach-
ing a set of two piezoelectric plates to
the scanning probe. One of the plates is
used to excite the SECM tip causing it to
resonate, and the other acts as a piezo-
electric detector of the amplitude of the
tip oscillation. Increasing shear forces in
close proximity to the sample surface


lead to a damping of the vibration
amplitude and a phase shift, effects that
are registered by connecting the detect-
ing piezoelectric plate to a dual-phase
analogue lock-in amplifier. The shear
force and hence distance-dependent sig-
nal of the lock-in amplifier is used to


establish an efficient, computer-control-
led closed feedback loop enabling
SECM imaging in a constant-distance
mode of operation. The details of the
SECM setup with an integrated piezo-
electric shear-force distance control are
described, and approach curves are
shown. The performance of the con-
stant-distance mode SECM with a non-
optical detection of shear forces is
illustrated by imaging simultaneously
the topography and conductivity of an
array of Pt-band microelectrodes.


Keywords: constant-distance mode
¥ electrochemistry ¥ microelectrodes
¥ scanning electrochemical
microscopy ¥ scanning probe
microscopy ¥ shear forces


Introduction


In scanning electrochemical microscopy (SECM), ultrami-
croelectrodes (UME) with micro- or even submicrometer-
active tip diameters are employed as tiny electrochemical
scanning probes (SECM tips). Images are acquired by
laterally moving the SECM tip across the sample surface,
usually at a constant height, and monitoring the amperometric
or potentiometric tip response as a function of the tip position
within the scanned area.[1] Since its inception about ten to
fifteen years ago[2] a number of laboratories have made major
contributions towards the development of the SECM.[3]


SECM has matured into a valuable approach for probing
and manipulating the solid/liquid interface.[1] Indeed, SECM
has been successfully employed in a multitude of different
applications such as mapping the local reactivity of (chemi-
cally modified) electrodes with high spatial resolution,[4]


identifying and characterizing microscopic interfacial phe-
nomena such as localized corrosion,[5] determining heteroge-
neous or homogeneous electron transfer kinetics,[6] imaging


the activity of living biological cells,[7] and modifying and
structuring surfaces on the micrometer scale.[8] For a compre-
hensive review of the basic principles of SECM and detailed
information about the state-of-the-art SECM instrumentation
and applications we refer to recently published monographs
and review articles.[1, 9]


In general, SECM takes advantage of the strong depend-
ence of the SECM tip response on the tip-to-sample distance
(d) and the nature of the substrate with respect to its
electrochemical activity/conductivity. For example, with a
disk-shaped UME operated in the amperometric feedback
mode, diffusion of electroactive species towards its sensing
disk is hindered when it is in close proximity to an insulating
target leading to a decrease in the tip current (negative
feedback). Near to a conductor, electron transfer between the
mediator and surface becomes possible allowing consumed
redox species to be regenerated, subsequently increasing the
tip current (positive feedback). The effects of negative and
positive feedback can, in principle, be used to image the
topography and local variations in the conductivity of sample
surfaces. Imaging is usually performed by using so-called tip
approach curves to position the SECM tip at a proper working
distance at which the feedback effects occur, and then
scanning the tip at a fixed height above the surface while
simultaneously monitoring its current response as a function
of x and y tip position.
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Analytische Chemie–Elektroanalytik & Sensorik
Ruhr-Universit‰t Bochum
Universit‰tsstrasse 150, 44780 Bochum (Germany)
Fax: (�49)234-3214683
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By applying constant-height mode SECM imaging to
homogeneous surfaces (either fully conductive or insulating),
their topography can be visualized because any change in the
tip current then strongly relates to changes in d. In contrast,
on flat samples with neighboring conductive and insulating
regions, observed changes in the tip response reflect varia-
tions in conductivity. However, carrying out SECM in a
constant-height mode has some major drawbacks. For in-
stance, for samples that show local variations on both
conductivity and topography, changes in the tip response
arising from distance variations cannot, in general, be
distinguished from those originating from alterations in
conductivity, and additional information about the morphol-
ogy of the specimen is required to allow a deconvolution of
these two components. Additional problems arise due to the
fact that the working distance suitable for successful imaging
is strongly linked to the diameter of the active disk of the
SECM tip. The working distance suitable for imaging has to
be of the order of the diameter of the electrode used as the
SECM tip. This is to ensure that either in the amperometric
feedback mode the microelectrode tip is placed well within
the regime of the negative and positive feedback effects or, in
the generator/collector mode of operation, a good collection
efficiency is guaranteed.[10] There is a risk of tip crash when
the tip is scanned at constant height across a tilted surface
(Figure 1A) or when the height of three-dimensional struc-
tures on the sample surface significantly exceeds the diameter
of the SECM tip itself (Figure 1C). On the other hand, the
feedback or collection efficiency is lost if the tip is scanned
away from a tilted surface (Figure 1B) or during scanning
across grooves or holes (Figure 1D). As a matter of fact,
scanning at constant height becomes more difficult and the


Figure 1. Principle limitation of SECM measurements using a SECM tip
scanned at constant height on a tilted surface (A,B) and on surfaces with
three-dimensional features (C) or grooves and holes (D). Tip crash will occur
in A and C, while a loss of the near-field distance will take place in B and D.


probability of a tip crash increases if the size of the SECM tip
is reduced in the hope of attaining higher resolution imaging.


Because of the principal limitations of the constant-height
mode of operation, constant-distance mode SECM was
considered important as it guarantees knowledge and control
of the tip-to-sample distance, both fundamental prerequisites
for an unambiguous interpretation of SECM data and for
avoiding tip crash. As scanning at a constant distance forces
the SECM tip to follow the contours of the surface, it not only
allows simultaneous acquisition of the electrochemical tip
response and the sample topography but also prevents tip
crash even with very small SECM tips. For the reasons
mentioned above, the amperometric SECM tip current is not
suitable for providing input for a closed-loop feedback control
that could be used to maintain a constant distance of the tip to
the specimen during electrochemical imaging. After attempts
to control the tip-to-sample distance using tip modulation[11]


or picking modes,[12] it became obvious that the convolution
between distance and electrochemical activity can only be
resolved by using non-electrochemical strategies for SECM
imaging in a constant-distance mode. In 1995, we showed for
the first time that a shear-force-based feedback mechanism
with an optical detection system, as originally developed by
others for the positioning of ultrasmall optical fiber tips in
scanning near-field optical microscopy (SNOM),[13] can also
successfully be adapted to control and regulate the tip-to-
sample distance in SECM.[14] With this technique, a flexible
SECM tip is vibrated laterally at its resonant frequency using
a piezoelectric buzzer for agitation. By focusing a laser beam
on the vibrating probe tip and projecting the resulting Fresnel
diffraction pattern onto a split photodiode, the amplitude of
the tip oscillation could be monitored optically by a phase-
sensitive amplification of the difference signal of the photo-
diode with respect to the agitation signal using a lock-in
amplifier. As the oscillating SECM tip approaches the sample
surface, the amplitude of vibration is observed to decrease at
very close distances due to increasing shear forces occurring in
the near-field regime of the sample (�1 �m). To accomplish
constant-distance mode SECM, the tip is positioned at a
distance at which a predefined value of damping is reached
(set point). A computer-controlled closed-loop feedback
during scanning continuously compares the actual value of
the vibration amplitude with the set point value, and it
responds rapidly to any resulting differences (reflecting
distance variations) by readjusting the tip-to-sample distance
using the z-positioning elements of the SECM setup. This
guarantees the maintenance of a constant level of damping
and noncontact scanning at a constant distance of much less
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Abstract in German: Scherkraftwechselwirkungen, die bei
sehr geringen Abst‰nden zwischen in Resonanz schwingenden,
nadelfˆrmigen Mikroelektroden und der Probenoberfl‰che
auftreten, wurden f¸r die Entwicklung eines nicht-optischen
Verfahren zur pr‰zisen Abstandskontrolle von Messsonden f¸r
die elektrochemische Rastermikroskopie (SECM) verwendet.
Eine hochempfindliche Detektion der Scherkr‰fte gelang dabei
durch zwei in geeigneter Weise an den Sonden befestigte
piezoelektrische Pl‰ttchen, von denen eines zur Anregung der
Schwingung und das zweite zur Detektion der Schwingungs-
amplitude und -phase mittels eines Lock-In Verst‰rkers
verwendet wird. Auf Basis des scherkraft- und damit auch
abstandsabh‰ngigen Signals des Lock-In Verst‰rkers konnte
eine leistungsf‰hige r¸ckgekoppelte Regelung etabliert werden,
die eine kontinuierliche Repositionierung der SECM-Sonden
w‰hrend des Rasterns ¸ber der Probenoberfl‰che gew‰hrleistet
und dadurch einen Betrieb des SECM im ™constant-distance∫
Modus mˆglich macht. Alle wichtigen technischen Details des
SECM mit integrierter piezoelektrischer Hˆhenkontrolle wer-
den ausf¸hrlich beschrieben. Au˚erdem werden Scherkraft-
abh‰ngige und elektrochemische Ann‰herungskurven gezeigt
und die Vorteile eines Betriebes im ™constant-distance∫ Modus
durch eine simultane Abbildung sowohl der Topographie als
auch der Leitf‰higkeit eines bandfˆrmigen Mikroelektroden-
arrays veranschaulicht.
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than one micrometer. An alternative way to achieve shear-
force-based constant-distance mode SECM has been descri-
bed by Smyrl et al.[15] They attached the SECM tip to the
tuning fork resonance detection system of a commercially
available SNOM and used the response of the tuning fork/
SECM tip-assembly as a measure of shear-force-induced
damping of the tip vibration and as an input for a feedback
control. However, due to the fact that the SECM tip is not
vibrating at its resonant frequency, the shear-force interaction
occurs only at shorter distances between the UME and the
sample surface. In addition, the higher stiffness of the tips
used does not allow the visualization of soft sample surfaces.
More recently, an electrochemical impedance method for
controlling the tip-to-sample separation in SECM was pro-
posed.[16] With this method, a small sinusoidal voltage is
applied to the SECM tip causing an alternating current (AC)
to flow between the tip and a counter electrode. This current is
affected by the tip-to-sample distance and was used to establish
a feedback loop allowing the SECM tip to scan at constant
distance. Furthermore, the functionality of a SECM was
integrated into a commercially available atomic force micro-
scope (AFM) by using specially designed AFM cantilevers.
These acted as both a force sensor for topographical imaging
and a UME for electrochemical measurements.[17] However, it
has to be pointed out that the components needed to operate
a shear-force-based constant-distance SECM can be integrat-
ed easily into conventional SECM setups, thus avoiding the
need to invest in AFM equipment. In addition, the z range
and the x,y scanning area of commercial AFM systems is often
limited and the integration of fully functioning electrochem-
ical cells suitable for non-flat samples is often difficult.


Shear-force-based constant-distance SECM with an optical
detection scheme for the shear forces has already been
successfully used for surface modification,[14b] the positioning
of non-amperometric SECM tips,[14c] and measurements on
soft biologial samples, that is, for imaging the topography and
activity of single secretory cells.[7g] However, the optical shear-
force detection system requires a number of presuppositions
for the design of the setup. The SECM tip has to be kept in a
fixed position to ensure a permanent and perfect alignment
with the laser beam and the photodiode. Consequently, the
assembly for holding the tip with the agitation piezo, the laser,
and the photodiode have to be arranged on a rigid metal plate
and the sample has to be moved in the x,y,z direction with a
fixed-tip configuration. A specially designed chamber with
two parallel glass windows of high quality and clear, trans-
parent electrolytes are needed to allow the laser beam to pass
through the electrochemical cell unaffected. Furthermore, the
laser beam should be positioned as close as possible to the
very end of the SECM tip to be most sensitive to shear forces
but not too close to avoid disturbances of the optical signal
due to reflection of light from the sample surface.


Although it works very well, at least for conventional
SECM tips with typical diameters of 5 ± 25 �m, the setup with
an optical detection of shear forces and its operation is rather
complicated and needs a lot of hands-on experience. To
simplify shear-force-controlled constant-distance SECM, we
have developed a highly sensitive, non-optical shear-force
distance control for SECM tips as an easier-to-use alternative


to the optical method. The method is adapted to the specific
needs of SECM from an earlier work by Brunner and Marti in
which a piezoelectric shear-force distance control for SNOM
was described.[18] They sandwiched the holder for a tapered
optical fiber between two piezoelectric plates; one of these
was used to excite the fiber tip to oscillate at resonant
frequency, the other detected the amplitude of tip vibration.
However, due to the characteristics of the SNOM tips used,
the proposed system was optimized for operation in air or in
liquid films of small height.


Herein, we report on the integration of a variant of this
method into a specifically designed SECM setup. To make the
piezoelectric system function, we had to adapt it to the special
requirements arising from the fact that disk-shaped voltam-
metric ultramicroelectrodes of different design are used.
These are quite different from the tapered optical fibers used
for SNOM, mainly in terms of their stiffness, the length of the
pulled capillary, and, most importantly, the insertion depth
into the electrolyte solution. All important technical aspects
of the SECM setup with the piezoelectric shear-force distance
control are given below, including a detailed description of
how to operate the non-optical constant-distance mode
SECM. The performance of the method is finally illustrated
by imaging simultaneously the topography and conductivity
of an array of Pt-band microelectrodes.


Results and Discussion


Technical concept of a SECM with an integrated, non-optical
shear-force-based distance control : Figure 2 shows a sche-


Figure 2. Schematic representation of the basic design of the SECM
instrument as used with a non-optical, piezoelectric shear-force distance
control. A,B) Stepper motors and piezoelectric stacks for x and y tip
displacements; C) stepper motor and a piezoelectric stack for z positioning
of the electrochemical chamber; D) SECM tip/microelectrode; E) tip
holder; F) agitation and detection piezoelectric plate; G) electrochemical
chamber; H) rigid metal holders; I) base plate; J) set of three screws for the
compensation of a tilt possibly be present between the plane of the
microdisk of the SECM tip and the plane of scanning; K) vibration
damping table.


Chem. Eur. J. 2003, 9, 2025 ± 2033 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2027







FULL PAPER W. Schuhmann et al.


matic representation of the compact design of our specifically
designed SECM setup with an integrated, non-optical shear-
force distance control. Because a piezoelectric and not an
optical read-out of shear forces is used to operate the shear-
force-based distance control, no laser has to be focused on the
very end of the SECM tip or aligned with a photodiode. Thus,
no special electrochemical chamber equipped with glass
windows is necessary, and a fixed-tip configuration is not
required either. This allowed us to establish a microposition-
ing system with which the SECM tip is moved in the x and y
directions for scanning the surface of the sample, whereas the
electrochemical cell with the sample fixed to its bottom is
moved in the vertical (z) direction for tip approach and
control of the tip-to-sample distance.


The electrochemical cell including the sample, reference,
and counter electrode is mounted on a one-axis translation
stage (z) driven by a robust, computer-controlled stepper
motor. This allows translation of the sample towards or away
from the SECM tip. To allow the detection of shear forces
between a vibrating SECM tip and the sample surface, highly
flexible disk-shaped Pt microelectrodes are needed which
were fabricated from Pt wires of 10 �m diameter sealed into
the tapered end of pulled glass capillaries.[14] Varying the
length of the tapered region and the diameter of the insulating
sheath allowed adjustment of the stiffness of the glass-
insulated Pt microelectrodes in such a way that SECM tips
with characteristic resonant frequencies from only several
hundred Hz up to about 150 kHz became available. These
SECM tips were mounted by using a rigid tip holder to two
additional translation stages (x,y), again both driven by a set
of computer-controlled stepper motors and used for scanning
in the x,y direction. The stepper motors provided an
approximate x, y, and z positioning with a spatial resolution
of 0.6 �m per half step and the advantages of a long travel
path (2.5 cm). However, for an accurate and fast control of the
tip-to-sample distance (fine positioning of the z height) in a
closed-loop feedback control, and for rapid and precise
movements of the sample in the x,y direction, three piezo-
electric stacks were included additionally into all three
translation stages. These allowed displacements with a
nominal resolution of 3 ± 5 nm in each direction.


The key component of the SECM setup with a non-optical,
shear-force based constant-distance control is the integrated,
piezoelectric shear-force detection system, which consists
essentially of two thin piezoelectric plates and one or two tiny
blocks of brass. The brass blocks have a cylindrical hole drilled
through their center from the top, just large enough in
diameter to allow a Pt microelectrode (SECM tip) to be
inserted and kept in place at various positions along the
electrode body using a pair of small set screws. In our first
attempts to construct the shear-force detection system we
precisely followed the geometry of the arrangement as
described earlier by Brunner and Marti for optical fiber tips
in SNOM[18] (see Figure 3A). Two piezoelectric plates were
attached sandwichlike to the opposite faces of one of the
specially designed brass holders and the holder was then fixed
to a metal tube at the taper of the Pt microelectrode. The
metal tube was glued to the narrowing part of a glass-insulated
Pt microelectrode in such a way that about 2 mm of the glass


Figure 3. Schematic representation of the different assemblies of an
SECM tip, one or two brass holders, and two piezoelectric plates as used
for the implementation of a non-optical shear-force-based distance control
into an SECM. A) The design as proposed by Marti and Brunner[18] for the
positioning of optical fiber tips in SNOM; B,C) Two modifications of the
design as shown in A) with the brass holder simply fixed at a different
position of the microelectrode body (B) or with a separation of the
piezoelectric plates used for agitation of tip vibration and detection of the
amplitude of tip vibration (C).


tip was protruding out of it and protected the fine glass
structure from breaking when using the set screws of the brass
holder for fixation. To complete the system, one of the
piezoelectric plates was connected to a function generator
allowing the application of small sinusoidal voltages to excite
the SECM tip/brass holder assembly to vibration at resonant
frequency. The second piezoelectric plate was connected to a
lock-in amplifier and a phase-sensitive amplification of its
alternating voltage was used to monitor the amplitude of the
SECM tip oscillation. (The amplitude of the AC voltage of the
detecting piezoelectric plate as measured with the lock-in
amplifier is abbreviated as Vpiezo in the following description.)


To test the performance of this arrangement, frequency
spectra were recorded and used to determine a suitable
resonant frequency for glass-insulated Pt microelectrodes
before finally approach curves (plots of Vpiezo versus d) were
acquired with the tip vibrating at resonance to check the
ability of the system to detect shear forces. However, the
arrangement successfully used for optical fiber tips turned out
to be unsuitable for SECM tips for the following reasons.
First, it was rather difficult to find appropriate resonant
frequencies for the brass holder/SECM tip assembly, and if
found, the system was rather insensitive to the shear forces
occurring between the microelectrode tip and the sample.
This might be explained by the different geometry of tapered
optical fibers and Pt microelectrodes and the fact that a Pt
wire is sealed into the glass tips, both of which possibly lead to
significant differences in their mechanical stiffness and
vibration characteristics as compared to conventional opti-
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cal-fiber tips. Moreover, with the piece of brass fixed to the
thin glass tips, the assembly was very fragile and for that
reason difficult to handle. Even when special care was taken,
the fine glass tips often were liable to break during fixation of
the brass holder or when the assembly was inserted into the
SECM.


To develop a system that showed both improved sensitivity
to shear forces and decreased fragility, several other designs
for assembling the brass holder and the piezoelectric plates
for agitation and detection were investigated. For example, a
brass holder with the two piezoelectric plates opposing each
other was fixed to the upper part of the microelectrode body
just above the region where the pulled capillary starts to get
thinner (see Figure 3B). This lowered the risk of breaking the
glass tips of the microelectrodes, however, it did not allow
detection of shear forces with the tip in the near-field regime
of the sample. In our final attempt, the detection and agitation
piezoelectric plates were glued separately to two brass holders
which were then fixed to the microelectrode body in such a
manner that the piezoelectric plates were located oppositely
at either side of the glass capillary (see Figure 3C). In fact,
with such a design it became possible to excite the micro-
electrode tip adequately to vibrate at resonance, and, even
more importantly, the amplitude of the tip vibration became
very sensitive to the appearance of shear forces. Figure 3
shows a schematic diagram of the non-optical shear-force-
based distance control as finally successfully employed for the
accurate positioning of SECM tips and for SECM imaging in a
constant-distance mode of operation.


Frequency spectra and approach curve measurements : Fre-
quency spectra were recorded with the system as shown in
Figure 4 and used to determine suitable resonant frequencies
for the disk-shaped Pt microelectrodes. Usually, two spectra
were measured, one with the entire assembly kept in air and
another one, using the SECM device for tip positioning, after
immersing just the very end of the microelectrode tip into
water. As can be seen from Figure 5, the two spectra are
rather complex and indistinguishable for most of the frequen-
cies. However, at certain frequencies (indicated with arrows in


Figure 4. Illustration of the piezoelectric shear-force detection system as
used successfully in this study to establish constant-distance mode SECM.


Figure 5) significant differences in Vpiezo occurred. The
amplifier×s output at these characteristic frequencies was
usually reduced upon immersion, an effect that can be
attributed to a damping of the tip vibration. Since the output
of the lock-in amplifier at these frequencies depended
strongly on interactions of the tip with the liquid environment,
no others were considered important to establish a shear-
force-based feedback. With the tip just a few tenths of a
micrometer above the surface of the sample but surely out of
the regime of shear forces, a fine tuning of the frequencies of
choice was used to further optimize the response of the
detecting piezoelectric plate and the lock-in amplifier signal.
This ensured that during an approach the degree of damping
by changing the immersion depth of the tip was negligible as
compared with the degree of damping that occurred upon
final surface approach. With these settings, a series of
approach curves was performed, all under exactly the same
experimental conditions but with the difference that the tip
was brought to vibration in each case with one of the shear
force-sensitive frequencies as determined from the frequency
spectra. From the appearance of these approach curves, the
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Figure 5. Frequency spectra (10 ± 135 kHz) of a glass-insulated 10 �mdiameter Pt-disk microelectrode integrated into the piezoelectric shear-force detection
system as shown in Figure 3C and measured with the microelectrode kept above a solution in air (solid line) and with just the very end of the tip of the
microelectrode immersed into the electrolyte (dashed line). The arrows indicate frequencies at which the two superimposed spectra differ significantly from
each other.
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frequency offering the best sensitivity for a detection of shear
forces was selected and used for establishing the shear-force-
dependent feedback loop for constant-distance SECM.


Figure 6 shows the overlay of a typical electrochemical and
a shear-force-based approach curve, simultaneously recorded
with a disk-shaped Pt microelectrode (10 �m in diameter, part


Figure 6. Approach curves of a glass-insulated 10 �m diameter Pt-disk
microelectrode obtained at an insulating surface (epoxy) in a solution of
5 m� [Ru(NH3)6]Cl3 and 0.5 m� KCl. A) Diffusion-controlled steady-state
tip current with the microelectrode held at �300 mV versus Ag/AgCl
reference as a function of tip-to-sample distance; B) simultaneously
recorded amplitude of the tip vibration (measured with the piezoelectric
shear-force detection system as shown in Figure 3) versus tip-to sample
distance.


of a piezoelectric shear-force detection system as shown in 3C
and vibrated laterally to resonance at 80 kHz) throughout the
approach to an insulating surface. As expected, the ampero-
metric current response of the microelectrode starts to
decrease at distances below about 30 �m on account of the
effect of negative feedback (modulation of the hemispherical
diffusion profile in front of the microelectrode). In contrast,
the shear-force-induced damping of the tip vibration takes
place at much shorter distance, typically at distances of less
than 500 nm.


SECM imaging in the shear-force-based constant-distance
mode : The feasibility of the developed shear-force-based
constant-distance mode with a non-optical detection of the
shear force was evaluated by imaging simultaneously the
topography and conductivity of a model sample consisting of
an array of Pt-band microelectrodes with four parallel bands,
each of them 1 mm in length, 25 �m in width, and with a 25 �m
insulating space in between them. The height of the Pt
microstructures was determined by means of AFM line scan
measurements (not shown) and was found to be about 0.6 �m.
A light microscope picture and a schematic representation of
the model sample together with the expected topographic and
tip current response for SECM imaging in the constant-
distance mode are shown in Figure 7.


Prior to imaging in the constant-distance mode of oper-
ation, the computer-controlled feedback loop constantly
regulating the tip-to-sample separation during scanning had
to be established. Following the procedure as described
above, the SECM tip, a 10 �m Pt-disk microelectrode, was


Figure 7. A) Light microscopy picture of the Pt microband array used as
model sample; B) schematic representation of the topography and
conductivity properties of a cross section of the sample along the line
from point 1 to point 2; C) schematic depiction of the expected topography
and current response during a SECM line scan in constant-distance mode
along the line from point 1 to point 2. The increase in the cathodic current
due to positive feedback above the platinum is seen as a downward
deflection in the current trace.


made to vibrate at a suitable, shear-force sensitive frequency.
Then, the electrochemical cell with the sample was moved
towards the vibrating probe tip at an intermediate speed of
about 1 ± 5 �ms�1, while continuously monitoring the ampero-
metric tip current and the amplitude of tip vibration, Vpiezo,
over time.


As a matter of fact, the reduction in the tip current due to
negative feedback appeared notably earlier than the decrease
of the vibration amplitude due to shear forces. Accordingly,
the tip current could be taken as a first indication that the
probe became close to the surface and at the time when the tip
current was starting to decrease, the speed of approach was
reduced to much slower values of only about 100 ± 200 nms�1


to assure a very gentle positioning of the scanning probe into
the regime of shear forces. The attentive z approach was
automatically stopped at a user-defined degree of damping of
the vibration amplitude (at the ™set point∫), usually at 70 ±
80% of the unaffected value with the tip far above the surface.
The developed SECM software allowed determination of the
slope (�Vpiezo/�z) at the end of the approach curve, which in
principle defines a linear function between the damping of the
vibration amplitude and the displacements in the z direction.
The derivative �Vpiezo/�z allowed the sensitivity of the closed-
loop feedback control to be set. This permitted it to respond
instantly to changes in the amplitude of tip oscillation (�Vpiezo,
indicating increasing or decreasing shear forces due to
variations in d) with readjustment of the tip-to-sample
distance by driving the z-positioning element of the system
exactly the corresponding �z. A so-called damping factor was
integrated into the module of the SECM software running the
feedback loop and ensured that it was not overacting in terms
of over-swinging around the set point, as often happens for
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such feedback control schemes. Clearly, the damping factor
slows down the response of the established feedback loop to
changes occurring in the sample×s morphology. By means of a
proper setting of the damping factor it was ensured that the
damping of the feedback loop did not lead to a poor and slow
response to changes in the topography of the sample, and
over-swinging did not hinder successful imaging. Once the
feedback loop was optimized, SECM imaging in the constant-
distance mode of operation could be started. Usually, imaging
in constant-distance mode was performed at a speed of 0.1 ±
10 �ms�1 for x and y displacements (depending on the desired
resolution). In the background, the stable feedback loop
continuously guaranteed the maintenance of a constant tip-to-
sample distance within the regime of shear forces, namely of
about 100 ± 200 nm.


Figure 8 illustrates the current (A) and the topographical
(B) images of the array of Pt-band microelectrodes, acquired
simultaneously by using the SECM in the constant-distance
mode as described above. The topographic and current values
of the forward and backward scans were recorded (backward
image not shown). The images did not differ from each other
and gave identical height and current profiles of the test
structure. The current image corresponds well with the
topographical image (compare also the schematic represen-
tation of the structure in Figure 7) and the electrochemical
and morphological properties of the four Pt-band micro-
electrodes were visualized in a very sensitive way with high
contrast. Evidently, as the overall diameter of the tip electrode
(about 100 �m) is much larger than the clearly resolved
microstructure, the shear-force interaction occurs between a
protruding edge of the microtip and the sample surface.


The obtained results clearly demonstrate the ability of the
shear-force-dependent feedback loop with a piezoelectric
detection of the shear forces to resolve the topographical fine
structure of the model substrate and underline the perform-
ance of the non-optical approach for the detection of shear
forces. Notably, the topography image displayed a relative
upward movement of the scanning probe in the x and y
directions with a difference in the height of more than a few


�m within the scanned range. This displacement is the result
of a surface tilt of the sample relative to the plane of x,y
scanning and its visualization should be seen as further proof
that the shear-force-dependent feedback loop certainly was
forcing the SECM tip to follow the contours of the tilted
surface. Since the SECM tip was scanned at a constant
distance, the tilt of the sample surface did not influence the
electrochemical response (corresponding to the level of
negative/positive feedback) throughout scanning. For in-
stance, the values of the current with the tip above the
insulating parts at the beginning and the end of the scans were
almost identical to each other (see Figure 8A and 9A). As


Figure 9. Single current line scans obtained during scanning of a 10 �m
diameter Pt-microelectrode across an array of Pt-band microelectrodes by
using SECM either in A) a constant-distance or B) a constant-height mode
and displaying the amperometric tip response (left axes) versus x position.
The parameters for SECM imaging were the same as in Figure 6.
C) Topographical line scan (displacement of the z-positioning element
(right axes) versus x position) acquired together with the current scan as
shown in A).


one can see from Figure 9B, this is not observed when the
imaging procedure was performing by using the SECM in the
conventional constant-height mode of operation with which
the SECM tip is first positioned at a proper working distance
and then scanned at a fixed setting of the z-positioning
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Figure 8. A) Amperometric feedback and B) topographic images of a 500� 250 �m portion of an array of Pt-band microelectrodes. Both images were
acquired simultaneously in a solution of 5 m� [Ru(NH3)6]Cl3 and 0.5 m� KCl with a 10 �m diameter Pt-disk microelectrode vibrating at resonance and kept
at �300 mV versus Ag/AgCl serving as the scanning probe for imaging with constant-distance mode SECM.
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element of the device. Scanning the tilted surface of the Pt-
band electrodes at constant height continuously led to
changes in the tip-to-sample distance. In turn, this varied
the degree of electrochemical feedback and hence the
amperometric tip current. Consequently, employing the
constant-distance mode of SECM offered the major advant-
age that an improved electrochemical image of the Pt band
microelectrodes with a much better contrast between the
insulating and conducting regions was obtained simultane-
ously with an image of the morphology of the sample surface.


Conclusion


A non-optical shear-force-based detection scheme for main-
taining a constant tip-to-sample distance in SECM has been
presented. The appearance of shear forces between the
SECM tip and the sample surface has been measured with a
high sensitivity by using two piezoelectric plates one of which
was used to stimulate the tip to vibration at resonance, while
the other was connected to a lock-in amplifier and a phase-
sensitive amplification of its alternating voltage was used to
monitor the amplitude of the tip oscillation. As the vibrating
SECM tip got into very close proximity of the sample surface,
increasing shear forces led to a damping of the vibration
amplitude that was clearly observed as a decrease of the
output of the lock-in amplifier. The distance dependence of
the amplitude of tip oscillation allowed a computer-controlled
closed-loop feedback to be established, which constantly
regulated the tip-to-sample spacing throughout scanning to
only a fraction of a micrometer. Thus, SECM in a constant-
distance mode of operation became possible, providing
independent information about the sample topography and
its electrochemical activity/conductivity. The viability of the
method has been unequivocally proven by imaging, at the
same time, both the topography and conductivity of an array
of Pt-band microelectrodes and by comparing the current
images with ones acquired using SECM in a constant-height
mode. The measurements in the constant-distance mode
produced better-quality current images of the Pt band micro-
electrodes with an enhanced contrast between the insulating
and conducting regions. The non-optical detection of shear
forces offers the advantage over our recently published
optical approach in that it is easier to use and the operator
is not limited to special electrochemical chambers and
transparent solutions. Furthermore, a piezoelectric detection
of shear forces should be suitable for the positioning of ultra-
small SECM tips[19] with significantly reduced total tip
diameters compared to those needed for high-resolution
topographical imaging. The high-resolution imaging with
glass-insulated Pt nanoelectrodes as the scanning probes
operated by employing constant-distance mode SECM with a
non-optical detection of shear forces is currently under
investigation.


Experimental Section


Chemicals, samples, and microelectrode preparation : All SECM experi-
ments were performed in aqueous solutions containing 5 m�


[Ru(NH3)6]Cl3 (Strem Chemicals, Newburyport, MA, USA) in 0.1� KCl
(Riedel de Haen, Seelze, Germany). The samples studied were arrays of Pt
microband electrodes prepared by using standard lithographic procedures
with four parallel bands, each of them about 1 �m in height, 1 mm in length,
25 �m in width, and with a 25 �m insulating space in between them. Glass-
insulated, disk-shaped Pt microelectrodes 10 �m in diameter with a ratio
between the diameter of the active surface to the insulating glass sheath of
about 10 (not exactly determined) have been used as SECM tips and were
fabricated from platinum wires 10 �m in diameter (Goodfellow, Bad
Nauheim, Germany) sealed into the tapered tips of pulled borosilicate
capillaries (Hilgenberg, Art. No. 1400372, Hilgenberg, Germany; O.D.:
1.5 mm, I.D.: 0.75 mm) following a procedure described previously.[14]


Instrumentation, SECM components : SECM imaging was carried out in a
one-compartment electrochemical cell and in three-electrode configura-
tion, with the SECM tip acting as working (WE), a Pt-wire as counter
electrode (CE) and a chlorinated silver wire as a Ag/AgCl pseudo-
reference electrode (RE).
A PC in combination with Windows software programmed in Microsoft
Visual Basic 3.0 (Microsoft, Unterschlei˚heim, Germany) was used for the
control of all system parameters and for data acquisition. Accurate control
of the potential of the SECM tip was provided by a bipotentiostat/
galvanostat (PG100, Jaissle Elektronik GmbH, Waiblingen, Germany)
capable of measuring currents in the sub-nA range at low-noise. The main
components of the micropositioning device of the SECM were three
translation stages (Owis, Staufen i. Br., Germany) and three computer-
controllable stepper motors with a nominal resolution of 0.6 �m per half
step and a maximal travel path of about 2.5 cm (Owis, Staufen i. Br.,
Germany), together with three piezoelectric stacks from Piezomechanik
Pickelmann GmbH, M¸nchen, Germany. The piezoelectric devices offered
maximal displacements of either 80 �m (the ones used for scanning in the
x,y direction) or 40 �m (the one used for tip movements in the z direction/
tip approach) at 150 V and were driven by a computer-controlled high-
voltage power supply (PS500/5; Owis, Staufen i. Br., Germany). The tip-
holding assembly including the piezoelectric shear-force detection system
was built from a home-made brass holder (4� 2� 3.5 mm) and two
piezoelectric plates of 0.5 mm thickness (Piezomechanik Pickelmann
GmbH, M¸nchen, Germany). A function generator (HP 33120A, Hew-
lett-Packard, USA) was connected to one of the piezo plates and used to
stimulate the SECM tip oscillation. The second piezo plate was used to
detect the amplitude of the vibration of the SECM tip, and therefore
connected to a dual-phase analogue lock-in amplifier (PAR5210, Perkin
Elmer, Bad Wildbad, Germany).
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Syntheses and Structures of Magnesium Pyridine Thiolates–Model
Compounds for Magnesium Binding in Photosystem I


Antonio Sousa Pedrares,[b] Weijie Teng,[a] and Karin Ruhlandt-Senge*[a]


Abstract: Novel magnesium pyridine-2-thiolates were prepared by using alkane
elimination chemistry. The resulting complexes display a metal coordination
environment composed of sulfur/nitrogen bonding from the intramolecularly
stabilized mercaptopyridine ligand, in addition to coordination by the oxygen
centers from two THF donors. The compounds are well-suited model compounds for
the magnesium centers in Photosystem I, in which magnesium, situated in the central
chlorophyll ligand, is bound to sulfur from a nearby methionine residue. All
compounds were characterized by 1H, 13C NMR, and IR spectroscopy, in addition to
X-ray crystallography.


Keywords: biomimetic model com-
pounds ¥ magnesium ¥ N ligands ¥
Photosystem I ¥ S ligands


Introduction


The recent structure elucidation of Photosystem I to 2.5 ä
resolution revealed some remarkable surprises.[1] One of the
most unexpected results was the coordination environment of
the magnesium ion situated at the center of the chlorophyll
that serves as the primary acceptor of electrons in the
photosystem. This magnesium center is coordinated to four
nitrogen atoms from the chlorophyll chromophore, in addi-
tion to a sulfur atom from a nearby methionine residue,
making this the first structurally authenticated example of
magnesium± sulfur binding in nature. This remarkable struc-
tural element is especially surprising since it was commonly
believed that a soft sulfur atom would not interact favorably
with the small, hard magnesium atom. Rather, magnesium
would bind preferentially to small, hard ligand systems with
oxygen or nitrogen functionalities.[2]


So far, only few magnesium complexes with sulfur and
nitrogen coordination have been reported, resulting in very
few species available for direct comparison with the magne-
sium site in Photosystem I. Remarkably, none of these
compounds sheds light on the binding of nitrogen and sulfur
to magnesium, as found in Photosystem I.


The main structure-determining factor among magnesium
thiolates is the steric bulk of the thiolate ligand.[3] Employ-
ment of sterically very cumbersome ligands enables the
isolation of compounds with low coordination numbers, as
observed in the pseudo two-coordinate [Mg(S-2,6-
Trip2C6H3)2] (Trip� 2,4,6-iPr3C6H2),[4] or pseudo three-coor-
dinate [Mg(STriph)(�2-STriph)]2 (Triph� 2,4,6-Ph3C6H2).[5]
Both compounds display arene interactions between the
ortho substituents of the ligand and the metal center. Steri-
cally demanding ligands are also needed to allow the isolation
of compounds with a coordination number of four, as
evidenced by [Mg(Et2O)2(SMes*)2] (Mes*� 2,4,6-
tBu3C6H2),[5] [Mg(Tpp-tol)SH] (Tpp-tol� tris(3-p-tolylprazolyl)-
hydroborate),[6] and others (see Table 1). If smaller ligands are
utilized, compounds with coordination numbers of five or
higher are observed.[3]


Model compounds for comparison with the magnesium
center in Photosystem I require magnesium derivatives with
ambivalent sulfur and nitrogen binding ligands. So far, only a
few magnesium thiolates with additional nitrogen coordina-
tion have been disseminated, including the five-coordinate
[Mg(SC6F5)2(py)3],[7] and the six-coordinate [Mg(SPh)2-
(py)4],[7] and [Mg3(�2-SPh)6(py)6].[7] Examples of compounds
in which the nitrogen donation is achieved by intramolecular
coordination include the heteroorganocuprate [Mg2(SC6H4-
((R)-CH(Me)NMe2))4Cu4(Mes)4] (Mes� 2,4,6-Me3C6H2,[8]
and the five-coordinate dimer [Mg(SC6H4-2-CH2NMe2)2]2.[9]


No example is available in which sulfur acts as a Lewis donor.
The only compounds in which an ambivalent ligand system
has been employed are a group of magnesium derivatives with
sulfur and nitrogen coordination, prepared by insertion of
isothiocyanate into a Mg�C bond of a diorganomagnesium
derivative. Examples include [Mg(thf)2(SCPhNtBu)2],[10]
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[Mg(thf)2{SC(NPh)NiPr2}2],[10] the dimeric [Mg2(OEt2)2(S-
CEtNPh)4],[10] and the polynuclear [AlMe2(�-iPr2N)2Mg-
(tBuNCH3S)].[11] An additional example is the six-coordinate
mercaptopyridine derivative [Mg(py)2(pyS)2].[7] However,
significant disorder in the last example, due to statistically
distributed donors and ligands, make the structure determi-
nation of this compound less than ideal.
As a consequence, few compounds are available to mimic


the metal environment in Photosystem I and allow for the
analysis of metal binding to nitrogen and sulfur. To illuminate
which element would bind favorably as a ligand or donor to
the magnesium center, a ligand system in which either sulfur
or nitrogen can act as a donor or ligand is needed.
The mercaptopyridine ligand displays two tautomeric forms


(Scheme 1): a thiol and an �-thione.[12] Interestingly, the �-
thione form is predominant in the crystal, indicating that the
drive towards aromatization does not predetermine which of
the two donor atoms would bind preferentially to the metal


Scheme 1. The two tautomeric forms of the mercaptopyridine ligand.


atom. Accordingly, this ligand is ideally suited for model
compounds of Photosystem I, since it will indicate if magne-
sium will preferentially bind to sulfur or nitrogen; if a
magnesium± nitrogen interaction is favored over a magne-
sium± sulfur bond, one would expect the �-thione form to be
precedent. In this case short, strong magnesium± nitrogen
amide-type bonds, and long, weak metal ± sulfur bonds with
increased C�S bond order would be observed. In case of a
substantial magnesium± sulfur contact, the thiolate form of


the ligand would be favored and nitrogen atom would act as a
Lewis donor.
Here we report on a family of magnesium compounds


bearing a bidentate ligand system with sulfur and nitrogen
functionalities, achieved through the pyridine function in the
mercaptopyridine ligand. The compounds presented include
[Mg(thf)2(pyS)2] ¥ 0.5THF (1), [Mg(thf)2(3-CF3-pyS)2] (2),
[Mg(thf)2(5-CF3-pyS)2] (3), and [Mg(thf)2(3-SiMe3-pyS)2] ¥
0.5THF (4). The coordination environment about magnesium
will give important insight into magnesium± sulfur and
magnesium± nitrogen binding in the target molecules, and
thus in Photosystem I. Four different substitution patterns on
the mercaptopyridine ligands will shed light on the effect of
ligand bulk on the metal environment. Moreover, the role of
CF3 and SiMe3 substitution on the mercaptopyridine ligand to
modulate solubility will be explored.


Results


Synthetic aspects : Compounds 1 ± 4 were synthesized in a
straightforward manner by alkane elimination involving the
treatment of Mg(C4H9)2 with the different mercaptopyridine
ligands in THF, as shown in Scheme 2.
The reaction of dibutyl magnesium with chalcogenols has


been used previously for the preparation of magnesium


Scheme 2. The preparation of compounds 1 ± 4 by alkane elimination.


Table 1. Selected geometrical details for compounds 1 ± 4 and related compounds.


Compound CN[a] Mg�S [ä] Mg�N [ä] D Mg�D [ä] Ref.


[Mg(thf)2{N(SiMe3)2}(SMes*)] 4 2.431(2) 1.998(3) THF 2.042(3) [16]
[{Mg(thf){N(SiMe3)2}(SPh)}2] 4 2.522(2), 2.533(2) 2.001(3) THF 2.028(3) [16]
[AlMe2Al(�-iPr2N)2Mg(tBuN)(CH3S)] 4 2.429(2) 2.150(4) N(iPr)2 2.132(6), 2.148(6) [11]
[{Mg(thf)(N(SiMe3)2)(S-2,4,6-iPr3C6H2)}2] 4 2.4978(5), 2.5321(5) 2.001(1) THF 2.050(1) [16]
[Mg(thf)2{N(SiMe3)2}2] 4 ± 2.015(5), 2.027(5) THF 2.033(5), 2.048(5) [15]
[Mg(py)3(SC6F5)2] 5 2.470(2), 2.481(2) ± py 2.18(1) av [7]
[{Mg(SC6H4-2-CH2NMe2)2}2] 5 2.549(4) (av),[b] 2.446(2)[c] NMe2 2.252(3) av, 2.239(4) [9]
[Mg(thf)2(SCPhNtBu)2] 6 2.584(2) 2.176(5) THF 2.230(4) [10]
[Mg(thf)2{SC(NPh)NiPr2}] 6 2.5595(13) 2.112(2) THF 2.191(2) [10]
[Mg2(OEt2)2(SCEtNPh)4] 6 2.535(3), 2.690(3) ,2.657(3) 2.138(6), 2.185(6) OEt2 2.099(6) [10]
[Mg(py)2(pyS)2] 6 2.62(1) (av) N(ligand)[b] 2.149(3) av [7]


py 2.246(3) av[d]


[Mg(thf)2(pyS)2] 6 2.604(1) N(ligand)[b] 2.137(1) this work
THF 2.103(2)


[Mg(thf)2(3-CF3-pyS)2] 6 2.584(2) N(ligand)[b] 2.159(4) this work
THF 2.078(3)


[Mg(thf)2(5-CF3-pyS)2] 6 2.6072(4) N(ligand)[b] 2.153(1) this work
THF 2.066(1)


[Mg(thf)2(3-SiMe3-pyS)2] 6 2.576(3) N(ligand)[b] 2.143(1) this work
THF 2.093(6)


[Mg(py)4(SPh)2] 6 2.6247(5) py 2.220(2), 2.360(2) [7]


[a] CN� coordination number. [b] Bridging. [c] Terminal. [d] Due to disorder a significant uncertainty about ligand and donor positions exist.
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chalcogenolates bearing a wide variety of ligands and donors.
The products are generally isolated in excellent yield and
purity, indicating the high synthetic potential of this reaction
scheme.[5, 7, 13]


The reaction proceeds cleanly within a short time, and
purification steps are simple or can be avoided due to the
gaseous nature of the byproducts. NMR spectral analysis of
the vacuum dried crystals confirmed the identity of all
compounds. In compounds 2 ± 4 the overall formula
[Mg(thf)2L2], in which L is the corresponding thiolate ligand,
was confirmed. Compound 1 contains less than the two and
one half equivalents of THF, as predicted by X-ray crystal-
lography. Reproducibly, THF is lost upon drying the sample in
vacuum, coinciding with the loss of crystallinity.
The solubility of the target compounds in nondonating


solvents is very limited, indicating the polymeric nature of the
unsolvated species. Addition of donor solvents such as
pyridine or THFaffords clear solutions, presumably the result
of the break-up of metal ± chalcogen bridges that form the
polymer in favor of metal ± donor interactions, resulting in
discrete molecules with enhanced solubility. The �CF3 and
�SiMe3 substitution of the ligand, as compared with the
unsubstituted mercaptopyridine, results in a dramatic increase
of solubility. While �SiMe3 substitution increases the lip-
ophilicity, �CF3 substitution is responsible for an increase in
electrostatic repulsion that affects solubility by the weakening
of the metal ± chalcogen interactions that build the polymer.


Structural aspects : The structures of the four complexes are
very similar and will be described together. Compound 3 is
shown in Figure 1, while compound 4 is presented in Figure 2.
An illustration of compound 2 is provided in the Tabble of
Contents.
Complexes 1 ± 4 consist of discrete molecules in which the


magnesium atom is hexacoordinate with the nitrogen and
sulfur atoms of the two mercaptopyridine ligands, which act as
chelating ligands. Also coordinated to the magnesium centers
are two THF donors. The magnesium atom is in a distorted


Figure 1. Computer generated plot of 3 with anisotropic displacement
parameters depicting 30% probability. The hydrogen atoms have been
omitted for clarity.


Figure 2. Computer generated plot of 4 with anisotropic displacement
parameters depicting 30% probability. The hydrogen atoms have been
omitted for clarity.


octahedral environment, and in all cases, the narrow N-Mg-S
ligand bite angle (65.81(4) to 66.45(10)�) is the main source of
the distortion. The mercaptopyridine ligands are arranged in a
conformation in which the sulfur atoms are trans with respect
to one another. The nitrogen atoms of the ligands are also
arranged trans with respect to the metal-bound oxygen atoms
of the THF donors. The bond angles between the trans-
positioned donor atoms (N-Mg-O) range from 156.53(3) to
163.65(14)�. The Mg�S, Mg�N, Mg�O bond lengths are found
in the ranges 2.5695(9) ± 2.6079(6), 2.1410(4) ± 2.169(1), and
2.066(1) to 2.117(1) ä, respectively. The geometric parame-
ters for the aromatic rings, particular the N�C� distances, and
the THF units are typical and will not be discussed in detail.


Discussion


The main motivation for this work was to investigate the
nature of the magnesium± nitrogen and magnesium ± sulfur
interactions observed crystallographically in Photosystem I,[1]


by utilizing a ligand that provides both nitrogen and sulfur
coordination. In the mercaptopyridine system nitrogen and
sulfur can both act as either donors or ligands, since the two
tautomeric forms of the ligand allow both possibilities (see
Scheme 1).[12] To shed light onto the unexpected magnesium
binding detected in Photosystem I,[1] it is necessary to explore
if the small, hard magnesium would preferably interact with
the nitrogen in the ligand and display short metal ± nitrogen
distances, and long, weak sulfur interactions; or if the metal ±
sulfur contacts would lie in the range of previously observed
magnesium± thiolate distances, coinciding with long metal ±
nitrogen donor interactions. Precedence for both scenarios
has been observed in a series of alkali metal mercaptopyridine
derivatives in which the lithium derivative [(LipyS)2[18]-
crown-6] displayed unusually long Li�S and very short Li�N
bonds, interpreted as amide type bonds through the �-thione
form of the ligand.[14] In contrast, the heavier alkali metal
derivatives display relatively short metal ± sulfur distances,
coinciding with a relative increase in metal ± nitrogen bond
lengths. This arrangement was made possible through the
thiolate form of the ligand.[14] The ambivalent nature of the
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ligand in terms of metal binding can be interpreted as a
manifestation of the hard ± acid/hard ± base paring between
the alkali metal and the nitrogen and sulfur centers in the
resonance delocalized anion.[15]


The metal coordination in 1 ± 4 and the six-coordinate
thiolate [Mg(py)4(SPh)2][7] is very similar, with the magnesium
center connected to two sulfur, two nitrogen, and two oxygen
atoms. Since the space requirement of the separate phenyl-
thiol and pyridine in the last compound is higher than that in
the intramoleculary coordinated 1 ± 4, the magnesium ± thio-
late bond lengths in [Mg(py)4(SPh)2] are expected to be
elongated. In contrast, the Mg�S and Mg�N bond lengths in
1 ± 4, the six-coordinate bidentate [Mg(thf)2(SCPhNtBu)2],[10]


[Mg(thf)2{SC(NPh)NiPr2}2],[10] and the dimeric [Mg2(OEt2)2-
(SCEtNPh)4][10]] should be very similar. Indeed, the metal ±
sulfur bonds in 1 ± 4, observed in a narrow range between
2.576(3) ä and 2.6072(4) ä, are in good agreement with the
bidentate derivatives, but are slightly shorter than those in
[Mg(py)4(SPh)2] (2.6247(5) ä), thus reflecting the influence
of reduced steric bulk on the metal ± ligand bond length. The
reduced steric demand that the bidentate ligands provide in
1 ± 4 is expressed by the narrow N-Mg-S bite angles (65.71(4)
to 66.45(10)�) and significant deviation from regular octahe-
dral geometry. Not surprisingly, the Mg�S bond lengths in 1 ±
4 are in the same range as those in [Mg(py)2(pyS)2]
(2.62(1) ä),[7] and also compare favorably with the bridging
metal ± sulfur distances in the five-coordinate intramolecular
stabilized [{Mg(SC6H4-2-CH2NMe2)2}2] (2.548(2) ä).[9] The
Mg�S distances in 1 ± 4 also agree well with the sum of radii
for six-coordinate Mg2� and S2� (2.56 ä),[16] classifying the
magnesium± sulfur distance in 1 ± 4 as magnesium ± thiolate
interactions with significant ionic contribution.
This view is further supported by comparing the Mg�N(li-


gand) distances in 1 ± 4 (2.15 ä (av)) with the previously
reported [Mg(py)2(pyS)2] (2.149(3) ä),[7] the five-coordinate
[Mg(py)3(SC6F5)2] (2.18 ä (av)),[7] the six-coordinate
[Mg(py)4(SPh)2] (2.22 ä (av)),[7] and [Mg3(py)6(�2-SPh)6]
(2.22 ä (av)),[7] and the intramoleculary coordinated
[Mg(thf)2(SCPhNtBu)2] (2.176(5) ä),[10] [Mg(thf)2-
{SC(NPh)NiPr2}2] (2.112(2) ä),[10] and [Mg2(OEt2)2-
(SCEtNPh)4] (2.138(6) and 2.185(6) ä).[10] This excellent
agreement, and the significantly shorter Mg�N distances in
the four-coordinate magnesium amide [Mg(thf)2(N(SiMe3)2)2]
(2.02 ä (av)),[15] indicate that an amido contribution in the
mercaptopyridine derivatives 1 ± 4 is not likely. This leads to
an interpretation of magnesium binding in the mercaptopyr-
idine ligand that the sulfur acts as a ligand and nitrogen as a
Lewis donor. Comparison of 1 ± 4 with heteroleptic magne-
sium amide thiolates, such as the four-coordinate monomeric
[Mg(thf)2N(SiMe3)2SMes*] (Mg�S 2.431(2) ä, Mg�N
1.998(3) ä), or the dimeric five-coordinate [{Mg(OEt2)2N-
(SiMe3)2(Strip)}2] with a bridging Mg�S functionality (Mg�S
2.4978(5), 2.5321(5) ä; Mg�N 2.001(1), 2.050(1) ä)[18] further
supports this view. Despite lower coordination numbers, the
Mg�S bond lengths compare well, while the Mg�N distances
in 1 ± 4 are significantly longer, indicating that the Mg�N
contacts in 1 ± 4 are based on Lewis donor interactions.
Finally, the view of magnesium ± thiolate bonding and


nitrogen acting as a Lewis donor (thiol form of the ligand)


is also confirmed by analyzing the S�C distances in 1 ± 4. If the
ligand binds as a thiolate, an S�C single bond is expected. If a
significant metal ± amido contribution existed, the �-thiopyr-
idone form of the ligand would be prevalent, coinciding with
an increase in S�C bond order, and weak, long Mg�S bonds
(see Scheme 1). The S�C distances in 1 ± 4 are observed in a
narrow range at 1.738(3) ä (av) for 1, 1.733(4) ä (av) for 2,
1.732(1) ä for 3, and 1.753(8) ä (av) for 4. These numbers
compare well with the S�C distances in [Mg(py)2(pyS)2]
(1.763(3) and 1.748(3) ä),[7] and a number of alkali metal
mercaptopyridine derivatives such as [Na([15]crown-5)(pyS)]
(1.735(3) ä),[14] or the polymeric [{K(�-pyS)2([15]crown-5)}n]
(1.735(5) and 1.750(5) ä).[14] In contrast, the S�C bond length
in free neutral �-thiopyridone is significantly shorter
(1.68(2) ä), indicating the multiple bond character of the
S�C bond.[12] This indicates that the drive towards aromatiza-
tion is not structure determining, rather the preferred metal ±
ligand interaction will influence the form of the ligand.
The narrow range of Mg�S bond lengths in 1 ± 4 suggests


the small influence of CF3 and SiMe3 substitution on the
overall structural outcome. However, both SiMe3 and CF3
substituents have a major influence on solubility, but appa-
rently not on the expense of additional crowding of the metal
center.


Conclusion


Compounds 1 ± 4 have been prepared using an intramolecu-
larly coordinating mercaptopyridine ligand to investigate the
magnesium± nitrogen and magnesium± sulfur binding, as
recently observed in Photosystem I. The mercaptopyridine
ligand possesses two tautomeric forms, a thiol and an �-
thiopyridone to enable both the sulfur and nitrogen to bind
either as a ligand or a donor. In compounds 1 ± 4, the sulfur
was identified to bind through the thiolate form of the ligand,
with the nitrogen acting as a Lewis donor, indicating the
propensity of magnesium to bind thermodynamically favor-
ably to sulfur.


Experimental Section


General procedures : All reactions were performed under a purified argon
atmosphere by using modified Schlenk techniques and/or a Braun Lab-
master 100 dry box. n-Hexanes, and tetrahydrofuran (THF) were distilled
just prior to use from a Na/K alloy followed by two freeze-pump-thaw
cycles. Dibutylmagnesium (1� solution of a statistical mixture of n- and sec-
butyl magnesium (nBu/sBu)2Mg in heptane) was obtained from a
commercial source and used as received. Commercially available pySH,
3-CF3-pySH, and 5-CF3-pySH were purified by recrystallization from
diethyl ether. 3-SiMe3-pySH was prepared by published procedures.[19] 1H
and 13C NMR spectra were recorded on a Bruker DPX-300 spectrometer.
Spectra were recorded in C6D6 and referenced to residual solvent
resonances. IR spectra were recorded as Nujol mulls between NaBr plates
on a Perkin ±Elmer PE 1600 FI-IR spectrometer. Melting points are
uncorrected. Reliable elemental analyses could not be obtained, even when
glove-box handling was attempted, due to the high moisture and oxygen
sensitivity of all compounds reported. In addition, a too low carbon content
is commonly obtained, due to the formation of nonvolatile carbonates. This
is a well-known problem in alkaline earth metal chemistry.[20]
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General procedure for the preparation of compounds 1 ± 4 : A 100 mL
Schlenk tube was flame-dried three times under vacuum and, under an
argon atmosphere, charged with the corresponding thiol (2 mmol). The
thiol was dissolved in dry THF (25 mL). Bu2Mg (1 mL, 1 mmol) was added
dropwise to the reaction mixture by syringe. The resulting solution was
stirred for 30 minutes and, in each case, became clear. Dry hexane was
added dropwise by cannula to the reaction mixture, until a light turbidity
was observed. This was followed by the dropwise addition of THF until the
precipitate had redissolved, upon which the sample was placed in a freezer
(�20 �C). In each case this technique gave pale yellow single crystals
suitable for study by X-ray diffraction. Yields are not optimized.


[Mg(pyS)2(thf)2] ¥ 0.5THF (1): 1H NMR (C6D6): �� 7.33 (s, 2H), 6.50 (s,
2H), 6.26 (s, 2H), 5.53 (s, 2H), 3.61 (brm, 2H; THF), 1.41 ppm (brm, 2H;
THF); 13C NMR (C6D6): �� 137.04, 68.45, 26.04 ppm; IR (KBr plates,
Nujol mull): �� � 2923.0 (s), 2853.5 (s), 1613.8 (w), 1587.3 (m), 1558.3 (w),
1521.1 (w), 1506.2 (w), 1496.0 (w), 1456.3 (m), 1415.9 (m), 1366.8 (w),
1258.3 (w), 1181.2 (w), 1138.8 (s), 1103.0 (w), 1085.3 (w), 1041.4 (w), 984.0
(w), 903.8 (w), 869.4 (w), 801.9 (w), 744.0 (w), 728.3 cm�1 (w); m.p. 132 �C
(decomp); yield: 0.13 g, 0.31 mmol, 31%.


[Mg(3-CF3-pyS)2(thf)2] (2): 1H NMR (C6D6): �� 7.90 (s, 2H), 5.87 (s, 4H),
3.66 (brm, 16H; THF), 1.17 ppm (brm, 16H; THF); 13C NMR (C6D6): ��
136.00, 114.37, 69.51, 25.50 ppm; IR (KBr plates, Nujol mull): �� � 2922.3 (s),
2852.7 (s), 1588.4 (s), 1551.8 (s), 1461.7 (s), 1395.1 (s), 1319.9 (s), 1246.0 (w),
1198.0 (m), 1134.9 (s), 1101.5 (s), 1067.2 (s), 917.0 (w), 881.1 (m), 808.3 (m),
752.3 (m), 720.0 (m), 662.4 (w), 582.2 cm�1 (w); m.p. 177 �C (decomp);
yield: 0.16 g, 0.031 mmol, 30.5%.


[Mg(5-CF3-pyS)2(thf)2] (3): 1H NMR (C6D6): �� 8.22 (s, 2H), 7.26 (2H),
6.72 (s, 2H), 3.61 (brm, 8H; THF), 1.17 ppm (brm, 8H; THF); 13C NMR
(C6D6): �� 133.19, 122.75, 69.41, 25.55 ppm; IR (KBr plates, Nujol mull):
�� � 2925.8 (s), 2852.8 (s), 1608.5 (s), 1539.9 (s), 1461.7 (s), 1380.5 (m), 1360.4
(m), 1325.2 (s), 1273.0 (s), 1231.9 (s), 1147.2 (s), 1107.2 (s), 1071.8 (s), 1028.4
(s), 114.9 (s), 988.4 (w), 940.4 (w), 918.7 (w), 880.2 (s), 840.3 (s), 792.9 (w),
746.1 (w), 678.5 (w), 660.0 cm�1 (w); m.p. 167 �C (decomp); yield: 0.29 g,
0.55 mmol, 55%.


[Mg(3-SiMe3-pyS)2(thf)2] ¥ 0.5THF (4): 1H NMR (C6D6): �� 7.90 (s, 2H),
7.25 (s, 2H), 6.23 (s, 2H), 3.69 (brm, 8H; THF), 1.25 (brm, 8H; THF),
0.64 ppm (s, 18H, SiMe3); 13C NMR (C6D6): �� 143.80, 115.61, 69.14, 25.67,
�0.60 ppm; IR (KBr plates, Nujol mull): �� � 2916.3 (s), 2854.3 (s), 1570.4
(w), 1534.9 (m), 1458.4 (s), 1375.7 (m), 1361.5 (s), 1310.5 (w), 1238.6 (m),
1219.5 (w), 1135.9 (m), 1070.4 (w), 1035.6 (m), 917.7 (w), 880.0 (w), 839.5
(s), 798.4 (w), 764.7 (m), 748.4 (w), 722.3 (w), 686.6 (w), 674.1 (w),
622.2 cm�1 (w); m.p. 128 �C (decomp); yield: 0.36 g, 0.61 mmol, 62%.


X-ray crystallographic studies : X-ray quality crystals for all compounds
were grown as described above. The crystals were removed from the
Schlenk tube under a stream of N2 and immediately covered with a layer of
viscous hydrocarbon oil (ParatoneN, Exxon). A suitable crystal was
selected with the aid of a microscope, attached to a glass fiber, and
immediately placed in the low-temperature N2 stream of the diffractom-
eter.[21] The intensity data sets for all compounds were collected by using a
Siemens SMART system, complete with three-circle goniometer and CCD
detector operating at �54 �C. Data for compounds l ± 4 were collected at
93, 92, 91, and 94 K, respectively, by using a custom build low-temperature


device from Professor H. Hope (UC Davis). In all cases graphite
monochromated MoK� radiation (�� 0.71073 ä) was employed. The data
collections nominally covered a hemisphere of reciprocal space utilizing a
combination of three sets of exposures, each with a different angle, and
each exposure covering 0.3� in �. Crystal decay was monitored by repeating
the initial frames at the end of the data collection and analyzing the
duplicate reflections. In all cases, no decay was observed. An absorption
correction was applied for all compounds by utilizing the program
SADABS.[22] The crystal structures of all compounds were solved by Direct
Methods as included in the SHELXTL-Plus program package.[23] Missing
atoms were located in subsequent difference Fourier maps and included in
the refinement. The structures of all compounds were refined by full-matrix
least-squares refinement on F 2 (SHELX-93). Hydrogen atoms were placed
geometrically and refined using a riding model, including free rotation
about C�C bonds for methyl groups with Uiso constrained at 1.2 for non-
methyl groups, and 1.5 for methyl groups times Ueq of the carrier C atom.
The crystallographic programs used for structure refinement and solution
were installed on a Silicon Graphics Indigo2 R10000 Solid Impact or a PC
clone. Scattering factors were those provided with the SHELX program
system. All non-hydrogen atoms, with the exception of some disordered
positions were refined anisotropically. Complex 3 [Mg(5-CF3-pyS)2(thf)2]
contains a particularly disordered THF unit situated in holes in the
crystalline network. The THF molecules were removed from the structure
so that a better refinement could be obtained using the Squeeze program,
as implemented in Platon.[24] The electron density and hole size agree well
with the solvent being THF. Crystallographic data for compounds 1 ± 4 are
given in Table 2.


CCDC 190681 ± 1900684 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge via www.ccdc.
cam.ac.uk/conts/retrieving.hmtl (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB21EZ, UK; Fax; (�44)1223-
336-033; or e-mail : deposit@ccdc.cam.ac.uk.
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1H and 13C NMR Characterization of Hemiamidal Isoniazid-NAD(H)
Adducts as Possible Inhibitors Of InhA Reductase of Mycobacterium
tuberculosis


Sylvain Broussy, Yannick Coppel, Michel Nguyen,
Jean Bernadou,* and Bernard Meunier*[a]


Abstract: Isoniazid (INH) is easily oxi-
dized with manganese(���) pyrophos-
phate, a chemical model of the KatG
protein involved in activation of INH
inside the bacteria Mycobacterium tu-
berculosis. Performed in the presence of
NAD�, this oxidation generates a family
of isomeric INH ± NAD(H) adducts,
which have been shown to be effective
inhibitors of InhA, an enzyme essential
in mycolic acid biosynthesis. In this
work, we fully characterized by 1H and
13C NMR spectroscopy four main spe-
cies of INH ± NAD(H) adducts that


coexist in solution. Two of them are
open diastereoisomers consisting of the
covalent attachment of the isonicotinoyl
radical at position four of the nicotin-
amide coenzyme. The other two result
from a cyclization involving the amide
group from the nicotinamide and the
carbonyl group from the isonicotinoyl
radical to give diastereoisomeric hemi-


amidals. Although an INH ± NAD(H)
adduct with a 4S configuration has been
characterized within the active site of
InhA from X-ray crystallography and
this bound adduct interpreted as an
open form (Rozwarski et al., Science
1998, 279, 98 ± 102), it is legitimate to
raise the question about the effective
active form(s), open or cyclic, of INH ±
NAD(H) adduct(s). Is there a single
active form or are several forms able to
inhibit the InhA activity with different
levels of inhibitory potency?


Keywords: InhA ¥ inhibitors ¥
isoniazid ¥ NAD(H) adducts ¥
oxidation


Introduction


Isoniazid (isonicotinic acid hydrazide, or INH) is one of the
oldest synthetic antituberculosis drugs that has been and is
still widely used in prophylaxis and treatment of tuber-
culosis.[1] It is a prodrug[2] activated by the mycobacterial
KatG catalase ± peroxidase to generate an active form, most
likely the isonicotinoyl radical, responsible for the lethal
effect on bacterial cells through covalent addition on the
nicotinamide moiety of NAD(H).[3, 4] This coenzyme is the
cofactor of the InhA reductase,[5] a key enzyme involved in
the mycolic acids synthesis.[6] In solution, UV absorption and
mass spectral data of crude mixtures of INH ± NAD(H)
adducts, formed either by KatG-dependent processes or by
nonenzymatic O2/MnII activation, have been reported[4, 7] and
shown to be competitive inhibitors of InhA.[3] A single
isonicotinoyl ± NAD(H) adduct has been characterized within
the active site of InhA from X-ray crystallography, and this
bound adduct was interpreted as the open form 2 with a 4S


configuration (Figure 1).[3] In contrast, on the basis of mass
analyses and by using manganese(���) pyrophosphate as INH
activation system (to mimic the mycobacterial KatG enzyme)
in the presence of NAD�, we recently proposed that six open
or cyclized adducts with a dihydropyridine structure are
concomitantly formed in solution (compounds 1 ± 6 in Fig-
ure 1).[8] Up to now, no sufficient knowledge on the stability of
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Figure 1. Structures of the covalent adducts isoniazid-NAD(H). Com-
pounds 1 and 2 are the two diastereoisomers 4R and 4S. Compounds 3 and 4
are the two diastereoisomers 4S,7R (shown) and 4R,7S (not shown),
respectively; these attributions were done on the basis of biological
activity[9] and of NMR analyses of mixtures enriched in one of the two
diastereoisomers. Compounds 5 and 6 are the two diastereoisomers 4S,7S
(shown) and 4R,7R (not shown); these two compounds were not detected
by NMR spectroscopy (this study), but were previously detected by LC-MS
analyses.[8]
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these adducts and on their possible interconversion is
available to allow both a complete characterization on pure
species and evaluation of their own potency as InhA
inhibitors. However, since preliminary results obtained with
some isolated species present in solution (see reference [4]
and our recent study[9]) indicate different level of activity, it is
legitimate to raise the question about the exact structure of
the effective active form(s) of the inhibitor.[9] Here, using a
purified pool of INH ± NAD(H) adducts, we report the full
characterization by 1H and 13C NMR spectroscopy of the four
main adducts formed in solution when NAD� was treated
with INH activated by manganese(���) pyrophosphate. Besides
the two open structures 1 and 2, two cyclized adducts (3 and 4)
with an hemiamidal structure were evidenced. Traces of the
adducts 5 and 6 were previously detected by LC-MS,[8] but are
present in too low an amount for NMR analysis.


Results and Discussion


Since INH ± NAD(H) adducts are easily interconverted and
degradated depending on the pH, ionic strength, and medium
composition, NMR analyses were performed on a purified
pool of adducts (see Experimental Section and Figure 2 for


Figure 2. HPLC profiles of A) a crude mixture obtained by reacting INH
(2 m�), NAD� (2 m�), and MnIII pyrophosphate (4 m�) in phosphate
buffer (100 m�, pH 7.5) for 20 min and B) a solution of the purified pool of
adducts 1 ± 4. Signal assignment: a� isonicotinic acid, b� nicotinamide and
isonicotinamide, c� traces of oxidized adduct.


typical chromatograms). In short, we developed a quick
purification step by using a Sep Pak¾ Vac cartridge; while this
provided the pool of adducts in a non-saline water/acetonitrile
solution, it did not allow us to separate each isomer (the
different adducts have been separated by HPLC, but this
method did not allow us to isolate sufficient amounts of each
isomer to perform NMR analyses). After concentration to
dryness under vacuum, NMR analyses in [D6]DMSO by
means of 1H-1H COSY, 1H-13C HMQC (1J), and long-range
(3J) proton ± carbon correlations (HMQC-LR) led to a nearly
complete characterization of the molecules. The assignments
of the chemical shifts of carbons (at least for the nicotinoyl
and isonicotinoyl moieties) were made by performing two-
dimensional 1H-13C HMQC experiments.


NMR spectra of the purified pool of adducts show a
mixture of four compounds with structures 1 ± 4. The main
data supporting these structures are summarized below and
reported in Figure 3 and Table 1. In the four derivatives 1 ± 4,
the isonicotinoyl radical is bound at the 4-position of the
nicotinamide ring, as deduced from 1H-1H COSY spectrum
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Figure 3. Detailed 1H NMR data for INH ± NAD(H) adducts 1 ± 4 (when
distinct signals for each diastereoisomer were detected, they are indicated
with a bracket).


Table 1. Main 1H and 13C NMR signals for INH ± NAD(H) adducts 1 ± 4 in
[D6]DMSO solution. See Figure 1 for numbering of H and C atoms and
Figure 3 for detailed 1NMR data. (N)H1� and(A)H1� refer to H1� from
nicotinamide and adenine ribonucleotide moieties, respectively.


Open Cyclic
1 2 3 4


1H NMR
H2 7.51 7.51 6.97 6.96
H4 4.99 or 5.02 4.99 or 5.02 3.51 3.57
H5 4.60 or 4.65 4.60 or 4.65 4.64 4.57
H6 6.30 6.30 6.32 6.32
H7 ± ± ? ?
H8 ? ? 8.15 8.32
H11, H15 7.84 7.84 7.51 7.51
H12, H14 8.77 8.77 8.55 8.55
(N)H1� 4.76 4.76 4.84 4.81
(A)H1� 5.92 5.92 5.92 5.92
H2 (adenine) 8.12 8.12 8.15 8.15
H8 (adenine) 8.48 8.48 8.49 8.49
NH2 (adenine) 7.27 7.27 7.27 7.27
13C NMR
C2 134.1 or 135.4 134.1 or 135.4 128.6 132.6
C3 105.1 105.1 102.7 104.0
C4 44.0 44.0 47.5 47.6
C5 100.0 or 100.5 100.0 or 100.5 98.9 97.5
C6 130.5 or 132.8 130.5 or 132.8 128.8 128.8
C7 199.2 or 199.6 199.2 or 199.6 88.5 88.8
C9 169.4 169.4 171.7 171.7
C10 165.2 165.2 153.9 153.9
C11, C15 122.7 122.7 121.5 121.5
C12, C14 151.5 151.5 150.2 150.2
(N)C1� 95.9 95.9 95.9 95.9
(A)C1� 87.7 87.7 87.7 87.7
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and 1J 1H-13C HMQC for the four H2, H4, H5, and H6
protons.


The following arguments support the open structures for 1
and 2 and cyclic ones for 3 and 4 :
1) H4 resonances are deshielded in the open structures 1 and
2 (�� 4.99 and 5.02 ppm, respectively) with respect to the
cyclic ones 3 and 4 (�� 3.51 and 3.57 ppm, respectively)
(Figure 3). These H4 resonances represent the more
selective and convenient signal to distinguish the four
isomers as shown in Figure 4. In pure [D6]DMSO, the ratio
of cyclic to open structures was 60:40, but it was increased
up to 76:24 when spectra were recorded in D2O (Table 2).


Figure 4. Parts of the 300 MHz 1H NMR spectrum in [D6]DMSO (plus one
drop of D2O) of the pool of adducts 1 ± 4, showing the characteristic signals
of the four H4 key protons (3J4,5 � 3.6 Hz for 1 and 2, 1.2 Hz for 3 and 4).


2) The chemical shift of C7 is characteristic of a carbonyl
group for 1 and 2 (�� 199.2 and 199.6 ppm, respectively)
and of a tetrahedral carbon for 3 and 4 (�� 88.5 and
88.8 ppm, respectively)


3) As observed in the 1H-13C HMQC-LR spectrum of
compounds 3 and 4 (Figure 5), strong 3J correlation
between H8 and C4 and weak but significant 2J correlation
between H8 and C7 support the cyclic structure; in the case
of open structures, these H8-C4 and H8-C7 correlations
should be assigned to highly unlikely 4J and 5J correlations,
respectively.


It should be noted that neither the carboxamide protons H8
in 1 and 2 nor the hydroxylic H7 protons in 3 and 4 were
detected, even in pure DMSO, probably because of the
presence of some moisture (most of other signals of hydrox-
ylic protons were also absent).


On the basis of one-dimensional ROE experiments (Fig-
ure 6), which show the spatial proximity of H4 with H11 and
H15, both 3 and 4 have a trans configuration (the pyridine and
dihydropyridine nuclei being on opposite sides of the
imidazolidinone ring). Consequently, 5 and 6 (only detected
by LC/MS) must have a cis configuration, and the low amount
observed may be related to steric hindrance of the two bulky
substituents.


Figure 5. Two-dimensional 1H-13C HMQC long-range correlations for the
mixture of compounds 1 ± 4.


Figure 6. ROE difference spectra in compounds 3 and 4 between H4 and
both H11, H15.


Furthermore, all the above NMR attributions are fully
supported by analyses performed on simplified adducts
obtained by reacting INH with NNA�, a model of NAD� in
which the ADP ribose was replaced by the nonchiral
substituent (2-acetoxyethoxy)methyl, therefore reducing the
number of adducts. Only the open adduct 7 (in fact the


Table 2. Solvent effect on the ratio open:cyclic INH ± NAD(H) adducts,
determined from the ratio of NMR H4 signal areas (aqueous DMSO) or of
H2 signal areas (D2O) for 1 � 2 and 3 � 4 isomers.


% of open isomers % of cyclic isomers
1 � 2 3 � 4


[D6]DMSO � 1 drop of D2O 40 60
[D6]DMSO:D2O 75:25 30 70
[D6]DMSO:D2O 25:75 25 75
D2O 24 76
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racemic mixture 4R and 4S) and the cyclic adduct 8 (in fact the
racemate with trans configuration, i.e., the pair of enantio-
mers 4S,7R and 4R,7S) were observed (Figures 7 and 8 and
Table 3). Compound 9 was present in too low an amount to be
detected by NMR spectroscopy.
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estimated yield from NMR analysis; ND�not detected by NMR spectros-
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Figure 8. Detailed 1H NMR data for INH ± NNA(H) adducts 7 and 8.


Oxidized adducts, which are only formed as traces in the
present conditions (peak c in Figure 2), have been previously
observed,[4] and the question of their exact structure has been
raised. Preliminary NMR results (not shown) performed on a
concentrated sample of these oxidized adducts showed the co-
existence of two diastereoisomeric cyclic adducts.


So, as previously proposed on the basis of LC-MS analyses
and isotopic experiments, the present 1H and 13C NMR


analyses demonstrate that INH ± NAD(H) adducts coexist in
solution as both open and cyclic structures. Open adducts 1
and 2 consist of addition of an isonicotinoyl radical at the
4-position of the nicotinamide moiety of the coenzyme
(creating a new chiral center at the C4 position that gives
two diastereoisomers). From these adducts, the cyclization
resulting of intramolecular addition of the amino group of
nicotinamide on the carbonyl of the isonicotinoyl residue
affords hemiamidal structures; creation of the new chiral C7
carbon (in addition to C4) is consistent with the four observed
diastereoisomers, but only two of them were in sufficient
amounts to be analyzed by NMR spectroscopy.


Since a mixture of these different adducts was shown to give
efficient competitive inhibition of InhA with partial results
indicating different level of activity for each of the two main
adducts 3 and 4,[9] and although the structure of the bound
inhibitor proposed by Rozwarski et al. on the basis of a X-ray
crystallography study with a resolution of 2.7 ä was an open
structure,[3] it is legitimate to raise the question about the
effective active form(s) of INH ± NAD(H) adduct(s): are
there several forms able to inhibit the InhA activity or is there
a single active form mainly endowed with inhibitory potency?
Could cyclic hemiamidal diastereoisomers, which are the
main products present in aqueous solution, behave as real
InhA inhibitors? These studies will also be useful to help
further design of specific inhibitors for the development of
new antituberculosis agents.


Table 3. Main 1H and 13C NMR signals (� [ppm]) for the two INH ±
NNA(H) adducts 7 and 8, one open and one cyclic, detected in solution
(solvent [D6]DMSO). For numbering of H and C atoms, see Figure 7.


Open Cyclic
7 8


1H NMR
H2 7.44 6.98
H4 5.02 3.56
H5 4.69 4.58
H6 6.30 6.23
H7 ± 6.41
H8 ? 8.21
H11, H15 7.85 7.51
H12, H14 8.79 8.55
H16 4.64, 4.65 4.71, 4.71(5)
H17 3.61 3.60
H18 4.15 4.11
H20 2.03 2.02
13C NMR
C2 137.5 132.8
C3 104.3 103.4
C4 43.0 47.1
C5 101.0 98.1
C6 131.0 132.3
C7 198.9 88.9
C9 169.3 171.6
C10 ? 153.8
C11, C15 122.7 121.6
C12, C14 151.5 150.3
C16 83.0 83.2
C17 66.1 65.9
C18 63.8 63.9
C19 171.2 171.2
C20 21.6 21.6
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Experimental Section


Synthesis of N-[(2-acetoxyethoxy)methyl]nicotinamide bromide (NNA�):
Treatment of 1,3-dioxolane (100 mmol) with acetyl bromide (106 mmol)
gave (2-acetoxyethoxy)methyl bromide in 82% yield.[10] (2-Acetoxyeth-
oxy)methyl bromide (250 mg, 1.27 mmol) was added to a stirred solution of
nicotinamide (122 mg, 1 mmol) in dry THF (6 mL) under argon and at RT.
After 90 min, the white precipitate was isolated, washed three times with
THF, and dessicated under vacuum to give 277 mg of N-[(2-acetoxyethox-
y)methyl]nicotinamide bromide (NNA�, 88 % yield). 1H NMR (300 MHz,
[D6]DMSO, 25�C, TMS): �� 1.99 (s, 3H; COCH3), 3.89 (t, 2H; OCH2CH2),
4.15 (t, 2H; OCH2CH2), 8.22 (s, 1 H; NH), 8.37 (dd, 3J� 8, 6 Hz, 1 H; H5),
8.67 (d, 3J� 8 Hz, 1 H; H6), 9.27 (d, 3J� 6 Hz, 1 H; H4), 9.55 (s, 1H; H2).
MS (ESI): m/z : 239.0 [M�].


Preparation of the INH±NAD(H) and INH±NNA(H) adducts and
purification of the pool of adducts. The reaction medium (15 mL final
volume) contained INH (2 m�), NAD� (2 m�) or NNA� (2 m�) and MnIII


pyrophosphate (4 m� ; prepared as described in ref. [8]) in phosphate buffer
(100 m�, pH 7.5) and was stirred at RT for 20 min. The pool of adducts [1 ± 6
for INH ± NAD(H)] or 7 ± 9 for INH ± NNA(H) was separated from other
components of the reaction mixture (INH, NAD� or NNA�, ADP-ribose,
isonicotinic acid, isonicotinamide, nicotinamide, and buffer) by using a Sep
Pak¾ Vac 20 cc (5 g) cartridge. The reaction mixture (15 mL) was loaded in
the cartridge and washed with 4m� NH4OAc aqueous solution; only the
pool of adducts was retained. Careful washing with water followed by
elution with acetonitrile and concentration to dryness under vacuum
afforded the pool of adducts. After dilution in [D6]DMSO for NMR
analysis, a control HPLC injection of this pool of adducts displayed a
profile similar to the adduct profile observed in the crude reaction mixture
(see typical chromatograms of INH ± NAD(H) adducts in Figure 2). The
oxidized adduct (conversion of dihydropyridine to the pyridinium struc-
ture) previously described during KatG oxidation of INH in the presence of
NADH[4] was only detected as traces (less than 5 %) in HPLC analyses and
was completely eliminated during the purification process. HPLC analyses
were performed on a reverse-phase C18 column (nucleosil, 10 �m, 250�
4.6 mm) by using a linear gradient from 100 % NH4OAc (70 m�) aqueous
solution to 20% acetonitrile for INH ± NAD(H) adducts analyses and to
100 % methanol for INH ± NNA(H) adducts analyses (flow rate:
1 mL min�1). The column was coupled to a diode array detector (Kontron)


for the detection of products at 260 nm and the monitoring of UV-visible
spectra.
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Relations between Synthesis and Microstructural Properties of Copper/Zinc
Hydroxycarbonates


Bettina Bems,[a] Michael Schur,[a] Alina Dassenoy,[a] Heinz Junkes,[a] Daniel Herein,[b] and
Robert Schlˆgl*[a]


Abstract: Cu/Zn Hydroxycarbonates
obtained by co-precipitation of Cu2�


and Zn2� with Na2CO3 have been inves-
tigated regarding phase formation and
thermal decomposition in two series
with varying Cu/Zn ratios prepared
according to the decreasing pH and
constant pH method. Hydrozincite, au-
richalcite and (zincian)-malachite were
found to form at differing Cu/Zn ratios
for both series. For the constant pH
preparation the Cu/Zn ratio in zincian-
malachite was close to the nominal
values whereas excess values were found
for the decreasing pH samples. The
degree of crystallinity as well as the
thermal decomposition temperatures


were lower for the constant pH series.
All samples containing aurichalcite re-
vealed an unexpected decomposition
step at high temperatures evolving ex-
clusively CO2. The differences in com-
position and microstucture were traced
back to the different pathways of solid
formation for the two preparation meth-
ods. Substantial changes were observed
during the post-precipitation processes
of ageing and washing. The effects were
studied in detail on samples with a


cation ratio of Cu/Zn 70:30 mol %. Age-
ing of the precipitates in their own
solutions is accompanied by a sponta-
neous crystallization of the initially
amorphous solids. The decreasing pH
sample develops from a hydroxy-rich
material comprising basic copper nitrate
(gerhardtite) as an intermediate. Only
small changes in the chemistry of the
samples were detected for the constant
pH precipitation. The findings are sum-
marised into a scheme of solid formation
processes that explains the phenomenon
of a ™chemical memory∫ of the precip-
itates when they are converted into Cu/
ZnO model catalysts.


Keywords: copper ¥ hydroxycar-
bonates ¥ precipitation ¥ thermal
analysis ¥ zinc


Introduction


Copper/zinc oxide based catalysts are of industrial importance
for methanol synthesis and reforming as well as for the water-
gas shift reaction. It is widely accepted that ZnO plays a
pivotal role in obtaining and maintaining the active copper
metal in optimal dispersion. The high activity of this particular
system is believed to result from a strong interaction of the
two phases leading to a specific quality of the active copper
material the nature of which is a matter of discussion.[1] The
major hypotheses include synergistic effects from a solid
solution of Cu in ZnO,[2] morphological changes of the copper
particles[3] or their surface,[4] and Cu/Zn alloy formation.[5] In
addition, the presence of residual carbonate in the calcined


precursors is known to play an important role achieving active
catalysts possibly through subsequent formation of copper
suboxide species.[6]


Mixed copper/zinc hydroxycarbonates are well-established
precursors for the synthesis of these catalysts. One of the
reasons for the ongoing research concerning the chemical and
structural identity of these precursors is the presumed
conjunction to the activity of the final catalyst, in other words
the ™memory∫ of the catalyst of its origin.[7, 8] Figure 1


Figure 1. Scheme of the preparation procedure for Cu/ZnO catalysts via
hydroxycarbonate precursors.
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illustrates the typical preparation route of the catalyst via the
hydroxycarbonate route. It shows the multistep procedure
where each treatment subsequently adds to the structural
characteristics of the catalyst finally obtained. Microstructural
properties such as size and strain of copper crystallites are
traceable throughout the calcination to CuO/ZnO and
reduction to the final catalyst as a function of the Cu/Zn
ratio.[9] These properties in turn correlate to the activity of the
catalyst and corroborate the assumption that copper surface
area is not the only parameter determining catalytic activity
and bulk structural properties may be of importance.


Investigations on the precursors have been widely limited
to analyses of the phase composition whereas other micro-
structural features such as compositional and structural
disorder or particle sizes were only rarely considered. More-
over, comparative studies on the effects of various synthesis
procedures often lack detailed information on reaction
parameters and statements found in the literature regarding
the influence of preparation conditions are often contra-
dictory.[10±14]


Several crystalline phases are known to occur in the
precipitates termed according to their mineral analogues;
their names will be used throughout this paper. Among them
are Cu2(OH)2CO3 (malachite) which is capable to substitute
up to 30 % of Cu by Zn (Cu,Zn)2(OH)2CO3 (zincian-
malachite) and is then named rosasite, (Cu,Zn)5(OH)6(CO3)2


(aurichalcite) and Zn(OH)6(CO3)2 (hydrozincite). In addi-
tion, from the nitrates used as metal sources, Cu2(NO3)(OH)3


(gerhardtite) is a relevant compound.
Few investigations deal with the processes taking place


during and after the precipitation and their effects on catalytic
properties. The influences of copper/zinc ratio,[10] precipita-
tion rates, concentration of the solutions[11] as well as the
known, however controversially discussed effect of age-
ing[12, 13] indicate the importance of kinetic factors. The
structural characteristics of the solids on various scales such
as particle sizes and shapes, degree of agglomeration, epitaxy
and intergrowth, chemical and structural disorder are under
kinetic control and will be reflected in the behaviour upon
calcinations and final catalytic properties. Therefore, it is
highly desirable to obtain detailed knowledge about the
evolution of the physicochemical properties of the precursors
during all preparation steps and their dependence on prep-
aration conditions requiring a chemical insight into the
processes of the liquid-to-solid transformation.


One reason for the lacking knowledge which gives the
catalyst preparation the image of ™black magic∫ rather than a
scientific endeavour is the lack of tools to investigate highly
concentrated precursor solutions. This accounts also for the
sparsely found calculations of the speciation and thermody-
namics. Hence, experimental investigations are often restrict-
ed to diluted solutions, which may not well represent the
reactions in the practical solid forming procedures.[15, 16]


Being aware of the difficulties associated with ex situ
analysis, it is believed that a detailed systematic study still
yields valuable information. The present paper compares
precipitates with varying Cu/Zn content obtained by different
precipitation modes conducted under strictly controlled
conditions. It focuses on the effects of the post precipitation


procedures of ageing and washing on the thermal decom-
position modelling calcination monitored by thermogravim-
etry (TG) and evolved gas analysis (EGA).


The purpose of this study is to investigate the inorganic
chemical reaction sequence leading to the binary hydroxycar-
bonate. Technical catalysts contain as promoter substantial
amounts of aluminium. The role of this addition that increases
and stabilises catalytic performance can only be investigated
upon a firm knowledge of the chemistry of the binary system.
Hence the development of better catalysts is not the emphasis
of this work rather than the rationalisation of the complex
network of synthesis parameters that controls the perform-
ance of the final catalyst.


Results


Comparison of different precipitation modes : Two series of
samples with molar Cu/Zn ratios varying from 100:0 to 0:100
in steps of 10 mol % were prepared with the commonly used
constant pH and the decreasing pH methods, respectively,
whereupon all other parameters were kept constant. In the
following the samples are designated according to the scheme
n-xx/yy, where n is the letter indicating the method of
precipitation (c or d) and xx and yy give the nominal molar
quantities of Cu and Zn.


Elemental analysis by AAS confirms that the ratio as well
as the total amount of Cu/Zn within these samples agrees well
with the values used for the preparation and those derived
from the phase composition elucidated by XRD within �2 %
as listed in Table 1. An excess of 3 mol % Cu is observed,
however, in the samples d-30:70 and d-40:60. The samples up
to 40 % Cu show a pronounced increase in the total amount of
Cu and Zn despite the expected decrease assuming an ideal
stoichiometry of (Cu,Zn)5(OH)6(CO3)2 indicating an excess of
hydroxide counterions. Lower contents of Na impurities are
found for the constant pH series than for the decreasing pH
series. In the former the Na contents are nearly constant at a
level of 0.07(�0.02) weight% in contrast to an average value
of 0.13(�0.04) weight % for the decreasing pH series.


The X-ray diffraction patterns of the two series presented in
Figure 2 show three different crystalline phases, namely
hydrozincite, aurichalcite and malachite/rosasite that occur
at characteristic Cu/Zn ratios. The zinc-rich samples up to the


Table 1. Results of AAS determination of cationic contents given in
weight% of the two series of Cu/Zn hydroxycarbonates.


Cu/Zn Cuconst. pH Znconst. pH Cudecr. pH Zndecr. pH


100:0 55.96 0 56.29 0
90:10 50.7 5.98 50.41 6.04
80:20 45.17 11.76 45.42 11.74
70:30 39.11 17.33 39.81 17.59
60:40 33.92 23.5 35.98 22.58
50:50 28.84 29.5 28.48 30.31
40:60 23.27 36.07 25.44 34.17
30:70 17.29 41.22 19.58 39.72
20:80 11.49 46.95 10.7 47.67
10:90 5.42 51.83 5.13 52.61


0:100 0 58.4 0 56.85
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Figure 2. XRD patterns of the dry precursors prepared according to the
constant pH (top) and decreasing pH method (bottom).


parity of Cu and Zn comprise hydrozincite and aurichalcite
evident by the strong 200-reflection at 13� 2�. A distinction
between these two phases is accomplished by the strong 121-
reflection from aurichalcite at 34� 2� occurring at 20 mol %
Cu. When the composition exceeds 50 mol% Cu, rosasite is
found and with increased copper contents its proportion rises
to yield monophasic rosasite/malachite. The biphasic inter-
mediate region will be referred to as transition region. For the
decreasing series this region extends towards a higher copper
proportion of 80 than 70 % for the constant pH series. The
observations underline the strong effect of kinetics on the
phase formation disregarding the notion that the composition
of the precursor solution solely determines the properties of
the solid.


The transition region is characterized by high background
contributions to the XRD patterns, which indicate the
presence of considerable amounts of amorphous material.
These contributions are differently pronounced in the two


series. The samples c-60:40 through c-20:80 show a modu-
lation of the background with a broad maximum around 33�
2� (d� 2.7 ä) that is less notable in the decreasing pH series.
The nonuniform backgrounds together with the considerably
broadened and severely overlapping reflections prevent a full
pattern analysis.


Despite these limitations the relative amounts of the
crystalline phases were estimated based on the peak areas
of the strongest reflections. Figure 3 shows the diagram of
states obtained and reveals significant differences between
the two series. Aurichalcite is more prominent in the
decreasing pH series. In the constant pH series substantial
amounts of hydrozincite are observed. The transition region
starts with minor amounts of rosasite and strongly increases at
characteristically different Cu/Zn ratios (50:50 for the c-series
and 70:30 for the c-series) for both series. Aurichalcite persists
at higher copper loadings in the decreasing pH series.


Figure 3. Diagram of state for the constant pH and decreasing pH series
showing the proportions of aurichalcite to rosasite (right) and of auricalcite
to hydrozincite (left).


Apart from the differences in phase composition other
features differ in the powder patterns for samples with the
same Cu/Zn ratio within the two series. All constant pH
samples exhibit smaller peak profiles indicating larger and/or
less distorted crystallites. A continuous increase of the peak
width of the rosasite reflections with increasing zinc content
occurs only within the c-series. An estimation of the domain
sizes with the Scherrer equation (intrinsic profile breadth�
0.1� 2�) based on the full width at half maxima (FWHM) of
the three strongest non-overlapping reflections (020, 120 and
220) of malachite/rosasite yields a decrease from 35 (5) nm to
11(1) nm for c-100:0 to c-70:30 but only a slight decrease from
12.5 (1) nm to 11(1) nm for the corresponding samples of the
d-series. In contrast, the peak width of the 200-reflections of
aurichalcite shows only negligible variations around
11(10) nm within both series.


The increasing zinc contents cause shifts of particular
reflections from rosasite (see Figure 3). The most pronounced
change occurs for the �201-reflection at 31.2� 2� shifting to
higher angles. A continuous displacement from 31.30� 2� to
32.40� 2� is found for copper contents of 100 % down to 70 %
in the c-series. Sample d-90:10 exhibits the same shift as the
constant pH sample whereas for the following samples no
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further downshift is observed. These shifts are correlated to
the Cu/Zn ratio of rosasite. An evaluation of the d�201-
spacings from rosasite with the data given by Porta[17] for the
degree of substitution by Zn reveals a cationic composition
close to the nominal Cu/Zn ratio for the c-series. In contrast,
the d-samples with nominal composition 90:10 to 70:30
exhibit the same composition of Cu/Zn 85:15 as shown in
Figure 4.


Figure 4. Plot of the d spacings of the 2≈01 reflections of rosasite versus Cu/
Zn ratio from the constant pH and decreasing pH series.


The XRD patterns of hydrozincite reveal shifts of the 002-
reflections towards lower d values with increased Cu content
of the samples. A decrease from 268 pm in the pure hydro-
zincite samples to 265 pm at composition 30:70 is detected. A
slight shortening (ca. 1 pm) of the axial bonds of the
octahedral Zn sites may account for this effect caused by
substitution with copper.[18] For a comparison of the relevant
geometries of both structures see Figure 5. The nearly equal
shifts within both series indicate an equal degree of substitu-
tion. Aurichalcite exhibits small shifts of the 121-reflections to
higher d values that finally overlap with the 002-reflections
from hydrozincite indicating a substitution with zinc. A
possible anionic disorder that is the substitution of carbonate
by hydroxide would result in a change of the d spacing of the
sheets stacked along the a axis that is not observed.


Figure 5. Comparison of the crystal structures of hydrozincite (left) and
aurichalcite (right). In both compounds edge-linked octahedra form
infinite layers in the c,b plane with the axial ligands pointing along the
[101] direction. Their shortening by substitution of Zn with Cu in
hydrozincite is assumed to cause the observed shifts of the 002 reflections.
Note, that a decrease in h00 spacing is not feasible due to the rigid assembly
of the interlayer carbonate groups.


We note that other microstructural features such as
positional cation/anion disorder, inhomogeneous composi-
tion, or intergrowth between auricalcite and hydrozincite are
not accessible by this XRD approach. XRD clearly indicates
by the non-proportional variation in the composition of the
crystalline solids with the composition of the synthesis
solution (see shape of the state diagram) that the solid
formation is an incongruent process requiring additional
control variables besides the cation ratio.


Thermal decomposition is analyzed in detail as it models
the calcination step in the catalyst synthesis (see Figure 1) and
yields invaluable information about the anion disposition in
the solid when coupled to EGA. The mass losses upon
thermal decomposition for the two series are depicted in
Figure 6. Slightly higher values are found than calculated from
the XRD phase analysis. This is attributed to incorporation of


Figure 6. Weight losses upon thermal decomposition for the constant pH
and decreasing pH series with varying Cu/Zn ratio. For comparison,
calculated weight losses are shown for phase pure hydrozincite/aurichalcite
(left array) and rosasite/malachite (right array) with the same cation ratios.


water. The variation with Cu content is in agreement with the
abundance of the crystalline phases derived from XRD. No
deviations occur within the two series for the zinc-rich
samples and the different progressions of the aurichalcite ±
rosasite transition are clearly reflected in the TG data.
Interestingly, sample d-60:40 exhibits a significant lower
weight loss than expected from XRD data, where a small
amount of rosasite is already visible. This indicates an excess
of hydroxide in the anionic composition. The weight losses of
the copper richest c-samples are markedly higher than for the
d-series indicating higher proportions of carbonate contained
in the c-samples. Moreover, the weight losses for both end-
members consisting of pure malachite show a small, but
significant additional rise. Quantitative EG analysis (see
below) suggests that this is due to additional water possibly
occluded within the crystals. Due to the obvious deviations
from ideal compositions and the very similar weight losses
expected for rosasite and aurichalcite the amounts of these
phases within the transition region were not quantified based
on the TG values.
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The DTG traces depicted in Figure 7 show the variations
with Cu/Zn ratio and with precipitation procedure. The
monometallic samples reveal a well-defined single decom-
position step. The incorporation of the second metal leads to a
stabilization of malachite and hydrozincite, respectively, as
evidenced by the shift of the DTG peaks from about 250 to
350 �C. A concomitant broadening of the peaks, however,
indicates an increasing inhomogeneity of the materials. The
peak temperature of c-80:20 exhibits a pronounced shift in
contrast to the decreasing sample in agreement with the
different cationic ratios in rosasite from both series. The
generally higher temperatures for the maximum decomposi-
tion rates of the constant pH samples are attributed to the
larger crystallite sizes of this series. The decomposition
patterns become more complex with the presence of the
second phase aurichalcite as apparent in particular for the
constant pH samples. These materials decompose in a range
from below 150 up to 500 �C.


A remarkable feature is the well-resolved decomposition
step at temperatures between 380 ± 500 �C emerging for
compositions 30:70 through 70:30 and recognizable for


Figure 7. DTG traces during thermal decomposition for the constant pH
(top) and decreasing pH (bottom) series.


samples with composition 20:80 and 80:20. The maxima of
these peaks vary between 440 and 480 �C with the highest
values obtained for the copper-richest samples. As these
decomposition temperatures are above the calcination tem-
peratures of catalysts, the species causing this feature will
persist in activated catalytic systems.


Evolved gas analysis (EGA) of H2O and CO2 provides a
more detailed picture of the decomposition process. The
EGA-traces for CO2 shown in Figure 8 confirm the distinction
of two qualitatively different decomposition steps. Water and
CO2 are released simultaneously in the first step for which
reason the water traces are not shown. The high-temperature
decomposition step is exclusively due to the release of CO2.
According to the high temperature resistance of this carbo-
nate species it will be referred to as HT-CO3.


The decomposition patterns for the zinc-rich samples up to
the composition 40:60 are almost identical for both series with


Figure 8. CO2-EGA traces of the constant pH and decreasing pH series
during thermal decomposition upon heating at 10 Kmin�1.
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a smooth trend of succeeding samples confirming the close
relationship of the two phases. A distinct second peak at lower
temperatures for the first decomposition step and, simulta-
neously, the high temperature carbonate species is observed
starting from 20 % Cu in parallel with the occurrence of
aurichalcite. This pattern is characteristic for all samples
containing aurichalcite that are samples d-50:50 to d-70:30. In
contrast, the corresponding samples c-60:40 and c-70:30
display more complex and poorly resolved decomposition
patterns in agreement with the large abundance of the
transition phase (see Figure 3).


The results of the quantification of the EGA traces are
shown in Figure 9. The anionic composition of hydroxide and
carbonate is calculated as mmol g�1 M(OH)2 and M(CO3)
using the mean molar weight M according to the ratio of the
metals. The overall trend confirms the phase composition
detected by XRD. However, distinct deviations are observed.


Figure 9. Anionic composition given as mmol M(OH)2 and MCO3 (M is
the respective mean molar weight of the metals of the two series as
determined by quantitative EGA). For comparison, calculated values for
phase pure samples are included.


For the zinc-rich region a weak trend towards increasing
proportions of hydroxide with increasing Cu content is
observed. Both series exhibit a discontinuity with an excess
of hydroxide between 10 to 20 % Cu where aurichalcite starts
to form. The constant pH samples up to the transition region
display slightly lower contents in carbonate than the decreas-
ing pH samples. The transition regions are characterized by
different progressions of the change in the chemical compo-
sition. For the constant pH series an almost linear increase of
the hydroxide to carbonate ratio is observed whereas the
decreasing series exhibits an asymptotic progression. The
special character of the sample d-60:40 is reflected in the
anionic composition expected for pure aurichalcite although
XRD analysis indicates the presence of rosasite. The propor-
tion of carbonate is lower for the copper rich samples d-80:20
and d-90:10 in agreement with the TG results resulting in a


deficiency in carbonate compared with stoichiometric com-
positions. Both malachites again comprise the same anionic
composition.


Different proportions of the high temperature carbonate
based on the total amount of CO2 released are obtained for
the two series as shown in Figure 10. The general progression
with the content of Cu correlates to the amount of aurichalcite
with a plateau from 40 to 60 % Cu. The amounts of HT-CO3


are significantly lower for the constant pH samples in this


Figure 10. Proportions of CO2 released in the high temperature decom-
position step as a function of the amount of Cu and method of precipitation.


compositional range. However, sample c-70:30 exhibits a
significantly higher value than the corresponding decreasing
pH sample. The occurrence of the high temperature carbo-
nate species seems to be related to the presence of aurichal-
cite, but there is an additional factor correlating the two
entities. To check whether the high temperature carbonate is
an inherent feature of aurichalcite, handpicked large grown
natural crystals were analyzed as a reference.[19] This well-
crystalline material exhibits only one sharp decomposition
step with a maximium rate at 402 �C. Either an additional
phase related to aurichalcite or kinetic hindrance of some
occluded carbonate (at the phase boundary between resulting
Cu oxides and ZnO) account for the HT-CO3 species. In this
context it is interesting to note that ZnCO3 (smithonite)
decomposes between 400 and 600 �C.


Simultaneous monitoring of the heat flows upon thermal
treatment shows that all decomposition steps are accompa-
nied by endothermic events. The first decomposition step
gives pronounced signals whereas the second signal is about
two orders of magnitudes weaker. The second event is
succeeded in the majority of cases by a likewise weak
exothermic event indicating crystallization. The heat flows
for the first step scatter irregularly around 500(�100) J g�1 for
both series. Evaluation of the values for the second step is
hampered by their small magnitudes and the overlap with the
exothermic event. In Figure 11 the magnitudes for the
exothermic events are shown. A maximum is observed for
the copper/zinc ratio of 50:50 for both samples. In general, for
the constant pH samples significantly lower values are found
which come close to zero for copper contents higher than
50 %. It is assumed that in these cases at least part of the
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Figure 11. Comparison of the integrated heat flows for the crystallisation
process (exothermic) after thermal decomposition of the hydroxycarbon-
ates from both series.


crystallization occurs simultaneously with the endothermic
release of the gaseous compounds thus obscuring the latter.


Effects of ageing and washing : For the investigation of the
changes during the post-precipitation treatments samples with
the cation ratio of 70:30 were chosen due to the relevance of
this composition for catalyst preparation.[20]


The different evolutions of the pH value during ageing of
the samples from the constant pH series depending on the Cu/
Zn ratio are depicted in Figure 12. A striking feature is an
instant drop of 0.1 to 0.2 pH units occurring after various
induction times in the composition range from 40:60 to 90:10
followed by a somewhat slower increase up to the initial value.
For the decreasing series similar but less pronounced events
were observed only for the compositions 70:30 and 80:20 (not
shown). The copper-rich samples c-90:10 and c-80:20 exhibit a
sharp drop whereas the decrease in pH is broadened for


Figure 12. Evolution of pH during ageing of precipitates of the constant
pH method. The bars mark the points in time where specimens were taken
for further characterization.


samples containing more zinc indicating less defined and/or
slower rates of the transformation process involved. The
period until minimum pH is reached lasts approximately
25 minutes for 60 up to 80 % Cu and is markedly shorter for
the other compositions. A long term continuous increase of
0.5 to 1 pH units within 120 minutes of ageing from the
starting pH 7 was noticed that is due to the continued
incorporation of carbonate into the solid releasing hydroxide.


To verify the origin of the pH drop and the effect of ageing,
specimen were isolated during the ageing of a c-70:30
precipitate at intervals of approximately three minutes during
the first 30 minutes and at intervals of several hours up to
18 hours. The XRD data shown in Figure 13 reveal that the


Figure 13. XRD patterns of differently aged samples of a precipitate with
cation ratio Cu/Zn 70:30 prepared according to the constant pH method.


initial precipitate is amorphous exhibiting only the peaks of
admixed NaNO3 with the indicative strong reflection at 29�
2�. Crystallization of rosasite and aurichalcite starts simulta-
neously coinciding with the pH drop corroborating that this
effect is a direct indicator for the transformation of the solid.
The positions of the reflections do not shift with ageing and
after 30 minutes no further alterations of their shapes are
observed showing that crystal growth has terminated. The
amount of aurichalcite decreases to 50 % of the initial value
within the first three hours of ageing as evidenced by the
progression of the intensities of the 002-reflection indicating
that the system then has reached a stable state.


IR spectra of the samples were recorded as shown in
Figure 14 in order to examine the changes of the local
environments of the anions. The data confirm the sponta-
neous crystallization process. The patterns of the samples
taken within the first 13 minutes correspond to georgeite
which is an amorphous modification of rosasite. The charac-
teristic single band around 837 cm�1 is attributed to a wagging
vibration of carbonate.[21] The asymmetric C�O stretching
vibration is observed at 1400 cm�1 with a broad and intense
doublet. The symmetric C�O stretching vibration around
1100 cm�1 is split into a doublet due to the reduction of
symmetry in bonded carbonate and only weakly visible in the
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Figure 14. IR spectra (transmission) of precipitates from sample c-70:30
aged for different times as indicated.


initial precipitate. After crystallization the intensity is strongly
enhanced with no changes in the peak position being observed
during ageing. A sharp peak at 1385 cm�1 indicative for the
asymmetric N�O vibration of nitrate points to an integration
of this anion into the solid that is most pronounced for the
amorphous samples. All crystallized samples display the
spectra of the phases rosasite and aurichalcite with a splitting
of the strong doublet around 1400 cm�1 and the weak signals
at 1200 cm�1 (M�OH bending vibration).[22, 23]


To further assess the differences induced by the c and d
preparations, samples aged for only 15 minutes–so as not to
reach crystallization–are compared with those from the
standard 120 minutes ageing. The duration of ageing (i.e.,
� 15 and 120 min) is given in parenthesis.


The X-ray diffraction patterns of the shortly aged samples
exhibit weak and diffuse reflections of aurichalcite and
rosasite indicating their commencing crystallization obviously
induced during the washing treatment. In contrast to sample
c-70:30 (15 min) additional sharp and strong reflections of
gerhardtite[24] are found for sample d-70:30 (15 min) as shown
in Figure 15.


The IR spectra for the shortly aged samples confirm the
differences between both samples. In addition to the georgeite
pattern found for c-70:30 (15 min) the decreasing pH sample
exhibits very weak signals at 970 and 1200 cm�1 indicative for
aurichalcite and sharp absorptions at 1385 and 1050 cm�1


indicative for gerhardtite.[25]


The evaluation of the anionic composition by EGA reveals
a slight enrichment in carbonate for the constant pH method
during ageing as shown by the ratio M(OH)2/MCO3 that drops
from 1.2 to 1.1 after 120 minutes ageing. The samples from the
decreasing method undergo a pronounced conversion from a
hydroxy-rich material to their final composition leading to a
change of the M(OH)2/MCO3 ratio from 1.8 down to 1.3. The
abundance of these anions shows that gerhardtite is a minor
constituent with less than 20 % weight of the sample. Further,


Figure 15. Comparison of XRD patterns of precipitates with cationic ratio
Cu/Zn 70:30 aged for 15 minutes (top) and 120 minutes (bottom) prepared
by the decreasing pH method.


the amount of the HT-CO3 species strongly decreases during
the ageing of the constant pH samples from 37 % after
15 minutes down to 23 % at 120 min.


Washing is evidently applied to remove nitrate occurring as
NaNO3 and as gerhardite from the preparation. The presence
of nitrate is known to lower the activity of the final
catalysts.[26] One detrimental effect is its ability to enhance
sintering of the final copper particles. Therefore, the removal
of nitrate during washing is of special interest as well as
observations on possible structural changes. To this end, the
four samples described in the preceding section with a ratio of
cations of 70:30 were analysed after each of six repeated
washing treatments.


Diffraction analysis shows that the removal of crystalline
NaNO3 is complete after the first washing treatment as the
strong reflection at 29� 2� disappeared. No noticeable
variations were found in the diffraction patterns of the
hydroxycarbonate phases throughout the washing series. The
lowering of the intensities of the reflections from gerhardtite
in sample d-70:30 (15 min) indicates that this compound is
successively dissolved.


Quantitative EGA similarly shows no significant changes of
the anionic composition regarding hydroxide and carbonate
throughout all washing series. The EGA patterns, in contrast,
display drastic changes upon the repeated washing treatments
with exception of sample d-70:30 (15 min). In Figure 16 the
typical development is shown for the sample c-70:30
(120 min). The initial precipitates washed only once exhibit
a single decomposition step with co-evolution of H2O and
CO2 occurring in a temperature range from 250 to 310 �C.
Sample d-70:30 (120 min) shows a minor presence of HT-
CO3. The second washing leads to a marked shift to higher
temperatures for the decomposition as listed in Table 2.


This effect is more pronounced for the constant pH samples
shifting from 260 to 350 �C and 320 to 380 �C for the short and
long aged samples, respectively, compared with the rise from
310 to 340 �C in sample d-70:30 (120 min). In the subsequent
washing treatments only a small rise occurs of these temper-
atures. The abundance of HT-CO3 is continuously growing at
different rates for the different samples. In addition, a rise of
the maximum decomposition temperatures of HT-CO3 is
observed. This general progression is noticeably retarded for
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Figure 16. Comparison of the evolution of CO2 and NO EGA traces for
sample c-70:30 (120 min) after repeated washing treatments.


sample c-70:30 (15 min) compared with the long aged samples
(Table 2).


The EGA traces of mass 30 (NO) monitor the removal of
NaNO3 decomposing at 750 �C as shown in Figure 16. For both
long-aged samples the data confirm that the discharge of
NaNO3 is essentially complete after the first washing treat-
ment. Only small signals for NO were observed during the
decomposition of the hydroxycarbonates, indicating minor
amounts of nitrate. Their traces are poorly resolved indicating
a form of co-existence with a matrix phase rather than a
mixture of defined phases. In
contrast, for the short-aged
samples noticeable amounts of
NO are detected at 750 �C up to
the third washing treatment in-
dicating that NaNO3 is proba-
bly formed during formation of
the hydroxycarbonates occur-
ring with washing. An evolution
of mass 30 around 600 �C except
for sample d-70:30 (15 min)
represents occluded anions
evolving after breakdown of
the hydroxycarbonate hosts.
Sample d-70:30 (15 min) dis-
plays a distinct decomposition
event for nitrate around 400 �C
as shown in Figure 17. Contin-
ued washing leads to a down-


shift of the peak temperature and an intensity increase.
Obviously, some NO3


� is progressively transferred from
NaNO3 into the copper/zinc hydroxycarbonates decomposing
at lower temperatures. A similar development is observed for
sample c-70:30 (15 min) where the decomposition of this
additional NO3


� species eventually coincides fairly well with
that of the HT-CO3 species. However, the extent of transfer is
less pronounced. This points towards an incorporation of
NO3


� into amorphous compounds.
Although the decrease of the amount of NaNO3 correlates


to the development of HT-CO3, careful inspection of the
traces for mass 30 shows that the two events do not coincide.
As shown for sample c-70:30 (120 min) in Figure 16 the HT-
CO3 species emerges after the third washing treatment
whereas almost no changes of the NO traces are observed
after the first washing treatment and the absence of signals
around 750 �C indicates complete removal of NaNO3. This
strongly suggests that these two events are independent from
each other and HT-carbonate is not introduced during
washing. On the other hand, the absence of HT-CO3 with
even minimal amounts of NO3


� remaining after the second
washing indicates that the formation of the HT-CO3 species is
extremely sensitive to the presence of this anion. It is noted
that the amounts of NaNO3 initially occluded in the precip-
itates are significantly lower for the samples with longer
ageing. The unexplained negative effect of nitrate impurities
on the final catalyst lifetime is rationalised as nitrate inhibit-
ing the formation of the essential HT-CO3 acting as glue
between copper and zinc oxide.


Table 2. Decomposition temperatures and amount of HT-CO3 species for samples aged 15 and 120 min and washed several times.


Tpeak main decomp. Tpeak HT-CO3 decomp. HT-CO3


[�C] [�C] [%]
d15 c15 d120 c120 d15 c15 d120 c120 d15 c15 d120 c120


w1 250 260 310 320 ± ± 425 ± ± ± 11 ±
w2 250 325 335 380 ± ± 450 ± ± ± 17 0
w3 250 340 340 380 ± ± 460 450 ± ± 17 22
w4 250 350 340 380 ± 425 470 475 ± 19 18 25
w5 250 350 340 380 ± 430 470 475 ± 22 18 25
w6 250 350 340 380 ± 460 470 475 ± 37 18 27


Figure 17. Progression of the release of CO2 (dotted line, shown only for the first treatment) and NO by EGA for
sample d-70:30 (15 min) after repeated washing treatments.
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Discussion


The scheme in Figure 18 gives an overview on the variations in
preparation and the processing steps that were investigated in
this work. The first part is dedicated to the influence of the
precipitation method, that is, constant pH or decreasing pH
and the variation of the Cu/Zn ratio. In the second part the
specific effects of ageing and washing are examined on
samples with a cationic ratio Cu/Zn 70:30.


Figure 18. Scheme of the various preparation parameters investigated.


The two precipitation methods primarily result in different
phase compositions of the precursors. Application of the
decreasing pH method affords higher proportions of auri-
chalcite throughout the Cu/Zn compositional range that is
obviously caused by the more alkaline conditions of this
precipitation method favoring hydroxy-rich phases. Further-
more, differing microstructural features namely crystallite
sizes and cation distribution as well as varying anionic
compositions are obtained. These differences are determined
by the differing pathways of formation of the solids during and
after the precipitation. The fundamental steps of the pre-
sumed pathway of formation for the copper-rich precursors
obtained with both preparation methods are summarized in
the scheme of Figure 19; The numbers represent the following
reactions:


Cu(OH)2 �Zn2��CO3
2�� [(Cu,Zn)2(OH)2CO3]s (1)


[M(OH)x]s �NO3
�� [M(OH)x�1(NO3)]s (2)


[Cu(OH)2]s �OH��NO3
�� [Cu2(OH)3(NO3)]s (3)


[Mx(OH)2x�1(NO3)]s �OH�� [Mx(OH)2x)]s �NO3
� (4)


[Mx(OH)2x�1(NO3)]s �H2O� [M(OH)2x)]s �HNO3 (5)


[Mx(OH)2x�1(NO3)]s �HCO3
�� [Mx(OH)2x(HCO3)(H2O)]s �NO3


� (6)


For constant pH samples the sequence of solid formation
steps starts with the initial precipitation of amorphous copper
hydroxide due to the more acidic character of Cu2� compared
with Zn2�. This all-important step of initial solid formation
excludes the frequent notion about ™co-precipitation∫ and
lays the foundation for the dominance of kinetic effects on the
complex sequence of events that are necessary to end at a
mixed hydroxycarbonate.


Figure 19. Pathways of solid formation for both preparation methods.


The copper hydroxide then reacts with Zn2� and CO3
2�


forming a mixed amorphous hydroxycarbonate (georgeite) as
formulated in reaction 1 in Figure 19. This secondary product
exhibits the same anionic composition as rosasite. In a
concurrent reaction the more slowly solidifying zinc forms a
hydroxy-rich material together with the residual Cu2� ions.
This material is assumed to incorporate the main fraction of
nitrate found in the precursors via reaction 2.


The presence of different species within the initial precip-
itates is evidenced by the complex thermal decomposition
pattern. The small signal preceding the main decomposition is
attributed to the hydroxy-rich species. The precursor forma-
tion is ™incongruent∫ due to the different kinetics of solid
formation for both metals resulting in an intimate phase mix.
This gives rise to the complex thermal decomposition pattern
and opens the possibility to kinetically control the particles
properties of the oxide system resulting from calcinations of
the hydroxycarbonate precursor.


The process of precursor formation is not finished with the
end of the precipitation phase but clearly continues during
ageing and therefore accounts for the importance of the post
precipitation handling. The initial solids slowly transform
during ageing presumably by partial dissolution/re-precipita-
tion reactions. Two processes are conceivable as indicated by
reactions 4 and 5 namely by direct action of hydroxide or
through hydrolysis. These processes account for the removal
of nitrate and will lead to an intermediate solid enriched in
hydroxide. A similar development was observed for the
transformation of gerhardtite upon addition of hydroxide or
carbonate.[27, 28] Cation exchange during the ripening of the
preformed solids cannot be excluded as indicated by the
question mark in Figure 19. In addition, carbonate or
bicarbonate may likewise be incorporated in a slow reaction
by anion exchange (reaction 6).


The reorganization of the solid eventually leads to the
formation of nuclei of the two crystalline end-phases rosasite
and aurichalcite from either georgeite or the amorphous
hydroxy-rich material. The kinetics of these processes clearly
depends on the Cu/Zn ratio. The final crystallization proceeds
rapidly to the hydroxycarbonates that are intermixed with
metastable residues in the compositional range used for
catalyst synthesis (transition region in Figure 3). Different
growth rates depending on the Cu/Zn ratio may determine the
varying crystallite sizes found for rosasite. The evolution of
the pH thus is clearly an indicator of the crystallization as
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protons result from hydrolysis and from polycondensation
reactions. It is presumed that during these processes the
primary metal ± ligand building blocks remain intact rather
than that a complete dissolution and re-precipitation occurs.


The process of solid formation in the decreasing pH
procedure is more complex due to the enhanced difference
in the precipitation kinetics of the metals. The more alkaline
conditions promote the formation of Cu(OH)2 in the first
place transforming into copper-rich georgeite according to
reaction 1. Simultaneously, under these conditions Cu(OH)2 is
susceptible to the reaction with NO3


� forming gerhardtite as a
crystalline intermediate (reaction 3). The rate of this reaction
is enhanced by the amphoteric character of zinc that will
precipitate at a later stage as compared with the constant pH
preparation. Accordingly, less zinc is incorporated forming
georgeite and the amorphous hydroxide species forms to a
greater extent than in the constant pH preparation that is also
enriched in zinc. These factors eventually result in the
preferential formation of aurichalcite.


It is emphasized that during the decreasing pH precipita-
tion several regimes of pH are passed that differ in precip-
itation pathways and kinetics. Gerhardtite reacts upon ageing
with carbonate and finally yields rosasite. The transformation
of georgeite proceeds as described for the constant pH
method. However, the prevalence of hydroxide will enhance
the formation of hydroxy-rich intermediates in the initial
stages of precipitation resulting in a continuous re-formation
of gerhardtite as indicated by the circle in Figure 19. Thus,
gerhardtite serves as a storage phase for Cu2� during the
crystallization of rosasite from georgeite. The extended
nucleation period resulting from this mechanism agrees with
the smaller crystallites found for the decreasing pH method. It
is further in accordance with the less pronounced pH drop
found during ageing of the decreasing pH samples. Since
gerhardtite is not known to adopt large amounts of Zn2� and
georgeite comprises higher proportions of copper, it follows
that Cu is enriched over its nominal abundance in the final
crystalline rosasites from the decreasing pH samples (see
Figure 4). The proposed pathway of formation with Cu(OH)2


and gerhardtite as intermediates affects in particular the
copper-rich samples with a Cu content of 60 ± 80 mol %
concerning their phase composition and microstructural
features.


Prolonged ageing leads to a loss of aurichalcite for both
preparation methods in agreement with earlier reports.[13] No
indication was found for an enrichment of rosasite in Zn
accompanying the conversion of aurichalcite. This loss of
crystalline material to the pool of non-crystalline phase is not
observable by XRD due to the very weak signals for
noncrystalline solids and their presence in the non-aged
samples. The degree and rate of aurichalcite loss are
controlled by several factors including crystallite sizes and
CO3


2�/HCO3
� concentration.


A discrepancy to earlier reports on the formation process of
the hydroxycarbonates is the absence of sodium zinc carbo-
nate Na2Zn3(CO3)4 ¥ 3 H2O as an intermediate which was not
observed in any of our ageing experiments. This phase has
been reported to be a crucial precursor to the zinc-rich
hydroxycarbonates.[8, 29] The authors used, however, a higher


carbonate to metal ratio than employed in the present study.
Sodium zinc carbonate is thus not generally an intermediate in
the formation of hydroxycarbonate precursors.


The varying amounts of the high temperature carbonate
species is a consequence of the initial abundance of carbonate
during the first solid formation and hence correlates with the
method of preparation. In the literature HT-CO3 was
attributed to a final decomposition step of aurichalcite
forming an oxy-carbonate[30] or to stem from the reaction of
the Zn centers in rosasite and to shift its decomposition
temperature to higher values with increasing Zn content.[31]


The present results associate this species to aurichalcite and
more directly to its progenitor, the hydroxy-rich amorphous
phase. The varying abundance observed in particular for the
samples with a Cu/Zn ratio of 70:30 strongly suggest that an
additional factor determines its formation. The amount of
interfacial region between auricalcite and its amorphous
progenitor is the likely controlling factor. This assumption is
corroborated by the trends observed with the washing treat-
ments where EGA clearly shows the modification of the
material. It is speculated that the surface of aurichalcite is
altered through dissolution re-precipitation processes forming
composite or core-shell particles. The smaller crystallites with
a total larger interfacial area resulting from the decreasing
series would then explain the higher amount of HT-CO3 for
the samples with the Cu/Zn ratio 40:60 through 60:40
compared to the constant pH series.


A consequence of ageing and washing is the reduction of
the amount of nitrate in the precursors. This anion exerts a
strong adverse effect on the formation of the high temper-
ature carbonate species indicating a reduced particle interface
region that leads to the observed effect of CuO sintering
during later activation of the precursor. Another effect of
ageing is the reduction of the amount of hydroxides. This will
affect the crystallite sizes of the resulting copper oxide since
the presence of water during the thermal decomposition
reduces the chemical potential of oxygen and thus reduces
nucleation of oxide. The copper oxide crystallites obtained
from copper-rich samples are markedly larger for the
decreasing pH series though the crystallites of their precursors
are smaller than those of the constant pH series.[9]


The ™chemical memory∫ was traced back to a direct
influence of the precursor phases on the structural properties
of copper.[9] A strong increase of the microstrain with
decreasing copper content was found for the zinc-rich
samples.[9, 33] This effect is significantly stronger for the
constant pH series and is attributed to the higher amount of
(cupper)-hydrozincite providing a greater dispersion of cop-
per than aurichalcite. The development of the crystallite sizes
in CuO of the calcined samples follows the same trend as for
the precursors for example, a strong decrease with substitu-
tion of Zn in the copper-rich samples for the c samples and a
smaller one for the d-samples.[9] The c-samples exhibit smaller
CuO crystallites, which may be related to the different copper/
zinc ratios within the rosasite precursors but the dominant
influence is the anionic composition of the precursor control-
ling directly the nucleation process of the oxides.


The present investigations clearly demonstrate that the
process of precursor formation is not finished with the end of
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the precipitation. In addition, it is emphasized that the quality
of the material being altered in each synthesis and post
synthetic modification step directly depends on the conditions
of each preceding step giving rise to the memory effect quoted
in the introduction. This memory translates further into the
calcination and into the final catalyst by the nucleation
controlling effect for the oxides of the volatile anions from the
precursor.


Conclusion


The detailed analysis of formation and reactivity of the binary
hydroxycarbonates confirms the metastable character of the
products accounting for the strong influence of the conditions
of the precipitation on the nature of the catalyst precursors.
The study further stresses the importance of the post-
precipitation treatments. It is concluded, that the different
phase mixtures obtained with the two preparation methods
are caused by the incongruent precipitation reactions of the
metals. The kinetics of the respective reactions is controlled
by the choice of precipitation conditions. A model is
presented for the sequence of events leading to the copper-
rich samples. A different effect of the presence of large
amounts of zinc cannot be excluded.


The model features two amorphous intermediates repre-
senting the progenitors to the crystalline products those form
during the ageing. Ageing is thus a key step in the post
precipitation process for determining the microstructural
characteristics of the products serving as precursor material.
The investigation of ageing revealed that transformations and
equilibrations take place at different timescales that depend
on the foregoing precipitation process. This comprises exchange
reactions between the preformed phases and their transfor-
mations into crystalline solids. These processes are charac-
terized by a long-term enrichment in carbonate and, in particular
for the decreasing pH samples the conversion of nitrate
containing phases, that is, gerhardite into hydroxycarbonates.


A key result of our investigations is the identification of the
metastable nature of the initially precipitated material.
Composition and structure of the fresh precipitate are neither
related to stoichiometric expectations nor to the final dry
products. The exact determination of the variability of the
anionic composition by EGA was a major analytical break-
through enabling the description of the complex process of
precursor formation as claimed in Figure 18.


It is noted that especially the compositional region of
relevance for catalytic application is characterized by the
transition regime between the phases of aurichalcite and
rosasite and therefore is particularly sensitive to the exact
conditions of preparation.


One pronounced ™memory∫ item that remains from the
preparation is the high temperature carbonate species. EGA
is here an exceedingly useful method to monitor this species.
EGA is much more sensitive to subtle changes in the
microstructure than XRD that has to rely on long-range
order. The HT-CO3 is coupled in its presence to a combination
of aurichalcite and a metastable amorphous hydroxycarbon-
ate. Since this species will persist after the typical calcination


conditions its presence will result in a modified microstruc-
tures not only of the oxides but also of the reduced catalysts.
To our knowledge the correlation between preparation
conditions and the specific evolution of the high temperature
carbonate species has not been issued before.


An illustration of the relevant microstructural features of
the precursor materials with respect to the final properties of
the calcined oxides is presented in Figure 20. It is noted that


Figure 20. Evolution of microstructural characteristics with ageing of the
precursors and the resulting oxides.


the resulting catalyst cannot be regarded as being ™supported∫
by ZnO due to the mass ratio of Cu to Zn.[3] The primary
catalyst particles are approximately equally sized oxide
particles exhibiting a substantial solid ± solid interface. The
geometry of the interface and the internal microstructure of
both components will result from the peculiarities of the
precursor. The amorphous and therefore more reactive
precursor with high hydroxide and nitrate contents allows
the growth of well-separated large CuO and ZnO crystallites
whereas a finely granular and crystalline precursor produces
an intimate intergrowth of small and distorted oxide crystal-
lites. It is speculated that the amorphous components form
during calcinations a kind of ™ZnO boundary∫. In this context,
the HT-CO3 may additionally serve as growth inhibitor for the
oxide crystallites.


This study has laid the foundation of a concise chemical
description of the liquid-to-solid transition of a catalyst
precursor. Even without taking into account the practically
relevant presence of a third cation (aluminium) it is possible
to explain several ™magic∫ effects such as time effects during
precipitation and post-precipitation handling, color changes
and the mode of addition of the reactants on the final catalyst.
The translation of the present findings into the later stages of
calcinations and activation was investigated in detail with in
situ structural methods.[9, 32, 33] The work reveals the impor-
tance of ™standard aqueous chemistry∫ for the science of
catalytic materials. The study is an illustration of what
chemistry is to be known in detail in order to enable a
controlled or even ™designed∫ synthesis of a catalytic func-
tional material with practically relevant methods.


Experimental Section


In the decreasing pH method the metals dissolved in nitric acid are added
to a solution of sodium carbonate whereas simultaneous mixing of the
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solutions yields constant pH samples. A computer-controlled installation
has been used as shown in Figure 21 in order to achieve highest possible
control over the precipitation process. The set-up consists of a thermostated
reactor of 2000 mL volume equipped with a wing stirrer and a lid to
minimize CO2 exchange with the atmosphere. Ports are provided with
fittings for the pH electrode (single junction, Schott BlueLine 13;
temperature effect compensated by pH meter, voltage range �1.9 to
1.9 V), a conductivity electrode (WTW LF 530, 0 ± 2 V) and a thermocou-
ple (Pt-100 resistance thermometer). An on-line computer (VMEbus)
provides via analog I/O interfaces an accurate control over the reaction in
the tank. The interfaces are connected to the sensors using buffer amplifiers
and to the pump supply (magnetically coupled toothed wheel pumps from
Ismatec). A real time operating system (VxWorks) allows an isochronous
handling of the process parameters. Process control is realized with a
software-implemented PID algorithm allowing processing with a temporal
resolution of 10 ms.


The concentrations of the solutions used were 1� with respect to the metals
and 1.2� for NaCO3. Each experiment was carried out with a total of
0.5 mol metals in the precipitate. The reaction container was thermostated
to 65 �C and for the constant pH series filled prior to the precipitation with
bidistilled H2O (400 mL). The solutions of the metals were added at
constant rates of 25 mL min�1. The addition of the precipitation reagent was
controlled as described above. The precipitates were aged for 120 min
under continuous stirring at the precipitation temperature. The solids were
washed after filtering six times each with bidistilled water (170 mL)
whereby the suspension was stirred for 10 minutes at ambient temperature.
Finally, the samples were dried at 120 �C in air for 20 h. In addition,
different drying conditions were applied to test the influence on the final
precursors. Samples with a Cu/Zn ratio of 70:30 were dried at 90 and 40 �C
using a dew point dryer. Characterization by XRD and TG-MS revealed no
verifiable differences to the standard sample.


To study the structural evolution during ageing a preparation at constant
pH of composition 70:30 was conducted and specimens were taken at
various times ranging from 3 min to 18 h. They were quenched from
reaction temperature in an ice bath and no washing and drying was applied
prior to X-ray analysis.


For the elemental analyses of the metals by AAS a Perkin ± Elmer 4200
instrument was used. IR spectra were recorded with a FTIR Perkin Elmer
2000 using the KBr disc technique. XRD measurements were performed on
a STOE STDI P instrument in Debye-Scherrer geometry equipped with a
curved (45�) PSD. Samples were prepared in 0.3 mm capillaries to minimize
texture effects. Thermal analyses were conducted on a NETZSCH STA449
thermobalance under a controlled flow of 40:10 mL min�1 N2/O2 with
approximately 20 mg of the samples in open Al2O3 crucibles applying a
heating rate of 10 K min�1. The gases evolved in the thermal analyses were
monitored with a quadrupole mass spectrometer (QMS200 Omnistar,


Balzers) coupled to the thermal bal-
ance via a quartz capillary heated to
180 �C. The mass gates used were m/e
18 (H2O), 28 (CO), 30 (NO), 32 (O2),
44 (CO2), and 46 (CO2/NO2). The
signals of CO2 and H2O were quanti-
fied with calibration factors obtained
by injections of known amounts of the
gases using a GC injection system
(capillary bypass of 0.5 mL). The ac-
curacy of these values was checked by
decomposition of weighted amounts
of the reference materials CaCO3


(Chempur, 99,9 %) and CuSO4 �
5 H2O (Merck, 99,9 %) and found to
agree within 1 % of error. For the
evaluation of the anionic composition
calculated as mmol M(OH)2 and
MCO3 per gram (with M being the
mean molecular weight of the metals
at the given Cu/Zn ratio) the CO2


signal was used directly and the quan-
tity of H2O was split into contributions
from M(OH)2 and adsorbed water to
account for the experimental weight


loss. The composition was also calculated from the weight loss assuming
that there are no other contributions besides CO2 and H2O. Both
compositions agree within 1 % with each other. With samples containing
noticeable amounts of sodium salts such as those obtained after the first
washing treatments this quantification procedure was not applied.
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N� Functionalization of Metal and Organic Protected �-Histidine for a Highly
Efficient, Direct Labeling of Biomolecules with [Tc(OH2)3(CO)3]�


Jae Kyoung Pak, Paul Benny, Bernhard Spingler, Kirstin Ortner, and Roger Alberto*[a]


Abstract: Two different pathways for
the introduction of an acetyl group at N�


in a N�, N�, and -COO protected histi-
dine to afford N�-(CH2COOH)-histidine
derivative 7b are presented. The pur-
pose of this study is the coupling of 7b to
amino groups in bioactive molecules
such as peptides. After full deprotection
of such a bioconjugate, histidine pro-
vides three coordination sites which
efficiently coordinate to [99mTc(OH2)3-
(CO)3]� or [Re(OH2)3(CO)3]� in a facial
geometry. This allows the development
of novel radiopharmaceuticals. Selective
derivatization at the N� position has
conveniently been achieved by concom-
itant protection of N� and N� with a
carbonyl group forming a six-membered
urea. Cyclic urea ring opening with Fm-


OH, coupling of phenylalanine as a
model to 7b through its primary amine
and removing of all protecting groups in
one step gave a histidine derivative of
phenylalanine which could be labeled at
10�5� with 99mTc in very high yield and
even in about 50% yield at 10�6�. The
X-ray structure of a complex with [Re-
(CO)3]� in which anilin is coupled to 7b
confirms the facial arrangement of his-
tidine. A second pathway applies direct-
ly the [Re(CO)3]� moiety as a protecting
group. This is one of the rare examples


in which a metal fragment is used as a
protecting group for organic function-
alities. The coordination to histidine
protects the N�, N� and COO group in
one single step, subsequent alkylation
with BrCH2COOH(R) at N�, coupling to
phenylalanine and oxidative deprotec-
tion of [Re(CO)3]� to [ReO4]� gave the
corresponding bioconjugate in which
histidine is coupled to phenylalanine
through an acetylamide at N�. Both
methods offer convenient pathways to
introduce histidine in a biomolecule
under retention of its three coordination
sites. The procedures are adaptable to
any biomolecule with pendant amines
and allow the development of novel
radiopharmaceuticals or inversed pepti-
des.


Keywords: bioorganometallic
chemistry ¥ histidine ¥
radiopharmaceuticals ¥ rhenium ¥
technetium


Introduction


The labeling of biologically active molecules with 99mTc for
radiopharmaceutical purposes is a field of intense research.[1±4]


The commercially available perfusion agents for radioimaging
have to be complemented by labeled vectors which will allow
a more precise targeting of various receptors expressed in
higher density on for example cancer cells. So far, a few
compounds are in pre-clinical trials[5±9] but none has found
commercial application so far. Many chemical and biological
difficulties have to be overcome. Chemically, the targeting
vector has to be i) derivatized with an appropriate chelator for


99mTc, ii) should be labeled at high specific activity (low vector
concentration) and finally retain its physicochemical proper-
ties and its affinity towards the corresponding receptor. For
routine use, the labeling process must be performed prefer-
entially in one single step. Different procedures are available
from literature and for peptides in particular the hynic
approach seems to be promising although it suffers from the
lack of a clearly defined compound which is required for
clinical approval.[10±15]


A valuable extention of these ™classical∫ approaches is the
use of bioorganometallic compounds, the versatility of which
has recently been highlighted by Metzler-Nolte.[16] In that
context, we recently presented the one pot synthesis of the
organometallic aqua ion [99mTc(OH2)3(CO)3]� and showed the
versatility of using this complex fragment for the labeling of
various biomolecules and peptides in particular.[17±23] One of
the major advantages of the carbonyl approach is the
availability of a well defined complex with very high specific
activity only depending from the ligand type.[24] Naturally
occurring bidentate ligands such as N-terminal histidines in
peptide chains can efficiently be labeled with
[99mTc(OH2)3(CO)3]� . An improvement in respect of specific
activity was the introduction of a terminal histidine through
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the �-amino group which allowed labeling at low ligand
concentration.[25] The relatively high lipophilicity of this type
of bifunctional chelator related to the difficulty of its synthesis
prompted us to seek for a differently derivatized histidine
which would allow its introduction into any peptide with a
minimum of synthetic work and a maximum of labeling
efficiency. Since the complex [99mTc(his)(CO)3] is hydrophilic
it is appropriate to derivatize the histidine at the �-nitrogen in
the imidazole ring. This functionalization leaves the highly
efficient tripodal coordination site untouched but still allows
the coupling to amine or carboxylic groups in biomolecules.
Finally, since the synthesis of [99mTc(his)(CO)3] can be
performed in one single step from [99mTcO4]� , histidine also
fulfils the requirement for a one pot labeling procedure
without affecting the ligand.
We want to present in this paper two different strategies for


the synthesis of N� derivatized tripodal histidine, its conven-
ient coupling to an amino acid and its highly efficient labeling
with 99mTc. One strategy employs the [Re(CO)3]� moiety as a
novel organometallic protecting group for the three function-
alities, carboxylic acid, primary and aromatic N� amine in
histidine. Alkylation at N� in [Re(his)(CO)3][26] can be
performed in parallel to a procedure very recently described
for [Mo(his)(CO)3]� .[27±29] After coupling to an amino acid or
a peptide, the organometallic protecting group is released by
mild oxidation. Alternatively, the functionalities in histidine
were protected stepwise by organic groups. The simultaneous
protection of N� and N� in one step by formation of a cyclic
urea ring is very convenient and is used to introduce an active
coupling group in N�. The two methods are shown in
Scheme 1.


Results and Discussion


The coupling of histidine 1 through a carboxyl functionality
introduced at N� to peptides is a multi-step procedure. The
acetyl linker attached to N� has to be selectively deprotected
after the alkylation. Deprotection, activation and coupling to
peptides or amino acids should not affect the other protecting
groups as well. Deprotection of the coordinating function-
alities after the coupling process must occur under conditions
typically encountered in peptide synthesis to be generally
useful. Due to potential cross reactions, the protecting groups


for N�, N� and the carboxylate had to be introduced prior to
N� derivatization. A major difficulty arose from the selective
protection of N� and N� since typical protecting agents tend to
react with both. In general, mixtures of N� and N� derivatives
are very difficult to separate even if the desired N�-derivative
represents the main product. In addition, N� can also be very
competitive along such a derivatization. The key step of our
method to bypass these problems is represented by the ring
closure and the formation of a six-membered urea ring in
histidine which allows simultaneous and exclusive protection
of N� and N� in histidine methyl ester. Subsequently, N� was
alkylated to give the desired derivative of histidine. Amine
and carboxylate groups can be introduced in that way, we
focus in this paper only on the latter. These groups can then be
coupled with the C- or the N-terminus of a peptide through
amide formation. The approach is straightforward but de-
mands a multi-step synthesis. The full reaction scheme for the
introduction of a alkyl carboxylate at N� is given in Scheme 2.
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Scheme 2. i) 2, Im2CO, DMF, 70 �C, 6 h, 61%; ii) bromoacetic tert-butyl
ester, CH3CN, reflux, 24 h; iii) 6� HCl, reflux, 48 h; iv) 6a : BnOH, THF,
reflux, 16 h, 62% (from 3 in two steps); 6b : Fm-OH, CH3CN, RT, 14 h,
55% (from 3 in two steps); v) TFA/CH2Cl2 1:1, RT, 2.5 h; vi) [Et4N]2-
[ReBr3(CO)3], H2O, RT, 21 h, 68% (from 3 in three steps).


An approach to protect N�


and N� in one step is the
reaction of �-histidine methyl
ester 2 with N,N�-carbonyldii-
midazole in DMF which led to
compound 3 by formation of a
six-membered urea ring com-
prising the N� and N� protected
amino acid in very good
yield.[30] The structure of com-
pound 3 could be confirmed by
an X-ray structure and the mol-
ecule is depicted in Figure 1.[31]
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Figure 1. ORTEP plot of 3, ellipsoids drawn at 50% probability.


Alkylation of the urea compound 3 with bromoacetic tert-
butyl ester in refluxing acetonitrile for 24 h provided the
quaternary ammonium salt 4 in almost quantitative yield.
According to 1H NMR spectroscopy, the crude product 4 was
clean enough to proceed to the next step without further
purification.
Starting from compound 4, several options are feasible to


achieve a histidine derivative of a biomolecule. Refluxing 4 in
6� HCl for 48 h led to the fully deprotected compound 5
which can then be used for introduction into a biomolecule
with the ™[Re(CO)3]�∫ moiety as a protecting group, as
discussed later in this text. Optionally, the urea ring can be
opened by refluxing 4 in neat methanol or ethanol. If
subsequent coupling with a biomolecule is attempted, the
resulting carbamates will not be very convenient since their
cleavage to give the amines requires drastic conditions. We
have therefore chosen other alcohols such as benzyl alcohol or
fluorenol (Fm-OH) which would result in a Cbz or a Fmoc
group easier to cleave. In neat benzyl alcohol, many side
products were found and only the reaction in acetonitrile or
THF gave a clear product. The N�-Cbz protected compound
6a was obtained from the reaction of benzyl alcohol in
refluxing THF in the presence of NEt3 overnight in an overall
yield of 62% relative to 3. Compound 6b was prepared from
acetonitrile since Fm-OH is poorly soluble in THF. Unex-
pectedly, the reaction with Fm-OH required much milder
conditions than the reaction with any other alcohol. We
observed that reflux conditions or even 40 �C were sufficient
to cause spontaneous deprotection of the once formed Fmoc
group. Thus, the ring opening reaction was performed at RT
for 14 h to give a 55% yield of 6b relative to 3. To obtain a
Boc protecting group, the reaction was performed with tert-
butanol; however even after 4 d the yield was less than 20%.
The X-ray structure of 6a could be elucidated and is shown in
Figure 2.[32]


Compounds 6a and 6b are fully protected with groups each
of which can independently be removed to receive a variety of
histidine derivatives. These can be employed in further
derivatizations for biomolecule coupling through N�, N�, or
the carboxyl group of histidine. A free acetyl group at N�


histidine is required for attaching 6a or 6b to the N-terminus
of a peptide after standard activation. Correspondingly, the
tert-butyl ester group in 6a and 6b were hydrolyzed to the
carboxylic group by reaction with TFA/CH2Cl2 1:1 for 2.5 h to


Figure 2. ORTEP plot of 6a, ellipsoids drawn at 50% probability, showing
one of the two molecules in the asymmetric unit.


afford compounds 7a and 7b which can now be coupled to a
free amino group in the biomolecules. Deprotection of N� and
hydrolysis of the remaining ester will then give the histidine
derivatives retaining its tripodal mode of coordination. To
probe this process with an amino acid, we have chosen �-
phenylalanine ethyl ester (H-Phe-OEt). The reaction of 7a or
7b with H-Phe-OEt in the presence of BOP as a coupling
reagent and NEt3 as an organic base gave the compounds 8a
and 8b in 90 and 74% yield as white solids. The reaction was
strongly influenced by the pH of the solution and it proved to
be important to keep it neutral by repeatedly adding NEt3
during the reaction.
To enable the coordination of the fac-[Re(OH2)3(CO)3]�[33]


complex to tripodal histidine in 8a or 8b (or in any other
derivatized biomolecule) or for labeling with the 99(m)Tc
homologue [99(m)Tc(OH2)3(CO)3]� ,[34] full deprotection is
required. In case of 8a which contains benzyloxycarbamate
(Cbz) as a protecting group, a two-step procedure was
employed to produce 9 (Scheme 3). In a first step, Cbz was
removed by hydrogenation with H2 and Pd/C under acidic
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Scheme 3. i) H-Phe-OEt, BOP, Et3N, CH2Cl2, RT, 1.5 ± 2.5 d, 74 ± 90%;
ii) deprotection: Cbz: H2, Pd/C, MeOH/H2O/AcOH (7:2:1), RT, 2 h;
Fmoc: piperidine, RT, 30 min; ester: 0.5� LiOHaq/MeOH (1:2), RT,
overnight; iii) [Et4N]2[ReBr3(CO)3], H2O, RT, 19 h, 40 ± 50%.


conditions. Clean deprotection occurred with a yield of 75 ±
80% in MeOH/H2O/AcOH (7:2:1). Subsequent and quanti-
tative deprotection of the ester groups was performed by
alkaline hydrolysis in aqueous 0.5� LiOH at RTovernight. A
much more convenient one step deprotection is possible for
8b, containing Fmoc as a protecting group. Stirring these
compounds in piperidine for 40 min at RT was sufficient to
remove all the protecting groups and to produce 9 in one step
and in quantitative yield. Thus, for convenience the applica-
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tion of 7b for the derivatization of biomolecules with tripodal
histidine is highly favoured.
This fully deprotected derivative 9 was treated with


[Re(OH2)3(CO)3]� to yield the corresponding neutral com-
plex, that is, [(9)Re(CO)3] 15. Beside the coupling to H-Phe-
OEt, we linked 7b to a variety of other model compounds
containing an amino group in order to get suitable crystals to
confirm the structure of a rhenium complex by X-ray
structure analysis. Compound 7b was coupled to aniline to
yield the corresponding anilide 10 after deprotection with
piperidine (Scheme 4). Reaction of 10 with [Re
(OH2)3(CO)3]� in water or methanol gave the rhenium
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Scheme 4. i) BOP, Et3N, CH2Cl2/DMF, RT, 2 d; ii) piperidine, RT, 30 min;
iii) [Et4N]2[ReBr3(CO)3], H2O, RT, overnight, 75%.


complex [(10)Re(CO)3] 11, its structure could finally be
elucidated,[35] and an ORTEP presentation is given in
Figure 3.


Figure 3. ORTEP plot of 11, ellipsoids drawn at 50% probability, showing
one of the two molecules in the asymmetric unit.


The molecular structure of 11 shows the tripodal histidine
coordination to the [Re(CO)3]� fragment occurring through
N�, N� and the carboxylate. The complex is neutral and the
primary amino group is not deprotonated. The anilide group,
which is a model for a biomolecule, points away from the
metal complex. Bond lengths and angles are within the
expected range and comparable to the isoelectronic Mo
complex [Mo(his)(CO)3]� .[28]


The method discussed with organic protecting groups is
convenient to introduce tripodal histidine in biomolecules.
Deprotection occurs under mild conditions and is compatible
with sensitive biomolecules. As a valid alternative to the pure
organic procedure, we have introduced the organometallic
moiety [Re(CO)3]� as a protecting motif which occupies the
three reactive sites in histidine at the same time. This


significantly reduces the number of steps for derivatization
and coupling. The coordination of [Re(CO)3]� with �-
histidine gives quantitatively well characterized 12[26, 36] in
which N�, N�, and the carboxylate are all protected in one
single step. The alkylation of 12 with ethyl bromoacetate or
tert-butyl bromoacetate in the presence of Cs2CO3 directly
produced the alkylated complex 14a or 14b, respectively, as
single products in very good yield (Scheme 5). A similar
reaction has recently been described for an organometallic
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Scheme 5. i) Ethyl/tert-butyl bromoacetate, Cs2CO3, CH3CN, 35 �C, 1.5 h,
90%; ii) deprotection: ethyl ester: 0.5� LiOH/MeOH (1:2), RT, overnight;
tert-butyl ester: TFA/CH2Cl2 1:1, RT, 2 h.


Mo complex with the purpose of attaching targeting mole-
cules to the new carboxylate but not for protecting histi-
dine.[37] It is imperative to note that alkylation at N� or N� was
not observed at all during the alkylation reaction, illustrating
the high kinetic and thermodynamic stability of [Re(CO)3]� in
the histidine complex. With a labile complex, it might be
expected that alkylation also occurs at the other amines in 1
when in equilibrium they are shortly released from the
protecting metal.
The ester hydrolysis in 14a,b to the corresponding carbox-


ylic acid 13was performed under different conditions depend-
ing on the type of ester. The ethyl ester of 14a was
deprotected by treatment with LiOH in MeOH/H2O mixture
and the tert-butyl ester of 14b was removed under acidic
conditions with trifluoroacetic acid in methylene chloride.
With each method, 13 was produced in high yield which can
now be coupled to a biomolecule by standard techniques.
Phenylalanine was chosen as a model compound and coupled
with 13 to produce 15 (Scheme 6). The [Re(CO)3]� acts as a
versatile protecting group for 1 during the whole process.
Although the use of metal cations or complex fragments as
protecting groups is known in organometallic chemistry,
examples with Werner-type ligands are rare and only a
limited number of examples have been described at all.[38, 39]


In principle, a metal center could protect six functionalities
the same time. To successfully apply such a procedure, the
complex fragment must be robust, otherwise dynamic decom-
plexation/complexation would not allow selective derivatiza-
tion at non coordinated sites. The prerequisite limits the type
of metal centers for this purpose essentially to d6 systems as is
the case with the [Re(CO)3]� moiety.
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Scheme 6. i) H-Phe-OEt, BOP, Et3N, CH2Cl2/DMF, RT, overnight, 75%;
ester deprotection: 0.5� LiOH/MeOH (1:2), RT, overnight, quantitative;
ii) 10 ± 30 equiv H2O2, H2O, HCl (TFA or AcOH), 50 �C, 4 ± 48 h.


Instead of alkylating 12, ligand 5 can also directly be
coordinated to the [Re(CO)3]� moiety. Compound 5 was
obtained analytically pure after reacting 4 in refluxing 6� HCl
for 2 d. Further reaction with [Et4N]2[ReBr3(CO)3] in water
afforded the complex 13 in 68% overall yield relative to 3 in
three steps (Scheme 2).
For subsequent labeling of a histidine derivatized biomo-


lecule with [99mTc(OH2)3(CO)3]� , the protecting [Re(CO)3]�


moiety must be removed to receive the final bioconjugate.
Due to the high kinetic and thermodynamic stability of
[Re(his)(CO)3], simple decomplexation at low pH is not
sufficient since recomplexation readily takes place.
The [Re(CO)3]�moiety must be ™deactivated∫ by oxidation


with H2O2 under acidic conditions to yield [ReO4]� and
provide the unprotected derivatized biomolecule. Experi-
mentally, the disappearance of the rhenium complex and the
appearance of [ReO4]� can conveniently be followed in the
HPLC trace at 250 nm wavelength.
Complexes 13 and 15 were examined as simple models for


more complicated biomolecules to assess the conditions
required for the complete oxidative removal of [Re(CO)3]� .
Conditions with variable equivalents of H2O2 relative to
rhenium and different pH values were screened with three
acids, HCl, TFA, and acetic acid. It was found that the H2O2


concentration (10, 20, or 30 equivalents) gradually improved
the conversion of 13 or 15 to [ReO4]� . The pH (0.5, 1, or 3) of
the solution greatly affected the reactivity of the rhenium
complex towards oxidation. 20 or 30 equivalents of H2O2


relative to Re at a pH of 0.5 with HCl were sufficient to
completely remove the Re after 8 h at 50 �C. At higher pH
values, the reaction proceeds with significantly slower con-
version rate to [ReO4]� . Similar results were also obtained
with trifluoroacetic acid whereas the reaction with acetic acid
and H2O2 showed only very slow oxidation. A low pH value is
crucial for a reasonable conversion rate and suggests that
oxidation occurs only when the [Re(CO)3]� moiety is fully or
partially decomplexed from (protonated) histidine ligand but
not directly in closed shell [Re(his)(CO)3]� .
For the derivatization of a biomolecule with 5, the use of


[Re(CO)3]� as a protecting group is versatile and the method


shorter than the fully organic approach discussed in the first
part. The only limitation for the choice of the biomolecule is
its sensitivity towards oxidative conditions. When the peptide
contains for example methionine, the organic method is
favorable since oxidative removal of rhenium would lead to
oxidation of the thio ether group. For many radiopharma-
ceutically interesting molecules such as central nervous
system receptor ligands, this sensitivity does not apply and
the method using an organometallic protecting group is much
more straightforward.
The tripodal histidine ligand is one of the most efficient


chelating system for the [99mTc(CO)3]� moiety, a crucial
prerequisite for the preparation of radiopharmaceuticals with
the highest possible specific activity. If high biomolecule
concentrations are required for complete labeling, the 99mTc
radiopharmaceutical has to be separated from unlabeled, cold
material to prevent blocking of the receptors with non-labeled
compounds. Ideally, the concentration of the derivatized
biomolecule is equal to 99mTc. Since the concentration of 99mTc
is very low (10�7 ± 10�6�), this is hardly achieved for kinetic
reasons but histidine allows complete labeling at concentra-
tions near stochiometry.[24] To assess this behaviour for the
derivatized histidines, we have performed labeling studies
under various, radiopharmaceutically useful conditions. Two
labeling procedures are possible. One is a two-step procedure
consisting in initial preparation of [99mTc(OH2)3(CO)3]� and
subsequent coordination to the compounds 5 and 9 to yield 16
and 17, respectively. Clinically more relevant, the labeling is
performed directly in one single step in one single vial from
[99mTcO4]� in the presence of for example 9 and the reducing/
CO transfer reagent Na2[H3BCO2]. The two procedures are
depicted in Scheme 7.
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Scheme 7. One- and two-step labeling of a histidine derivatized amino
acid.


The complex [99mTc(OH2)3(CO)3]� was prepared as descri-
bed in the literature[17, 40] or from commercially available
Isolink kits (available from Mallinckrodt). After buffering
with phosphate buffer of pH 7.4, an aliquot of a standard
solution of the ligands 5 or 9 was added in a final
concentration of 10�4, 10�5 or 10�6�, in general in a total
volume of 1 mL. For each reaction, only the 99mTc complexes
16 and 17 were obtained. The two different synthetic routes
(the organic or the organometallic protection pathway) gave
similar labeling yields illustrating that compound 15 did not
decompose during the oxidative deprotection process. Slightly
lower yields found for the labeling of ligands obtained from
the oxidation process are likely to be due to lower effective
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concentrations. For characterization of the 99mTc compounds,
the retention times were compared to the fully characterized
rhenium analogues and proved to be the same. Labeling yields
under different conditions are summarized in Table 1.


At a ligand concentration of 10�4� both 5 and 9 were
quantitatively labeled at 70 �C after 30 min to provide the
products 16 and 17. The yields relative to [99mTc(OH2)3(CO)3]�


are better than 95%, the difference counts for [99mTcO4]�


small amounts of which were sometimes present after the
synthesis of [99mTc(OH2)3(CO)3]� . In case of ligand 5, labeling
was completed even at RT after 30 min at this concentration.
To afford complete complex formation, 10�5� solutions
required longer reaction times or higher temperatures and
gave exclusively 16 and 17. In case of complex 17, quantitative
yield was achieved at 90 �C within 30 min. Since the concen-
tration of the ligand is reduced by a factor of 10 in this pseudo
first-order kinetics, higher temperature must compensate low
concentration. At 10�6� (corresponds to 1 nmol of biomole-
cule), the concentrations of 99mTc and ligand become com-
parable and the kinetic law switches to second order slowing
down the rate further. The labeling reaction took longer and
the yields at 70 �C were 64% for 5 and 69% for 9 after 90 min,
respectively. At this concentration the oxidation of
[99mTc(OH2)3(CO)3]� by traces of O2 becomes a major side
reaction but still significant amounts of labeled compounds
were produced.
The one-pot reaction from [99mTcO4]� in the presence of 9


to compound 17 was investigated according to Scheme 7. The
[99mTcO4]� generator eluate was now added to a vial contain-
ing the compounds required for the preparation of
[99mTc(OH2)3(CO)3]� and, in addition, a solution of ligand 9
to yield a final ligand in the concentration of 10�4, 5� 10�5 and
10�5�, respectively. At 90 �C, for both concentrations 10�4�
and 5� 10�5�, almost quantitative formation of 17 was found
within 20 min. No side products were observed by radioactive
HPLC analysis. At 10�5� the yield was 67% after 90 min.
Although heating at 95 �C was continued for much longer
time, no significant formation of side products was observed
proving the high thermal stability of the product 17. The one-
pot reaction under reductive conditions did not affect the


peptide bond in 9 and no reduction or hydrolysis occurred.
This demonstrates the versatility of this one-pot process not
only for the model compounds presented herein but also for
other biologically active polypeptides or other receptor
binding molecules. The conditions employed in the one-pot
reaction corresponds exactly to what is required for routine
application, the quantitative formation of one single structur-
ally determined species at very high dilution. This product is
principally ready to be injected without purification or
separation from excess cold material or byproducts.


Conclusion


We have presented in this report two convenient methods for
the introduction of a tripodal N� derivatized histidine into
model peptides. The organic method requires more steps but
can also be applied to biomolecules susceptible to oxidation
whereas the method using an organometallic moiety as
protecting group is straightforward but limited to biomole-
cules which are not very sensitive towards oxidation. Both
methods end up with the same compounds in which an acetyl
group at the imidazole ring can be coupled to an amino group
of any biomolecule. The functionality on the pendant arm
attached to N� is variable and primary amines as well as
hydroxy groups can be introduced. After deprotection, the
histidines can be labeled with 99mTc to yield one single
radiopharmaceutical of very high specific activity without
purification. A full one-step procedure is possible without
preparing precursors or intermediates. Finally due to the high
hydrophilicity of the attached histidine complex, this method
is in particular suitable for hydrophilic biomolecules such as
most of the biologically active peptides. Currently, we are
studying a number of these peptides for their application as
novel radiopharmaceuticals.


Experimental Section


General techniques : All chemicals were purchased at highest commercial
quality and used without further purification, unless stated otherwise. All
the reactions were performed under nitrogen or argon and monitored by
thin-layer chromatography (TLC) carried out on 0.25 mm Merck silica gel
aluminium plates (60 F254) using UV light as visualizing agent. Silica gel
(particle size 0.040 ± 0.063 mm) was used for flash column chromatography.
NMR spectra were recorded on Bruker, DRX-500 (500 MHz) or Varian
Gemini-2000 (300 MHz) instruments. Mass spectra were recorded on a
Merck, M-8000 LC/3DQMS under electrospray ionization(ESI) condition.
Yields refer to chromatographically and spectroscopically homogeneous
materials.


Crystal data and experimental details are listed in the Supporting
Information. Suitable crystals were covered with ParatoneN oil, mounted
on top of a glass fibre and immediately transferred to a Stoe IPDS
diffractometer. Data was collected at 183(2) K using graphite-monochro-
mated MoK� radiation (�� 0.71073 ä). Data was corrected for Lorentz and
polarisation effects as well as for absorption (numerical, but not for 3).
Structures were solved with direct methods using SHELXS-97[41] or
SIR97[42] and were refined by full-matrix least-squares methods on F 2 with
SHELXL-97.[43] In case of the organic structures 3 and 6a, the configuration
of the histidine was set to match with the configuration of the used �-
histidine. The asymmetric units of 6a and 11 contain two molecules each. In
both cases with the exception of a torsion angle, the corresponding pair of
molecules possesses a practical identical geometry.
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Table 1. Labeling of Ligand 5 and 9 with [99mTc(CO)3]�.


Method No. of ligand c [�] T [�C] t [min] Yield [%]


two-step labeling 5 10�4 70 30 quantitative
5 10�5 70 30 91[a]


5 10�6 70 30 20[b]


9 10�4 90 30 quantitative[c]


9 5� 10�5 90 30 quantitative
9 10�5 90 30 quantitative[d]


9 10�6 90 30 41[e]


one-pot labeling 9 10�4 90 20 94
9 5� 10�5 90 20 96
9 10�5 90 20 34[e]


[a] The labeling was done quantitatively in 1 h. Ligand 5 from the
oxidation, at 75 �C for 30 min yield was 85%. [b] The labeling reached
64% yield after 1.5 h. [c] Ligand 9 from the oxidation showed 88% yield at
90 �C for 30 min. [d] Ligand 9 from the oxidation showed 73% yield at
90 �C for 30 min. [e] The labeling reached more than 65% yield after 1.5 h.
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[NEt4]2[ReBr3(CO)3],[33] fac-[Re(his)(CO)3],[36] and fac-[99mTc(H2O)3-
(CO)3]�[17] were prepared as previously reported.


5-Oxo-5,6,7,8-tetrahydroimidazo[1,5-c]pyrimidine-7-carboxylic methyl es-
ter (3): The compound was prepared according to literature with slight
modification.[30] Im2CO (1.88g, 11.61 mmol) was added at RT to a solution
of �-histidine methyl ester (2.73 g, 11.28 mmol) in DMF (80 mL). The
reaction mixture was heated to 70 �C for 6 h, then cooled down to RT and
poured slowly to 1� NaHCO3 aqueous solution (250 mL). Some solid
precipitated from the aqueous layer which was extracted with CH2Cl2.
During extraction the precipitate dissolved completely in CH2Cl2. The
combined organic extracts were dried over Na2SO4, concentrated under
reduced pressure, and purified by flash column chromatography to afford 3
as white solid (1.35 g, 61%). Rf� 0.2 (EtOAc); 1H NMR (500 MHz,
CD3CN, 25 �C): �� 8.01 (s, 1H; CHim), 6.77 (s, 1H; CHim), 6.61 (br s, 1H;
NH), 4.37 ± 4.34 (m, 1H; CHCO), 3.67 (s, 3H; OCH3), 3.25 ± 3.23 (m, 2H;
CH2CH); 13C NMR (500 MHz, CD3CN, 25 �C): �� 172.1, 149.2, 135.4,
126.9, 125.9, 53.6, 53.5, 23.7; MS (ESI): m/z (%): 195.73 (100) [M�], 167.8
(35), 135.8 (24); elemental analysis calcd (%) for C8H9N3O3 (195.18): C
49.23, H 4.62, N 21.54; found: C 49.32, H 4.77, N 21.24. Crystals suitable for
X-ray structure analysis were obtained by slow evaporation from EtOAc.


2-(2-tert-Butoxy-2-oxoethyl)-7-methoxycarbonyl-5-oxo-5,6,7,8-tetrahy-
droimidazo[1,5-c]pyrimidine-2-ium bromide (4): Bromoacetic tert-butyl
ester (0.57 mL, 3.86 mmol) was added to a solution of 3 (250 mg,
1.28 mmol) in CH3CN (25 mL). The reaction mixture was heated under
reflux for 24 h, then cooled to RT and concentrated in vacuo. The residue
was washed with Et2O (2� 10 mL) and THF (2� 5 mL) and dried in vacuo
to afford 4 as a white sticky solid which was used in the next step without
any further purification. 1H NMR (300 MHz, D2O, 20 �C): �� 9.39 (s, 1H;
CHim), 7.40 (s, 1H; CHim), 5.05 (s, 2H; CH2Nim), 4.78 ± 4.61 (m, 1H;
CHCO), 3.63 (s, 3H; OCH3), 3.42 ± 3.39 (m, 2H; CH2CH), 1.39 (s, 9H;
tBu); MS (ESI): m/z (%): 309.40 (13) [M��HBr], 253.80 (100) [M��
HBr� (CH2�C(CH3)2)].


Methyl N-[(benzyloxy)carbonyl]-1-(2-tert-butoxy-2-oxoethyl) histidinate
(6a): DIPEA (0.52 mL, 3.01 mmol) and BnOH (2.1 mL, 20.08 mmol) were
added to a solution of crude 4 (390 mg) in THF (50 mL). After 16 h of
refluxing, the reaction solution was cooled down to room temperature,
concentrated under reduced pressure, and purified by flash column
chromatography to afford 6a as white solid (260 mg, 62% from 3). Rf�
0.15 (CH2Cl2/MeOH 45:1); 1H NMR (500 MHz, CD3CN, 25 �C): �� 7.39 ±
7.32 (m, 6H; 5�CHph, CHim), 6.78 (s, 1H; CHim), 6.66 (brd, J� 7.8 Hz, 1H;
NH), 5.06 (s, 2H; CH2-Bn), 4.58 (s, 2H; CH2Nim), 4.42 (q, J� 2.6 Hz, 1H;
CHCO), 3.62 (s, 3H; OCH3), 2.96 (t, J� 5.26 Hz, 2H; CH2CH); 13C NMR
(500 MHz, CD3CN, 25 �C): �� 173.2, 168.3, 157.0, 139.1, 138.2, 137.8, 129.5,
129.0, 128.9, 119.2, 83.2, 67.2, 66.9, 55.2, 52.7, 49.3, 30.2, 28.2; MS (ESI):m/z
(%): 417.53 (100) [M�]; elemental analysis calcd (%) for C21H27N3O6


(417.48): C 60.43, H 6.47, N 10.07; found: C 60.43, H 6.57, N 9.97. Crystals
suitable for X-ray structure analysis were obtained by vapor diffusion of
1-hexene into EtOAc.


Methyl 1-(2-tert-butoxy-2-oxoethyl)-N-(9H-fluoren-9-ylmethoxycarbonyl)
histidinate (6b): Crude 4 (400 mg), Fm-OH (543 mg, 2.77 mmol), and
DIPEA (0.24 mL, 1.39 mmol) were dissolved in acetonitrile (50 mL). After
16 h at RT the reaction solution was neutralized by adding 1� HCl solution
and concentrated under reduced pressure. The residue was dissolved in
CH2Cl2 (80 mL) and extracted with water (50 mL) and 1� HCl solution
(50 mL). The organic layer was dried over Na2SO4, concentrated in vacuo
and purified by flash column chromatography afforded 6b as a colorless oil
(233 mg, 55% from 3). Rf� 0.1 (CH2Cl2/MeOH 60:1); 1H NMR (300 MHz,
CD3CN, 20 �C): �� 7.83 (d, J� 7.63 Hz, 2H; CHfluoren), 7.64 (d, J� 7.66 Hz,
2H; CHfluoren), 7.44 ± 7.31 (m, 5H; CHim, 4�CHfluoren), 6.78 (s, 1H; CHim),
6.63 (brd, J� 7.83 Hz, 1H; NH), 4.56 (s, 2H; CH2Nim), 4.44 ± 4.34 (m, 3H;
CHCO, CH2-fluoren), 4.23 (t, J� 7.0 Hz, 1H; CH-fluoren), 3.61 (s, 3H;
OCH3), 2.94 (m, 2H; CH2CH), 1.43 (s, 9H; tBu); 13C NMR (300 MHz,
CD3CN, 20 �C): �� 173.5, 168.6, 157.2, 145.4, 142.4, 139.3, 138.1, 128.9,
128.3, 126.3, 121.2, 119.4, 83.3, 67.3, 55.3, 52.8, 49.3, 48.1, 30.3, 28.2; MS
(ESI): m/z (%): 506.40 (100) [M��H]; elemental analysis calcd (%) for
C28H31N3O3�0.5H2O (514.59): C 65.37, H 6.22, N 8.17; found: C 65.14, H
6.40, N 7.96.


Methyl N-[(benzyloxy)carbonyl]-1-{2-[(1-ethoxycarbonyl-2-phenylethyl)-
amino]-2-oxoethyl} histidinate (8a): A solution of 6a (140 mg, 0.34 mmol)
in CH2Cl2/TFA (2:2 mL) was stirred for 2.5 h at RT. The solvent was


removed under reduced pressure and dried more in vacuo. The residue, the
crude compound 7a was dissolved in CH2Cl2 (10 mL) and neutralized by
adding Et3N dropwise. BOP (148 mg, 0.34 mmol) and Et3N (46 �L,
0.34 mmol) were added to the reaction mixture. After 45 min, a solution
of phenylalanine ethyl ester (84.6 mg, 0.37 mmol) and Et3N (51 �L,
0.37 mmol) in CH2Cl2 (10 mL) was added slowly by a syringe. The reaction
mixture was stirred for an additional 2.5 d at room temperature. The
solution was diluted with CH2Cl2 (30 mL) and extracted with 1� HCl
solution (20 mL), 1� NaHCO3 (20 mL), brine (20 mL). The organic layer
was dried over Na2SO4, concentrated under reduced pressure and purified
by flash column chromatography to afford 8a as a colorless oil (162 mg,
90%). Rf� 0.2 (CH2Cl2/MeOH 40:1); 1H NMR (500 MHz, CD3CN, 25 �C):
�� 7.37 ± 7.28 (m, 9H; 2� 4H-CHph, CHim), 7.16 (d, J� 8.23 Hz, 2H; 2�
CHph), 6.77 (brd, J� 7.65 Hz, 1H; NH), 6.69 ± 6.66 (m, 2H; CHim, NH),
5.05 (s, 2H; CH2-Bn), 4.61 (dt, J� 7.86 Hz, 1H; CH-Phe), 4.52 (s, 2H;
CH2Nim), 4.43 ± 4.41 (m, 1H; CHCO), 4.11 (q, J� 7.15 Hz, 2H; CH2CH3),
3.62 (s, 3H; OCH3), 3.10 (dd, J� 8.19 Hz, 1H; CH2-Phe), 2.99 ± 2.93 (m,
3H; CH2-Phe, CH2CH), 2.57 (s, N-CH3), 1.18 (t, J� 7.13 Hz, 3H; CH3);
13C NMR (500 MHz, CD3CN, 25 �C): �� 173.3, 172.0, 167.8, 157.0, 139.1,
138.3, 138.2, 137.8, 130.4, 129.5, 129.4, 129.0, 128.9, 127.9, 118.9, 67.2, 62.2,
55.2, 54.8, 52.8, 49.9, 38.0, 30.3, 14.5; MS (ESI): m/z (%): 537.53 (100)
[M��H]; elemental analysis calcd (%) for C28H32N4O7


� 0.5[N(CH3)2]3P�O� 0.5H2O (634.5): C 58.63, H 6.62, N 12.14; found:
C 58.98, H 6.89, N 12.48.


Methyl 1-{2-[(1-ethoxycarbonyl-2-phenylethyl)amino]-2-oxoethyl}-N-(9H-
fluoren-9-ylmethoxycarbonyl) histidinate (8b): The title compound was
prepared under the same condition as described for 8a. A solution of 7b
(13 mg, 0.03 mmol), prepared from compound 6b in TFA/CH2Cl2, BOP
(13 mg, 0.03 mmol), and Et3N (8 �L, 0.06 mmol) in CH2Cl2 was stirred for
1.5 d at room temperature. Flash column chromatography yielded 8b
(13 mg, 74%). Rf� 0.15 (CH2Cl2/MeOH 60:1); 1H NMR (300 MHz,
CD3CN, 20 �C): �� 7.83 (d, J� 7.61 Hz, 2H; 2�CHfluoren), 7.63 (d, J�
7.44 Hz, 2H; 2�CHfluoren), 7.43 ± 7.23 (m, 9H; 4�CHfluoren, 4�CHph,
CHim), 7.14 (d, J� 6.25 Hz, 1H; CHph), 6.71 ± 6.69 (m, 2H; CHim, NH), 6.60
(brd, J� 7.83 Hz, 1H; NH), 4.61 (dt, J� 7.82 Hz, 1H; CH-Phe), 4.51 (s, 2H;
CH2Nim), 4.44 ± 4.33 (m, 3H; CH2-fluoren, CH-fluoren), 4.22 (t, J�
6.41 Hz, 1H; CHCO), 4.09 (q, J� 7.15 Hz, 2H; CH2CH3), 3.61 (s, 3H;
OCH3), 3.09 (dd, J� 5.64 Hz, 1H; CH2-Phe), 2.96 (dd, J� 6.91 Hz, 3H;
CH2-Phe, CH2CH), 1.17 (t, J� 7.12 Hz, 3H; CH3); 13C NMR (300 MHz,
CD3CN, 20 �C): �� 173.5, 172.2, 168.0, 145.4, 142.4, 139.2, 137.9, 130.5,
129.4, 128.9, 128.4, 128.1, 126.3, 121.2, 119.1, 67.3, 62.3, 55.3, 54.8, 52.8, 50.0,
48.1, 38.1, 30.9, 30.4, 14.4; MS (ESI): m/z (%): 625.68 (100) [M��H];
elemental analysis calcd (%) for C35H36N4O7�H2O (642): C 65.42, H 5.92,
N 8.72; found: C 65.38, H 5.99, N 8.49.


Re complex 15


From compound 8a : To remove the Cbz group, 8a (100 mg, 0.19 mmol) was
dissolved in a solution of MeOH/H2O/AcOH (7:2:1 v/v) (20 mL) which was
added dropwise by syringe into the reaction flask containing Pd/C
(100 mg). H2 gas was purged through the reaction solution for 2.5 h at
room temperature. The reaction mixture was filtered through Celite, rinsed
with the same solution (5 mL), concentrated in vacuo, and purified by
column chromatography to provide the methyl ester of 9 (59 mg, 79%).
Rf� 0.15 (CH2Cl2/MeOH/25% NH4OH 10:1:0.1); 1H NMR (300 MHz,
CD3CN, 20 �C): �� 7.33 ± 7.14 (m, 6H; 5�CHph, CHim), 6.78 (brd, J�
7.53 Hz, 1H; NH), 6.69 (s, 1H; CHim), 4.61 (dt, J� 7.75 Hz, 1H; CH-
Phe), 4.53 (s, 2H; CH2Nim), 4.10 (q, J� 7.14 Hz, 2H; CH2CH3), 3.70 ± 3.63
(m, 4H; CHCO, OCH3), 3.13 ± 3.07 (m, 3H; NH2, CH2-Phe), 2.97 (dd, J�
7.69 Hz, 1H; CH2-Phe), 2.86 (dd, J� 5.02 Hz, 1H; CH2CH), 2.73 (dd, J�
7.06 Hz, 1H; CH2CH), 1.18 (t, J� 7.13 Hz, 3H; CH3); 13C NMR (300 MHz,
CD3CN, 20 �C): �� 176.3, 172.0, 167.9, 139.1, 138.8, 137.7, 130.4, 129.5, 127.9,
120.3, 62.3, 55.5, 54.8, 52.4, 49.9, 38.1, 33.8, 14.5; IR (THF): �� � 1744, 1696,
1196 cm�1; MS (ESI): m/z (%): 403.13 (100) [M��H].


To remove the two ester groups, Cbz-deprotected phenylalanine-histidine
(16 mg, 0.04 mmol) was dissolved in MeOH (2 mL) and 0.5� LiOH
aqueous solution (1 mL) was added. After 17 h, the reaction solution was
neutralized with 1�HCl solution. The reaction mixture was concentrated in
vacuo and the crude product 9was used in the next step without any further
purification.


For the complexation, the crude all-deprotected compound 9 was dissolved
in H2O (3 mL) and the pH of the solution was adjusted until 7 ± 8 by adding
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1� HCl or 0.5� LiOH solution. [Et4N]2[ReBr3(CO)3] (30 mg, 0.04 mmol)
was added immediately in one portion. A white solid precipitated at RT
which was filtered after 19 h and rinsed with cold water (1 mL). The filtrate
was concentrated in vacuo and purified by preparative HPLC to afford 15
(10 mg, 40%). HPLC gradient (%): 0 ± 3 min� 0.1% TFA aqueous
solution (100), 3.1 ± 20 min� 0.1% TFA/MeOH (75:25 ± 0:100), 21 ±
30 min�MeOH (100). 1H NMR (500 MHz, CD3OD, 25 �C): �� 7.93 (s,
1H; CHim), 7.26 ± 7.17 (m, 5H; CHph), 6.84 (s, 1H; CHim), 4.67 (s, 2H;
COCH2), 4.55 ± 4.52 (m, 1H; CH-Phe), 3.98 (q, J� 4.54 Hz, 1H; CHCO),
3.34 ± 3.26 (m, 2H; CH2-Phe), 3.24 ± 3.10 (m, 2H; CH2CH); 13C NMR
(500 MHz, CD3OD, 25 �C): �� 198.6, 197.5, 197.3, 185.3, 167.4, 143.6, 139.6,
135.6, 130.5, 129.4, 127.6, 121.0, 57.4, 53.4, 50.8, 39.4, 30.9, 28.8; IR (KBr):
�� � 3436, 2024, 1904, 1677, 1636, 1434, 1381, 1203, 1138 cm�1; MS (ESI):m/z
(%): 631.07 (100) [M��H].


From compound 13 : BOP (7.4 mg, 0.02 mmol) and Et3N (2 �L, 0.02 mmol)
were added at room temperature to the solution of the complex 13 (8 mg,
0.02 mmol) in a solution of CH2Cl2/DMF (3:0.2 mL). After 30 min, a
solution of phenylalanine ethyl ester (4 mg, 0.02 mmol) and Et3N (2 �L,
0.02 mmol) in CH2Cl2 (2 mL) was added dropwise to the solution by
syringe. The reaction mixture was stirred overnight. The reaction solution
was concentrated in vacuo. The residue was treated with diethyl ether (2�
5 mL). The white solid was dissolved in THF (10 mL) and insoluble solid
was filtered off. The filtrate was concentrated in vacuo to provide the ethyl
ester of complex 15 (75%). 1H NMR (500 MHz, CD3CN, 25 �C): �� 7.8 (s,
1H; CHim), 7.34 ± 7.21 (m, 5H; CHph), 6.8 (s, 1H; CHim), 4.63 ± 4.59 (m, 1H;
CHCO), 4.53 (d, 2H; CH2Nim), 4.08 (q, 2H; CH2CH3), 3.92 ± 3.88 (m, 1H;
CH-His), 3.18 ± 3.10 (2� dd, 2H; CH2-His, CH2-Phe), 3.05 ± 2.96 (2�dd,
2H; CH2-His, CH2-Phe), 1.17 (t, 3H; CH3); 13C NMR (500 MHz, CD3CN,
25 �C): �� 198.1, 196.6, 196.5, 180.4, 170.8, 165.5, 142.0, 136.7, 134.3, 129.4,
128.4, 126.8, 124.9, 120.3, 119.6, 61.2, 54.1, 51.4, 49.2, 37.2, 27.7, 13.4; IR
(KBr): �� � 2020, 1886, 1733, 1636 cm�1; MS (ESI): m/z (%): 659 (100)
[M��H]; elemental analysis calcd (%) for C22H24N4O8Re (658.6): C 40.12,
H 3.67, N 8.51; found: C 39.31, H 3.83, N 8.25.


The ethyl ester group of the complex was hydrolyzed by stirring the
complex overnight in solution of 0.5� LiOH and MeOH (1:2) at room
temperature, as mentioned above, to afford complex 15 quantitatively.


Re complex 11: The compound 7b was treated with aniline, BOP, Et3N in a
solution of CH2Cl2/DMF under the same condition as described for 8a,
followed by deprotection of functional groups with piperidine to prepare
the compound 10. The compound 10 was coordinated with [Et4N]2[ReBr3(-
CO)3] to afford the complex 11 in the same manner as described for 8a in
overall yield 75%. IR (KBr): �� � 3478, 2020, 1889, 1689, 1635 cm�1; MS
(ESI): m/z (%): 558.2 (100) [M��H]; elemental analysis calcd (%) for
C17H18N4O6Re (557.35): C 36.6, H 2.71, N 10.05; found: C 36.98, H 3.03, N
9.95. Crystal structure is shown in Figure 3. Crystals suitable for X-ray
structure analysis were obtained from EtOH/toluene (1:1).


1-(Carboxymethyl)histidine (5): The crude compound 4 (300 mg) was
dissolved in 6� HCl aqueous solution (10 mL), heated under reflux for 2 d
and concentrated under reduced pressure. The sticky oily residue was
solidified in diethyl ether (20 mL) and the white solid was washed with
diethyl ether (2� 10 mL) and THF (5 mL) dried in vacuo and used in the
next step without further purification. 1H NMR (300 MHz, D2O, 20 �C):
�� 8.69 (s, 1H; CHim), 7.38 (s, 1H; CHim), 4.96 (s, 2H; CH2Nim), 4.18 (t, J�
6.3 Hz, 1H; CHCO), 3.31 (t, J� 5.8 Hz, 2H; CH2CH); MS (ESI):m/z (%):
213.82 (87) [M��H], 167.88 (100) [M��COOH].


Re complex 14a : Ethyl bromoacetate (29.5 mg, 0.176 mmol) in acetonitrile
(5 mL) was added to a solution of complex 12, (25 mg, 0.059 mmol) and
Cs2CO3 (20.4 mg, 0.065 mmol) in acetonitrile (25 mL). The reaction
mixture was heated at 35 �C for 1.5 h. Glacial acidic acid was added to
the mixture to neutralized the pH. After standard work-up, the crude
substance was purified by a silica gel chromatography to provide complex
14a (30 mg, 90%). Rf� 0.15 (EtOAc/EtOH 5:1); 1H NMR (300 MHz,
CD3CN, 20 �C): �� 7.95 (s, 1H; CHim), 6.92 (s, 1H; CHim), 4.78 (s, 2H;
CH2Nim), 4.23 ± 4.16 (q, J� 7.1 Hz, 2H; CH2CH3), 3.91 ± 3.87 (m, 1H;
CHCO), 3.21 ± 2.98 (q, 2H; CH2CH), 1.28 ± 1.23 (t, J� 7.5 Hz, 3H; CH3);
13C NMR (300 MHz, CD3CN, 20 �C): �� 199.5, 197.8, 197.8, 181.8, 168.8,
143.4, 135.7, 120.9, 63.0, 52.6, 49.4, 28.7, 14.4; IR (KBr): �� �2020, 1883, 1741,
1636 cm�1; MS (ESI): m/z (%): 511.8 (100) [M��H], 1020.7 (55) [2M�];
elemental analysis calcd (%) for C15H18N3O7Re (510.5): C 30.59, H 2.76, N
8.23; found: C 30.84, H 3.0, N 8.06.


Re complex 14b : The preparation is similar to compound 14a. To
compound 12, (25 mg, 0.059 mmol) and Cs2CO3 (20.4 mg, 0.065 mmol) in
acetonitrile (25 mL) was added tert-butyl bromoacetate (34.5 mg,
0.176 mmol). The reaction mixture was stirred at 35 �C for 1.5 h. The
reaction mixture was filtered, dried under vacuum and purified by silica gel
chromatography (EtOAc/EtOH 5:1) to yield complex 14b (29 mg, 90%).
1H NMR (300 MHz, CD3CN, 20 �C): �� 7.93 (s, 1H; CHim), 6.90 (s, CHim),
4.65(s, 2H; CH2Nim), 3.94 ± 3.25 (m, 1H; CHCO), 3.27 ± 3.23 (q, 2H;
CH2CH), 1.45 (s, 9H; tBu); 13C NMR (CD3CN): �� 181.3, 167.3, 143.1,
135.2, 120.6, 83.8, 52.3, 49.7, 28.5, 28.0, 27.8; IR (KBr): �� � 2021, 1892, 1738,
1635, 1155 cm�1; MS (ESI): m/z (%): 539.9 (100) [M�], 1076.8 (50);
elemental analysis calcd (%) for C15H18N3O7Re (538.5): C 33.43, H 3.34, N
7.80; found: C 33.30, H 3.85, N 7.68.


Re complex 13


From compound 5 : The crude 5 (300 mg) was dissolved in H2O (15 mL).
The pH of the solution was adjusted until 7 ± 8 by adding 1�NaOH aqueous
solution. [Et4N]2[ReBr3(CO)3] (531 mg, 0.69 mmol) was added. After
stirring for 21 h at room temperature, the solution was concentrated in
vacuo. The residue was treated with CH2Cl2 (3� 10 mL) and diethyl ether
(2� 10 mL) and dried in vacuo. The sticky crude product was purified by
flash column chromatography to afford 13 as a white solid (240 mg, 68%
from 3 in three steps). Rf� 0.1 (EtOH/CH2Cl2/AcOH 10:1:0.1); 1H NMR
(500 MHz, CD3CN/CD3OD, 25 �C): �� 7.99 (s, 1H; CHim), 6.95 (s, 1H;
CHim), 4.78 (d, J� 7.08 Hz, 2H; CH2Nim), 3.99 ± 3.96 (m, 1H; CHCO),
3.24 ± 3.20 (m, 1H; CH2CH), 3.10 ± 3.05 (m, 1H; CH2CH); 13C NMR
(500 MHz, CD3CN/CD3OD, 25 �C): �� 199.2, 197.7, 197.5, 183.8, 169.8,
143.7, 135.5, 121.2, 53.1, 28.8; IR (KBr): �� � 3428, 2023, 1889, 1731, 1623,
1521, 1437, 1181 cm�1; MS (ESI): m/z (%): 505.8 (23) [M��Na], 483.67
(100) [M��H].


From complex 14a and 14b : To hydrolyze the ester groups, compound 14a
(30 mg, 0.057 mmol) was stirred in a solution of methanol (5 mL) and
LiOH (0.5�, 2 mL) overnight at room temperature and compound 14b
(15 mg, 0.028 mmol) was stirred in a solution of methylene chloride (2 mL)
and trifluoroacetic acid (2 mL) for 2 h at room temperature. Two crude
substances were purified by column chromatography (EtOH/THF/AcOH
10:1:0.1) to yield complex 15 (95% and 90%, respectively).


General procedure for the oxidation of rhenium in the complexes 15 and
13 : A solution of compound 15 or 13 (5 m� in H2O, 500 �L) and acid (HCl,
TFA, or acetic) solution (1.0, 0.1, or 0.01� in H2O, 70 �L) were added to a
vial, which was sealed and then degassed with nitrogen (10 min). H2O2


(0.43, 0.86, or 1.29� in H2O, 60 �L) was added to the degassed vial,
followed by heating of the sample at 50 �C. Monitoring of the reaction
mixture was conducted by HPLC at 250 nm, where the reaction mixture
(10 �L) was injected on the HPLC at 4, 8, 24, and 48 h or until the rhenium
complex was not visible in the spectrum. The effectiveness of the reaction
condition was calculated by determining the peak area ratio of the rhenium
complex over the formation of perrhenate. When the rhenium complex was
no longer observed, the reaction mixture was treated with manganese
dioxide to remove residual H2O2 from the reaction mixture then filtered
with a Wattman 0.2 �m filter to yield the uncoordinated ligand in solution
to be used in 99mTc labeling.


General procedure for labeling 5 and 9 with [99mTc(H2O)3(CO)3]�: A
solution of ligand (10�3 or 10�4� in H2O, 100 �L) obtained from either
organic synthesis or through rhenium oxidation pathway was added to a
vial, which was then sealed and degassed with a stream of nitrogen gas for
10 min. A solution of [99mTc(CO)3(H2O)3]� (900 �L) was added to the vial
through a syringe and the vial was heated to 70 ± 90 �C for 30 min to yield
the corresponding [99mTc (CO)3]� complexes, [(5)99mTc(CO)3] 16 and
[(9)99mTc(CO)3] 17 in high yield which was quantified by HPLC with
radioactive detection. All the results are described in Table 1.
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Theoretical Study on the Mechanism of Iron Carbonyls Mediated
Isomerization of Allylic Alcohols to Saturated Carbonyls


VicenÁ Branchadell,*[a] Christophe Cre¬visy,[b] and Rene¬ Gre¬e*[b]


Abstract: The conversion of allylic al-
cohols to enols mediated by Fe(CO)3 has
been studied through density functional
theoretical calculations. From the results
obtained a complete catalytic cycle has
been proposed in which the first inter-
mediate is the [(allyl alcohol)Fe(CO)3]
complex. This intermediate evolves to
the [(enol)Fe(CO)3] complex through
two consecutive 1,3-hydrogen shifts in-
volving a �-allyl hydride intermediate.


The highest Gibbs energy transition
state corresponds to the partial decoor-
dination ot the enol ligand prior to the
coordination of a new allyl alcohol
molecule that regenerates the first in-


termediate. Alternative processes for
the [(enol)Fe(CO)3] complex such as
[Fe(CO)3]-mediated enol ± aldehyde
transformation and enol isomerization
have also been considered. The results
obtained show that the former process is
unfavourable, whereas the enol isomer-
ization may compete with the enol
decoordination step of the catalytic
cycle.


Keywords: allylic compounds ¥
density functional calculations ¥
homogeneous catalysis ¥ iron
carbonyls ¥ isomerization


Introduction


The conversion of allylic alcohols to saturated carbonyls is a
useful synthetic process usually requiring a two-step sequence
of oxidation (reduction) followed by reduction (oxidation). A
one-pot catalytic transformation by an internal redox type
process (Scheme 1) is an attractive alternative strategy: It
resembles a complete atom economy process, which also
minimizes the number of protection ± deprotection steps often
required for such transformations.[1, 2]


Around 50 transition-metal catalysts, prepared from ten
different metals have been already used in this isomerization.
Essentially two different mechanisms have been proposed for


R1 R4


OHR2


R3


R1 R4


OR2


R3


metal


catalyst


transition


Scheme 1.


this reaction. They strongly depend upon the nature of the
catalyst and involve either metal-hydride or �-allyl interme-
diates.[1b, 1c, 3] Iron carbonyls were among the first catalysts
reported for this transformation[4] and later studies have
delineated the scope and limitations of their use in organic
synthesis, with respect to the allylic alcohol substrate.[5] From
a mechanistic point of view, it has been demonstrated that
various iron carbonyl derivatives such as [Fe(CO)5], [Fe2-
(CO)9], [Fe3(CO)12] as well as [(bda)Fe(CO)3] could be used
as catalysts, affording good evidence that [Fe(CO)3] would act
as the true catalytic species.[4±6] Elegant labeling studies have
also established that the reaction involved a 1,3-shift from the
hydrogen on the carbinol center onto the � carbon and that
this transfer was intramolecular.[7] Furthermore, exploiting
the known topology of dihydrocyclopentadienes, it was also
demonstrated that the migrating H must be close to the
reactive iron carbonyl.[8] The latter result gave good indication
for a reaction occuring in the coordination sphere of the
metal, even if for allylic alcohols the kinetic isotope effect
studies afforded values lower than those observed for normal
alkenes.[9] All these data appear in good agreement with the
generally accepted mechanism (Scheme 2).[1b, c, 3]


The reaction of allylic alcohols with the iron carbonyl
catalyst leads first to a �2 alkene complex A. Then migration
of the hydrogen linked to the carbinol center onto the metal
affords a �-allyl iron hydride intermediate B. Readdition of
this hydrogen on the other side of the allylic alcohol affords
the �2 enol C. A final decomplexation regenerates the catalyst
and gives the enol which tautomerises to the corresponding
carbonyl compound. It has to be noted that this is only an


[a] Dr. V. Branchadell
Departament de QuÌmica
Universitat Auto¡noma de Barcelona, Edifici Cn
08193 Bellaterra (Spain)
Fax: (�34) 935812920
E-mail : vicenc.branchadell@uab.es


[b] Dr. R. Gre¬e, Dr. C. Cre¬visy
ENSCR, Laboratoire de Synthe¡ses
et Activations de Biomole¬cules, CNRS UMR 6052
Avenue du Ge¬ne¬ral Leclerc
35700 Rennes Beaulieu (France)
Fax: (�33) 2-23-23-81-08
E-mail : rene.gree@ensc-rennes.fr


FULL PAPER


¹ 2003 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim DOI: 10.1002/chem.200204567 Chem. Eur. J. 2003, 9, 2062 ± 20672062







2062±2067


Chem. Eur. J. 2003, 9, 2062 ± 2067 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim 2063


(CO)3Fe


R
HO


R


R
R


O


HO
HO


R


OH
(CO)3Fe


(CO)3Fe


R


OH
H


A


B


C


Fe(CO)5


H


hν


Scheme 2.


extension of the mechanism proposed for the known hydro-
gen migration in alkenes mediated by iron carbonyls.[10] The
main difference, however, is that the product which is
obtained (here an enol) tautomerises to the carbonyl, to
afford an irreversible step in the reaction pathway.


This mechanism globally accounts for all data but leaves
open some important questions such as the position of the
highest energy transition state on the reaction pathway and its
exact structure. Furthermore, the detailed mechanism of the
last step (C ±A) is a key issue for the knowledge of the
catalytic cycle; at this stage, dissociative as well as associative
mechanisms could be envisaged.


The purpose of this paper is to report, for the first time, an
extensive theoretical study of this isomerization reaction.
Using allyl alcohol as a simple model, high level computa-
tional studies have provided structural information on all
intermediates involved in this process, as well as on the
transition states. From the results obtained a complete
catalytic cycle has been proposed.


Computational Methods


All geometries have been fully optimized using the B3LYP[11] density
functional method implemented in the Gaussian98 program.[12] Energy
minima and transition states have been optimized by means of the standard
Schlegel algorithm using redundant internal coordinates.[13] Harmonic
vibrational frequencies have been computed for all structures to character-
ize them as energy minima (all frequencies are real) or transition states
(one and only one imaginary frequency). In the geometry optimizations we
have used the LANL2DZ basis set.[14] This is a double-� basis set for C, O
and H and for the valence space of Fe whereas the inner shells of Fe (up to
2p) are represented by an effective core potential. This basis set has been
supplemented with a set of d polarization functions for C and O with
exponents 0.75 and 0.85, respectively.


Energies of all stationary points have been recalculated through single
point calculations using the 6-311�G(d,p)[15] basis set. For Fe it involves a
triple-� basis set with a set of f polarization functions. The reported energies
have been calculated with the larger basis set whereas zero-point and
thermal corrections to the energy and entropies at 1atm and 298.15 K have
been obtained from vibrational frequencies computed with the LANL2DZ
basis set.


Results and Discussion


The photodissociation of [Fe(CO)5] can lead to the formation
of [Fe(CO)4] and [Fe(CO)3].[16] The � complexation of olefins
by these iron carbonyls is a well established process, affording
�4 and/or �2 complexes.[17] As we have mentioned in the
introduction, [Fe(CO)3] is very likely the species involved in
the catalytic process. The structures of the complexes
corresponding to the coordination of allyl alcohol to the iron
carbonyls are shown in Figure 1. The iron tetracarbonyl


Figure 1. Structures of the [(allyl alcohol)Fe(CO)4] (1) and [(allyl alco-
hol)Fe(CO)3] (2a and 2b) complexes and of transition states corresponding
to Fe�CO bond dissociation and conformational changes. Selected
interatomic distances in ä.


complex 1 presents a trigonal-bipyramid structure with the
olefin in one of the equatorial positions, in excellent agree-
ment with the experimental gas phase structure of the
[(ethylene)Fe(CO)4] complex.[18] The computed Fe�olefin
bond dissociation energies are 24.4 kcalmol�1 for 1 and
26.2 kcalmol�1 for [(ethylene)Fe(CO)4]. The latter value is
smaller than the experimental estimate of 36� 4 kcalmol�1.[19]


The computed values correspond to the spin-allowed proc-
esses which lead to the formation of singlet Fe(CO)4, which is
8.9 kcalmol�1 higher in energy than the triplet ground state at
the same level of calculation.


Two different conformers, 2a and 2b for the iron-tricar-
bonyl complexes are shown in Figure 1. These are 16e species
that are stabilized by interactions involving the alcohol
oxygen atom (2a) or one of the C�H bonds (2b). We have
also located the transition state corresponding to the 2a,b
conformational change. Table 1 presents the relative energies
and Gibbs energies of all these structures. As we can observe,
the most stable conformer of the iron tricarbonyl complex is
2a. The computed Fe�olefin bond dissociation energy for this
complex is 43.5 kcalmol�1, so that the Fe�olefin bond in 2a is
notably stronger than in the iron tetracarbonyl complex. This
value is notably larger than the experimental estimate of 20 ±
25 kcalmol�1 for the [(1-pentene)Fe(CO)3] complex.[20] For
this system we have computed Fe�olefin bond dissociation
energy and the obtained value is 34.7 kcalmol�1.
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The formation of 2a from 1 by Fe�CO bond dissociation is
endothermic with a reaction energy of 24.4 kcalmol�1. This
value is notably lower than the experimental first bond
dissociation energy of [Fe(CO)5], 42� 2 kcalmol�1.[21] The
computed value for this process is 38.0 kcalmol�1.


Compound 2a is the most stable structure of the [(allyl
alcohol)Fe(CO)3] complex. However, 2b has a more appro-
priate geometry to allow hydrogen migration onto the metal.
The 2a, b rearrangement involves a rotation around a C�C
bond and the computed Gibbs activation energy is
11.1 kcalmol�1. Compound 2b presents a �-agostic interaction
involving one of the C�H bonds. The values of Fe�C, Fe�H,
and C�H distances are in the range of values observed for this
kind of interaction.[22]


At this stage, migration of the hydrogen onto the metal
leading to the formation of the �-allyl hydride intermediate
becomes possible. The structures of the stationary points
involved in this process are shown in Figure 2 and the
corresponding relative energies and Gibbs energies are
presented in Table 2.


Figure 2. Structures of the stationary points corresponding to the isomer-
ization of allyl alcohol to enol mediated by [Fe(CO)3]. Selected interatomic
distances in ä.


The computed Gibbs activation energy for the formation of
the �-allyl hydride intermediate 3 is 3.8 kcalmol�1, so that this
process is expected to be very fast.[20] At the transition state
between 2b and 3 the Fe�H distance is very close to the value
corresponding to 3, but the C�H bond has not been
completely broken yet. The value of the Fe�H bond length


of 3 is slightly smaller than the experimental value corre-
sponding to H2Fe(CO)4.[23]


The next step in the isomerization mechanism is a hydrogen
shift onto the terminal carbon with a concomitant reorgan-
isation at the metal centre to give 4a (see Figure 2 and
Table 2). This process is slower than the first hydrogen shift, in
such a way that the transition state between 3 and 4a becomes
the highest energy transition state along the isomerization
reaction path. Compound 4a presents a C�H agostic inter-
action. The values of the geometry parameters associated to
this interaction show that it is weaker than for 2b. The value of
the Fe�H distance at the transition state TS(3-4a) is very
similar to the value corresponding to 3.


From the �2 complex 4a a final reorganisation around the
metal centre occurs to give the �3 complex 4b which is slightly
more stable. Therefore, 4b may be considered as a key
intermediate in the isomerization process. Starting from 2a
the activation Gibbs energy for the complete process towards
4b is 12.9 kcalmol�1 with the highest point being between 3
and 4a. Such a relatively low Gibbs activation energy strongly
suggests that all the processes between 2a and 4b should be
reversible.


In order to complete the catalytic cycle for the isomer-
ization, a decoordination process has to be found for the enol.
The Fe-enol bond dissociation energy for 4b is 34.9 kcalmol�1.
This bond is weaker than the Fe-allyl alcohol bond in 2a
(43.5 kcalmol�1). The �G corresponding to the dissociation of
4b into Fe(CO)3 and free enol is 18.6 kcalmol�1. This value
provides an upper limit for the activation Gibbs energy for a
decoordination step.


Starting from the key intermediate 4b two different
decoordination paths, either associative or dissociative, have
been considered. The transition states and intermediates
corresponding to these two reaction paths are represented in
Figure 3 and the corresponding relative energies and Gibbs
energies are shown in Table 3.


The direct addition of allyl alcohol on 4b (path I) induces a
decoordination of the oxygen atom of the enol ligand to give
intermediate 5a where both the enol and the allyl alcohol are
bonded in a �2 mode. The activation Gibbs energy for this
process is 12.2 kcalmol�1.


The values of the Fe�C distances show that 5a presents a
very weak enol ± Fe interaction. When the enol ligand is
moved away, the energy monotonously increases to yield the
[(allyl alcohol)Fe(CO)3] complex 2c. So, there is not a
transition state on the potential energy surface for this


Table 1. Relative energies and Gibbs energies for the stationary points
corresponding to the formation and conformational changes of the [(allyl
alcohol)Fe(CO)3] complex.[a]


�E [kcalmol�1] �G 0
298 [kcalmol�1]


1� 2a�CO
TS(1-2a) 28.9 24.5
2a�CO 24.4 9.2


2a� 2b
TS(2a-2b) 12.6 11.1
2b 7.8 6.4


[a] See Figure 1.


Table 2. Relative energies and Gibbs energies for the stationary points
corresponding to the isomerization of the allyl alcohol in the presence of
[Fe(CO)3].[a]


�E [kcalmol�1] �G 0
298 [kcalmol�1]


2b 0.0 0.0
TS(2b-3) 5.1 3.8
3 � 3.0 � 3.7
TS(3-4a) 8.0 6.5
4a � 1.6 � 2.1
TS(4a-4b) 5.9 4.1
4b � 4.3 � 4.1


[a] See Figure 2.
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process. The inclusion of entropy makes the process thermo-
dynamically favourable, with a �G of �6.9 kcalmol�1. Com-
pound 2c can easily rearrange through a rotation around the
C�C bond to the most stable conformer 2a with a Gibbs
activation energy of only 0.3 kcalmol�1. It has to be noticed
that the activation Gibbs energy for the whole associative
process (4b ± 2a) is 12.2 kcalmol�1 and that �G is
�8.7 kcalmol�1. On the other hand, the enol would tauto-
merize to the corresponding carbonyl. The computed �G for
the enol ± propanal transformation is �10.5 kcalmol�1.


The first step of path II involves a decoordination of the
C�C double bond of the enol ligand affording the intermedi-
ate 4c where the enol is �-bonded to the iron tricarbonyl unit.
For this dissociative process the transition state is very close to
4c and the corresponding Gibbs activation energy is
11.3 kcalmol�1.


Allyl alcohol coordinates to 4c without any potential
energy barrier yielding the intermediate 5b, where the allyl
alcohol is �2 bonded to iron while the enol is � bonded through
the oxygen lone pair. The Gibbs reaction energy correspond-
ing to this process is �6.6 kcalmol�1. The decoordination of


the enol from 5b takes place
without a transition state lead-
ing to the formation of 2d. This
process is endothermic by
12.2 kcalmol�1, but the inclu-
sion of entropy leads to a �G of
�1.5 kcalmol�1. Compound 2d
is a minimum on the potential
energy surface of the [(allyl
alcohol)Fe(CO)3] complex that
can easily rearrange to 2b and
finally to the most stable con-
former 2a.


The comparison of the results
obtained for the two decoordi-
nation pathways shows that, at
least on this simple model,
path II (�G�� 11.3 kcalmol�1)
is slightly more favourable than


path I (�G�� 12.2 kcalmol�1). However, the difference is too
small to completely discard path I.


The decoordination of the enol ligand is not the only
possible reaction which has to be considered for 4b. By
analogy with the isomerization process described previously,
it was proposed earlier that the hydroxyl hydrogen could
migrate onto the metal to give a hetero �-allyl transition metal
hydride. Then a second migration onto the carbon atom would
give the corresponding carbonyl coordinated to the catalyst
(Scheme 3).[24]


(CO)3Fe
R


R O
HO


R


O
(CO)3Fe Fe(CO)3H


Scheme 3.


Such a mechanism was proposed for the RhI-catalyzed
isomerization of allylic alcohols and it could explain why some
asymmetric induction was observed when optically active
ligands were introduced on these catalysts.[24]


We have studied this kind of process for the iron carbonyl
mediated isomerization of allyl alcohol. The structures of the
transition states and intermediates involved in this process are
shown in Figure 4 and the corresponding relative energies and
Gibbs energies are presented in Table 4.


The transfer of hydrogen from 4b leads to the formation of
the oxoallyl iron hydride complex 6. The activation Gibbs
energy of this process, 20.0 kcalmol�1, is much higher than the
values computed for the alternative processes. At the
transition state TS(4b-6) the Fe�H distance is larger than
for other transition states involved in hydrogen transfers from
C�H bonds such as TS(2b-3) and TS(3-4a) (Figure 2).


From 6 a second hydrogen transfer leads to the formation of
the [(aldehyde)Fe(CO)3] complex 7 with a �G� of
8.5 kcalmol�1. Although the process from 4b to 7 is thermo-
dynamically favourable (�G��11.0 kcalmol�1) it appears
very unlikely for iron carbonyls since it is kinetically much less


Table 3. Energies and Gibbs energies relative to 4b and allyl alcohol for
the enol decoordination step.[a]


�E [kcalmol�1] �G 0
298 [kcalmol�1]


path I
TS(4b-5a) 2.0 12.2
5a � 6.2 8.4
2c�enol 2.6 1.5
TS(2c-2a) 2.9 1.8
2a � 9.5 � 8.7


path II
TS(4b-4c) 12.8 11.3
4c 10.7 8.2
5b � 10.7 1.6
2d�enol 1.5 0.1
TS(2d-2b) 3.6 2.8
2b 0.3 � 2.3
TS(2b-2a) 3.6 5.0
2a � 7.5 � 8.7


[a] See Figure 3.


Figure 3. Structures of the stationary points corresponding to the enol decoordination from [Fe(CO)3] in the
mechanism of allyl alcohol isomerization. Selected interatomic distances in ä.
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Figure 4. Structures of the stationary points corresponding to enol ± alde-
hyde isomerization mediated by [Fe(CO)3]. Selected interatomic distances
in ä.


favourable than the previously considered decoordination
pathways.


For the isomerization of normal alkenes mediated by iron
carbonyls it is known that the reaction continues along the
chain leading to a mixture of regio- and stereoisomers.[10] This
led us to consider also the possibility of 1,3-shifts for the enols
complexed to [Fe(CO)3] (Scheme 4). For that purpose we


(CO)3Fe CH3
HO


Fe(CO)3


CH2
HO


CH2
HO


CH3
HO


O


Scheme 4.


have selected the simple model 8a, similar to 4a but with an
extra methyl vicinal to the OH, and studied its isomerization
to complex 10 containing an ethyl chain (Figure 5). The
relative energies and Gibbs energies computed for the
stationary points corresponding to this process are shown in
Table 5.


Compound 8a is stabilized through a �-agostic interaction
involving one of the methyl groups. This complex can easily
rearrange to the slightly less stable conformer 8b, where the
agostic interaction involves the methyl group vicinal to OH.
From 8b, the hydrogen transfer onto the metal leads to the �-
allyl iron hydride intermediate 9 with an activation Gibbs
energy of 8.7 kcalmol�1. From the latter intermediate a
second hydrogen transfer occurs leading to 10, which is the


Figure 5. Structures of the stationary points corresponding to enol isomer-
ization mediated by [Fe(CO)3]. Selected interatomic distances in ä.


transposed enol, complexed to [Fe(CO)3]. The activation
Gibbs energy of this type of enol isomerization is of the same
order of magnitude (around 10 kcalmol�1) than the values
calculated for the allyl alcohol to enol isomerization (2a ± 4b).
Therefore it appears very likely that all these processes will be
in competition. This result would be in agreement with recent
experimental data in a novel tandem isomerization ± aldoli-
sation reaction mediated by iron carbonyls, since during this
reaction not only the expected aldols were obtained but also a
small amount of their regioisomers. This was explained by the
isomerization of complexed enol intermediates, via such a 1,3-
hydrogen shift.[25]


The results obtained for the allyl alcohol to enol isomer-
ization mediated by iron tricarbonyl are summarized in the
catalytic cycle shown in Figure 6.


The � complexation of the alcohol with [Fe(CO)3] leads to
the formation of 2a, which is the first intermediate in the
catalytic cycle. After a C�C bond rotation from 2a to 2b,
hydrogen migration leads to a �-allyl iron hydride 3 inter-
mediate from which a second hydrogen migration affords the
�3 complexed enol 4b. The attack of a new allyl alcohol
molecule to 4b may lead to the formation of 5b, where both
the enol and the allyl alcohol are coordinated to [Fe(CO)3].
This intermediate is unstable with respect to enol decoordi-
nation leading to 2d which is a conformer of the [(allyl
alcohol)Fe(CO)3] complex that easily evolves to the most
stable conformer 2a in two steps. The activation Gibbs


Table 4. Relative energies and Gibbs energies for stationary points
corresponding to the enol ± aldehyde isomerization mediated by [Fe-
(CO)3].[a]


�E [kcalmol�1] �G 0
298 [kcalmol�1]


4b 0.0 0.0
TS(4b-6) 23.1 20.0
6 � 2.1 � 4.0
TS(6-7) 7.0 4.5
7 � 10.3 � 11.0


[a] See Figure 4.


Table 5. Relative energies and Gibbs energies for stationary points
corresponding to enol isomerization mediated by [Fe(CO)3].[a]


�E [kcalmol�1] �G 0
298 [kcalmol�1]


8a 0.0 0.0
TS(8a-8b) 5.0 4.3
8b 1.8 1.9
TS(8b-9) 11.9 10.6
9 � 2.4 � 2.6
TS(9-10) 11.4 10.0
10 0.8 0.6


[a] See Figure 5.
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Figure 6. Catalytic cycle corresponding to the isomerization of allyl
alcohol to enol mediated by Fe(CO)3. Gibbs activation energies (bold)
and Gibbs reaction energies (italics) in kcalmol�1.


energies involved in all steps are low and the highest value,
11.3 kcalmol�1, corresponds to the partial decoordination of
the enol ligand from 4b. Moreover the reaction Gibbs energy
of the whole cycle is �6.4 kcalmol�1, corresponding to a
slightly exergonic process.
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Cycloadditions of Isobenzofuran to a Constrained Template Bearing
Neighboring Dienophiles


Martin J. Stoermer,*[a] Douglas N. Butler,[b] Ronald N. Warrener,[b] K. D. V. Weerasuria,[a]
and David P. Fairlie[a]


Abstract: A high yielding synthesis of the pentacyclic diene ± dione 1 has enabled
investigation of its reactivity as a double dienophile in Diels ± Alder [4�2] cyclo-
additions with isobenzofuran, leading to novel and highly symmetrical three-sided
cavitands 3 and 4.


Keywords: cavitands ¥ cycloaddi-
tion ¥ NMR spectroscopy ¥
semiempirical calculations ¥
supramolecular chemistry


Introduction


Norbornenes, norbornadienes, and related analogues are
frequently used as constrained U-turn templates in Diels ±
Alder and cycloaddition reactions,[1] creating rigid supra-
molecular structures for electron-transfer studies,[2] mimics of
turn elements of protein structure,[3] and key intermediates
with adjacent stereocenters in natural product syntheses.[4]


Each alkene in the rigid scaffold 1 could similarly serve as a
dieneophile for Diels ± Alder reactions. The photo-assisted
closure of 1 to a cage[5] suggests that these olefins are not
isolated dienophiles, but rather approach each other closely
enough to permit through-space � ±� interactions. Since
Diels ± Alder additions are strongly dependent on the sepa-
ration distance between and electronic activation of dien-
ophiles,[1b, 6] we decided to investigate the reactivity of 1 in
Diels ± Alder cycloadditions.


Template 1 is not formed from the Diels ± Alder addition of
two equivalents of cyclopentadiene to benzoquinone,[7] but
has been synthesized in six steps from benzoquinone
(Scheme 1) in 8 % yield.[5] We now report a high yielding
synthesis of 1, its reaction with isobenzofuran to form
cavitands 3 and 4 with eight and nine pairs of stereocenters,
respectively, and extensive characterization by NMR spectros-
copy and molecular modelling studies.


Scheme 1. Synthesis of bis-dienophilic template 1. a) cyclopentadiene,
ethanol 0 �C, 85%; b) Ac2O, pyridine, 20 �C, 7 days, 75%; c) LiAlH4/ether,
�50 %; d) Ag2O, benzene 100 %; e) cyclopentadiene, benzene, 100 %;
f) recrystallization from CH2Cl2/petroleum ether; g) TiCl3, acetone,water
100 %.


Results and Discussion


To facilitate the synthesis of cavitands like 3 and 4, we sought
to make 1 on a multigram scale through two modifications to
the literature procedure.[5] First, the instability of quinol 7 to
oxidation or polymerization, and our inability to increase its
yield simply through ester hydrolysis of 6, led us to optimize a
one-pot conversion of 5[8] to 8. Treatment of 5 with base results
in double-enolization[1d] to quinol 7, which was inexpensively
oxidized by anhydrous ferric chloride in ethanol or alterna-
tively pyridinium chlorochromate in acetone. These simple
modifications improved the yield of 8[9] from 5 from 15 % to
86 %, contributing to an overall yield of 44 % of 1 from
benzoquinone.


Molecular modeling calculations[10] suggest that 1 has
C2 ¥¥ ¥ C7 distances of 4.4 ä, and H4a ¥ ¥ ¥ H10a distances of 2.9 A
(Figure 1). Semiempirical calculations predicted significantly
lower LUMO energies (0.73 eV) for 1 than for an isolated
norbornene (1.28 eV), comparable to norbornenes activated
by mild electron-withdrawing halogen substituents (Cl
0.85 eV; Br 0.71 eV).[10] Some � ±� interaction in 1 may
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Figure 1. Representative distances and angles predicted for 1 by semi-
empirical (Mopac AM1) calculations[10] (C2 ¥¥ ¥ C7 4.37 ä; O ¥¥¥ O 5.00 ä;
H4a ¥¥ ¥ H10a 2.92 ä, � 20.8�) and the Connolly surface generated in
InsightII.[11]


therefore possibly contribute to the lower LUMO, resulting in
potentially more facile cycloaddition relative to norbornene.


We therefore investigated Diels ± Alder reactions of 1 with
dienes of varying reactivity. Compound 1 failed to undergo
cycloaddition in CHCl3 (80 �C) or DMSO (180 �C) with
anthracene and it×s derivatives (9,10-dimethyl-, 9-bromo-,
9-acetyl-, 9,10-dicyano-). Only decomposition of 1 was
observed after prolonged heating above 180 �C. By contrast
1 did react rapidly with two equivalents of a more reactive
diene (isobenzofuran,[12] IBF) in dyglyme, at the temperature
(200 �C) necessary to generate IBF from its precursor,[13] to
give three isomeric bis-adducts 3a ± c in the ratio 1:2:1
(Scheme 2). The cycloadditions are exclusively to the exo-
face of 1, but both endo and exo with respect to the diene IBF.


Scheme 2. Isobenzofuran cycloaddition of 1. a) Diglyme 200 �C,
3a :3b :3c� 1:2:1.


When the isobenzofuran cycloaddition is performed with one
equivalent of the IBF precursor, a 1:1 mixture of the
intermediates 2a and 2b is thus observed. Under those
conditions the final products 3a ± c were only formed in trace
amounts (�5 % HPLC, NMR spectroscopy). This indicates
that the rates for the second cycloaddition are significantly
slower than for the first addition to 1 (Scheme 2). It is unlikely


that there is any steric impediment to the second addition, so
we suggest that the orbital interactions between neighboring
dienophiles in 1 influence the faster rate of the first cyclo-
addition relative to the second cycloaddition.


Isomers 3a-c (and 2a,b) were readily distinguished by
characteristic NMR (1H, 13C) spectra, particularly the diag-
nostic �H for methylene protons H4a,b and H12a,b (Figure 2).


Figure 2. 1H NMR spectra of 3a (top), 3b (middle), and 3c (bottom) in
CDCl3 at 25 �C (≤ water).


One equatorial methylene proton (H12a) in 3b and two (H4a)
in 3c were shifted dramatically upfield[14] by the aromatic
rings (�1.2 ppm from TMS, �2.6 ppm from 1). Axial
methylene protons (H12b) in 3b and (H4b) in 3c are less
shielded (�� 1.2 ppm). In contrast, the axial methylene
protons (H4b) in 3a and 3b were mildly shielded (��
0.4 ppm) by the ether oxygen atom, whereas the equatorial
protons (H4a) are strongly deshielded, appearing 1.3 ppm
downfield of analogous protons of 1.[15] Similar chemical shifts
effects were seen for 2a and 2b and are also diagnostic of each
isomer.


1H and 13C NMR assignments for 2a, 2b, 3a ± c, and 4 were
made from 1H, 13C, DEPT, and two-dimensional NMR
(HETCOR, HMBC, COSY, NOESY) spectra. Scalar H ± H
correlations were observed in COSY spectra for protons H4b/
H5, H4a/H4b, H3/H4a in 3a ; H3/H4a, H4a/H4b, H4b/H5, H10/H11,
H11/H12a, H11/H12b(weak), H12a/H12b, H12b/H13, H13/H14 in 3b ;
and H2/H3, H3/H4a, H3/H4b(weak), H4a/4b, H4b/H5, H6/H5 in 3c.
In particular, the 4J W-couplings exemplified by H4b/H5 and
H12b/H13, and the 3J equatorial-bridgehead H3/H4a and H11/
H12a correlations clearly establish the identities of the axial
and equatorial methylene protons and the bridge protons in
3a ± c. From NOESY data, an axial ± axial NOE correlation
was observed for H2/H4b protons in 3a ± c and H10/H12b in 3b.
The 4J W-couplings also established that Diels ± Alder addi-
tion occurred exclusively on exo faces of 1.


13C NMR spectra for 3a ± c were very similar, with chemical
shifts for the carbonyl resonances �� 209.3 (3c), 209.4 (3b),
209.9 ppm (3a). The carbon atoms of the bridgehead methine
(C3 and C11) and methylene (C4 and C12) displayed the greatest
chemical shift variability, the C3 methine carbon atoms being
�4 ppm to lower field of C11. The C12 methylene carbon atoms
are shifted �3 ppm to higher field due to shielding from
aromatic rings. Similar chemical shifts effects were seen in 2a
and 2b. The ion spray mass spectrum of 3a in MeCN/(0.1 %
CF3CO2H in H2O) exhibited a peak for the intact molecular
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ion ([M�H]� m/z� 477), along with dehydration peaks (459,
441), and at high orifice potentials peaks for retro Diels ±
Alder products ([M�H2O�H]� , [M� IBF�Cp]� , [M�
IBF�Cp�H2O]� , [IBF�Cp]� , [IBF�Cp�H20]�) were also
observed.


Diketone 3a was stereospecifically reduced to the diol 4 by
the addition of hydride to the outside face by refluxing for
12 hours with LiAlH4 in THF (Scheme 3). Rehybridization of


Scheme 3. Reduction of cavitand dione 3a to diol 4.


the carbonyl carbon from sp2 to sp3 was characterized by the
shift in the C1


13C chemical shift (209.9 to 70.9 ppm), and the
appearance of H1 and OH proton resonances at 4.28 and
3.18 ppm, respectively. Confirmation of the desired stereo-
chemistry was established by the small vicinal coupling
constants (�0.5 Hz) of the CHOH protons.


Molecular models of cavitands 3a and 4 are compared in
Figure 3. The H5 protons in 3a and 4 are predicted to project


Figure 3. Mopac (AM1) minimized[10] structures of dione cavitand 3a and
diol cavitand 4 showing molecular dimensions and Connolly surfaces
generated in InsightII.[11]


into the cavity, possibly impeding potential access of small
guest ligands to the hydroxyl and carbonyl groups. Ligand
docking studies support this proposition.[16] Rehybridization
of the carbonyls from 3a to 4 is predicted to dramatically
change the dimensions of the cavity. Semiempirical calcula-
tions[10] predict that the cavity walls in 3a (4.3 ä, top of
benzene rings) widen to 7.2 ä in 4. The resulting larger cavity
of 4, with hydroxyl substituents projecting axially into the
interior of the cavity, would be expected to be more
predisposed to guest capture than 3a, though binding of
small guests has not been detected by NMR spectroscopy.


In summary, we have developed a much higher yielding
synthesis of the double dienophilic template 1, facilitating an
investigation of its reactivity in Diels ± Alder cycloaddition
chemistry. Addition of isobenzofuran proceeded in two steps
at approximately tenfold different rates, the first cycloaddi-
tion evidently proceeding with electronic assistance from the
neighbouring dienophile, while the slower second addition is
unassisted. Neither cycloaddition step is stereoselective,


resulting in three isomeric cavitands 3a ± c. Molecular model-
ing reveals that the cavity in the exo,exo addition product 3a is
very small, as shown by the merged Connolly surfaces for the
aromatic walls in Figure 3. However, reduction of the
unreactive ketones in 3a under forcing conditions produced
diol 4 with a larger cavity, which could, in principle, be capable
of holding guest molecules.


Experimental Section


General methods : Materials obtained commercially were reagent grade
unless otherwise stated. 1H and 13C NMR spectra were recorded on either a
Varian Gemini 300 or Bruker ARX 500 spectrometers at 298 K. Proton and
carbon assignments were determined by two-dimensional NMR experi-
ments (TOCSY, NOESY, ROESY, HSQC, HMBC). Preparative-scale
reverse-phase HPLC separations were performed on a 15�� Phenomenex
LunaC8(2) 250� 21.2 mm column; analytical reverse phase HPLC was
performed on a 5�� Phenomenex Luna C8(2) 250� 4.6 mm column with
isocratic mixtures of water/0.1%TFA (solvent system A) and water 10%/
acetonitrile 90%/TFA 0.1 % (solvent system B). Mass spectra were
obtained on a triple quadrupole mass spectrometer (PE SCIEX API III)
equipped with an ionspray (pneumatically assisted electrospray) atmos-
pheric pressure ionization source. Microanalytical data were obtained from
the Commonwealth Microanalytical Service, Melbourne (Australia).


endo-1,4,4a,8a-Tetrahydro-1,4-methano-naphthalene-5,8-dione (5): Com-
pound 5 was prepared in 85% yield by the method of Albrecht,[8] as a pale
yellow powder, m.p. 77 �C (lit. [8] 77 ± 78 �C)


1,4-Dihydro-1,4-methano-naphthalene-5,8-dione (8): Degassed triethyl-
amine (20 mL) was added to a rigorously degassed solution of 5 (80 g,
0.46 mol) in dichloromethane (800 mL). The mixture was stirred at room
temperature overnight under a dry nitrogen atmosphere. The resulting
quinol 7 was cooled (15 �C), treated with FeCl3 (187 g, 1.13 mol) in degassed
ethanol (1.5 L) at 30 �C, stirred for 2 h, diluted with water (1 L), extracted
into benzene (2� 1 L), washed (3� 1 L H2O, 2� 1 L 10% NaHCO3, 3�
1 L H2O), and dried (anhyd. Na2SO4); the solvent was removed leaving 8
(73.8g, 93 %). Recrystallization from petroleum ether gave 8 as a yellow
powder (68 g, 87 %); m.p. 66 �C lit.[9] 66 ± 67 �C.


endo-syn-endo-1,4,4a,5,8,8a,9a,10a-Octahydro-(1,4),(5,8)-dimethano-
9,10-anthraquinone (1): Quinone 8 in benzene (800 mL) was chilled in an
ice/salt bath before adding freshly cracked cyclopentadiene (26.5 g,
0.4 mol) with stirring (ice/salt bath, 15 min; room temperature, 1 h).
Solvent was removed in vacuo to yield a 60:40 mixture (by NMR
spectroscopy) of endo-syn and endo-anti 9 (94.1 g, 100%), m.p. 149 ± 155�C
(lit.[5]155 �C). Recrystallization from CH2Cl2/petroleum ether gave 50% of
an 85:15 isomer mixture, m.p. 152 ± 156 �C (lit.[5] 155 �C). Compound 9
(85:15 isomeric mixture, 53.6 g, 0.22 mol) in acetone (600 mL), and then
water (10 mL) were added to a stirred suspension of TiCl3 (79 g, 0.51 mol)
in acetone (400 mL). The mixture was stirred at room temperature for 1 h,
poured onto saturated NaHCO3 solution (1 L), diluted with water (3 L),
and extracted (2� 400 mL CH2Cl2); the solvent was evaporated to give a
near quantitative yield of 1 as a mixture of isomers (by NMR spectroscopy).
Recystallization from CH2Cl2/pentane gave 1 (40.7 g, 77%); m.p. 182 ±
183 �C (lit.[5] 184 �C decomp); 1H NMR (300 MHz, CDCl3): �� 5.97 (br dd,
J� 2.0, 2.0 Hz, 4 H), 3.39 (br s, 4 H), 3.26 (br s, 4 H), 1.38 (br d, J� 9.80 Hz,
2H), 1.23 ppm (br d, J� 9.8, 2 H); 13C NMR (75 MHz, CDCl3): �� 209.5,
136.7, 53.97, 46.99, 43.76 ppm; MS: m/z : 258 [M�NH4]� , 241 [M�H]� .


Isobenzofuran (IBF) addition reaction of 1: Compound 1 (2.449 g,
10.2 mmol) was refluxed with Fieser×s isobenzofuran precursor (13.42 g,
25.5 mmol) in diglyme (50 mL, 200 �C, 30 min). Solvent was removed in
vacuo, and the residue was purified by column chromatography on silica
gel. Elution with 20 % dichloromethane/light petroleum removed 1,2,3,4-
tetraphenylbenzene, followed by 20 % EtOAc/CH2Cl2 gave 3a ± c. Frac-
tional recrystallization (CH2Cl2/cyclohexane) gave pure 3a (135 mg, 3%).
A second crop and bulk of the material (2.70 g, 56 %) was a mixture of
isomers 3a ± c. Extensive column chromatography (5 % EtOAc in CH2Cl2)
followed by preperative HPLC (isocratic 70% solvent B) gave pure 3b and
3c.
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Compound 3a : M.p. 235 ± 240 �C (decomp); 1H NMR (300 MHz, CDCl3):
�� 6.90 (m, 8 H), 5.00 (br s, 4H), 3.00 (m, 4 H), 2.87 (m, 4H), 2.53 (dt, J�
10.0, 2.2 Hz, 2 H), 1.36 (m, 4 H), 0.94 ppm (br d, 2H, J� 10.0 Hz); 13C NMR
(75 MHz, CDCl3) : �� 209.9, 145.2, 126.5, 118.2, 82.56, 53.67, 43.77, 42.03,
34.15 ppm; MS: m/z : 477 [M�H]� , 459, 441, 293, 275, 183, 165; elemental
analysis calcd (%) for C32H28O4: C 80.7, H 5.9; found: C 80.5, H 5.8.


Compound 3b : M.p. 207 ± 210 �C (decomp); 1H NMR (300 MHz, CDCl3):
�� 7.0 ± 7.40 (m, 8 H), 5.17 (br s, 2H), 5.08 (dd, J� 3.5, 2.0 Hz, 2H), 3.03 (m,
2H), 2.91 (m, 2H), 2.87 (m, 2 H), 2.68 (dt, J� 10.3, 2.1 Hz, 1 H), 2.29 (m,
2H), 2.12 (m, 2 H) 1.82 (m, 2H), 0.97 (dt, J� 10.3, 1.3 Hz, 1 H), 0.16 (dt, J�
11.7 Hz, 1.3 Hz, 1H), �1.18 pp, (dt, J� 11.7, 2.1 Hz, 1 H); 13C NMR.
(75 MHz, CDCl3): �� 209.4, 145.7, 144.4, 127.1, 126.6, 119.9, 118.9, 82.87,
81.16, 54.45, 53.73, 43.65, 41.99, 41.96, 37.98, 34.52, 31.93 ppm; MS: m/z : 494
[M�NH4]� , 477 [M�H]� , 459, 441, 359; elemental analysis calcd (%) for
C32H28O4: C 80.7, H 5.9; found: C 80.7, H 6.0.


Compound 3c : 1H NMR (300 MHz, CDCl3): �� 7.15 (m, 8 H), 5.29 (m,
4H), 2.83 (m, 4H), 2.43 (m, 4 H), 2.38 (m, 4H), 0.18 (br d, J� 11.5 Hz, 2H),
�1.11 pp, (br d, J� 11.5 Hz, 2 H); 13C NMR (75 MHz, CDCl3): �� 209.4,
144.3, 127.1, 119.8, 81.26, 54.40, 42.36, 38.14, 31.76 ppm; MS: m/z : 477
[M�H]� , 459, 441.


Reduction of 3a : The diketone 3a (101 mg, 0.21 mmol) was refluxed with
LAH (100 mg, 2.5 mmol) in Na-dried tetrahydrofuran (5 mL) for 12 hours.
The reaction mixture was quenched (50 mL MeOH, water 30 mL), the
solvent was removed under reduced pressure, and the aqueous residue was
carefully acidified with hydrochloric acid (3�) to just below pH4 and
extracted with CH2Cl2 (2� 100 mL). The extracts were dried (MgSO4),
filtered, and evaporated, and the residue was recrystallized from CH2Cl2/
pentane to yield 4 as colorless crystals (76 mg, 75 %); 1H NMR (300 MHz,
CDCl3): �� 7.07 (m, 8H), 4.97 (m, 4 H), 4.28 (m, 2H), 3.18 (br s, 2H; OH),
2.75 (m, 4 H), 2.61 (dt, J� 9.5, 2.2 Hz, 2H), 2.50 (m, 4 H), 1.69 (m, 4H),
0.93 ppm (br d, J� 9.5 Hz, 2H); 13C NMR (75 MHz, CDCl3): �� 146.5,
126.0, 118.4, 83.08, 70.87, 46.06, 44.78, 43.05, 37.97 ppm; MS: m/z : 481
[M�H]� ; elemental analysis calcd (%) for C32H32O4: C 80.0, H 6.7; found:
C 79.7, H 6.6.


Acknowledgement


We thank the Australian Research Council for initial funding for this work.


[1] a) G. Mehta, J. Chandrasekhar, Chem. Rev. 1999, 99, 1437 ± 1467;
b) P. R. Ashton, G. R. Brown, N. S. Isaacs, D. Giuffrida, F. H. Kohnke,


J. P. Mathias, A. M. Z. Slawin, D. R. Smith, J. F. Stoddart, D. J.
Williams, J. Am. Chem. Soc. 1992, 114, 6330 ± 6353; c) J. Luo, H.
Hart, J. Org. Chem. 1987, 52, 4833 ± 4836; d) F.-G. Kl‰rner, J. Panitzky,
D. Bl‰ser, R. Boese, Tetrahedron 2001, 57, 3673 ± 3687; e) A. P.
Marchand, J. M. Coxon, Acc. Chem. Res. 2002, 35, 271 ± 277; f) R. N.
Warrener, A. C. Schultz, D. N. Butler, S. D. Wang, I. B. Mahadevan,
R. A. Russell, Chem. Commun. 1997, 1023 ± 1024.


[2] a) N. R. Lokan, M. N. Paddon-Row, M. Koeberg, J. W. Verhoeven, J.
Am. Chem. Soc. 2000, 122, 5075 ± 5081; b) V. Balaji, L. Ng, K. D.
Jordan, M. N. Paddon-Row, H. K. Patney, J. Am. Chem. Soc. 1987, 109,
6957 ± 6969.


[3] a) M. North, J. Peptide Science 2000, 6, 301 ± 313; b) I. G. Jones, W.
Jones, M. North, J. Org. Chem. 1998, 63, 1505 ± 1513.


[4] a) F. A. Khan, B. Prabhudas, J. Dash, J. Prakt.Chem. 2000, 342, 512 ±
517; b) G. Mehta, D. S. Reddy, J. Chem. Soc. Perkin Trans. 1 1998,
2125 ± 2126; c) J. S. Yadav, P. K. Sasmal, Tetrahedron 1999, 55, 5185 ±
5194.


[5] G. Mehta, S. Padma, J. Am. Chem. Soc. 1987, 109, 7230 ± 7232.
[6] a) G. Mehta, R. Uma, Acc. Chem. Res. 2000, 33, 278 ± 286.
[7] a) P. Yates, K. Switlak, Can. J. Chem. 1990, 68, 1894 ± 1900; b) M. C.


Carrenƒ o, R. J. L. Garcia, A. Urbano, M. A. Hoyos, J. Org. Chem. 1996,
61, 2980 ± 2985.


[8] W. Albrecht, Justus Liebigs Ann. Chem. 1906, 348, 31.
[9] J. Meinwald, G. A. Wiley, J. Am. Chem. Soc. 1958, 80, 3667 ± 3671.


[10] AM1 minimized structures were calculated in Mopac 97¹ (Fujitsu
Limited) implementation under ChemOffice2002¹ (Cambridge Soft
Corporation, 100 Cambridge Park Drive, Cambridge, MA 02140).


[11] InsightII v.2000,¹ 2002 Accelrys Inc.
[12] B. Rickborn, Adv. Theor. Interesting Mol. 1989, 1, 1 ± 134.
[13] L. F. Fieser, M. J. Haddadin, Can. J. Chem. 1965, 43, 1599 ± 1606.
[14] For a similar NMR assignment, see M. A. Makhlouf, B. Rickborn, J.


Org. Chem. 1981, 46, 2734 ± 2739.
[15] This assignment, supported by COSY, NOESY, HMBC, and HMQC


data, contrasts with analogous systems for which opposite axial and
equatorial assignments are reported: a) M. P. Cava, F. M. Scheel, J.
Org. Chem. 1967, 32, 1304 ± 1307; b) K. Tori, K. Kitahonoki, Y.Takano,
H. Tanida, T. Tsuji, Tetrahedron Letters 1964, 5, 559 ± 564.


[16] M. J. Stoermer, D. C. Chalmers, D. P. Fairlie, Royal Australian
Chemical Institute, Organic Division 16th National Conference,
Fairmont Resort, Leura, 1998.


Received: November 28, 2002 [F4619]


Chem. Eur. J. 2003, 9, 2068 ± 2071 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2071








�someric �lkyl �ation��rene �omplexes in the �as �hase


Antonello Filippi,*[a] Graziella Roselli,[b] Gabriele Renzi,[b] Felice Grandinetti,[c] and
Maurizio Speranza[a]


Abstract: The kinetics and the stereo-
chemistry of the protonation-induced
unimolecular isomerization of (S)-(�)-
1-D1-3-(p-tolyl)butane have been inves-
tigated in the gas phase in the 100 ±
160 �C range. The process leads to the
almost exclusive formation of the rele-
vant meta isomer with complete race-
mization and partial 1,2-H shift in the
migrating sec-butyl group. These results,
together with the relevant activation


parameters, point to the occurrence of
low-energy, tightly bound isomeric sec-
butyl cation/toluene complexes of de-
fined structure and stability along the
isomerization coordinate. The existence


and the �1-type structure of these low-
energy intermediate species are con-
firmed by ab initio calculations on
closely related systems at the
MP2(full)/6-311��G**//HF/6-31�G**
level of theory. Their role in the relevant
energy surface clearly emerges from the
comparison of the present results with
those concerning sec-butylation of tol-
uene carried out under comparable ex-
perimental conditions.


Keywords: arenium ion isomeriza-
tion ¥ chirality ¥ electrophilic
substitution ¥ gas-phase reactions ¥
kinetics


Introduction


Noncovalent ion-neutral complexes (INC), first postulated in
the study of bimolecular reactions, are widely recognized as
intermediates in unimolecular isomerization and fragmenta-
tion of excited ions.[1±3] Their occurrence in electrophilic
aromatic substitutions is nowadays supported by a variety of
refined theoretical, spectroscopic, and mass spectrometric
techniques, which provided precious information on their
lifetime.[4±7] However, other INC key features, such as the
mutual orientation of their components and the nature of the
forces holding them together, usually escape precise deter-
mination because of intrinsic limitations of the available
experimental methodologies.[8] This lack of information is
particularly unsatisfactory since, in principle, the nature and
the dynamics of the INC components may control their
evolution to products and, thus, determine the selectivity of


the process. This paper is aimed at providing a novel
interpretation of the factors governing the positional selec-
tivity in a representative gas-phase electrophilic aromatic
substitution, that is the sec-butylation of toluene, based on a
careful investigation of the nature and the dynamics of the
INC involved.


Some insights into the nature and the relative stability of
the noncovalent INC structures involved in these reactions
were given by Audier and co-workers who calculated the
potential energy profiles (PES) of several arene alkylations in
the gas phase at the HF/6-31G**//HF/3-21G level of theory.[6]


According to these calculations, the INC involved in these
reactions correspond to energy minima with a loose �-
structure, where the alkyl cation and the aromatic ring lie in
quasi-parallel planes and the formally charged carbon is
centered above the ring centroid (the ™�-complex∫ in Fig-
ure 1). The stabilization energies of these �-complexes
relative to the separated components never exceed 13 ±
15 kcalmol�1. The relative rotation of the two components
of the complex is partially hindered by activation barriers
from about 3 (sec-alkyl cation flipping over the arene ring) to
about 10 kcalmol�1 (the arene ring flipping over the sec-alkyl
cation). Instead, the INC involved in the fragmentation of the
�-bonded alkylarenium intermediates (e.g. I) to the relevant
arenium ion/alkene pair corresponds to an energy minimum
with an even looser �-structure held together by a C�-H ¥ ¥ ¥�
interaction between the arenium ion and the double bond of
the alkene moiety (the ™�-complex∫ in Figure 1). No precise
information about the relative stability of the �- and �-
complexes conceivably involved in the I fragmentation was
provided. Nevertheless, following Audier×s indications,[6] the
two complexes can be considered as almost equally stable.
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According to the model PES of Figure 1, the positional
selectivity of gas-phase arene alkylations can be simply
related to the different activation free energies for the
conversion of the loosely-bound INC, either the �- and �-
complexes, to the isomeric �-bonded alkylarenium intermedi-
ates. This view is severely questioned in the present kinetic
investigation, based on a specifically designed experimental
approach, which provides an alternative mechanistic model
for this important class of reactions. The investigation
required the synthesis of a tailor-made chiral arylalkane, that
is (S)-(�)-1-D1-3-(p-tolyl)butane (1S), and the measure of its
protonation-induced isomerization and dealkylation kinetics
as a function of temperature (T� 100 ± 160 �C). The reactions


were carried out in CH4 at
60 Torr in the presence of trace
amounts of a radical scavenger
(O2) and of a powerful base
(B� (C2H5)3N). Protonation of
1S was obtained by using the
strong Br˘nsted acids CnH5


�


(n� 1,2), which can be conven-
iently generated in the gas
phase by �-radiolysis of CH4.


Experimental Section


Materials : Methane, [D4]methane,
and oxygen were high-purity gases
from UCAR Specialty Gases N.V.,
used without further purification.
Triethylamine was purchased from
ICON Services.


(S)-(�)-1-D1-3-(p-Tolyl)butane (1S):
A solution of (S)-(�)-3-(p-tolyl)bu-
tan-1-ol (0.2 g) (gift by C. Fuganti and
S. Serra of Politecnico di Milano)[9] in
anhydrous diethyl ether (3 mL) was
treated with sodium hydride (0.3 g).


The mixture was stirred and heated under reflux for 6 h. The suspension of
the sodium alkoxide was cooled to�20 �Cwith a dry ice bath and a solution
of p-toluenesulphonyl chloride (1.5 g) in anhydrous diethyl ether (4 mL)
was then added dropwise to the suspension. The reaction mixture was
allowed to stand in the cold for 10 min, subsequently at room temperature
for 45 min, and finally was heated under reflux for 2 h. The mixture was
washed with diluted HCl, subsequently with water and dried over Na2SO4.
The dried solution was added slowly to a suspension of LiAlD4 (0.2 g) in
anhydrous diethyl ether (4 mL). The mixture was heated under reflux for
8 h and then cooled and treated with ice-water to decompose excess of
LiAlD4. After acidification with diluted H2SO4 and extraction with diethyl
ether (20 mL� 2), the organic extracts were washed with water, then dried
and evaporated to give (S)-(�)-1-D1-3-(p-tolyl)butane (1S ; 25 mg, ee 99%).


(�)-2-(p-[D7]Tolyl)butane (1D): This product was obtained by conven-
tional Friedel ±Crafts sec-butylation of [D8]toluene (Aldrich; D content:
97.6%) with 2-chlorobutane in the presence of aluminium chloride.[10]


Purification of the starting substrates : The synthetic products 1S and 1D


were purified by preparative gas liquid chromatography (GLC) on: i) a
5 m� 4 mm (i.d.) stainless steel column packed with 10% Carbowax 20M
on 80 ± 100 mesh Chromosorb WAW at 90 �C; ii) a 5 m� 4 mm (i.d.)
stainless steel column packed with 10% SP-1000 on 100 ± 120 mesh
Supelcoport at 90 �C. The chemical and optical purity of 1S was verified
by analytical GLC on the same chiral columns used for the analysis of its
gas-phase protonation products (MEGADEX DACTBS-� (30% 2,3-di-O-
acetyl-6-O-tert-butyldimethylsilyl-�-cyclodextrin in OV1701, 25 m long,
0.25 i.d., df� 0.25 �m), 40�T� 130 �C, 2 �Cmin�1; CP-Chirasil-DEX CB,
25 m long, 0.25 mm i.d., df� 0.25 �m), 40�T� 170 �C, 5 �Cmin�1).


Procedure : The gaseous mixtures were prepared by conventional proce-
dures with the use of a greaseless vacuum line. The starting chiral arene 1S


(or 1D), the thermal radical scavenger O2, and the base (C2H5)3N (proton
affinity (PA)� 234.7 kcalmol�1)[11] were introduced into carefully out-
gassed 130 mL Pyrex bulbs, each equipped with a break-seal tip. The bulbs
were filled with CH4 (or CD4) (60 Torr), cooled to liquid-nitrogen
temperature, and sealed off. The gaseous mixtures were submitted to
irradiation at a constant temperature (100 ± 160 �C) in a 60Co �-source
(dose: 3.4� 104 Gy; dose rate: 2� 103 Gyh�1, determined with a neo-
pentane dosimeter). Control experiments, carried out at doses ranging from
1� 104 to 1� 105 Gy, showed that the relative yields of products are largely
independent of the dose. The radiolytic products were analysed by GLC,
with a Perkin-Elmer 8700 gas chromatograph equipped with a flame
ionisation detector, on the same columns used to check the purity of the
starting arene. The products were identified by comparison of their
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Abstract in Italian: La cinetica e la stereochimica di isome-
rizzazione unimolecolare di (S)-(�)-1-D1-3-(p-tolil)butano
indotta da protonazione sono state studiate in fase gassosa
nell×intervallo di temperatura da 100 a 160 �C. Il processo porta
alla formazione quasi esclusiva del corrispondente isomero
meta mediante migrazione del gruppo sec-butilico accompa-
gnata dalla completa racemizzazione del centro chirale e
parziale riarrangiamento dei suoi atomi di idrogeno. Questi
risultati, insieme con i relativi parametri di attivazione,
suggeriscono che l×isomerizzazione di (S)-(�)-1-D1-3-(p-to-
lil)butano indotta da protonazione avviene attraverso com-
plessi alchil catione/toluene isomerici a bassa energia con
strutture e stabilita¡ definite (complessi tipo �1). L×esistenza e la
struttura di tali complessi a bassa energia sono state confermate
dai risultati di calcoli quantomeccanici di tipo ab initio su
sistemi analoghi a livello MP2(full)/6-311��G**//HF/6-
31�G**. Il ruolo chiave di questi intermedi finora trascurati
emerge chiaramente dal confronto dei risultati presentati con
quelli riguardanti la sec-butilazione diretta del toluene nelle
stesse condizioni sperimentali.


Figure 1. Schematic potential energy-reaction coordinate diagram for the gas-phase sec-butylation of toluene.







FULL PAPER A. Filippi et al.


retention volumes with those of authentic standard compounds and their
identity confirmed by GLC-MS, using a Hewlett ± Packard 5890A gas
chromatograph in line with a HP 5970B mass spectrometer. Their yields
were determined from the areas of the corresponding eluted peaks, using
an internal standard (acetophenone) and individual calibration factors to
correct for the detector response. Control experiments were carried out to
rule out the occurrence of thermal fragmentation, isomerization, and
racemization of the starting arene as well as of their isomeric products
within the temperature range investigated.


The D-content and location in the radiolytic products were determined by
GLC-MS, setting the mass analyser in the selected ion mode (SIM). The ion
fragments at m/z 119 [M�C2H4D]� , 120 [M�C2H5]� , and 149 [M]� were
monitored to analyse all the GLC-separated isomers of 1S ( ��M). The
isomers of 1D ( �� MD) were examined by using the fragments at m/z 125
[MD�C2H4D]� , 126 [MD�C2H5]� , and 155 [MD]� . Toluenes 4, obtained
from 1S and 1D, were analysed by monitoring the ions atm/z 91 ± 93 andm/z
96 ± 100, respectively.


Computational details : Quantum-chemical ab initio calculations were
performed using the Unix version of the Gaussian 98 set of programs[12]


installed on a Alphaserver Compaq DS20E machine. The geometries of the
investigated species have been optimised, by analytical-gradient techni-
ques, at the HF/6-31�G** level of theory, and the located critical points
have been unambiguously characterized as true minima on the potential
energy surface by computing, at the same computational level, the
corresponding analytical vibrational frequencies. The latter values were
used to calculate the zero-point vibrational energies (ZPE). The total
energies of the HF/6-31�G** optimised structures were finally refined by
performing single-point calculations at the MP2/6-311��G** level of
theory using the ™full∫ option so to include all the inner electrons in the
calculation of the correlation energy.


Results


Radiolytic experiments : Table 1 reports the composition of
the irradiated systems as well as the identity and the yields of
the major products, that is (�)-1-D1-3-(m-tolyl)butane (2),
(�)-1-D1-2-(m-tolyl)butane (3), and toluene (4), obtained
from gas-phase CnH5


� (n� 1,2) protonation of 1S in the
presence of trace amounts of (C2H5)3N (0.1 Torr). The table
does not include other very minor products, that is deuterated
(�)-2-(o-tolyl)butane and (R)-(�)-2-(p-tolyl)butane, whose
overall yield never exceeds 3% of the reported products
under all conditions. The numbers in Table 1 represent
average values obtained from several separate irradiations
carried out under the same experimental conditions; its
reproducibility is expressed by the uncertainty level quoted.
The ionic origin of the radiolytic products is demonstrated by
the sharp decrease (over 80%) of their abundance as the
(C2H5)3N concentration is raised from about 0.1 to about
0.5 mol%.


Products 2 and 3 arise from the isomerization of the ipso-
protonated intermediate I of Scheme 1, while toluene 4


derives from its de-sec-butylation. The nature itself of the
products listed in Table 1, in particular their complete
racemization and the extensive side-chain H-shift, excludes
any significant methyl-group shift in I (path i in Scheme 1).


According to Scheme 1 and with the reasonable assumption
that deprotonation of the relevant arenium ions by (C2H5)3N
is fast, the rate constants for dealkylation (k1) and isomer-
ization (k2 and k3) of I can be expressed as follows:


k1�
Y4 ln �100��100�


� �	
�
� (1)


k2�
Y2 ln �100��100�


� �	
�
� (2)


k3�
Y3 ln �100��100�


� �	
�
� (3)


where Yi (� 100� [Gi/G(CnH5
�)])[13] is the absolute percent


yield of i-nth product relative to the starting I, ��Y2�Y3�Y4,
and � is the collision time between the arenium ions and B�
(C2H5)3N (�� (kcoll[B])�1) at the given temperature.[14]


The Arrhenius plots of k1, k2 , and k3 over the 100 ± 160 �C
temperature range are reported in Figure 2. The linear curves
obey the following equations: logk1� (11.4� 0.5)� [(10.6�
0.9)� 103]/2.303RT (r2� 0.993); logk2� (12.1� 0.8)�
[(11.1� 1.5)� 103]/2.303RT (r2� 0.983); and logk3� (15.4�
1.5)� [(17.7� 2.8)� 103]/2.303RT (r2� 0.975). The relevant
activation parameters are calculated from the transition-state
theory equation as: �H�


1� 9.8� 0.9 kcalmol�1 and �S�
1�


�8.7� 2.7 calmol�1K�1; �H�
2� 10.3� 1.2 kcalmol�1 and


�S�
2��5.3� 3.6 calmol�1K�1; and �H�


3� 16.9�
3.1 kcalmol�1 and �S�


3��9.9� 7.0 calmol�1K�1.
To shed some light upon the specific mechanism of isomer-


ization of I, ancillary experiments were carried out under the
same experimental conditions using CnD5


� (n� 1,2), as a
Br˘nsted acid, and (�)-2-(p-[D7]tolyl)butane (1D), as the
substrate. Indeed, as pointed out by Audier and co-workers,[15]


occurrence of the �-complexes (Figure 1) in the fragmenta-
tion of deuterated 1D would lead to appreciable D/H
scrambling between the arene and the sec-butyl moieties.
Gas-phase deuteration of 1D with radiolytic CnD5


� yields the
same product pattern of Table 1, with the obvious difference
that 2-(m-[D7]tolyl)butane and 2-(m-[D6]tolyl)butane[16, 17] are
formed instead of 2 and 3, and [D8]toluene and [D7]tol-
uene[16, 18] are formed instead of 4. Careful mass spectrometric
analysis of these products reveals that [2-(m-[D7]tolyl)bu-
tane]/[2-(m-[D6]tolyl-butane]� [[D8]toluene]/[[D7]toluene].
Besides, the 2-(m-[D7]tolyl)butane and 2-(m-[D6]tolyl)butane
products exhibit just the same deuterium content in both the
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Table 1. Kinetics of gas-phase isomerization and dealkylation of protonated (S)-(�)-1-D1-3-(p-tolyl)butane 1S.


System Comp.[a] Treaction treaction Y2
[c] Y3


[c] Y4
[c] �[d] k1


[e] k2
[e] k3


[e]


1S [Torr] [�C] (�� 107 s)[b] (�10�5 s) (�10�5 s) (�10�5 s)


0.38 100 3.23 12.9 3.6 5.0 21.5 1.7 (5.24) 4.5 (5.65) 1.2 (5.10)
0.34 130 3.51 27.5 12.1 11.1 50.7 4.4 (5.64) 10.9 (6.04) 4.8 (5.68)
0.43 160 3.78 41.1 40.7 14.4 96.2 12.9 (6.1) 36.9 (6.57) 36.6 (6.56)


[a] CH4: 60 Torr, O2: 10 Torr; (C2H5)3N: 0.1 Torr. Radiation dose: 3.4� 104 Gy (dose rate: 2� 103 Gyh�1). [b] Reaction time, t, calculated from the
reciprocal of the first-order collision constant between the relevant ionic adduct and (C2H5)3N (see text). [c] Y� 100� [G(product)/G(CnH5


�)] (G values
expressed as the number of molecule of the given species per 100 eV of energy absorbed by the gaseous mixture). [d] ��Y2�Y3�Y4; each value is the
average of several determinations, with an uncertainty level of ca. 5%. [e] logk in parentheses.
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corresponding parent [MD]� and [MD� ethyl]� fragment ions.
These observations speak in favor of the same ionic precursor
(i.e., the deuterated analogue of I) of both ring-deuterated
2-(m-tolyl)butanes and toluenes. The same results rule out
any appreciable D/H scrambling between the aromatic ring
and the side chain of deuterated 1D during its isomerization
and dealkylation and, therefore, the intermediacy of the
noncovalent �-complex.


The conceivable occurrence of the noncovalent �-complex
of Figure 1 during I isomerization was ruled out by a second
set of ancillary experiments. Thus, ionic sec-butylation of
toluene was carried out at 70 Torr and in the 100 ± 160 �C
range using free sec-butyl cation as the electrophile. The
relevant product distribution has been compared with that
obtained from I isomerization carried out under identical


conditions. sec-Butyl ion attack on toluene leads to the
formation of appreciable proportions of (�)-2-(o-tolyl)butane
and (�)-2-(p-tolyl)butane (43 ± 46% overall relative yield)
besides (�)-2-(m-tolyl)butane (54 ± 57%).[19] The almost
complete absence of (�)-2-(o-tolyl)butane and (R)-(�)-2-(p-
tolyl)butane from I isomerization (
3%) excludes that both
processes involve the intermediacy of the same noncovalent
�-complexes.


Theoretical calculations : The structure and the energetics of
the stable intermediates involved in I isomerization were
investigated by quantum-chemical ab initio calculations at the
post-SCF level of theory. In order to reduce the calculation
size, protonated sec-butyl benzene, instead of I, was consid-
ered. Exploration of the HF/6-31�G** potential energy
surface (PES) of protonated sec-butyl benzene around con-
ceivable regions led to the location of only two distinct critical
points, unambiguously characterized as true minima by
analytical computation of the corresponding vibrational
frequencies. The connectivity and the main geometrical
parameters of these structures are shown in Figure 3 and
their absolute and relative energies at the MP2(full)/6-
311��G**//HF/6-31�G**�ZPE(HF/6-31�G**) collected
in Table 2.


Discussion


Energetics : Gas-phase protonation of 1S by the strong
Br˘nsted acids CnH5


� (n� 1,2) is an exothermic process
yielding the corresponding arenium ion protomers.[16] Forma-
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Scheme 1.


Figure 2. Temperature dependence of the k1 (�), k2 (�), and k3 (�) rate
constants concerning the I� 4, I� II, and I� III reactions, respectively.
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tion of the ipso-protonated intermediate I is estimated to be
exothermic by 59 (n� 1) and 26 kcalmol�1 (n� 2).[11] The
excess energy imparted to the ion I and the CnH4 fragments by
the exothermicity of their formation process is efficiently
dissipated by multiple unreactive collisions with the bulk CH4


gas. As illustrated in Scheme 1, the ipso-intermediate I may
isomerize to ions II and III, with complete racemization of the
sec-butyl group, or undergo de-sec-butylation to give even-
tually the products of Table 1.


With the reasonable assumption that the proton affinity
(PA) of 1S at C(1) is comparable with that of p-xylene (PA�
190 kcalmol�1),[11] the heat of formation of I can be estimated
as 161 kcalmol�1. In the same way, the heat of formation of II
(and III) can be estimated as 165 kcalmol�1, whereas that of
VI (Figure 2) is about 158 kcalmol�1.[11, 16] Unimolecular
dissociation of I to give the separated toluene/sec-butyl cation
and the p-toluenium ion/2-butene pairs can be calculated to
be about 35 and 27 kcalmol�1 endothermic, respectively
(Figure 1).[11]


Despite the obvious structural, electronic, and temperature
differences, these values well compare with the relevant �E
values of Table 2. Both sets of dissociation energies are
consistent with the experimentally observed predominant
release of the C7H9


�/C4H8 pair from dissociation of I and of
the C4H9


�/C6H6 one from protonated sec-butyl benzene.[5, 15]


The isomerization mechanism : Having excluded any signifi-
cant occurrence of path i of Scheme 1, the formation of (�)-1-
D1-3-(m-tolyl)butane (2) from 1S must necessarily arise from
the I� II isomerization involving the complete racemization
of the chiral sec-butyl moiety (path ii of Scheme 1). sec-Butyl
group racemization is accompanied by partial 1,2-H shift, as
demonstrated by the concomitant formation of (�)-1-D1-2-
(m-tolyl)butane (3) (path iii of Scheme 1).[5, 15] These findings
point to intermediate structures along the I� II/III reaction
coordinate characterized by extensive Cring�Calkyl bond cleav-
age.[5, 6, 17] However, as pointed out in the Results Section,


these loosely bound structures do not correspond to the
noncovalent �- and �-complexes of Figure 1.


This conclusion is corroborated by the evident gap between
the measured activation enthalpies of the I� II (�H�


2�
10.3� 1.2 kcalmol�1) and I� III isomerizations (�H�


3�
16.9� 3.1 kcalmol�1) and the HF/6-31G**//HF/3-21G-com-
puted enthalpy difference between I and the noncovalent �-
and �-complexes of Figure 1 (ca. 20 kcalmol�1). This discrep-
ancy clearly indicates that the I� II and I� III isomerization
reactions proceed through transition structures placed well
below the noncovalent �- and �-complexes on the relevant
PES (i.e. , TS and TS� in Figure 1, respectively). The complete
racemization and the temperature-dependent 1,2-H shift
accompanying the sec-butyl group C(1)�C(2) motion in I
provide mutually reinforcing pieces of evidence for the
presence of long-lived intermediates around the TS and TS�
transition structures which allow for several rotations and
bond vibrations in the sec-butyl moiety before �-bonding to II
or III (i.e., the X complex of Figure 1).


The activation parameters of the I� II isomerization
(�H�


2� 10.3� 1.2 kcalmol�1 and �S�
2��5.3�


3.6 calmol�1K�1) assign to this X complex a low-energy, tight
structure, where free mutual motions of the sec-butyl group
and the toluene components is severely hampered by intense
interactions. This species is identified as the methylated
analogue of the �1-type complex of Figure 3.[20] Neighboring-


group effects in the sec-butyl moiety of the �1-complex may
induce CHMe�-group flipping so that the formally vacant
p-orbital can undergo attack on both its sides from the
adjacent ring-C(3) and -C(5) centers (path i of Scheme 2).


The activation parameters of the I� III isomeriza-
tion �H�


3� 16.9� 3.1 kcalmol�1 and �S�
3��9.9�


7.0 calmol�1K�1) point to an additional higher-energy route
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Table 2. Computed MP2(full) absolute and relative energies (including
ZPEs) and zero-point energies (ZPE) of intermediates involved in
isomerization and fragmentation of protonated sec-butylbenzene.


Structure E [au] ZPE [kcalmol�1] �E [kcalmol�1]


benzene � 231.696585 67.27
sec-butyl ion � 157.107375 77.93 28.74
benzenium ion � 231.982775 74.04
trans-2-butene � 156.820785 72.00 29.84
�-complex � 388.856944 149.71 0.00
�1-complex � 388.833906 146.67 11.41


Scheme 2.


Figure 3. HF/6-31�G**-optimized structures and main geometrical parameters
of the stable �- and �1-type complexes located on the potential energy surface
(PES) of protonated sec-butyl benzene (bond lengths in ä; angles in � (in italic)).
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to the X complex, involving a comparatively looser transition
structure TS� where the interaction between the sec-butyl
group and the toluene �-system is enough weakened to allow
1,2-H shift in the sec-butyl moiety (path ii of Scheme 2). The
1,2-H shift in the sec-butyl moiety may allow attack from the
adjacent ring-C(3) centers with formation of III. The isomer-
ization sequences, proposed in Scheme 2, account for all the
experimental findings, including the lack of any significant
formation of both (�)-2-(o-tolyl)butane and (R)-(-)-2-(p-
tolyl)butane from protonation of 1S. The �1-type X complexes
involved in the isomerization pathways are characterized by
defined structure and stability arising from the spatial
relationship between the specific Carom ¥ ¥ ¥C� interaction and
the ring substituent group. In this view, the sec-butyl ion/
toluene potential energy surface can be characterized by the
intermediacy of isomeric para, meta, and ortho �1-type
complexes, which may control the subsequent formation of
the corresponding �-intermediates and, hence, determine the
positional selectivity of the process (see below).[21]


The dealkylation mechanism : According to Figure 1, the
energy required for the unimolecular de-sec-butylation of I
(27 kcalmol�1) largely exceeds the activation enthalpy meas-
ured for the formation of toluene 4 from I (�H�


1� 9.8�
0.9 kcalmol�1). This discrepancy, coupled with the negative
activation entropy value (�S�


1� � 8.7� 2.7 calmol�1K�1),
excludes any conceivable unimolecular I fragmentation to 4,
while supporting the direct formation of toluene by the
exothermic bimolecular �-elimination process induced by
(C2H5)3N attack at the side chain of I (�Helim�
�20.6 kcalmol�1).[11]


Comparison with the gas-phase sec-butyl cation attack on
toluene : Formation of the tightly-bound �1-type complexes in
the isomerization of I (Scheme 2) rises some questions about
the role of these intermediates in determining the substrate
and positional selectivity of the gas-phase ionic alkylation of
arenes. Whichever alkylation route is considered, either by
attack of the alkyl cation on the arene or by addition of the
arenium ion on the alkene, the classical mechanistic model
involves the preliminary formation of a loosely-bound INC,
either the �- and �-complex (Figure 1), acting as a micro-
scopic reaction ™vessel∫ wherein the reactants are confined by
electrostatic forces. According to this model, the �- and �-
complexes may easily equilibrate if separated by a low
activation barrier. The substrate selectivity of the alkylation
reaction essentially reflects the competition between the
collisional stabilization of the loosely-bound INC and their
fragmentation. The positional selectivity reflects instead the
different activation free energies for the conversion of the
loosely-bound INC to the isomeric �-bonded arenium struc-
tures.


A careful comparison of the present experimental results
with those from the direct sec-butylation of toluene seems to
put into question this widely accepted model. Indeed, at 24 �C,
the positional selectivity of the sec-butyl cation toward
toluene is thought to be represented most faithfully by the
relative population of the isomeric �-bonded arenium ions,
measured at the highest pressures (710 Torr; ortho : 42%;


meta : 30%; para : 28%).[19] When the pressure is lowered to
70 Torr at the same temperature, a considerable change in the
isomeric distribution of the alkylated products (ortho : 35%;
meta : 47%; para : 18%) is observed, which is attributed to a
facile interconversion among the isomeric �-bonded arenium
ions.


The present study on the gas-phase isomerization of I
indicates that these arenium ions are long lived at 70 Torr and
within the 100 ± 160 �C range. Indeed, the I� II isomerization
rate constants measured within this temperature range (k2�
4.5� 105 s�1 (at 100 �C); 1.1� 106 s�1 (at 160 �C); Table 1)
indicate that I undergoes from about 1600 (160 �C) to about
4000 (100 �C) collisions with CH4 before isomerizing to II.[22]


Thus, at 70 Torr and T
 160 �C, the I arenium ion lives long
enough to be in thermal equilibrium with the bulk gas before
reacting. The same conclusion is valid a fortiori when isomeric
�-bonded arenium ions are generated by sec-butylation of
toluene at room temperature and in the 70 ± 710 pressure
range.[19] Accordingly, the relative population of these ions
should depend only on the temperature and not on the bulk
gas pressure.


The large pressure effect on the isomeric distribution of
products from gas-phase sec-butylation of toluene (T�
24 �C)[19] can find a rationale only by acknowledging the
intermediacy of isomeric �1-type complexes with lifetimes
comparable with their collision time with the bulk gas at 70 ±
710 Torr (5� 10�10 ± 5� 10�11 s).[14, 23]


In this frame, the positional selectivity of the gas-phase sec-
butylation of toluene, a model reaction for electrophilic
aromatic substitutions, is determined by the relative popula-
tion of isomeric �1-type complexes and the activation free
energies for their conversion to the relevant �-bonded
arenium ions. When collisional cooling of the �1-type com-
plexes is efficient (high pressure), the reaction is essentially
controlled by enthalpy factors favoring the formation of their
ortho and para isomers and their conversion to the corre-
sponding �-arenium intermediates. When instead collisional
cooling of the �1-type complexes is not so efficient (low
pressure), their relative population and conversion to the
corresponding �-arenium ion can be significantly altered by
the contribution of the entropic factors.
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Diastereoselective Solution and Multipin-Based Combinatorial Array
Synthesis of a Novel Class of Potent Phosphinic Metalloprotease Inhibitors


Anastasios Makaritis,[a] Dimitris Georgiadis,[a] Vincent Dive,[b] and Athanasios Yiotakis*[a]


Abstract: The solution-phase synthesis
and resolution of new phosphinopepti-
dic building blocks containing a triple
bond was realized in high yields and
optical purities (units 3a ± d). The abso-
lute configuration of the target com-
pounds was unambiguously established
by NMR studies. A post-assembly diver-
sification strategy of these blocks was
developed through 1,3-dipolar cycload-
dition of a variety of in situ prepared
nitrile oxides. This strategy led to the
rapid and efficient diastereoselective
preparation of a novel class of isoxa-


zole-containing phosphinic peptides
(peptides 5a ± i). Solid-phase version of
this strategy was efficiently achieved on
multipin solid technology, by developing
a new protocol for the coupling of
P-unprotected dipeptidic blocks with
solid supported amino acids in a quanti-
tative and diastereoselective manner.
Optimization of dipolar cycloadditions


onto pin-embodied phosphinic peptides
allowed the convenient preparation of
this new class of pseudopeptides. The
crude phosphinic peptides (9a ± k) were
obtained in high yields and purity as
determined by RP-HPLC. Inhibition
assays of some of these peptides re-
vealed that they behave as very potent
inhibitors of MMPs, outmatching previ-
ously reported phosphinic peptides, in
terms of potency (Ki in the range of
few n�).


Keywords: combinatorial chemistry
¥ cycloaddition ¥ inhibitors ¥ metallo-
proteins ¥ solid-phase synthesis


Introduction


Phosphinic peptides incorporating in their sequence the motif
-X1aa�[P(O)(OH)CH2]X2aa- are well recognized peptide
isosters and powerful inhibitors of many classes of enzymes,
especially the zinc-proteases (Figure 1).[1±3] Matrix metal-
loproteases (MMPs),[4] bacterial collagenases,[2c, 5] enkephalin-
degrading enzymes,[6] other zinc metalloproteases,[1a, 7] HIV-
protease[8] and ligases[9] are a few examples of such enzymes
inhibited by this class of pseudopeptidic inhibitors.
Unlike hydroxamic, carboxylalkyl or thiol-containing in-


hibitors, which have been extensively developed to prepare
potent inhibitors of zinc-metalloproteases, phosphinic pep-
tides are devoid of toxicity, but more importantly these
compounds are stable in vivo,[3b, 10] allowing their use in vivo at
rather low concentration.[11a,b] Moreover, phosphinic peptide
chemistry offers the possibility to develop inhibitors able to
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Figure 1. Standard representation of phosphinic peptides. P1 and P1�
positions are the segments of the peptide situated at the left and right-
hand site of the phosphinic moiety respectively (above). The chemical
structures of the two phosphinic inhibitors RXP407 and RXP03 (below).


interact with both the prime and unprimed side of the active
site cleft, thus allowing optimization of the inhibitor selectiv-
ity by diversification of the P and P� positions of the inhibitor
(see for example RXP407 where the P2 residue is critical for
selectivity, Figure 1).[4b, 10, 12]


Recently, the phosphinic peptide RXP03[4b] (Figure 1),
bearing an unusual long side chain at the P1� position, was
reported as a highly potent inhibitor of different MMPs.[3b, 11a,c]
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The resolution of the crystal structure of stromelysin-3
(MMP-11) complexed to RXP03[13] provided the basis for
the development of new phosphinic compounds with im-
proved properties in terms of selectivity and potency.
Despite the interesting properties of phosphinic peptides,


the difficulties often encountered in producing the appropri-
ate starting materials or lack of reactivity have greatly limited
the extensive use of this class of inhibitors.[9a, b, 14] Elongation
of phosphinic pseudodipeptidic units, which are obtained by a
Michael-type addition of silyl activated N-protected amino-
phosphinic acids to suitably substituted acrylates,[15] consti-
tutes the classical approach to prepare phosphinic (poly)pep-
tides.[4] Such an approach usually consists of several synthetic
steps and is absolutely dependent on the availability of the
starting materials. In addition, another drawback of this
strategy is that the chemical features of the P1 and P1�
positions (Figure 1) are inherently fixed, thus allowing
diversity introduction only in the positions framing the
dipeptidic block. Therefore, this is not a convenient strategy
to rapidly prepare large series of widely diversified phosphinic
peptide libraries.
Within the framework of our ongoing research concerning


the syntheses of novel polyfunctionalized phosphinic-based
inhibitors, we became interested in the development of
reliable and versatile alternative strategies that would provide
rapid access to the target molecules. Toward this end, we
speculated that the utilization of a modular strategy, which
would allow the desired diversification of a phosphinic
pseudopeptidic template at the very final step of the synthesis,
would be extremely useful. Such an approach is bound to give
a boost to the development of novel phosphinic inhibitors by
either parallel synthesis or combinatorial chemistry, as
preliminary studies from our laboratory have shown.[16]


A literature search revealed that most of the reported
phosphinic peptides generally involve amino acids such as
phenylalanine, alanine, glycine, valine that lack side-chain
functionality. However, we were interested in preparing side-


chain functionalized pseudopeptides, and especially peptides
comprising a heterocyclic core, since they have not yet been
reported. Taking into consideration the promising results
exhibited by RXP03 (see above), we chose to focus our
attention on the development of analogues of this inhibitor,
with particular emphasis on the P1� position. Indeed, it is well
known that this position is one of the key side chains for the
control of inhibitor potency and selectivity as far as MMPs are
concerned.[3b, 4b]


Regarding the nature of the heterocyclic core to be
incorporated in the peptides, the choice was not straightfor-
ward since no reports to similar compounds could be found.
Although many heterocyclic compounds have interesting
biological activities, an overview of the literature stimulated
our interest in the isoxazole ring. Isoxazole moieties (3,5-
disubsituted isoxazoles illustrated in Figure 2) have been
extensively utilized not only as precursors to versatile
intermediates for the synthesis of a variety of complex natural
products[17] but also as scaffolds for peptidomimetics,[18] and
core structures in medicinal chemistry, where they represent a
class of unique pharmacophores that are constituents of
diverse therapeutic agents.[19] Moreover, there exist several
naturally occurring isoxazoles with important pharmacolog-
ical activity (e.g. Muscimol, 4-hydroxyisoxazole, Figure 2).[20]
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Figure 2. General structure of 3,5-disubstituted isoxazole core (top).
Examples of naturally occurring and synthetic isoxazoles of pharmaceutical
interest.A : Muscimol;[20] B : 4-hydroxyisoxazole;[20] C : ibotenic acid;[19d] D :
selective endothelin receptor A (ETA) antagonist.[19f]


Another key feature of the isoxazole ring that drew our
attention is its ionophoric properties. Generally, isoxazoles
coordinate to metals mainly through the nitrogen lone pair.[21]


Taking into account that our program is concerned with zinc-
metalloenzymes, which, in addition to zinc, may contain other
cations (e.g. Ca2�), this isoxazole Lewis basicity may prove
extremely useful. Moreover, the enhanced hydrogen bonding
acceptor capability of the ring was envisioned to increase the
contact points of the inhibitors with the enzymes (Figure 3).
The above arguments render the isoxazole core a privileged


structure, which is well worthy of introduction into the field of
phosphinic pseudopeptides. Determined to design and devel-
op a novel approach to the synthesis of phosphinic peptides,
we wish to report herein our efforts toward this end. The
general structure of the target molecules is illustrated in
Figure 3. Useful precursors for the introduction of the
isoxazole ring into the P1� position of these peptides were
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Figure 3. General structure of the phosphinic precursors and isoxazole-
containing peptidic inhibitors obtained by 1,3-dipolar cycloaddition
(above). Presumable interaction of these inhibitors with the active site of
zinc-metalloproteases through hydrogen bonding and/or coordination of
the isoxazole ring to the zinc cation (below).


prepared, containing a triple bond in this position (Scheme 1).
Construction of the isoxazole ring would be accomplished by
a [3� 2] cycloaddition of nitrile oxides to the alkyne moiety,
since the former are reported to add regioselectively to
terminal triple bonds giving exclusively 3,5-disubstituted
isoxazoles.[22]


Results and Discussion


Solution-phase synthesis : The retrosynthetic analysis of the
target pseudopeptide I is described in Scheme 1. The tripep-
tidic scaffolds II, containing a triple bond at P1� position, could
serve as good substrates for nitrile oxide III cycloadditions
(DCRS), allowing rapid access to the novel class of isoxazole
phosphinic peptides. This approach is consistent with our
initial goal and would allow the direct and straightforward
diversification of a tripeptidic unit at the final step of the
synthesis in one reaction step. Compounds II could be
synthesized by coupling of the pseudodipeptidic units IV with
amino acids V. Finally, phosphinic dipeptides IV could be


obtained by Michael addition of silyl-activated versions of
aminophosphinic acids VI to acrylic derivatives VII. An
alternative route might rely on the prior assembly of
isoxazole-containing dipeptide units derived from IV and
subsequent coupling with amino acids; nevertheless, such an
approach would involve more synthetic steps, and preliminary
experiments showed that it is less efficient, suffering from by-
product formation.
The key-step in the strategy for the development of the


pseudopeptidic isoxazole-containing phosphinic inhibitors is
the construction of tripeptidic units II (Scheme 1) or 3
(Scheme 2).
This synthesis commenced with the Michael addition of


silyl-activated �-amino phosphinic acids[15] to ethyl �-prop-
argylic acrylate.[23] Optically pure (R) Cbz N-protected amino
phosphinic acids[24] (� configuration) were chosen based on
enzymatic preferences, allowing thus the control of stereo-
chemistry at the P1 position of the final inhibitors. The use of
optically pure aminophosphinic acids had a great impact on
the stereochemistry of the newly generated stereogenic center
of the dipeptidic unit 1 (Scheme 2). Two methods were
applied to prepare 1a ± c (Scheme 2): HMDS activation at
elevated temperatures,[15a] in the presence of 1.3 equivalent of
acrylic derivative and subsequent quenching of the mixture of
proposed diastereomeric enolates (formed during theMichael
addition, Figure 4) with dry ethanol at �10 �C for 1 h,[25]


afforded the dipeptidic blocks 1 as a mixture of diastereomers
in a 3.5:1 ratio (Table 1, entries 1a (footnote a) and 1c).
Activation with TMSCl/DIPEA[36a] at low temperatures and
quenching of the mixture under the above described con-
ditions improved the diastereomeric ratio slightly (4.5:1, 1a,
footnote b). The ratio of the two diastereomers was easily
determined by 31P NMR spectroscopy. RP-HPLC could not
be used since no separation of the dipeptidic diastereomers
could be achieved at this stage. In the case of alanine
phosphinic analogue (1b) the ratio of diastereomers (3.5:1)
was lower than that obtained for the phenylalanine analogue,
presumably due to the smaller size of the methyl group. It
should be noted that use of bulky or chiral nonracemic
alcohols such as tert-butanol or (R)-�-amino phenyl glycinol
to quench the reaction mixture did not improve the obtained
ratios.
Saponification of the ethyl ester of 1 afforded the diacids


2a ± c. Alkaline removal of the ethyl ester of 1 was carefully
carried out, since large excess of hydroxide anions


(�10 equiv) and long reaction
times (�10 h) caused partial
racemization at the P1� position
(�3 ± 4%). Accordingly, con-
trolled saponification (5 ± 6 e-
quiv NaOH, TLC monitoring
6 ± 8 h) allowed minimization of
this undesired result. The major
diastereomer 2a� (R,S configu-
ration) of diacid mixture 2a
could be easily obtained by
simple recrystallization from
ethyl acetate. 31P NMR spectro-
scopy proved to be a very con-
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Figure 4. Proposed diastereomeric enolates formed during the Michael-
type addition of silyl phosphonites to acrylic derivatives.


venient means for monitoring recemization during the ethyl
ester hydrolysis or the progress of attempted resolution of the
dipeptidic units 2. For diacids 2b,c such a resolution could not
be accomplished. Nevertheless, this result did not impact the
progress of our project, since tripeptide mixtures 3a ± c were
easily resolved by fractional crystallization.
The determination of the absolute configuration of the new


stereogenic center was accomplished after coupling of the
dipeptides 2 with (S)-tryptophan amide to afford the tripep-
tides 3a ± c (Table 2). Although the diastereomeric mixtures 3
could be easily separated into its components by RP-HPLC,


we were able to succeed in a
more practical process and ach-
ieved our initial goal (isolation
of RSS diastereomer) by means
of simple crystallization from
appropriate solvent. This prop-
erty of tripeptides of the gen-
eral formula Cbz(R)Xaa�-
[P(O)(OH)CH2]CH(propargyl)-
(S)TrpNH2 was successfully ex-
ploited to prepare peptides with
different side chains at P1 posi-
tion in very good yields and
excellent optical purities
(�97% de) (Table 2).
Furthermore, the resolved


(R,S)-diastereomer 2a� turned
out to be a valuable tool for
many reasons. It could be easily
coupled with amino acids to
afford an array of propargyl-
containing tripeptidic blocks di-
versified at P2� position (e.g.
entry 3d, Table 2). To the best
of our knowledge, only very few
examples of diastereomeric
phosphinic dipeptides have
been successfully resolved at
this stage.[6] We utilized this


advance in our studies regarding racemization at the P1�
position throughout our project, since we were not aware of
any other relevant studies. Notably when 2a�was coupled with
alanine methyl ester to afford tripeptide block 3d, no
racemization was observed under these conditions (EDC ¥
HCl, HOBt, short reaction time) according to HPLC analysis
(Scheme 2, Table 2).
Before we embarked on the DCRs to these precursors, it


was essential to unambiguously establish the absolute config-
uration of the newly formed stereogenic carbon (P1� position).
A literature search regarding RP-HPLC analysis of phos-
phinic pseudotripeptides, containing an (S)-amino acid (P2�
position) linked to P1� position of the phosphinic dipeptidic
unit by a classical amide bond and therefore existing as
mixture of two diastereomers (e.g. R, R/S, S), indicated that
the isomer with the shorter retention time is the one
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Scheme 2. Diastereoselective preparation of the tripeptidic units 3, suitable for 1,3-dipolar cycloaddition with
nitrile oxides. i) HMDS (5 equiv), 110 �C, 1 h (activation); or TMSCl (4.5 equiv), DIPEA (4.5 equiv), 0 �C�RT,
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Table 1. Methods, yields and ratio of diastereomers of the dipeptidic units
of type 1.


Entry R1 Yield [%] Ratio (R,S)/(R,R)[c]


1a[a] CH2Ph 96[a] 3.5.1
1a[b] CH2Ph 89[b] 4.5:1
1b Me 92[b] 3.5:1
1c Ph 88[a] 3.5:1


[a] HMDS-method. [b] TMSCl/DIPEA-method. [c] Based on 31P NMR;
for determination of the absolute configuration see Scheme 3. Table 2. Tripeptides of type 3.


Entry R1 R2 P1 Yield [%]


3a CH2Ph 3-indolylmethyl[a,b] NH2 79
3b Me 3-indolylmethyl[a,c] NH2 73
3c Ph 3-indolylmethyl[a,b] NH2 82
3d CH2Ph Me OMe 79


[a] Combined yields of (R,S,S) and (R,R,S) diastereomers, starting from
the appropriate dipeptide as mixture of diastereomers. [b] Recrystalliza-
tion in AcOEt (�98% de). [c] Recrystallization in CH2Cl2 (97% de).
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possessing the (S) absolute con-
figuration at the P1� posi-
tion.[4e, 6, 25, 26] In our case, given
the (R) and (S) configuration of
the amino phosphinic acid and
tryptophan, respectively, we ob-
served two tripeptidic diaster-
eomers, with the firstly eluted in
RP-HPLC formed in much high-
er percentage than the other one.
Based on the above mentioned
literature results, we surmised
that the first fraction is the
(R,S,S) diastereomer, while the
second is the (R,R,S) one.
To unambiguously establish


this hypothesis, we sought to
obtain further evidence. To this
end, we applied the 1H NMR
method of Chen et al.[6b] for the
two diastereomers of phosphinic
tripeptide 3a, isolated by means
of simple crystallisation [besides
the insoluble isomer of this tri-
peptide mixture (assumed to be
the (R,S,S) diastereomer judging
from HPLC analysis), the solu-
ble isomer (assumed as the
(R,R,S)) was also recovered
from the filtrate, at least 95%
(HPLC analysis) and in high
optical purity (�93% de)].
According to Chen×s method,


in a dipeptidic unit containing
one aromatic residue, the rela-
tive absolute configuration of
each amino acid could be de-
duced from the chemical shifts of
the nonaromatic side chain pro-
tons: a shielding of these protons
is observed when the two amino
acids have opposite absolute
configuration (R,S or S,R) as
compared to those having iden-
tical configuration (R,R or S,S).
In our case, the existing trypto-
phan residue at P2� position of
the tripeptides rendered this
method highly relevant.
1H NMR analysis of the two diastereomers clearly showed,
in accordance with the published method, deshielding of the
propargylic proton in the ™(R,S,S)∫ isomer by �0.14 ppm, as
compared to the propargylic proton of the ™(R,R,S)∫ isomer
(2.74 vs 2.60 ppm respectively confirmed by HMQC experi-
ments, Scheme 3). This result confirmed the assumed absolute
configuration of the P1� position.
In the course of our program aiming at the development of


novel heterocyclic phosphinic peptides, it occurred to us that
our results could be ultimately confirmed by applying the


same method to the analogue of tripeptide 3a, bearing an
allylic instead of a propargylic side chain (4a, Scheme 3).
Isolation of such a tripeptide was achieved in the same fashion
as for tripeptide 3a. Crystallisation from ethyl acetate
afforded the desired (R,S,S) diastereomer (4a, Scheme 3), as
proven by 1H NMR analysis. Indeed, 1H NMR analysis of the
mixture of the two diastereomers of 4 (a mixture with a 3.5:1
unoptimised ratio by HPLC analysis) showed two multiples,
due to the single allylic proton at �5.2 and 5.5 ppm,
respectively, in a 3.5:1 ratio. Moreover, in the 1H NMR


Scheme 3. Correlation between characteristic chemical shifts of propargyl and allyl side chain (P1� position)
protons and absolute configuration of these chains in phosphinic tripeptides precursors to DCRs. The 1H NMR
spectra were acquired using the crude hydrogenated products.
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spectrum of the pure assumed (R,S,S) diastereomer (4a), only
the peak of the most deshielded proton (5.5 ppm) was
retained, leading to the conclusion that the isolated isomer
indeed possessed the (R,S,S) configuration.
With this pure diastereomer in hand, we were ready to


reconfirm our results for the propargyl-containing tripeptide
3a. We thought that hydrogenation of the triple bond of any
diastereomer of 3a, in the presence of Lindlar catalyst,[27]


could afford the corresponding tripeptides 4a or 4a�. This
proved to be the case, thus allowing a direct comparison and
evaluation of the two diastereomeric tripeptides. This con-
version is depicted in Scheme 3, where the (R,S,S) propargylic
diastereomer 3a afforded, after controlled hydrogenation, the
corresponding allylic diastereomer 4a (85% product, 10%
starting tripeptide, 5% fully hydrogenated tripeptide after 4 h
of hydrogenation, HPLC analysis), still suitable for NMR
analysis. The same motif was observed when the (R,R,S)
diastereomer was subjected to hydrogenation (product 4a�). It
should be noted that assessment of the 1H NMR spectrum is
much more convenient for the allylic derivatives, since their
protons are greatly deshielded as compared to propargylic
protons. Comparison of the spectra of these compounds
demonstrated unequivocally their configurational identity.
Having developed reliable methods for the preparation of a


wide range of optically pure propargylic phosphinic tripep-
tides, we were in position to study their reactivity toward 1,3-
dipolar cycloadditions (DCRs) with nitrile oxides. Although
such additions onto activated and nonactivated triple bonds
have been extensively studied and applied to incorporate the
isoxazole ring into numerous organic compounds ranging
from natural products to amino acids analogues and low
molecular weight non peptide bioactive compounds, they
have been only sparingly used in peptidic modulation.[28]


The chemistry of phosphinic pseudopeptides is subject to
many restrictions compared with classical peptides, mainly
due to the hydroxyphosphinyl moiety. Without precedent for
DCRs in the phoshopeptide field, the evaluation of different
isoxazole ring-constructing formation methods was essential
(Figure 5). The isolated, nonactivated nature of the triple
bond in our peptidic precursors was expected to render them
fairly good substrates for DCRs.[29]


At the outset, the Mukaiyama method[30] (primary nitro-
alkanes/phenyl isocyanate/Et3N), though extensively applied
in DCRs, was deemed incompatible with the unprotected
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Figure 5. Methods of nitrile oxide generation.


hydroxyphosphinyl functionality; in addition the troublesome
removal of the by-product diphenylurea further rendered this
method problematic. Next, we turned our attention to the
phase transfer catalyzed (PTC) hypochloride method by
Lee[31] that consists in the use of (common) bleach (NaOClaq)
in CH2Cl2/cat. Et3N. Although this convenient one-pot
procedure worked very well for simple dipeptides (e.g. 1a,
data not shown), it failed in the case of the tryptophan-
containing tripeptidic blocks 3a ± c. Specifically, upon addi-
tion of bleach into the tripeptide solution, oxidative destruc-
tion of the indole ring was observed leading to a mixture of
unidentified products. Unexpectedly, in the case of tripeptide
3d, this method failed again for a different reason; HPLC
analysis of the isolated mixture indicated extensive removal of
the methyl ester of alanine residue, traces of starting material
and some product. It is likely that under the alkaline
conditions of this method the sensitive methyl ester was
saponified; this unexpected hydrolysis might be related to the
position of the ester inside the peptidic sequence (P2�
position), since ethyl ester removal, when present at P1�
position (e.g. 1a), was not observed at all under the same
conditions.
The Huisgen method was the third option chosen for


evaluation. While the two above mentioned methods are one-
step procedures, the Huisgen method can be performed as
either one- or two-step procedure depending on the nature of
the oxime used and the volition of the chemist.[32] This
versatile method consists of prior conversion of an oxime into
its hydroximinoyl chloride by action of N-chlorosuccinimide
(NCS), isolation of this chloride, and subsequent slow
generation of the corresponding nitrile oxide by means of
base-induced dehydrochlorination in the presence of a
dipolarophile (triple bond in this work).
Indeed, applying a one-pot Huisgen procedure we were


able to perform DCRs of a wide range of nitrile oxides onto
the phosphinic tripeptidic dipolarophiles 3a ±d. Chlorination
of oximes was performed using NCS in chloroform, pyridine
as catalyst, and gentle heating (method A, Scheme 4). The
chlorination time for benzaldoximes is dependent on the
nature of the ring substitution and for strongly deactivated
oximes longer times (�3 h) and heating are necessary to
achieve chlorination. The same method was successfully
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Scheme 4. Methods for the preparation of the isoxazole-containing
phosphinic pseudopeptides of type 5. i) Method A (one-flask procedure):
L�H, oxime (6 equiv) in CHCl3, pyridine(cat.), NCS (6 equiv), 45 �C, 3 ±
4 h, then 3a ± d, Et3N (7 equiv, portionwise), 45 �C, 48 ± 60 h. ii) Method B
(two-step procedure): L�Cl, oxime (6 equiv) in DMF, NCS (6 equiv),
45 �C, 40 min, isolation of the hydroximinoyl chloride, then 3a, Et3N
(7 equiv, portionwise), RT, 48 h. iii) NaOClaq, CH2Cl2, Et3N (cat.), RT,
12 h.
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applied for chlorination of naphthaldoxime or heterocyclic
oximes such as 2-furyl aldoxime. It is worth mentioning that
the NCS chlorination of one isomer (syn or anti, stereo-
chemistry undetermined) of the oximes was very rapid, while
several hours of reaction were necessary to complete the
chlorination of the other isomer. When the chlorination was
over, a one-flask procedure was followed adding the tripepti-
dic dipolarophile 3a ± d and Et3N. We found that we could,
conveniently, perform the DCRs at �45 �C, thus raising the
yield of the target molecules (5) by about 10% (Table 3).
For alkyl aldoximes thisx synthesis gave unsatisfactory


results, which led us to modify the procedure. The best course
of action proved to be a two-step Huisgen method.[33] Thus,
the alkyl aldoxime was chlorinated in DMF for a short time
(�40 min) and the alkyl hydroximinoyl chloride was isolated
by extraction. Once more, the in situ base-generated highly
unstable alkyl nitrile oxide species was trapped by the
dipolarophile at RT, leading to the smooth preparation of
the isoxazole-containing tripeptide in satisfactory yield
(Scheme 4, method B, Table 3, entry 5d, see also [b] in this
Table).
By inspection of Table 3, it becomes apparent that our


approach to the synthesis of this novel heterocyclic class of
phosphinic pseudopeptides is both versatile and promising.
Amongst its merits, we should include for sure the ability of
diversification of the tripeptidic blocks at the final stage,
without the need for any hydroxyphosphinyl moiety protec-


tion. Moreover, it is applicable and high yielding for
benzaldoxime or benzaldoximes with electron-donating sub-
stituents and naphthaldoxime (76 ± 92%). For heterocyclic
aldoximes such as 2-furyl aldoxime, benzaldoximes with
electron-withdrawing substituents and alkyl aldoximes still
worked well, giving rise to the target molecules in moderate to
good yields (55 ± 64%). In these cases, the starting tripeptide
could easily be isolated from the reaction mixture (simple
extraction) and resubjected to DCRs with the same nitrile
oxide, allowing thus the preparation of the desired tripeptide
in higher yield (e.g. Table 3, entry 5 f). According to ESMS
analysis of all final compounds (5a ± i) no ring-chlorinated
material was detected. Furthermore, it must be underscored
that the addition of all nitrile oxides to the terminal triple
bonds was completely regioselective, affording only the
desired 3,5-disubstituted isoxazoles[22] (NMR analysis); in
addition, the integrity of the stereogenic carbons of the
starting tripeptides was not affected under the alkaline
conditions applied as concluded by HPLC analysis. In our
project some model tripeptides (Table 3, entries 5a,e, i) were
prepared as mixture of epimers at P1� position, in order to
reevaluate the inhibitory potency of the individual diaster-
eomers after HPLC separation.


Solid-phase synthesis : Solid-phase synthesis has been the
major tool for combinatorial chemistry with apparent advan-
tages over solution-phase chemistry. The application of solid-
phase organic synthesis (SPOS) in the preparation of small
compound libraries and peptides is of great significance in the
discovery and development of new drug compounds.[34] Syn-
thesis of phosphinic peptides has been successfully accom-
plished on the solid phase as well, using either parallel or
combinatorial strategies. Such an approach has led to the
rapid preparation and identification of highly potent and
selective inhibitors of various zinc-metalloproteases.[3b, 4a,c, 7b,
c, 12, 15a, 35] These synthetic routes rely mainly on the use of a
building block approach.[36] The past few years have also
witnessed explosive developments in the solid-phase synthesis
of heterocyclic derivatives.[37] The isoxazole ring undoubtedly
belongs to the class of compounds whose solid-phase con-
struction has been extensively studied.[34, 37, 38]


Following the same trend, we were interested in developing
conditions, which would allow construction of the final
isoxazole-containing phosphinic inhibitors on the solid sup-
port. Were such an approach successfully developed, it would
prove to be very convenient for the rapid construction of the
target molecules in quantities sufficient for biological evalua-
tion. Moreover, during a solid-phase synthesis of isoxazoles,
one can with advantage use a large excess of nitrile oxides to
drive the DCRs to completion, without being concerned
about the removal of this excess from the target compounds.
On the contrary, solution-phase synthesis of isoxazoles is
often problematic due to the high propensity of nitrile oxides
to undergo dimerization to furoxan N-oxide, which renders
both isolation and purification of the desired compound
difficult.[22] In addition, development of a solid-phase version
of our strategy for the preparation of this novel class of
phosphinic peptides would set the first example of post-
modification in this field.


Table 3. Isoxazole-containing tripeptides of type 5.


Entry R1 R2 R3 P1 Yield [%]


5a CH2Ph 3-indolylmethyl NH2 86[a]


5b CH2Ph 3-indolylmethyl NH2 78


5c CH2Ph 3-indolylmethyl NH2 76


5d CH2Ph 3-indolylmethyl NH2 55[b]


5e CH2Ph Me OMe 81[a]


5 f CH2Ph Me OMe 58 (87)[c]


5g CH3 3-indolylmethyl NH2 91


5h Ph 3-indolylmethyl NH2 92


5 i Ph 3-indolylmethyl NH2 64[a]


[a] Prepared as mixture of two diastereomers at P1� position; yield refers to
the mixture of isomers. [b] Prepared by method B (see text and Exper-
imental Section). The moderate yield is, in part, due to the relatively high
solubility of the product in the organic solution used to precipitate and
purify. [c] In parenthesis: overall yield after a second 1,3-dipolar addition to
the isolated starting tripeptide.
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To date, solid-phase synthesis of
phosphinic peptides has been real-
ized mainly through the building
block approach and in all cases, the
used blocks lack of any side-chain
functionality.[36] Another issue often
addressed concerns the necessity of
prior protection of the hydroxy-
phosphinyl moiety.[15a] Most syn-
thetic schemes rely on the use of
P-protected precursors; however,
coupling of phosphinic dipeptidic
blocks bearing an unprotected hy-
droxyphosphinyl moiety to solid-
phase support has very briefly re-
ported only once.[39] The use of
P-unprotected dipeptidic blocks of-
fers a few advantages such as fewer
synthetic steps and easier analysis of
the intermediates, but on the other
hand it involves by-product forma-
tion because of the hydroxyphos-
phinyl moiety activation under the
reaction conditions.[16] In our case,
due to the existence of a triple bond
not all protection schemes present orthogonality (e.g. hydro-
genation of Cbz group would lead to simultaneous reduction
of the alkyne moiety). Moreover, introduction of the ada-
mantyl group into the phosphinic moiety[15a] proved a little
troublesome, in addition to the potential steric hindrance that
would exert to the subsequent DCRs. Therefore, we decided
to develop a method that would allow the use of a
P-unprotected dipeptidic block such as 2a (Scheme 1).
Another key-feature of our solid-phase synthetic effort is


the use–for first time in the phosphinic peptide field–of
Mimotopes SynPhase PS Lanterns (L-series ™pins∫).[40] Use of
multipin technology is emerging as a viable alternative to
conventional resin solid-phase synthesis and is gaining in
significance owing to its many significant fundamental
advantages over resins.[28, 41] Given our desire to obtain
C-terminal amides, we chose pins functionalized with a Rink
amide linker and set out to develop and evaluate strategies for
the preparation of a few-member combinatorial array of
isoxazole-containing phosphinic tripeptides of the general
type 9 (Scheme 5).
Our synthetic efforts (Scheme 5) commenced with coupling


of Fmoc-protected tryptophan with pin-supported Rink
amide linker under standard conditions to afford the inter-
mediate 6a. Piperidine-mediated removal of Fmoc protection
delivered 6b. At this point we had to establish a method for
coupling of the P-unprotected dipeptidic block 2a with amine
6b. The previously described method[39] for a similar coupling
was not thoroughly documented and described the simple
building block [Z(R)Phe�[(P(O)(OH)CH2]GlyOH], and
therefore, if employed, would require optimization. Although
our solution coupling method has never been applied on the
solid phase, we were very much interested in testing and
evaluating its efficiency under solid-phase conditions. Special
care had to be taken because the use of pins imply a standard,


low loading (14 �mol per pin) and conditions applied in
solution or on resin experiments needed careful evaluation to
avoid both large excesses of reagents and overly dilute
reaction solutions. In addition, the existence of a free
hydroxyphosphinyl moiety called for further limitations.
Preliminary experiments using EDC/HOBt-mediated cou-


pling started by using the block 2a (not resolved at P1�
position). Use of one equivalent of dipeptidic block in several
solvent systems (e.g. DMF, DMF/CH2Cl2, CH2Cl2/THF)
proved completely unsuccessful, delivering the intermediate
7 in unacceptable yields (�50%, RP-HPLC analysis). The
best result was achieved using CH2Cl2 as solvent, probably
due to high swelling of pins.[41b] Therefore, all subsequent
experiments were carried out in this convenient solvent.
Extensive experimentation revealed that the best course of
action was double coupling using: 1.5 equivalent (per pin) of
2a, four equivalents of EDC ¥HCl, 1.5 equivalent of HOBt,
2.5 equivalents of DIPEA in CH2Cl2 (0.25 mL per pin) for 3 h.
This protocol allowed the smooth synthesis of 7 quantitatively
and in excellent purity. Parallel studies showed that the DIC
coupling reagent could perform such couplings but it gave
lower yields (ca. 20%) than the EDC/HOBt system. In
addition, when the coupling time was extended to 24 h partial
racemization occurred.
To examine this racemization problem during the EDC/


HOBt-mediated coupling, we used the optically pure dipep-
tidic block 2a�. Unfortunately, coupling of 2a� for 24 h gave
rise to an unexpectedly high racemization percentage
(�17%). We were not aware of any studies (concerning P1�
position) that could provide us with relevant data. Thereby,
reevaluation of our established protocol had to be considered
in order to minimize racemization in the case that optically
pure blocks were used. Fortunately, shorter reaction times
proved a very good remedy for this predicament. Thus, the
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standard protocol was still ap-
plicable, but two couplings for
exactly 2 h were necessary to
obtain the tripeptidic block 7 in
high yield and high optical
purity. Given the fact that the
starting dipeptidic block had an
optical purity �98% (see be-
low), the estimated racemiza-
tion by application of this modi-
fied protocol was about 1%.
This result was considered ac-
ceptable given the oligomeric
nature of phosphinic peptides
(only one phosphinic block in-
corporated in the peptidic se-
quence). PyBOP-mediated[39]


coupling of 2a� did not offer
any additional advantage.
The mechanism of coupling


of phosphinic dipeptides with
amino acids has not been stud-
ied and reported, but it may be
assumed that it involves the
prior formation of a relatively
hindered, and therefore more
susceptible to racemization
than a classical HOBt C-active
ester, mixed cyclic anhydride
intermediate, which is later on
attacked by the amino compo-
nent.[9a] The fact that no race-
mization at all was observed
under solution- versus solid-
phase condition couplings (see
above) may be related to some
special features of the micro-
environment of the resin (e.g. more difficult attack of the pin-
attached amine onto the presumed cyclic mixed anhydride,
extended reaction time for formation of such an anhydride
etc.). The hypothesis of the cyclic anhydride versus classical
C-active ester formation is supported by the fact that
performance of the same coupling (EDC/HOBt protocol) in
the presence of copper(��) chloride[42] did not cut down on
recemization as it has been reported, but actually decreased
the yield and increased the extent of racemization (�7%).
This was presumably the result of difficulty/delay in the
formation of the mixed anhydride due to potential coordina-
tion of copper to the phosphinyl moiety.[43]


Having assembled the tripeptidic unit 7 on solid support as
both optically pure and mixture of epimers at P1� position, we
focused our efforts on studying the incorporation of the
isoxazole core into these precursors. To this end, a one-pot
Huisgen method (see above) was applied. Optimization of
DCRs of nitrile oxides onto 7 was easily and rapidly made by
using multipin technology. The model used in these studies
was compound 9a (see below, R4� p-methyl phenyl, Table 4).
Several parameters were studied such as concentration of
nitrile oxide, temperature, reaction time. Our results are


illustrated in Figure 6. From this Figure it is obvious that the
best set of conditions for conducting DCRs is the use of a
0.56� chloroform solution (namely 10 equivalents per pin) of
in situ generated nitrile oxide and gentle heating (45 �C) for
24 h. Prolonged reaction times (e.g. 48 h) did not improve the
yield, probably due to dimerization of nitrile oxides after a
certain point; therefore all subsequent experiments were
conducted for 24 h.


Figure 6. Optimization of nitrile oxide DCRs onto the pin-supported
dipolarophilic tripeptidic unit 7. Concentration at this histogram (left) is
that of nitrile oxide generated in situ from the corresponding hydroxyimi-
noyl chloride. % Conversion was concluded by combining area of product
HPLC peaks.


Table 4. Characteristics of the members of the isoxazole-phosphinic peptide combinatorial array 9a ± k, prepared
by DCRs on pins.


Entry R4 Yield[a] [%] Purity[b] [%] tR value[c]


[min][d]
MW ES-MS


[M�H]�


9a 82 87 27.4/28.8 747.2 746.3


9b 69 89 28.9 783.2 782.3


9c 66 70 30.7/31.9 825.3 824.2


9d 89 81 30.5/31.9 809.3 808.3


9e 93 (54)[e] 71 (95)[e] 21.4/22.1 776.3 775.3


9 f 78 89 26.1/27.1 793.3 792.3


9g 55[f] 61[f] 25.5/26.1 758.3 757.2


9h 81 82 32.5/34.1 843.3 842.3


9 i 73 80 33.6/35.3 843.3 842.2


9j 77 83 26.0 733.3 732.2


9k 65 81 26.9 811.2 810.1


[a] Based on the initial loading of pins (14 �mol per pin). [b] Concluded by combining area of product HPLC
peaks (254 and/or 280 nm detection). [c] Each HPLC analysis was carried out with the gradient described at the
experimental section, general procedures. [d] The double time value corresponds to the two diastereomers of the
product; in the case of optically pure inhibitor only one diastereomer was detected. [e] In parentheses yield and
purity after post-cleavage solution extraction. [f] Low yield and purity due to uncompleted DCR; the starting
tripeptide was also recovered in the TFA-cleaved mixture.
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Application of this optimized
set of conditions allowed the
facile preparation of the de-
sired combinatorial array of
type 9. HPLC monitoring of
the progress of the DCRs in-
dicated that three to four repe-
titions of the addition were
necessary in order to achieve a
high enough percentage of con-
version and purity of the target
molecules. This course of action
afforded the peptides 9 in very
good yields and purities after
TFA-effected cleavage from
the solid support, as shown in
Table 4. The representative an-
alytical HPLC chromatogram
of the crude tripeptide 9b (Fig-
ure 7), clearly indicates the high
purity of the product. It is worth
mentioning that when optically
pure tripeptides were used as precursors to DCRs, no
racemization was observed. In the case of strongly deactivated
benzaldoximes such as 9g (p-CN phenyl, Table 4), the
addition was not driven to completion even after four
repetitions. Nevertheless, the desired peptide could be
isolated by post-cleavage (solution) extraction or semiprepar-
ative HPLC. All peptides of type 9 were identified by direct
comparison with solution phase produced peptides (e.g. 9b, j)
as well as by electrospray mass spectrometry (Table 4).


Biological Evaluation


At preliminary stage, some of the developed isoxazole-
containing phosphinic peptides were evaluated for their in
vitro activities to inhibit twoMMPs: collagenase-3 (MMP-13),
which is over-expressed in breast carcinomas[44] and mem-
brane type-1 matrix metalloprotease (MT1-MMP, MMP-14),
a primary target to block pro-MMP-2 activation.[45] Our
results are summarized in Table 5.
Comparison of theKi values of Table 5 clearly indicates that


isoxazole-containing phosphinic peptides are more potent
MMP inhibitors than alkyl-aryl analogues, such as RXP03.
For example, compound 5a-(R,S,S) is 36-fold more potent
toward MMP-14 than RXP03-(R,S,S); this indicates the
advantages of this novel class of phosphinic peptides. The


high potency displayed by compound 5a-(R,S,S) demon-
strates that the stereochemistry and the electronic properties
of the isoxazole ring are very well suited to interact with S1�
pocket of MMPs. This compound is one of the most potent
phosphinic inhibitors of MMP-14, well compared with re-
ported hydroxamic inhibitors such as Marimastat (Ki� 1.8 n�
toward MMP-14).[12] Moreover, the fact that the compound
5a-R,S,S is at least 100-fold more potent than 5a-R,R,S,
reveals that the stereochemistry of the P1� side chain is critical
for potency in this series of isoxazole compounds. This critical
role of the P1� stereochemistry was no previously observed
with compound such as RXP03. This difference is probably
related to the presence of the isoxazole ring that involves
higher conformational restriction than aryl alkyl side chains.
In this respect, as shown by compound 5c, further substitution
of the isoxazole-attached ring may represent a strategy to
control the selectivity of the inhibitors. Indeed, compound 5c
is 180-fold more potent toward MMP-13 than MMP-14. This
issue is particularly important, as there is a high demand for
compounds able to block only a subset of MMPs.[45±47]


Substitution of this kind, using the approach reported in this
study, will give access to various compounds with improved
potency and selectivity toward the MMPs. Full evaluation of
all prepared compounds is in progress and will be reported
soon.


Conclusion


The efficient synthesis and res-
olution of phosphinic peptides
containing a propargylic side
chain at P1� position was descri-
bed. Their absolute configura-
tion was established using
NMR studies. These pseudo-
peptidic blocks were studied


Table 5. Ki Values of some isoxazole-containing phosphinic peptides and RXP03 toward MMP-13 and MMP-14.


Compound R Diastereomer Ki [n�] MMP-13 Ki [n�] MMP-14


RXP03 R,S,S 16 90
R,R,S 32 386


5a R,S,S 1.6 2.5
R,R,S 160 330


5b R,S,S 14 20


5c R,S,S 28 5100


Figure 7. Analytical RP-HPLC chromatogram of the crude phosphinic peptide 9b (one diastereomer).
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for their reactivity toward 1,3-dipolar cycloaddition reactions
(DCRs) with nitrile oxides. To this end, different methods of
cycloadditions were evaluated, leading to the successful
development of a novel class of phosphinic peptides, incor-
porating an isoxazole ring at P1� position, in high yields and
optical purity. Extension of this strategy on solid-phase
support was achieved using multipin technology. Develop-
ment of a new racemization-free protocol for coupling of
P-unprotected dipeptidic blocks with solid-phase-embodied
amino acids and subsequent optimization of DCRs onto the
produced peptides allowed the preparation of a few-member
combinatorial array of isoxazole-containing phosphinic pep-
tides. The crude pseudopeptides obtained from the solid-
phase synthesis were of high purity according to RP-HPLC
analysis. Preliminary inhibition assays of these new hetero-
cyclic pseudopeptides demonstrated that they are very potent
inhibitors of MMPs.
Current work in our laboratory is aiming at the develop-


ment of libraries of this class of phosphinic peptides, widely
diversified around the heterocyclic core and the P2� position.
Full report of inhibitory properties of these compounds
toward MMPs and other Zn-metalloproteases will be report-
ed in a forthcoming paper.


Experimental Section


Abbreviations : ACE-I: angiotensin converting enzyme I, AcOEt: ethyl
acetate, DCR(s): 1,3-dipolar cycloaddition reaction(s), DIC: N,N�-diiso-
propylcarbodiimide, DIPEA: N,N-diisopropylethylamine, DMF: N,N-di-
methyl formamide, EDC ¥HCl: 1-(3-dimethylaminopropyl)-3-ethylcarbo-
diimide hydrochloride, Et3N: triethylamine, HMDS: 1,1,1,3,3,3-hexame-
thyldisilazane, HOBt: N-hydroxy benzotriazole, MMPs: matrix
metalloproteases, NCS: N-chloro succinimide, Py: pyridine, PyBOP:
benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophos-
phate, RP-HPLC: reversed phase high performance liquid chromatogra-
phy, TFA: trifluoroacetic acid, THF: tetrahydrofuran, TIS: triisopropylsi-
lane, TMSCl: trimethylsilyl cloride, �: symbol for peptide surrogates.


General procedures : Most anhydrous solvents were obtained by storing
analytical quality solvents over 4 ä activated molecular sieves. DMF and
THF were fractionally distilled (over P2O5 and CaH2 respectively) and
stored over 4 ä activated molecular sieves. Synthetic starting materials
were purchased from Aldrich, Fluka, NovaBiochem or Bachem and were
used without further purification. SynPhase PS Lanterns (L-series pins)
and Multipin stems were purchased from Mimotopes, Paris, France. All
aminophosphinic acids[24] and acrylic derivatives[23] were prepared accord-
ing to previously described methods. Oximes used in this work were
prepared from the corresponding aldehydes under standard procedur-
es.[32b, 48] Preparation and full characterization of compound 4a will be
reported elsewhere. Chemical reactions, washings and cleavages involving
pins were performed in chemically resistant glass tubes. 1H, 13C and 31P
NMR spectra were recorded on Varian spectrometers (200 MHz Mercury
or 300 MHz Gemini models). Assignment of the 1H NMR signals were
achieved using COSYand, in some cases only, HMQC experiments. 13C and
31P NMR spectra are fully proton decoupled. All spectra are referenced (�
scale in ppm) using the residual solvent as an internal standard (e.g. for
[D6]DMSO; �� 2.50, 1H and �� 39.50, 13C). 31P NMR chemical shifts are
reported in ppm downfield from 85% H3PO4 (external standard). Column
chromatography was performed on silica gel (E. Merck, 70 ± 230 mesh).
TLC analyses were performed on silica gel plates (E. Merck silica gel 60
F254) and components were visualized by the following methods: UV light
absorbance, and/or charring after spraying with a solution of NH4HSO4,
and/or ninhydrin spraying and heating. Melting points (measured on a
Electrothermal apparatus) are uncorrected. Electron spray mass spec-
trometry (ESMS) was performed on a Micromass Platform II instrument


(Atheris Laboratories, Geneva, Switzerland). RP-HPLC analyses were
performed on a Hewlett Packard 1100 model (C18-Cromasil-RP, 5 �m, UV/
Vis detector, flow: 0.5 mLmin�1, 254 and/or 280 nm detection), with the
gradient: 0 min: 0% B buffer, 10 min: 35% B buffer, 35 min: 100% B
buffer, 40 min: 35% B buffer (A buffer: 90% H2O with 0.1% TFA, 10%
CH3CN; B buffer: 10% H2O with 0.09% TFA, 90% CH3CN). Enzyme
assays and Ki values determination were performed as previously
described.[4b]


General procedures for Michael addition reaction


HMDS method : A mixture of Cbz N-protected �-aminophosphinic acid
(1 mmol) and HMDS (5 mmol) was heated at 110 �C for 1 h under Ar, then
ethyl �-propargyl acrylate (1.3 mmol) was added dropwise. The resulting
mixture was stirred at 100 ± 105 �C for additional 3 h and slowly cooled to
RT. Then, the mixture was further cooled to �10 �C and dry ethanol was
added portionwise, still under Ar. The cooled mixture was stirred at this
temperature for 1 h and was left to reach RT. The solvent was removed
under vacuum and the residue was purified by column chromatography
(chloroform/methanol/acetic acid 7:0.3:0.3).


TMSCl/DIPEA method : DIPEA (4.5 mmol) and TMSCl (4.5 mmol) were
added under Ar to an ice-cold suspension of Cbz N-protected �-amino-
phosphinic acid (1 mmol) in dry CH2Cl2 (7 mL per mmol). The mixture was
stirred for 2 h at RT. Then, the solution was cooled to 0 �C, and ethyl �-
propargyl acrylate (1.3 mmol) was added dropwise. The mixture was stirred
at RT for 36 h under Ar. Then, it was cooled to �10 �C and dry ethanol was
added portionwise, still under Ar. The cooled mixture was stirred at this
temperature for 1 h and was left to reach RT. The solvents were removed
under vacuum and the residue was purified by column chromatography
(chloroform/methanol/acetic acid 7:0.3:0.3).


(1R)-1-{[(Benzyloxy)carbonyl]amino}-2-phenylethyl[2-(ethoxycarbonyl)-
pent-4-ynyl]phosphinic acid (1a): M.p. 113 ± 115 �C; Rf� 0.68 (chloroform/
methanol/acetic acid 7:0.5:0.5). 1H NMR (200 MHz, [D6]DMSO/1%
CF3COOD): �� 1.26 (t, 3J(HH)� 6.8 Hz, 3H; CH2CH3), 1.78 ± 2.18 (m,
2H; PCH2), 2.38 ± 3.18 (m, 6H; PCH2CH, CHHPh, CHHPh, CH2C�CH,
C�CH), 3.81 ± 4.19 (m and q, 3J(HH)� 6.8 Hz, 3H; CH2CH3, PCH), 4.97 (s,
2H; PhCH2O), 7.06 ± 7.38 (m, 10H; Ar), 7.72 (d, 3J(HH)� 9.7 Hz, 1H;
NH); 13C NMR (50 MHz, [D6]DMSO/1% CF3COOD): �� 14.1, 21.8, 26.9
(d, J(PC)� 88.4 Hz), 32.6, 38.0, 52.2 (d, J(PC)� 104.3 Hz), 60.5, 65.2, 73.2
(d, J(PC)� 15.5 Hz), 80.9, 113.4, 126.2, 127.2, 128.2, 129.2, 137.2, 138.4 (d,
J(PC)� 14 Hz), 156.1 (d, J(PC)� 3.8 Hz), 172.9 (d, J(PC)� 10.8 Hz); 31P
NMR (81 MHz, [D6]DMSO/1% CF3COOD): �� 45.0, 45.3, two diaster-
eomers: (R,S)/(R,R)� 3.5/1 (1a, see Table 1), 4.5:1 (1a, see Table 1);
elemental analysis calcd (%) for C24H28NO6P: C 63.01, H 6.17, N 3.06;
found: C 62.71, H 5.92, N 2.81; ES-MS: m/z : calcd for C24H27NO6P: 456.2;
found: 456.3 [M�H]� .
(1R)-1-{[(Benzyloxy)carbonyl]amino}ethyl[2-(ethoxycarbonyl)pent-4-
ynyl]phosphinic acid (1b): M.p. 95 ± 97 �C;Rf� 0.38 (chloroform/methanol/
acetic acid 7:0.5:0.5). 1H NMR (200 MHz, [D6]DMSO/1% CF3COOD):
�� 1.22 (dd, 3J(HH)� 7.1 Hz, 3J(PH)� 15.8 Hz, 3H; CHCH3), 1.27 (t,
3J(HH)� 6.8 Hz, 3H; CH2CH3), 1.68 ± 1.93 (m, 1H; PCHH), 1.95 ± 2.20 (m,
1H; PCHH), 2.47 ± 2.62 (m, 2H; CH2C�CH), 2.72 ± 2.96 (m, 2H; PCH2CH,
C�CH), 3.62 ± 3.95 (m, 1H; PCH), 3.99 ± 4.18 (q, 3J(HH)� 6.8 Hz, 2H;
CH2CH3), 5.02 (s, 2H; PhCH2O), 7.23 ± 7.39 (m, 5H; Ar), 7.61 (d, 3J(HH)�
9.6 Hz, 1H; NH); 13C NMR (50 MHz, [D6]DMSO/1% CF3COOD): ��
13.8, 14.1, 21.4, 26.2 (d, J(PC)� 87.9 Hz), 37.7, 45.9 (d, J(PC)� 105.4 Hz),
60.3, 65.6, 72.7, 81.1, 112.3, 118.0, 127.7, 127.8, 128.4, 137.2, 156.3 (d, J(PC)�
3.9 Hz), 172.7 (d, J(PC)� 10.5 Hz); 31P NMR (81 MHz, [D6]DMSO/1%
CF3COOD): �� 45.8, 46.0, two diastereomers (R,S)/(R,R)� 3.5/1; ele-
mental analysis calcd (%) for C18H24NO6P: C 56.69, H 6.34, N 3.67; found:
C 56.51, H 6.28, N 3.52.


(R)-{[(benzyloxy)carbonyl]amino}phenylmethyl[2-(ethoxycarbonyl)pent-
4-ynyl] phosphinic acid (1c): M.p. 98 ± 100 �C; Rf� 0.55 (chloroform/
methanol/acetic acid 7:0.5:0.5); 1H NMR (200 MHz, [D6]DMSO/1%
CF3COOD): �� 1.21 (t, 3J(HH)� 6.9 Hz, 3H; CH2CH3), 1.65 ± 1.94 (m,
1H; PCHH), 1.96 ± 2.22 (m, 1H; PCHH), 2.42 ± 2.65 (m, 2H; CH2C�CH,
[D6]DMSO overlapping), 2.70 ± 2.95 (m, 2H; PCH2CH, C�CH), 3.99 ± 4.20
(q, 3J(HH)� 6.8 Hz, 2H; CH2CH3), 4.83 ± 5.12 (m, 3H; PhCH2O, PCH),
7.17 ± 7.58 (m, 10H; Ar), 7.82 (d, 3J(HH)� 9.6 Hz, 1H; NH); 13C NMR
(50 MHz, [D6]DMSO/1% CF3COOD): �� 14.1, 21.7 (d, J(PC)� 7.6 Hz),
26.9 (d, J(PC)� 92.1 Hz), 54.8 (d, J(PC)� 100.2 Hz), 60.4, 65.5, 73.1, 80.8,
113.3, 126.2, 127.1, 128.5, 129.2, 137.3, 138.4 (d, J(PC)� 14 Hz), 155.3 (d,
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J(PC)� 3.8 Hz), 172.7 (d, J(PC)� 11.3 Hz); 31P NMR (81 MHz,
[D6]DMSO/1% CF3COOD): �� 42.1, 42.4, two diastereomers (R,S)/
(R,R)� 3.5/1; elemental analysis calcd (%) for C23H26NO6P: C 62.30, H
5.91, N 3.16; found: C 62.22, H 6.18, N 3.33.


General procedure for removal of ethyl ester : Dipeptides 1a ± c (1 mmol)
were dissolved in ethanol (9 mL per mmol), and the solution was cooled to
0 �C. 1� NaOH (5 ± 6 mmol) was added portionwise and the mixture was
stirred at RT for 6 ± 8 h. After acidification with 2� HCl, ethanol was
evaporated, diluted with water, and extracted with AcOEt. The organic
phase was washed with water and brine, dried over Na2SO4 and evaporated
under vacuum. Precipitation from a mixture of diethyl ether/light
petroleum (1:4) afforded the desired diacids as white solids.


(2S)-2-{[((1R)-1-{[(benzyloxy)carbonyl]amino}-2-phenylethyl)(hydroxy)-
phosphoryl] methyl}pent-4-ynoic acid (2a�): Recrystallization of the
precipitated diacid from AcOEt (30 mL per mmol) afforded the pure
diastereomer, yield: 96% (for saponification), (70% based on the pure
diastereomer); M.p. 176 ± 178 �C; Rf� 0.21 (chloroform/methanol/acetic
acid 7:0.5:0.5); 1H NMR (200 MHz, [D6]DMSO/1% CF3COOD): ��
1.76 ± 2.18 (m, 2H; PCH2), 2.38 ± 2.97 (m, 5H; PCH2CH, CHHPh,
CH2C�CH, C�CH), 2.99 ± 3.17 (m, 1H; CHHPh), 3.81 ± 4.05 (m, 1H;
PCH), 4.96 (s, 2H; PhCH2O), 7.05 ± 7.41 (m, 10H; Ar), 7.76 (d, 3J(HH)�
9.7 Hz, 1H; NH); 13C NMR (50 MHz, [D6]DMSO/1% CF3COOD): ��
21.6, 26.8 (d, J(PC)� 88.8 Hz), 32.6, 38.2, 52.4 (d, J(PC)� 104.6 Hz), 65.2,
73.4, 80.7, 113.4, 126.3, 127.2, 128.2, 129.3, 137.2, 138.3 (d, J(PC)� 13.8 Hz),
157.2 (d, J(PC)� 3.8 Hz), 174.1 (d, J(PC)� 10.6 Hz); 31P NMR (81 MHz,
[D6]DMSO/1% CF3COOD): �� 45.7 (45.3 for 2a); elemental analysis
calcd (%) for C22H24NO6P: C 61.54, H 5.63, N 3.26; found: C 61.67, H 5.48,
N 3.43.


2-{[((1R)-1-{[(benzyloxy)carbonyl]amino}ethyl)(hydroxy)phosphoryl]me-
thyl}pent-4-ynoic acid (2b): Yield: 92%; M.p. 149 ± 151 �C; Rf� 0.32
(chloroform/methanol/acetic acid 7:2:1); 1H NMR (200 MHz,
[D6]DMSO/1% CF3COOD): �� 1.22 (dd, 3J(HH)� 7.1 Hz, 3J(PH)�
14.1 Hz, 3H; CHCH3), 1.70 ± 1.92 (m, 1H; PCHH), 1.96 ± 2.20 (m, 1H;
PCHH), 2.47 ± 2.62 (m, 2H; CH2C�CH), 2.75 ± 2.96 (m, 2H; PCH2CH,
C�CH), 3.65 ± 3.96 (m, 1H; PCH), 5.03 (s, 2H; PhCH2O), 7.21 ± 7.40 (m,
5H; Ar), 7.61 (d, 3J(HH)� 9.7 Hz, 1H; NH); 13C NMR (50 MHz,
[D6]DMSO/1% CF3COOD): �� 13.8, 21.5, 26.2 (d, J(PC)� 87.2 Hz),
37.7, 45.7 (d, J(PC)� 105.2 Hz), 65.5, 72.8, 81.3, 112.3, 118.1, 127.7, 127.8,
128.4, 137.0, 158.4 (d, J(PC)� 3.8 Hz), 174.2 (d, J(PC)� 10.3 Hz); 31P NMR
(81 MHz, [D6]DMSO/1% CF3COOD): �� 46.3, 46.9, two diastereomers
(R,S)/(R,R)� 3.5/1; elemental analysis calcd (%) for C16H20NO6P: C 54.39,
H 5.71, N 3.96; found: C 54.51, H 5.88, N 3.83.


2-{[[(R)-{[(benzyloxy)carbonyl]amino}(phenyl)methyl](hydroxy)phos-
phoryl]methyl} pent-4-ynoic acid (2c): Yield: 95%; M.p. 163 ± 165 �C; Rf�
0.38 (chloroform/methanol/acetic acid 7:2:1); 1H NMR (200 MHz,
[D6]DMSO/1% CF3COOD): �� 1.63 ± 1.95 (m, 1H; PCHH), 1.98 ± 2.23
(m, 1H; PCHH), 2.24 ± 2.96 (m, 4H; CH2C�CH, [D6]DMSO overlapping,
PCH2CH, C�CH), 4.84 ± 5.11 (m, 3H; PhCH2O, PCH), 7.15 ± 7.55 (m, 10H;
Ar), 8.23 (d, 3J(HH)� 9.7 Hz, 1H; NH); 13C NMR (50 MHz, [D6]DMSO/
1% CF3COOD): �� 21.6, 26.8 (d, J(PC)� 94.3 Hz), 54.9 (d, J(PC)�
101.3 Hz), 65.5, 73.1, 80.8, 113.4, 126.2, 127.1, 128.6, 129.2, 137.3, 138.5 (d,
J(PC)� 14 Hz), 156.7 (d, J(PC)� 3.9 Hz), 174.2 (d, J(PC)� 11.1 Hz); 31P
NMR (81 MHz, [D6]DMSO/1% CF3COOD): �� 42.1, 42.4, two diaster-
eomers (R,S)/(R,R)� 3.5/1; elemental analysis calcd (%) for C21H22NO6P:
C 60.72, H 5.34, N 3.37; found: C 60.41, H 5.21, N 3.11.


General procedure for coupling of diacids 2a ± c with tryptophan amide
(3a ± c): To a suspension of 2a-c (1 mmol) in CH2Cl2 (20 mL per mmol)
DIPEA (3 mmol), hydrochloric �-tryptophan amide (1 mmol), HOBt
(1 mmol) and EDC ¥HCl (4 mmol) were added. The mixture was stirred for
1.5 h at RT. Then, it was diluted with CH2Cl2 and 1�HCl was added to form
two phases. Upon addition of mineral acid the desired diastereomer (R,S,S)
was precipitated. The cloudy organic phase was washed carefully once
more with HCl and was separated. It was concentrated under vacuum and
the residue was re-dissolved in AcOEt and cooled to 0 �C for several hours.
The white solid, which was formed, was filtered, washed with dilute HCl,
water, and AcOEt. For compound 3b, resolution was more effectively
performed in CH2Cl2, following the same work-up. Precipitation of the
concentrated organic filtrates from diethyl ether/light petroleum (2:1)
afforded a diastereomeric mixture of the tripeptidic units essentially
enriched in the (R,R,S) isomer (e.g. for 3a de �93%, HPLC analysis).


(2S)-2-({[(1S)-2-Amino-1-(1H-indol-3-ylmethyl)-2-oxoethyl]amino}carbo-
nyl)pent-4-ynyl ((1R)-1-{[(benzyloxy)carbonyl]amino}-2-phenylethyl)-
phosphinic acid (3a): M.p. 237 ± 238 �C; Rf� 0.41 (chloroform/methanol/
acetic acid 7:2:1); 1H NMR (200 MHz, [D6]DMSO/1% CF3COOD): ��
1.78 ± 2.13 (m, 2H; PCH2), 2.23 ± 2.58 (m, 2H; CH2C�CH,), 2.60 ± 2.97 (m,
3H; PCH2CH, CHHPh, C�CH), 2.99 ± 3.23 (m, 3H; CHHPh, CH2indolyl),
3.84 ± 4.09 (m, 1H; PCH), 4.36 ± 4.49 (m, 1H; CHCONH2), 4.96 (s, 2H;
PhCH2O), 6.83 ± 7.38 and 7.40 ± 7.59 (m, 18H; Ar, indolyl, NH2), 7.69 (d,
3J(HH)� 9.7 Hz, 1H; NHCHP), 8.11 (d, 3J(HH)� 9.7 Hz, 1H;
NHCHCONH2); 13C NMR (50 MHz, [D6]DMSO/1% CF3COOD): ��
22.2, 27.8 (d, J(PC)� 86.7 Hz), 32.7, 38.2, 52.4 (d, J(PC)� 108.4 Hz), 53.5,
65.2, 72.7 (d, J(PC)� 19.7 Hz), 81.9, 110.5, 111.2, 112.3, 118.2, 120.7, 123.6
(d, J(PC)� 15.2 Hz), 126.3, 126.9, 127.2, 127.4, 128.2, 128.9, 136.1, 138.3,
138.4 (d, J(PC)� 13.6 Hz), 156.1 (d, J(PC)� 3.8 Hz), 172.2 (d, J(PC)�
8.3 Hz), 173.4; 31P NMR (81 MHz, [D6]DMSO/1% CF3COOD): �� 45.9
(46.6 for (R,R,S) diastereomer). HPLC: tR� 22.3 min (23.3 min for (R,R,S)
diastereomer); elemental analysis calcd (%) for C33H35N4O6P: C 64.49, H
5.74, N 9.12; found: C 64.31, H 5.65, N 9.01; ES-MS: m/z : calcd for
C33H34N4O6P: 613.2; found: 613.2 [M�H]� .
(2S)-2-({[(1S)-2-Amino-1-(1H-indol-3-ylmethyl)-2-oxoethyl]amino}carbo-
nyl)pent-4-ynyl ((1R)-1-{[(benzyloxy)carbonyl]amino}ethyl)phosphinic
acid (3b): M.p. 181 ± 183 �C; Rf� 0.25 (chloroform/methanol/acetic acid
7:2:1); 1H NMR (200 MHz, [D6]DMSO/1% CF3COOD): �� 1.20 (dd,
3J(HH)� 7.3 Hz, 3J(PH)� 14.3 Hz, 3H; CHCH3), 1.68 ± 2.05 (m, 2H;
PCH2), 2.22 ± 2.44 (m, 2H; CH2C�CH), 2.63 ± 2.93 (m, 2H; PCH2CH,
C�CH), 2.96 ± 3.28 (m, 2H; CH2indolyl), 3.63 ± 3.87 (m, 1H; PCH), 4.28 ±
4.43 (m, 1H; CHCONH2), 5.04 (s, 2H; PhCH2O), 6.90 ± 7.59 (m, 14H; Ar,
indolyl, NHCHP, NH2), 8.05 (d, 3J(HH)� 7.6 Hz, 1H; NHCHCONH2);
13C NMR (70 MHz, [D6]DMSO/1% CF3COOD): �� 14.0, 22.3 (d, J(PC)�
9.2 Hz), 27.1 (d, J(PC)� 89.4 Hz), 27.2, 46.0 (d, J(PC)� 103.2 Hz), 53.6,
65.6, 72.6, 81.9, 110.4, 111.2, 118.3 (d, J(PC)� 15.9 Hz), 120.8, 123.5, 127.4,
127.7, 127.8, 128.3, 136.1, 137.0, 155.8 (d, J(PC)� 4.8 Hz), 172.1 (d, J(PC)�
8.1 Hz), 173.3; 31P NMR (81 MHz, [D6]DMSO/1% CF3COOD): �� 46.6.
HPLC: tR� 18.5 min (19.7 min for (R,R,S) diastereomer); elemental
analysis calcd (%) for C27H31N4O6P: C 60.22, H 5.80, N 10.40; found: C
60.33, H 5.89, N 10.21; ES-MS: m/z : calcd for C27H30N4O6P: 537.2; found:
537.4 [M�H]� .
(2S)-2-({[(1S)-2-Amino-1-(1H-indol-3-ylmethyl)-2-oxoethyl]amino}carbo-
nyl)pent-4-ynyl [(R)-{[(benzyloxy)carbonyl]amino}(phenyl)methyl]phos-
phinic acid (3c): M.p. 197 ± 199 �C; Rf� 0.39 (chloroform/methanol/acetic
acid 7:2:1); 1H NMR (200 MHz, [D6]DMSO/1% CF3COOD): �� 1.63 ±
2.13 (m, 2H; PCH2), 2.18 ± 2.63 (m, 2H; CH2C�CH, [D6]DMSO over-
lapping), 2.65 ± 2.91 (m, 2H; PCH2CH, C�CH), 2.94 ± 3.32 (m, 2H;
CH2indolyl), 4.27 ± 4.58 (m, 1H; CHCONH2), 4.82 ± 5.22 (m, 3H; PhCH2O,
PCH), 6.81 ± 7.85 (m, 18H; Ar, indolyl, NH2), 8.07 (d, 3J(HH)� 9.2 Hz, 1H;
NHCHP), 8.21 (d, 3J(HH)� 9.2 Hz, 1H; NHCHCONH2); 13C NMR
(50 MHz, [D6]DMSO/1% CF3COOD): �� 22.4, 27.2, 27.4 (d, J(PC)�
91.0 Hz), 53.7, 55.8 (d, J(PC)� 98.1 Hz), 65.9, 72.8, 81.8, 110.4, 111.3,
118.3 (d, J(PC)� 11.7 Hz), 120.8, 123.6, 127.7, 128.0, 128.4, 136.1 (d,
J(PC)� 8.3 Hz), 136.9, 156.1 (d, J(PC)� 3.1 Hz), 172.1 (d, J(PC)� 7.2 Hz),
173.2; 31P NMR (81 MHz, [D6]DMSO/1% CF3COOD): �� 42.4. HPLC:
tR� 21.3 min (22.3 min for (R,R,S) diastereomer); elemental analysis calcd
(%) for C32H33N4O6P: C 63.99, H 5.54, N 9.33; found: C 63.83, H 5.39, N
9.18; ES-MS: m/z : calcd for C32H32N4O6P: 599.2; found: 599.3 [M�H]� .
(1R)-1-{[(Benzyloxy)carbonyl]amino}-2-phenylethyl[(2S)-2-({[(1S)-2-me-
thoxy-1-methyl-2-oxoethyl]amino}carbonyl)pent-4-ynyl]phosphinic acid
(3d): Preparation was performed according to the general procedure for
compounds 3a ± c, using the pure dipeptidic unit 2a�. After the acidic work-
up, the organic phase was dried and concentrated, and the tripeptide was
received after precipitation from diethyl ether/light petroleum (1:2). M.p.
182 ± 184 �C; Rf� 0.39 (chloroform/methanol/acetic acid 7:0.5:0.5);
1H NMR (200 MHz, [D6]DMSO/1% CF3COOD): �� 1.22 (d, 3J(HH)�
6.7 Hz, 3H; CHCH3), 1.73 ± 2.13 (m, 2H; PCH2), 2.33 ± 2.60 (m, 2H;
CH2C�CH, [D6]DMSO overlapping), 2.62 ± 2.97 (m, 3H; PCH2CH,
CHHPh, C�CH), 2.99 ± 3.18 (m, 1H; CHHPh), 3.59 (s, 3H; OCH3),
3.79 ± 4.08 (m, 1H; PCH), 4.18 ± 4.38 (m, 1H; CHCOOCH3), 4.98 (s, 2H;
PhCH2O), 7.02 ± 7.41 (m, 10H; Ar), 7.62 (d, 3J(HH)� 9.6 Hz, 1H;
NHCHP), 8.41 (d, 3J(HH)� 9.6 Hz, 1H; NHCHCOO); 13C NMR
(70 MHz, [D6]DMSO/1% CF3COOD): �� 16.9, 22.3, 27.3 (d, J(PC)�
87.6 Hz), 32.9, 38.1, 47.7, 51.7, 52.6 (d, J(PC)� 95.9 Hz), 65.1, 72.6, 81.7,
126.2, 127.0, 127.5, 128.1, 128.3, 128.9, 137.2, 138.7 (d, J(PC)� 13.6 Hz),
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156.0, 172.5 (d, J(PC)� 7.1 Hz), 173.0; 31P NMR (81 MHz, [D6]DMSO/1%
CF3COOD): �� 45.8; HPLC: tR� 21.9 min; elemental analysis calcd (%)
for C26H31N2O7P: C 60.69, H 6.07, N 5.44; found: C 60.33, H 5.89, N 5.24;
ES-MS: m/z : calcd for C26H30N2O7P: 513.2; found: 513.5 [M�H]� .
General procedures for DCRs to tripeptidic units 3-d (5a ± i)


One-pot method A (for aryl-type aldoximes): The corresponding oxime
(6 equiv) was dissolved in CHCl3 (5 mL per mmol), and two drops of
pyridine were added. Then, NCS (6 equiv) was added at RT and after
10 min the resulting mixture was stirred at 45 �C for 3 ± 4 h. Tripeptides 3a ±
c were after added (1 equiv), followed by slow addition of Et3N (7 equiv) at
the same temperature. The reaction mixture was stirred for 36 ± 60 h at
45 �C. Then, it was diluted with AcOEt and washed with 1� HCl (�2),
water, a 10% solution of NH4HCO3 (�2; 1 mL for 30 mL AcOEt), 1� HCl
(�2) and brine. The organic phase was dried over Na2SO4 and concentrated
under vacuum. Precipitation from diethyl ether and washings with diethyl
ether/light petroleum afforded the desired compounds (5a ± c, e ± i).
Recovery of the starting tripeptide from the basic solution could be
performed by acidification and extraction with AcOEt. This peptide can be
re-subjected to DCRs (e.g. 5 f).


Two-step method B (for alkyl aldoximes e.g. product 5d): The correspond-
ing oxime (6 equiv) was dissolved in DMF (1 mL per mmol) and NCS
(6.5 equiv) was added at RT. The resulting mixture was stirred at 45 ± 50 �C
for 40 min and then it was diluted with diethyl ether and extracted rapidly
with water (�2). The organic phase was dried (Na2SO4) and concentrated
and the crude hydroximinoyl chloride was used immediately in DCRs.
Thus, this residue was dissolved in CH2Cl2 containing molecular sieves 4 ä,
and the tripeptide 3a was added (1 equiv), followed by slow addition of
Et3N (7 equiv) at RT. The reaction mixture was stirred for 48 h at RT. Then,
it was diluted with AcOEt and washed with 1� HCl (�2), water, a 10%
solution of NH4HCO3 (�2; 1 mL for 30 mL AcOEt), 1� HCl (�2) and
brine. The organic phase was dried over Na2SO4 and concentrated under
vacuum. Precipitation from diethyl ether/light petroleum (0.5:9.5) and
washings with this solvent mixture afforded the desired compound (5d).
Recovery of the starting tripeptide from the basic solution could be once
more performed by acidification and extraction with AcOEt.


3-{[(1S)-2-Amino-1-(1H-indol-3-ylmethyl)-2-oxoethyl]amino}-3-oxo-2-
[(3-phenylisoxazol-5-yl)methyl]propyl((1R)-1-{[(benzyloxy)carbonyl]ami-
no}-2-phenylethyl)phosphinic acid (5a): M.p. 165 ± 169 �C; Rf� 0.47
(chloroform/methanol/acetic acid 7:2:1); 1H NMR (200 MHz,
[D6]DMSO/1% CF3COOD): �� 1.62 ± 2.21 (m, 2H; PCH2), 2.52 ± 2.82
(m, 2H; CHHPh, CHHindolyl), 2.84 ± 3.39 (m, 5H; CH2isoxazolyl,
PCH2CH, CHHPh, CHHindolyl), 3.82 ± 4.17 (m, 1H; PCH), 4.33 ± 4.57
(m, 1H; CHCONH2), 4.92 (s, 2H; PhCH2O), 6.39 (R,R,S) and 6.57 (R,S,S)
(s, 1H; H of isoxazole ring), 6.62 ± 7.92 (m, 24H; Ar, indolyl, NHCHP,
NH2), 8.23 (R,S,S) and 8.49 (R,R,S) (d, 3J(HH)� 9.2 Hz, 1H;
NHCHCONH2); 13C NMR (50 MHz, [D6]DMSO/1% CF3COOD): ��
27.6, 29.6, 32.8, 52.4 (d, J(PC)� 105.3 Hz), 53.5, 65.2, 100.1, 100.6,
110.9 (d, J(PC)� 43.1 Hz), 111.6 (d, J(PC)� 63.6 Hz), 118.0, 118.3,
118.5, 120.9, 123.5, 126.2, 126.9, 127.0, 127.4, 127.5, 128.2, 128.5, 128.8,
129.0, 130.0, 136.1, 137.1, 138.3 (d, J(PC)� 14.0 Hz), 156.0, 161.7, 170.9,
171.6, 172.2 (d, J(PC)� 9.8 Hz), 173.5, 173.8; 31P NMR (81 MHz,
[D6]DMSO/1% CF3COOD): �� 45.4 for (R,S,S) diastereomer, 46.2 for
(R,R,S) diastereomer; HPLC: tR� 26.0 min (R,S,S)/27.1 min (R,R,S);
elemental analysis calcd (%) for C40H40N5O7P: C 65.48, H 5.49, N 9.54;
found: C 65.22, H 5.33, N 9.29; ES-MS: m/z : calcd for C40H39N5O7P: 732.3;
found: 732.5 [M�H]� .
(2S)-3-{[(1S)-2-Amino-1-(1H-indol-3-ylmethyl)-2-oxoethyl]amino}-2-{[3-
(2-naphthyl)isoxazol-5-yl]methyl}-3-oxopropyl((1R)-1-{[(benzyloxy)car-
bonyl]amino}-2-phenylethyl)phosphinic acid (5b): M.p. 208 ± 210 �C; Rf�
0.60 (chloroform/methanol/acetic acid 7:2:1); 1H NMR (200 MHz,
[D6]DMSO/1% CF3COOD): �� 1.68 ± 2.22 (m, 2H; PCH2), 2.52 ± 2.83
(m, 2H; CHHPh, CHHindolyl), 2.85 ± 3.39 (m, 5H; CH2isoxazolyl,
PCH2CH, CHHPh, CHHindolyl), 3.82 ± 4.16 (m, 1H; PCH), 4.37 ± 4.61
(m, 1H; CHCONH2), 4.94 (s, 2H; PhCH2O), 6.78 (s, 1H; H of isoxazole
ring), 6.82 ± 8.43 (m, 27H; Ar, indolyl, NH, NH2); 13C NMR (50 MHz,
[D6]DMSO/1% CF3COOD): �� 27.6, 29.5, 32.9, 52.2 (d, J(PC)�
104.8 Hz), 53.5, 65.2, 100.3, 110.9 (d, J(PC)� 43.2 Hz), 118.3 (d, J(PC)�
11.3 Hz), 120.9, 123.7, 126.3, 126.4, 126.8, 127.0, 127.5, 127.8, 128.2, 128.5,
128.7, 129.0, 133.2 (d, J(PC)� 32.2 Hz), 136.1, 137.1, 138.3 (d, J(PC)�
14.0 Hz), 156.1, 161.8, 171.7, 172.2 (d, J(PC)� 9.8 Hz), 173.5; 31P NMR


(81 MHz, [D6]DMSO/1% CF3COOD): �� 45.4; HPLC: tR� 28.9 min;
elemental analysis calcd (%) for C44H42N5O7P: C 67.42, H 5.40, N 8.94;
found: C 67.09, H 5.22, N 8.79; ES-MS: m/z : calcd for C44H41N5O7P: 782.3;
found: 782.3 [M�H]� .
(2S)-3-{[(1S)-2-Amino-1-(1H-indol-3-ylmethyl)-2-oxoethyl]amino}-3-oxo-
2-{[3-(3-phenoxyphenyl)isoxazol-5-yl]methyl}propyl((1R)-1-{[(benzyloxy)-
carbonyl]amino}-2-phenylethyl)phosphinic acid (5c): M.p. 215 ± 218 �C;
Rf� 0.64 (chloroform/methanol/acetic acid 7:2:1); 1H NMR (200 MHz,
[D6]DMSO/1% CF3COOD): �� 1.68 ± 2.21 (m, 2H; PCH2), 2.52 ± 2.85 (m,
2H; CHHPh, CHHindolyl), 2.83 ± 3.37 (m, 5H; CH2isoxazolyl, PCH2CH,
CHHPh, CHHindolyl), 3.82 ± 4.16 (m, 1H; PCH), 4.37 ± 4.61 (m, 1H;
CHCONH2), 4.96 (s, 2H; PhCH2O), 6.76 (s, 1H; H of isoxazole ring),
6.85 ± 8.58 (m, 29H; Ar, indolyl, NH, NH2); 13C NMR (50 MHz,
[D6]DMSO/1% CF3COOD): �� 27.6, 29.4, 32.9, 52.4 (d, J(PC)�
105.1 Hz), 53.4, 65.2, 100.2, 110.9 (d, J(PC)� 43.2 Hz), 118.4 (d, J(PC)�
11.2 Hz), 120.9, 123.7, 126.3, 126.6, 126.8, 127.1, 127.5, 127.8, 128.2, 128.5,
128.7, 129.0, 133.2 (d, J(PC)� 32.1 Hz), 136.1, 137.3, 138.4 (d, J(PC)�
14.0 Hz), 156.2, 156.8, 157.3, 161.7, 171.7, 172.3 (d, J(PC)� 9.7 Hz), 173.5;
31P NMR (81 MHz, [D6]DMSO/1% CF3COOD): �� 45.3; HPLC: tR�
30.7 min; elemental analysis calcd (%) for C46H44N5O8P: C 66.90, H 5.37,
N 8.48; found: C 66.55, H 5.18, N 8.36; ES-MS:m/z : calcd for C46H43N5O8P:
824.3; found: 824.7 [M�H]� .
(2S)-3-{[(1S)-2-Amino-1-(1H-indol-3-ylmethyl)-2-oxoethyl]amino}-2-[(3-
nonylisoxazol-5-yl)methyl]-3-oxopropyl((1R)-1-{[(benzyloxy)carbonyl]a-
mino}-2-phenylethyl)phosphinic acid (5d): M.p. 76 ± 80 �C; Rf� 0.91
(chloroform/methanol/acetic acid 7:2:1); 1H NMR (200 MHz,
[D6]DMSO/1% CF3COOD): �� 0.84 (t, 3J(HH)� 6.9 Hz, 3H;
(CH2)8CH3), 1.03 ± 1.61 (m, 17H; CH2(CH2)7CH3, CH2CH3), 1.64 ± 2.18
(m, 2H; PCH2), 2.21 ± 2.58 (m, 2H; CH2(CH2)7CH3, [D6]DMSO over-
lapping), 2.59 ± 2.83 (m, 2H; CHHPh, CHHindolyl), 2.83 ± 3.39 (m, 5H;
CH2isoxazolyl, PCH2CH, CHHPh, CHHindolyl, partially overlapped by
the multiple peak at 2.59 ± 2.83), 3.79 ± 4.08 (m, 1H; PCH), 4.31 ± 4.57 (m,
1H; CHCONH2), 4.94 (s, 2H; PhCH2O), 5.81 (s, 1H; H of isoxazole ring),
6.65 ± 7.81 (m, 19H; Ar, indolyl, NHCHP, NH2), 8.17 (d, 3J(HH)� 9.2 Hz,
1H; NHCHCONH2); 13C NMR (50 MHz, [D6]DMSO/1% CF3COOD):
�� 14.0, 22.1, 25.3, 25.8, 26.2, 26.6, 27.0, 27.5, 27.6, 28.0, 28.7, 28.9, 31.3, 32.8,
52.5 (d, J(PC)� 105.3 Hz), 53.5, 65.2, 101.6, 110.5, 111.3, 112.3, 118.1, 118.3
(d, J(PC)� 11.0 Hz), 120.8, 123.5, 123.8, 126.2, 127.0, 127.4, 127.5, 128.2,
128.3, 129.0, 136.1, 137.2, 138.4 (d, J(PC)� 14.4 Hz), 156.1 (d, J(PC)�
3.4 Hz), 163.4, 170.1, 172.2 (d, J(PC)� 9.1 Hz), 173.4; 31P NMR (81 MHz,
[D6]DMSO/1% CF3COOD): �� 45.4; HPLC: tR� 35.8 min; elemental
analysis calcd (%) for C43H54N5O7P: C 65.88, H 6.94, N 8.93; found: C
65.72, H 6.88, N 8.79; ES-MS: m/z : calcd for C43H53N5O7P: 782.4; found:
782.3 [M�H]� .
(1R)-1-{[(Benzyloxy)carbonyl]amino}-2-phenylethyl{3-{[(1S)-2-methoxy-
1-methyl-2-oxoethyl]amino}-3-oxo-2-[(3-phenylisoxazol-5-yl)methyl]pro-
pyl}phosphinic acid (5e): M.p. 145 ± 148 �C; Rf� 0.41/0.30 (two diaster-
eomers) (chloroform/methanol/acetic acid 7:1:0.5); 1H NMR (200 MHz,
[D6]DMSO/1% CF3COOD): �� 1.18 (R,R,S) and 1.27 (R,S,S) (d,
3J(HH)� 7.2 Hz, 3H; CHCH3), 1.67 ± 2.17 (m, 2H; PCH2), 2.59 ± 2.93 (m,
2H; CHHisoxazolyl, CHHPh), 2.97 ± 3.46 (m, 3H; PCH2CH, CHHPh,
CHHisoxazolyl), 3.51 (s, 3H; OCH3), 3.77 ± 4.11 (m, 1H; PCH), 4.17 ± 4.38
(m, 1H; CHCO2CH3), 4.84/4.98 (s, 2H; PhCH2O), 6.75 (R,R,S) and 6.80
(R,S,S) (s, 1H; H of isoxazole ring), 6.87 ± 7.88 (m, 16H; Ar, NHCHP), 8.41
(R,R,S) and 8.56 (R,S,S) (d, 3J(HH)� 9.2 Hz, 1H; NHCHCOO); 13C NMR
(70 MHz, [D6]DMSO/1% CF3COOD): �� 16.8, 22.3, 27.4 (d, J(PC)�
88.8 Hz), 32.9, 38.1, 47.6, 51.7, 52.8 (d, J(PC)� 96.1 Hz), 65.1, 100.2, 100.8,
126.2, 127.1, 127.3, 128.1, 128.3, 128.8, 137.2, 138.6 (d, J(PC)� 13.8 Hz),
156.2, 161.6, 170.8, 171.2, 172.5 (d, J(PC)� 7.1 Hz), 173.3; 31P NMR
(81 MHz, [D6]DMSO/1% CF3COOD): �� 45.4 for (R,S,S) diastereomer,
45.8 for (R,R,S) diastereomer; HPLC: tR� 28.3 min (R,S,S)/29.4 min
(R,R,S); elemental analysis calcd (%) for C33H36N3O8P: C 62.55, H 5.73,
N 6.63; found: C 62.67, H 5.88, N 6.72; ES-MS:m/z : calcd for C33H35N3O8P:
632.2; found: 632.4 [M�H]� .
(1R)-1-{[(Benzyloxy)carbonyl]amino}-2-phenylethyl((2S)-3-{[(1S)-2-me-
thoxy-1-methyl-2-oxoethyl]amino}-2-{[3-(4-nitrophenyl)isoxazol-5-yl]-
methyl}-3-oxopropyl)phosphinic acid (5 f): M.p. 219 ± 221 �C; Rf� 0.44
(chloroform/methanol/acetic acid 7:2:1); 1H NMR (200 MHz,
[D6]DMSO/1% CF3COOD): �� 1.26 (d, 3J(HH)� 7.4 Hz, 3H; CHCH3),
1.68 ± 2.18 (m, 2H; PCH2), 2.57 ± 2.95 (m, 2H; CHHisoxazolyl, CHHPh),
2.99 ± 3.38 (m, 3H; PCH2CH, CHHPh, CHHisoxazolyl), 3.51 (s, 3H;
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OCH3), 3.77 ± 4.08 (m, 1H; PCH), 4.14 ± 4.36 (m, 1H; CHCO2CH3), 4.93 (s,
2H; PhCH2O), 6.97 (s, 1H; H of isoxazole ring), 6.90 ± 7.38, 7.62 ± 7.7.75,
8.04 ± 8.20, 8.33 ± 8.44 (m, 15H; Ar, NHCHP), 8.58 (d, 3J(HH)� 7.2 Hz,
1H; NHCHCOO); 13C NMR (70 MHz, [D6]DMSO/1% CF3COOD): ��
16.8, 22.3, 27.5 (d, J(PC)� 89.1 Hz), 32.9, 38.2, 47.3, 51.6, 52.8 (d, J(PC)�
96.2 Hz), 65.3, 100.4, 126.2, 127.2, 127.3, 128.2, 128.3, 128.7, 137.2, 138.4 (d,
J(PC)� 13.9 Hz), 147.9, 156.2, 161.7, 171.2, 172.5 (d, J(PC)� 9.4 Hz), 173.3;
31P NMR (81 MHz, [D6]DMSO/1% CF3COOD): �� 45.2; HPLC: tR�
27.1 min; elemental analysis calcd (%) for C33H35N4O10P: C 58.41, H 5.20,
N 8.26; found: C 58.32, H 5.07, N 8.34; ES-MS: m/z : calcd for
C33H34N4O10P: 677.2; found: 677.2 [M�H]� .


(2S)-3-{[(1S)-2-Amino-1-(1H-indol-3-ylmethyl)-2-oxoethyl]amino}-2-[(3-
[1,1�-biphenyl]-4-ylisoxazol-5-yl)methyl]-3-oxopropyl((1R)-1-{[(benzyloxy)-
carbonyl]amino}ethyl)phosphinic acid (5g): Part of 5g was recovered from
the basic solution and purified by column chromatography (chloroform/
methanol/acetic acid 7:0.8:0.5). Yield given in Table 3 is after combination
with the isolated product by precipitation. M.p. 165 ± 168 �C; Rf� 0.52
(chloroform/methanol/acetic acid 7:1:0.5); 1H NMR (200 MHz,
[D6]DMSO/1% CF3COOD): �� 1.21 (dd, 3J(HH)� 7.3 Hz, 3J(PH)�
14.6 Hz, 3H; CHCH3), 1.63 ± 2.08 (m, 2H; PCH2), 2.39 ± 2.45 (m, 1H;
CHHindolyl, [D6]DMSO/overlapping), 2.89 ± 3.23 (m, 4H; PCH2CH,
CHHindolyl, CH2isoxazolyl), 3.64 ± 3.83 (m, 1H; PCH), 4.37 ± 4.56 (m,
1H; CHCONH2), 5.01 (s, 2H; PhCH2O), 6.59 (s, 1H; H of isoxazole ring),
6.83 ± 7.89 (m, 28H; Ar, indolyl, NHCHP, NH2), 8.26 (d, 3J(HH)� 8.4 Hz,
1H; NHCHCONH2); 13C NMR (70 MHz, [D6]DMSO/1% CF3COOD):
�� 14.3, 22.3 (d, J(PC)� 9.4 Hz), 27.1 (d, J(PC)� 90.6 Hz), 27.2, 46.1 (d,
J(PC)� 103.6 Hz), 53.5, 65.3, 100.2, 110.4, 111.3, 118.2 (d, J(PC)� 15.6 Hz),
120.8, 123.8, 126.3, 126.7, 127.4, 127.7, 127.8, 128.3, 128.5, 128.8, 129.0, 136.1,
137.0, 138.8, 139.1, 139.8, 140.2, 142.2, 155.9 (d, J(PC)� 4.6 Hz), 161.8,
171.6, 172.1 (d, J(PC)� 8.4 Hz), 173.3; 31P NMR (81 MHz, [D6]DMSO/1%
CF3COOD): �� 46.2; HPLC: tR� 27.3 min; elemental analysis calcd (%)
for C40H40N5O7P: C 65.48, H 5.49, N 9.54; found: C 65.23, H 5.17, N 9.28;
ES-MS: m/z : calcd for C40H39N5O7P: 732.3; found: 732.5 [M�H]� .


(2S)-3-{[(1S)-2-Amino-1-(1H-indol-3-ylmethyl)-2-oxoethyl]amino}-2-{[3-
(4-fluorophenyl)isoxazol-5-yl]methyl}-3-oxopropyl[(R)-{[(benzyloxy)car-
bonyl]amino}(phenyl)methyl]phosphinic acid (5h): M.p. 242 ± 244 �C; Rf�
0.41 (chloroform/methanol/acetic acid 7:2:1); 1H NMR (200 MHz,
[D6]DMSO/1% CF3COOD): �� 1.62 ± 2.18 (m, 2H; PCH2), 2.23 ± 3.36
(m, 5H; CH2isoxazolyl, PCH2CH, CH2indolyl, [D6]DMSO overlapping),
4.28 ± 4.56 (m, 1H; CHCONH2), 4.82 ± 5.18 (m, 3H; PhCH2O, PCH), 6.54
(s, 1H; H of isoxazole ring), 6.95 ± 8.56 (m, 29H; Ar, indolyl, NH, NH2);
13C NMR (50 MHz, [D6]DMSO/1% CF3COOD): �� 27.5, 27.9 (d, J(PC)�
91.1 Hz), 53.6, 55.8 (d, J(PC)� 98.1 Hz), 65.9, 100.2, 110.4, 111.4, 116.1 (d,
J� 21.6 Hz), 118.3 (d, J� 11.8 Hz), 120.8, 123.6, 127.2, 127.8, 128.1, 128.8,
128.9, 136.1, 136.8, 156.2 (d, J(PC)� 3.8 Hz), 160.9, 163.1 (d, J(FC)�
247.3 Hz), 171.5, 172.2 (d, J(PC)� 7.6 Hz), 173.4; 31P NMR (81 MHz,
[D6]DMSO/1% CF3COOD): �� 41.9; HPLC: tR� 25.7 min; elemental
analysis calcd (%) for C39H37FN5O7P: C 63.50, H 5.06, N 9.49; found: C
63.37, H 4.96, N 9.34; ES-MS: m/z : calcd for C39H36FN5O7P: 736.2; found:
736.3 [M�H]� .


3-{[(1S)-2-Amino-1-(1H-indol-3-ylmethyl)-2-oxoethyl]amino}-2-{[3-(2-fur-
yl)isoxazol-5-yl]methyl}-3-oxopropyl[(R)-{[(benzyloxy)carbonyl]amino}
(phenyl)methyl]phosphinic acid (5 i): M.p. 190 ± 195 �C (decomp); Rf�
0.51/0.54 (two diastereomers) (chloroform/methanol/acetic acid 7:2:1);
1H NMR (200 MHz, [D6]DMSO/1% CF3COOD): �� 1.59 ± 2.08 (m, 2H;
PCH2), 2.21 ± 3.40 (m, 5H; CH2isoxazolyl, PCH2CH, CH2indolyl,
[D6]DMSO overlapping), 4.25 ± 4.56 (m, 1H; CHCONH2), 4.86 ± 5.20 (m,
3H; PhCH2O, PCH), 6.35/6.45 (s, 1H; H of isoxazole ring), 6.65 ± 8.45 (m,
23H; Ar, furyl, indolyl, NH, NH2); 13C NMR (50 MHz, [D6]DMSO/1%
CF3COOD): �� 27.3, 27.5 (d, J(PC)� 90.8 Hz), 53.7, 55.8 (d, J(PC)�
98.1 Hz), 65.4, 101.2, 102.3, 110.4, 111.3, 112.8, 114.2, 118.3 (d, J(PC)�
11.7 Hz), 118.6, 120.8, 123.6, 126.3, 126.7, 127.2, 127.5, 127.7, 128.1, 128.4,
136.1 (d, J(PC)� 8.5 Hz), 136.6, 137.2, 138.4 (d, J(PC)� 13.8 Hz), 144.4,
145.1, 148.6, 156.1 (d, J(PC)� 3.8 Hz), 162.0, 170.6, 171.3, 172.1 (d, J(PC)�
7.6 Hz), 173.2, 173.9; 31P NMR (81 MHz, [D6]DMSO/1% CF3COOD): ��
41.8, 42.4 (two diastereomers); HPLC: tR� 23.3 min (R,S,S)/24.1 min
(R,R,S); elemental analysis calcd (%) for C37H36N5O8P: C 62.62, H 5.11,
N 9.87; found: C 62.33, H 4.86, N 9.56; ES-MS:m/z : calcd for C37H35N5O8P:
708.2; found: 708.4 [M�H]� .


General procedures for preparation of tripeptides of type 9 on solid phase
(pins)


Fmoc deprotection : Fmoc-Rink amide derivatized pins (L-series pins,
loading: 14 �mol per pin) were treated with a 20% piperidine/DMF
solution (0.5 mL per pin, 2� 30 min, RT). Each time, the solvent was
decanted, and the pins were washed with DMF (2� 5 min, 1 mL per pin)
and CH2Cl2 (2� 5 min, 1 mL per pin) and dried in vacuo.
Fmoc-tryptophan coupling : The deprotected pins were treated with a
preactivated (10 min) mixture of Fmoc-tryptophan (3 equiv per pin,
0.12�), DIC (3 equiv per pin, 0.12�) and HOBt (3 equiv per pin, 0.12�)
in a CH2Cl2/DMF (6:1 v/v) solution for 4 ± 5 h at RT. Then, the solution was
decanted and the pins were washed with CH2Cl2 (2� 5 min, 1 mL per pin),
DMF (2� 5 min, 1 mL per pin), and CH2Cl2 (2� 5 min, 1 mL per pin) and
briefly air-dried to give 6a (complete coupling was monitored by a negative
Kaiser test). Fmoc-deprotection of 6a was performed applying the above
described deprotection method to afford 6b.


Protocol for P-unprotected dipeptidic block (2a�) coupling : The dipeptidic
block 2a� (1.5 equiv per pin, 0.08�) was added to pins in CH2Cl2 (0.25 mL
per pin) containing DIPEA (1.5 equiv per pin). HOBt (1.5 equiv per pin,
0.08�), EDC ¥HCl (4 equiv per pin, 0.22�) and DIPEA (1 equiv per pin,
0.14� overall concentration) were added sequentially to the pins solution.
The reaction mixture was shaken from time to time and after 2 h the
coupling was stopped by decanting the solution. The pins were washed with
CH2Cl2 (2� 5 min, 1 mL per pin), DMF (2� 5 min, 1 mL per pin), and
CH2Cl2 (2� 5 min, 1 mL per pin) and briefly air-dried. The coupling was
performed once more under the same conditions to afford 7 (Kaiser test
and HPLC analysis were used to monitor the progress of the reaction and
racemization). If racemization is not a problem (e.g. use of 2a), the
coupling can be performed only once, overnight.


General procedure for DCRs to tripeptides of type 7 (Following the
optimized conditions described in Figure 6): The corresponding oxime
(10 equiv per pin, 0.56�) was dissolved in CHCl3 (0.25 mL per pin), and
one drop of pyridine was added (use of chemically resistant glass tubes of
the desired dimensions). Then, NCS (10 equiv per pin, 0.56�) was added at
RT and after 10 min the resulting mixture was heated at 45 �C for 4 h, with
shaking from time to time. Tripeptide 7 was after added (1 equiv per pin),
followed by slow addition of Et3N (11 equiv per pin) at the same
temperature. The reaction mixture was left for 48 h at 45 �C, with shaking
occasionally. The pins were washed with CH2Cl2 (2� 5 min, 1 mL per pin),
DMF (2� 5 min, 1 mL per pin), MeOH (1� 5 min, 1 mL per pin), DMSO
(1� 5 min, 1 mL per pin, 60 �C) and CH2Cl2 (2� 5 min, 1 mL per pin) and
briefly air-dried. DCRs were repeated twice (or three) more as above to
afford 8. HPLC analysis of cleaved products was used to monitor the
progress of the reaction. The final isoxazole-containing phosphinic
tripeptidic array of type 9 was obtained after treatment of 8 with a mixture
of TFA/H2O/TIS (95:2.5:2.5, 0.5 mL per pin) for 1 h at RT. After acidic
cleavage and removal of the pins from the reaction mixture, the volatiles
were removed by an argon stream. The oily residue was precipitated with
cold diethyl ether and the mixture was centrifuged. The organic phase was
carefully decanted and the residue was re-subjected to the same treatment
once more. The off-white solid (product 9) was analyzed by analytical RP-
HPLC and ES-MS (see Table 4). Further purification and separation of
diastereomers, if necessary, was performed by semipreparative RP-HPLC.
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Bonding Energetics in Alkaline Metal Alkoxides and Phenoxides


Paulo Nunes,[c, d] Joa≈o P. Leal,*[a, b] Vera Cachata,[a] Henrique Raminhos,[a]
and Manuel E. Minas da Piedade*[c]


Abstract: The bonding energetics in a
variety of alkaline metal, alkoxides and
phenoxides, MOR, was investigated
based on the corresponding enthalpies
of formation in the crystalline state
determined by reaction-solution calo-
rimetry. The results obtained at 298.15 K
were as follows: �fH o


m (MOR, cr)/
kJmol�1 � 382.7� 1.4 (LiOC6H5),
513.6� 2.5 (NaO-nC6H13), 326.4� 1.4
(NaOC6H5), 375.2� 3.4 (KOCH3),
434.5� 2.7 (KOC2H5), 467.1� 5.2 (KO-


nC3H7), 459.3� 2.1 (KO-nC4H9),
464.6� 5.7 (KO-tC4H9), 464.3� 2.5
(KO-nC6H13), 333.3� 3.1 (KOC6H5),
380.6� 2.9 (RbOCH3), 434.1� 2.9
(RbOC2H5), 345.3� 2.9 (LiOC6H5),
379.1� 3.0 (CsOCH3), 432.3� 3.1


(CsOC2H5), 466.9� 5.0 (CsO-nC3H7),
461.3� 3.5 (CsO-nC4H9), 461.9� 2.5
(CsO-tC4H9), 349.2� 1.4 (CsOC6H5).
These results together with revised
�fH o


m (MOR, cr) values from the liter-
ature, were used to derive a consistent
set of lattice energies for the MOR
compounds and discuss general trends in
the structure ± energetics relationship
based on the Kapustinskii equation.


Keywords: alkaline metals ¥
enthalpy of formation ¥ lattice
energy ¥ thermochemical radii ¥
thermochemistry


Introduction


Alkaline metal alkoxides and phenoxides (MOR), are binary
compounds where an alkaline metal M (M�Li, Na, K, Rb,
Cs) binds to an alkoxy or phenoxy group (OR). They can be
regarded as derivatives of the corresponding alcohols (ROH)
in which the hydroxyl hydrogen has been replaced by an
alkaline metal.[1±3] Alkaline metal alkoxides and phenoxides
have considerable importance in synthetic chemistry, as


strong bases or as nucleophilic agents.[1±4] They are also
industrially relevant, for example, as additives to improve the
temperature and pressure resistance of mineral lubricant oils
and to minimise the corrosive properties of detergents.[1, 5]


Most notably, sodium phenoxide is the starting material of the
Kolbe ± Schmitt process (i.e. , carboxylation of NaOC6H5 by a
stream of CO2), which has been used on an industrial scale to
produce salicylic acid since 1874.[6, 7]


Structural and energetic studies of alkaline metal alkoxides
are scarce. X-ray diffraction information exists only for the
methoxy, tert-butoxy, and phenoxy derivatives. These results
indicate that the structures adopted in the solid state are
critically dependent on the size of the metal and of the ligand.
Lithium[8, 9] and sodium[8, 10] methoxides exhibit a two-dimen-
sional layered polymeric structure, with each metal coordi-
nated to four oxygen atoms, the M�O distances being dLi�O�
195 pm[8, 9] and dNa�O� 232 pm.[10] A different polymeric
double layered structure is found for KOCH3,[11, 12]


RbOCH3,[12] and CsOCH3,[12] in which the metal coordination
number (CN) is five and, on average, dK�O� 273 pm,[11, 12]


dRb�O� 284 pm,[12] and dCs�O� 304 pm.[12] The solid-state
structure of LiO-tC4H9 is still unknown. Sodium tert-butoxide
is composed of hexameric and nonameric NaO-tC4H9 units
with CN(Na)� 3 and mean dNa�O� 225 pm.[13, 14] The potas-
sium, rubidium, and caesium tert-butoxides are isostructural
forming tetrameric cubane (MO-tC4H9)4 units.[15±18] In this
case the coordination number of the metals is three and the
average M�O distances are dK�O� 261 pm,[17] dRb�O�
276 pm,[17] and dCs�O� 292 pm.[18] The phenoxides MOC6H5
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(M�Li, Na, K, Rb, Cs) adopt polymeric structures.[19, 20] In
NaOC6H5, CN(Na)� 3 and, on average, dNa�O� 230.9 pm.[19]


In contrast, two different coordination spheres with metal
coordination numbers of 3 and 6 are simultaneously observed
in the isostructural KOC6H5,[20] RbOC6H5,[20] and
CsOC6H5,[20] compounds. The average M�O bond lengths
found, in these cases, are dK�O� 283 pm,[20] dRb�O� 296 pm,[20]


and dCs�O� 317 pm.[20]


Reports on the energetics of alkaline metal alkoxides are
limited to a series of Li[21, 22] and Na[22, 23] compounds and to
the ethoxides of K,[22] Rb,[24] and Cs.[24] These studies are
extended in the present work to other Na, K, Rb and Cs
derivatives. The use of the Kapustinskii equation[25] to
estimate new enthalpy of formation data for MOR com-
pounds is evaluated and general trends in the structure ± e-
nergetics relationship are discussed.


Results and Discussion


The auxiliary enthalpy of formation and electroaffinity data
used in the calculations are given in Table 1.[26±34] The molar
quantities are based on the 2001 standard atomic masses.[35]


The enthalpies of formation of the metal alkoxides MOR
(M�Li, R�C6H5; M�Na, R� nC6H13, C6H5; M�K, R�
CH3, C2H5, nC3H7, nC4H9, tC4H9, nC6H13, C6H5; M�Rb, R�
CH3, C2H5, C6H5; M�Cs, R�CH3, C2H5, nC3H7, nC4H9,
tC4H9, C6H5) investigated in this work, were obtained from
calorimetric measurements of the enthalpies of reaction 1 and
of the dissolution processes indicated in Equations (1) and
(2). From those two Equations we can derive Equation (3).


�fH o
m (MOR, cr)���rH o


m (1)��slnH o
m (1) �slnH o


m (2)��fH o
m (MOH, cr)


��fH o
m (ROH, l/cr)��fH o


m (H2O, l) (3)


Here�rH o
m (1) represents the enthalpy change for the reaction


of MOR with distilled and deionised water under the actual
experimental conditions (see Experimental Section),
�slnH o


m (1) is the enthalpy of dissolution of stoichiometric
amounts of MOH in H2O, and �slnH o


m (2) is the enthalpy of
solution of ROH in aqueous MOH.


The concentrations of the MOH (M�Li, Na, K, Rb, Cs)
compounds present in the final calorimetric solutions were
always very small, with the typical molar ratios of nMOH:nH2O


1:6000 or less. The solutions were, therefore, assumed to be
infinitely diluted and �slnH o


m (1) was calculated as �23.5�
0.8 kJmol�1 (LiOH), �44.5� 0.8 kJmol�1 (NaOH), �57.6�
0.8 kJmol�1 (KOH), �62.1� 1.1 kJmol�1 (RbOH), and
�71.0� 1.1 kJmol�1 (CsOH), based on �fH o


m (MOH, cr) and
�fH o


m (MOH ¥�H2O, aq) data reported in the literature.[26]


The fact that very diluted MOH solutions were formed in
the calorimetric experiments also led us to assume that
�slnH o


m (2) could be identified with the enthalpies of solution
of the alcohols in pure water. This assumption had been


previously found to be valid, since experimental measure-
ments of the enthalpy of solution of n-butanol in water, and in
diluted aqueous solutions of LiOH and NaOH, led to
identical results within the experimental errors.[21, 23] The
values of �slnH o


m (2)��7.3� 0.4 kJmol�1 (methanol),
�10.7� 0.6 kJmol�1 (ethanol), calculated from �fH o


m (ROH,
l) and �fH o


m (ROH ¥�H2O, aq)[26] data reported in the
literature were selected. The values of �slnH o


m (2)��7.75�
0.39 kJmol�1 (n-butanol), �14.67� 0.54 kJmol�1 (tert-buta-
nol), and �16.38� 0.43 kJmol�1 (phenol) were taken from
ref. [23]. In the case of n-hexanol �slnH o


m (2)��4.6�
1.1 kJmol�1 was experimentally obtained in this work. For
n-propanol �slnH o


m (2)��9.2� 1.0 kJmol�1 was estimated
from a linear plot of the enthalpies of solution of ethanol, n-
butanol, and n-hexanol quoted above against the number of
carbon atoms in the alkyl chain. This plot has a regression
coefficient of 0.9998.


The results of the experimental measurements of �rH o
m (1)


(Table 2), �slnH o
m (1), and �slnH o


m (2), in conjunction with the
auxiliary data in Table 1 enabled the calculation of
�fH o


m (MOR, cr) through Equation (3). The values obtained
are compared in Table 2 with experimental data published
earlier and also with estimates based on the Kapustinskii
equation (see below). All experimental results reported in this
work are the mean of at least four independent measurements
and the uncertainties quoted represent twice the standard
deviation of the mean.


Blanchard and co-workers[22] previously determined
�fH o


m (LiOC2H5, cr)��332.2� 4.2 kJmol�1, �fH o
m (NaOC2H5,


cr)��490.8� 5.9 kJmol�1, and �fH o
m (KOC2H5, cr)�


�496.2� 5.9 kJmol�1 from reaction of the MOCH3 salts with
H2SO4(aq). These values were subsequently changed with-
out explanation to �fH o


m (LiOC2H5, cr)��454.4� 4.2
kJmol�1, �fH o


m (NaOC2H5, cr)��410.9� 5.9 kJmol�1, and
�fH o


m (KOC2H5, cr)��409.2� 5.9 kJmol�1, in a publication
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Table 1. Auxiliary thermochemical data at 298.15 K (in kJmol�1).


Compound �fH o
m Ref. �eaH o


m (OR) Ref.


LiOH, cr � 484.93� 0.08 26
NaOH, cr � 425.609� 0.008 26
KOH, cr � 424.76� 0.08 26
RbOH, cr � 418.19� 0.08 26
CsOH, cr � 417.23� 0.08 26
CH3OH, l � 239.2� 0.2 27
C2H5OH, l � 277.6� 0.3 27
nC3H7OH, l � 302.6� 0.4 27
nC4H9OH, l � 327.3� 0.4 27
tC4H9OH, l � 359.2� 0.8 27
nC6H13OH, l � 377.5� 0.5 27
C6H5OH, cr � 165.1� 0.7 27
H2O, l � 285.830� 0.040 28
OH, g 37.28� 0.29 29 182.3� 0.2 [34]
OCH3, g 17.2� 3.8 30 157.7� 2.1 [34]
OC2H5, g � 15.5� 3.3 30 172.7� 3.2 [34]
O-nC3H7, g � 41.4� 4.2 31 178.8� 3.2 [34]
O-iC3H7, g � 52.3� 4.2 31 183.6� 2.8 [34]
O-nC4H9, g � 62.8� 4.2 31 177.9� 14.5 [34]
O-tC4H9, g � 90.8� 4.2 31 190.7� 5.2 [34]
O-nC6H13, g � 103.9� 5.0 32 189.5� 19.3 [34]
O-nC8H17, g � 143.6� 5.1 32 199.2� 19.3 [34]
OC6H5,g 56.9� 2.4 33 188.5� 0.2 [34]
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where �fH o
m (RbOC2H5, cr)��403.8� 4.2 kJmol�1, and


�fH o
m (CsOC2H5, cr)��404.2� 4.2 kJmol�1 were report-


ed.[24] Except for �fH o
m (NaOC2H5, cr)��410.9� 5.9


kJmol�1 these results are considerably different from the
corresponding values in Table 2. The origin of this discrepancy
was, however, impossible to evaluate.[21] The enthalpy of
formation of NaOC6H5 redetermined in this work (Table 2) is
in very good agreement with �fH o


m (NaOC6H5, cr)�
�326.2� 3.7 kJmol�1 we previously reported.[23]


If an ionic structure is assumed for eachMOR compound in
the solid state, the corresponding lattice energy, �latU o


(MOR), can be defined as the internal energy change
associated with the following process:[25]


MOR(cr)�M� (g)�RO� (g) (4)


(M� alkaline metal; R� alkyl or phenyl). The value of
�latU o (MOR) at 298.15 K, �latU o


298 (MOR), can be computed
from Equation (5) which directly results from the Born ±
Haber cycle in Scheme 1.


Scheme 1.


�latU o
298 (MOR)���fH o


m (MOR, cr)��fH o
m (OR, g)��subH o


m (M)


��iH o
m (M)��eaH o


m (OR)� 2RT (5)


In this Equation R is the gas constant, T is the absolute
temperature, �subH o


m (M) and �iH o
m (M) represent the enthal-


py of sublimation and the enthalpy of ionisation of the metal,
respectively, and�eaH o


m is the enthalpic electron affinity of the
OR radical. The obtained �latU o


298 (MOR) values are com-
pared in Table 3 and in Figure 1 with the lattice enthalpies
previously reported by us for several LiOR and NaOR
compounds,[21, 23] recalculated using more recent auxiliary
data. These results were derived by using �subH o


m (M)�
159.37� 0.08 kJmol�1 (Li),[26] 107.32� 0.08 kJmol�1 (Na),[26]


60.59� 0.08 kJmol�1 (K),[26] 80.88� 0.08 kJmol�1 (Rb),[26]


76.065� 0.008 kJmol�1 (Cs);[26] �iH o
m (M)� 526.41�


0.08 kJmol�1 (Li),[26] 502.04� 0.08 kJmol�1 (Na),[26] 425.02�
0.08 kJmol�1 (K),[26] 409.22� 0.08 kJmol�1 (Rb),[26] 381.90�
0.08 kJmol�1 (Cs);[26] and the auxiliary data in Table 1. A
general tendency for a decrease of the lattice energy with the
increase of the alkyl chain length is observed in Table 3 and
Figure 1. Most evident is, however, the considerable decrease
of �latU o


298 (MOR) with the increase of branching in the alkyl
chain.


The lattice energy values obtained may be analysed using
the Kapustinskii approximation represented by Equa-
tion (6),[25] which was proposed to predict how the lattice
energy varies with the size of the constituent ions regardless of
structural alterations in the solid state.
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Table 2. Reaction enthalpies, and standard enthalpies of formation of
alkaline metals alkoxides at 298.15 K (in kJmol�1).


MOR ��rH o
m (1)[a] ��fH o


m (MOR, cr) �[d]


Experimental[b] Estimated[c]


LiOH 484.93� 0.08[e] 495.7 10.7
LiOCH3 433.0� 2.4[f] 432.1 � 0.9
LiOC2H5 474.2� 2.1[f] 479.4 5.2
LiO-nC3H7 538.1
LiO-iC3H7 499.3� 1.4[f] 502.9 3.6
LiO-nC4H9 512.33� 0.89[f] 510.8 � 1.5
LiO-tC4H9 508.6� 2.2[f] 502.7 � 5.9
LiO-nC6H13 607.2
LiO-nC8H17 637.2
LiOC6H5 21.43� 0.87 382.7� 1.4 366.6 � 16.1
NaOH 425.609� 0.008[e] 428.6 3.0
NaOCH3 373.6� 1.9[g] 380.0 6.4
NaOC2H5 411.6� 1.9[g] 427.4 15.8
NaO-nC3H7 479.5
NaO-iC3H7 461.6� 1.7[g] 456.8 � 4.7
NaO-nC4H9 463.9� 5.0[g] 464.0 0.1
NaO-tC4H9 477.1� 3.0[g] 467.5 � 9.6
NaO-nC6H13 52.8� 2.0 513.6� 2.5 491.8 � 21.8
NaO-nC8H17 526.3� 4.8[g] 526.3 0.0
NaOC6H5 39.38� 0.85 326.4� 1.4 334.8 8.4
KOH 424.764� 0.008[e] 409.5 � 15.3
KOCH3 67.8� 3.3 375.2� 3.4 371.3 � 3.9
KOC2H5 50.3� 2.5 434.5� 2.7 418.8 � 15.7
KO-nC3H7 41.2� 5.0 467.1� 5.2 466.2 � 0.9
KO-iC3H7 452.4
KO-nC4H9 72.3� 1.9 459.3� 2.1 459.0 � 0.3
KO-tC4H9 105.8� 5.6 464.6� 5.7 470.8 6.2
KO-nC6H13 114.3� 2.0 464.3� 2.5 492.4 28.1
KO-nC8H17 530.2
KOC6H5 44.7� 2.9 333.3� 3.1 340.7 7.4
RbOH 418.19� 0.08[e] 417.7 � 0.5
RbOCH3 60.4� 2.6 380.6� 2.9 380.9 0.3
RbOC2H5 48.7� 2.6 434.1� 2.9 428.4 � 5.7
RbO-nC3H7 475.1
RbO-iC3H7 462.5
RbO-nC4H9 469.0
RbO-tC4H9 482.0
RbO-nC6H13 503.2
RbO-nC8H17 541.4
RbOC6H5 30.6� 2.7 345.3� 2.9 352.2 6.9
CsOH 417.23� 0.08[e] 408.7 � 8.6
CsOCH3 69.8� 2.8 379.1� 3.0 375.3 � 3.8
CsOC2H5 58.4� 2.8 432.3� 3.1 422.7 � 9.6
CsO-nC3H7 47.3� 4.8 466.9� 5.0 468.0 1.1
CsO-iC3H7 458.2
CsO-nC4H9 76.2� 3.3 461.3� 3.5 464.6 3.3
CsO-tC4H9 114.4� 2.0 461.9� 2.5 480.2 18.4
CsO-nC6H13 500.6
CsO-nC8H17 539.9
CsOC6H5 34.72� 0.87 349.2� 1.4 351.3 2.1


[a] This work, reaction with water (see text). [b] This work, unless
otherwise stated (see text). [c] Estimated using Kapustinskii equation.
[d] ���fH o


m (exptl)��fH o
m (estd). [e] Ref. [26]. [f] Ref. [21]. [g] Ref. [23].
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�latU o
0 (MOR)� 1.079� 105


�Z�Z�


r� � r�
(6)


In this expression, �latU o
0 (MOR) is the lattice energy at 0 K in


kJmol�1, � is the number of ions in the molecule (in this case,
�� 2), Z� and Z� are the charges of the cation and the anion,
respectively, and r� and r� the corresponding radii in pm. Note
that �latU o


0 (MOR) is related with �latU o
298 (MOR) in Table 3


through Equation (7).


Figure 1. Lattice energies of alkaline metal alkoxides and phenoxides.


�latU o
298 (MOR)��latU o


0 (MOR)� (H o
298 �H o


0 �M�� (H o
298 �H o


0 �OR�


� (H o
298 �H o


0 �MOR� 2RT (7)


where R is the gas constant and T� 298.15 K. The information
needed to compute the correction term X� (H o


298 �H o
0 �M� �


(H o
298 �H o


0 �OR� � (H o
298 �H o


0 �MOR � 2RT is not available for
the alkoxides studied in this work. A fairly small value of X
(comparable to the uncertainty that affects most experimental
values of the lattice enthalpy in Table 3) is, however,
expected. For example, in the case of the Li, Na, and K
hydroxides, X� 2.43, �0.64, and �2.30 kJmol�1, respective-
ly.[26] Hence, in the following discussion it will be assumed
that, to a good approximation, �latU o


298 (MOR)��latU o
0


(MOR).
From Equation (6) and the experimental �latU o


298 (MOR)
data in Table 3 it was possible to derive the M�OR
interatomic distances, (r��r�). The individual r� and r� values
were subsequently obtained as follows. First the ionic radii of
the cations given by Shannon,[36] r�(Li�)� 90 pm, r�(Na�)�
116 pm, r�(K�)� 152 pm, r�(Rb�)� 166 pm, and r�(Cs�)�
181 pm, were used to compute the radii of the alkoxide
anions. For each anion, the mean of the r� values obtained for
different metals, was derived. This led to values of r�(OH)�
121 pm, r�(OCH3)� 135 pm, r�(OC2H5)� 134 pm, r�(O-
nC3H7)� 130 pm, r�(O-iC3H7)� 141 pm, r�(O-nC4H9)�
141 pm, r�(O-tC4H9)� 155 pm, r�(O-nC6H13)� 156 pm,
r�(O-nC8H17)� 158 pm and r�(OC6H5)� 164 pm. These r�
and r� values were then selected as first approximations to
obtain the final r� and r� values (Table 3) by using the solver
tool of MS Excel7.0 to minimise the sum of the squares of the
deviations between calculated and experimental �latU o


298


(MOR). As shown in Figure 2 the sequence of experimental
lattice energies in Table 3 is determined primarily by the
interatomic distances r��r� .


Also presented in Table 3 are the lattice enthalpies of the
alkaline metal alkoxides and phenoxides estimated from
Equation (6) by using the appropriate r� and r� data. It is
concluded that Equation (6) reproduces the experimental
�latU o


298 (MOR) data with an average absolute deviation of
7.2 kJmol�1 and a maximum relative deviation of 4.0%. The
�latU o


298 (MOR) values obtained were subsequently used to
estimate the enthalpies of formation of various MOR com-
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Table 3. Lattice energies of the alkaline metal alkoxides (in kJmol�1) and
thermochemical radii (in pm) of the metals and of the alkoxide and
phenoxide anions.


M OR r� �latU o
298 (MOR)


Estimated[a] Experimental[b]


Li OH 123.5 1031.7 1021.0� 0.5
r�� 85.6 OCH3 136.3 972.5 973.3� 5.0


OC2H5 136.4 972.0 966.8� 5.1
O-nC3H7 130.4 998.8
O-iC3H7 142.0 947.8 944.2� 5.2
O-nC4H9 141.3 950.9 952.5� 15.1
O-tC4H9 153.6 902.0 907.9� 7.0
O-nC6H13 149.4 918.2
O-nC8H17 154.4 898.8
OC6H5 157.7 886.9 902.9� 2.8


Na OH 123.5 888.2 885.2� 0.5
r�� 119.4 OCH3 136.3 843.9 837.5� 4.7


OC2H5 136.4 843.6 827.8� 5.0
O-nC3H7 130.4 863.7
O-iC3H7 142.0 825.3 830.1� 5.3
O-nC4H9 141.3 827.7 827.6� 15.9
O-tC4H9 153.6 790.4 800.0� 7.3
O-nC6H13 149.4 802.8 824.6� 20.1
O-nC8H17 154.4 787.9 787.9� 20.5
OC6H5 157.7 778.7 770.3� 2.8


K OH 123.5 774.0 789.3� 0.5
r�� 155.3 OCH3 136.3 740.1 744.0� 5.5


OC2H5 136.4 739.9 755.6� 5.3
O-nC3H7 130.4 755.2 756.2� 7.4
O-iC3H7 142.0 725.8
O-nC4H9 141.3 727.6 727.9� 15.2
O-tC4H9 153.6 698.6 692.4� 8.8
O-nC6H13 149.4 708.3 680.2� 20.1
O-nC8H17 154.4 696.7
OC6H5 157.7 689.5 682.1� 4.0


Rb OH 123.5 758.0 758.5� 0.5
r�� 161.2 OCH3 136.3 725.5 725.2� 5.2


OC2H5 136.4 725.3 731.0� 5.4
O-nC3H7 130.4 740.1
O-iC3H7 142.0 711.7
O-nC4H9 141.3 713.5
O-tC4H9 153.6 685.6
O-nC6H13 149.4 694.9
O-nC8H17 154.4 683.7
OC6H5 157.7 676.8 670.0� 3.8


Cs OH 123.5 716.9 725.4� 0.5
r�� 177.5 OCH3 136.3 687.8 691.6� 5.3


OC2H5 136.4 687.5 697.1� 5.5
O-nC3H7 130.4 700.8 699.7� 7.3
O-iC3H7 142.0 675.4
O-nC4H9 141.3 676.9 673.6� 15.5
O-tC4H9 153.6 651.8 633.4� 7.1
O-nC6H13 149.4 660.2
O-nC8H17 154.4 650.1
OC6H5 157.7 643.8 641.7� 2.8


[a] Estimated from Equation (6) by using the r� and r� values listed in this
Table. [b] Experimental values calculated from Equation (5).
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Figure 2. Lattice energies of alkaline metal alkoxides and phenoxides
against the corresponding r��r� derived from Equation (6).


pounds from Equation (5). As mentioned above, those results
are listed in Table 2.


The r� and r� calculated by the above procedure are called
™thermochemical radii∫. Little absolute significance should be
attached to them, as their principal value lies merely in their
capacity to reproduce the lattice energies through Equa-
tion (6). This is shown, for example, by the fact that all
interatomic r��r� values calculated from the individual r� and
r� data in Table 3 for the methoxides are smaller than the
corresponding values for the tert-butoxides, while the opposite
conclusion is reached based on the experimental dM�O
interatomic distances previously mentioned in the Introduc-
tion. Note, however, that, as shown in Figure 3, excellent
linear correlations are found by plotting dM�O against r��r� .
The lines in Figure 3 correspond to equations (dM�OCH3


,
dM�tOC4H9


, dM�OC6H5
, and r��r� in pm):


Figure 3. Experimental interatomic distances dM�O against the correspond-
ing r��r� derived from Equation (6).


dM�OCH3
� (1.182� 0.033) ¥ (r��r�) � (68.87� 9.11) (8)


dM�tOC4H9
� (1.1604� 0.099) ¥ (r��r�) � (92.70� 30.55) (9)


dM�OC6H5
� (1.4776� 0.055) ¥ (r��r�) � (177.84� 17.15) (10)


with correlation coefficients of 0.998, 0.993 and, 0.999,
respectively. Based on Equations (9) and (10) it is possible
to predict that dLi�O� 185 pm in LiO-tC4H9 and dLi�O�
182 pm in LiOC6H5, respectively.


The lattice energies of the alkoxide compounds in Table 3
are rather high, only some 50 ± 100 kJmol�1 lower than the
corresponding hydroxides, suggesting in principle a consid-
erable ionic character for the M�OR bonds. The predom-
inantly ionic character of the various alkoxides investigated in


this work could also be suggested by the success of Kapus-
tinskii equation in reproducing their enthalpies of formation
(Table 2) and by the use of a diagram first proposed by Sproul
for solid binary compounds[37, 38] (Figure 4). This two-dimen-
sional graph has been shown to provide suggestive insights
into the nature of bonding by separating ionic, metallic, and
covalent compounds into three distinctly demarcated areas. In
Figure 4 �hi and �lo are the highest and the lowest values of the


Figure 4. Ionic character of the alkaline metal alkoxides and phenoxides
evaluated in terms of the highest (�hi) and lowest (�lo) values of the
electronegativities of the species (atoms or groups of atoms) directly
involved in bonding (see text).


electronegativities of the species (atoms or groups of atoms)
directly involved in the bond of interest, respectively (e.g.
M�OR in the case of the alkaline metal alkoxides or
phenoxides). The vertical and horizontal limiting lines
correspond to �hi� 2.2 and �lo� 1.7, respectively, as proposed
by Sproul.[38] The plots for the methoxides, tert-butoxides and
phenoxides indicated in Figure 4 were based on the following
electronegativity data (Pauling×s scale):[39, 40] � (Li)� 0.97,
� (Na)� 0.91, � (K)� 0.73, � (Rb)� 0.69, � (Cs)� 0.62,
� (OCH3)� 2.52, � (O-tC4H9)� 2.40, and � (OC6H5)� 2.56.
The group electronegativity of O-tC4H9 was calculated in this
work by using the method proposed by Bratsch.[40] As shown
in Figure 4 the data for the methoxides, tert-butoxides, and
phenoxides, which are representative of MOR compounds
with lattice enthalpies in the highest and lowest extremes of
the range observed in Table 3, clearly fall in the ionic zone.
Note, however, that the assignment of an ionic nature to these
compounds does not in general agree with their structural and
physical properties, whose main features can be associated
with a predominance of covalency. As mentioned above the
alkaline metal alkoxides and phenoxides are essentially
polymeric or oligomeric. The degree of polymerisation varies
with the nature of the metal and of the organic part of the
molecule, notably decreasing with the increase of branching in
the alkyl chain. The methoxides, for example, are involatile
but show a polymeric structure in the solid state with a
pronounced layer effect.[8±12] The tetrameric tert-butoxides of
potassium, rubidium, and caesium sublime or dissolve in
benzene, toluene and tetrahydrofuran (THF) without decom-
position of the cubane (MO-tC4H9)4 units existent in the solid
state.[17, 41] Thus, as previously noted for other species,[42] the
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ability to accurately predict enthalpies of formation of the
alkaline metal alkoxides and phenoxides based on the ionic
model and on a Born ±Haber cycle such as that in Scheme 1 is
not necessarily a sound reason to consider those compounds
ionic in nature.


Experimental Section


General : All syntheses were carried out under an oxygen and water free
(�5 ppm) nitrogen atmosphere, inside a glove-box or using standard
Schlenk techniques. THF was pre-dried over 4 ä molecular sieves and
distilled under sodium. Pentane was distilled over P2O5 and kept in a glove-
box over 4 ämolecular sieves. Phenol (Merck, 99.8%) was sublimed twice.
Methanol (Merck, 99.8%) and ethanol (Merck, 99.8%) were pre-dried
over calcium sulfate, heated under reflux over activated magnesium and
iodine, and finally distilled. All other alcohols (Merck, p.a.) were dried over
calcium hydride and distilled. Potassium (Aldrich, 99.9%) was used as
small pieces to which the oxidised surface was removed inside a glove-box.
Rubidium and caesium (Aldrich, 99.95� %) were kept inside a glove-box
and used as supplied. Iodine was sublimed twice before use. All solvents
were degassed twice by freeze-taw cycles before use.


IR spectra were obtained with a Perkin ±Elmer 577 spectrophotometer
calibrated with polystyrene film, with samples mounted as Nujol mulls
between KBr plates. Elemental analysis (C and H) was performed on an
automatic analyzer CE-Instruments EA-110 CHNS-O.


Materials


Alkoxides : Sodium hexanoxide and all potassium alkoxides used in the
calorimetric experiments were prepared by adding chunks of the metal to a
solution containing the appropriate alcohol in 20 mL of THF. The mixture
was stirred by ca. 1 h. The excess metal was removed and the solution taken
to dryness. The resulting white solid was washed twice with pentane and
dried in high vacuum (10�4 ± 10�5 Torr). A similar procedure was followed
in the synthesis of the rubidium and caesium alkoxides. In this case the
metal was used in the form of small chips and added to an excess of the
alcohol in THF solution. The IR spectra showed that the obtained
alkoxides were alcohol and hydroxide free. Due to incomplete combustion
it was impossible to obtain meaningful results from the elemental analysis
of the compounds.


Lithium phenoxide : A 15% tert-butyllithium solution in n-pentane
(Merck) was slowly added to a solution of phenol in THF, under vigorous
magnetic stirring. The total time of addition/reaction was ca. 5 h. The excess
phenol was extracted with pentane and the remaining solvent removed in
vacuum. The obtained white solid was further dried in high vacuum (10�4 ±
10�5 Torr), at room temperature, for two hours. The IR spectra showed the
absence of phenol or hydroxide contamination. Elemental analysis calcd
(%) for LiOC6H5 (100.05): C 72.03, H 5.00; found: C 70.80, H 5.50.


Sodium, potassium, rubidium, and caesium phenoxides : Phenol (Marca)
was added during ca. 1 min to a stirred suspension of small pieces of the
appropriate metal in THF. In the case of the sodium and potassium
derivatives an excess of metal was used and the mixture was stirred for 1 ±
2 h until hydrogen evolution stopped. The unreacted chunks of metal were
removed and the remaining suspension taken to dryness. The obtained
white solid was grinded, washed with pentane, and dried in vacuum at room
temperature. The compound was further dried in high vacuum during 2 h.
A similar method was followed in the preparation of the rubidium and
caesium phenoxides, but in this case an excess of phenol was used. This
excess of phenol was removed in vacuum. Typically the reaction duration
was 4 h. The absence of phenol or hydroxide contamination was confirmed
by IR spectroscopy. Elemental analysis calcd (%) for NaOC6H5 (116.10): C
62.07, H 4.33; found: C 61.09, H 4.83; for KOC6H5 (132.20): C 54.51, H 3.81;
found: C 55.78, H 3.91; for RbOC6H5 (178.57): C 40.36, H 2.82; found: C
39.70, H 2.71; for CsOC6H5 (226.02): C 31.88, H 2.23; found: C 30.33, H
2.02.


Reaction-solution calorimetry : The enthalpies of reaction and solution
needed to determine the enthalpies of formation of the alkaline metal
alkoxides studied in this work were measured by using a calorimeter
specially built for experiments with oxygen and water sensitive compounds.


Details of the apparatus and of the experimental procedure were
previously reported.[21] In brief, the calorimeter consisted of a transparent
Dewar vessel closed by a lid, which supported a stirrer, a quartz crystal
thermometer probe, a resistance for electrical calibration, and an ampoule
breaking system. The assembled vessel was immersed in a thermostatic
water bath where the temperature was controlled at 298� 10�3 K by a
Tronac PTC-40 unit. In typical experiment a thin walled glass ampoule was
loaded with 20 ± 100 mg of the alkoxide sample inside a glove box, sealed in
vacuum, and weighed to �10�5 g. The reaction was started by breaking the
glass ampoule in 140 mL of distilled and deionised water. This was
preceded by an electrical calibration, in which a potential difference of ca.
2.6 V was applied to a 48 � resistance during ca. 200 s. The enthalpy of
solution of n-hexanol was measured by a similar procedure.
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Ternary Complexes between Cationic GdIII Chelates and Anionic Metabolites
in Aqueous Solution: An NMR Relaxometric Study


Mauro Botta,*[a] Silvio Aime,*[b] Alessandro Barge,[b] Gabriella Bobba,[b, c]


Rachel S. Dickins,[c] David Parker,[c] and Enzo Terreno[b]


Abstract: The 1H and 17O NMR relaxo-
metric properties of two cationic com-
plexes formed by GdIII with a macro-
cyclic heptadentate triamide ligand, L1,
and its N-methylated analogue, L2, have
been investigated in aqueous media as a
function of pH, temperature and mag-
netic field strength. The complexes pos-
sess two water molecules in their inner
coordination sphere for which the rate
of exchange has been found to be
sensibly faster for the N-methylated
derivative and explained in terms of
electronic effects (decrease of the
charge density at the metal center) and
perturbation of the network of hydro-
gen-bonded water molecules in the out-
er hydration sphere. The proton relax-
ivity shows a marked dependence from
pH and decreases of about six units in
the pH range 6.5 to 9.0. This has been


accounted for by the displacement of the
two water molecules by dissolved car-
bonate which acts as a chelating anion.
The formation of ternary complexes
with lactate, malonate, citrate, acetate,
fluoride and hydrogenphosphate has
been monitored by 1H NMR relaxomet-
ric titrations at 20 MHz and pH 6.3 and
the value of the affinity constant, K, and
of the relaxivity of the adducts could be
obtained. Lactate, malonate and citrate
interact strongly with the complexes
(logK �3.7) and coordinate in a biden-
date mode by displacing both water
molecules. Larger affinity constants
have been measured for GdL2. Acetate,


fluoride and hydrogenphosphate form
monoaqua ternary complexes which
were investigated in detail with regard
to their relaxometric properties. The
NMR dispersion (NMRD) profiles in-
dicate a large contribution to the relax-
ivity of the adducts from water mole-
cules belonging to the second hydration
shell of the complexes and hydrogen-
bonded to the anion. A VT 17O NMR
study has shown a marked increase of
the rate of water exchange upon binding
which is explained by coordination of
the anion in an equatorial site, thus
leaving the water molecule in an apical
position, more accessible for interac-
tions with the solvent molecules of the
second hydration shell which facilitate
the exchange process.


Keywords: gadolinium ¥ imaging
agents ¥ macrocyclic ligands ¥
solvation ¥ water exchange


Introduction


The study of selective anion binding by synthetic receptors
represents an important subject of current research which
promises several applications to different areas of chemistry.[1]


In a recent paper we have discussed the results of a
luminescence study on the reversible binding of bioactive
oxyanions at chiral Eu and Tb centers.[2] The tricationic
complexes of these metal ions with heptadentate ligands have
two coordinated water molecules that can be partially or
completely displaced by anion binding. This process is
revealed by changes in the lifetime of the excited states and
in the form of the emission spectra. These macrocyclic
complexes resemble those currently used as contrast agents
in magnetic resonance imaging (MRI), for example
[Gd(DOTA)]� (DOTA� 1,4,7,10-tetraazacyclodocecane-
1,4,7,10-tetraacetic acid) and GdHPDO3A (HPDO3A� 10-
(2-hydroxypropyl)-1,4,7,10-tetraazacyclodocecane-1,4,7-tri-
acetic acid),[3] and can be regarded as good models for the
preparation of sensory systems for anionic metabolites. The
corresponding Gd complexes possess the ability to catalyze
the water proton relaxation rate that is modulated by binding
to a given anion.[4] The anion can interact at the metal center
in a monodentate or bidentate mode thus displacing one or
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two of the coordinated water molecules.[2] The decrease of the
hydration state of the paramagnetic complex is accompanied
by a change in the water proton relaxation rate.[5] This is a
function of the anion concentration and can be measured at a
fixed magnetic field strength to yield the formation constant
of the ternary complex.


Furthermore, in magnetic resonance spectroscopy (MRS)
there is a growing interest in the possibility to monitor the
concentration of metabolites (e.g. lactate, malonate) as a
diagnostic tool for pathological states and tissue functional-
ity.[6] The use of complexes of lanthanide cations (all but La,
Gd, Lu) able to interact selectively with the metabolite of
interest may allow the spectral discrimination of the intra- and
extracellular concentrations, if the binding is strong enough
and the ternary complexes are labile on the NMR timescale,
thus enhancing the diagnostic information.[7] To reach this
goal, a better understanding of the relationship between the
chemical structure of the complexes and the binding affinity
with the anionic substrates represents a preliminary step
which can be conveniently tackled with NMR relaxometric
techniques.


The ability of the LnIII complexes of L1 and L2 (Scheme 1)
to bind reversibly to oxy-anions (acetate, carbonate, citrate,
lactate, malonate phosphate) in aqueous media has been
previously reported (Ln�Eu, Tb);[2] recently some ternary


Scheme 1. Chemical structure of the ligands.


complexes have been characterised by luminescence techni-
ques, 1H NMR spectroscopy and X-ray crystallography (Ln�
Eu, Yb).[8] In this work we have examined in detail the
relaxation properties of the corresponding [GdL1]3� and
[GdL2]3� complexes, with particular attention to the depend-
ence on pH, temperature and magnetic field strength, and the
changes induced in these properties by formation of ternary
complexes with a variety of oxy-anions of biological rele-
vance.


Results and Discussion


From luminescence lifetime measurements and 1H NMR
spectra it was recently established that the EuIII complexes of
L1 and L2 possess in aqueous solution two water molecules
(q� 2) in their inner coordination sphere and adopt a
dominant monocapped square antiprismatic geometry.[2]


Since no changes in the degree of hydration were measured
for the corresponding TbIII derivatives, we may safely assume
that this holds also for [GdL1]3� and [GdL2]3�. Neutral or
anionic diaqua complexes of GdIII have relaxivity values of
about 8 ± 10 m��1 s�1,[3a, b] at 25 �C and 20 MHz, primarily
determined by their molecular weight and not influenced by
the water exchange rate, kex.[9] On the contrary, the corre-
sponding monoaqua (q� 1) tetraamide derivatives were
found to be characterised by an exceedingly long mean
residence lifetime (�M � 1/kex � 8 ± 19 �s at 25 �C) of the
coordinated water molecule which markedly limits their
relaxivity near neutral pH and allows a detailed description
of the structure and dynamics of the hydration spheres of
these ion-paired complexes.[10, 11]


Under similar experimental conditions (25 �C, 20 MHz and
pH 6.5) [GdL1](CF3SO3)3 and [GdL2](CF3SO3)3 have relaxiv-
ities of 8.5 and 9.1 m��1 s�1, respectively. These values confirm
the presence of two water molecules coordinated to the Gd
center and indicate that these inner sphere water molecules
exchange with bulk solvent at a rate significantly faster than
that found for the corresponding tetraamide complexes.


Variation of relaxivity with pH : The pH dependence of r1p


often provides useful information on the kinetic stability of
the complex towards acid-catalyzed dissociation,[3b, 9, 12] the
occurrence of coordination equilibria,[13] the formation of
hydroxo species or ternary adducts with carbonate,[14] and
base-catalyzed prototropic exchange processes.[10, 11] In the
case of the related monoaqua tetraamide GdIII complexes, the
relaxivity shows a characteristic behaviour with pH: whereas
in the range 4 to 9 r1p assumes a constant low value, due to the
slow rate of water exchange that markedly limits the
contribution of the inner sphere term, it shows a steep
increase in both the acid and basic regions as a result of the
catalysis of the prototropic exchange. In the case of the
triamide derivatives the presence of two inner sphere water
molecules with shorter residence lifetimes modifies profound-
ly the profile of r1p with pH, as shown in Figure 1. The


Figure 1. Plot of proton relaxivity r1p at 20 MHz and 25 �C versus pH for
[GdL1]3� (�) and [GdL2]3� (�).


relaxivity, measured at 20 MHz and 25 �C, shows a constant
value in the pH range 2 to 7 and then it markedly decreases to
assume at pH �8.5, a value of about 3.2 m��1 s�1, about 30 %
higher than that typical of GdIII complexes with q� 0.[3a] This
behaviour is the result of the displacement of the coordinated
water molecules by formation of a ternary complex with the
carbonate ([HCO3]� or, more likely, [CO3]2�) present in the







FULL PAPER M. Botta, S. Aime et al.


¹ 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 2102 ± 21092104


aerated aqueous solution. An analogous decrease of r1p at
high pH values is typically observed in GdIII complexes with
q� 2, but the effect is significantly smaller.[4, 14, 15] The strength
of the binding interaction depends on the overall charge of the
complexes: negligible for anionic systems and increasingly
strong for neutral and cationic complexes. In a related
derivative with alaninate side arms the overall charge of the
GdIII complex is zero and the complete displacement of the
inner sphere water molecules was observed only when an
excess of NaHCO3 was added to the solution.[16] Clearly, the
presence of pendant carboxylate groups reduces the ease of
access of the carbonate anion to the metal center by electro-
static forces. The GdIII complexes of L1 and L2 possess a
tripositive charge and show the highest affinity for carbonate
binding reported so far. The experimental data in Figure 1 can
be quantitatively analysed to obtain the apparent formation
constants, K, defining the stability of the ternary complexes.
Under the reasonable assumption that the binding involves
primarily the CO3


2� anion, the overall behaviour is the results
of the presence in solution of the following two equilibria,
characterized by the equilibrium constants K and �2 , respec-
tively:


[GdL (H2O)2]3��CO3
2��K [GdL (CO3)]�� 2H2O (1)


H2CO3 � 2H2O��2 CO3
2�� 2H3O� (2)


In Equation (2) �2 represents the product of K1 and K2, the
dissociation constants of the carbonic acid. If we assume a 1:1
binding model, at each pH value the measured paramagnetic
contribution to the relaxation rate, R1p, is given by the sum of
the relaxivities of the free, r F


1p, and ™bound∫, r B
1p, complexes


multiplied by their molar concentrations CF and CB:


R1p � ([CF] r F
1p � [CB]r B


1p� ¥ 1000 (3)


Whereas r F
1p is known and r B


1p is the limiting value of the
relaxivity at high pH, the concencentrations of the the free
and ™bound∫ complexes are pH dependent and can be
expressed in terms of Equation (1) and (2), where CT and LT


are the total concentrations of the paramagnetic complex
(typically 0.4 ± 1.0 m�) and carbonated species in solution,
respectively:


[CB]��K�2LT � K�2CT � �H�	2 � �
2� �


�����������������������������������������������������������������������������������������������
�K�2LT � K�2CT � �H�	2 � �


2�2 � 4K�
2
2LTCT


�


2K�2


(4)


From the known values of the solubility of CO2 in water at
25 �C LT can be estimated to be of the order of 1
 10�3�.
However, due to the difficult evaluation of this parameter
under the experimental conditions used its actual value was
calculated by the fitting procedure. In Equations (3) ± (4) �2


(2.07
 10�17), CT and r F
1p are known and thus the fitting


procedure yields the K and r B
1p values. For [GdL1]3� and


[GdL2]3� the calculated values of K are 3.2 (�0.2)
 104 and
3.0 (�0.2)
 104�, respectively. These constants are quite
high, as expected for the interaction of a small, highly charged
anion with tripositive complexes.


The relaxivity of the ternary complexes, about 2.4 m��1 s�1,
is of the same order of magnitude as that typically measured
for structurally similar, anionic or neutral GdIII complexes
with q� 0 or calculated from the analysis of the NMRD
profiles, �2.5 m��1 s�1.[17, 18] However, in the case of the
related tetraamide complexes the outer sphere relaxivity is
only 1.9 m��1 s�1.[11] In the case of these cationic complexes the
diffusing water molecules approach the complex to a mini-
mum distance which is longer than for anionic or neutral
complexes. This increase (ca. 25 % at 20 MHz and 25 �C) is
probably the result of an additional contribution from water
molecules localised sufficiently close the paramagnetic center
through hydrogen-bonding interaction with the carbonate
anion (see below).


Variable temperature 17O NMR spectroscopy : A qualitative
analysis of the relaxivity of [GdL1]3� and [GdL2]3� suggested
mean residence lifetimes for the inner sphere water molecules
that are shorter than those typical of the related tetraamide
complexes. A precise assessment of �M has been obtained
from the measurement of the water 17O NMR transverse
relaxation rate, R2, as a function of temperature, at 9.4 T and
pH 6.3. The experimental profiles, measured for a 15 m�
solution of the complexes, are shown in Figure 2 and reveal
significant differences between the two complexes.


Figure 2. Plots of the paramagnetic contribution to the 17O transverse
relaxation rate of water, R2p, versus temperature for 15 m� aqueous
solutions of [GdL1]3� (�) and [GdL2]3� (�) at pH 6.3 and 9.4 T.


Whereas for [GdL2]3� the data points define a bell-shaped
curve which includes a maximum centred at 310 K, for
[GdL1]3� R2 increases over the entire range of temperatures
and shows an apparent maximum around 350 K. This shift


towards higher T of about 40 K of the
maximum of the curve is consistent with a
slower rate of exchange of the coordinated
water molecules. This qualitative informa-
tion has been confirmed by fitting the


experimental profiles to the Swift and Connick equations
following a well established method that yields reliable
estimates of the activation parameters for the water exchange
and the electronic relaxation times of the GdIII ion (Ta-
ble 1).[9, 19] Furthermore, it must be noted that we implicitly
assumed in the analysis that the two water molecules
exchange with the bulk at the same rate. This assumption is
corroborated by a recent crystallographic work in which Eu ±
water distances of 2.418 and 2.421 ä are reported for the Eu-
diaqua complex of a cyclen-triamide of CH2CONMe2 (triflate
salt).[20]
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As expected, the calculated �M values are sensibly different:
0.59 (�0.06) and 1.5 (�0.2) �s for [GdL1]3� and [GdL2]3�,
respectively. Such a difference, which also accounts for the
slightly different relaxivities of the complexes (see below),
could arise from their different solution structures. It has been
clearly shown that in the case of the tetraamide derivatives, as
well as in other GdIII complexes with DOTA-like ligands, the
rate of water exchange kex is a function of the relative
population of the two conformational isomers present in their
aqueous solutions, characterised by square antiprismatic
(SAP) and twisted square antiprismatic (TSAP) geome-
tries.[21] In the present case, this explanation does not find
support in the 1H NMR spectra of the corresponding EuIII


complexes which appear rather similar and indicative of the
presence in solution of a major species, consistent with the
SAP isomeric form.[2] Moreover, the electronic relaxation
parameters of [GdL1]3� and [GdL2]3� are nearly identical
(Table 1) and this represents a further indication of very
similar coordination geometries. Alternatively, the faster
water exchange rate of the N-alkylated complex might be
attributed to:
i) an electronic effect of the methyl group, resulting in an


increased basicity of the N atom and a decreased charge
density at the metal center, which should labilize the
bound water molecules;


ii) a perturbation of the network of the second hydration
sphere water molecules. The tricationic mono- and di-aqua
complexes form ion-pairing interactions with the triflate
anions that favour the formation of a strongly hydrogen-
bonded array of water molecules that involves also the
inner sphere water(s), as clearly indicated in the solid state
by X-ray structural studies.[22] It follows that the rate of
exchange will be dependent on the structure and influ-
enced by any perturbation of these second hydration
sphere water molecules. The presence of the hydrophobic
methyl group in [GdL2]3� may perturb the ordered
arrangement of hydrogen-bonded water molecules near
the paramagnetic center and may not inhibit either the
departure of the leaving and/or the approach of the
incoming water(s).


Support for this latter interpretation comes from the
observation of a marked dependence of kex on the nature of
the counteranion in related tetraamide complexes.[23] On the
other hand, higher values of kex have been measured for
N-alkylated derivatives of the neutral complex GdDO3A
where only inductive effects of the substituents can play a
significant role.[24] It is quite possible that both these effects
are operative in the case of the cationic triamide complexes.


NMRD profiles : The 1/T1 water proton NMRD profiles of
[GdL1]3� and [GdL2]3� have been measured, at 25 �C and
pH 6.3, over the interval of proton Larmor frequencies from
0.01 to 20 MHz (Figure 3). As shown in Figure 3, [GdL2]3� has
a relaxivity higher than [GdL1]3� over the entire range of


Figure 3. 1/T1 NMRD profiles of [GdL1]3� (�) and [GdL2]3� (�) at pH 6.3
and 25 �C. The solid curves through the data points are calculated with the
parameters reported in Table 2.


frequencies. The experimental data have been analysed with
an iterative least-square fitting procedure by assuming con-
tributions to the relaxivity of inner- and outer hydration
spheres water molecules and using the standard set of
equations.[3b, 9] In the analysis the following parameters were
kept fixed: the hydration number q� 2, the distance of closest
approach of the outer sphere solvent proton nuclei to the GdIII


ion a� 3.8 ä, the relative diffusion coefficent D� 2.24

105 cm2 s�1 and �M (the latter values were taken from the VT
17O NMR study). The other parameters were considered as
adjustable within a range of values typical of this class of
macrocyclic GdIII complexes: r �2.96 ± 3.16 ä (r �� Gd�H
distance of the inner sphere water molecule(s), �R �70 ±
140 ps (�R �� reorientational correlation time), �V �1 ± 25 ps
(�V �� correlation time characterizing the electron spin
relaxation) and �2 �0.5 ± 50
 1019 s�2 (�2 ���� trace of
the square of the transient zero-field splitting tensor).[3a, 11]


The best-fit parameters are reported in Table 2, and are
compared with the corresponding values of GdDO3A, a
structurally related neutral complex. The results unambigous-
ly indicate that the difference in the NMRD profiles of the
two complexes primarily derive from their different values of
�M, thus confirming the previous qualitative conclusions. In


Table 1. Best-fit parameters obtained from the analysis of the 17O-R2p


versus T profile of [GdL1]3� and [GdL2]3� at 9.4 T, 25 �C and pH 6.3.


[GdL1]3� [GdL2]3� GdDO3A[a]


k 298
ex [
106 s�1] 0.66� 0.1 1.7� 0.2 6.3


�HM [kJ mol�1] 17� 0.4 11� 0.3 44
�2 [s�2
 1019] 3.8� 0.5 3.8� 0.4 3.9
�V [ps] 20� 2 20� 3 16
�HV [kJ mol�1] 33� 2 51� 3 1.8
�HR [kJ mol�1] 20[b] 20[b] 18


[a] Data from ref. [14]. [b] Fixed in the analysis.


Table 2. Best-fit parameters obtained from the analysis of the 1/T1 NMRD
profiles of [GdL1]3� and [GdL2]3� at 25 �C and pH 6.3.


[GdL1]3� [GdL2]3� GdDO3A[a]


�2 [s�2
 1019] 3.8� 0.1 3.9� 0.3 3.9
�V [ps] 20� 2 19� 0.5 16
�R [ps] 125� 5 120� 7 66
r [ä] 3.02� 0.06 3.02� 0.04 3.15[b]


q 2[c] 2[c] 2[b]


a [ä] 3.8[c] 3.8[c] 3.8
D (cm2 s�1 
 105) 2.24[c] 2.24[c] 2.24


[a] Data from ref. [14]. [b] In solution the complex has been reported to
exist as a mixture of a dominant species with q� 2 and a minor species with
q� 1.[31] Therefore, the mean hydration number may be slightly less than
two. Since we obtained the value of the ratio q/r 6 from the fitting
procedure, by imposing an integer q value of two, the derived apparent
distance is somewhat longer than usual. [c] Fixed in the analysis.
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[GdL1]3� the exchange correlation time is sufficiently long
(�M � 1.5 �s) so as to limit the inner sphere component of the
relaxivity, as previously observed for the GdIII complexes with
bisamide derivatives of DTPA.[25] For [GdL2]3� �M has a value
about three times lower and this effect is negligible.


Formation of ternary complexes : The stepwise displacement
of water molecules from the inner coordination sphere of
[GdL1]3� and [GdL2]3� results in a significant decrease in the
relaxivity of the complexes. Thus, the binding of oxy-anions of
biological relevance is easily revealed and can be conveniently
investigated by monitoring the variation of the longitudinal
water proton relaxation rate R1, at a fixed temperature and
pH, following the addition of increasing amount of the
substrate to a solution of the complex. The titration curve thus
obtained can be analyzed according to the proton relaxation
enhancement (PRE) method that allows the assessment of the
apparent affinity constant K and of the relaxivity of the
ternary complex, r b


1p.[26] Typically, a 0.2 m� solution of the
complex (corresponding to an observed relaxation rate of
�2.2 s�1) is titrated with the appropriate anion at pH 6.3, to
avoid any interference from competitive binding of dissolved
carbonate, and the changes of R1 are measured at 20 MHz and
25 �C. Representative data for the interaction of [GdL1]3� with
lactate and malonate and the corresponding best-fit curves are
shown in Figure 4 which evidences a different binding affinity


Figure 4. Plot of the observed proton relaxation rate of a 0.2 m� solution
of [GdL1]3� as a function of the concentration of added lactate (�) and
malonate (�) at 20 MHz, 25 �C and pH 6.3, showing the fit to the
experimental data points.


for the two anions but a very similar relaxivity values of the
ternary complexes. Analysis of the data indicates that
malonate (logK� 4.30� 0.03) interacts more strongly than
lactate (logK� 3.70� 0.04) but the resulting ternary com-
plexes are characterized by identical relaxivity (2.8�
0.1 m��1 s�1). This is not surprising if we consider that both
anions coordinate in a bidentate mode by displacing the two
inner sphere water molecules and then give rise to complexes
with q� 0. Such behaviour follows that illustrated above for
carbonate and has been observed also for citrate (logK�
4.36� 0.2; r b


1p � 3.0� 0.3 m��1 s�1).
Analogous experiments were carried out in the case of


[GdL2]3� and stronger interaction with malonate (logK�
4.62� 0.10) and, in particular, with lactate (logK� 4.41�
0.04) was observed. The general tendency of the binding
constants to increase following N-methylation was also
observed in the case of the EuIII and TbIII derivatives. The


ternary complexes of [GdL2]3� present relaxivity values lower
than those of the corresponding complexes of [GdL1]3� (r b


1p �
2.0 ± 2.2 m��1 s�1). The differences (20 ± 30 %) are not negli-
geable and, as in the case of the water exchange rate, may be
related to a different structure (i.e., number, distance and
residence lifetime of H-bonded water molecules) of the
second hydration sphere of the ternary complexes.


Unlike the examples discussed so far, other anions can
displace a single water molecule and bind the complexes in a
monodentate manner, as clearly evidenced by a measurement
of the hydration state of the EuIII and TbIII derivatives by
luminescence.[2] This appears to be the case for acetate,
phosphate and fluoride. In fact, from a titration experiment of
a solution of [GdL1]3� with sodium acetate (20 MHz, 25 �C,
pH 6.3) we have calculated a much weaker binding constant
(logK� 2.26� 0.12) and a markedly higher limiting relaxivity
for the ternary complex (r b


1p � 4.7� 0.1 m��1 s�1). This value of
relaxivity is consistent with the presence of one coordinated
water molecule and is comparable to the r1p values usually
measured for other GdIII polyaminopolycarboxylate com-
plexes with q� 1.[3a,b] On the other hand, upon addition of a
large excess of fluoride and phosphate to a solution of
[GdL1](CF3SO3)3, under identical experimental conditions,
the relaxivity decreases from 8.5 to 6.4 and 8.2 m��1 s�1,
respectively. These r b


1p values are much higher (36 and 74 %
for F� and HPO4


2� (or H2PO4
�), respectively) than the value


measured for acetate and could hardly be associated with a
q� 1 systems, without the support of the independent
determination from luminescence data for the isostructural
complexes of EuIII and TbIII. Clearly, the characterization of
the hydration state by 1H relaxometric data alone can lead to
erroneous results, as different mechanisms contribute to r1p


whose relative importance is often difficult to evaluate
quantitatively. Whereas the typical contributions to the
relaxivity arising from the modulation of the electron ± nu-
cleus dipolar interaction and involving the water molecule(s)
coordinated to (inner sphere term) and diffusing by (outer
sphere term) the paramagnetic metal ion are quite adequate
to account for the r b


1p value of the ternary complex with
acetate, these fail in the case of the isostructural complexes
[Gd(L1)(F)(H2O)]2� and [Gd(L1)(HPO4)(H2O)]� . For these
latter, a further contribution is present which arises from the
well recognized ability of fluoride and phosphate anions to
promote strong hydrogen-bonding interactions with water
molecules. If the lifetime of these hydrogen bonds is longer
than the diffusional correlation time of the outer sphere
solvent molecules, then the contribution to the relaxivity of
the second sphere water molecules can be considerable and
comparable to that arising from the inner sphere water(s).[27]


Relevant examples include the increase of relaxivity observed
when the iron-bound water molecule is replaced by a fluoride
ion in methemoglobin[28] and the case of GdDOTP, a macro-
cyclic complex with four coordinated phosphonate groups,
that has no bound water molecules but a relaxivity quite
similar to that of the mono-aqua carboxylate analogue,
GdDOTA.[27]


The NMRD profiles of [Gd(L1)(F)(H2O)]2� and
[Gd(L1)(HPO4)(H2O)]� have been measured at 25 �C and
are shown in Figure 5 compared with the corresponding
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Figure 5. 1/T1 NMRD profiles of [Gd L1]3� (�) and its ternary complexes
with phosphate (�) and fluoride (�) at pH 6.3 and 25 �C. The lower dotted
curve represents a simulation, with the parameters of Table 2, of the
NMRD profile for the hypothetical complex of [GdL1]3� with q� 1.


profile of the di-aqua complex and the calculated profile of
the hypothetical species [Gd(L1)(H2O)]3�. In spite of the loss
of one coordinated water molecule, the relaxivity of the
ternary complex with phosphate is quite similar to that of the
free complex over the entire range of magnetic field strengths.
In the case of [Gd(L1)(F)(H2O)]2� the effects are much less
pronounced and the experimental data are intermediate
between those of [Gd(L1)(HPO4)(H2O)]� and the simulated
profile of the free complex with q� 1.


It is reasonable to assume that the coordinated fluoride ion
interacts with a single water molecule, whereas the phosphate
anion could promote multiple hydrogen-bonding interactions
that give a stronger relaxivity enhancement. Under the
hypothesis that the electronic parameters do not change
significantly upon binding to F� and that the increase of r b


1p


over the value found for the acetate adduct is fully attribut-
able to one second hydration sphere water molecule, then
from the NMRD parameters of Table 2 we can estimate its
average distance from the Gd ion: r� 3.5 ± 3.8 ä. By consid-
ering a Gd�F distance of about 2.3 ä, as typical of a
coordinated carboxylate group, this result gives for the F�H
bond length a rough estimation of about 1.2 ± 1.5 ä, for a
linear geometry.


Finally, the presence of a coordinated water molecule in the
ternary complexes with monodentate anions prompted us to
measure its rate of exchange with the goal of assessing if
changes of kex were detectable following the interaction with
the anions and the variation of q from 2 to 1. An increase of kex


is expected to be promoted by the decreased overall positive
charge of the complexes and by the increased steric inter-
action at the water coordination site that could destabilize the
nine-coordinate ground state thus diminishing the activation
energy for the exchange (dissociative) process. A VT 17O
NMR study was undertaken for the three ternary complexes
at pH 6.3 and 9.4 T (2.1 T for [Gd(L1)(F)(H2O)]2�) and the
experimental data, fitted to q� 1 species, gave for �M the
following values (at 25 �C): 0.74� 0.05, 0.56� 0.04 and 0.16�
0.02 �s for the adducts with F�, HPO4


2� and CH3COO�,
respectively.[29] The experimental profiles of the ternary
complexes with phosphate and acetate are compared in
Figure 6 with that of [GdL1]3� (triflate salt) and clearly show
the decrease in R2 occurring on passing from the q� 2 to the
q� 1 species and the concomitant shift to low temperatures of
the maximum of the curve.


Figure 6. Plots of the paramagnetic contribution to the 17O transverse
relaxation rate of water, R2p, versus temperature for 12 m� solutions of
[GdL1]3� (�) and its ternary complexes with acetate (�) and phosphate (�)
at pH 6.3 and 9.4 T.


The increase of kex is remarkable and particularly evident in
the case of the adduct with acetate. An increase of the rate of
water exchange of one order of magnitude may be too large to
be accounted for simply by the decrease of the charge of the
complex from �3 to �2. A possible explanation could be a
different rate of exchange for the coordinated water mole-
cules (axial and equatorial), being kex (ax) � kex (eq). If this is
the case, then, when the formation of a ternary complex with a
monodentate anion involves the displacement of the water
molecule in the equatorial plane, a markedly higher rate of
exchange of the remaining axial water molecule will be
measured in the adduct. Conversely, similar kex values for the
free complex and the adduct would suggest that the binding of
the anion is in the axial position. The X-ray crystal structure of
a related compound suggests that in the free complexes the
Ln�Ow distances are quite similar and thus the enthalpic
contribution due to the Gd�Ow bond breaking in the �G# for
the exchange process is similar for both water molecules.[20]


However, the axial water is located in a more open site with
more hydrogen bonded water molecules to assist in the
exchange process, whereas the equatorial position is more
hydrophobic, less open and therefore water exchange is
presumably less easy. In other words, a different rate of
exchange could arise from the different accessibility of the
axial and equatorial water molecules to water molecules of
the second hydration sphere.[30] Then, the large increase of kex


measured for the ternary adduct of acetate (and, to a lesser
extent, of fluoride and phosphate) could be the indication of
the coordination of the anion in the equatorial plane. There is
not direct X-ray evidence of this but some support comes from
a recent structural, luminesce and NMR study on the ternary
complexes formed by several anions and cationic di-aqua
EuIII, GdIII and YbIII complexes. By the analysis the para-
magnetic dipolar shifts (Yb and Eu), which are predominantly
determined by the polarisabiliy of the axial ligand, it is
suggested that the monoaqua ternary complexes with hydro-
genphosphate and fluoride present an apical water mole-
cule.[8] Strictly analogous considerations hold for the ternary
adduct with acetate and thus we may conclude that the
present results point to suggest a common solution structure,
where the anion occupies a site in the equatorial plane and the
water molecule a capping position above this plane.
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Finally, the relatively slower water exchange rate of the
ternary complexes with fluoride and phosphate with respect
to acetate also suggests a possible hydrogen-bonding inter-
action between the coordinated water molecule and the anion
in the adducts, either directly or involving an intermediate
water molecule (Scheme 2).


Scheme 2. Schematic representation of the possible interaction modes
between the coordinated water molecule and a monodentate anion in the
ternary complexes.


Conclusion


The di-aqua cationic complexes interact strongly with a
variety of oxy-anions and the formation of ternary complexes
is accompanied by large variations of the relaxometric
properties of the complexes. The anions that bind in a
bidentate mode (carbonate, lactate, malonate, citrate) dis-
place two water molecules and form adducts with q� 0,
characterized by relaxivity values about 60 % lower than for
the free complex. Other anions interact in a monodentate
manner (fluoride, phosphate, acetate) and the corresponding
ternary complexes maintain one coordinated water molecule.
In these latter cases the changes of the relaxivity are
modulated by the ability of the anion to promote hydrogen-
bonding interactions with water molecules outside the inner
coordination sphere of the GdIII ion. The hydrogen-bonding
interactions may involve also the coordinated water molecule
and markedly influence its rate of exchange. Furthermore,
evidence has been gained of a selective coordination of these
anions in the equatorial plane of the complex rather than in
the axial position.


The N-methylation of the ligand ring nitrogen has little
influence on the relaxometric properties of the complex but
exerts a profound effect on the affinity constant for the anions.
In general, the K values for [GdL2]3� are notably higher than
for [GdL1]3�. This result, which may be associated with
differential complex hydration, highlights the important fact
that minor structural variation of the ligand may modulate in
a significant manner the affinity of the complex for the oxy-
anions. These data suggest the need of a systematic study to
investigate in further detail the nature of the interaction and
its dependence from the structural properties of the com-
plexes. The final goal is the preparation of paramagnetic
probes for oxy-anions of biological relevance endowed with
high selectivity for diagnostic applications.


Experimental Section


All reagents and inorganic salts were purchased from Sigma-Aldrich and
Fluka and used without further purification. The ligands L1 and L2 were
synthesized by following procedures to previously reported,[2] and the


corresponding GdIII complexes were prepared according to the method
described in the same paper for the analogous derivatives of EuIII and TbIII.


Water proton relaxivity measurements : The water proton 1/T1 longitudinal
relaxation rates (20 MHz, 25 �C) were measured with a Stelar Spinmaster
Spectrometer (Mede, Pv, Italy) on 0.1 ± 1.5 m� aqueous solutions of the
complexes. 1H spin-lattice relaxation times T1 were acquired by the
standard inversion-recovery method with typical 90� pulse width of 3.5 ms,
16 experiments of 4 scans. The reproducibility of the T1 data was �1 %. The
temperature was controlled with a Stelar VTC-91 air-flow heater equipped
with a copper-constantan thermocouple (uncertainty of 0.1� �C). In a
typical titration experiment several (8 ± 12) aqueous solutions at pH 6.3 of
the paramagnetic complex (0.2 ± 0 ± 3 m�) were prepared containing
different concentrations of the anionic species (0 ± 0.2�) and the water
proton relaxation rate of each solution was measured at 25 �C. The starting
pH was adjusted by either HCl or KOH. Moreover, the pH of the solutions
was controlled before and after the measurement. The 1/T1 nuclear
magnetic relaxation dispersion profiles of water protons were measured
over a continuum of magnetic field strength from 0.00024 ± 0.28 T
(corresponding to 0.01 ± 12 MHz proton Larmor frequency) on the fast
field-cycling Stelar Spinmaster FFC relaxometer installed at the ™Labo-
ratorio Integrato di Metodologie Avanzate∫, Bioindustry Park del Cana-
vese (Colleretto Giacosa, To, Italy). The relaxometer operates under
complete computer control with an absolute uncertainty in the 1/T1 values
of �1%. Additional data points at 20 and 90 MHz were recorded on the
Stelar Spinmaster and on a JEOL EX-90 spectrometers, respectively. The
concentration of the aqueous solutions of the complexes utilized for the
measurements was in the range 0.5 ± 1.0 m�.


VT 17O relaxation measurements : Variable-temperature 17O NMR meas-
urements were recorded on a JEOL EX-90 (2.1 T) spectrometer, equipped
with a 5 mm probe, by using a D2O external lock. Experimental settings
were: spectral width 10 000 Hz, pulse width 7 �s (90�), acquisition time
10 ms, 1000 scans and no sample spinning. Aqueous solutions of the
paramagnetic complexes (pH 6.3) containing 2.6% of 17O isotope (Yeda,
Israel) were used. The observed transverse relaxation rates (R2) were
calculated from the signal width at half height.


Theory : The theory behind the analysis of the water 1H and 17O relaxation
properties can be found in several recent publications.[3a, 9, 14, 19]
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Improved One-Pot Synthesis of Styryl Tetrahydrofurans and Cyclohexanes by
Radical Addition to �-Nitrostyrenes in the Presence of Benzoyl Peroxide


Yeong-Jiunn Jang, Yuh-Kuo Shih, Jing-Yuan Liu, Wen-Yu Kuo, and Ching-Fa Yao*[a]


Abstract: Stereoselective styryl derivatives have been prepared based on radical
substitution (addition ± elimination) of heterocycles or cyclohydrocarbons units to
(E)-�-nitrostyrenes 1 using a common radical initiator benzoyl peroxide. High
reactivity and selectivity with wide substrate scope were attained by using this easy
methodology. The reactions using easily obtained and one-pot potential starting
materials gave excellent trans-selectivity with medium to high yields in all cases.
Synthetic utility of this approach has been demonstrated by the preparation of
various trans-styryl derivatives.


Keywords: alkenes ¥ heterocycles ¥
peroxides ¥ radical reactions


Introduction


In the last two decades carbon-carbon bonds formation has
been increasingly achieved by the addition of carbon centered
radicals to carbon�carbon multiple bonds. It is known from
the literature that the addition of �-heterosubstituted radicals
to styryl sulfimides[1] and styryl triflone[2] can give styryl
heterocycles. This fact that tetrahydrofuran 2 and tetrahy-
dropyran 5 can add to alkenes under radical-reaction con-
ditions prompted us to investigate similar reactions with (E)-
�-nitrostyrenes 1, which if successful, would provide a
potential one-pot route[3] and superior methodology to
synthesize different styryl derivatives due to the easily and
cheaply acquired starting materials (�-nitrostyrenes 1).
Traditionally, styryl heterocycles are prepared by Horner ±


Emmons approach of the alkyl(diphenyl)phosphine oxide
with a carbonyl compound.[4] Unfortunately, this kind of
protocol is low stereoselectivity for the preparation of �-
substituted styrenes due to the generation of both erythro- and
threo-�-hydroxyalkyl(diphenyl)phosphine oxides. To avoid
the problem of separation, some research have been done
by radical-type methodology. Clark et al. have utilized
benzoyl peroxide 3 or triethylborane to mediate the addi-
tion ± elimination of styryl sulfimides with the tetrahydrofur-


anyl radical in 45 and 48% yield, respectively.[1] It also has
been reported by Fuchs and co-workers that �-heterocyclos-
tyrenes and �-cyclostyrenes can be prepared from the treat-
ment of styryl triflone with AIBN.[2] But both of these
methods are encountering the situation that the preparation
of starting substrates they used are laborious and low yield.


Results and Discussion


Nitro-olefins are useful intermediates in organic synthesis and
are important structural units which can be used as starting
materials for many classes of compounds. Our previous study
found that high yields of (E)-alkenes can be generated when
(E)- or (Z)-�-nitrostyrenes 1 react with triethylborane in
tetrahydrofuran solution at room temperature in the presence
of oxygen in the air as radical initiator.[5] All these results
indicate that �-nitrostyrenes 1 are good radical acceptors and
can react with alkyl radicals from different source to generate
alkenes under different conditions and the reaction mecha-
nism is proposed to be free-radical addition ± elimination
reaction. In this paper, we wish to report a reformative and
effective method, based on our previous study, to synthesize
different styryl heterocycles by reaction of �-nitrostyrenes 1
with different alkyl radicals which were generated from C�H
abstraction by benzoyl peroxide 3.
In an initial experiment, (E)-�-nitrostyrene (1a) was


treated with 3 equiv benzoyl peroxide 3 in tetrahydrofuran 2
and heated under reflux for 12 hours. As expected, (E)-styryl
tetrahydrofuran 4a was obtained as the sole product in 89%
yield (Table 1, entry 1), and none of the Z-isomer was
detected in the crude product. Similarly, the reaction of
benzoyl peroxide 3 with other (E)-�-nitrostyrenes having
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electron-withdrawing groups 1b ± e (Table 1, entries 2 ± 5)
gave the corresponding (E)-styryl tetrahydrofuran 4b ± e,
respectively, in good to high yields. On the other hand
reaction of (E)-�-nitrostyrenes having electron-donating
group 1 f (Table 1, entry 6) with benzoyl peroxide 3 under
identical reaction conditions led to a decrease in yield. We
attributed this result to the lower reactivity of (E)-p-methoxy-
�-nitrostyrene (1 f) due to the well electron-donating ability of
methoxy group. In the last three cases (Table 1, entries 7 ± 9),
we extended the category of our substrates to survey this
reaction. Not surprisingly, medium to good yields were
acquired both hetero-aromatic substrates 1g,h (Table 1,
entries 7 and 8) and high steric-hindrance substrate 1 i
(Table 1, entry 9). Alternatively, if UV photolysis (��
253.7 nm) was used to initiate the radical process instead of
heating, the overall yield of the reaction of �-nitrostyrene 1a
with benzoyl peroxide 3 (2.25 equiv) in tetrahydrofuran 2 for
4 h would be decreased (Table 1, 4a from 89 to 82%).
Identical phenomena were observed for other �-nitrostyrenes
when benzoyl peroxide 3 was initiated by the photochemical
strategy. However, due to our ultimate aim for developing an
one-pot route all further reactions were conducted under
reflux reaction conditions. In all these cases, no other regio- or
stereoisomers were obtained. These results (Table 1, en-
tries 1 ± 9) indicated that this method was widely applicable
for the preparation of (E)-styryl tetrahydrofurans 4. Thus an
easy and convenient route to tetrahydrofuran derivatives has
been developed.
The mechanism of this reaction is presumably similar to our


previous study in the radical addition ± elimination reaction of
�-nitrostyrenes 1 and different alkyl radicals.[5] The initial step
could be the �-C�H abstraction of tetrahydrofuran 2 with the
benzoyl or phenyl radical species generated from benzoyl
peroxide 3. The resulting tetrahydrofuran �-carbon radical
species would react with �-nitrostyrenes 1 and radical attack
must take place at the �-carbon of �-nitrostyrenes 1. Finally,
the benzylic radical generated by radical attack would under-
go elimination to yield (E)-alkene due to the product stability
of (E)-alkene is much stable than (Z)-alkene in energy. In
addition to (E)-1a, (Z)-1a was also used to react with 2 under
similar conditions as described above (Table 1, entry 1). As
expected, 87% yield of the same product (E)-4a was also
obtained, and this result is actually consistent with our
previous report.[5]


Not only the reaction of the
five-membered cyclic ether
(tetrahydrofuran 2) proceeded
in good yields, but also that of
six-membered cyclic ether (tet-
rahydropyran 5). The reaction
of �-nitrostyrene 1a and tetra-
hydropyran 5 under analogous
conditions gave the corre-
sponding tetrahydropyran de-
rivative isomers 6a, 7a, and 8a
in 41, 28, and 21% yield, re-
spectively (Table 2, entry 1).
Herein three regioisomers �-,
�- and �-forms were observed


in the reaction; the �- and �-regioisomer which we originally
did not anticipate actually exceeded half of the total yield.
This special kind of regioselectivity of the C�H functionalized
radical reaction of tetrahydropyran 5 has not been observed
before, and we presume that this might have the following
reasons: 1) the difference in the rate of abstraction of
hydrogens � to oxygen between six-membered cyclic- and
five-membered cyclic ethers; 2) the preeminent radical
trapping ability of �-nitrostyrenes 1. Owing mainly to the
huge decrease in the reaction rate of the �-hydrogen
abstraction of tetrahydropyran 5 compared with tetrahydro-
furan 2,[6] the �- and �-hydrogen abstraction became note-
worthy and important enough to compete with the �-hydro-
gen abstraction. At this stage, the excellent radical trapping
ability of our acceptor played a conclusive role to form this
regioselectivity. Once a radical formed (�-, �- or �-radicals)
after the hydrogen abstraction, it is added to the very reactive
�-nitrostyrenes 1, so that the regioselectivity of hydrogen
abstraction process determines the selectivity of the reaction.


Table 1. Preparation of �-(2-furyl)styrenes 4 from the reaction of �-
nitrostyrenes 1, tetrahydrofuran 2, and benzoyl peroxide 3 (reaction
mixture heated under reflux).


NO2


Ar


X


O
Ar


OX+


1a-i 2 4a-i


a: Ar = Ph ; X = H


b: Ar = p-Cl-Ph ; X = H


d: Ar = p-F-Ph ; X = H


e: Ar = 2-naphthyl ; X =H


f: Ar = p-MeO-Ph ; X = H


c: Ar = o-F-Ph ; X = H


g: Ar = 2-furyl ; X = H


h: Ar = 2-thienyl ; X = H


i: Ar = Ph ; X = Ph


Bz2O2 (3)
(1)


Entry 1 2 3 t 4 Yield
[mL] [equiv] [h] [%][a]


1 1a 15 3 12 4a 89
2 1b 15 3 12 4b 81
3 1c 15 3 12 4c 85
4 1d 15 3 12 4d 77
5 1e 15 3 12 4e 80
6 1 f 15 3 15 4 f 48
7 1g 15 3 12 4g 69
8 1h 15 3 12 4h 60


[a] NMRYield.


Table 2. Preparation of �-(2-pyranyl)styrenes 6, �-(3-pyranyl)styrenes 7 and �-(4-pyranyl)styrenes 8 from the
reaction of �-nitrostyrenes 1, tetrahydropyran 5, and benzoyl peroxide 3 (reaction mixture heated under reflux).


NO2


Ar


X


Ar


OX
O


Ar


X


O


Ar


X


O


++


1 5 6


Bz2O2 (3)
(2)+


7 8


Entry 1 5 3 t 6 7 8
[mL] [equiv] [h] [yield/%][a] [yield/%][a] [yield/%][a]


1 1a 10 3.25 6 6a [41] 7a [28] 8a [21]
2 1b 10 3.5 6 6b [39] 7b [26] 8b [22]
3 1c 10 2.75 6 6c [56] 7c [22] 8c [22]
4 1d 10 2.75 9 6d [47] 7d [27] 8d [20]


[a] NMR Yield.
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On the other hand, the �-hydrogen abstraction rate factor was
so huge for tetrahydrofuran 2 that we cannot observe any �-
products in the crude GC-MS analysis.
Respecting the results above, we next examined the


reaction of cyclohexane 9. Treatment of �-nitrostyrene 1a
with 2.5 equiv benzoyl peroxide 3 in the presence of cyclo-
hexane 9 gave the corresponding styryl derivative 10a in 90%
yield (Table 3, entry 1). The tendency of the reactivities of �-
nitrostyrenes 1 in the reaction with cyclohexane 9 was the
same as that with tetrahydrofuran 2, although all cases were
more efficient than those for the tetrahydrofuran 2 series
(Table 1). After the survey of the reaction conditions for
tetrahydrofuran 2, tetrahydropyran 5, and cyclohexane 9, the
reaction rates for �-nitrostyrenes 1 with cyclohexane 9 were
much faster than those of the other two, and required the least
amount of the reaction time and benzoyl peroxide 3.


Now we were interested in the reaction of �-nitrostyrenes 1
and five-, seven-, and eight-membered cyclic hydrocarbons,
because of the apparent difference in reactivities between
tetrahydrofuran 2, tetrahydropyran 5 and cyclohexane 9. First,
the reaction of a cyclopentane 11 and toluene co-solvent
solution of �-nitrostyrene 1a with benzoyl peroxide 3 heated
under reflux furnished the desired (E)-styryl cyclopentane
product 12a quantitatively as expected (Table 4, entry 1). The
strategy of using toluene as co-solvent instead of radical
precursor itself as the only solvent as described above was in
order to elevate the temperature inside the reaction system
under refluxing as a result of the low boiling point of
cyclopentane 11. Benzene was one of our first choices to
increase the reaction temperature so that to initiate the
cleavage of benzoyl peroxide 3 ; however, some starting
material (�-nitrostyrene 1a) was always recovered under such
reaction conditions. Finally, a solution with the specified ratio
of toluene and cyclopentane 11 satisfied our requests and was
adopted for further investigations. Applied to other �-nitro-
styrenes 1b, 1 f, 1g, and 1h, these conditions led in fact to the
formation of cyclopentane derivatives 12b, 12 f, 12g, and 12h,


respectively resulting from a conformable protocol (Table 4,
entries 2 ± 5). Then, compounds 14a and 16a, with a medium
sized hydrocarbon ring, were obtained both in 100% yield
from cycloheptane 13 and cyclooctane 15, respectively
[Eqs. (5) ± (6)]. Although there is a much larger steric
hindrance in medium-sized cycloalkane, the reactivity and
yield were hardly reduced.


NO2


Ph


H


Ph


H


Bz2O2 (3)
(2.5 equiv)


benzene (8 mL)
    reflux 6h


+


1a 13 (2 mL) 14a (100%yield)


(5)


H


Ph


NO2


Ph


H
+


1a 15 (2 mL) 16a (100% yield)


Bz2O2 (3)
(2.75 equiv)


(6)
benzene (8 mL)
   reflux 12h


The above results prompted us to investigate the synthesis
of styryl-(1,3)-dioxolane based on the present methodology.
Treatment of �-nitrostyrene 1a with benzoyl peroxide 3 in the
presence of 1,3-dioxolane 17 gave the corresponding adduct
18a in 56% yield (Table 5, entry 1). In this reaction we


Table 3. Preparation of �-cyclohexylstyrenes 10 from the reaction of �-
nitrostyrenes 1, cyclohexane 9, and benzoyl peroxide 3 (reaction mixture
heated under reflux).


NO2


Ar


X


Ar


X (3)+


1 9 10


Bz2O2 (3)


Entry 1 9 3 t 10 Yield
[mL] [equiv] [h] [%][a]


1 1a 10 2.5 4 10a 90
2 1b 10 2.5 4 10b 95
3 1c 10 2.5 4 10c 100
4 1d 10 2.5 4 10d 100
5 1e 10 2.5 4 10e 74
6 1 f 10 2.5 3 10f 75
7 1g 10 2.5 4 10g 32
8 1h 10 2.5 3 10h 82
9 1 i 10 2.5 6 10 i 82


[a] NMRYield.


Table 4. Preparation of �-cyclopentylstyrenes 12 from the reaction of �-
nitrostyrenes 1, cyclopentane 11, and benzoyl peroxide 3 in toluene heated
under reflux.


NO2


Ar


X


Ar


X
toluene


+


1 11 12


Bz2O2 (3)
(4)


Entry 1 11 Toluene 3 t 12 Yield
[mL] [mL] [equiv] [h] [%][a]


1 1a 3 12 3.25 12 12a 100
2 1b 3 12 3 12 12b 100
3 1 f 3 12 2.5 6 12f 73
4 1g 3 12 2.75 10 12g 64
5 1h 3 12 2.75 9 12h 68


[a] NMRYield.


Table 5. Preparation of �-(1,3-dioxolan)styrene 18 from the reaction of �-
nitrostyrenes 1, 1,3-dioxolane 17, and benzoyl peroxide 3 (reaction mixture
heated under reflux).


OO
NO2


Ar


X
O


Ar


OX+
Bz2O2 (3)


1 17 18


(7)


Entry 1 17 3 t 18 Yield
[mL] [equiv] [h] [%][a]


1 1a 10 2.75 6 18a 56
2 1b 10 2.75 5 18b 60
3 1 f 10 3 6 18 f 57
4 1g 10 2.5 9 18g 16[b]


5 1h 10 2.5 6 18h 46


[a] NMR Yield. [b] The compound 18g was unstable under such reaction
conditions.
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combined formylation and aldehyde protection in one single
step and performed a key step for synthesis of conjugated
aldehyde.
The development of substrates for use in radical chemistry


that can form carbon�carbon bonds while at the same time
introducing additional functionality are of great importance.
Advantages of the radical acceptors in our current work
include their greater variety and convenience, and now we
wish to report the first examples of one-pot synthesis of styryl
tetrahydrofurans 4 and cyclohexanes 10 by the radical
reaction by combining our previous study and literature
methodology.[3]


The radical precursors chosen for this study were tetrahy-
drofuran 2 and cyclohexane 9 because of their good behavior
in radical reactions to �-nitrostyrenes 1. The strategy was to
react �-nitrostyrene 1a (prepared in situ from aromatic
aldehyde 19 with nitromethane in acetic acid with a catalytic
amount of ammonium acetate at 110 �C for 18 h) with benzoyl
peroxide 3 and tetrahydrofuran 2 or cyclohexane 9 as radical
precursor at the radical reaction conditions described above.
When the reaction was carried out in tetrahydrofuran 2, 46%
of (E)-styryl tetrahydrofuran 4a was observed (Scheme 1).
Similarly, when cyclohexane 9 was used, 59% of 10a was also
observed. A simple one-pot procedure has been developed in
which styryl tetrahydrofurans 4 and cyclohexanes 10 were
synthesized from cheap and easily accessible materials in
medium yields.


Finally we turned our attention to the radical addition
reaction mediated by benzoyl peroxide 3. Thus, when using
the radical initiation system benzoyl peroxide 3 (2.5 equiv) in
tetrahydrofuran 2 heated under reflux, the tetrahydrofuran �-
carbon radical species reacted with the acceptor 20 by a 1,4-
addition process to adduct 21 over 6 h in 70% yield.


O


CO2Me


CO2Me


CO2Me


CO2Me


O


Bz2O2 (3)
(2.5 equiv)


+


20 2 21 (70% yield)


(8)
reflux 6h


In conclusion, we have succeeded in the stereoselective
substitution of �-nitrostyrenes 1 leading to (E)-alkenes
exclusively. Further studies on the application of this method-
ology to synthesize other compounds is under investigation.


Experimental Section


All reactions were performed under nitrogen in oven-dried glassware.
Radical precursors such as tetrahydrofuran, tetrahydropyran, cyclopen-
tane, cyclohexane, cycloheptane, cyclooctane and 1,3-dioxolane were
freshly distilled before use. Analytical thin-layer chromatography was
performed with E. Merck silica gel 60F glass plates and flash chromatog-
raphy with E. Merck silica gel 60 (230 ± 400 mesh). MS or HRMS were
measured by JEOL JMS-D300 or JEOL JMS-HX110 spectrometer. 1H and
13C NMR spectra were recorded with a Varian Gemini-200. All NMR data
were obtained in CDCl3 solution and chemical shifts (�) were given in ppm
relative to TMS.


General procedure for the reaction of radical precursors with �-nitro-
styrene


Preparation of (E)-4a : �-Nitrostyrene 1a (149.2 mg, 1.0 mmol) and
benzoyl peroxide 3 (726.7 mg, 3.0 mmol) were added to THF (15 mL).
The mixture was heated for 12 h under reflux and then concentrated in
vacuo. After the solvent (radical precursor) was evaporated, the residue
was purified by column chromatography on silica gel and yielded the
desired product (E)-4a as a colourless oil.


Compound (4a): 1H NMR (200 MHz, CDCl3): �� 1.61 ± 1.78 (m, 1H),
1.87 ± 2.19 (m, 3H), 3.77 ± 4.02 (m, 2H), 4.41 ± 4.51 (m, 1H), 6.20 (dd, J� 16,
6.6 Hz, 1H), 6.58 (d, J� 16 Hz, 1H), 7.17 ± 7.40 (m, 5H); 13C NMR
(50 MHz, CDCl3): �� 25.84, 32.32, 68.12, 79.64, 126.49, 127.51, 128.54,
130.47, 130.57, 136.92.


Compound (4b): 1H NMR (200 MHz, CDCl3): �� 1.62 ± 1.79 (m, 1H),
1.81 ± 2.21 (m, 3H), 3.79 ± 4.03 (m, 2H), 4.41 ± 4.52 (m, 1H), 6.18 (dd, J�
15.8, 6.4 Hz, 1H), 6.54 (d, J� 15.8 Hz, 1H), 7.24 ± 7.40 (m, 4H); 13C NMR
(50 MHz, CDCl3): �� 25.79, 32.26, 68.16, 79.41, 127.68, 128.68, 129.15,
131.33, 133.11, 135.46; MS: m/z (%): 208 (26) [M]� , 206 (72), 171 (90), 165
(100); HRMS: calcd for C12H13OCl: 208.0655; found: 208.0634 [M]� .


Compound (4c): 1H NMR (200 MHz,
CDCl3): �� 1.64 ± 1.80 (m, 1H), 1.89 ±
2.22 (m, 3H), 3.79 ± 4.03 (m, 2H),
4.44 ± 4.54 (m, 1H), 6.29 (dd, J� 16.2,
6.6 Hz, 1H), 6.74 (d, J� 16.2 Hz, 1H),
6.97 ± 7.25 (m, 3H), 7.41 ± 7.49 (m, 1H);
13C NMR (50 MHz, CDCl3): �� 25.81,
32.27, 68.17, 79.72, 115.46, 115.90,
122.82, 122.90, 124.00, 124.08, 124.57,
124.81, 127.54, 127.61, 128.66, 128.83,
133.21, 133.32, 157.88, 162.84; MS:m/z
(%): 192 (100) [M]� , 149 (65), 133
(35), 122 (80).


Compound (4d): 1H NMR (200 MHz,
CDCl3): �� 1.62 ± 1.78 (m, 1H), 1.89 ±
2.21 (m, 3H), 3.78 ± 4.02 (m, 2H),


4.40 ± 4.51 (m, 1H), 6.12 (dd, J� 15.8, 6.6 Hz, 1H), 6.55 (d, J� 15.8 Hz,
1H), 6.93 ± 7.05 (m, 2H), 7.29 ± 7.39 (m, 2H); 13C NMR (50 MHz, CDCl3):
�� 25.84, 32.32, 68.16, 79.56, 115.20, 115.64, 127.92, 128.07, 128.40, 129.34,
130.35, 130.39, 133.08, 133.14, 159.92, 164.82; MS:m/z (%): 192 (100) [M]� ,
149 (74), 122 (75), 109 (38).


Compound (4e): 1H NMR (200 MHz, CDCl3): �� 1.68 ± 1.93 (m, 1H),
1.94 ± 2.28 (m, 3H), 3.82 ± 4.08 (m, 2H), 4.55 ± 4.65 (m, 1H), 6.23 (dd, J�
15.8, 6.4 Hz, 1H), 7.30 ± 7.61 (m, 3H), 7.74 ± 7.85 (m, 2H), 8.10 ± 8.16 (m,
1H); 13C NMR (50 MHz, CDCl3): �� 25.82, 32.39, 68.19, 79.76, 123.91,
125.60, 125.73, 125.96, 127.57, 127.84, 128.49, 131.24, 133.65, 133.90, 134.72;
MS: m/z (%): 224 (72) [M]� , 181 (55), 165 (100), 153 (100); HRMS: calcd
for C16H16O: 224.1201; found: 224.1202 [M]� .


Compound (4 f): 1H NMR (200 MHz, CDCl3): �� 1.62 ± 1.78 (m, 1H),
1.86 ± 2.19 (m, 3H), 3.80 (s, 3H), 3.82 ± 4.03 (m, 2H), 4.40 ± 4.50 (m, 1H),
6.07 (dd, J� 15.8, 6.8 Hz, 1H), 6.53 (d, J� 15.8 Hz, 1H), 6.80 ± 6.89 (m,
2H), 7.28 ± 7.35 (m, 2H); 13C NMR (50 MHz, CDCl3): �� 25.86, 32.35,
55.21, 68.03, 79.90, 113.94, 127.68, 128.25, 130.22, 133.59, 159.23; MS: m/z
(%): 204 (79) [M]� , 161 (94), 147 (100), 134 (89).


Compound (4g): 1H NMR (200 MHz, CDCl3): �� 1.62 ± 1.78 (m, 1H),
1.81 ± 2.19 (m, 3H), 3.77 ± 4.01 (m, 2H), 4.41 ± 4.51 (m, 1H), 6.09 ± 6.46 (m,
4H), 7.33 ± 7.40 (m, 1H); 13C NMR (50 MHz, CDCl3): �� 25.75, 32.32,
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68.16, 79.11, 107.77, 111.24, 118.59, 129.42, 141.91, 152.69; MS:m/z (%): 164
(100) [M]� , 107 (36), 94 (93), 42 (63).


Compound (4h): 1H NMR (200 MHz, CDCl3): �� 1.62 ± 1.78 (m, 1H),
1.85 ± 2.19 (m, 3H), 3.77 ± 4.01 (m, 2H), 4.39 ± 4.49 (m, 1H), 6.05 (dd, J�
15.6, 6.6 Hz, 1H), 6.71 (d, J� 15.6 Hz, 1H), 6.92 ± 7.01 (m, 2H), 7.12 ± 7.15
(m, 1H); 13C NMR (50 MHz, CDCl3): �� 25.79, 32.27, 68.16, 79.26, 123.56,
124.17, 125.66, 127.33, 130.32, 142.12; MS: m/z (%): 180 (100) [M]� , 137
(53), 123 (37), 110 (88); HRMS: calcd for C10H12OS: 180.0609; found:
180.0610 [M]� .


Compound (4 i): 1H NMR (200 MHz, CDCl3): �� 1.63 ± 2.09 (m, 4H),
3.67 ± 3.78 (m, 1H), 3.88 ± 3.99 (m, 1H), 4.24 ± 4.35 (m, 1H), 6.06 (d, J�
9 Hz, 1H), 7.17 ± 7.41 (m, 10H); 13C NMR (50 MHz, CDCl3): �� 26.33,
32.99, 68.03, 76.62, 127.36, 127.45, 127.63, 128.12, 129.78, 129.98, 139.49,
142.04, 143.74; MS: m/z (%): 250 (100) [M]� , 178 (67), 173 (100), 165 (74);
HRMS: calcd for C18H18O: 250.1357; found: 250.1355 [M]� .


Synthesis of styryl-tetrahydropyran [(E)-6, 7, 8]: The procedure given
above was used with the precursor of radical 5 (10 mL), and the starting
materials 1a ± d (1 mmol) under the specified conditions shown in Table 2.


Compound (6a): 1H NMR (200 MHz, CDCl3): �� 1.39 ± 1.92 (m, 6H),
3.47 ± 3.60 (m, 1H), 3.93 ± 4.11 (m, 2H), 6.21 (dd, J� 15.9, 5.8 Hz, 1H), 6.59
(dd, J� 15.9, 1 Hz, 1H), 7.16 ± 7.40 (m, 5H); 13C NMR (50 MHz, CDCl3):
�� 23.32, 25.76, 32.14, 68.35, 77.99, 126.42, 127.43, 128.49, 129.75, 130.86,
137.05; MS: m/z (%): 188 (83) [M]� , 131 (75), 104 (100); HRMS: calcd for
C13H16O: 188.1201; found: 188.1194 [M]� .


Compound (6b): 1H NMR (200 MHz, CDCl3): �� 1.41 ± 1.93 (m, 6H),
3.48 ± 3.60 (m, 1H), 3.93 ± 4.11 (m, 2H), 6.18 (dd, J� 16, 5.6 Hz, 1H), 6.54
(dd, J� 16, 1.2 Hz, 1H), 7.23 ± 7.33 (m, 4H); 13C NMR (50 MHz, CDCl3):
�� 23.34, 25.76, 32.11, 68.43, 77.82, 127.66, 128.54, 128.71, 131.57, 133.09,
135.61; MS: m/z (%): 222 (100) [M]� , 187 (97), 138 (91), 131 (87); HRMS:
calcd for C13H15OCl: 222.0812; found: 222.0820 [M]� .


Compound (6c): 1H NMR (200 MHz, CDCl3): �� 1.39 ± 1.97 (m, 6H),
3.47 ± 3.60 (m, 1H), 3.95 ± 4.11 (m, 2H), 6.29 (dd, J� 16.2, 5.6 Hz, 1H), 6.74
(d, J� 16.2 Hz, 1H), 6.95 ± 7.26 (m, 3H), 7.40 ± 7.49 (m, 1H); 13C NMR
(50 MHz, CDCl3): �� 23.29, 25.73, 32.05, 68.35, 78.08, 115.42, 115.86,
122.21, 122.27, 123.99, 124.05, 124.66, 124.90, 127.39, 127.46, 128.60, 128.77,
133.41, 133.50, 157.87, 162.83.


Compound (6d): 1H NMR (200 MHz, CDCl3): �� 1.38 ± 1.93 (m, 6H),
3.47 ± 3.60 (m, 1H), 3.92 ± 4.10 (m, 2H), 6.12 (dd, J� 16.2, 5.6 Hz, 1H), 6.55
(d, J� 16.2 Hz, 1H), 6.92 ± 7.04 (m, 2H), 7.28 ± 7.38 (m, 2H); 13C NMR
(50 MHz, CDCl3): �� 23.32, 25.75, 32.14, 68.38, 77.88, 115.16, 115.60,
127.83, 127.99, 128.65, 130.62, 130.65, 133.18, 133.24, 159.86, 164.76.


Compound (7a): 1H NMR (200 MHz, CDCl3): �� 1.36 ± 1.82 (m, 3H),
1.93 ± 2.01 (m, 1H), 2.38 ± 2.56 (m, 1H), 3.20 ± 3.46 (m, 2H), 3.89 ± 3.96 (m,
2H), 6.05 (dd, J� 16, 7.2 Hz, 1H), 6.43 (d, J� 16 Hz, 1H), 7.17 ± 7.38 (m,
5H); 13C NMR (50 MHz, CDCl3): �� 25.37, 29.71, 39.87, 68.12, 72.52,
126.08, 127.27, 128.57, 130.24, 130.86, 137.43; MS: m/z (%): 188 (32) [M]� ,
129 (72), 104 (100); HRMS: calcd for C13H16O: 188.1201; found: 188.1204
[M]� .


Compound (7b): 1H NMR (200 MHz, CDCl3): �� 1.36 ± 1.82 (m, 3H),
1.92 ± 2.00 (m, 1H), 2.37 ± 2.55 (m, 1H), 3.20 ± 3.47 (m, 2H), 3.88 ± 3.94 (m,
2H), 6.03 (dd, J� 16, 7.4 Hz, 1H), 6.38 (d, J� 16 Hz, 1H), 7.13 ± 7.47 (m,
4H); 13C NMR (50 MHz, CDCl3): �� 25.29, 29.62, 39.83, 68.12, 72.39,
127.31, 128.71, 129.09, 131.61, 132.83, 135.96; MS: m/z (%): 222 (30) [M]� ,
138 (100), 129 (78); HRMS: calcd for C13H15OCl: 222.0811; found: 222.0805
[M]� .


Compound (7c): 1H NMR (200 MHz, CDCl3): �� 1.38 ± 1.82 (m, 3H),
1.92 ± 2.04 (m, 1H), 2.41 ± 2.58 (m, 1H), 3.21 ± 3.50 (m, 2H), 3.89 ± 3.98 (m,
2H), 6.13 (dd, J� 16, 7.2 Hz, 1H), 6.59 (d, J� 16 Hz, 1H), 6.96 ± 7.23 (m,
3H), 7.37 ± 7.46 (m, 1H); 13C NMR (50 MHz, CDCl3): �� 25.31, 29.57,
40.24, 68.11, 72.39, 115.46, 115.90, 122.62, 122.70, 124.02, 124.08, 125.04,
125.28, 127.02, 127.10, 128.37, 128.54, 133.44, 133.53, 157.64, 162.59.


Compound (7d): 1H NMR (200 MHz, CDCl3): �� 1.35 ± 1.90 (m, 3H),
1.92 ± 2.01 (m, 1H), 2.37 ± 2.54 (m, 1H), 3.19 ± 3.46 (m, 2H), 3.87 ± 3.95 (m,
2H), 5.96 (dd, J� 16, 7.6 Hz, 1H), 6.39 (d, J� 16 Hz, 1H), 6.92 ± 7.04 (m,
2H), 7.19 ± 7.35 (m, 2H); 13C NMR (50 MHz, CDCl3): �� 25.32, 29.68,
39.80, 68.11, 72.48, 115.19, 115.61, 127.45, 127.61, 129.09, 130.59, 130.63,
133.56, 133.62, 159.73, 164.63.


Compound (8a): 1H NMR (200 MHz, CDCl3): �� 1.46 ± 1.74 (m, 4H),
2.29 ± 2.48 (m, 1H), 3.40 ± 3.53 (m, 2H), 3.98 ± 4.05 (m, 2H), 6.16 (dd, J� 16,


6.6 Hz, 1H), 6.39 (d, J� 16 Hz, 1H), 7.17 ± 7.38 (m, 5H); 13C NMR
(50 MHz, CDCl3): �� 32.55, 38.30, 67.70, 126.05, 127.13, 128.30, 128.56,
134.64, 137.57; MS: m/z (%): 188 (100) [M]� , 143 (37), 91 (52); HRMS:
calcd for C13H16O: 188.1201; found: 188.1198 [M]� .


Compound (8b): 1H NMR (200 MHz, CDCl3): �� 1.45 ± 1.74 (m, 4H),
2.29 ± 2.45 (m, 1H), 3.40 ± 3.61 (m, 2H), 3.98 ± 4.04 (m, 2H), 6.13 (dd, J�
15.8, 6.6 Hz, 1H), 6.34 (dd, J� 15.8, 1 Hz, 1H), 7.16 ± 7.39 (m, 4H);
13C NMR (50 MHz, CDCl3): �� 32.46, 38.28, 67.65, 127.17, 127.28, 128.68,
128.84, 135.34, 136.10; MS: m/z (%): 222 (34) [M]� , 139 (51), 125 (51), 83
(100); HRMS: calcd for C13H15OCl: 222.0812; found: 222.0814 [M]� .


Compound (8c): 1H NMR (200 MHz, CDCl3): �� 1.47 ± 1.75 (m, 4H),
2.32 ± 2.51 (m, 1H), 3.40 ± 3.53 (m, 2H), 3.97 ± 4.06 (m, 2H), 6.23 (dd, J� 16,
6.8 Hz, 1H), 6.55 (d, J� 16 Hz, 1H), 6.96 ± 7.25 (m, 3H), 7.40 ± 7.50 (m, 1H);
13C NMR (50 MHz, CDCl3): �� 32.44, 38.69, 67.65, 115.45, 115.89, 120.71,
120.79, 124.02, 124.08, 125.17, 125.41, 126.98, 127.05, 128.24, 128.40, 137.13,
137.20, 157.66, 162.60.


Compound (8d): 1H NMR (200 MHz, CDCl3): �� 1.39 ± 1.73 (m, 4H),
2.28 ± 2.46 (m, 1H), 3.34 ± 3.53 (m, 2H), 3.97 ± 4.05 (m, 2H), 6.07 (dd, J� 16,
6.6 Hz, 1H), 6.35 (d, J� 16 Hz, 1H), 6.93 ± 7.18 (m, 2H), 7.21 ± 7.36 (m, 2H);
13C NMR (50 MHz, CDCl3): �� 32.55, 38.25, 67.67, 115.17, 115.61, 127.16,
127.42, 127.58, 133.70, 133.76, 134.38, 134.41, 159.67, 164.57.


Synthesis of styryl-cyclohexane [(E)-10]: The procedure given above was
used with the precursor of radical 9 (10 mL), and the starting materials 1a ±
i (1 mmol) under the specified conditions shown in Table 3.


Compound (10c): 1H NMR (200 MHz, CDCl3): �� 1.08 ± 1.44 (m, 5H),
1.66 ± 2.08 (m, 5H), 2.10 ± 2.28 (m, 1H), 6.23 (dd, J� 16.2, 6.8 Hz, 1H), 6.51
(d, J� 16.2 Hz, 1H), 6.94 ± 7.20 (m, 3H), 7.39 ± 7.47 (m, 1H); 13C NMR
(50 MHz, CDCl3): �� 25.95, 26.10, 32.80, 41.48, 115.37, 115.81, 119.62,
119.71, 123.93, 124.0, 125.72, 125.96, 126.90, 126.98, 127.83, 127.99, 139.39,
139.46, 157.64, 162.57; MS: m/z (%): 204 (32) [M]� , 122 (100), 109 (23);
HRMS; calcd for C14H17F: 204.1269; found: 204.1291 [M]� .


Compound (10d): 1H NMR (200 MHz, CDCl3): �� 1.06 ± 1.43 (m, 5H),
1.60 ± 1.90 (m, 5H), 2.07 ± 2.19 (m, 1H), 6.07 (dd, J� 16, 6.8 Hz, 1H), 6.30
(d, J� 16 Hz, 1H), 6.90 ± 7.05 (m, 2H), 7.24 ± 7.32 (m, 2H); 13C NMR
(50 MHz, CDCl3): �� 25.96, 26.10, 32.90, 41.04, 115.07, 115.49, 126.16,
127.28, 127.45, 134.24, 134.31, 136.61, 136.66, 159.51, 164.39; MS: m/z (%):
204 (31) [M]� , 122 (100), 109 (26); HRMS: calcd for C14H17F: 204.1314;
found: 204.1311 [M]� .


Compound (10e): 1H NMR (200 MHz, CDCl3): �� 1.12 ± 1.45 (m, 5H),
1.68 ± 1.92 (m, 5H), 2.12 ± 2.35 (m, 1H), 6.18 (dd, J� 15.8, 7.0 Hz, 1H), 7.07
(d, J� 15.8 Hz, 1H), 7.36 ± 7.56 (m, 4H), 7.69 ± 7.73 (m, 1H), 7.79 ± 7.84 (m,
1H), 8.09 ± 8.14 (m, 1H); 13C NMR (50 MHz, CDCl3): �� 26.01, 26.16,
32.99, 41.47, 123.47, 124.0, 124.44, 125.61, 125.69, 125.73, 127.17, 128.49,
131.29, 133.70, 135.97, 140.24; MS: m/z (%): 236 (88) [M]� , 179 (58), 165
(64), 154 (100); HRMS: calcd for C18H20: 236.1565; found: 236.1567 [M]� .


Compound (10 i): 1H NMR (200 MHz, CDCl3): �� 1.05 ± 1.34 (m, 5H),
1.52 ± 1.78 (m, 5H), 2.02 ± 2.24 (m, 1H), 5.90 (d, J� 9.8 Hz, 1H), 7.12 ± 7.42
(m, 10H); 13C NMR (50 MHz, CDCl3): �� 25.52, 25.92, 33.27, 38.24, 126.73,
126.80, 127.24, 128.05, 128.16, 129.81, 135.97, 139.72, 140.66, 143.0; MS: m/z
(%): 262 (78) [M]� , 205 (50), 180 (100), 165 (53); HRMS: calcd for C20H22:
262.1722; found: 262.1725 [M]� .


Synthesis of styryl-cyclopentane [(E)-12]: The procedure given above was
used with toluene and the precursor of radical 11 (3 mL, volume ratio of 11/
toluene 1:4) as co-solvent, and the starting materials 1a,b, f ± h (1 mmol)
under the specified conditions shown in Table 4.


Compound (12a): 1H NMR (200 MHz, CDCl3): �� 1.30 ± 1.93 (m, 8H),
2.50 ± 2.69 (m, 1H), 6.20 (dd, J� 16, 7.6 Hz, 1H), 6.37 (d, J� 16 Hz, 1H),
7.13 ± 7.37 (m, 5H); 13C NMR (50 MHz, CDCl3): �� 25.16, 33.15, 43.77,
125.96, 126.75, 127.89, 128.49, 135.76, 137.99; MS: m/z (%): 172 (32) [M]� ,
104 (89), 84 (75), 66 (100); HRMS: calcd for C13H16: 172.1252; found:
172.1244 [M]� .


Compound (12b): 1H NMR (200 MHz, CDCl3): �� 1.29 ± 1.92 (m, 8H),
2.48 ± 2.67 (m, 1H), 6.16 (dd, J� 16, 7.4 Hz, 1H), 6.31 (d, J� 16 Hz, 1H),
7.07 ± 7.43 (m, 4H); 13C NMR (50 MHz, CDCl3): �� 25.22, 33.15, 43.77,
126.70, 127.10, 128.53, 132.18, 136.40, 136.43; MS: m/z (%): 206 (44) [M]� ,
171 (45), 138 (100), 129 (79); HRMS: calcd for C13H15Cl: 206.0862; found:
206.0854 [M]� .


Compound (12 f): 1H NMR (200 MHz, CDCl3): �� 1.28 ± 1.91 (m, 8H),
2.46 ± 2.66 (m, 1H), 3.78 (s, 3H), 6.05 (dd, J� 15.8, 7.6 Hz, 1H), 6.31 (d, J�
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15.8 Hz, 1H), 6.79 ± 6.86 (m, 2H), 7.24 ± 7.31 (m, 2H); 13C NMR (50 MHz,
CDCl3): �� 25.13, 33.21, 43.74, 55.20, 113.90, 126.99, 127.22, 130.80, 133.61,
158.64; MS: m/z (%): 202 (84) [M]� , 159 (52), 134 (87), 121 (100); HRMS:
calcd for C14H18O: 202.1358; found: 202.1361 [M]� .


Compound (12g): 1H NMR (200 MHz, CDCl3): �� 1.20 ± 2.10 (m, 8H),
2.42 ± 2.64 (m, 1H), 6. 07 ± 6.39 (m, 4H), 7.19 ± 7.41 (m, 1H); 13C NMR
(50 MHz, CDCl3): �� 25.11, 33.08, 43.52, 105.92, 111.11, 116.74, 134.76,
141.19, 153.48; MS: m/z (%): 162 (12) [M]� , 85 (67), 71 (85), 57 (100);
HRMS: calcd for C11H14O: 162.1044; found: 162.1049 [M]� .


Compound (12h): 1H NMR (200 MHz, CDCl3): �� 1.28 ± 2.00 (m, 8H),
2.45 ± 2.65 (m, 1H), 6.05 (dd, J� 15.8, 7.8 Hz, 1H), 6.49 (d, J� 15.8 Hz,
1H), 6.84 ± 6.98 (m, 2H), 7.00 ± 7.23 (m, 1H); 13C NMR (50 MHz, CDCl3):
�� 25.11, 33.03, 43.56, 121.24, 122.99, 124.14, 127.21, 135.70, 143.30; MS:
m/z (%): 178 (28) [M]� , 110 (70), 84 (75), 66 (100); HRMS: calcd for
C11H14S: 178.0817; found 178.0814 [M]� .


Synthesis of styryl-cycloheptane and -cyclooctane [(E)-14a, (E)-16a]: The
procedure given above was used with benzene and the precursor of radical
13 or 15 (2 mL, volume ratio of 13 or 15/benzene 1:4) as co-solvent, and the
starting material 1a (1 mmol) under the specified conditions shown in
Equations (5) ± (6).


Compound (14a): 1H NMR (200 MHz, CDCl3): �� 1.33 ± 1.88 (m, 12H),
2.21 ± 2.37 (m, 1H), 6.19 (dd, J� 15.8, 6.6 Hz, 1H), 6.32 (d, J� 15.8 Hz,
1H), 7.12 ± 7.40 (m, 5H); 13C NMR (50 MHz, CDCl3): �� 26.19, 28.33,
34.66, 43.17, 125.96, 126.67, 126.72, 128.46, 137.66, 138.16; MS:m/z (%): 200
(1) [M]� , 96 (100), 91 (61), 81 (77); HRMS: calcd for C15H20: 200.1565;
found: 200.1540 [M]� .


Compound (16a): 1H NMR (200 MHz, CDCl3): �� 1.38 ± 1.83 (m, 14H),
2.25 ± 2.50 (m, 1H), 6.20 (dd, J� 16, 6.6 Hz, 1H), 6.33 (d, J� 16 Hz, 1H),
7.12 ± 7.37 (m, 5H); 13C NMR (50 MHz, CDCl3): �� 25.01, 25.93, 27.37,
31.80, 41.27, 125.98, 126.69, 126.87, 128.49, 137.89, 138.20; MS:m/z (%): 214
(4) [M]� , 120 (45), 105 (100), 91 (40).


Synthesis of styryl-(1,3)-dioxolane [(E)-18]: The procedure given above
was used with the precursor of radical 17 (10 mL), and the starting
materials 1a,b, f ± h (1 mmol) under the specified conditions shown in
Table 5.


Compound (18a): 1H NMR (200 MHz, CDCl3): �� 3.92 ± 3.95 (m, 2H),
4.02 ± 4.06 (m, 2H), 5.42 (d, J� 6.4 Hz, 1H), 6.16 (dd, J� 16, 6.0 Hz,
1H),6.77 (d, J� 16 Hz, 1H), 7.25 ± 7.42 (m, 5H); 13C NMR (50 MHz,
CDCl3): �� 64.95, 103.76, 125.12, 126.85, 128.25, 128.49, 134.70, 135.77;
MS:m/z (%): 176 (3.6) [M]� , 131 (100), 103 (65), 77 (56); HRMS: calcd for
C11H12O2: 176.0838; found: 176.0865 [M]� .


Compound (18b): 1H NMR (200 MHz, CDCl3): �� 3.89 ± 3.98 (m, 2H),
3.98 ± 4.08 (m, 2H), 5.40 (d, J� 5.8 Hz, 1H), 6.13 (dd, J� 16, 5.8 Hz,
1H),6.71 (d, J� 16 Hz, 1H), 7.25 ± 7.35 (m, 4H); 13C NMR (50 MHz,
CDCl3): �� 64.94, 103.49, 125.84, 128.07, 128.72, 133.38, 133.96, 134.29;
MS:m/z (%): 210 (1) [M]� , 182 (64), 139 (100), 102 (58); HRMS: calcd for
C11H11O2Cl: 210.0448, found 210.0422 [M]� .


Compound (18 f): 1H NMR (200 MHz, CDCl3): �� 3.81 (s, 3H), 3.90 ± 3.99
(m, 2H), 4.02 ± 4.10 (m, 2H), 5.40 (d, J� 6.2 Hz, 1H), 6.03 (dd, J� 16,
6.2 Hz, 1H), 6.72 (d, J� 16 Hz, 1H), 6.82 ± 6.89 (m, 2H), 7.32 ± 7.39 (m,
2H); 13C NMR (50 MHz, CDCl3): �� 55.23, 65.00, 104.23, 114.01, 122.79,
128.28, 130.41, 134.64, 159.87; MS: m/z (%): 206 (25) [M]� , 147 (40), 134


(100), 119 (35); HRMS: calcd for C12H14O3: 206.0943; found: 206.0954
[M]� .


Compound (18g): 1H NMR (200 MHz, CDCl3): �� 3.90 ± 3.98 (m, 2H),
4.01 ± 4.08 (m, 2H), 5.42 (d, J� 5.6 Hz, 1H), 6.10 (dd, J� 15.8, 5.6 Hz, 1H),
6.34 ± 6.39 (m, 2H), 6.58 (d, J� 16.4 Hz, 1H), 7.25 ± 7.37 (m, 1H); 13C NMR
(50 MHz, CDCl3): �� 64.97, 103.40, 109.68, 111.38, 122.44, 123.56, 142.73,
151.74; MS:m/z (%): 166 (5) [M]� , 85 (71), 71 (84), 57 (100); HRMS: calcd
for C9H10O3: 166.0630; found: 166.0608 [M]� .


Compound (18h): 1H NMR (200 MHz, CDCl3): �� 3.88 ± 3.98 (m, 2H),
4.00 ± 4.10 (m, 2H), 5.40 (d, J� 6.0 Hz, 1H), 5.99 (dd, J� 15.8, 6.0 Hz, 1H),
6.85 ± 7.04 (m, 3H), 7.19 ± 7.22 (m, 1H); 13C NMR (50 MHz, CDCl3): ��
65.00, 103.52, 124.52, 125.46, 127.14, 127.43, 127.66, 140.91; MS: m/z (%):
182 (47) [M]� , 123 (25), 110 (100); HRMS: calcd for C9H10O2S: 182.0402;
found: 182.0402 [M]� .


One-pot synthesis of 4a or 10a : Benzaldehyde 19 (1 mmol) reacted with
nitromethane 2 (1 mL) in acetic acid (1 mL) with ammonium acetate
(0.1 mmol) at 110 �C for 18 h to generate (E)-�-nitrostyrene 1a. After the
reaction cooled down, benzoyl peroxide and radical precursor 2 or 9 were
added to the reaction system then this mixture was hetaed under reflux to
yield the desired products (E)-4a or 10a shown in Scheme 1 according to
the procedure mentioned above.


Synthesis of compound 21: The procedure given above was used with the
precursor of radical 2 (15 mL), and the starting material 20 (1 mmol) under
the specified conditions shown in Equation (8).


Compound (21): 1H NMR (200 MHz, CDCl3): �� 1.04 (s, 3H), 1.13 (s, 3H),
1.61 ± 1.78 (m, 1H), 1.81 ± 1.98 (m, 3H), 3.63 ± 3.93 (m, 10H); 13C NMR
(50 MHz, CDCl3): �� 19.87, 20.51, 25.93, 26.03, 39.97, 51.80, 57.37, 68.29,
83.75, 168.47, 168.84; MS: m/z (%): 244 (0.3) [M]� , 149 (47), 105 (35), 71
(100); HRMS: calcd for C12H20O5: 244.1311, found 244.1292 [M]� .
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Alternative Heterocycles for DNA Recognition:
The Benzimidazole/Imidazole Pair


Christoph A. Briehn, Philipp Weyermann, and Peter B. Dervan*[a]


Abstract: Boc-protected benzimida-
zole-pyrrole, benzimidazole-imidazole,
and benzimidazole-methoxypyrrole
amino acids were synthesized and in-
corporated into DNA binding polya-
mides, comprised of N-methyl pyrrole
and N-methyl imidazole amino acids, by
means of solid-phase synthesis on an
oxime resin. These hairpin polyamides
were designed to determine the DNA
recognition profile of a side-by-side
benzimidazole/imidazole pair for the
designated six base pair recognition


sequence. Equilibrium association con-
stants of the polyamide-DNA com-
plexes were determined at two of the
six base pair positions of the recognition
sequence by quantitative DNase I foot-
printing titrations on DNA fragments
each containing matched and single base
pair mismatched binding sites. The re-


sults indicate that the benzimidazole-
heterocycle building blocks can replace
pyrrole-pyrrole, pyrrole-imidazole, and
pyrrole-hydroxypyrrole constructs while
retaining relative site specifities and
subnanomolar match site affinities. The
benzimidazole-containing hairpin poly-
amides represent a novel class of DNA
binding ligands featuring tunable target
recognition sequences combined with
the favorable properties of the benzimi-
dazole type DNA minor groove binders.


Keywords: base pairing ¥ binding
affinity ¥ DNA recognition ¥
hydrogen bonds ¥ polyamides


Introduction


The deciphering of the human genome has spurred efforts to
develop various strategies for gene regulation at the tran-
scriptional and translational level. As promising modulators
of gene transcription, DNA binding polyamides have proved
to be useful tools that recognize predetermined sequences
within the minor groove of DNA at subnanomolar concen-
trations.[1, 2] DNA recognition by polyamides depends on a
code of side-by-side amino acid pairings that are oriented N±
C with respect to the 5� ± 3�-direction of the DNA helix in the
minor groove.[1] An antiparallel pairing ofN-methyl imidazole
opposite N-methyl pyrrole (Im/Py pair) distinguishes G ¥C
from C ¥G and both of these from A ¥T/T ¥A base pairs (bp).
An N-methyl pyrrole/N-methyl pyrrole (Py/Py) pair binds
both A ¥T and T ¥A in preference to G ¥C/C ¥G. The discrim-
ination of T ¥A from A ¥T by means of N-methyl hydrox-
ypyrrole/N-methyl pyrrole (Hp/Py) pairs completes the four
base pair code.[1]


In addition to the development of various polyamide
binding motifs such as hairpins,[3] cycles,[4] H-pins,[5] and
dimers,[6] efforts have been devoted to extend the ensemble of
five-membered aromatic amino acids that are capable of
cooperatively pairing with each other to recognize DNA base
pair sequences in the minor groove.[7] Hitherto, less attention
was focused on the incorporation of six-membered ring
heterocycles and fused heteroaromatic rings into polyamide
sequences and on the manipulation of the heterocycle tether-
ing amide bonds. In earlier studies of polyamide-type minor
groove binders pyridine- and phenol-based monomers (when
paired with Py) were employed to target G ¥C and A ¥T base
pairs, respectively.[8, 9] Fused heterocycles such as benzimida-
zoles, imidazopyridines, and indoles as part of small molecule
ligands with extended �-conjugated systems are known to
bind to the minor groove of DNA with high affinities[10] and
some of them were shown to have biological activity.[11]


Hoechst 33258, which comprises of a bis-benzimidazole, a
N-methylpiperazine, and a phenol moiety, is one of the most
prominent examples of these fused heterocycle derivatives
due to its favorable fluorescence characteristics.[12] The
crescent-shaped dye binds to the minor groove of DNA at
A/T tracks as a 1:1 complex.[13]


As shown in Scheme 1, the benzimidazole moiety has the
same atomic connectivity and hydrogen bonding surface
along the recognition site (shown as bold bonds) as the
1-methylpyrrole-aminoacetyl moiety. In addition to van der
Waals interactions of the aromatic ligand and the minor
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groove contacts, the proton
at the N(1) position of the
benzimidazole can form
hydrogen bonds with the
lone pairs of the N(3) of
purines and the O(2) of
pyrimidines like the pro-
tons of the amide bonds
that link the aromatic rings
in a polyamide. In
Hoechst 33258, which pre-
fers a 1:1 ligand/DNA-rec-
ognition-site binding mode,
the N(1) protons of each
benzimidazole interact
through bifurcated hydro-
gen bonds with adenine
N(3)- and thymine O(2)-
atoms on the floor of the


minor groove.[13] In contrast, when incorporating the benzi-
midazole ring into a side-by-side 2:1 ligand/DNA-recognition-
site binding mode (e.g. in a hairpin polyamide) the benzimi-
dazole might be expected to recognize A ¥Tor T ¥A base pairs
when paired with Py or Hp and a C ¥G base pair when paired
with Im (Figure 1). Despite its formal similarity with the
binding surface of aminoacetyl-pyrrole, the different elec-
tronic structure, larger ring size, restricted flexibility, and
associated difference in curvature of the benzimidazole may
interfere with a cooperative side-by-side pairing and result in
an altered recognition behavior. In view of biological studies
with polyamide-based minor groove binders, one could
imagine that the replacement of amide bonds by fused


heterocycles may influence the cell permeation and distribu-
tion behavior as well as degradation pathways.
Here we report the synthesis of benzimidazole-containing


Boc-protected amino acids, their incorporation into hairpin
polyamides by applying the solid-phase synthetic protocols
published previously,[14] and the evaluation of the DNA
recognition properties of the side-by-side benzimidazole/
imidazole (Bi/Im) pair within the hairpin polyamide motif. A
series of benzimidazole-containing hairpin polyamides with the
general sequence ImImPyPy-(R)H2N�-ImXBiPy-CONHMe
(X�Py: 1b ; X�Hp: 3b), ImImPyPy-(R)H2N�-PyImBiPy-
CONHMe (2b) and the corresponding parent compounds
ImImPyPy-(R)H2N�-ImXPyPy-CONHMe (X�Py: 1a ; X�
Hp: 3a) and ImImPyPy-(R)H2N�-PyImPyPy-CONHMe (2a)
were synthesized (Figure 2). A schematic drawing of the
benzimidazole monomer-containing hairpin polyamides bound
to the matched DNA sequences is illustrated in Figure 1. Four
plasmids were designed to probe the recognition behavior of
these polyamides at the six base pair recognition sites 5�-
TGRACA-3� and 5�-TGGXCA-3� (for 1a,b and 3a,b ; R, X�
A, T, G, C) as well as 5�-TGRCAA-3� and 5�-TGGXAA-3� (for
2a,b), which differ at a single internal binding position R and
X, respectively, allowing the systematical analysis of the
recognition profile of the benzimidazole/imidazole pair in a
hairpin polyamide at the two individual base pair positions R ¥
S and X ¥Y (Figure 3). The key building block replacements for
dimers PyPy and PyIm, benzimidazole-pyrrole (BiPy) and
benzimidazole-imidazole (BiIm), respectively, have recently
been reported by Singh[15] and Matsuba.[11] To our knowledge,
benzimidazole moieties incorporated into a side-by-side bind-
ing motif such as shown in Figure 1 have not been examined in
the context of the pairing rules.


Scheme 1. Structures of benzi-
midazole-heterocycle construct
and pyrrole-heterocycle dimer
as they are incorporated into
hairpin polyamides. Hydrogen
bonding surfaces that are essen-
tial for minor-groove binding
are indicated in bold type.


Figure 1. Binding models of the 1:1 polyamide-DNA complexes formed between the benzimidazole-containing polyamides ImImPyPy-(R)H2N�-
ImXBiPyCONHMe (X�Py: 1b ; X�Hp: 3b) and ImImPyPy-(R)H2N�-PyImBiPyCONHMe (2b) and their respective six base pair match sites 5�-
TGGACA-3� and 5�-TGGCAA-3�, respectively. Circles with two dots represent the lone pairs of N(3) of purines and O(2) of pyrimidines. Circles containing
an ™H∫ represent the N(2) hydrogen of guanine. Putative hydrogen bonds are illustrated by dotted lines. The incorporated benzimidazole-pyrrole,
benzimidazole-hydroxypyrrole, and benzimidazole-imidazole moieties are shown in bold. Ball-and-stick models of polyamides are shown with shaded and
nonshaded circles indicating imidazole and pyrrole carboxamides, respectively. Two touching squares represent benzimidazole-pyrrole, benzimidazole-
imidazole, and benzimidazole-hydroxypyrrole constructs: the nonshaded square represents the benzimidazole moiety, the adjacent pyrrole, imidazole rings
are depicted as nonshaded and shaded circles inside the second square as described above. Hydroxypyrrole rings are annotated with an ™H∫ in the center of
an unshaded circle. (R)-Diaminobutyric acid (DABA) is depicted as a curved line and a plus sign, the methyl amide tail is annotated as a triangle.
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Figure 3. Schematic ball-and-stick models of hairpin polyamides 1 b, 2b,
and 3b bound to recognition sequences 5�-TGRACA-3�, 5�-TGRCAA-3�,
5�-TGGXCA-3�, and 5�-TGGXAA-3� (R, X�A, T, G or C). Ring pairing-
DNA interactions investigated by quantitative DNase I footprint titrations
are boxed.


Results and Discussion


Synthesis of building blocks : Preparation of benzimidazole-
containing polyamides 1 b, 2 b, and 3 b required the synthesis
of Boc-protected benzimidazole-imidazole (Boc-ImBi-OH,


9 a), benzimidazole-methoxypyrrole (Boc-OpBi-OH, 9 b),
benzimidazole-pyrrole (Boc-BiPy-OH, 9 c), and benzimida-
zole-imidazole-pyrrole (Boc-PyImBi-OH, 11) amino acids. As
shown in Scheme 2, the benzimidazole scaffold was obtained
by cyclodehydration of amides 6 a,b, which were in turn
prepared from precursors 4 a,b by means of an HBTU-
mediated coupling, in acetic acid[16] or by condensation of
pyrrole-aldehyde 4 c[17] with ortho-diamine 5 and in situ FeIII/
FeII-catalyzed oxidative cyclodehydrogenation of the Schiff×s
base intermediate.[15] Subsequent reduction of the nitro group
in 7 a ± c and Boc protection of the resulting aminoesters
furnished the protected aromatic amino acid esters 8 a ± c in
moderate to good yield. The desired carboxylic acids 9 a ± c
were finally obtained by hydrolysis of the esters 8 a ± c with
sodium hydroxide in dioxane. As will be discussed in the
following paragraph, it was found advantageous for the solid-
phase synthesis to use Boc protected amino acid 11 instead of
9 a as building block to incorporate the BiIm moiety into the
hairpin polyamide 2 b. For the synthesis of trimer 11 nitro
compound 7 a was reduced and subsequently reacted with
Boc-Py-OBt to give ester 10 in moderate yield. Saponification
of 10 furnished the protected amino acid 11 in 94% yield.


Solid-phase synthesis : Parent polyamides 1 a, 2 a, and the
O-protected derivative 12 a were synthesized by solid-phase
methods on Kaiser×s oxime resin (0.48 mmolg�1) in a stepwise
manner from Boc-N-methyl pyrrole (Boc-Py-OBt, 13 a), Boc-
N-methyl imidazole (Boc-Im-OH, 14), Boc-N-methyl me-


Figure 2. Structures and ball-and-stick models of the parent eight-ring polyamides 1 a, 2a, and 3 a, and the corresponding benzimidazole-containing
polyamides 1b, 2b, and 3 b.
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thoxypyrrole (Boc-Op-OH, 15) monomers, �-Fmoc-�-Boc-
(R)-2,4-diaminobutyric acid (�-Fmoc-�-Boc-(R)-DABA, 16),
and N-methyl imidazole dimer (ImIm-OH, 17) in 16 steps.[14]


Similarly, benzimidazoles 9 a ± c could be successfully used as
building blocks for the stepwise polyamide growth furnishing
resin-bound benzimidazole-containing polyamides 1 b, 2 b,
and the O-protected derivative 12 b in 13 steps (Scheme 3). It
is noteworthy that the same reaction conditions proved to be
suitable for peptide coupling and amine deprotection of
benzimidazole monomers 9 a ± c and the standard building
blocks 13 ± 17: Benzimidazoles 9 a ± c were coupled in DIEA/
NMP after activation with HBTU and (when resin-bound)
deprotected with 20%TFA/CH2Cl2 (9 c) or 50%TFA/CH2Cl2
(9 a, b). However, due to the moderate efficiency of the Boc-
Py-OBt to imidazole amine coupling,[18] it was found advanta-
geous in terms of the overall polyamide recovery to employ
building block 11 instead of 9 a for the synthesis of polyamide
2 b. To liberate the resin-bound compounds and concomitant-
ly remove the Fmoc group of the DABA turn, a sample of
each polyamide-loaded polymer support was treated with
methylamine in CH2Cl2/THF (14 h, 37 �C). The crude poly-
amides were isolated and purified by preparatory reversed-
phase HPLC to yield ImImPyPy-(R)H2N�-ImPyPyPy-CON-
HMe (1 a), ImImPyPy-(R)H2N�-ImPyBiPy-CONHMe (1 b),
ImImPyPy-(R)H2N�-PyImPyPy-CONHMe (2 a), ImImPyPy-
(R)H2N�-PyImBiPy-CONHMe (2 b), ImImPyPy-(R)H2N�-Im-
OpPyPy-CONHMe (12 a), ImImPyPy-(R)H2N�-ImOpBiPy-
CONHMe (12 b). O-Methyl protected polyamides 12 a, b
were O-demethylated with sodium thiophenoxide/DMF
(85 �C, 2 h)[19] and purified by preparatory reversed-phase
HPLC to yield ImImPyPy-(R)H2N�-ImHpPyPy-CONHMe


(3a) and ImImPyPy-(R)H2N�-ImHpBiPy-CONHMe (3b). The
synthetic protocol for the solid-phase synthesis of benzimi-
dazole-containing polyamides 1 b, 2 b, and 3 b is illustrated in
Scheme 3.


DNA binding affinities and sequence specificities : When
replacing PyPy, PyIm, and PyHp dimers with BiPy (as in 1 b),
BiIm (as in 2 b), and BiHp constructs (as in 3 b), respectively,
the question arises whether a) the benzimidazole ring is
capable of cooperating with the imidazole ring on the
opposite strand of the hairpin polyamide to specifically
recognize a C ¥G base pair according to the binding model
and the general pairing rules discussed above, and b) whether
the steric and electronic peculiarities of the benzimidazole
ring disturb the binding ability of the adjacent heterocycle. In
order to address this question for the given polyamide design,
the recognition behavior of the benzimidazole-containing
polyamides was probed in two of the six base pair positions
R ¥S and X ¥Y of the recognition sequence (5�-TGRACA-3�
and 5�-TGGXCA-3� for 1 b and 3 b ; 5�-TGRCAA-3� and 5�-
TGGXAA-3� for 2 b ; Figure 3) and compared with the DNA-
binding ability of the parent compounds 1 a, 2 a, and 3 a at the
same recognition sequences.
Evaluation of the DNA recognition properties of the new


ligands 1 b, 2 b, and 3 b at the imidazole/benzimidazole
position (referred to as R ¥ S position) should reveal the
sequence preference of the benzimidazole ring. The binding
properties at the neighboring ring position (referred to as X ¥
Y position) were expected to disclose whether the recognition
capabilities of the adjacent internal five-membered ring are
disturbed by the benzimidazole moiety. To examine the


Scheme 2. Synthesis of Boc-protected benzimidazole amino acids 9a ± c and 11. a) HBTU, DIEA, DMF; b) AcOH; c) FeCl3 ¥ 6H2O, DMF; d) for 7a,c :
1) H2, Pd/C, DMF; 2) Boc2O, DIEA; for 7b : 1) SnCl2 ¥ 2H2O, DMF; 2) Boc2O, DIEA; e) NaOH, dioxane; f) 1) H2, Pd/C, DMF; 2) Boc-Py-OBt, DIEA.







FULL PAPER P. B. Dervan et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 2110 ± 21222114


consequences of the ring replacement for DNA binding in
terms of affinity and specificity, the benzimidazole-containing
hairpin polyamides 1 b, 2 b, and 3 b were evaluated by
quantitative DNase I footprint titrations and the results
compared to those from parent compounds 1 a, 2 a, and 3 a,
which were investigated under identical conditions. Quanti-
tative DNase I footprint titration experiments (10 m� Tris-
HCl, 10 m� KCl, 10 m� MgCl2, 5 m� CaCl2, pH 7.0, 22 �C,
equilibration time: 12 h)[20] were performed on 32P-3�-labeled
EcoRI/PvuII restriction fragments of plasmids pPWF2 and
pCAB1 (to probe the R ¥ S position, Figure 4); and pAU2[21]


and pCAB2 (to probe the X ¥Y position, Figure 5). Equili-
brium association constants (Ka) for polyamides 1 a, b, 2 a, b,
and 3 a, b at the binding sites of interest were determined as
described previously.[20]


On first inspection, analysis of the footprint data at position
R ¥S (Table 1) and at position X ¥Y (Table 2) extracted from
the autoradiograms shown in Figures 6 ± 8 reveals that the
benzimidazole-containing polyamides 1 b, 2 b, 3 b and the
corresponding parent compounds 1 a, 2 a, 3 a exhibit the same
binding site preferences for matched and mismatched sites on
the 3�-labeled restriction fragments derived from pPWF2,
pCAB1, pAU2, and pCAB2. The expected match sites out of


the sequence families 5�-TGRACA-3� or 5�-TGRCAA-3� (R ¥S
position) and 5�-TGGXCA-3� or 5�-TGGXAA-3� (X ¥Y
position) are bound with comparable equilibrium association
constants by the benzimidazole-containing compounds 1 b,
2 b, and 3 b and the parent hairpin polyamides 1 a, 2 a, and 3 a.
All compounds bind their match sites with high affinities in
the subnanomolar range (Ka values range from 4.9� 1010��1


for R ¥S position of 1 b and X ¥Y position of 1 a down to 3.5�
109��1 for X ¥Y position of 2 a).
A closer inspection of the binding affinities at the two


individual base pair positions elucidates the subtle effects of
the benzimidazole introduction in the molecular recognition:


Molecular recognition at the R ¥ S position : While both
benzimidazole-containing polyamide 1 b and parent com-
pound 1 a display comparable match-site affinities (Ka� 4.9�
1010��1 and Ka� 2.7� 1010��1, respectively), benzimidazole-
containing polyamides 2 b and 3 b exhibit a six to seven-fold
higher match site affinity (Ka� 3.1� 1010��1 and Ka� 2.5�
1010��1, respectively) than the parent DNA binders 2 a and 3 a
(Ka� 5.2� 109��1 and Ka� 3.8� 109��1, respectively). A
significant difference can be seen for the two sets of
compounds when their mismatch-site affinities and the


Scheme 3. Solid-phase synthesis of hairpin polyamides 1b, 2 b, and 3b and amino acid building blocks for the polyamide synthesis. a) 13a, DIEA, NMP;
b) 20% TFA/CH2Cl2; c) for X�N: 9a, HBTU, DIEA, NMP; for X�COCH3: 9 b, HBTU, DIEA, NMP; for X�CH: 9 c, HBTU, DIEA, NMP; d) for X�
CH: 20% TFA/CH2Cl2; for X�N, COCH3: 50% TFA/CH2Cl2; e) for X�COCH3, CH: 14, HBTU, DIEA, NMP; for X�N: 13b, DCC, DMAP, CH2Cl2;
f) for Y�CH: 20% TFA/CH2Cl2; for Y�N: 50% TFA/CH2Cl2; g) 16, HBTU, DIEA, NMP; h) 20% TFA/CH2Cl2; i) 13 a, DIEA, NMP; j) 20% TFA/
CH2Cl2; k) 13 a, DIEA, NMP; l) 20% TFA/CH2Cl2; m) 17, DCC, HOBt, DIEA, NMP; n) 2.0� CH3NH2/THF, CH2Cl2; o) PhSNa, DMF; p) 13a, DIEA,
NMP; q) 20% TFA/CH2Cl2; r) 11, HBTU, DIEA, NMP; s) 20% TFA/CH2Cl2; t) 16, HBTU, DIEA, NMP; u) 20% TFA/CH2Cl2; v) 13 a, DIEA, NMP;
w) 20% TFA/CH2Cl2; x) 13 a, DIEA, NMP; y) 20% TFA/CH2Cl2; z) 17, DCC, HOBt, DIEA, NMP.
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associated single site specificities are compared. The replace-
ment of the PyPy, PyIm, and PyHp constructs by the
benzimidazole-Py, -Im, and -Hp analogues is generally
accompanied by an increase in the binding affinities for the
single base pair mismatch sites of benzimidazole-containing
polyamides 1 b, 2 b, and 3 b resulting in overall mildly
diminished binding specificities. More precisely, for polya-
mide 1 b single base pair mismatch specificities are lower by
roughly one order of magnitude when compared with the
corresponding parent compounds 1 a. By contrast, compound
3 b displays a specificity profile that is comparable to that of
the parent compound 3 a. For benzimidazole-containing
compound 2 b the match site/mismatch site discrimination is
comparable for R�A but reveals at least ten-fold lower
specificities for R�T or C.


Molecular recognition at the X ¥ Y position : As expected, for
the X ¥Y position of the sequence family 5�-TGGXCA-3�
(compounds 1 a, b and 3 a, b) and 5�-TGGXAA-3� (com-
pounds 2 a, b) the response to the heterocycle replacement in
terms of match site/single base pair mismatch site discrim-
ination is less pronounced. Binding affinities for match and


mismatch sites and the associated binding specificities reveal
the same overall trend and range in the same order of
magnitude for both the benzimidazole-containing polyamides
1 b, 3 b and the parent compounds 1 a, 3 a. By contrast,
benzimidazole-containing polyamide 2 b exhibits a six-fold
higher match site affinity than its parent binder 2 a (Ka� 1.9�
1010��1 vs Ka� 3.5� 109��1, respectively). Along with the
significantly higher match site affinity of compound 2 b
slightly increased binding affinities for single base pair
mismatch sites are displayed, which result in mildly dimin-
ished specificities when compared with the values of the
parent compounds 2 a. Obviously, the introduction of the
benzimidazole moiety has only a marginal influence on the
binding properties of the adjacent five-membered internal
ring.
While the relative contributions of various ligand ±DNA


interactions to the overall recognition profile of a DNA
binder are still subject of discussion,[22, 23] hydrogen bonding,
van der Waals contacts and electrostatic interactions proved
to be the major determinants for DNA recognition. Factors
that have to be taken into account to rationalize the slightly
different DNA recognition properties of the benzimidazole-


Figure 4. Illustration of the EcoRI/PvuII restriction fragments derived from plasmids a) pPWF2 and b) pCAB1. The four designed binding sites that were
analyzed in quantitative footprint titrations are indicated with a box surrounding each of the six bp sites. The R ¥ S base pair position within the binding sites is
shown in bold type.


Figure 5. Illustration of the EcoRI/PvuII restriction fragments derived from plasmids a) pAU2 and b) pCAB2. The four designed binding sites that were
analyzed in quantitative footprint titrations are indicated with a box surrounding each of the six bp sites. The X ¥Y base pair position within the binding sites is
shown in bold type.
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containing hairpin polyamides when compared to their parent
compounds can be categorized into structural and electronic
characteristics of the benzimidazole moiety: a) In comparison


with the aminoacetyl-pyrrole
system the benzimidazole moi-
ety has with its greater aromatic
surface a higher hydrophobicity
and polarizability that may al-
ter both van der Waals DNA/
ligand interactions and the in-
tra-ligand �-stacking of the two
opposite polyamide strands of
the hairpin.[1a, 10b] b) Gas-phase
calculations of PyBiPyIm and
PyPyPyIm fragments indicate
that the benzimidazole-con-
taining strand PyBiPyIm has a
smaller degree of curvature
than the corresponding PyPy-
PyIm strand (see Figure S1,
Supporting Information).[24] In
general, as hairpin polyamides
comprised of Py, Im, and Hp
are slightly overcurved with
respect to the DNA, the de-
creased curvature of the benzi-
midazole-containing strand of
the hairpin polyamide should
improve shape complementari-
ty between the recognition face
of the ligand and the floor of
the minor groove of DNA and
therefore increase binding af-
finity. However, for the given
benzimidazole-containing hair-
pin polyamides it should be
noticed that the larger curva-
ture of the remaining unmodi-
fied strand might diminish the
cooperative side-by-side ring
pairing and as a consequence
reduce single base pair mis-
match specificity compared to
the parent hairpin polyamides.
c) The replacement of an amide
linkage by a benzimidazole
moiety reduces the degree of
conformational freedom which
is expected to result in an
increased preorganisation of
the ligand leading to higher
binding affinity.
The results from the dis-


cussed quantitative DNase I
footprint titrations demonstrate
that the benzene ring of the
benzimidazole moiety is able to
pair with an Im residue within
the context of a hairpin poly-


amide and that, as a consequence, this pairing is able to
distinguish G ¥C from C ¥G, A ¥T, and T ¥A. Therefore, the
recognition behavior of the studied benzimidazole/imidazole


Table 1. Equilibrium association constantsKa [��1] and specificities for polyamides 1 a, 1b, 2a, 2b, 3 a, and 3b on
plasmids pPWF2 and pCAB1 (R ¥ S position).[a±d]


Polyamide on pPWF2 5�-aTGAACAt-3� 5�-aTGTACAt-3� 5�-aTGGACAt-3� 5�-aTGCACAt-3�


4.4 (�1.2)� 108 � 1� 108 2.7 (�0.5)� 1010 � 1� 108


1a
[61] [�270] [�270]


3.9 (�0.2)� 109 3.3 (�0.3)� 109 4.9 (�0.1)� 1010 9.0 (�0.5)� 108


1b
[13] [15] [54]


� 3� 107 � 1� 107 3.8 (�0.2)� 109 � 1� 107


3a
[�127] [�380] [�380]


3.3 (�0.7)� 108 2.4 (�0.4)� 108 2.5 (�0.4)� 1010 1.0 (�0.3)� 108


3b
[76] [104] [250]


Polyamide on pCAB1 5�-gTGACAAt-3� 5�-gTGTCAAt-3� 5�-gTGGCAAt-3� 5�-gTGCCAAt-3�


� 1� 108 � 1� 107 5.2 (�0.2)� 109 � 1� 107


2a
[�52] [�520] [�520]


7.9 (�1.4)� 108 6.2 (�1.4)� 108 3.1 (�0.5)� 1010 4.0 (�0.7)� 108


2b
[39] [50] [78]


[a] The reported association constants Ka are the average values obtained from three DNase I footprint titration
experiments, with the standard deviation for each data set indicated in parentheses. [b] The assays were carried
out at 22 �C at pH 7.0 in the presence of 10 m� Tris-HCl, 10 m� KCl, 10 m� MgCl2, and 5 m� CaCl2 with an
equilibration time of 12 h. [c] Match site equilibration association constants are shown in bold. [d] Specificities
are given in square brackets under the Ka values and calculated as Ka (match)/Ka(mismatch).


Table 2. Equilibrium association constantsKa [��1] and specificities for polyamides 1 a, 1b, 2a, 2b, 3 a, and 3b on
plasmids pAU2 and pCAB2 (X ¥Y position).[a±d]


Polyamide on pAU2 5�-aTGGACAt-3� 5�-aTGGTCAt-3� 5�-aTGGGCAt-3� 5�-aTGGCCAt-3�


4.9 (�1.8)� 1010 4.9 (�0.2)� 1010 2.0 (�0.5)� 109 4.5 (�0.8)� 109


1a
[25] [11]


2.7 (�1.0)� 1010 3.6 (�0.9)� 1010 3.4 (�0.6)� 109 5.7 (�0.5)� 109


1b
[11][e] [6][e]


8.9 (�1.3)� 109 1.3 (�0.1)� 109 1.8 (�0.4)� 108 1.7 (�0.6)� 108


3a
[7] [49] [52]


1.8 (�0.7)� 1010 2.5 (�0.3)� 109 5.8 (�1.8)� 108 7.0 (�0.6)� 108


3b
[7] [31] [25]


Polyamide on pCAB2 5�-gTGGAAAt-3� 5�-gTGGTAAt-3� 5�-gTGGGAAt-3� 5�-gTGGCAAt-3�


� 1� 107 � 1� 108 � 1� 107 3.5 (�0.5)� 109


2a
[�350] [�35] [�350]


� 1� 108 1.6 (�0.1)� 109 2.8 (�0.3)� 108 1.9 (�0.3)� 1010


2b
[�190] [12] [68]


[a] The reported association constants Ka are the average values obtained from three DNase I footprint titration
experiments, with the standard deviation for each data set indicated in parentheses. [b] The assays were carried
out at 22 �C at pH 7.0 in the presence of 10 m� Tris-HCl, 10 m� KCl, 10 m� MgCl2, and 5 m� CaCl2 with an
equilibration time of 12 h. [c] Match site equilibration association constants are shown in bold type.
[d] Specificities are given in square brackets under the Ka values and calculated as Ka (match)/Ka (mismatch).
[e] Specificity calculated as Ka (5�-aTGGTCAt-3�)/Ka (mismatch).
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(Bi/Im) pair is consistent with the well-established binding
model discussed above. Presumably, a combination of elec-
tronic properties, steric bulk, rigidity and the associated
alteration of the overall curvature of the benzimidazole
moiety translate into a mildly diminished single base pair
mismatch specificity in the R ¥ S position, when compared with
the parent compounds. However, the benzimidazole moiety
minimally disturbs the recognition properties of the adjacent
internal five-membered heterocycle resulting in single base
pair mismatch specificities at the X ¥Y position that are
similar to those of the parent polyamides. In addition, all
benzimidazole-polyamides retain or even exceed the subna-
nomolar association constants of their corresponding parent
compounds at their match sites.


Conclusion


Benzimidazole moieties were incorporated into hairpin poly-
amides 1 b, 2 b and 3 b in the form of benzimidazole-imidazole


(9 a), benzimidazole-methoxypyrrole (9 b), benzimidazole-
pyrrole (9 c), and benzimidazole-imidazole-pyrrole (11) ami-
no acids as a formal replacement for PyIm, PyHp, PyPy
dimers and a PyImPy trimer, respectively. The new building
blocks were synthesized from diamine 5 and pyrrole carbal-
dehyde 4 c, imidazole carboxylic acid 4 a, and hydroxypyrrole
carboxylic acid 4 b, respectively. The evaluation of the DNA
binding properties of the hairpin polyamides 1 b, 2 b, and 3 b
by means of quantitative DNase I footprint titrations dem-
onstrated that the benzimidazole ring in a Im/Bi side-by-side
pair exhibits the same recognition preferences for a G ¥C base
pair as a Py ring in an Im/Py side-by-side pair. However, the
pyrrole-to-benzimidazole ring replacement results in a mildly
diminished specificity at the replacement position R ¥ S. The
binding properties of the adjacent five-membered hetero-
cycles at position X ¥Y are only marginally influenced by the
steric demand and electronic properties of the benzimidazole
ring. The subnanomolar DNA binding affinities for matched
binding sites displayed by the parent polyamides are fully
retained (for 1 b) or even exceeded (for 2 b, 3 b). The BiIm-


Figure 6. Quantitative DNase I footprint titration experiments on the 3�-32P-labeled 283-bp and 263-bp EcoRI/PvuII restriction fragments derived from
plasmids pPWF2 (a and b) and pAU2 (c and d), respectively. a) and c) polyamide 1a : lane 1, intact DNA; lane 2, A-specific reaction; lane 3, G-specific
reaction; lane 4, DNase I standard; lanes 5 ± 13: 3, 10, 30, 100, 300p� and 1, 3, 10, 30n� polyamide, respectively. b) and d) polyamide 1 b : lane 1, intact DNA;
lane 2, A-specific reaction; lane 3, G-specific reaction; lane 4, DNase I standard; lanes 5 ± 13: 3, 10, 30, 100, 300p� and 1, 3, 10, 30n� polyamide, respectively.
The analyzed 6-bp binding site locations are designated in brackets along the right side of each autoradiogram with their respective unique base pairs
indicated. Schematic binding models of 1a and 1b with their putative binding sites are shown on the top side of the autoradiograms. Flanking sequences are
designated in lower case while the binding site is given in capitals. The boxed R ¥ S and X ¥Y base pairs indicate the positions that were examined in the
experiments. [a] Additional match site for 1a,b ; sequence 5�-aTGGTCAt-3�.
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and BiHp-containing hairpin polyamides 2 b and 3 b exhibit a
significant increase in binding affinity compared to the parent
compounds. Even if the recognition profile of the benzimida-
zole ring was only studied in a side-by-side pair with Im, it is
expected that in analogy Bi/Py and Bi/Hp side-by-side pairs
will recognize A ¥T or T ¥A base pairs in accordance with the
general pairing rules.[25] Future studies will address the
influence of the benzimidazole moiety on cellular uptake
and cellular distribution properties.[26]


Experimental Section


General : N,N�-Dicyclohexylcarbodiimide (DCC), N-hydroxybenzotriazole
(HOBt), and 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexa-
fluorophosphate (HBTU) were purchased from Peptides International.
Oxime resin was purchased from Novabiochem (0.48 mmolg�1, batch no.
A18763). N,N-Diisopropylethylamine (DIEA) and N,N-dimethylforma-
mide (DMF) were purchased from Applied Biosystems. (R)-2-Fmoc-4-
Boc-diaminobutyric acid (�-Fmoc-�-Boc-(R)-DABA, 16) was from Bach-
em, methyl 3,4-diaminobenzoate (5) from Avocado, dichloromethane
(DCM) was reagent grade from EM, and trifluoroacetic acid (TFA) was


from Halocarbon. All other chemicals were obtained reagent-grade from
Aldrich (unless otherwise stated) and used without further purification.
1H NMR and 13C NMR spectra were recorded on a Varian Mercury 300
instrument. Chemical shifts are reported in ppm with reference to the
solvent residual signal. UV spectra were measured on a Beckman Coulter
DU 7400 diode array spectrophotometer. Matrix-assisted, laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF-MS), electro-
spray injection (ESI-MS) and high resolution mass spectrometry (FAB, EI)
was carried out at the California Institute of Technology. HPLC analysis
was performed on a BeckmanGold system using a RAININ C18, Microsorb
MV, 5 �m, 300� 4.6 mm reversed-phase column in 0.1% (w/v) TFA with
acetonitrile as eluent and a flow rate of 1.0 mLmin�1, gradient elution
1.25% acetonitrilemin�1. Preparatory HPLC was carried out on a Beckman
HPLC using a Waters DeltaPak 100� 25 mm, 100 �m C18 column, 0.1%
(w/v) TFA, 0.25% acetonitrilemin�1. 18 M� water was obtained from a
Millipore MilliQ water purification system, and all buffers were 0.2 �m
filtered. DNA oligonucleotides were synthesized by the Biopolymer
Synthesis Center at the California Institute of Technology and used
without further purification. Plasmids were sequenced by the Sequence/
Structure Analysis Facility (SAF) at the California Institute of Technology.
dNTPs (PCR nucleotide mix) and all enzymes (unless otherwise stated)
were purchased from Roche Diagnostics and used with their supplied
buffers. pUC19 was from New England Biolabs. [�-32P]-Deoxyadenosine
triphosphate and [�-32P]-thymine triphosphate was from New England
Nucleotides. RNase-free water (used for all DNAmanipulations) was from


Figure 7. Quantitative DNase I footprint titration experiments on the 3�-32P-labeled 284-bp EcoRI/PvuII restriction fragments derived from plasmid pCAB1
(a and b) and pCAB2 (c and d). a) and c) polyamide 2a : lane 1, intact DNA; lane 2, A-specific reaction; lane 3, G-specific reaction; lane 4, DNase I standard;
lanes 5 ± 13: 3, 10, 30, 100, 300p� and 1, 3, 10, 30 n� polyamide, respectively. b) and d) polyamide 2b : lane 1, intact DNA; lane 2, A-specific reaction; lane 3,
G-specific reaction; lane 4, DNase I standard; lanes 5 ± 13: 3, 10, 30, 100, 300p� and 1, 3, 10, 30n� polyamide, respectively. The analyzed 6-bp binding site
locations are designated in brackets along the right side of each autoradiogram with their respective unique base pairs indicated. Schematic binding models of
2a and 2b with their putative binding sites are shown on the top side of the autoradiograms. Flanking sequences are designated in lower case while the
binding site is given in capitals. The boxed R ¥ S and X ¥Y base pairs indicate the positions that were examined in the experiments. [a] Three overlapping 1-bp
mismatch sites for 2a,b ; sequence 5�-gAAGCTTGGCGTa-3�.
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US Biochemicals. Ethanol (100%) was from Equistar, isopropanol from
Mallinckrodt. Bromophenol blue and xylene cyanol FF were from Acros.
DNA manipulations were performed according to standard protocols.[27]


Autoradiography was performed with a Molecular Dynamics Typhoon
Phosphorimager. 1-Methyl-4-nitro-1H-imidazole-2-carboxylic acid
(4a),[14a] 1-methyl-4-nitro-1H-pyrrole-2-carbaldehyde (4c),[17] 3-methoxy-
1-methyl-4-nitro-1H-pyrrole-2-carboxylic acid ethyl ester[28] were synthe-
sized according to literature procedures.


Building block synthesis


3-Methoxy-1-methyl-4-nitro-1H-pyrrole-2-carboxylic acid (4 b): 3-Me-
thoxy-1-methyl-4-nitro-1H-pyrrole-2-carboxylic ethyl ester (5.50 g,
24.1 mmol) was dissolved in ethanol (100 mL). NaOH (aqueous, 1�,
100 mL) was added and the solution stirred for 13 h at ambient temper-
ature. The yellow solution was carefully acidified with aqueous HCl (1�) to
pH 2 ± 3. The formed white precipitate was filtered, washed with water and
dried in vacuo to yield the title compound 4b as a white powder (3.85 g,
80%). 1H NMR (300 MHz, [D6]DMSO): �� 3.80 (s, 3H), 3.82 (s, 3H), 8.10
(s, 1H); 13C NMR (75 MHz, [D6]DMSO): �� 38.4, 62.4, 114.6, 126.4, 127.0,
145.1, 160.5; MS (EI):m/z : 201 [M�H]� ; HR-MS (EI): calcd for C7H8N2O5:
200.0433; found: 200.0435.


4-Amino-3-[1-methyl-4-nitro-1H-imidazole-2-carbonyl)-amino]-benzoic
methyl ester (6 a): Carboxylic acid 4 a (2.57 g, 15.0 mmol) and methyl 3,4-
diamino-benzoate (5) (2.49 g, 15.0 mmol) were dissolved in DMF (30 mL).


HBTU (5.72 g, 15.0 mmol) was added to the solution followed by DIEA
(3 mL). After stirring for 20 h at ambient temperature the reaction mixture
was poured into ice water. The precipitate was filtered, washed with water
and dried in vacuo to yield the title compound 6a as a yellow powder
(4.22 g, 88%). 1H NMR (300 MHz, [D6]DMSO): �� 3.74 (s, 3H), 4.01 (s,
3H), 5.89 (s, 2H), 6.74 (d, J� 8.8 Hz, 1H), 7.59 (dd, J1� 8.8 Hz, J2� 1.6 Hz,
1H), 7.71 (d, J� 1.6 Hz, 1H), 8.64 (s, 1H), 10.04 (s, 1H); 13C NMR
(75 MHz, [D6]DMSO): �� 36.6, 51.4, 114.5, 115.9, 120.3, 126.5, 128.7, 129.0,
137.7, 144.1, 148.6, 156.7, 165.8; MS (ESI): m/z : 320 [M�H]� ; HR-MS (EI):
calcd for C13H13N5O5: 319.0916; found: 319.0929.


4-Amino-3-[(3-methoxy-1-methyl-4-nitro-1H-pyrrole-2-carbonyl)-amino]-
benzoic methyl ester (6 b): Carboxylic acid 4b (2.17 g, 10.8 mmol) and
methyl 3,4-diamino-benzoate (5) (1.81 g, 10.8 mmol) were dissolved in
DMF (26 mL). HBTU (4.11 g, 10.8 mmol) was added to the solution
followed by DIEA (2.6 mL). After stirring for 20 h at ambient temperature
the reaction mixture was poured into ice water. The precipitate was
filtered, washed with water and dried in vacuo to yield the title compound
6b as a yellow powder (3.66 g, 97%). 1H NMR (300 MHz, [D6]DMSO):
�� 3.75 (s, 3H), 3.86 (s, 3H), 3.95 (s, 3H), 5.82 (s, 2H), 6.78 (d, J� 8.4 Hz,
1H), 7.57 (dd, J1� 8.4 Hz, J2� 2.0 Hz, 1H), 7.93 (d, J� 2.0 Hz, 1H), 8.13 (s,
1H), 8.95 (s, 1H); 13C NMR (75 MHz, [D6]DMSO): �� 38.0, 51.4, 62.9,
114.7, 116.4, 116.5, 121.3, 125.9, 126.4, 127.3, 128.0, 141.4, 147.3, 157.8, 165.9;


Figure 8. Quantitative DNase I footprint titration experiments on the 3�-32P-labeled 283-bp and 263-bp EcoRI/PvuII restriction fragments derived from
plasmids pPWF2 (a and b) and pAU2 (c and d), respectively. a) and c) polyamide 3a : lane 1, intact DNA; lane 2, A-specific reaction; lane 3, G-specific
reaction; lane 4, DNase I standard; lanes 5 ± 13: 10, 30, 100, 300p� and 1, 3, 10, 30, 100n� polyamide, respectively. b) and d) polyamide 3 b : lane 1, intact
DNA; lane 2, A specific reaction; lane 3, G specific reaction; lane 4, DNase I standard; lanes 5 ± 13: 10, 30, 100, 300p� and 1, 3, 10, 30, 100 n� polyamide,
respectively. The analyzed 6-bp binding site locations are designated in brackets along the right side of each autoradiogram with their respective unique base
pairs indicated. Schematic binding models of 3a and 3 b with their putative binding sites are shown on the top side of the autoradiograms. Flanking sequences
are designated in lower case while the binding site is given in capitals. The boxed R ¥ S and X ¥Y base pairs indicate the positions that were examined in the
experiments. [a] Additional 1-bp mismatch site for 3a,b ; sequence 5�-aTGGTCAt-3�.
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MS (ESI):m/z : 349 [M�H]� ; HR-MS (EI): calcd for C15H16N4O6: 348.1069;
found: 348.1072.


2-(1-Methyl-4-nitro-1H-imidazol-2-yl)-1H-benzimidazole-5-carboxylic
methyl ester (7 a): Amide 6a (3.99 g, 12.5 mmol) was suspended in acetic
acid (50 mL) and heated to 140 �C for 6 h. The solvent was removed in
vacuo, diethyl ether was added, the yellow precipitate filtered and dried in
vacuo affording the title compound 7a as an off-white powder (3.57 g,
95%). 1H NMR (300 MHz, [D6]DMSO): �� 3.87 (s, 3H), 4.26 (s, 3H),
7.57 ± 8.34 (m, 3H), 8.71 (s, 1H), 13.78 (s, 1H); 13C NMR (75 MHz,
[D6]DMSO): �� 36.8, 52.1, 112.2, 113.8, 119.1, 120.9, 123.8, 124.5, 126.2,
136.3, 144.2, 145.6, 166.3; MS (ESI):m/z : 302 [M�H]� ; HR-MS (EI): calcd
for C13H11N5O4: 301.0811; found: 301.0805.


2-(3-Methoxy-1-methyl-4-nitro-1H-pyrrol-2-yl)-3H-benzimidazole-5-car-
boxylic methyl ester (7 b): Amide 6b (3.56 g, 10.2 mmol) was suspended in
acetic acid (40 mL) and refluxed at 140 �C for 12 h. Upon cooling to room
temperature a yellow solid precipitated that was filtered, suspended in
diethyl ether, filtered, and dried in vacuo to yield the title compound 7b as
a yellow solid (3.33, 98%). 1H NMR (300 MHz, [D6]DMSO): �� 3.93 (s,
1.5H), 3.94 (s, 1.5H), 3.97 (s, 3H), 4.15 (s, 3H), 7.72 ± 7.95 (m, 2H), 8.24 (s,
1H), 8.25 ± 8.32 (m, 1H), 12.44 (s, 0.5H), 12.52 (s, 0.5H). At room
temperature the presence of two benzimidazole tautomers (1H/3H) could
be deduced from the 1H NMR spectra. The ratio between the two isomers
was roughly estimated as 1:1 based on the integration of the protons at ��
3.93/3.94 and 12.44/12.52. 13C NMR (75 MHz, [D6]DMSO): �� 38.5, 52.0,
62.7, 111.8, 113.62, 113.75, 118.2, 120.0, 122.72, 123.18, 123.45, 123.65,
126.38, 126.53, 133.5, 137.4, 140.63, 140.87, 142.2, 144.29, 145.16, 145.98,
166.4; MS (ESI): m/z : 331 [M�H]� ; HR-MS (EI): calcd for C15H14N4O5:
330.0964; found: 330.0965.


2-(1-Methyl-4-nitro-1H-pyrrol-2-yl)-1H-benzimidazole-5-carboxylic meth-
yl ester (7 c): Methyl 3,4-diamino-benzoate (5) (2.66 g, 16.0 mmol) was
dissolved in DMF (75 mL). A solution of 1-methyl-4-nitro-1H-pyrrole-2-
carbaldehyde (4c, 2.31 g, 15.0 mmol) in DMF (200 mL) was added and the
reaction mixture was heated to 90 �C for 60 min. Iron-trichloride hexahy-
drate (120 mg) was added and the mixture was heated to 120 �C for 6 h
while air was bubbled through the solution. The reaction mixture was
cooled to room temperature. The volume of the solvent was reduced in
vacuo to ca. 50 mL and the brown solution was cooled to �20 �C for 4 h.
The formed precipitate was filtered, washed with CH2Cl2 until the washing
solution was colorless, and dried in vacuo to yield the title compound 7c as
a yellow powder (3.13 g, 69%). 1H NMR (300 MHz, [D6]DMSO): �� 3.85
(s, 1.5H), 3.86 (s, 1.5H), 4.16 (s, 3H), 7.50 ± 8.31 (m, 5H), 13.15 (s, 0.5H),
13.18 (s, 0.5H). At room temperature the presence of two benzimidazole
tautomers (1H/3H) could be deduced from the 1H NMR spectra. The ratio
between the two isomers was roughly estimated as 1:1 based on the
integration of the protons at �� 3.85/3.86 and 13.15/13.18. 13C NMR
(75 MHz, [D6]DMSO): �� 38.0, 52.0, 106.9, 111.0, 112.5, 118.7, 120.3, 122.9,
123.5, 123.9, 128.0, 134.8, 146.6, 166.4; MS (ESI): m/z : 301 [M�H]� ; HR-
MS (EI): calcd for C14H12N4O4: 300.0858; found: 300.0847.


2-(4-tert-Butoxycarbonylamino-1-methyl-1H-imidazol-2-yl)-1H-benzimi-
dazole-5-carboxylic methyl ester (8 a): Nitro-ester 7a (2.00 g, 6.64 mmol)
was dissolved in DMF (200 mL). Pd/C (10 wt.%, 360 mg) was added and
the mixture was hydrogenated at 600 psi for 2 h at ambient temperature.
The reaction mixture was filtered through Celite to remove the catalyst and
the filtrate was treated with Boc2O (2.17 g, 9.96 mmol) and DIEA (20 mL)
and stirred at 70 �C for 2 d. After evaporation of the solvent the residue was
dissolved in diethyl ether (150 mL) and the solution was washed with water
and brine. The organic phase was dried with MgSO4, the solvent was
evaporated, and the crude product purified by column chromatography on
silica gel (n-hexane/EtOAc 1:1) to give the title compound 8 a as a white
solid (0.74 g, 30%). 1H NMR (300 MHz, [D6]DMSO): �� 1.45 (s, 9H), 3.84
(s, 3H), 4.11 (s, 3H), 7.28 (s, 1H), 7.54 ± 8.22 (m, 4H), 9.48 (s, 1H), 12.98,
13.01 (2s, 1H); MS (ESI): m/z 372 [M�H]� ; HR-MS (EI): calcd for
C18H21N5O4: 371.1593; found: 371.1584.


2-(4-tert-Butoxycarbonylamino-3-methoxy-1-methyl-1H-pyrrol-2-yl)-3H-
benzimidazole-5-carboxylic methyl ester (8 b): Nitro-ester 7b (1.00 g,
3.03 mmol) was dissolved in 9:1 DMF/acetonitrile (60 mL). Tin-dichloride
dihydrate (5.00 g, 22.2 mmol) was added to the solution and the reaction
mixture was heated to 50 �C for 14 h. After cooling the yellow solution to
room temperature Boc2O (3.96 g, 18.1 mmol), DMF (5 mL) and DIEA
(7 mL) were added and the reaction mixture heated to 50 �C for 4 h. The


solvent was evaporated, and the residue was extracted several times with
ethyl acetate. The extracts were combined, washed with water, and dried
with MgSO4. After evaporation of the solvent the crude product was
purified by column chromatography on silica gel (CH2Cl2/ethyl acetate 4:1)
to afford the title compound 8b as a white solid (0.56 g, 48%). 1H NMR
(300 MHz, [D6]DMSO): �� 1.44 (s, 9H), 3.79 (s, 3H), 3.85 (s, 3H), 3.96 (s,
3H), 6.96 (s, 1H), 7.56 ± 7.79 (m, 2H), 8.16 (s, 1H), 8.55 (s, 1H), 11.94, 12.01
(2s, 1H); MS (ESI):m/z : 401 [M�H]� ; HR-MS (EI): calcd for C20H24N4O5:
400.1746; found: 400.1742.


2-(4-tert-Butoxycarbonylamino-1-methyl-1H-pyrrol-2-yl)-1H-benzimida-
zole-5-carboxylic acid methyl ester (8 c): Nitro-ester 7c (1.50 g, 5.00 mmol)
was dissolved in DMF (250 mL). Pd/C (10 wt.%, 300 mg) was added and
the mixture was hydrogenated at 600 psi overnight at ambient temperature.
The reaction mixture was filtered through Celite to remove the catalyst and
the filtrate was treated with Boc2O (1.63 g, 7.50 mmol) and DIEA (25 mL)
and stirred at 70 �C for 2 d. After evaporation of the solvent the residue was
dissolved in diethyl ether (150 mL) and the solution was washed with water
and brine. The organic phase was dried with MgSO4, the solvent was
evaporated, and the crude product purified by column chromatography on
silica gel (CH2Cl2/EtOAc 4:1) to give the title compound 8c as a white solid
(1.08 g, 58%). 1H NMR (300 MHz, [D6]DMSO): �� 1.44 (s, 9H), 3.82 (s,
3H), 4.02 (s, 3H), 6.84 (s, 1H), 6.99 (s, 1H), 7.42 ± 8.16 (m, 3H), 9.21 (s, 1H),
12.74, 12.79 (2s, 1H); MS (ESI):m/z : 371 [M�H]� ; HR-MS (EI): calcd for
C19H22N4O4: 370.1641; found: 370.1645.


2-(4-tert-Butoxycarbonylamino-1-methyl-1H-imidazol-2-yl)-1H-benzimi-
dazole-5-carboxylic acid (9 a): Methyl ester 8a (700 mg, 1.88 mmol) was
dissolved in dioxane (140 mL). NaOH (aqueous, 1�, 140 mL) was added
and the solution stirred for 18 h at ambient temperature. The yellow
solution was carefully acidified with aqueous HCl (1�) to pH 3 ± 4. The
formed precipitate was filtered, washed with water, and dried in vacuo to
provide the title compound 9 a as a white powder (512 mg, 76%). 1H NMR
(300 MHz, [D6]DMSO): �� 1.47 (s, 9H), 4.13 (s, 3H), 7.29 (s, 1H), 7.43 ±
8.30 (m, 3H), 9.49 (s, 1H), 12.71 (s, 1H), 12.95 (s, 1H); 13C NMR (75 MHz,
[D6]DMSO): �� 28.2, 35.2, 78.9, 111.5, 112.5, 113.5, 118.3, 120.6, 123.3,
124.7, 132.4, 137.9, 145.8, 152.8, 167.6; MS (ESI):m/z : 358 [M�H]� ; HR-MS
(FAB): calcd for C17H20N5O4: 358.1515; found: 358.1504 [M�H]� .


2-(4-tert-Butoxycarbonylamino-3-methoxy-1-methyl-1H-pyrrol-2-yl)-3H-
benzimidazole-5-carboxylic acid (9 b): Methyl ester 8b (400 mg, 1.00 mmol)
was dissolved in dioxane (10 mL). NaOH (aqueous, 1�, 10 mL) was added
and the solution stirred for 12 h at ambient temperature. The yellow
solution was carefully acidified with aqueous HCl (1�) to pH 3 ± 4, and
extracted several times with diethyl ether. Evaporation of the solvent
afforded the title compound 9b as a yellow powder (351 mg, 91%).
1H NMR (300 MHz, [D6]DMSO): �� 1.43 (s, 9H), 3.81 (s, 3H), 3.98 (s,
3H), 6.96 (s, 1H), 7.61 (d, J� 8.4 Hz, 1H), 7.81 (d, J� 8.4 Hz, 1H), 8.20 (s,
1H), 8.53 (s, 1H), 11.96 (s, 1H), 12.60 (s, 1H); 13C NMR (75 MHz,
[D6]DMSO): �� 28.3, 37.3, 61.1, 78.6, 109.6, 111.2, 112.9, 113.3, 117.3, 119.8,
120.3, 123.0, 123.8, 141.4, 147.1, 154.1, 168.0; MS (ESI): m/z : 387 [MH]� ;
HR-MS (FAB): calcd for C19H23N4O5: 387.1668; found: 387.1676 [M�H]� .


2-(4-tert-Butoxycarbonylamino-1-methyl-1H-pyrrol-2-yl)-1H-benzimida-
zole-5-carboxylic acid (9 c): Methyl ester 8c (1.04 g, 2.80 mmol) was
dissolved in dioxane (280 mL). NaOH (aqueous, 1�, 280 mL) was added
and the solution heated to 80 �C for 2 h. The yellow solution was carefully
acidified with aqueous HCl (1�) to pH 3 ± 4. The formed precipitate was
filtered, washed with water, and dried in vacuo to provide the title
compound 9 c as a white powder (990 mg, 99%). 1H NMR (300 MHz,
[D6]DMSO): �� 1.46 (s, 9H), 4.04 (s, 3H), 7.04 (s, 1H), 7.24 (s, 1H), 7.73 (d,
J� 8.4 Hz, 1H), 7.96 (dd, J1� 8.4 Hz, J2� 1.5 Hz, 1H), 8.20 (d, J� 1.5 Hz,
1H), 9.40 (s, 1H); 13C NMR (75 MHz, [D6]DMSO): �� 28.2, 36.4, 78.7,
107.2, 113.5, 115.0, 120.2, 124.8, 125.6, 126.7, 132.9, 136.2, 144.2, 152.6, 166.7;
MS (ESI): m/z : 357 [M�H]� ; HR-MS (FAB): calcd for C18H21N4O4:
357.1562; found: 357.1576 [M�H]� .


2-{4-[(4-tert-Butoxycarbonylamino-1-methyl-1H-pyrrole-2-carbonyl)-ami-
no]-1-methyl-1H-imidazol-2-yl}-1H-benzimidazole-5-carboxylic methyl es-
ter (10): Pd/C (10 wt.%, 150 mg) was added to a solution of nitro-ester 7a
(1.00 g, 3.32 mmol) in DMF (100 mL) and the mixture was hydrogenated at
450 psi for 2 h at ambient temperature. The reaction mixture was filtered
through Celite to remove the catalyst and the filtrate was treated
immediately with Boc-Py-OBt (13 a, 1.42 g, 3.98 mmol) and DIEA
(20 mL) and stirred at 60 �C for 18 h. The resulting yellow solution was
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poured into ice water and extracted with EtOAc. The organic phase was
washed with 10% citric acid, brine, and saturated aqueous sodium
bicarbonate and dried with MgSO4. Evaporation of the solvent yielded
the crude product as a yellow foam which was purified by column
chromatography on silica gel (n-hexane/EtOAc 1:2) to give the title
compound 10 as a beige solid (409 mg, 25%). 1H NMR (300 MHz,
[D6]DMSO): �� 1.45 (s, 9H), 3.82 (s, 3H), 3.87 (s, 3H), 4.16 (s, 3H), 6.88 (s,
1H), 6.99 (s, 1H), 7.60 ± 8.20 (m, 4H), 9.11 (s, 1H), 10.23 (s, 1H), 13.03 (br s,
1H); MS (ESI): m/z : 494 [M�H]� ; HR-MS (FAB): calcd for C24H28N7O5:
494.2151; found: 494.2143 [M�H]� .


2-{4-[(4-tert-Butoxycarbonylamino-1-methyl-1H-pyrrole-2-carbonyl)-ami-
no]-1-methyl-1H-imidazol-2-yl}-1H-benzimidazole-5-carboxylic acid (11):
Methyl ester 10 (220 mg, 0.45 mmol) was dissolved in dioxane (20 mL).
NaOH (aqueous, 1�, 20 mL) was added and the solution stirred for 18 h at
ambient temperature. The yellow solution was carefully acidified with
aqueous HCl (1�) to pH 3 ± 4. The formed precipitate was filtered, washed
with water, and dried in vacuo to provide the title compound 11 as a beige
powder (203 mg, 94%). 1H NMR (300 MHz, [D6]DMSO): �� 1.44 (s, 9H),
3.82 (s, 3H), 4.16 (s, 3H), 6.88 (s, 1H), 6.99 (s, 1H), 7.59 ± 8.18 (m, 4H), 9.12
(s, 1H), 10.23 (s, 1H), 12.95 (br s, 1H); 13C NMR (75 MHz, [D6]DMSO):
�� 28.3, 35.2, 36.2, 78.3, 104.9, 114.01, 114.32, 117.8, 121.99, 122.32, 123.4,
124.71, 124.81, 132.5, 137.4, 143.7, 145.76, 145.84, 152.7, 158.6, 167.6; MS
(ESI): m/z : 480 [M�H]� ; HR-MS (ESI): calcd for C23H26N7O5: 480.1995;
found: 480.2014 [M�H]� .


Solid-phase synthesis : Polyamides 1 a, b, 2a, b, 3 a, b were generated by
manual solid-phase synthesis on oxime resin according to recently reported
protocols[14] using Boc-protected amino acid building blocks. The synthesis
of polyamide ImImPyPy-(R)H2N�-ImPyPyPyCONHMe (1a) has been
previously described.[29] For the coupling of benzimidazole building blocks
Boc protected amino acids 9 a ± c and 11 were activated with HBTU
(1 equiv in DIEA, NMP) for 15 min and subsequently coupled for 4 h at
ambient temperature. Resultant resin-bound benzimidazoles were depro-
tected using 20% TFA in CH2Cl2 for 25 min (for resin-bound 9c and 11) or
50% TFA in CH2Cl2 for 25 min (for resin-bound 9 a,b).


General procedure for MeNH2 cleavage:[14b] A sample of the derivatized
resin (100 mg) was suspended in CH2Cl2 (2 mL) to which was added
methylamine in THF (2 mL, 2.0�). The mixture was agitated at 37 �C for
14 h. The resin was filtered, rinsed with CH2Cl2 and DMF, the eluant
concentrated in vacuo, and the residue purified by prep. reversed-phase
HPLC to yield the desired polyamides.


ImImPyPy-(R)H2N�-ImPyBiPyCONHMe (1 b): The title compound 1b was
recovered upon lyophilization of the appropriate fractions as a yellow
powder. MALDI-TOF-MS: calcd for C51H55N21O8: 1090.1; found: 1090.6.


ImImPyPy-(R)H2N�±PyImPyPyCONHMe (2 a): The title compound 2a
was recovered upon lyophilization of the appropriate fractions as a white
powder. MALDI-TOF-MS: calcd for C49H56N22O9: 1097.1; found: 1097.6.


ImImPyPy-(R)H2N�±PyImBiPyCONHMe (2 b): The title compound 2b
was recovered upon lyophilization of the appropriate fractions as a yellow
powder. MALDI-TOF-MS: calcd for C50H54N22O8: 1091.8; found: 1091.1.


ImImPyPy-(R)H2N�±ImOpPyPyCONHMe (12 a): The title compound 12a
was recovered upon lyophilization of the appropriate fractions as a beige
powder. MALDI-TOF-MS: calcd for C51H59N21O10: 1126.2; found: 1126.7.


ImImPyPy-(R)H2N�±ImOpBiPyCONHMe (12 b): The title compound 12b
was recovered upon lyophilization of the appropriate fractions as a yellow
powder. MALDI-TOF-MS: calcd for C52H57N21O9: 1120.2; found: 1120.7.


O-Demethylation of polyamides 12a,b : According to the previously
reported protocol[19] polyamides were treated with sodium thiophenoxide
in DMF at 85 �C for 2 h and subsequently purified by prep. reversed-phase
HPLC to yield the desired demethylated polyamides.


ImImPyPy-(R)H2N�±ImHpPyPyCONHMe (3 a): The title compound 3a
was recovered upon lyophilization of the appropriate fractions as a beige
powder. MALDI-TOF-MS: calcd for C50H57N21O10: 1112.1; found: 1113.1.


ImImPyPy-(R)H2N�±ImHpBiPyCONHMe (3 b): The title compound 3b
was recovered upon lyophilization of the appropriate fractions as a yellow
powder. MALDI-TOF-MS: calcd for C51H55N21O9: 1106.1; found: 1106.5.


Construction of plasmid DNA : The restriction fragment pAU2 was
generated as previously described.[21] Similarly, plasmids pPWF2, pCAB1
and pCAB2 were constructed by ligation of the following hybridized inserts
into the BamHI/HinDIII polycloning site of pUC19.


Plasmid pPWF2 : 5�-GATCATGAACATCGATCTCTATGTACATGC-
TATGCGATGGACATATCAGCTATGCACATTCGATCTCTATGC-
TATGCGA-3�.


Plasmid pCAB1: 5�-GATCAGTGACAATCGATCTCTGTGTCAATGA-
TATGCGGTGGCAATATGAGCTGTGCCAATTCGATCTCTATGA-
TATACGA-3�.


Plasmid pCAB2 : 5�-GATCAGTGGAAATCGATCTCTGTGGTAAT-
GATATGCGGTGGGAATATGAGCTGTGGCAATTCGATCTCTAT-
GATATACGA-3�.


The inserts were obtained by annealing complementary synthetic oligonu-
cleotides and were then ligated to the large BamHI/HinDIII restriction
fragment of pUC19 using T4 DNA ligase. The ligated plasmids were then
used to transform E. coli XL-1 Blue Supercompetent cells. Colonies were
selected for �-complementation on 25 mL Luria-Bertani agar plates
containing 50 mgmL�1 ampicillin and treated with XGAL and IPTG
solutions and grown overnight at 37 �C. Well defined white colonies were
transferred into 100 mL Luria-Bertani medium containing 50 mgmL�1


ampicillin. Cells were harvested after overnight growth at 37 �C. Large
scale plasmid purification was performed using Qiagen purification kits.
The presence of the desired insert was determined by dideoxy sequencing.
DNA concentration was determined at 260 nm using the relation 1 OD
unit� 50 �g mL�1 duplex DNA.


Preparation of 3�-end-labeled DNA restriction fragments : Plasmids
pPWF2, pCAB1, pAU2,[21] and pCAB2 were linearized with EcoRI and
PvuII and then radiolabelled by 3�-fill in using [�-32P]-dATP, [�-32P]-TTP,
and the Klenow fragment of DNA polymerase II at 37 �C for 25 min. The
product mixture was purified on a 7% non-denaturing preparatory
polyacrylamide gel (5% cross-linkage) and the desired fragment was
isolated after visualization by autoradiography. The DNAwas precipitated
with isopropanol (1.5 volumes). The pellet was washed with 75% ethanol,
lyophilized to dryness, and then resuspended in RNase-free H2O. Chemical
sequencing reactions were performed according to published protocols.[30]


Quantitative DNase I footprint titrations : Concentrations of benzimida-
zole-containing polyamide and parent polyamide stock solutions were
determined by UV absorption at 331 nm (�� 41500 cm��1) and 310 nm
(�� 69500 cm��1), respectively. All reactions were carried out in a volume
of 400 �L according to published procedures.[20] Quantitation by storage
phosphor autoradiography and determination of equilibrium association
constants were as previously described.[20]
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