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… of fullerenes can lead to the
tuning of electron-acceptor proper-
ties of C60 derivatives. In the Full
Paper by F. Langa, J.-F. Nieren-
garten, P. Samor#, N. Armaroli,
et al. on page 4405 ff, the synthesis,
electrochemistry, the photophysical
properties and the self-assembly
behavior in ultra-thin films of
OPV–fulleropyrazoline compounds
(shown on the cover) is described.
Detailed SFM and STM studies on
the largest system reveal the spon-
taneous formation from solution of
ordered layer architectures on sur-
faces (illustrated schematically).


Chemistry—A European
Journal is jointly owned by
the 14 Chemical Societies
shown above and
published by Wiley-VCH.
This group of Societies has
banded together as the
Editorial Union of
Chemical Societies (EU
ChemSoc) for its combined
publishing activities.


Fluorescent Sensors
Fluorescence spectroscopy is an important analytical tech-
nique that has been widely used in a variety of applications,
such as biomedicine, biology, and science of materials. In
their Concept article on page 4314 ff, P. Bosch et al. discuss
the use of fluorescent probes for sensing processes in poly-
mers.


Photochemistry
In their Full Paper on page 4327 ff, F. MacDonnell et al.
describe their investigations on the use of pure water as the
solvent for multi-electron photochemical processes and, by
means of a combination of voltammetry and differential
reflectance spectroelectrochemistry, they were able to probe
the mechanism of reduction and protonation of the dinu-
clear ruthenium complex, [(phen)2Ru(tatpp)Ru(phen)2]Cl4.
Background photograph by Uschi Hering; Agency:
Dreamstime.com.


Zeogrids and Zeotiles
These are two new types of hierarchical materials that can
be obtained by the addition of surfactants or polymers to
zeolite building units. In the Concept article on page 4306 ff,
J. A. Martens et al. explore how the knowledge of self-
assembly processes during zeolite formation can be
exploited for the development of new materials.
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Design and Synthesis of Hierarchical Materials from Ordered Zeolitic
Building Units


Christine E. A. Kirschhock,[a] Sebastien P. B. Kremer,[a] Jan Vermant,[b]


Gustaaf Van Tendeloo,[c] Pierre A. Jacobs,[a] and Johan A. Martens*[a]


Introduction


Pores of inorganic materials are conventionally categorized
into micropores with diameters smaller than 2 nm, meso-
pores with diameters from 2 to 50 nm, and macropores with
diameters wider than 50 nm.[1] This IUPAC nomenclature is
somewhat confusing, since the term micropores does not
refer to micrometer dimension. The most popular micropo-
rous materials are the zeolites. Zeolites have a substantial
impact on the economics and sustainability of products and
processes in many sectors of industry.[2] Zeolite adsorbents
and catalysts are the workhorses of petroleum refining oper-
ations and natural gas purification. Zeolites are used in
large volumes as detergent builders and drying agents.
Beside these classical uses, zeolite applications extend into a
wealth of new areas including environmental protection, in-
dustrial production of fine chemicals that serve as, for exam-
ple, pharmaceuticals, nutriceuticals, fragrances, flavors, and
agrochemicals,[2] as well as sensors and electro-optical devi-
ces among other innovations.[3] After the development of
zeolites, significant research efforts have been devoted to
the synthesis of ordered mesoporous materials.[4] In contrast
to zeolites, ordered mesoporous materials so far found little
application, mainly because of the unspecific, amorphous
nature of the walls separating the mesopores.[4]


A handicap of today5s zeolite technology is the zeolite
particle size of typically around one micrometer. There is a
manifested interest in alternative structuring of zeolite
matter, for example, to lift mass-transfer limitations of ad-
sorption and catalysis in micrometer-sized zeolite crystals.[5]


These shortcomings can, in principle, be overcome by gener-
ating mesopores in the zeolite crystals, as found in the ultra-
stabilization of zeolite Y, or development of nanozeolites,[6–9]


or of zeolite films and membranes.[10,11] With respect to im-
proved mass transfer, much is to be expected from hierarch-
ical materials that have structural order at the meso- and/or
macroscale in addition to the microscale. Structuring of zeo-
lite crystallites at the macroscale has been achieved by using
macroscopic templates.[12] Combined structuring at the


Abstract: The crystallization of colloidal silicalite-1
from clear solution is one of the best understood zeolite
formation processes. Colloidal silicalite-1 formation in-
volves a self-assembly process in which nanoslabs and
nanotablets with a silicalite-1 type connectivity are
formed at intermediate stages. During the assembly pro-
cess, with strongly anisometric particles present, regions
appear with orientational correlations, as evidenced
with measurements of dynamic light scattering, viscosity,
and rotation of polarized light. The presence of such re-
gions rationalizes the unexpected differences between
the crystallization kinetics under microgravity and on
earth. The discovery of the locally oriented regions
sheds new light on currently poorly understood hydro-
dynamic effects on the zeolite formation processes, such
as the influence of stirring on the phases obtained and
the subsequent kinetics. Addition of surfactants or poly-
mers modifies the ordering of the zeolitic building units
in the correlated regions, and new types of hierarchical
materials named zeogrids and zeotiles can be obtained.
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micro- and mesoscale is much less evident. The current ap-
proaches are presented schematically in Figure 1. Conven-
tionally, a zeolite is crystallized by using molecular tem-
plates responsible for micropore formation. Noncrystalline
mesoporosity in zeolite crystals can be obtained by hydro-


thermal template syntheses within a mesoporous carbon
matrix and subsequent combustion of the carbon.[13,14] Meso-
pores therein can be generated by controlled removal of the
framework.[15] An alternative concept involves the synthesis
of ordered mesoporous material with dense amorphous
walls, followed by zeolitization of the walls under hydrother-
mal conditions.[16] A drawback of this last approach is that
the formation of bulk zeolite and deterioration of the order-
ing at the meso scale are difficult to avoid. The reason for
the slow progress in hierarchical material development is
our limited understanding of the molecular mechanisms
through which zeolite frameworks are actually assem-
bled.[17,18]


The formation of a zeolite particle is a surprisingly slow
process and strongly susceptible to stirring. Typically, a sili-
cate-based hydrogel is converted into crystalline material
through a lengthy hydrothermal treatment. Especially the
syntheses of siliceous zeolites take from hours to days of
processing time and require specific convective conditions.
Why time and stirring have such an impact on the crystalli-
zation process is poorly understood at present. In our work
we departed from the best understood zeolite synthesis,
namely, that of silicalite-1, and demonstrate how this knowl-
edge can be exploited in the development of hierarchical
materials.


The Most Studied and Currently Best Understood
Zeolite Synthesis: Silicalite-1


Since its discovery in 1978 as the first microporous crystal-
line silicon dioxide polymorph,[19] silicalite-1 has been the
preferred study object of numerous studies dedicated to the


formation process of a zeolite. The complexity of the forma-
tion process of this zeolite is reflected in the long time it
took to unravel the molecular mechanism. A fair under-
standing of the molecular steps involved in the genesis of sil-
icalite-1 crystals starting from silicate monomer was reached
only recently for this unique case.[17,20] Key to this success
was the use of a so-called “clear solution”, which is a solu-
tion of tetrapropylammonium (TPA) silicate that is experi-
mentally much more accessible than hydrogel systems. A
transparent solution is obtained by reaction of tetraethylor-
thosilicate (TEOS) in aqueous tetrapropylammonium hy-
droxide. Silicalite-1 crystallizes from the clear solution upon
heating according to the scheme presented in Figure 2.


Owing to its amphiphilic nature, TPA molecules are locat-
ed at the interphase between the organic silicon phase and
the aqueous phase. The TPA molecule takes charge of the
silicate condensation steps from the beginning. Silicate poly-
merizes around the template into specific TPA–silicate enti-
ties, identified by spectroscopic methods.[21] The formation
of specific open silicate molecules (Figure 2, species 1–4)
during clear solution preparation was criticized.[22] Previous-
ly, only highly condensed, cagelike silicate species were ob-
served in aqueous solutions. A comparison of the samples
and their treatment from the earlier studies with the clear
solutions revealed several differences. The open silicate spe-
cies could only be detected in samples in which an interface
between the hydrophobic silicon source and the aqueous
template solution still existed. Furthermore, to prevent clo-
sure of the formed silicate species in an aqueous environ-
ment a very high TPA/silicon ratio is necessary. Also, any
harsh sample treatments applied by other groups, like the
boil–freeze–thaw cycle, results in destruction of the intermo-
lecular template–silicate interactions.[23] Towards the end of
the TEOS hydrolysis process, the hydrophobic–hydrophilic
interface disappears and the cuplike silicate anions (spe-
cies 3) need to rearrange to shield hydrophobic surfaces
from the aqueous surrounding. This process culminates in
the formation of the precursor (Figure 2, species 4). The pre-
cursor encapsulates one TPA ion and is already a specific
fragment of the silicalite-1 structure. They offer an inner hy-
drophobic environment to the TPA molecule and a hydro-
philic outer surface to the aqueous medium.


Through a combination of SAXS, AFM, dynamic light
scattering (DLS), diffuse reflectance IR, and 29Si NMR spec-
troscopy the aggregation steps starting from the precursor
could be identified (Figure 2).[24] Precursors first link into
rows of three (Figure 2, species 5), which click together side-
wise into half-nanoslabs, nanoslabs (4N4N1.3 nm, species 7),
and tablets (8N8N1.3 nm, species 8). This aggregation
occurs usually at room temperature. The particle population
that dominates in the final suspension depends on the TPA
concentration, evaporation of ethanol, ionic strength, and
the temperature. By careful adjustment of these parameters,
suspensions of almost exclusively precursors, half-nanoslabs,
nanoslabs, or tablets can be obtained (Figure 3).


Large efforts were invested in the attempt to capture
nanoslabs on microscopic images (Figure 2, micrographs


Figure 1. Strategies used to generate hierarchical materials.
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center and right). A slight confusion arose after the original
publication due to the presence of NaCl in the samples used
for TEM studies.[25] It could be shown, however, that NaCl
itself does not form entities of the observed shape and size.
Instead, it was discovered that sodium cations closely inter-
act with the negative charges on the anionic nanoslabs. It
leads to the formation of a protective NaCl layer around the
silicate entities during sample preparation that shields these
fragile species from damage by the electron beam and
allows recording of the morphology of the nanoslabs.[26]


Particle growth in a clear solution involves the approach
and fusion of the entities shown in Figure 2 governed by col-
loid chemical principles. The general trend of particles to
decrease their surface area is countered in this system by
the surface charge and the presence of TPA cations in and
around the negatively charged aggregating species. The elec-
trostatic repulsion prevents undirected gelling. TPA cations
within the precursor and adsorbed as a charge-compensating
surface layer form a steric barrier with structure-directing
properties. These barriers provoke the self-organizing pro-
cess, resulting in larger and larger aggregates (Figure 2).
After a colloidally stable particle distribution in the clear so-
lution is reached, heating is required for the aggregation to
proceed further. Stacking of the tablets into intermediates
(Figure 2, species 9) occurs at elevated temperatures only.
These intermediates finally fuse into silicalite-1 particles ex-
hibiting crystallinity detected with XRD (species 10). The
kinetic analysis of this self-organization within clear solu-
tions upon heating confirmed the model of consecutive ag-
gregation steps (Figure 4, top).


Occurrence of Complex Phase Behavior During
the Colloidal Silicalite-1 Synthesis Process


Experimentation under microgravity conditions offers a
unique means to assess the contribution of local particle in-
teractions versus global convection in the ordering and ag-
gregation of particles. Under microgravity, convective forces
due to buoyancy and thermal density gradients are largely
suppressed. The intriguing process of self-organization of
small zeolitic building units into silicalite-1 (Figure 2)
prompted the study of the transformation of fragments into
silicalite-1 under microgravity conditions. During the ballis-
tic rocket mission MAXUS 4, a 30 mini-autoclave unit with
individually programmed heating and collective quenching
was used to prepare series of quenched samples during sili-
calite-1 formation.[27] The evolution of the particle size pop-
ulations was determined by using X-ray scattering in the
transmission mode. It was found that microgravity condi-
tions significantly slowed aggregation (Figure 4, bottom).
Surprisingly, the aggregations of the smallest entities (frag-
ments and nanoslabs) were most retarded under microgravi-
ty, namely, sixfold compared to 3.1- to 1.8-fold for inter-
mediate and crystallite formation, respectively. Follow-up
experiments aboard MAXUS 5 and the international space
station confirmed this observation for different tempera-
tures. The strongest retardation of the aggregation of the
smallest particles was in apparent contradiction with the
classical understanding. For the typical range of viscosity of
the suspending medium, convection phenomena are expect-
ed to have an effect on micrometer-sized objects. The nano-


Figure 2. Formation of silicalite-1 type zeolite from clear solutions. Cryo-TEM picture (bottom left: courtesy of B. Schoeman).
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meter-size regime should be completely governed by Brown-
ian motion.


A first hint at an explanation for this unexpected micro-
gravity effect was found during dynamic light scattering
(DLS) investigations and viscosity measurements (Figure 5).
Particle-size analysis, cross referenced with X-ray scattering,
revealed the stepwise aggregation from fragments (dDLS=


2.3 nm) to nanoslabs (dDLS=2.8 nm), tablets (dDLS=3.6 nm),
intermediates (dDLS=20 nm), and final crystals (dDLS=


35 nm) over the expected heating period. Surprisingly, paral-
lel to these known aggregation steps, DLS revealed the exis-
tence of larger entities. A signal at approximately 75 nm
that grew within the first hours, sharpened and shifted to


about 200 nm after 12 h of heating. No particles of this size
were present in clear solutions at these times according to
X-ray scattering. Later, the unexpected DLS signal faded
and finally disappeared. The occurrence of the DLS signal
in the 75–200 nm range coincided with a temporary, 20% in-
crease of viscosity (Figure 5).


DLS gives insight into the mobility of the scattering parti-
cles. Interacting assemblies of particles appear as large enti-
ties, because their diffusion in the collective is strongly en-


Figure 3. SAXS measurements of clear suspensions of half-nanoslabs
(top) and nanoslabs (bottom). The measured data confirm the monomo-
dal particle distribution and the presence of the illustrated particles (si-
mulated scatter-curves in grey).


Figure 4. Population analysis of the formation of silicalite-1 from clear
solutions at 155 8C. The experimental points were confirmed by kinetic
simulations (curves). Light grey: small particles, nanoslabs, and tablets
(Figure 2, species 5–8); dark grey: intermediates (species 9); black: crys-
tals (species 10). Top: experiment under normal gravity; bottom: experi-
ment under mg-conditions.


Figure 5. DLS (left) and viscosity (right) measurements of clear solutions
during silicalite-1 formation at 80 8C. Tinted lines and bars indicate the
presence of species 7 (nanoslabs), 8 (tablets), 9 (intermediates), and 10
(crystals; Figure 2), and OLPs, locally correlated regions.
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cumbered. Consequently, the DLS signal above 75 nm is as-
cribed to fragments, nanoslabs, and tablets confined in local-
ly correlated regions, which from now on we will call or-
dered liquid phases (OLPs). The particles involved are
strongly negatively charged, are anisotropic and anisometric,
and are covered with a layer of positively charged TPA cati-
ons. In addition, different populations of particle size and
shape coexist during the synthesis process, making it hard to
predict the phase behavior during the evolution of the syn-
thesis process.


In general, local orientation correlation effects in a sus-
pension are facilitated by the anisometry of the particle.
Similar to the pretransitional effects in the case of liquid
crystals, a strong sensitivity to flow effects can be expected,
explaining the occurrence of the observed microgravity ef-
fects. Derjaguin, Landau, Verwey, Overbeek (DLVO) calcu-
lations on nanoslabs confirmed the existence of an energetic
minimum for two particles at a distance of about 0.7 nm.[28]


This energy minimum is consistent with a local stacking of
the particles in the newly discovered OLPs.


These experiments revealed the important role of the
large-scale orientation correlations that will be affected by
the absence or presence of convection. The effects of flow
on correlated regions rationalize the existence of a retarda-
tion effect of microgravity on the aggregation rate (Figure 4,
bottom). Under microgravity, the effects of convective flows
owing to buoyancy and density gradients are suppressed,
and flow is known to affect the pretransitional phenomena.


The formation of the correlated domains was investigated
in situ in the ZEOGRID hardware aboard the International
Space Station.[29] The ZEOGRID hardware consists of 20
cartridges containing two fluids that can be manually mixed
by turning a handle. One compartment contained TEOS,
the other an aqueous solution of tetraproplyammoniumhydr-
oxide (TPAOH), in proportions suitable for obtaining a
nanoslab suspension under normal gravity conditions. Under
microgravity conditions, millimeter-sized, solid particles
were formed that clearly showed orientational order in
small angle X-ray scattering measurements (Figure 6).


Closer analysis revealed these particles to consist of nano-
slabs that were embedded layer-wise into a matrix of TPA
cations with a repetitive d value of 29 A. This experiment
provided strong evidence for the favored self-organization
of nanoslabs into ordered phases under microgravity condi-
tions.


Manipulation of Ordered Domains to Obtain Self-
Assembly into Hierarchical Materials


The discovery of correlated “domains” and its influence on
the kinetics as an explanation for the unexpected micrograv-
ity effects certainly is very attractive from a scientific point
of view. Furthermore, the improved understanding of the
self-organization of zeolitic building units in OLPs had sig-
nificant impact on the development of new application-ori-
ented materials. Through mastering of the formation of ori-
entational order, design of zeolites on demand appears to be
within reach. Already now, with only vague understanding
of the interparticle interactions leading to the ordering and
the structure of the “domains”, two new types of hierarchi-
cal materials could be developed by modifying the ordering
of the building units through addition of surfactants and
polymers (Figure 7).


The first type of material, denoted as zeogrid,[30] was ob-
tained by reorganization of the correlated regions by addi-
tion of cetyltrimethylammonium bromide (CTAB). The
nanoslabs are stacked in concentric layers, intercalated by
surfactant molecules. Removal of the surfactant through cal-
cination causes partial fusion of the nanoslabs. Empty
spaces left laterally between individual nanoslabs are re-
sponsible for super-microporosity and provide access to the
zeolite pores provided by the nanoslabs.


In the second type of hierarchical structure, denoted as
zeotiles (Figure 7), nanoslabs are linked through their cor-
ners, edges, or faces following patterns imposed by interac-
tion with surfactant or triblock copolymer.[31] A remarkably
high mesostructural order is typical for these assemblies.
After evacuation of the organics, microporosity inside the
nanoslabs and an exceptionally open mesopore network be-
tween the nanoslabs, depending on the tiling pattern of the
slabs, is obtained.


The morphology and structure of zeogrids and zeotiles
was observed to be highly sensitive to the mixing conditions,
suggesting a strong impact of convection on the nanoslab or-
dering process upon surfactant addition. To clarify this
effect, a series of 20 different zeogrid syntheses was per-
formed in the above-mentioned ZEOGRID hardware
aboard the International Space Station. Nanoslab suspen-
sions were mixed with the surfactant solutions in space.
Throughout, it was observed that the samples obtained
under microgravity conditions were of larger size, monolith-
ic character, and better ordered internally (Figures 7 and 8).
These observations indicate that shear flow and convection
effects have a major role in arranging the elementary build-
ing units before solidification occurs. A closer analysis of


Figure 6. 2D SAXS measurement of solidified clear solution obtained
under microgravity conditions. Analysis of intensity as a function of scat-
tering angle revealed two layer-like domains of nanoslabs in the particle.
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the rules governing the complex phase behavior will certain-
ly lead to new synthesis strategies to modify the aggregation
product from within those phases in a directed manner.


Conclusions and Perspectives


The study case of formation and ordering of regular silicalite
building units shows that understanding of the molecular
and supermolecular template effect leads towards expertise
in design of application-oriented materials. Even though the
existence of nanoslabs and their organization into orienta-
tionally correlated domains is observed only for silicalite-1
and -2 zeolites, there are some indications that this is not an
isolated occurrence. For mesoporous materials, the occur-


rence of ordered surfactant–silicate lamellar phases with un-
structured silica species has been observed before.[32–33] Also,
the self-assembly of larger colloidal Bragg crystalline parti-
cles has been observed and studied.[12] The concept of using
prefabricated zeolite nuclei in the synthesis of mesoporous
materials[34–41] also entirely depends on the existence of
structured zeolite building units, the self-assembly of which
is certainly ruled by similar colloidal interactions as the
herein described aggregation of nanoslabs within orienta-
tionally correlated domains. Another hint for the existence
of ordering is the common observation in several template-
directed zeolite syntheses of the formation of layered pre-
cursor structures.[42–46] The discovery of the orientationally
correlated domains offers a new concept for rationalizing
the phenomena during the genesis of micro- and mesopo-
rous materials from elemental building units.
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Figure 7. Manipulation of nanoslab OLPs results in different materials.


Figure 8. 2D SAXS measurement of zeotile-1. A) Monolithic mm-sized
particle obtained under mg-conditions; B) same sample as in A, but pow-
dered; C) sample obtained under 1 g, no big particles were obtained.
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Fluorescent Probes for Sensing Processes in Polymers


Paula Bosch,* Fernando Catalina, Teresa Corrales, and Carmen Peinado[a]


Introduction


Polymers are present in our lives in different ways, from a
very basic container material to the most sophisticated ap-
plication in new and emerging technologies. From both a
scientific and industrial point of view, one of the goals of
polymer science is to understand the nature and state of the
polymer material in all its applications, with the objective
of:


* Knowing its properties.
* Correlating the structure and properties.
* Knowing mechanism and kinetics of a given process


taking place.


All of these will allow us to establish not only the features
and performance (and then the applications) of the material,
but also to predict the duration of a device. In addition, as it
will be seen later, this knowledge will permit the design of
new tools.
The processes that could take place in a polymeric materi-


al are diverse, but from a practical point of view we summa-
rize here some that could affect the physical properties of a
material:


* Chemical reactions, such as polymerization (curing),
cross-linking, functionalization, or secondary reactions.


* Ageing, and thermal, photochemical, or chemical degra-
dation.


* Transport of small molecules, such as water, solvents,
and chemicals (additives).


* Thermal transitions (relaxations, Tg).
* Change of morphology (microphases separation, crystal-


lization, orientation).
* Self-assembly, gelation, and gel swelling.


All these processes involve changes in the material at the
molecular level. To follow them, there are many useful tech-
niques, among the most used are: spectroscopic methods
(UV-Vis, FT-IR, Raman, NMR), thermal methods (DSC,
DMTA), gravimetry, microscopy, mechanical tests, and
chemical analysis. Although these techniques provide valu-
able information about polymer materials, some disadvan-
tages arise from the necessity of sampling or the destructive-


Abstract: Fluorescence spectroscopy is an important an-
alytical technique that has been widely used in a variety
of applications, such as biomedicine, biology, and sci-
ence of materials, because it presents some properties
which makes it unique, that is, extraordinary sensitivity
and selectivity, short delay time (<10�9 s), and it is nei-
ther invasive nor destructive, so it can be used for in
situ measurements. Generally, intrinsic fluorescence of
many materials, like polymers, is unspecific so it is not
useful to analyse their properties or to be correlated to
changes in their microenvironment. The incorporation
of additives with fluorescent groups would be necessary.
When the fluorescence emission of these molecules is
sensitive to changes of properties, such as polarity, fluid-
ity, order, molecular mobility, pH, or electric potential,
they can be used for detecting such changes in their mi-
croenvironment, and they are called fluorescent probes.
As long as these probes can follow processes of practi-
cal interest, they can be employed as sensors, if the in-
formation given by the measure of fluorescence ade-
quately reflects the changes in the system. In addition, a
sensor must fulfil some other requirements in order to
make them of practical use, the most important being
that the material support in which the sensor molecule
is inserted. This support should permit a rapid detection
of the process and should allow easy processing in a va-
riety of forms. Polymers are well-known systems in
which estimation of local parameters are possible by
means of fluorimetric techniques. It allows the study of
dynamic processes of interest, such as polymerization
kinetics and mechanisms, thermal transitions, photode-
gradation, swelling morphology changes, and so forth.
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ness of the tests, or even the
lack of sensitivity. Most of them
are not suitable to follow pro-
cesses in situ.
Among the techniques avail-


able, fluorescence spectroscopy
has become a powerful tool to
monitor microscopic changes in
polymer systems. This is due to
several advantages of fluores-
cence with respect to conven-
tional techniques:[1]


* High sensitivity.
* High selectivity.
* Short response time


(<10�9 s).
* Sampling not needed.
* Nondestructiveness.
* Processes occurring at different timescales could be stud-


ied in real time.


A disadvantage is that intrinsic fluorescence of polymeric
materials is usually very weak and appears in an unspecific
wavelength range, if it exists at all. Therefore, the addition
of a fluorescent molecule that can give information about
the processes in its microenvironment is required. These
molecules are called fluorescent probes.
There are several requirements that a fluorescence mole-


cule must fulfil to be used as probe, and the first is that at
least one fluorescence parameter should change depending
on the conditions of its environment. The methods used to
measure fluorescence changes of probes include steady-
state, anisotropy, and time-resolved measurements. Among
these, the parameters that have been proven adequate to
correlate changes in the medium with fluorescence are
monomer/excimer ratio, maximum emission wavelength, in-
tensity at the maximum wavelength, fluorescence intensity
ratio between two wavelengths, fluorescence lifetime, fluo-
rescence area, and the first moment of fluorescence. The se-
lection of the fluorescence parameters that best represents
the variation in the medium depends on the system, and ex-
amples of this will be given below.
Usually, the changes in polymeric materials that can be


easily studied by fluorescence are related to rigidity of the
medium (viscosity, free volume, mobility of chains, ageing)
or to polarity (microphases and domains, transport of small
molecules, reactions, ageing).
The families of fluorescence probes usually employed


under these circumstances are:


1) Compounds that may form dimers in the excited state
(excimers), which have different fluorescence emission
from the single molecule (e.g. aromatic hydrocarbons, es-
pecially pyrene, and derivatives, Figure 1). This needs
two fluorophores to move through the medium to be suf-
ficiently close to form an excimer; the process is strongly


viscosity dependent. Additionally, pyrene shows signifi-
cant fine structure due to vibrational relaxations, the rel-
ative intensity ratio of which decreases with an increase
in polarity of the solvent.


2) Systems that undergo energy transfer between two chro-
mophores, in which the energy is transported from a
donor in the excited state (D*) to an acceptor in the
ground state (A) (Figure 2). The process could be radia-
tive (trivial energy transfer) or nonradiative (Fçrster or
Dexter energy-transfer mechanisms); the latter being
more important because it is dependent on the distance
between chromophores.


3) A single probe exhibiting multiple fluorescences depen-
ding on the environment. This group includes molecules
which exhibit emissive properties that depend on inter-
nal rotation; these are called molecular rotors (Figure 3).
Internal rotation of at least one single bond of the mole-
cule is the main route for nonradiative deactivation.
Hence, an increase in viscosity around the probe reduces
this process by frictional resistance thus resulting an in-
crease in quantum yield.


Full description of the mechanisms for fluorescence varia-
tions of probes are profusely reviewed in the literature.[2]


Processes Measurable by Means of Fluorescence
Probes


As commented before, most of the processes of practical im-
portance can be related to changes in viscosity and/or polar-
ity in the microenvironment of the probe. This revision does
not intend to be exhaustive, but to give a general overview
of the different processes that could be monitored by fluo-


Figure 1. Pyrene and its fluorescence spectra in n-hexane and acetonitrile (adapted from reference [46]).


Figure 2. Energy transfer between two chromophores.
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rescence of probes inserted in polymer systems. An excel-
lent and complete revision of fluorescence probes for mate-
rials science can be found in specialized monographs.[3]


Polymerization : One of the most studied processes in poly-
mers with fluorescence probes has been the polymerization
reaction, since the mechanical and chemical properties of
the formed materials strongly depend, among various fac-
tors, of the degree of cure.
The polymerization reaction is a relatively complicated re-


action that transforms a monomer (or mixture of mono-
mers) into a polymeric chain. Basically, and depending on
the chemical functionality of the monomers, it could take
place through two different mechanisms: 1) a chain reaction
(addition of monomer at the end of the growing chain) or 2)
through a stepwise reaction. Depending on the functionality
of the monomer, the resultant material could be a linear or
branched soluble polymer, or a cross-linked insoluble net-
work. The mechanisms and kinetics of both types of process-
es are very different, but the system always undergoes a
transformation from a viscous or fluid liquid to a rigid vitre-
ous material, so viscosity-sensitive probes will be very useful
for following them.
Since the pioneering work of Loutfy[4] describing the fluo-


rescence–viscosity dependence of malononitrile probes, a lot
of research groups have studied the kinetics of polymeri-
zation through fluorescence probes. Most efforts have been
devoted to acrylic monomers given their industrial impor-
tance.
Polymerization of methyl methacrylate (MMA) was moni-


tored by means of pyrene-labeled alkanes by Wang and co-
workers in 1984,[5] measuring the monomer/excimer ratio of
pyrene chromophore as a function of time. Neckers de-
scribed for the first time the linear relationship of pyrene
fluorescence ratio with the rate of MMA polymerization at
low conversions.[6]


Peckcan et al. measured pyrene (Py) intensity along
MMA polymerization, and found a sudden increase of Py
intensity from a certain point of the reaction-time profile,
that they used to determine the gel point of the system
(point at which the system vitrifies) as a function of reaction
temperature, the probe being insensitive after this point.[7]


They also measured conversion of monomer in the cross-
linking copolymerization of styrene–divinylbenzene up to
vitrification[8] (Figure 4).
However, pyrene has the disadvantage that a certain flu-


idity of the medium is needed to allow the two Py molecules
to diffuse and encounter to form the excimer, so it is not an
adequate probe to follow the polymerization reaction until
final conversion.
Neckers and co-workers studied the photopolymerization


of acrylics for more than 15 years. They have described dif-
ferent probes, most of them from molecular rotor families[9]


(Figure 5).
Our group have described the synthesis of several mono-


meric and polymeric fluorescent probes,[10] and they have
been used for monitoring the photopolymerization reaction


of acrylics (Table 1). Kinetic profiles and instantaneous
monomer conversion have been measured up to the limiting
conversion (Figure 6).


Figure 3. Internal molecular rotation around s-bonds of molecular rotors
(adapted from reference [2b]).


Figure 4. Plots of Py intensity, I, against reaction time, t, during St-DVB
copolymerization, at different DVB content (top) and temperature
(bottom) (adapted from reference [8]).
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In addition, several other features of the reaction such as
influence of oxygen inhibition,[11] secondary reactions caused
by initiator,[12] gel-point determination,[13] and variations in
free volume during polymerization[14] have been determined
(Figure 7).
The good response of the probes to the changes in viscosi-


ty/rigidity makes them useful for following very fast reac-
tions and for elucidate their mechanism, such as the case of
the pulsed laser polymerization reaction.[11,15] The influence
of pulse frequency on the rate of polymerization and limit-
ing conversion is easily determined in processes that take
place in less than 30 s (Figure 8).
Besides radical chain polymerization, polymerization of


thermosetting compounds has been also studied by fluores-
cence methods, but almost all the work is restricted to
epoxy systems.[16]


Strehmel et al.[17] studied the cross-linking reaction of a
conventional epoxy resin (DGEBA, diglycidyl ether of bi-
sphenol A) through the fluorescence decay time of two
rotor type molecules. Even though they found certain agree-


ment with conventional meth-
ods for detecting the gel point,
the high free-volume required
for those probes for internal ro-
tation make them not very sen-
sitive (Figure 9).
One of the most active


groups in epoxy systems has
been Baselga and co-workers.
In addition to kinetic profiles
and gel-point determination,
they have correlated fluores-
cence with chemical transfor-
mations of the reaction mixture,
such as reaction of the primary,
secondary, and tertiary amino
groups, and the maximum con-
centration of secondary amino
groups in the reaction mix-
ture[18] (Figure 10).
When curing glass or silica


fibers reinforced epoxy systems,
they also were able to ob-
serve differences between the
curing reactions of the fiber–
epoxy interface or the bulk ma-
terial.[19]


Microenvironment : The ability
of the fluorescent probes to
detect changes in its microen-
vironment polarity is a power-
ful tool for investigating many
aspects of polymer structural
changes. Many investigations
make use of the solvatochromic
shift experienced by fluorescent


dansyl derivatives to correlate it with structural changes in
polymers (Figure 11).
Carlier et al.[20] studied site accessibility of different poly-


mer-supported samples by grafting dansyl chromophore to
silica or to the polymer chain. Swelling the samples and
comparing the experimental emission wavelengths with
those in pure solvents, they described differences in site ac-
cessibility between linear and cross-linked polymers depen-
ding on the nature of the solvent.
Swelling of polymers and gel formation have been exten-


sively studied by means of fluorescent probes. Peckan pre-
pared disc-shaped PMMA by free radical cross-linking poly-
merization in the presence of pyrene, and studied the swel-
ling and release kinetics as a function of cross-linking densi-
ty, measuring Py fluorescence intensity.[21] More recently,
these authors measured lifetimes of Py in order to estimate
the cooperative diffusion coefficient for the swelling process
and the desorption coefficient for the drying process of poly-
styrene (Figure 12).[22] Interpenetrated polymer networks
have also been studied.[23]


Figure 5. Some of the probes studied by Neckers et al. in polymerization reactions.
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The very distinct environmental polarity in micellar sys-
tems has been studied by inclusion of polarity sensitive
probes, assuming that their fluorescence response will
change when the probes are solubilized in polar or apolar
environments.[24] Winnik and co-workers have used changes
in fluorescence spectra to deduce the apparent critical mi-
cellar concentration (CMC) of block copolymers,[25] and
Webber et al. measured lifetime and quenching of emission
of systems doped or labeled with probes.[26]


Labeling polymers with a probe can give information
about conformational changes of the polymer chains. Tsune-
da et al. grafted the dansyl group to a polyethylene microfil-
tration membrane, and evaluated the solvent effect on the
conformation of the PE chains and its relationship with sol-
vent permeability through the membrane.[27]


The problem presented with probes that show multiple
fluorescence depending on their microenvironment is that
often both fluorescence types are present in the spectra.
Then it could be difficult to correlate the emission of the
probe in solid polymers with its reference emission in so-
lution. Recently Ito and co-workers have overcome this dis-
advantage by synthesizing an exciplex forming a rigid cyclo-
phane (shown here), which allowed them to measure
changes in dielectric constants of polymer solids.[28]


The donor and acceptor moi-
eties of the cyclophane suffer
little structural changes over
wide viscosity and temperature
changes, thus allowing the cor-
relation of the fluorescence
only to polarity changes. This
probe can detect even small
changes in the dielectric con-
stant at transition temperatures
in polymer solids and provides
a means by which to determine
the dielectric constant that
result from high-frequency mo-
tions of polar groups.
Studies on phase separation


and morphology of blends have
also been undertaken by using
the microfluorescence tech-
nique of doped systems.[29]


Chain mobility and thermal
transitions : Even though a lot of D-p-A intramolecular
charge-transfer probes have been described for viscosity
sensing, few examples of D-s-A probes appear in the litera-
ture. Jenneskens and Verhoeven investigated the mobility of
surrounding matrix sites with a piperidine derivative (illus-
trated here) and found a correlation with polymer molecular
weight, attributed to differences in medium reorganization
within the photophysical timescale.[30]


In addition to the glass transition (Tg), secondary relaxa-
tions of semicrystalline polymers are thermal transitions
that involve cooperative motions of macromolecular seg-
ments. These processes can be studied by means of fluores-
cence spectroscopy of doped polymer films, taking into ac-
count that the emission of the probe will decrease as long as
a decrease of the rigidity of the polymer takes place as a
result of segmental motions.[31]


Table 1. Rotor-type probes for monitoring polymerization reactions.


Probe R1 R2 R3 R4


Me
Me
Et
Et
Me
Me


Me
Me
CH2CH2OH
CH2CH2OC(O)CH2=CH
Me
Me


H
CN
CN
CN
H
OMe


CN
CN
CN
CN
CONH2


CONH2


Me
Me


Me
Me


H
OMe


CN
CONH2


Et
Me
Me


Et
CH2CH2OH
CH2CH2OC(O)CH2=CH
Me
Me


–
–
–


–
–
–


Me Me – –


Me Me NO2 –
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Stresses and mechanical properties : The control of distribu-
tion of stress in polymer materials is very important in order
to anticipate and prevent catastrophic failure during the
working life of the polymer. Currently, there are several


Figure 6. Fluorescence spectra variation (top) and kinetic profiles
(bottom) for the photoinitiated polymerization of lauryl acrylate. Below
the fluorescence is measured as F= If(438 nm)/If(475 nm). (&) I0=


0.55 mcal s�1; (*) I0=0.11 mcal s�1; (L) I0=0.03 mcal s�1 (adapted from
reference [8]).


Figure 7. Fluorescence-conversion profiles for a photo-cross-linkable
acrylic formulation depending on the photoinitiator used. Different reac-
tion behavior is attributed to secondary cross-linking reactions (adapted
from reference [12a]).


Figure 8. Fluorescence variation versus number of laser pulses for a
pulsed-laser photoinitiated polymerization of an acrylic formulation. Var-
iation of rate of polymerization (slope) and limiting conversion (plateau)
is observed for the different pulse frequencies employed (adapted from
reference [15]).


Figure 9. Comparison of the time-resolved fluorescence data (tAB in ps)
obtained from QB and DASPI with other methods (sol-gel analysis and
torque measurements), for the curing reaction of DGEBA-DDM
(adapted from reference [17]).
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methods for testing mechanical properties, but all of them
need specimens that have been prepared with defined geo-
metries and the tests are done ex-situ. Fluorescence of
doped systems appears to be an alternative method if it
could give a specific response to mechanical deformation of
polymers.
The effect of deformation (stretching) of an epoxy resin


on the fluorescence of probes has been studied.[32] When
mapping fluorescence (taken as the first moment of fluores-
cence, hni) for an uniaxially stretched sample, the highest
value of hni suggests that there is an accumulation of stress
in the centre of the specimen along the load axis
(Figure 13). This method has been also applied to study me-
chanical strength of these materials.[33]


Degradation : Prediction of useful life of the materials is a
major challenge for polymer industry. The degradation of
polymeric materials is caused by exposure to various factors
such as heat, light, mechanical stress, and microorganisms.
The mechanism of polymer degradation is extremely com-
plicated, involving simultaneous formation and decomposi-
tion of hydroperoxides. Several techniques are usually used
to study the mechanism of polymer degradation. Recently, a
sensitive fluorescence-based method has been developed in
order to assess physical or chemical changes in the early
stage of the photodegradation of polyurethane–acrylate ad-
hesive.[34] Two fluorescent probes, p-dimethylaminosalicylic
acid (p-DASA) and Oregon Green (OG), incorporated into


Figure 10. The dependence of the primary (a1), overall secondary (a*2),
overall tertiary (a*3) amino groups concentration (top) and the half
bandwith (HBW) (bottom) for the DNS And DAANS labels on the
epoxy group conversion (adapted from reference [18]).


Figure 11. Emission spectra of dansylamide in different solvents.


Figure 12. Plots of pyrene lifetime versus swelling (top) and drying time
(bottom) of disc-shaped polystyrene gels (adapted from reference [21]).
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the adhesive formulation were sensitive to the formation of
oxidation products. During photodegradation a rapid de-
crease of the emission was observed, attributed to the for-
mation of oxidation products (peroxide, etc.) during photo-
degradation that are able to quench the excited states of
emitting fluorophores. As the kinetics of this process can be
measured well before any defects become visible in the ad-
hesive, the technique is a valuable method to analyse photo-
degradation in its initial stages.


Moisture, ion, and small-molecule sensing : The detection of
chemicals in a given medium is a process that has enormous
implications in wide range of chemical and biological pro-
cesses and has been the driving force for the study and
design of specific sensors. Fluorescence probes have been
used for this purpose for some time.
A sensor must fulfil some requirements that make it of


practical use, one of the most important being the nature of
the material support in which the sensor molecule is insert-
ed. This support should permit a rapid detection of the pro-
cess and should allow easy processing in a variety of forms.
Amorphous polymers are materials permeable to small mol-
ecules, so estimation of local parameters can give accurate
information about the penetrant. The specific role of poly-
mer materials in sensor applications has been recently re-
viewed.[35] Fluorogenic and chromogenic sensors for anions
have been also recently reviewed.[36]


When a small molecule penetrates into a polymer film,
the following parameters will mainly change: polarity, mobi-
lity of the chains (“plastification”), and specific interactions
that are established between the penetrant and functional
groups present in the polymer.
Interesting work is currently being undertaken with the


dansyl chromophore as its sensitivity to polarity changes.[37]


Recently, the dansyl chromophore was used to label den-
drimers, with a view to the observation of signal amplifica-
tion of such systems. Balzani reported the quenching of the


dansyl fluorescence when pro-
tons or ions are entrapped in
the dendrimer topology, and
bind to specific sites of the inte-
rior of the dendrimer architec-
ture[38] (Figure 14).
Quenching of fluorescence is


not a very good strategy for
sensing, because a decrease in
emission could be related to
other experimental facts rather
than the presence of the target
molecule.
In addition to the polarity-


and viscosity-sensitive fluoro-
phores described in this paper,
the probes for which the fluo-
rescence depends on photoin-
duced electron transfer (PET)
are very useful for small-mole-


cule sensing when a specific interaction takes place. It is
possible to design signalling units in which, in the absence of
the analyte, a PET process deactivates fluorescence emis-
sion; this can be subsequently reversed when a molecule co-
ordinates or binds a specific site[39] and emission increases
(Figure 15).
In this sense, acridine[40] and naphtalimide[41] amino deriv-


atives (shown here) have been proven to give very good re-
sults, for both cation and pH sensors.


Water sorption is a well-known problem that causes dete-
rioration of the final properties of a polymer material and,
thus, it is related to its useful lifetime. Great efforts have
been undertaken to follow the effect of moisture in poly-
mers and different techniques have been used for two pur-
poses: 1) to determine the content of water and 2) to inves-
tigate the mechanical properties of the material after expo-
sure to humid environments.[42] In an attempt to develop op-
tical sensors, fluorescent probes have been added to poly-
mers to be used as humidity sensors.[43] Water acts as a
softening agent increasing the space between polymer
chains and producing a plasticizing effect. In general, the
presence of water increases the mobility in the polymer
matrix decreasing fluorescence emission of mobility-sensi-
tive or rigidochromic fluorescent probes.


Figure 13. Fluorescence mapping of an uniaxially stretched epoxy resin formulation, showing accumulation of
stresses in the bulk material (adapted from reference [32]).
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Torkelson has reported the use of 4-tricyanovinyl-[N-(2-
hydroxyethyl)-N-ethyl]aniline for quantitative monitoring of
water up-take in polymeric coatings.[44]


We have been also able to calculate the diffusion coeffi-
cient of water in different polymeric films doped with a fluo-
rescent probe (Figure 16). Assuming that the observed de-
crease in fluorescence emission is proportional to the water
uptake of the film, and by modifying FickPs equation we
have obtained a good agreement with diffusion coefficients
calculated by the conventional gravimetry method.[45]


Concluding Remarks


Fluorescence probe methods are very useful for monitoring
processes in polymers, because its high specificity, selectivity
and short response time, with the additional advantage that
they can be used for in situ measurements. Sensing at molec-
ular level provides information about changes in the micro-
scopic environment of the probes. The variations that most
affect the fluorescence emission of a probe are usually relat-
ed to changes in polarity, rigidity, or specific reactions with
the fluorophore.


Figure 14. Coordination of metal ions in the interior of a dendrimer structure and quenching of dansyl fluorescence. The supposed quenched dansyl units
are labeled black (adapted from reference [38]).
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The photophysics of the main families of fluorophores are
now well established, and the instruments to monitor emis-
sion have been developed and are easy to operate; therefore
the technique is now available even for scientists who are
not specialists in this particular area.
Results from fluorescence measurements can be correlat-


ed with those obtained by other conventional macroscopic
methods; in fact, the good correlations found for most pro-
cesses corroborate the excellence of fluorescence as moni-
toring technique. Moreover, if the results from fluorescence
measurements differ from those obtained by other methods,
some considerations should be made. After setting aside the
fact that specific photophysical processes or degradation of
the probe (through chemical, thermal, or photochemical re-
actions) could have taken place, the possibility that the
changes observed respond to a different microscopic process
should be taken into account. In this sense, processes involv-
ing different mechanisms or reactions that take place simul-
taneously can be detected by fluorescence (for instance,


double-bond reaction and macroradical coupling through
hydrogen abstraction in polymerization reactions).
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Influence of pH on the Photochemical and Electrochemical Reduction of the
Dinuclear Ruthenium Complex, [(phen)2Ru(tatpp)Ru(phen)2]Cl4, in Water:
Proton-Coupled Sequential and Concerted Multi-Electron Reduction


Norma R. de Tacconi,[a] Reynaldo O. Lezna,[b] Rama Konduri,[a] Fiona Ongeri,[a]


Krishnan Rajeshwar,[a] and Frederick M. MacDonnell*[a]


Introduction


The ability to capture and store solar energy as easily usable
chemical energy is an increasingly important research prob-
lem as the human demand for energy continues to grow and
most existing sources are nonrenewable.[1] Ruthenium–poly-
pyridyl complexes remain one of the most widely studied
chromophores for molecular light-to-chemical energy con-
version, because of their favorable photophysical properties
and chemical stability.[2–4] Considerable progress has been


made in the development of antenna-like structures that col-
lect light energy and funnel it to a single site,[5–9] as well as
molecular diad and triad architectures[9–15] that direct charge
separation within the excited-state complex. Until recently,
nearly all such assemblies were limited to storing a single
photoexcited electron, the notable exception being a Ru-Ir-
Ru trimer reported by Brewer and co-workers in 1994.[16] In
2002, we reported that the dinuclear RuII complex P and a
closely related quinone analogue were capable of reversibly
storing two to four electrons, respectively, upon visible-light
irradiation in the presence of sacrificial reducing agents in
acetonitrile.[17] The bridging ligands in these complexes have
been shown to play the role of electron acceptor for the


Abstract: The dinuclear ruthenium
complex [(phen)2Ru(tatpp)Ru-
(phen)2]


4+ (P ; in which phen is 1,10-
phenanthroline and tatpp is 9,11,20,22-
tetraaza tetrapyrido[3,2-a:2’3’-c:3’’,2’’-
l:2’’’,3’’’]-pentacene) undergoes a pho-
todriven two-electron reduction in
aqueous solution, thus storing light
energy as chemical potential within its
structure. The mechanism of this reduc-
tion is strongly influenced by the pH,
in that basic conditions favor a sequen-
tial process involving two one-electron
reductions and neutral or slightly acidic
conditions favor a proton-coupled, bi-
electronic process. In this complex, the


central tatpp ligand is the site of elec-
tron storage and protonation of the
central aza nitrogen atoms in the re-
duced products is observed as a func-
tion of the solution pH. The reduction
mechanism and characterization of the
rich array of products were determined
by using a combination of cyclic and
AC voltammetry along with UV-visible
reflectance spectroelectrochemistry ex-
periments. Both the reduction and pro-


tonation state of P could be followed
as a function of pH and potential.
From these data, estimates of the vari-
ous reduced species< pKa values were
obtained and the mechanism to form
the doubly reduced, doubly protonated
complex, [(phen)2Ru(H2tatpp)Ru-
(phen)2]


4+ (H2P) at low pH (�7) could
be shown to be a two-proton, two-elec-
tron process. Importantly, H2P is also
formed in the photochemical reaction
with sacrificial reducing agents, albeit
at reduced yields relative to those at
higher pH.


Keywords: electron transfer · N li-
gands · photochemistry · reduction ·
ruthenium
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photoinduced charge-separation process and the role of the
multi-electron storage unit. Their ability to also accept pro-
tons suggested that these “electron reservoirs” may ulti-
mately be capable of driving proton-coupled, multi-electron-
transfer reactions of the type desired for facile H2 produc-
tion or O2 reduction, for example.
We identified all of the photochemically relevant redox


and protonation states of the tatpp bridging ligand in P and
showed that the photochemical activity was retained when
water was added to solution in acetonitrile (1:4 H2O/MeCN)
as long as basic conditions were maintained.[18] Significantly,
P was also shown to store up to four electrons on the bridg-
ing tatpp ligand by means of electrochemical reduction.
In this paper, we show that pure water can be used as the


solvent for multi-electron photochemical processes and, by
means of a combination of voltammetry and differential re-
flectance spectroelectrochemistry, we are able to probe the
mechanism of reduction and protonation of P as a function
of pH in the range 6 to 11. Clearly, water is the most desir-
able solvent to work with and is the ideal substrate for most
light-to-chemical energy conversion schemes with dihydro-
gen and dioxygen as the photochemical products.


Results


Ladder scheme : A ladder scheme for the reduction and pro-
tonation of P is shown in Scheme 1. This scheme contains
not only each individual chemical structure, but also its no-
tation (P, P� , P2�, HP, HP� , and so on). The electron-trans-
fer processes are presented vertically, while protonation/de-
protonation processes are presented horizontally. While this
notation is useful, it is worth noting that P is a large metal


complex (over 2 nm long) carrying an overall +4 charge.
Moreover, many of the isomers can exist in multiple tauto-
meric forms; however, the tautomers shown in this scheme
are those chosen from a comparison with the tautomers es-
tablished for various redox isomers of tetraazapentacene.[19]


UV-visible absorption spectra for P and reduction products :
It is critical to have a clear understanding of the absorption
spectra of the species presented in Scheme 1 if we are to
successfully interpret the photochemical and spectroelectro-
chemical data. We have previously reported the absorption
spectra for many of the nonprotonated and protonated spe-
cies in MeCN[18] and can show that relatively minor shifts in
peaks position and intensity occur as water is added to the
mixture. Similarly, the absorption spectra of many of the
redox and protonation states of 5,7,12,14-tetraazapentacene
are known.[19,20] Figure 1 shows the spectra of [Ru(phen)3]


2+ ,
the ZnII complex of tatpp, and P in MeCN. The absorption
spectrum of P can be seen to simply be the sum of its com-
ponents with two [Ru(phen)3]


2+-type chromophores over-
lapping with the ligand centered transitions observed for
“free” tatpp. In this case, the free “tatpp” spectrum is ac-
tually that of the ZnII complex, as it is necessary to add a
metal ion to solubilize the ligand. The ZnII complex is free
of any MLCT-type transitions and the observed LC transi-
tions are likely only to be slightly perturbed by the ZnII co-
ordination. The molar extinction coefficients for these two
components, [Ru(phen)3]


2+ and tatpp, at 445 nm in MeCN
are 19200[21] and 17300m


�1 cm�1, respectively. A summation
of the molar extinctions for these three components, two
[Ru(phen)3]


2+ and one tatpp, gives an e445 of 55700m
�1 cm�1


that compares reasonably well with the observed extinction
coefficient for P of 65100m


�1 cm�1 at 445 nm in MeCN,[22]


Scheme 1. Ladder diagram for the electronation and protonation processes for P in water at pH 11, 8.5, and 6.
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and the sharp bands with vibronic fine structure characteris-
tic of the free ligand are clearly visible. The fact that all
three chromophores are largely additive suggests relatively
weak electronic coupling. Cyclic voltammetry (CV) data for
P shows a single Ru2+ /3+ couple supporting the weak elec-
tronic coupling between metal centers, and the absorption
spectra (vide infra) suggest better but still modest electronic
coupling between metal chromophores and the tatpp LC
chromophore. One additional, more intense LC band at
335 nm is observed in the ZnII-tatpp complex as well as in P
and is clearly only slightly perturbed by the coordination of
the RuII fragments to the tatpp ligand.
As seen in Figure 2 (top), significant changes in the LC


transitions at 335 and 445 nm are observed upon reduction
to P� , P2�, and P4� in MeCN. The first two were prepared
by chemical reduction and the last one was generated elec-
trochemically in situ (see below). All of the species, show
characteristic Ru–phen-type (dp–p*) MLCT<s at ~440 nm,


but each is uniquely defined by sharp LC transitions in the
visible region. The singly (P�) and doubly (P2�) reduced
forms are characterized by new LC absorptions at longer
wavelengths (855 and 965 nm for P� and 635 and 685 nm for
P2�), which show vibronic fine structure like the 445 nm ab-
sorption for P. The quadruply reduced complex (P4�), how-
ever, is largely featureless with only a weak broad absorp-
tion at 440 nm, showing that even the intensity of the Ru–
phen (dp–p*) MLCT has been lessened.
Absorption spectra for the protonated complexes HP� ,


H2P, and H2P
2� are shown in Figure 2 (bottom). Stoichio-


metric protonation of P2� gives HP� and is characterized by
the appearance of a third band in the spectrum of P2� at
715 nm and a slight blue shift of the other LC bands to 655
and 608 nm. The relative heights of these three components
were found to vary with the proton concentration, with the
715 nm band showing the strongest dependence on the
[H+]. Addition of another equivalent of H+ yields H2P, in
which the LC transitions now appear as a broad peak at
580 nm. H2P can be further reduced by two electrons elec-
trochemically, presumably leading to H2P


2�, and is charac-
terized by the complete bleaching of the 580 nm LC band
and partial bleaching of the 445 nm MLCT band. Appropri-
ate wavelengths were selected from these spectra to follow
the evolution of the absorption spectra as a function of po-
tential in the differential reflectivity measurements in water.
We note that the complex is readily soluble in water when
prepared as a chloride salt, [(phen)2Ru(tatpp)Ru(phen)2]Cl4.


Electrochemistry and spectroelectrochemistry of P in water :
In an effort to determine the redox and protonation behav-
ior of P in water, a combination of AC voltammetry and dif-
ferential reflectance spectroelectrochemistry were used. The
AC voltammetry data in MeCN and water (pH 11 and 6) is
shown in Figure 3. The top voltammogram (Figure 3a) was


Figure 1. UV-visible electronic spectra (MeCN) of [P][PF6]4, [Ru(phen)3]-
[PF6]2, and tatpp ligand plus excess Zn(BF4)2 salt.


Figure 2. UV-visible electronic spectra (MeCN) of P, P� , P2�, and P4�


(top) and HP� , H2P and HP2
2� (bottom).


Figure 3. AC voltammograms for the electroreduction of P in acetonitrile
(a), and in water at pH 11 (b) and 6 (c). The concentration of P was 2.5N
10�5m (a), 3.5N10�5m (b), and 2.1N10�5m (c).
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obtained in dry MeCN and the waves correspond to two
one-electron reductions (CI, CII) and one two-electron re-
duction (CIII) to generate P� , P2�, and P4�, respectively
(vide infra). These data correspond well with the CV and
differential pulse voltammetry (DPV) data obtained previ-
ously in MeCN.[18] In aqueous solution, the AC voltammo-
grams show significant changes that are dependent on the
pH, as contained in Figure 3b for pH 11 and Figure 3c for
pH 6. The corresponding electroreduction processes are
seen to occur at more positive potentials and in a narrower
potential range, as may be expected for proton-coupled
redox processes in a protic solvent. At pH 11 (Figure 3b),
the first redox process shows three discernible features (CI,
CII, and C0II) that occur between 0.12 and �0.59 V, after
which the doubly reduced product is obtained. The last
redox process (labeled “CIII”) is observed at �0.84 V and
corresponds to a further two-electron reduction, as demon-
strated by the spectroelectrochemical data.
At pH 6 (Figure 3c), only two redox processes (CI and


CII) at �0.08 and �0.60 V versus Ag/AgCl, respectively, are
detected and both processes involve a two-electron reduc-
tion as determined from a Randles–Sevcik analysis of the
CV data for P (Figure 4). As seen in Figure 5, a plot of the


peak currents at CI, AI, and AII for the CV data in Figure 4
versus the square root of the potential scan rate (v1/2) shows
good linearity for the defined waves (CI, AI, AII) and is diag-
nostic of the diffusion-controlled nature of the electroreduc-
tion processes.[23] According to the Randles–Sevcik expres-
sion, the slope is proportional to the number of electrons ex-
changed in each process, assuming that both processes share
the same diffusion coefficient (5.5N10�6 cm2s�1). All three


waves analyzed (CI, AI, and AII) yield slopes corresponding
to two-electron processes. As the cathodic portion of the
second wave is poorly defined, it was not included in the
analysis.
Figure 6 contains difference reflectance data between 350


and 800 nm at pH 11. The difference spectra obtained on
changing the electrode potential from 0.2 V to �0.7 V


Figure 4. Cyclic voltammograms for the reduction of 8.0N10�5m P in
water at a 1.0 mm diameter gold disc electrode at scan rates of 10, 25, 50,
100, 150, 200, 300, and 400 mVs�1. Supporting electrolyte: 0.2m Na2B4O7/
0.15m H3BO3 adjusted to pH 6 with 0.1m H2SO4.


Figure 5. Randles–Sevick plots of peak current versus square root of po-
tential scan rate for the data in Figure 4. The plot for CII is not shown for
reasons indicated in the text.


Figure 6. Modulated (difference) reflectance spectra for 2.5N10�5m P at
pH 11 on a mirror-polished gold electrode (area=0.24 cm2). Spectra
were obtained by applying a square potential waveform at 11 Hz using
two distinct potential regions: 0.2 V/�0.7 V (a), and �0.7 V/�1.0 V (b).
The incidence angle of the light was 608. Supporting electrolyte: 0.2m


Na2B4O7/0.15m H3BO3 adjusted at pH 11 with 0.1m NaOH. The inset (c)
contains a DA spectrum processed from data in Figure 11 showing the
difference between the final photoproduct (HP�) and the initial P spec-
trum.
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(curve a) and from �0.7 V/�1.0 V (curve b) are shown.
Curve a encompasses the CI, CII, and C0II redox process seen
in Figure 3b and curve b encompasses the CIII redox process.
The DR/R spectrum contains positive and negative contribu-
tions showing the intensity changes from the initial spectrum
of P. The negative band at about 455 nm is the partial
bleaching of the intense P absorbance, while the positive
bands at approximately 650 and 710 nm are related to new
species formed at potentials down to �0.7 V. The inset in
Figure 6 (curve c) was obtained by subtracting the spectrum
of P from the spectrum of HP� in Figure 2. The similarity of
the two profiles, a and c in Figure 6, suggests the same
chemical species. Clearly the first set of overlapping reduc-
tion processes (CI, CII, and C0II) yield the two-electron re-
duced product, predominantly as HP� , with a smaller frac-
tion of P2� also produced. In the second potential window
(�0.7 to �1.0 V; curve b, Figure 6), the reflectance spectrum
indicates bleaching of the bands at 655 and 715 nm and only
a partial restoration of the 460 nm feature. This last reduc-
tion product shows the same spectral features, or more accu-
rately, lack of spectral features as observed for P4� generat-
ed in MeCN (Figure 2, top) and can reasonably be assigned
as an additional two-electron reduction of HP� in which the
protonation state is not defined. This second, two-electron
redox process is not observed photochemically, showing the
photoreduction stops at the 2e� stage (vide infra).
To probe the energetics of the conversion of P to its re-


duced products, differential reflectance spectroelectrochem-
istry (DRS) was used to follow the absorbance at selected
wavelengths as a function of potential. Figure 7 contains
data for P at pH 11 and at two wavelengths, 855 and
685 nm. These two wavelengths are unique for P� (absorb-
ing at 855 nm) and HP� and P2� (both absorbing at 685 nm,
c.f., Figure 2). For the sake of clarity, the potential axis is
now presented unfolded instead of pleated as is normally
done in cyclic voltammetry. The scan starts at +0.15 V (rest


potential) to �1.4 V and then back to +0.15 V. The polarity
of the ordinate scale in Figure 7 is such that the appearance
and disappearance of electrochemically generated products
are represented by positive and negative 1/R dR/dE compo-
nents, respectively, irregardless of the direction of the scan
(positive- or negative-going).
As can be seen in Figure 7, the first species to appear is


P� (characterized by the absorption at 855 nm) and reaches
a maximum rate of appearance at �0.25 V after which the
rate slows considerably. Although the differential reflec-
tance absorbance at 685 nm (curve “b”) is observed to grow
in slowly even while the 855 nm peak grows, its appearance
is accelerated once the 855 nm absorbance begins to dimin-
ish and reaches a maximum absorbance at �0.48 V after
which it begins to diminish. As the potential scan passes
through the CIII redox process (Figure 3b), only a slight
bleaching of the 685 nm absorbance is observed at approxi-
mately �0.8 V. Upon reaching the negative potential limit
(�1.4 V) the scan is reversed and similar behavior is seen
during the subsequent positive-going scan for both mono-
chromatic curves, albeit with a higher absorbance (right
frame of Figure 7) possibly indicating some adsorption/de-
sorption process at the most negative potentials. The optical
signals have the same sign during the negative- and positive-
going scan, because the differential reflectance signal does
not depend on the direction of the slow potential scan, but
only on the dE perturbation.
At pH 8.5, the DRS data were acquired at 855 (P�), 715


(HP�), and 580 nm (H2P) as the speciation becomes more
complex (see Figure 8). Additionally, the AC voltammogram
is shown in Figure 8 (black dotted line) to indicate the cor-
respondence between the optical and the electrical signals.
Curve b, formation of HP� , is tracked now at 715 nm in
order to be outside of any spectral tail from the band at
580 nm. The data show that P� (curve a) is the first species
to be formed, even though a clearly separated voltammetric
wave is not observed. However, as the absorbance at


Figure 7. In-phase differential reflectance versus potential curves for 3.5N
10�5m P at pH 11 during a cyclic linear potential scan at 2 mVs�1 on a
polycrystalline gold disk electrode. Two wavelengths were used to moni-
tor the singly and doubly reduced products from P : a) 855 and b)
685 nm. The switch potential, �1.35 V, was used to separate the plot in
two halves.


Figure 8. As in Figure 7 for 2.3N10�5m P at pH 8.5, but three wavelengths
were used: a) 855, b) 715, and c) 580 nm. Additionally, an AC voltammo-
gram is shown superimposed to underline the correspondence between the
optical and electrical signals.
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855 nm reaches a maximum, we observe a strong increase in
the 580 nm absorbance as well as in the 715 nm absorbance.
HP� actually starts appearing at potentials slightly more
positive than H2P and yet its maximum (rate of change of
the dR/dE at 715 nm) does not occur until slightly after the
absorbance change at 580 nm (H2P) has maximized. It is
also interesting to observe that the appearance of the
doubly reduced product, H2P as measured by the 580 nm
trace, is essentially complete by the time the minor voltam-
metric peak CII is reached. We suspect that this minor peak
(CII) is also associated with formation of HP� (vide infra).
At approximately �0.70 V, both the absorbances at 580 and
715 nm are bleached to some extent, corresponding well
with the voltammetric wave CIII and the further reduction of
the tatpp chromophore. No further changes are observed up
to the negative potential limit (�1.4 V) and again the
anodic scan is essentially a mirror image of the reduction
except that slightly larger absorbance changes are observed.
To eliminate the remote possibility that small contributions
from the reflectance of the Au surface itself are interfering
with the trends discussed above, the spectral measurements
were repeated with a Pt working electrode, with identical re-
sults (the electroreflectance effect of Pt is known to be neg-
ligible).
Finally the differential reflectance spectra at 855 and


580 nm were obtained at pH 6.0 (Figure 9). At this pH only
two species are observed, P� and H2P, with the former only
appearing in minor amounts relative to that observed at
pH 8.5 and 11. Furthermore the appearance of both P� and
H2P occurs nearly simultaneously, both of which are encom-
passed in a single voltammetric wave (CI in Figure 3c). As
the potential for the CII process (Figure 3c) is reached the
differential reflectance signal at 580 nm is almost completely
bleached signaling further electroreduction of H2P to the
quadruply reduced species. The anodic scan (right frame of
Figure 9) again shows the process is completely reversible.
The differential reflectance curves in Figure 8 were inte-


grated and then normalized by the absorption coefficients of
the corresponding species to yield the corresponding interfa-


cial concentration, cint, as a function of potential; Figure 10
contains the results. The first process at pH 8.5 is the forma-
tion of P� (curve a); P� then disappears to form HP�


(curve b) and H2P (curve c). The disappearance of P� in a
restrained potential domain just after its appearance is re-
sponsible for the bipolar behavior for all the pHs studied.
H2P is formed in a broader potential domain than P� , but
then recedes at potentials corresponding to the CIII wave
(Figure 8). HP� is also formed, albeit at lower amounts than
H2P, and is seen to then decrease in the second potential
region (�0.87/�1.4 V). The subsequent bleaching of the H2P
and HP� bands is presumably related to the formation of
the quadruply reduced H2P


2� and/or HP3� species. It is in-
teresting to make a comparison with the electroreduction
processes in acetonitrile (Figure 10, insert). Observe that the
formation of P� and its conversion to P2� occurs in a more
extended potential domain than in aqueous media, showing
the reduction processes are facilitated in water, because of
protonation. Furthermore, the bleaching of the peaks associ-
ated with the doubly reduced P2� is also observed in MeCN
when the CIII (Figure 3a) voltammetric process is reached,
corresponding to formation of P4� (see corresponding spec-
trum in Figure 2, top).


Photochemistry of P in water : By using triethanolamine
(TEOA) as a sacrificial reducing agent, we can examine the
photochemistry of P in water at a variety of pH values in-
cluding mildly acidic solutions, as the pKb of 6.2 and
TEOA[24] is high enough that an appreciable amount of the
free amine is present even at pH 6. Complex P is photo-
chemically active in water. Figure 11 shows the evolution of
the absorption spectrum of P (16 mm) in an aqueous buf-
fered solution containing TEOA (0.10m) as it is irradiated


Figure 9. As in Figure 7 but for 2.1N10�5m P at pH 6. Wavelengths are a)
855 and b) 580 nm. The voltammetric processes are labeled as CI, CII in
the left frame and as AII and AI in the right frame, following the notation
in Figure 3.


Figure 10. Interfacial concentration versus potential for P� , H2P, and
HP� at pH 8.5. The inset shows the fate of P� and P2� in acetonitrile in
similar conditions.
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with visible light (l>330 nm) at four different pH values:
pH 11 (a1, a2), pH 8.5 (b1,b2), pH 7.0 (c), and pH 6.0 (d). At
pH 11, we observe a small amount of P� is formed prior to
irradiation (see Figure 11a1), with the black line indicating
the solution spectra before addition of TEOA and the blue
line immediately after. Irradiation, however, is required to
complete the reduction and subsequently the long wave-
lengths peaks at 855 and 965 nm begin to diminish as peaks
at 715 and 655 nm with a shoulder at 608 nm grow in (see
Figure 11a2). The second photoproduct can be assigned as a
mixture of singly protonated, doubly reduced HP� and the
nonprotonated P2� (c.f. , Scheme 1).
At pH 8.5, no thermal reaction with TEOA is observed.


Upon irradiation, the two long-wavelength peaks (855 and
965 nm) associated with P� are observed to grow in with an
additional broad feature appearing simultaneously at
580 nm. Eventually the long-wavelength peaks reach
maxima and begin to diminish with a corresponding increase
in the peak intensity at 580 nm, indicating conversion to
H2P. The presence of a smaller shoulder at 715 nm shows
that a small portion of HP� is also formed in this photoreac-
tion.
At pH 7.0, a very different picture is observed. Only a


minor amount of P� is ever formed and the broad absorp-
tion at 580 nm begins to appear immediately, indicative of
H2P. Oddly, this peak never grows in to the same extent as
that seen at pH 8.5. Moreover, the bleaching of the P ab-
sorptions at 370 and 444 nm is incomplete. This is even


more apparent for the spectra obtained at pH 6.0. As seen
in Figure 11d, no trace of P� is ever observed and again the
broad peak that appears at 580 nm never grows in to the
same extent as at higher pH. There are several possibilities
as to why H2P does not fully form at lower pH including: 1)
pH-induced aggregation which alters the photophysical be-
havior, 2) protonation events that deactivate the photoexcit-
ed state of the complex in a non-productive manner, and/or
3) the Ru chromophores and the TEOA reducing agent are
unable to deliver two electrons simultaneously. Aggregation
of these[25] and related types of complexes[20,26–30] is well es-
tablished and has been observed to alter some physical
properties. We have yet to systematically determine the ef-
fects of aggregation and electron stoichiometry but note
that these effects may be addressable by synthetic modifica-
tion of the structure (e.g., covalently tethering donor units
to the Ru chromophores; overall charge modification).
While further study is required here, it is clear that some
H2P can be produced under these conditions, demonstrating
a bielectronic reduction and disprotonation of P without an
observable monoreduced intermediate. We note that all of
the photoproducts are cleanly reoxidized to the starting
complex, P, upon exposure of the solutions to air.


Discussion


From both the current data and by comparison with the re-
lated RuII complexes of dipyridophenazine (dppz)[31–39] and
tetrapyridophenazine (tpphz),[28, 32,40, 41] it is clear that com-
plex P can be viewed as three weakly coupled molecular
components; the two independent “RuII–trisbipyridine”
chromophores and a central tetraazapenacene acceptor unit
to form a chromophore-acceptor-chromophore triad. The
additive nature of the absorption spectra for all three com-
ponents, observed in Figure 1, reflects this nature. The abili-
ty of the tetraazapentacene ligand to accept multiple elec-
trons stems from three properties:


1) The terminal acceptor orbital is poorly coupled to the
Ru(dp) orbitals, and this ultimate site of electron storage
is not the acceptor orbital initially populated upon pho-
toexcitation.


2) Multiple reduction states are accessible at potentials
more positive than the terminal phen ligands (e.g., com-
pare with RuII complexes of dppz[39] and tpphz[28]).


3) The central aza nitrogen atoms are easily accessible pro-
tonation sites.


By viewing the complex as an assembly of three molecu-
lar components we can interpret most of the observed spec-
tral changes to reduction/protonation reactions of the tetra-
azapentacene unit.


Assignment of absorption spectra : Given the above descrip-
tion of the complex P, we can interpret the absorption spec-
tra of the species shown in Scheme 1 by expanding on the


Figure 11. Evolution of the electronic spectrum of 15 mm P in water with
added 0.25m of TEOA during photolysisat four different pH values:
pH 11 (a1, a2), pH 8.5 (b1, b2), pH 7.0 (c), and pH 6.0 (d).
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molecular orbital (MO) energy level diagram previously de-
scribed, as shown Figure 12.[18] In this picture, all the absorp-
tions in the visible portion of the spectra are either tetraaza-
pentacene ligand-centered transitions (p!p*) or MLCT
transitions of the type Ru(dp)!“bipyridine”(p*). Three
tatpp-based orbitals, the HOMO�1 (p), LUMO (p*0 ), and
LUMO+1 (p*1 ), and one metal-centered orbital, the
HOMO (dp), are required to develop a plausible MO dia-
gram.


The p*1 orbital of tatpp is much like the LUMO of a typi-
cal bipyridine or phenanthroline ligand (at both ends of the
bridge) and is the orbital initially populated upon photoexci-
tation in the MLCT band, thus the broad absorption be-
tween 440 and 480 nm can be assigned, in part, to the
Ru(dp)!tatpp(p*1 ) transitions or MLCT1.


[18] The sharper
transitions at 325 and 445 nm are also observed in the
“free” tatpp spectrum (actually the ZnII–tatpp complex in
Figure 1) and are assigned as p–p*1 (LC1) and p–p*0 (LC0)
transitions, respectively. Two similarly structured LC transi-
tions are observed in the neutral and reduced forms of
dppz[39] and tetraazapentacene.[20] We note that the p*0 ac-
ceptor orbital is mainly centered on the tetraazapentacene
portion of the triad and, as the overall LUMO, is the ulti-
mate site of electron storage. The smaller, but not negligible,
shoulder observed at 560 nm for P (see Figure 2, top) may
represent the Ru(dp)!(p*0 ) MLCT0 transition. This transi-
tion is not typically observed in RuII complexes of the relat-
ed dppz or tpphz ligands,[32] and is clearly not as favorable
as the Ru(dp)!(p*1 ) MLCT1 transition for P. The exact
nature of this absorption is still under investigation.
Upon reduction of P to P� , the p*0 orbital is singly popu-


lated and a new low-energy LC transition becomes possible;


this is labeled LC2. The peaks at 855 and 965 nm represent
this transition in which the splitting is due to vibronic fine
structure. Further reduction to P2� now fills the p*0 orbital
and results in additional nuclear rearrangements that stabi-
lize the p*0 orbital at the expense of the p*1 orbital. This re-
sults in a blue shift for the LC2 transition, which is now ob-
served at 635 and 685 nm as a vibronically split pair. We ob-
serve that further reduction to P4� in this model would fill
the p*1 orbital and bleach all the LC transitions; this is what


is observed experimentally.
The effect of a single proton-


ation of P2� on this energy dia-
gram would likely lead to fur-
ther splitting of the energy
levels associated with the pyra-
zine functions, consistent with
the appearance of a new band
at 715 nm appearing for HP� .
The second protonation to form
H2P partially restores the ligand
symmetry and the spectrum col-
lapses and blue shifts to a single
broad peak at 580 nm. More de-
tailed calculations are required
to fully explain all the spectral
changes observed upon proton-
ation, but it is clear that most of
the species in Scheme 1 have
unique bands in their absorp-
tion spectrum through which
their presence can be followed
spectroscopically.


The pKa values for P
� , P2�, and


HP� : An estimate of the pKa


values of several important solution species indicated in re-
actions given in Equations (1)–(3) was obtained by analysis
of the spectroelectrochemical data as discussed below.


HPÐ Hþ þ P� pKa � 8 ð1Þ


H2PÐ Hþ þHP� pKa1 � 9 ð2Þ


HP� Ð Hþ þ P2� pKa2 � 10 ð3Þ


First, we observe that the parent complex P shows no ap-
preciable change in its visible spectrum in water even at
pH 0 and can infer that the tetraaza nitrogen atoms of tatpp
are very weakly basic (or conversely the pKa of HP


+<0).
At pH 11, the electroreduction of P to P� is clean and only
after complete formation of P� are the subsequent products
P2� and HP� produced. The fact that both HP� and P2� are
present at this pH suggests we are close to the pKa2 value
for the reaction in Equation (3) and as the predominant
product is P2� would suggest a lower value. We estimate a
value of 10. At pH 8.5 (see Figure 8), it is clear that the pre-
dominant pathway for reduction is still through one-electron


Figure 12. Partial molecular orbital energy diagram for P, P� , P2�, and P4�.
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steps, with P� being the key intermediate. However, a small
but detectable amount of H2P is generated even at poten-
tials positive of �0.25 V, at which formation of P� domi-
nates. In this range, we believe the H2P formed is not a
product of electrode reduction, but instead the result of pro-
tonation of P� to form HP. This species, HP, is unstable with
respect to disproportionation, as shown in the reaction given
in Equation (4).[18]


2HP! H2Pþ P ð4Þ


From these data, we can deduce that a small portion of
P� is protonated at this pH and then disproportionates,
therefore the pKa for the associated reaction 1 is close to,
but less than, 8.5. Thus we estimate a pKa of ~8 for HP. In-
terestingly, it had been shown that the doubly reduced form
of [Ru(bpy)2(dppz)]


2+ is generated in aqueous solution by
means of a disproportionation reaction of the monoionic
complex.[42]


Finally, we observe that both HP� and H2P are present in
approximately a 30:70 ratio at pH 8.5 (Figure 8) showing we
are close to, but below, the pKa1 for H2P, and therefore we
estimate a pKa1 of ~9 for H2P. Finally, at pH 6 the only sig-
nificant product is H2P, showing that we are well below the
pKa values for reactions (1)–(3).


Single and multi-electron proton-coupled electron transfer
(ET): It is clear from the AC voltammetry and DRS data
that the mechanism of first two reductions on the coordinat-
ed tatpp bridge in P is strongly affected by the solution pH
with high pH (
11) favoring sequential one-electron reduc-
tions to P� [Eq. (5)] and then P2� [Eq. (6)] or HP� [Eq. (7)]
and neutral or acidic conditions (pH�7) favoring a proton-
coupled bielectronic process [Eq. (8)].[43,44]


Pþ e� Ð P� ð5Þ


P� þ e� Ð P2� ð6Þ


P� þ e� þHþ Ð HP� ð7Þ


Pþ 2 e� þ 2 Hþ Ð H2P ð8Þ


For example, the potentials for reactions in Equations (5)
and (6) in MeCN are observed at �0.20 and �0.75 V, re-
spectively, whereas the potentials for these same two reac-
tions are shifted to �0.15 and �0.50 V at pH 11. This re-
versibility in both MeCN and protic environments is not
characteristic of the related dppz-type complexes.[39,45] The
availability of protons leads to a new couple at the inter-
mediate potential of �0.30 V, which is seen to dominate the
AC voltammogram at pH 11 (Figure 3b) and can be as-
signed to the proton-coupled ET reaction in Equation (7).
It is evident that as the pH is lowered further, all the re-


duction potentials are all shifted to more positive values and
the overall potential window narrows as the voltammetric
peaks begin to merge. At pH 8.5, the merging of the first


two cathodic processes is nearly complete as only one major
cathodic wave (CI) is observed on the AC voltammogram
(Figure 8) though curiously, P� , HP� , and H2P are all dis-
tinctly observed spectrally (DRS) in the same potential
window (�0.1 to �0.3 V). Stepwise reduction still predomi-
nates here, because of the clear observation of the monore-
duced product in the DRS. Less noticeable, but equally im-
portant, is the broad wave in the AC voltammogram for CI,
which indicates at least two closely associated waves instead
of one. Furthermore, as seen in Figure 10, the plot of species
concentration versus potential clearly shows that most of
the doubly reduced products are derived from the sequential
reduction of P to P� and then reduction and protonation of
P� [Eq. (9)]. The appearance of some H2P at potentials
above �0.25 V (see Figure 10) is likely due to the formation
of a small amount of HP at this pH and disproportionation
[Eq. (4)].


P� þ e� þ 2 Hþ Ð H2P ð9Þ


We note that the formation of HP� [Eq. (7)] slightly lags
that of H2P, as may be expected for a sequential process in
which a more negative potential would be required to gener-
ate HP� than H2P. The minor cathodic wave CII in Figure 8
is likely to be associated with this process [Eq. (7)] and,
while not quantitative, corresponds well with HP� being the
minor doubly reduced product (~30% compared to 70%
H2P). Additionally, some HP� may be the product of H2P
losing a proton in solution. At pH 6, the first two reductions
are no longer distinct, but instead, have merged to form a
single two-proton, two-electron wave at �0.05 V (see Fig-
ure 3c), ultimately corresponding to the reaction given in
Equation (8).


Quadruply reduced products (P4� and protonated ana-
logues): The formation of the quadruply reduced products
from the doubly reduced products of P was observed in
aprotic media as well as aqueous solution and, not surpris-
ingly, the reduction becomes much easier to accomplish as
protons are introduced and the proton concentration in-
creased. We have not been able to unambiguously assign the
protonation state of this product, except when formed in dry
MeCN, and therefore will not attempt to assign it here. We
use HxP


x�4 as the generic representation of this family of
compounds, with the understanding that the aqueous species
are most certainly protonated to some degree. Unlike the
earlier reductive processes, the formation of HxP


x�4 is
always observed as a bielectronic process regardless of the
solution pH or even the presence of protons [Eq. (10)].


P2� þ 2 e� þ x Hþ Ð HxP
x�4 ðx ¼ 0� 4Þ ð10Þ


Upon going from aprotic media to pH 6 aqueous solution,
the redox potential for Equation (10) shifts from �1.35 to
�0.60 V. The presence of two bielectronic redox couples on
the tatpp ligand leads to a similar type of ligand-based
mixed valency recently as that reported by Bachmann and
Nocera for zinc–porphyrinogen complexes,[46] except here
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we see protonation is integral to the bielectronic nature of
the first couple.
As with the formation of P4� in MeCN, we always observe


bleaching of the tatpp LC transitions in the spectra obtained
for the quadruply reduced species at any pH, as was antici-
pated from the MO description of P presented in Figure 12.
The amount of bleaching can appear small in some of the
differential reflectance spectra, but note that this is decep-
tive and, as shown in Figure 10, the same data viewed in a
normalized fashion with respect to concentration shows the
bleaching is extensive. In no case, were any of the quadruply
reduced products observed under photochemical conditions.


Energetics of the photoreaction : It is interesting to compare
the energetics in this system with some earlier [Ru(bpy)3]


2+


systems that use methylviologen (MV2+) as an oxidative
quencher and electron relay and TEOA as the electron
donor.[47–50] The irreversible oxidation of TEOA prevents
the nonproductive back-reaction and thus the net photo-
chemical reaction in a solution of TEOA, [Ru(bpy)3]


2+ and
MV2+ can be reduced to Equation (11).


TEOAþMV2þ ½RuðbpyÞ3 2þ , hn
��������!TEOAþ þMV1þ ð11Þ


In our system, the tatpp bridge replaces the MV2+ and
thus acts as an internal acceptor capable of storing two elec-
trons (and protons) giving the net photoreaction 12 at pH 7
[Eq. (12)].


2 TEOAþ P 2hn
�!2 TEOAþ þH2P ð12Þ


While the DE is greater for the reaction in Equation (11)
than that in Equation (12) (�1.58 vs �0.95 V, respectively),
the fact that two equivalents of electrons are stored in H2P
means that +183 kJmol�1 of light energy was harnessed to
drive the endothermic reaction compared to +152 kJmol�1


for MV+ . Of course these numbers do not reflect the bipho-
tonic requirements of Equation (12) and by this criterion
less light energy was harvested. However, the key difference
here is not the efficiency of energy harvesting but the fact
that in H2P both electrons are stored in a single site (or mo-
lecular orbital) and are thus capable of participating in con-
certed multi-electron reactions with certain substrates. Fur-
thermore, protons are intimately involved in the reaction
mechanism and are carried along with the reducing equiva-
lents allowing access to additional proton-coupled electron-
transfer reactions possibly not accessible with reductants,
such as MV1+ .


Conclusion


In summary, the electroreduction of P in aqueous media is
much more complex than its counterpart previously studied
in acetonitrile[18] and proton-coupled electron transfer clear-
ly plays an important role in the reduction mechanism for
aqueous solution. The speciation observed spectroelectro-


chemically matches that observed photochemically with sim-
ilar product distributions at similar pH<s and thus we were
able to interrogate the reaction mechanism of the photo-
chemical reduction. The bold purple, green and red arrows
in Scheme 1 summarize the reaction paths observed for P at
pH 11, 8.5 and 6, respectively. For pH 11 and 8.5 distinct se-
quential one-electron and proton-coupled, one-reduction
processes are observed, but begin to merge at pH�7, such
that only a coupled two-electron, two-proton process is
seen. At all pH<s the doubly reduced product undergoes an-
other bielectronic reduction electrochemically but not pho-
tochemically. Importantly, it is possible to photochemically
produce the doubly reduced, doubly protonated H2P at neu-
tral or mildly acidic pH and thus store energy in a product
capable of driving proton-coupled, multi-electron-transfer
reactions. The clean reoxidation of H2P to P by oxidants
such as O2, is evidence that this complex could be used in a
photocatalytic manner to drive such reactions.


Experimental Section


Chemicals : The synthesis and purification of P as the chloride salt are de-
scribed elsewhere.[22] Other chemicals were of the highest purity commer-
cially available and were used as received.


Photochemical reduction : All solutions were sealed in a quartz cuvette
with a rubber septum and degassed for 10 min with nitrogen or argon gas
prior to irradiation. The cuvettes were immersed in a water bath (18�
2 8C) and irradiated using a 100 W tungsten bulb with a 360 nm cutoff
UV filter. The photon flux was 1.125N106 lux as measured by a Lutron
LX101 meter. The progress of the photochemical reaction was monitored
by recording the absorption spectra after periodic removal of the cuvette
from the water bath. Triethanolamine (TEOA) was used as the sacrificial
electron donor.


Electrochemistry and spectroelectrochemistry : The cells for voltammetry
and spectroelectrochemistry experiments have been described else-
where.[51] Gold and platinum discs polished to a mirror finish were used
as working electrodes. A Pt coil used as counterelectrode was placed in a
separate cell compartment with a fritted end. The reference electrode
was Ag jAgCl, satd. KCl and was used with a Luggin capillary to mini-
mize uncompensated Ohmic resistance in the cell. Dioxygen was exhaus-
tively removed from the working electrode compartment by bubbling pu-
rified nitrogen for at least 40 min prior to each experiment.


Reflectance spectroelectrochemistry was performed in two modes: differ-
ence and differential. In the difference mode, the reflectance (R) data
were acquired during square-wave modulation with the potential limits
of the square-function chosen to encompass each redox wave being
probed.[52] The data are presented in DR/R versus wavelength format.
Differential reflectance–potential profiles are very useful for the detec-
tion of active electrochemical species as a function of potential.[53–55]


Monochromatic light (again with the wavelength carefully chosen to be
characteristic of the species being probed) was reflected off the working
electrode surface and the change of the beam intensity in response to an
AC potential modulation was monitored, after demodulation, as a func-
tion of the DC electrode potential. The magnitude of the signal depen-
ded on the capability of the particular species to follow the potential
modulation that was superimposed on the slow DC potential scan. The
optical signal generated by the AC modulation can be represented by
Equation (13),[52] in which E is the electrode potential and A is the opti-
cal absorbance.


1
R


dR
dE
¼ � 1


R
dA
dcint
j dcint


dE
þ 1


R
dR
dq


Dq
dE
jAuER ð13Þ
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The first term in Equation (13) accounts for the potential modulation of
the interfacial species at the electrode. It consists of the modulation of
the interfacial concentration (dcint) of the various species instigated by
the dE potential perturbation. This in turn provokes a corresponding
change in A through Fresnel<s law. In this first term, the gold working
electrode is only participating as a reflecting mirror. The second term ac-
counts for the gold electroreflectance, that is, changes in the optical prop-
erties of the gold due to changes of its free-electron concentration.[52,56]


AC voltammetry[57] can be considered as the electrical counterpart to the
differential reflectance spectroelectrochemistry experiment described
above. In this case, the Faradaic current in response to a small-amplitude
potential perturbation was monitored as a function of the scanned (DC)
potential. Both types of measurements were performed at 11 Hz with
either 5 mVp-p or 50 mVp-p sine waves superimposed on a slow (1 mVs�1)
potential scan. For the spectroelectrochemical measurements, the radia-
tion reflected from the electrode surface was focused on a photomultipli-
er operating at constant current mode by a feedback system and a power
supply. The resulting optical AC response (in phase component) was de-
modulated with a lock-in amplifier and processed as in-phase signal.[53]


The electrolyte pH was maintained at 6, 8.5, and 11 with Na2B4O7/H3BO3


borate buffer. All experiments pertain to the laboratory ambient temper-
ature (25�2 8C).
Instrumentation : Cyclic voltammetry and AC voltammetry experiments
were performed by using a PC-controlled potentiostat (CH Instruments,
Electrochemical Analyzer). Differential reflectivity/potential (1/R dR/
dE) measurements used a S20 photomultiplier operated at constant cur-
rent mode by a feedback controlled system on a Kepco operational
power supply (Model OPS 2000B). A lock-in amplifier (PAR Model
5210) was used to demodulate the optical AC response.[54,55]
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Efficient Calculation of Many Stacking and Pairing Free Energies in DNA
from a Few Molecular Dynamics Simulations


Chris Oostenbrink and Wilfred F. van Gunsteren*[a]


Introduction


Free-energy calculations based on molecular dynamics
(MD) simulation have been being carried out for about 20
years now.[1,2] In this period many applications of the pertur-
bation[3] and thermodynamic integration[4] methods have
been reported. Even though increases in computational
power have led to impressive increases in accuracy,[5] there-
by overcoming the problem of limited sampling, increasing
the efficiency of free-energy and entropy calculations is still
of major concern.[6–8] Free-energy differences between simi-
lar compounds can be calculated very efficiently by the one-
step perturbation approach from a nonphysical reference
state.[9] This method has been applied successfully to calcu-
late relative free energies of solvation for small solutes[10, 11]


and relative free energies of binding to a common recep-
tor.[12–14] Here we apply the method to obtain a massive
number (about 103) of free energies from just a handful
(five) of relatively short simulations of a double-helical
DNA dodecamer, of a single DNA dodecamer strand in a
random coil and in a stacked conformation and of two indi-
vidual nucleotides in aqueous solution.


The one-step perturbation method is based on the pertur-
bation formula by Zwanzig,[3] shown in Equation (1):


DGAR ¼ GA�GR ¼ �kBT ln he�ðHA�HRÞ=kBTiR ð1Þ


which states that the Gibbs free-energy difference (DGAR)
between two different states (or molecules), A and R, can
be calculated from the configurational or conformational en-
semble average of the Boltzmann factor (e�(HA�HR)/kBT) as cal-
culated from the ensemble of state R. kB is the Boltzmann
constant, T is the temperature, and HA and HR are Hamilto-
nians for states A and R, respectively. Application of this
formula in a single step on finite ensembles of the reference
state R is only valid if the ensemble of state R shows suffi-
cient overlap with the ensemble for state A. Because this is
generally not the case, traditional free-energy perturbation
(FEP) or thermodynamic integration (TI) methods split up
the change from R to A into a number of small steps, using
the coupling parameter approach.[15] This would require 10
to 20 simulations per free-energy difference, and thus about
104 simulations to obtain the large number of free energies
we are interested in. Therefore, our approach has rather
been to design a nonphysical reference state R that samples
a configurational ensemble broad enough to show overlap
not only with that of state A, but also with the ensembles of
many other physically relevant states—B, C and so forth.
An elegant way to do this is to make some atoms in state R
“soft”: that is, to remove the singularity in the nonbonded
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step perturbation approach, 130 free
energies of base stacking and 1024 free
energies of base pairing in DNA have
been calculated from only five simula-
tions of a nonphysical reference state.
From analysis of a diverse set of 23
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that stacking free energies and stacking
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interaction,[16] to allow for some overlap with surrounding
atoms. In this way it is possible to generate an ensemble
containing both configurations similar to those of systems in
which the soft atom is present and configurations similar to
those of systems in which it is not.


In the current application we have designed the soft pyri-
midine–purine base pair depicted in Scheme 1. The position-


ing of the soft atoms (in grey) in these bases allowed us to
generate a reference configurational ensemble that shows
overlap with the configurational ensembles of the corre-
sponding real bases (or analogues), given in Scheme 2.[17]


These contain both synthetic[18–22] base analogues and bases
that have been shown or postulated to be products of radia-
tive damage on the natural bases.[23,24] The stabilities of
DNA double helices with some of these compounds incor-
porated have been determined experimentally.[17,19,20, 22] Ap-


plication of Equation (1) to trajectories produced for mole-
cules containing the soft reference bases yields the free-
energy difference upon a change from the soft reference
base into one of the real bases. This free-energy difference
between real and soft bases can be calculated for any combi-
nation of the real bases as a function of the environment of
the soft bases in a MD simulation. Four environments were
considered and are illustrated in the four vertical columns of
Scheme 3: 1) two simulations of a nucleotide, each contain-
ing one of the two soft bases, in water, 2) a single-strand
DNA dodecamer in water, with the soft bases SPUR and
SPYR in the central positions 6 and 7 along the nucleotide
chain, which is in “random coil” conformation, 3) the same
molecule in water, but held in a conformation in which the
bases are stacked and 4) a duplex of the same molecule in
water in a double-helical conformation.


The three free-energy differences involved in changing
the soft bases into the real ones, corresponding to a change
from one environment (columns in Scheme 3) to the next
from left to right in Scheme 3, are 1) the free energy DGinsert


of changing the environment of two particular bases from
water into a single-strand DNA in water, 2) the free energy
DGstack of changing the environment of two particular adja-
cent bases in a single-strand DNA in water from a random
coil into a stacked conformation and 3) the free energy
DGpair of changing the environment of two times two partic-
ular adjacent bases in two single DNA strands in water from
a separated (but stacked) conformation into a double-heli-
cal, and thus paired, conformation. With the real bases of
Scheme 2, this gives 13 (purines) M 10 (pyrimidines)�1=129
different relative free energies, DGinsert for insertion of a
purine plus pyrimidine base pair into the DNA chain and
the same number of free energies DGstack of base stacking. A
theoretical number of 130 M 130�1=16 899 different relative


Scheme 1. Nonphysical pyrimidine (SPYR) and purine (SPUR) bases
with soft atoms indicated in grey and normal atoms indicated in black.
For a description of the force-field parameters used to describe the base
see Table 1.


Scheme 2. Real bases for which the stacking and pairing free energies were calculated. Compounds Y1–10 replace the soft pyrimidine(s) present in the
simulations, while compounds U1–13 replace the soft purine(s) present in the simulations.


Chem. Eur. J. 2005, 11, 4340 – 4348 www.chemeurj.org F 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4341


FULL PAPER



www.chemeurj.org





free energies of double base pairing DGpair can be calculat-
ed. These 1.7 M 104 relative free energies all follow from just
a few (five) simulations of the reference state.


Computational Methods


All simulations were performed by use of the GROMOS biomolecular
simulation package.[25, 26] The parameters were taken from the recently
developed 45 A4 parameter set of the GROMOS force field.[27] The inter-
action parameters for the soft bases are reported in Table 1; the interac-
tions for atoms marked “soft” were calculated by the soft-core ap-
proach,[16] with softness parameter values[10] aLJ =1.51 and aC =0.5 nm2.
Only five simulations were required to obtain the free energies of stack-
ing and pairing for the ten pyrimidine analogues and 13 purine analogues
shown in Scheme 2. Two simulations involved a single soft base (SPYR
or SPUR) nucleotide, two simulations involved a single
d(CGCGAATTCGCG) strand of DNA with the two soft bases replacing
the central AT bases and a fifth simulation involved the corresponding
DNA duplex with four soft bases for the two central AT bases, all in ex-
plicit water. Initial coordinates were taken from the crystal structure of
the Dickerson–Drew dodecamer[28–30] (d(CGCGAATTCGCG)2, Protein
Data Base (PDB) entry code 355D).[31] The central purine and pyrimi-
dine in this structure were replaced by the soft bases SPUR and SPYR,
respectively. The single nucleotides with SPUR or SPYR bases were sol-
vated in truncated octahedral boxes containing 2035 and 1849 simple
point charge (SPC)[32] water molecules, respectively. The single- and dual-
strand simulations were performed in rectangular boxes containing 12889
and 13 415 SPC water molecules. The single-base nucleotides were simu-
lated in neutral form, the phosphate groups being replaced with OH. In
the single- and double-strand DNA simulations, a neutralising amount of
Na+ ions was added, together with additional Na+Cl� ion pairs corre-
sponding to a salt content of 0.1m.


In the single-strand simulation with
stacked bases, the stacking was main-
tained by positional restraints on the
twelve C5’ backbone atoms of the
chain to their crystallographic posi-
tions, through the use of a harmonic
potential energy term with force con-
stant 2.5M 104 kJ mol�1 nm�2. To keep
the soft bases paired in the double-hel-
ical DNA simulation, two attractive
distance restraints were added for
every base pair, as indicated in
Table 1. This still allowed the bases
freedom to move relative to each
other, but prevented them from
moving away from their partners com-
pletely.


For all simulations, initial velocities
were randomly chosen from a Max-
well–Boltzmann distribution at 50 K.
Periodic boundary conditions were ap-
plied. The temperature was then grad-
ually increased during six 20 ps equili-
bration simulations. During this time
atom-positional restraints on all solute
atoms were gradually reduced. At
least 2 ns of production simulation
were then performed at a constant
temperature of 298 K and at a con-
stant pressure of 1 atm, and coordi-
nates from these were stored every
0.1 ps for the free-energy analysis.
Temperature and pressure were kept
constant by the weak-coupling ap-


proach,[33] with relaxation times tT=0.1 and tP=0.5 ps and an estimated
isothermal compressibility of 4.575 M 10�4 (kJ mol�1 nm�3)�1. Nonbonded
interactions were calculated by use of a triple-range cutoff scheme. All
interactions within a cutoff distance of 0.8 nm were calculated at every
time step from a pair list that was updated every fifth time step. At this
point interactions between atoms (of charge groups) within 1.4 nm were
also calculated and were kept constant between updates. A reaction field
contribution[34] was added to the forces and energies, to account for the
influence of a homogeneous medium outside the cutoff sphere of 1.4 nm
with a relative dielectric constant of 66.[35]


The free energy of changing the soft bases into any of the corresponding
real bases in Scheme 2 was calculated by application of the one-step per-
turbation formula [Eq. (1)] over the stored configurations of the trajecto-
ry. Only the interaction energies involving the atoms in the soft bases
need to be reevaluated, making the postprocessing calculation efficient.


The presence of hydrogen bonds was determined by geometrical criteria.
A hydrogen bond is considered to be present if the hydrogen–acceptor
distance is less than 0.25 nm and the donor–hydrogen–acceptor angle is
at least 1358. To analyse the hydrogen bonding between the bases in
Scheme 2, a full hydrogen-bond analysis was performed on the soft bases
and the presence of hydrogen bonds for every configuration of the trajec-
tory was weighted with the exponential Boltzmann factor in Equa-
tion (1).


Results


The overall structure of the double-helical DNA dodecamer
remains stable over the course of the simulation. The all-
atom positional root-mean-square deviation (RMSD) from
the crystal structure is around 0.4–0.5 nm, which is very sim-
ilar to the results of simulations of the same dodecamer


Scheme 3. Thermodynamic scheme used to calculate the insertion (DGinsert), stacking (DGstack) and pairing
(DGpair) free energies of a combination of two adjacent base pairs in DNA. The brackets give the number of
real compounds for which the free-energy difference with the indicated reference state can be calculated. The
bottom line shows the lengths of the MD simulations of the different reference states.
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double helix without soft bases.[27] The occurrence of canoni-
cal (Watson–Crick) hydrogen bonds in the ten non-soft-base
pairs is presented in Table 2. Because of the symmetry of
the DNA duplex, two values for every hydrogen bond are
given. Except between the bases of the first and last base
pairs, hydrogen bonds are present for 77–98 % of the time.
The hydrogen-bonding patterns in the two halves of the
molecule are very similar.


The distance restraints that were added to keep the bases
of each of the two pairs of soft bases together do ensure
stable simulations, but still allow the soft bases sufficient
flexibility to sample different relative positions. As indicated
by the examples in Scheme 4, noncanonical hydrogen bonds
can be formed between donors and acceptors. The atom-po-
sitional fluctuations in the soft bases are slightly larger than
in the surrounding bases (up to 0.2 nm versus 0.1 nm for the
central “non-soft” bases).


Table 1. Nonstandard force-field parameters used to describe the artifi-
cial soft bases. Soft atoms used a softness parameter for the van der
Waals interaction of aLJ = 1.51 and for the Coulomb interaction of aC =


0.50 nm2. If two values for C12 are specified, the first is used in apolar in-
teractions, the second in polar interactions.[25, 27] The 1–4 nonbonded van
der Waals interaction parameters are equal to the normal ones. q is the
partial charge on the atom.


Atom Softness C61/2 C121/2 q
[(kJ mol�1 nm6)1/2] [10�3 (kJ mol�1 nm12)1/2] [e]


pyrimidine
C1 soft 0.04838 1.837 �0.2
C2 normal 0.04838 1.837 0.2
N2 soft 0.04936 1.301/2.250 �0.4
H21 soft 0.0 0.0 0.1
H22 soft 0.0 0.0 0.1
C3 soft 0.04838 1.837 �0.2
H3 soft 0.0092 0.123 0.2
C4 normal 0.04838 1.837 0.2
N4 soft 0.04936 1.301/2.250 �0.4
H41 soft 0.0 0.0 0.1
H42 soft 0.0 0.0 0.1
C5 normal 0.04838 1.837 0.0
CM5 soft 0.09805 5.162 0.0
C6 normal 0.04838 1.837 0.1
H6 normal 0.0092 0.123 0.1


purine
C1 soft 0.04838 1.837 �0.2
H1 soft 0.0092 0.123 0.2
C2 normal 0.04838 1.837 0.2
N2 soft 0.04936 1.301/2.250 �0.4
H21 soft 0.0 0.0 0.1
H22 soft 0.0 0.0 0.1
C3 soft 0.04838 1.837 �0.2
H3 soft 0.0092 0.123 0.2
C4 normal 0.04838 1.837 0.2
C5 normal 0.04838 1.837 0.0
C6 normal 0.04838 1.837 0.2
N6 soft 0.04936 1.301/2.250 �0.4
H61 soft 0.0 0.0 0.1
H62 soft 0.0 0.0 0.1
C7 soft 0.04838 1.837 �0.2
H7 soft 0.0092 0.123 0.2
C8 soft 0.04838 1.837 0.2


Table 1. (Continued)


Atom Softness C61/2 C121/2 q
[(kJ mol�1 nm6)1/2] [10�3 (kJ mol�1 nm12)1/2] [e]


N8 soft 0.04936 1.301/2.250 �0.4
H81 soft 0.0 0.0 0.1
H82 soft 0.0 0.0 0.1
N9 normal 0.04936 1.301/1.841 �0.2


Bond Force constant Ideal bond length
[106 kJ mol�1 nm�4] [nm]


N�H 18.7 0.100
C�H 12.3 0.109
C�N (amino group) 10.6 0.133
5-ring inside 11.8 0.133
6-ring inside 10.8 0.139
C�CM 7.15 0.153


Bond angle Force constant Ideal bond angle
[kJ mol�1] [degree]


5-ring inside 465 108.0
C-N-H 390 120.0
H-N-H 445 120.0
6-ring to hydrogen 505 120.0
6-ring to non-hydrogen 560 120.0
5-ring to hydrogen 575 126.0
5-ring to non-hydrogen 640 126.0
5,6 ring connection 760 132.0


Improper dihedral angle Force constant Ideal improper dihedral
angle


[kJ mol�1 degree�2] [degree]


on all planar atoms 0.0510 0.0
ring torsions 0.0510 0.0


Dihedral angle Force constant Phase shift Multiplicity
[kJ mol�1]


C-C-N-H (amino group) 33.5 �1.0 2


Attractive distance restraint Force constant Restraint length
atom pair [kJ mol�1 nm�2] [nm]


1 6SPUR N2–2 7SPYR N2 500 0.300
1 6SPUR N6–2 7SPYR N4 500 0.350
1 7SPYR N2–2 6SPUR N2 500 0.300
1 7SPYR N4–2 6SPUR N6 500 0.350


Table 2. Occurrence of canonical (Watson–Crick) hydrogen bonds in the
non-soft bases in the 2 ns MD simulation of the DNA double helix. Be-
cause of the symmetry of the DNA duplex, the same hydrogen bonds are
to be expected in the first and the second halves of the double-helical
DNA duplex structure.


Hydrogen-bond Occurrence [%]
donor/acceptor pair first half second half


1Cyt O2 !12Gua N2 56 55
1Cyt N3 !12Gua N1 72 72
1Cyt N4!12Gua O6 57 61
2Gua N2!11Cyt O2 88 87
2Gua N1!11 Cyt N3 97 98
2Gua O6 !11Cyt N4 89 90
3Cyt O2 !10Gua N2 87 81
3Cyt N3 !10Gua N1 97 98
3Cyt N4!10Gua O6 89 94
4Gua N2!9Cyt O2 78 77
4Gua N1!9 Cyt N3 95 98
4Gua O6 !9Cyt N4 87 92
5Ade N6!8Thy O4 84 92
5Ade N1 !8 Thy N3 88 90
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The random coil state in Scheme 3 was approximated by a
3.4 ns simulation of a single DNA strand without any re-
straints. Even though the sampled conformations no longer
resembled the starting configuration, the soft bases were in-
teracting with other bases (both parallel and perpendicular
stacking were observed). On this timescale a complete sam-
pling of the conformational space belonging to a true
random coil cannot be expected. However, the sampling of
the other reference states (columns 1, 3 and 4 in Scheme 3)


is likely to be much more ex-
haustive. This is why the sum of
DGinsert and DGstack in Scheme 3,
termed DGinsert,stacked, which can
be obtained by direct compari-
son of the free energies in the
stacked single strand and in the
individual bases, is probably
more precise than its compo-
nents DGinsert and DGstack. Of
the 130 stacking free energies
(relative to those of the soft
bases) calculated, those for the
naturally occurring bases, to-
gether with those for the bases
with the highest and lowest
DGinsert,stacked values, are given in
Table 3.


Of the 16 900 free energies of
double base pairing that can be
obtained from the double-heli-
cal DNA simulation and the
single-strand one (see
Scheme 3), only 1024 were eval-
uated. These correspond to one
base pair containing all purine–
pyrimidine combinations of the
naturally occurring bases (A, C,


G, T) and another base pair containing alternative bases at
the two central (sixth and seventh) positions in the dodeca-
mer duplex. The SPUR soft base at position 6 in the first
strand can be changed to A or G, and the SPYR soft base at
the pairing position 7 in the second strand to C or T, which
yields four possibilities for the natural base pair in position 6
of strand 1 and position 7 of strand 2. A similar calculation
for the ten possible natural and alternative bases at posi-
tion 7 in the first strand and for the 13 possible natural and
alternative bases at position 6 of the second strand yields
130 possibilities for the natural or alternative base pair in
position 7 of strand 1 and position 6 of strand 2. Combining
these possibilities yields 4 M 130= 520 possibilities. Inter-
changing the position of the natural and alternative or natu-
ral base pairs brings the number of possible double base
pairs to 2 M 520=1040. However, in this calculation, 4 M 4=


16 double base pairs consisting of natural bases are doubly
counted, which leads to a total of 1040�16=1024 double
base pairs of the type described. The distribution of these
1024 free energies (relative to those of the soft bases) is
given in Figure 1. Because of the symmetry of the double
helix, the free energy for a set of two base pairs Ui :Yj and
Yk :Ul should theoretically be identical to the free energy
for the set Ul :Yk and Yj :Ui. However, the timescale (2 ns)
of the duplex simulation is not sufficient to sample all con-
formational bending modes of the double helix and to
ensure that on average the molecule is purely symmetric in
a conformational manner as well. We therefore took the two
combinations of the base pairs together in the ensemble


Table 3. Insertion and stacking free energies for selected pairs of adja-
cent bases in the middle of the single-strand DNA dodecamer as ob-
tained by one-step perturbation and MD simulation. Out of 130 combina-
tions of 13 purines and ten pyrimidines at the sixth and seventh positions
in the DNA strand, only the naturally occurring bases and the base com-
binations with the lowest and highest stacking free energies were select-
ed. DGinsert is calculated as the difference in the free-energy change from
soft to real bases of the random coil single-strand state and the single-
base nucleotide state (see Scheme 3). DGstack is calculated as the differ-
ence in the free-energy change from soft to real bases of the stacked
single-strand state and the random coil single-strand state (Scheme 3).
DGinsert,stacked is calculated as the difference in the free-energy change
from soft to real bases of the stacked single-strand state and the single-
base nucleotide state (Scheme 3).


Nucleotide sequence position DGinsert DGstack DGinsert,stacked


1–4 5 6 7 8 9–12 [kJ mol�1] [kJ mol�1] [kJ mol�1]


(CG)2 A A T T (CG)2 27.6 �23.8 3.8
(CG)2 A A C T (CG)2 42.7 �28.5 14.2
(CG)2 A G T T (CG)2 54.2 �23.6 30.6
(CG)2 A G C T (CG)2 52.8 �58.1 �5.3
(CG)2 A U13 C T (CG)2 12.2 �66.0 �53.8
(CG)2 A G Y9 T (CG)2 39.1 +18.0 57.1


Scheme 4. Base pairs selected on the basis of their (decomposed) pairing free energies given in Table 4.
Lowest-energy pair with canonical hydrogen bonds: Y7:U2. Lowest-energy pair without canonical hydrogen
bonds: Y9:U10. Highest-energy pair with canonical hydrogen bonds: Y4:U4. Highest-energy pairs: Y4:U2 and
Y10:U5. The arrows indicate possible (and observed) hydrogen bonds.
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average of Equation (1), doubling the statistics for any com-
bination of Ui :Yj and Yk :Ul for which i¼6 l and j¼6 k
(1024�16= 1008 cases). The number of free-energy values is
then reduced to 1024�(1008/2)= 520.


The 520 calculated values of DGpair correspond to the si-
multaneous base pairing of two base pairs. This number of
DGpair values is still too large to list them all. We therefore
decomposed all these double-base-pairing free energies into
contributions from the individual bases, which reduces the
number of values to 130, but at the expense of neglecting
the influence of the neighbouring base pairs on a base-pair-
ing free energy. The resulting free energies of single base
pairing are given in the matrix in Table 4. We note that the
values are relative to the base pairing of the soft bases. For
comparison with experimental results only differences be-
tween the listed single-base-pairing free energies should be
considered.


Discussion


About 70 % of the 130 values of DGinsert,stacked lie—like the
values of the naturally occurring bases (Table 3)—within the
range from �6 to 31 kJ mol�1. These values correspond to
the stacking of two bases in between A and T, relative to
the sequence (CG)2, A, SPUR, SPYR, T, (CG)2. Experimen-
tally, the stacking of small aromatic compounds has been
studied extensively, but only limited data exist for stacking
adjacent bases in a DNA strand.[36,37] Recent “dangling resi-
due” experiments[37] cannot be compared to our data, be-
cause these experiments study the stacking of a single base
on top of a DNA double helix, and this will still have con-
siderably more conformational freedom than a pair of bases


in the middle of a DNA strand. Possible cooperative effects
from repetitive stacking will not be represented by these ex-
periments either. The variation in the values listed in
Table 3 might seem rather large, but since the values involve
three stacking interfaces, the variations are of the same
order of magnitude as those from the dangling residue ex-
periments. The values agree reasonably well with values
from early quantum-mechanical calculations[38] on double
base pairs, which were surprisingly shown to correlate with
the melting temperatures of double helices, indicating that
the stacking free energies play an important role in DNA
stability.[39] The values of DGinsert,stacked show the same corre-
lation: bases that are known to pair well also stack well.


For the sequence with the lowest stacking free energy (A,
U13, C, T) it is interesting to note that DGstack is fairly com-
parable to that for the (A, G, C, T) sequence. The difference
in DGinsert,stacked between the two sequences comes mostly
from DGinsert. A particular advantage of the one-step pertur-
bation method is that structural information can be obtained
from the simulation of the reference state by picking out
those configurations that contribute most to the ensemble
average in Equation (1). The strongest contributing confor-
mations for three base stacking sequences are depicted in
Figure 2. From the graphical representation of the stacking
sequence with the lowest free energy DGinsert,stacked (Fig-
ure 2B) it becomes clear that an intramolecular hydrogen
bond from the 8-amino group in U13 to the O5’ of the back-
bone is mainly responsible for the favourable value of DGinsert


(Table 3). The relative orientation to the pyrimidine Y1 (C)
is highly comparable to the relative G/C orientation (Fig-
ure 2A). The positive hydrogen atoms in the cytidine NH2


group position themselves between the negatively charged
N and O atoms of the purine, while the positively charged
carbonyl carbons of the cytidine orient themselves towards
the negatively charged N-ring atoms of the purine. The con-
figuration contributing most to the free energy DGinsert,stacked


of the least favoured stacking sequence A, G, Y9, T (Fig-
ure 2C) reveals that such a stacking conformation is not pos-


Figure 1. Distribution of DGpair, the free energy of base pairing (relative
to that of pairing of the soft bases) for 1024 combinations of the two
base pairs. The values for the combinations of base pairs are twice the
decomposed DGpair values according to Table 4. Vertical lines indicate
the DGpair values of the base pairs shown in Scheme 4.


Table 4. Decomposed DGpair values in kJ mol�1 as obtained from MD
simulation. For every combination of bases, the double-base-pairing free
energy is decomposed into single-base-pair contributions by least-squares
fitting; 130 values are obtained from 520 independent free energies.


Pyrimidine
Purine Y1 (C) Y2 (T) Y3 Y4 Y5 Y6 Y7 Y8 Y9 Y10


U1 (A) 64 52 41 54 58 35 55 40 29 64
U2 (G) 24 83 65 94 19 83 13 88 45 92
U3 51 47 39 46 48 32 47 35 30 61
U4 77 64 50 65 79 47 77 50 24 80
U5 35 90 78 95 42 74 37 76 51 105
U6 46 84 73 87 43 68 38 70 55 94
U7 53 52 42 54 52 37 49 39 36 61
U8 58 48 29 48 60 30 57 33 23 59
U9 30 90 68 95 30 71 24 73 40 94
U10 51 37 21 38 54 16 52 19 11 51
U11 42 58 45 61 41 36 40 38 32 57
U12 39 64 49 71 45 60 43 61 40 78
U13 39 86 75 88 39 78 34 80 58 95
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sible for Y9. Instead, the pyrimidine ring rotates away from
the purine because otherwise both the carbonyl and the
amino dipoles of the two bases would be exactly aligned.


Use of the decomposed (single base pair) values of DGpair


in Table 4 to reproduce the original double-base-pair free
energies (DGpair) of Figure 1 gives a root-mean-square devia-
tion of 14 kJ mol�1 over all 520 pairs, indicating that such a
decomposition is indeed rather approximate. We note that
the value of DGpair no longer includes the direct stacking
energy within a single strand. One can also calculate a value
DGinsert,paired by comparing the free energies in the double
helix with those of the single-base nucleotides. A decompo-
sition of the values obtained in this way would mean averag-
ing out of the different stacking energies. By decomposing
the values of DGpair, we neglected the influence of the upper
and lower neighbouring bases on the pairing partner.


Notwithstanding their uncertainties and approximate
character, the decomposed pairing free energies of Table 4
still contain a wealth of information. On consideration of
the four naturally occurring bases, it is clear that the G:C
base pair is most preferred, followed by the A:T base pair.
Experimentally, the pyrimidines Y3 and Y4 are known to
form more stable DNA double helices than Y2 (T) when
pairing to U1 (A). Similarly, Y5 and Y7 are experimentally
favoured over Y1 (C) when pairing to U2 (G).[17] The de-
composed free energies in Table 4 do indeed show these
trends. Surprisingly enough, the free energy for A:C pairing
is—at 12 kJ mol�1—not so much higher than for A:T pairing.
In fact the discriminating power of adenosine seems much
smaller than that of guanidine: it pairs most favourably with
pyrimidines 9 and 6, which do not even show the expected
hydrogen-bond partners. However, the soft bases are flexi-
ble enough to allow for favourable conformations other
than the canonical Watson–Crick base pairs[40] (see also
Scheme 4).


Guanidine, on the other hand, shows the largest variation
of all the purines in its pairing free energy. One of the
lowest free-energy base pairs (Y7:G) and one of the highest
free-energy base pairs (Y4:G) each involve this purine. No-
tably, both Y4 and Y7 are Br-containing pyrimidines. Appa-
rently the rather bulky Br atom finds a “comfortable” niche,


while also maintaining a good
interaction with guanidine in
the Y7:G pair, causing Y7 even
to be preferred over Y1 (C).
For Y4, no such a combination
of favourable interactions can
be found, leading to a very high
free energy of pairing. The two
bases forming this pair find
themselves rather in configura-
tions in which they are shifted
with respect to each other, or in
which one moves slightly out of
plane to interact with the adja-
cent base pairs. Scheme 4 and
Table 5 display the hydrogen-


bonding patterns for these base pairs. The hydrogen-bond
percentages have been obtained by reweighting the hydro-
gen-bond occurrence between the soft bases with the Boltz-
mann factor in Equation (1) for every configuration in the
reference simulation. These percentages will not correspond
to the hydrogen-bond occurrences in a true simulation of
the “non-soft” bases, but they do indicate the important hy-
drogen bonds seen in the configurations contributing most
to the pairing free energy.


The decomposed pairing free energies of the five base
pairs shown in Scheme 4 are indicated in the distribution
DGpair in Figure 1 as well. The base pairs Y7:U2 and
Y9:U10 have the lowest pairing free energy (Table 4). Base
pair Y7:U2 does show a canonical hydrogen-bonding pat-
tern, while base pair Y9:U10 does not. Base pair Y10:U5
shows the most unfavourable pairing energy, closely fol-
lowed by the Y4:U2 base pair. Finally, Y4:U4 is the base
pair that has the highest free energy of pairing, while still
being able to form Watson–Crick hydrogen bonds. It in-
volves, again, the Br-containing pyrimidine and a purine in
which an additional carbonyl is present in the 8-position.
Indeed, Y4 shows a much more favourable pairing energy


Table 5. Occurrence of hydrogen bonds (arrows in Scheme 4) in the
DNA duplex for selected base pairs. Hydrogen-bond occurrences are
weighted for every configuration of the reference trajectory by the Boltz-
mann probability [Eq. (1)] from the corresponding free-energy calcula-
tion.


Hydrogen-bond
donor/acceptor pair


Occurrence
[%]


Hydrogen-bond
donor/acceptor pair


Occurrence
[%]


Y7 O2 !U2 N1 14 Y9 N2!U10 N1 13
Y7 O2 !U2 N2 15 Y9 N3 !U10 N6 16
Y7 N3 !U2 N1 24 Y9 O4 !U10 N6 26
Y7 N3 !U2 N2 15 Y4 O2 !U2 N2 17
Y7 N4!U2 N1 16 Y4 O2 !U2 N1 14
Y7 N4 !U2 N1 16 Y4 N3 !U2 N2 16
Y7 N4!U2 O6 23 Y4 N3!U2 N2 16
Y4 N3!U4 N1 24 Y4 N3 !U2 N1 26
Y4 N3!U4 N6 12 Y4 N3!U2 N1 25
Y4 N3 !U4 N6 16 Y4 N3!U2 O6 12
Y4 O4 !U4 N6 21 Y4 O4 !U2 N1 17


Figure 2. Structures from the simulation of the stacked single DNA chain that contribute most to the free
energy DGinsert,stacked of sequences: A) A,G,C,T; B) A,U13,C,T; C) A,G,Y9,T. (See also Table 3). Atoms have
been coloured according to the real bases with purine carbons in blue and pyrimidine carbon atoms in yellow.
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with U10, even though this pair has identical hydrogen-
bonding possibilities. If we compare the pairing free ener-
gies for purines U1, U8 and U10, we see that they show the
same free-energy profile in “pyrimidine space”, with U10
being 14–20 kJ mol�1 more favourable, except when pairing
to Y5 and Y7, where it is still preferred over adenosine
(U1) by 3–4 kJ mol�1. This agrees with the experimental
finding that U10 pairs to Y2 more favourably than U1.[19]


However, U8:Y2 is experimentally found to give less-stable
DNA double helices than U1:Y2,[20] while the simulations
rather tend towards similar or more favourable pairing ener-
gies for U8. Interestingly enough, the purines U7 and U11
also show a profile similar to that of U1, indicating that the
hydrogen-bonding capabilities do not affect DGpair for U1
(A) so much. However, “purine” U12, a completely neutral
steric analogue of adenosine, shows a different pairing pat-
tern, indicating that if there is a substituent on the 6-posi-
tion, it should be able to form hydrogen bonds. A compari-
son to experiment based on melting free energies can be
made. The U12:C pair is less stable than the A:T base pair
by 19 kJ mol�1, the U12:T pair by 20 kJ mol�1, and the
U12:Y10 pair by 15 kJ mol�1. In Table 4 we find �13, + 12
and +26 kJ mol�1, respectively. This indicates a prediction
of the wrong sign for the U12:C pair. However, the experi-
mental sequence always has a C:G base pair adjacent to the
pair under investigation. Even though the rest of the se-
quence is not identical to the simulated sequence, this
knowledge allows us to go back to the values of DGpair


before decomposition and compare with the double-pairing
energies. In this case the pairing energy for the U12:C pair
is +10 kJ mol�1 relative to A:T, U12:T gives + 24 kJ mol�1


and U12:Y10 +35 kJ mol�1. From this example it once
again becomes clear that the pairing free energy is greatly
affected by the type of adjacent base pairs.


The pairing pattern of U12 with all pyrimidines lies some-
what in between those of U1 and U6, which is in turn very
similar to that of U13. Comparison of U6 and U13 shows
that their pairing free energies are very similar, as opposed
to the stacking free energy of U13, as discussed before. As
can be seen from Figure 2B, U13 already stacks very similar-
ly to U2 (Figure 2 A) in the single strand. For pairing, the
base no longer has to turn into a different conformation.
The pairing free energies of U13 are on average higher than
those for U2. Experimentally this purine is expected to form
more stable pairs in Hoogsteen-base-paired parallel-strand-
ed DNA,[41] but this hydrogen-bond pattern is not included
in these simulations.


The above examples support the view of Kool et al.[42, 43]


that the pairing free energies of base pairs are strongly af-
fected by the stacking and steric properties of the individual
bases. Substituents at positions far from the base–base inter-
face have major influences on the pairing free energies,
while in some cases removal of the hydrogen-bonding capa-
bilities does not affect the selectivity as much. In fact, the
most important atomic property in the purines seems to be
the protonation state at N1, rather than the substitution pat-
tern at positions 2 and 6. U2, U6, U9 and U13 have pairing


properties different from the rest of the purines. Most prob-
ably, a combination of both steric effects and hydrogen
bonding together leads to optimal pairing free energies, as is
also described in the recent work by Fonseca Guerra and
Bickelhaupt, based on density functional calculations.[44,45]


Conclusion


From only five MD simulations involving one to four soft
bases, we calculated a large number of stacking and pairing
free energies. From 1024 out of 16 900 theoretical double-
base-pairing free energies, we were able to construct a pyri-
midine–purine matrix of single-base-pairing free energies. A
large influence of the neighbouring base pairs on the base-
pairing free energy is indicated by an RMSD value of
14 kJ mol�1 when the double base-pairing free energies are
back-calculated from the decomposed (single base) values.
Still, the decomposed values do agree with several experi-
mental findings and can be used to obtain an initial indica-
tion of base-pairing free energies.


A more detailed analysis of specific base pairs reveals
that unexpected combinations can give rise to favourable
pairing free energies, due to shifted hydrogen-bonding pat-
terns and stacking free energies. In agreement with experi-
ment[42] it turns out that the hydrogen-bonding properties of
the bases play only a limited role in the pairing free ener-
gies. Base orientations that are dictated by stacking proper-
ties and resulting steric effects seem to be as important to
explain the base–base interactions.
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Introduction


Various hydrolytic enzymes that mediate the cleavage of
amides, phosphates, b-lactams, and other biologically impor-
tant substrates are known to contain one or more zinc ions
within their active sites.[1–3] Although different and specific
mechanisms are probably involved for individual metallohy-
drolases, the metal is believed to play some general roles, in-
cluding the generation of a strongly nucleophilic hydroxide
group at physiological pH by lowering the pKa of water, the
activation and orientation of the substrate through metal co-
ordination, as well as the stabilization of intermediates and
of the oxyanion leaving group.[2,4] Zinc appears to be the
metal ion of choice for this purpose, since it is a strong
Lewis acid capable of undergoing rapid ligand exchange and
has a flat coordinational hypersurface, and it is free from
any undesired redox activity.[5] Prominent examples that in-


Abstract: From the study of highly pre-
organized model systems, experimental
support has been obtained for a possi-
ble functional role of the Zn–
(H)O···HO(H)–Zn motif in oligozinc
hydrolases. The mechanistic relevance
of such an array, which may be de-
scribed as a hydrated form of a
pseudo-terminal Zn-bound hydroxide,
has recently been supported by DFT
calculations on various metallohydro-
lase active sites. In the present targeted
approach, the Zn···Zn distance in two
related dizinc complexes has been con-
trolled through the use of multifunc-
tional pyrazolate-based ligand scaf-
folds, giving either a tightly bridged
Zn–O(H)–Zn or a more loosely bridg-
ed Zn–(H)O···HO(H)–Zn species in


the solid state. Zn-bound water has
been found to exhibit comparable acid-
ity irrespective of whether the resulting
hydroxide is supported by strong hy-
drogen-bonding in the O2H3 moiety or
is in a bridging position between two
zinc ions, indicating that water does
not necessarily have to adopt a bridg-
ing position in order for its pKa to be
sufficiently lowered so as to provide a
Zn-bound hydroxide at physiological
pH. Comparative reactivity studies on
the cleavage of bis(4-nitrophenyl)phos-


phate (BNPP) mediated by the two
dizinc complexes have revealed that
the system with the larger Zn···Zn sep-
aration is hydrolytically more potent,
both in the hydrolysis and the transes-
terification of BNPP. The extent of
active site inhibition by the reaction
products has also been found to be
governed by the Zn···Zn distance, since
phosphate diester coordination in a
bridging mode within the clamp of two
zinc ions is only favored for Zn···Zn
distances well above 4 5. Different
binding affinities are rationalized in
terms of the structural characteristics
of the product-inhibited complexes for
the two different ligand scaffolds, with
dimethyl phosphate found as a bridging
ligand within the bimetallic pocket.
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corporate two proximal zinc ions include some metallo-b-
lactamases,[6] several aminopeptidases,[7] phosphotriester-
ase,[8] and alkaline phosphatase.[9] Similarly, human phospho-
diesterase features two divalent metal ions, at least one of
which is zinc (the second probably being magnesium).[10,11]


The active sites of phospholipase C and nuclease P1 even
contain a third zinc close to the principal dinuclear unit.[12]


Besides structural and kinetic work on the natural systems
themselves, synthetic analogues—that is, small molecules
that resemble the active sites of the enzymes—have contrib-
uted considerably to our understanding of basic functional
principles and mechanistic aspects of enzyme action.[13,14]


Despite extensive investigations, however, details of the
mechanism of action of dizinc and other metallohydrolases
remain controversial. One crucial aspect under debate is the
identity and the exact binding mode of the nucleophile.[15, 16]


A hydroxide (or water) spanning two zinc ions has been de-
tected crystallographically in the resting state of many of
the hydrolases mentioned above and is often considered as
the active nucleophile.[11, 17] Computational evidence for a
catalytic bridging hydroxide in a phosphodiesterase site has
also been reported.[16] On the other hand, one might suspect
such a hydroxide sandwiched between two metal ions to ex-
hibit rather low nucleophilicity if coordinated in a tightly
bridging form. It has thus been suggested that upon sub-
strate binding a shift of the bridging hydroxide to a more
active terminal position occurs prior to attack on the coordi-
nated substrate.[18] Similar considerations also apply to other
metallohydrolases, such as the dinickel enzyme urease.[19,20]


A particular way of activating the bridging hydroxide nu-
cleophile is triggered by water and proceeds through the in-
sertion of a water molecule into the Zn–O(H)–Zn unit to
generate a Zn–(H)OHO(H)–Zn species. The latter bimetal-
lic arrangement with a bridging O2H3


� group can be de-
scribed as a combination of a Zn–OH2 function with a Zn–
OH function, and hence as a hydrated form of an active ter-
minal Zn–OH. Such an O2H3


� moiety has been observed
both as an intermolecular and as an intramolecular bridge in
zinc model complexes[21–23] and has been suggested as a new
structural and possibly also functional motif in oligozinc
enzyme chemistry.[21] Its functional relevance is also support-
ed by recent DFT calculations concerning the mode of
action of dizinc b-lactamase from Bacteroides fragilis[24] and
of bovine lens leucine aminopeptidase.[25]


An evaluation of the hydrolytic activity of a Zn–
(H)OHO(H)–Zn species in synthetic model chemistry is
thus highly desirable. This requires a ligand scaffold that
allows control of the metal–metal separation in preorgan-
ized dinuclear complexes and that imposes a Zn···Zn dis-
tance that is too large for a tightly bridged Zn–O(H)–Zn
motif but that favors Zn–(H)OHO(H)–Zn. We have previ-
ously introduced compartmental pyrazolate-based ligands as
suitable ligands in this regard, since the accessible range of
metal–metal distances in their complexes can be determined
by the length of the chelating side arms attached to the cen-
tral heterocycle.[20b,26–28] As an additional advantage, the pyr-
azolate is a reasonable compromise for mimicking carboxy-


late bridges that are widely found in nature but that are dif-
ficult to incorporate into a polydentate compartmental
ligand framework: just like a bridging carboxylate group,
the pyrazolate provides a single negative charge, and it sup-
ports a similar range of metal–metal distances.[20b] The con-
cept is demonstrated by complexes 1 and 2 ; here, in the


latter case, the shorter side arms restrain the two metal cen-
ters, preventing them from coming close together, hence im-
posing a larger Zn···Zn distance.[22] This prevents bridging
by a small hydroxide ion and favors the incorporation of an
additional water molecule. A marked difference in the reac-
tivities of these distinct hydroxide binding modes was indi-
cated by the observation that 2 gradually absorbs aerial CO2


to give a carbonate-bridged complex, while 1 does not.[22]


A detailed study of the hydrolytic cleavage of bis(4-nitro-
phenyl)phosphate (BNPP) mediated by these and related
dizinc complexes has revealed valuable structure–activity
correlations for binuclear zinc(ii) model phosphatases and
has allowed us to assess some structural requirements for
hydrolytic activity.[29] A direct functional comparison of the
Zn–O(H)–Zn unit in 1 and the Zn–(H)OHO(H)–Zn unit in
2, however, was hampered by the low stability of the former
complex in aqueous media. Solution studies have shown
that the pyrazolate ligand with long side arms (forming six-
membered chelate rings in 1) has rather weak Zn2+-binding
capabilities and does not stabilize dinuclear species under
typical aqueous reaction conditions.[29] In this study, we now
report two new dizinc complexes of related pyrazolate-
based ligand systems that bear pendant pyridyl side arms
and that feature very similar metal coordination spheres.
These complexes exhibit much higher stability and thus
enable comparative reactivity studies and experimental as-
sessment of hydrolytic activity as a function of Zn···Zn sepa-
ration.


Structural characterization of the complexes : Two pyrazo-
late-based dinucleating ligands L1 and L2, differing in the
length of the pyridyl side arms,[30] have been employed in
the present work (Scheme 1).


Dinuclear zinc(ii) complexes of both ligands could be iso-
lated and fully characterized (Scheme 1), including by solid-
state X-ray crystal structure determinations (Figure 1 and
Figure 2). In both cases, the zinc ions reside within the adja-
cent ligand compartments and are bridged by the pyrazolate,
as anticipated. As in related pyrazolate systems bearing ali-
phatic side arms, the length of the ligand side arms deter-


I 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 4349 – 43604350



www.chemeurj.org





mines the metal–metal separation of the dinuclear arrange-
ment.[22,26, 29] In [Zn2L


1H�1(OH)]2+ (3), the zinc ions may
come rather close together (d(Zn···Zn) = 3.479(1)/
3.465(1) 5; two independent molecules per unit cell), there-
by allowing a hydroxide coligand to adopt a bridging posi-
tion within the bimetallic pocket (Figure 1). The coordina-


tion geometry of the metal centers is then intermediate be-
tween trigonal bipyramidal and square pyramidal (t =


0.44–0.58), in accordance with the coordinational flexibility
of zinc. In contrast, the shorter ligand side arms in 4 restrain
the two zinc ions, preventing them from coming close to-
gether, thereby imposing much longer Zn···Zn distances.
This prevents the small hydroxide from spanning the two
metal ions and induces incorporation of an additional meth-
anol solvent molecule to give an O2H2Me bridging unit
(Figure 2). The metal ions in 4 are separated by more than
4.1 5 (d(Zn···Zn) = 4.152(1) 5) and are found in roughly
trigonal-bipyramidal coordination environments (t = 0.93/
0.89). The intermetallic distances in 3 and 4 fall well within
the range typically encountered for dinuclear zinc sites in
natural hydrolases and discussed for possible intermediates
in the catalytic cycles (e.g., P1 nuclease: d(Zn1···Zn2) =


3.2 5 and d(Zn2···Zn3) = 4.7 5;[12] alkaline phosphatase: d-
(Zn···Zn) = 4.0 5[31]). The O1···O2 distance of 2.415(4) 5 in
4 is indicative of a strong intramolecular hydrogen bond. It
is likely that the O2H2Me bridging unit readily exchanges in
solution, being replaced by an O2H3 bridge in the presence
of excess water. Facile extrusion of the additional solvent
molecule has been corroborated by ESI mass spectrometry
of methanolic solutions of 4, which showed signals for both
[Zn2L


2H�1(OMe)(ClO4)]
+ and [Zn2L


2H�1(OH)(ClO4)]
+ ions


containing a simple OMe or OH bridge, respectively. Rapid
exchange of the methanol and water ligands in the O2H2Me
and O2H3 bridges (with kobs >103 s�1) had been confirmed
earlier by stopped-flow studies on dinickel(ii) complexes
based on the aliphatic ligand systems.[32] Some ligand ex-
change also appears to be possible in the case of a bridging
hydroxide, since the ESI mass spectrum of methanolic solu-


Scheme 1. Ligands[30] and their dizinc complexes used in the present
work; Zn–O(H)O–Zn versus Zn–(H)OHO(H)–Zn bridging units.[22]


Figure 1. Molecular structure of 3 (all protons except H1 were omitted
for clarity). Selected interatomic distances [5] and angles [8] (values for
the second independent molecule in square brackets): Zn1�O1 2.013(2)
[2.020(2)], Zn1�N1 1.956(2) [1.965(2)], Zn1�N3 2.535(2) [2.522(2)],
Zn1�N4 2.072(3) [2.073(2)], Zn1�N5 2.047(2) [2.038(2)], Zn2�O1
2.059(2) [2.045(2)], Zn2�N2 1.961(2) [1.966(2)], Zn2�N6 2.427(2)
[2.453(2)], Zn2�N7 2.072(2) [2.080(2)], Zn2�N8 2.054(2) [2.0572], N1�
N2 1.367(3) [1.361(3)], Zn1···Zn2 3.479(1) [3.465(1)]; N1-Zn1-O1
88.37(9) [88.35(9)], N1-Zn1-N5 130.86(9) [134.31(9)], O1-Zn1-N5
103.74(8) [103.91(9)], N1-Zn1-N4 116.55(9) [112.75(9)], O1-Zn1-N4
101.44(9) [99.62(8)], N5-Zn1-N4 107.47(9) [108.31(9)], N1-Zn1-N3
72.46(8) [72.55(8)], O1-Zn1-N3 160.68(8) [160.67(8)], N5-Zn1-N3
87.67(8) [87.98(9)], N4-Zn1-N3 89.60(9) [90.78(8)], N2-Zn2-N8 129.33(9)
[126.88(9)], N2-Zn2-O1 86.59(8) [87.24(9)], N8-Zn2-O1 101.06(8)
[99.58(9)], N2-Zn2-N7 116.64(9) [120.16(9)], N8-Zn2-N7 111.98(9)
[110.81(8)], O1-Zn2-N7 97.11(8) [98.59(8)], N2-Zn2-N6 74.67(8)
[74.36(9)], N8-Zn2-N6 91.70(8) [92.25(9)], O1-Zn2-N6 161.24(8)
[161.58(8)], N7-Zn2-N6 90.67(8) [90.23(8)], Zn1-O1-Zn2 117.41(10)
[116.93(11)].


Figure 2. Molecular structure of 4 (all protons except those of the
O2H2Me bridge were omitted for clarity). Selected interatomic distances
[5] and angles [8]: Zn1�O1 1.950(3), Zn1�N1 2.023(3), Zn1�N3 2.307(3),
Zn1�N4 2.092(3), Zn1�N5 2.075(3), Zn2�O2 1.950(3), Zn2�N2 2.008(3),
Zn2�N6 2.305(3), Zn2�N7 2.066(3), Zn2�N8 2.076(3), N1�N2 1.376(4),
Zn1···Zn2 4.1518(6), O1···O2 2.415(4); O1-Zn1-N1 109.46(13), O1-Zn1-
N3 173.47(12), O1-Zn1-N4 102.97(13), O1-Zn1-N5 97.86(13), N1-Zn1-N3
76.52(12), N1-Zn1-N4 115.29(13), N1-Zn1-N5 111.65(12), N3-Zn1-N4
76.08(12), N3-Zn1-N5 77.14(12), N4-Zn1-N5 117.38(13), O2-Zn2-N2
107.82(12), O2-Zn2-N6 173.81(12), O2-Zn2-N7 101.23(13), O2-Zn2-N8
98.92(13), N2-Zn2-N6 78.30(12), N2-Zn2-N7 109.50(13), N2-Zn2-N8
116.14(12), N6-Zn2-N7 77.07(12), N6-Zn2-N8 77.16(12), N7-Zn2-N8
120.61(13).
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tions of 3 features a signal attributable to [Zn2L
2H�1(OMe)-


(ClO4)]
+ (15% intensity) besides the major peak due to the


parent [Zn2L
2H�1(OH)(ClO4)]


+ (100% intensity).


Species in solution : Artificial metallohydrolase activity is
preferentially studied in buffered aqueous solutions (or in
media with high water content) to most closely mimic bio-
logical conditions. Hence, knowledge of the species distribu-
tion in solution is crucial for understanding any trends in hy-
drolytic reactivity. Potentiometric titrations were performed
to determine the pKa values of the ligands (Table 1) as well
as the stability constants of their zinc complexes and the
pKa values of zinc-bound water molecules in these com-
plexes (Table 2).


Ligand protonation constants : The titrations were per-
formed starting at acidic pH, using a potassium hydroxide
solution as the titrant. The deprotonation steps could be de-
rived from the titration curves. In the case of L1, six depro-
tonation steps, three per side arm, could be found in the ac-
cessible pH range from 2 to 9.5. Although it is usually possi-
ble to extend pH potentiometric measurements up to a pH
of around 11.5, in the present case the very low solubility of
the neutral form of the free ligand prevents access to the
whole pH range.


In the case of L2, only four deprotonation steps could be
clearly derived from the potentiometric results. These corre-
spond to the removal of two protons per bis(pyridylmethyl)-
amine side arm. Most probably, L2 can only take up two
protons in each side arm in the accessible pH range because
of the smaller separation of the protonation sites compared
to L1. A comparison of the pKa values of L2 with those of
the parent bis(pyridylmethyl)amine is instructive. The latter


has been reported to undergo three successive protonations
with pKa = 7.28, 2.60, and 1.13.[33] Compared to the corre-
sponding pyrazole ligands bearing side arms with aliphatic
amine groups,[29] the overall pKa values for L1 and L2 are sig-
nificantly lower due to the lower basicity of the pyridyl
rings.
Species distribution of zinc complexes: Titrations of the re-


spective ligands in the presence of various equivalents of
Zn2+ were analyzed in batch calculations in which all titra-
tion curves were simultaneously fitted with one model
(Figure 3 and Figure 4). Evaluation of the titration curves


shows that the Zn2+-binding capabilities of L1 are signifi-
cantly lower than those of L2, which is as expected due to
the preference for five-membered chelate rings. In the case
of L1, free Zn2+ ions are present up to ~pH 7, but the mon-
onuclear species [ZnL1H2]


4+ starts to form at around pH 3
and dinuclear species exist above pH 4 (Figure 3). In
[Zn2L


1]4+ , the two zinc ions presumably interact with the
two bis(pyridylmethyl)amine side arms, while the central
pyrazole remains uncoordinated. [Zn2L


1H�1]
3+ is the domi-


nant species at around pH 6–7 and most probably is a pyra-
zolate-bridged complex, the calculated pKa value of which
(7.96) represents the pKa of metal-bound water to give a hy-
droxide function in [Zn2L


1H�2]
2+ . The stoichiometry of the


Table 1. Protonation constants of the ligands at 25 8C; I = 0.2m (KCl).[a]


Species L1 L2


lgb pKa lgb pKa


[LH6]
6+ 26.4(1) 1.98


[LH5]
5+ 24.42(6) 2.88 – –


[LH4]
4+ 21.54(4) 3.61 19.18(1) 3.45


[LH3]
3+ 17.93(4) 4.21 15.73(1) 4.12


[LH2]
2+ 13.72(2) 6.12 11.61(1) 5.35


[LH]+ 7.60(2) 7.60 6.26(1) 6.26


[a] Standard deviations of the values determined in this work are given in
parentheses.


Table 2. Zinc complex stability constants at 25 8C; I = 0.2m (KCl).[a]


Species L1 L2


lgb pKa lgb pKa


[ZnLH2]
4+ 16.33(4) – 19.18(5) 3.44


[ZnLH]3+ – – 15.74(5) –
[Zn2L]4+ 10.00(4) 5.27 17.26(6) 4.36
[Zn2LH�1]


3+ 4.73(3) 7.96 12.90(9) 7.60
[Zn2LH�2]


2+ �3.23(5) – 5.3(1) –


[a] Standard deviations of the values determined in this work are given in
parentheses.


Figure 3. Species distribution and pH/rate profile for BNPP hydrolysis
promoted by 3 ; [3]0 = 0.8 mm, [BNPP]0 = 2 mm, in DMSO/buffered
H2O (1:1).


Figure 4. Species distribution and pH/rate profile for BNPP hydrolysis
promoted by 4 ; [4]0 = 0.8 mm, [BNPP]0 = 2 mm, in DMSO/buffered
H2O (1:1).
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latter is thus better described as [Zn2L
1H�1(OH)]2+ , and its


structure should correspond to the cation of 3 characterized
by X-ray crystallography. The pKa of 7.96 for [Zn2L


1H�1]
3+


is lower than that of [Zn(H2O)6]
2+ (8.96)[34] and lower than


most pKa values of zinc-bound water in five-coordinate
mononuclear zinc complexes with tetradentate tripodal li-
gands, which can be ascribed to the bridging position of the
water (and the resulting hydroxide) between two zinc ions.
It should be noted, however, that a pKa of 7.96 is still rela-
tively high for bridging water in dinuclear zinc(ii) complexes,
since this is often found to give rise to pKa values well
below 8. On the other hand, the value of 7.96 for
[Zn2L


1H�1]
3+ compares well with the pKa values of 8.04 and


8.15 determined for coordinated water in the dizinc com-
plexes of some related pyrazolate ligands bearing triazacy-
clononane side arms, for which a bridging hydroxide has
also been detected crystallographically.[29,35]


The titration curves for the L2/Zn2+ system allowed the
calculation of stability constants for the mononuclear species
[ZnL2H2]


4+ and [ZnL2H]3+ as well as the dinuclear species
[Zn2L


2]4+ , [Zn2L
2H�1]


3+ , and [Zn2L
2H�2]


2+ over the entire
pH range from 2 to 10 (Figure 4). Both mono- and dinuclear
species already exist at pH 2, and free Zn2+ is absent above
pH 4. [Zn2L


2]4+ is the dominant species at around pH 3.5
and can be sequentially deprotonated to give the pyrazo-
late-bridged complexes [Zn2L


2H�1]
3+ and [Zn2L


2H�2]
2+ ,


where the latter should correspond to complex 4 character-
ized in the solid state by X-ray crystallography. The pKa of
7.60 for [Zn2L


2H�1]
3+ thus represents the pKa of the zinc-


bound water. The pKa of the related mononuclear system
[ZnL(OH2)]


2+ (L = tris(pyridylmethyl)amine) is 8.03,[36]


clearly indicating a certain increase in acidity due to the di-
nuclear arrangement. It is interesting to note that involve-
ment of the resulting hydroxide in strong hydrogen bonding
(such as in the O2H3 bridge) can be as effective as incorpo-
ration in a bridging position between two zinc ions in de-
creasing the pKa of Zn-bound water into the region of 7–8.
This confirms the results obtained for the corresponding pyr-
azole systems with aliphatic N-donor side arms, in the case
of which very similar values of pKa = 7.57 and pKa = 8.04/
8.15 have been reported for the formation of O2H3-bridged
2 and of dizinc complexes featuring a Zn–O(H)–Zn bridge
in the solid state, respectively.[29] These findings once more
make the O2H3 unit an attractive structural and possibly
functional motif in oligozinc enzyme chemistry.[21,22]


It should be conceded at this point that the exact identity
of the species in solution, that is, the presence of either a
Zn–O(H)–Zn or a Zn–(H)O···HO(H)–Zn motif, cannot be
deduced from the titration studies and thus has not been un-
equivocally established. Molecular models and previous
work have clearly shown that a small hydroxide bridge is
disfavored in bimetallic complexes of L2 (and in related
complexes such as 2) due to geometric constraints imposed
by the ligand scaffold.[22,26,27,30,32] Hence, it appears most
likely that the Zn–(H)O···HO(H)–Zn moiety observed for 4
in the solid state is retained in solution. Furthermore, UV/
Vis monitoring of a methanolic solution of the putative


MeO···HOMe-bridged species of a related dinickel(ii) com-
plex in the course of titration with water gave two consecu-
tive isosbestic points, thus indicating the consecutive ex-
change of two molecules of MeOH of the bridging unit by
water molecules, which cannot be explained by the presence
of a single OMe or OH bridge.[32] In view of the similar pKa


values for [Zn2L
1H�1]


3+ and [Zn2L
2H�1]


3+ , however, an
equilibrium between the OH-bridged form (observed in the
solid state) and an O2H3-bridged species cannot be entirely
ruled out for aqueous solutions of 3.


Phosphate diester hydrolysis : Sodium bis(4-nitrophenyl)-
phosphate (NaBNPP) was used as a substrate in this study.
Cleavage of its phosphate ester bond and liberation of 4-ni-
trophenolate can be easily monitored by the strong absorp-
tion of the latter at 414 nm. The advantages and disadvan-
tages of using the BNPP model substrate have been dis-
cussed in detail previously.[37] In order to exclude any effects
from different (and potentially coordinating) counteranions
in the comparative reactivity studies, the perchlorate salts
were used for both complexes 3 and 4.


An initial screening of the hydrolytic activities of the vari-
ous complexes was carried out at pH 8.28 in DMSO/buf-
fered water (1:1) at 50 8C. While complex 4 was used for the
kinetic studies, the MeOH of the O2H2Me bridge will rapid-
ly exchange with water in this solvent mixture to give the
corresponding O2H3 species in solution. The kinetic data
show that the rate of hydrolysis of BNPP is linearly depend-
ent on the complex concentration (Figure 5), in agreement
with dinuclear active species in both cases. It is evident,
however, that the pseudo-first-order rate constants kobs (de-
fined by v0 = kobs[complex]0) differ considerably, with kobs


= (2.6�0.1)Q10�7 for 3 as opposed to (8.5�0.1)Q10�7 for
4 (Table 3). Apparently, under these conditions, the dizinc
array in 4 is hydrolytically more potent than that in 3. The
pH dependence of the initial rate was then measured and
compared with the species distributions in order to identify
the reactive species. For both 3 and 4, plots of kobs versus
pH gave curves that were roughly coincident with the for-
mation of the respective [Zn2LH�2]


2+ complexes (Figure 3
and Figure 4), clearly indicating that [Zn2LH�2]


2+ must be
the active species and that a Zn-bound hydroxide is required


Figure 5. Initial rate versus complex concentration for BNPP hydrolysis
promoted by 3 (~) and 4 (&); [BNPP]0 = 2 mm, at 50 8C, pH 8.28, in
DMSO/HEPES buffer (1:1).
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for hydrolytic activity (in the case of 3, a decrease in activity
between pH 8.3 and 8.6 is due to a buffer change from
HEPES to CHES; the CHES buffer obviously interacts with
this complex in a disruptive manner; see also the ESI mass
spectrometric results described below).


The dependence of the initial rate of hydrolysis on sub-
strate concentration (Figure 6) shows that the reaction is
first order in BNPP only at low concentrations; a decrease


in the reaction rate at higher substrate concentration indi-
cates saturation behavior. This can be explained in terms of
a substrate-binding pre-equilibrium according to Equa-
tion (1), which is reminiscent of the Michaelis–Menten be-
havior typical of native metalloenzymes. Kinetic data have
been modeled according to the rate law given in Equa-
tion (2), to yield values for KM and kcat as listed in Table 3.


complex þ BNPPG
k1


k�1


Hfcomplex-BNPPg kcat
�!products ð1Þ


v0 ¼
kcat½complex�0½BNPP�0


KM þ ½BNPP�0
ð2Þ


where KM ¼
k�1 þ kcat


k1


The substrate binding constants K = k1/k�1 = 1/KM of
19.6�2.1m


�1 (for 3) and 17.9�1.3m
�1 (for 4) are quite


low[38] (in accordance with earlier observations that BNPP is
a weak ligand),[29, 35,39] but are nearly identical for the two
systems. In contrast, the kcat values differ by a factor of
almost five, clearly indicating that the difference in hydrolyt-
ic efficiency between 3 and 4 is not due to different sub-
strate affinities, but to an intrinsically higher reactivity of
the dizinc array in the latter system.


The second-order rate constants (kbim; [Eq. (3)]) for the
two systems are included in Table 3. It has been assumed
that [Zn2L


1H�2]
2+ and [Zn2L


2H�2]
2+ are the only active spe-


cies (i.e., kbim has been obtained by dividing the apparent
second-order rate constant by the percentage factor deduced
from the species distribution at the relevant pH).


v0 ¼ kbim½Zn2LH�2� � ½BNPP�0 ð3Þ


In order to determine whether the complexes act as cata-
lysts for the cleavage of BNPP, reactions in the presence of
ten equivalents of the substrate were followed by 31P NMR
spectroscopy. Figure 7 shows a gradually decreasing reaction
rate and a turnover that levels off when approaching conver-
sion of one equivalent of the substrate (after 653 h,
1.0 equivalent of BNPP is hydrolyzed by 3 ; data not shown
in Figure 7). The non-catalytic behavior of 3 and 4 indicates
efficient inhibition of the active site by the product, where
each molecule of 4-nitrophenyl phosphate (NPP) formed
upon cleavage of BNPP apparently blocks the dizinc binding
pocket. No further hydrolysis of NPP to give free phosphate
could be detected by 31P NMR spectroscopy.


Binding of phosphate diesters : ESI mass spectrometry pro-
vided an insight into substrate binding and conversion by 3
and 4, as well as corroborating evidence for active site inhib-
ition by the reaction products. ESI experiments were carried
out on mixtures of the respective complex (3 or 4) and
BNPP in pure water or in HEPES buffered solutions. After
144 h at 45 8C, the dominant peak in the spectra of the 4/
BNPP system was that due to [Zn2L


2H�1(NPP)]+ , in agree-
ment with the findings presented in Figure 7: the reaction
had proceeded to almost stoichiometric turnover in this
time, and active site inhibition by the formed NPP had oc-


Table 3. Kinetic data for BNPP hydrolysis promoted by zinc(ii) complexes at 50 8C and pH 8.28 in DMSO/buffered water (1:1).


Complex kobs [s�1][a] kcat [s�1] KM [mm] kbim [m�1 s�1] pKa of Zn-bound water


3 (2.6�0.1)Q10�7 (4.9�0.4)Q10�6 51�5 (1.6�0.1)Q10�4 7.96
4 (8.5�0.1)Q10�7 (2.3�0.1)Q10�5 56�4 (4.6�0.1)Q10�4 7.60


[a] Experimental conditions as given in Figure 5.


Figure 6. Effect of BNPP concentration on the initial rate of its hydrolysis
mediated by 3 (~) and 4 (&); [complex]0 = 0.2 mm, 50 8C, pH 8.28, in
DMSO/HEPES buffer (1:1).


Figure 7. Time course of hydrolytic conversion of BNPP by 3 (~) and 4
(&) as monitored by 31P NMR spectroscopy; pH 8.28, at 50 8C, in DMSO/
buffered H2O (1:1).
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curred. For 3/BNPP, the intensity of the signal correspond-
ing to [Zn2L


1H�1(NPP)]+ was seen to be rather low after
144 h. The reaction was incomplete (Figure 7), and a series
of zinc-bound BNPP species and still unreacted
[Zn2L


1H�1(OH)(ClO4)]
+ could be observed. For both sys-


tems, ESI mass spectra of the reaction mixtures in HEPES
buffered solutions showed additional peaks corresponding
to [Zn2LH�1(HEPES)]+ and [Zn2LH�1(HEPES)(ClO4)]


+ .
However, these peaks were distinctly more intense for 3
than for 4, thus suggesting a stronger buffer–complex inter-
action in the former case. This is in accordance with the ob-
servation of a more pronounced buffer effect on the pH-de-
pendent hydrolytic rate for 3 (compare Figure 3 and
Figure 4).


Methanolic solutions of NaBNPP and the respective com-
plex (3 or 4) exhibited not only peaks due to the [Zn2LH�1-
(OMe)(ClO4)]


+ or [Zn2LH�1(OH)(ClO4)]
+ starting material


(devoid of one of the perchlorate counterions), but also sig-
nals due to species with bound BNPP such as [Zn2LH�1-
(BNPP)(ClO4)]


+ or [Zn2LH�1(BNPP)2]
+ . Interestingly, ad-


ditional dominant peaks are observed for complexes incor-
porating methyl(4-nitrophenyl) phosphate (MNPP) or di-
methyl phosphate (DMP), indicative of the occurrence of
transesterification of the BNPP substrate in methanol so-
lution. This has been investigated in more detail by 31P
NMR spectroscopy, as is described below.


ESI mass spectrometry of mixtures of DMP and 3 or 4 in
methanol solution confirmed much stronger binding of
DMP compared to BNPP. Predominant formation of species
with one or two associated DMP ligands was observed,
while no species that retained an OMe (or OH) group could
be detected. In order to elucidate the binding mode of the
hydrolytically inert DMP, the complexes [Zn2L


1H�1(DMP)]-
(ClO4)2 (5-(ClO4)2) and [Zn2L


2H�1(DMP)](ClO4)2 (6-
(ClO4)2) were synthesized independently and characterized
by X-ray crystallography (Figure 8 and Figure 9, respective-
ly).


In both cases, the OH or O2H2Me units have been re-
placed and the (MeO)2PO2


� is coordinated in a bidentate
bridging mode within the bimetallic pocket of the
{Zn2LH�1} scaffold. These structures are reminiscent of the
dizinc active sites with bound substrate molecules proposed
for many metallophosphodiesterases. Despite the different
ligand side arms, metal–metal separations in 5 and 6 are
quite similar (d(Zn1···Zn2) = 4.402(1) and 4.212(1) 5, re-
spectively), which corroborates the strong tendency of phos-
phate diesters to coordinate in an O,OT-bridging mode.
Since the ligand framework L1 is designed to support shorter
M···M distances, however, this results in severe distortion of
its bimetallic framework. While 6 exhibits a rather relaxed
binding situation with both zinc ions roughly within the
plane of the pyrazolate and an almost planar Zn(m-NN)(m-
OPO)Zn central array, the two zinc ions in 5 are pushed
apart by the bridging phosphate and are severely displaced
out of the plane of the pyrazolate heterocycle (by 0.567/
0.794 5). Tight fixation of phosphates that bind more
strongly than BNPP (such as the product of BNPP hydroly-


sis, NPP) is clearly responsible for the blocking of the bimet-
allic pocket and the active site inhibition observed in the ki-
netic studies. On the basis of the structural findings, howev-
er, it can be assumed that DMP binding constants are signif-


Figure 8. Molecular structure of 5 (all hydrogen atoms were omitted for
clarity). Selected interatomic distances [5] and angles [8]: Zn1�O1
2.039(2), Zn1�N1 2.018(2), Zn1�N3 2.290(3), Zn1�N4 2.091(3), Zn1�N5
2.106(3), Zn2�O2 1.983(2), Zn2�N2 2.091(2), Zn2�N6 2.181(2), Zn2�N7
2.157(3), Zn2�N8 2.054(3), N1�N2 1.382(3), Zn1···Zn2 4.402(1); N1-Zn1-
O1 98.21(9), N1-Zn1-N4 115.53(10), O1-Zn1-N4 90.87(10), N1-Zn1-N5
134.13(9), O1-Zn1-N5 88.13(10), N4-Zn1-N5 109.70(9), N1-Zn1-N3
80.70(9), O1-Zn1-N3 176.05(10), N4-Zn1-N3 93.02(10), N5-Zn1-N3
89.93(10), O2-Zn2-N8 99.64(10), O2-Zn2-N2 99.59(9), N8-Zn2-N2
103.20(10), O2-Zn2-N7 82.87(9), N8-Zn2-N7 100.33(10), N2-Zn2-N7
155.53(9), O2-Zn2-N6 160.13(10), N8-Zn2-N6 99.28(10), N2-Zn2-N6
81.91(9), N7-Zn2-N6 87.81(9), O1-P1-O2 116.39(15), O1-P1-O4
107.43(14), O2-P1-O4 111.29(13), O1-P1-O3 109.95(12), O2-P1-O3
108.51(12), O4-P1-O3 102.36(14).


Figure 9. Molecular structure of 6 (all hydrogen atoms were omitted for
clarity). Selected interatomic distances [5] and angles [8] (values for the
second position of the disordered part are given in square brackets):
Zn1�O1 1.947(5), Zn1�N1 2.006(5), Zn1�N3 2.30(1) [2.22(1)], Zn1�N4
2.075(6), Zn1�N5 2.091 [2.07(1)], Zn2�O2 1.9734, Zn2�N2 2.020(5),
Zn2�N6 2.257(6), Zn2�N7 2.069(5), Zn2�N8 2.11(1) [1.97(1)], N1�N2
1.360(7), Zn1···Zn2 4.212(1), P1�O1 1.497(5), P1�O2 1.487(5), P1�O3
1.577(5), P1�O4 1.540(6); O1-Zn1-N1 111.3(2), O1-Zn1-N4 98.2(2), N1-
Zn1-N4 118.5(2), O1-Zn1-N5 99.9(4) [87.8(5)], N1-Zn1-N5 109.3(4)
[110.6(5)], N4-Zn1-N5 117.2(4) [123.6(5)], O1-Zn1-N3 170.3(3)
[164.2(4)], N1-Zn1-N3 78.3(3) [82.1(3)], N4-Zn1-N3 75.8(4) [81.6(4)],
N5-Zn1-N3 76.8(5) [79.3(6)], O2-Zn2-N2 107.1(2), O2-Zn2-N7 93.9(2),
N2-Zn2-N7 125.4(2), O2-Zn2-N8 100.8(5) [107.7(5)], N2-Zn2-N8 110.4(4)
[110.9(5)], N7-Zn2-N8 114.3(5) [109.4(5)], O2-Zn2-N6 171.7(2), N2-Zn2-
N6 78.3(2), N7-Zn2-N6 77.8(2), N8-Zn2-N6 82.7(5) [75.3(5)], O2-P1-O1
118.3(3), O2-P1-O4 112.9(3), O1-P1-O4 101.9(4), O2-P1-O3 105.6(3), O1-
P1-O3 109.7(3), O4-P1-O3 108.1(3).
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icantly higher for 4/6, due to the strained situation that
arises upon DMP coordination within the bimetallic pocket
of 3/5. This also helps in rationalizing the results of the
BNPP transesterification experiments described below.


Transesterification of phosphate diesters : Bioinspired trans-
esterification of phosphate esters (other than the intramo-
lecular transesterification of the RNA model substrate 2-
(hydroxypropyl)-4-nitrophenyl phosphate) has been ob-
served only in a few cases.[40] In the present case, the sub-
strate BNPP, when treated with 3 or 4 in methanol solution,
is first converted to methyl (4-nitrophenyl)phosphate
(MNPP) and subsequently to dimethyl phosphate (DMP).
31P NMR spectroscopy proved to be a suitable method to
follow the course of this sequential reaction and to identify
the different phosphate diester species, since the resonances
of BNPP, MNPP, and DMP are clearly separated. However,
signals due to free and Zn-bound phosphates are only distin-
guished in NMR spectra measured at low temperature
(243 K); at 298 K, only broad signals indicative of rapid ex-
change processes are observed. Hence, values for the con-
centrations of the various phosphate diesters in Figure 10
and Figure 11 refer to the sum of both free and Zn-bound
BNPP, MNPP, and DMP, respectively.


In both cases, a rapid degradation of BNPP and concomi-
tant formation of MNPP can be observed, followed by sub-
sequent conversion of MNPP to DMP.[41] Conversion of


BNPP in methanol is faster than the hydrolytic cleavage de-
scribed above, in agreement with the higher acidity and
higher nucleophilicity of a Zn-bound alcohol versus Zn-
bound water.[42] For both 3 and 4, however, the second con-
version of MNPP to DMP is significantly slower than the
primary step, revealing distinct rate differences in the
dizinc-promoted transesterification of BNPP and MNPP.
Control experiments with only BNPP, or with BNPP and
zinc triflate in methanol, showed no significant transesterifi-
cation of the substrate.


Comparison of Figure 10 and Figure 11 reveals that com-
plex 4 is initially more active than complex 3 in the transfor-
mation of BNPP, as in the hydrolytic cleavage of BNPP in
DMSO/buffered H2O (1:1) described above. However, the
subsequent step, that is, transesterification of the initial
product MNPP to give NPP, proceeds more rapidly in the
presence of 3. This may be interpreted in terms of a stronger
O,O’-bridging coordination of MNPP and DMP and hence a
more pronounced active site inhibition in the case of 4, as
already concluded from the X-ray crystallographic findings
for 5 and 6 and from the ESI-MS experiments (see above).
Further support for this assumption comes from low-temper-
ature (243 K) 31P NMR spectra of the reaction mixtures, in
which distinct resonances for free and Zn-bound MNPP and
DMP are discernible. Signal integration shows that the ratio
of Zn-bound phosphate diester to free phosphate diester is
significantly higher in the case of 4, in particular for DMP
(bound/free MNPP: 0.22 (4) versus 0.19 (3); bound/free
DMP: 12.8 (4) versus 1.9 (3)). The data also confirm that
DMP is a much stronger ligand than MNPP. When the
DMP adducts 5 and 6 were mixed with BNPP in methanol
solution under the same transesterification conditions, no
significant BNPP cleavage could be observed within the
time frame investigated, thus confirming that DMP, and to a
lesser extent also MNPP, act as inhibitors for the dizinc
active sites.


Conclusion


In the present work, a detailed comparative reactivity study
of two dizinc metallohydrolase model systems has been car-
ried out under physiologically relevant aqueous conditions.
The results give direct experimental evidence for differences
in reactivity as a function of Zn···Zn separation. The ligand
scaffold in 4 was designed to enforce large Zn···Zn distances
so as to prohibit the formation of a tightly bridged Zn–
O(H)–Zn arrangement. As anticipated, a Zn–
(H)O···HO(H)–Zn unit, which can be viewed as a pseudo-
terminal Zn–OH next to an accessible (hydrated) second Zn
ion, has been found in the solid-state structure of 4. Such a
unit has been proposed as a crucial motif in oligozinc
enzyme chemistry,[21] and its functional relevance with
regard to several metallohydrolases has recently been sup-
ported by DFT calculations.[24, 25] Based on the geometric
constraints imposed by the ligand scaffold and on previous
findings, it appears most likely that the Zn–(H)O···HO(H)–


Figure 10. Time course of transesterification of BNPP (&) to give MNPP
(*) and DMP (~) promoted by 3 ; [3]0 = 3 mm, T = 25 8C in methanol/
DMSO (3:1).


Figure 11. Time course of transesterification of BNPP (&) to give MNPP
(*) and DMP (~) promoted by 4 ; [4]0 = 3 mm, T = 25 8C in methanol/
DMSO (3:1).
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Zn moiety in 4 is retained in solution. In contrast, ligand L1,
with longer chelate arms, allows for shorter Zn···Zn separa-
tions and for a tightly bridged Zn–O(H)–Zn arrangement,
as is confirmed by the solid-state structure of 3. The exact
identity of the species [Zn2L


1H�2]
2+ in solution remains un-


clear, however, since rapid insertion of water and a possible
equilibrium between the two bridging units cannot be en-
tirely ruled out for this system.


In view of these considerations and of the experimental
findings for 3 and 4, several conclusions relevant to biologi-
cal metallophosphoesterase action and to the design of bio-
mimetic dizinc hydrolases can be inferred from this work.
1) Water (or the resulting hydroxide) does not necessarily
have to adopt a bridging position between two zinc ions in
order for its pKa to be sufficiently lowered so as to provide
a Zn–OH function at physiological pH. Involvement of the
resulting Zn–OH in hydrogen-bonding interactions, such as
in the O2H3 bridge, may cause a similar increase in acidity
to bring the pKa of Zn-bound water to well below 8. It
should be noted that the effect of hydrogen-bonding interac-
tions on such acidification has also recently been quantified
for the mononuclear Zn–OH2 motif.[43] 2) The dizinc array
that features a Zn···Zn separation in excess of 4 5 with a
pseudo-terminal Zn–OH function in the Zn–
(H)O···HO(H)–Zn unit is quite potent in hydrolytic phos-
phate diester cleavage. Comparison of the kinetic data for
BNPP hydrolysis mediated by 3 and 4 reveals almost identi-
cal substrate binding constants (which may be attributed to
a water insertion equilibrium in the case of 3, giving a simi-
lar Zn–(H)O···HO(H)–Zn bridging unit for both complexes
in solution), but kcat values are around four times higher for
4. Although any unambiguous structure–activity correlation
is hampered by the lack of structural information on the
{complex–BNPP} adducts, this supports the view that the
Zn–(H)O···HO(H)–Zn motif may be of functional relevance
in oligozinc enzyme chemistry and that suitable Zn···Zn sep-
arations are advantageous. 3) The extent of product inhibi-
tion in hydrolytic reactions can in part be controlled by the
Zn···Zn separation, as is observed in the sequential transes-
terification of BNPP in methanol. Since phosphate diester
binding in a bridging mode within the clamp of two zinc
ions is favored only for Zn···Zn distances well above 4 5,
shorter distances imposed by the ligand scaffold will signifi-
cantly lower the phosphate binding affinity and may prevent
irreversible blocking of the active site. These findings delin-
eate a suitable strategy for overcoming the latent problem
of product inhibition in dizinc hydrolase models.


Experimental Section


General : Where necessary, reactions and manipulations were carried out
under an atmosphere of dry nitrogen by using standard Schlenk techni-
ques. Solvents were dried according to established procedures. HPLC
grade methanol (CHROMASOLV) was obtained from Riedel-de-Haen.
Ligands L1 and L2 were synthesized according to the reported method.[30]


All other chemicals were purchased from commercial sources and were
used as received. Microanalyses were performed at the Analytisches


Labor des Instituts f8r Anorganische Chemie der Universit;t Gçttingen;
UV/Vis spectra: Analytik Jena Specord S 100; IR spectra: Digilab Exca-
libur, with samples in KBr pellets; ESI-MS: Finnigan MAT LCQ; NMR
spectra: Bruker Avance 500, Avance 300, and Avance 200, measured at
300 K; solvent signal as chemical shift reference ([D6]acetone: dH =


2.04 ppm, dC = 29.8 ppm; [D6]DMSO: dH = 2.49 ppm, dC = 39.7 ppm);
31P NMR spectra were referenced to external 85% phosphoric acid.


Caution! Although no problems were encountered in this work, transi-
tion metal perchlorate complexes are potentially explosive and should be
handled with appropriate precautions.


Synthesis of [Zn2L
1H�1(OH)](ClO4)2 (3-(ClO4)2): Water (20 mL) was


added to L1 (1.02 g, 1.74 mmol) and the suspension was treated with two
equivalents of LiOH·H2O (146 mg, 3.48 mmol) and two equivalents of
Zn(ClO4)2·6H2O (1.29 g, 3.48 mmol) and stirred at room temperature for
12 h. The precipitate was then filtered off and dried. After the addition
of acetone (70 mL) and filtration, the solution obtained was layered with
light petroleum to gradually yield colorless crystals (650 mg, 42%) of the
product 3-(ClO4)2·acetone·(H2O)0.1.


1H NMR ([D6]DMSO, 500 MHz): d


= 8.82–8.81 (m, 4H; CHpy,6), 8.06 (m, 4H; CHpy,4), 7.54–7.51 (m, 8H;
CHpy,3,5), 6.02 (s, 1H; CHpz,4), 3.98 (s, 4H; pz-CH2), 2.75–2.74 (m, 8H; py-
CH2-CH2-N), 2.49–2.48 ppm (m, 8H; py-CH2-CH2-N); 13C NMR
([D6]DMSO, 125 MHz): d = 161.5 (Cpy,2), 150.8 (Cpz,3,5), 149.2 (CHpy,6),
141.3 (CHpy,4), 126.2 (CHpy,3), 123.4 (CHpy,5), 97.3 (CHpz,4), 57.4 (py-CH2-
CH2-N), 55.7 (pz-CH2), 33.8 ppm (py-CH2-CH2-N); IR (KBr): ñ = 3118
(w), 3073 (w), 3043 (w), 2961 (w), 2919 (w), 2859 (w), 1610 (s), 1570 (w),
1491 (m), 1447 (m), 1314 (w), 1262 (w), 1094 (vs), 1026 (m), 769 (m), 623
(s), 419 cm�1 (w); MS (ESI): m/z (%): 789 (100) [L1H�1Zn2(OH)(ClO4)]


+


, 803 (15) [L1H�1Zn2(OMe)(ClO4)]
+; elemental analysis calcd (%) for


C33H38N8OZn2Cl2O8 (892.39): C 44.42, H 4.29, N 12.56; found: C 44.12, H
4.26, N 12.45.


Synthesis of [Zn2L
2H�1(MeOH)(OH)](ClO4)2 (4-(ClO4)2): Water (20 mL)


was added to L2 (460 mg, 0.938 mmol) and the suspension was treated
with two equivalents of LiOH·H2O (78.7 mg, 1.88 mmol) and two equiva-
lents of Zn(ClO4)2·6H2O (698 mg, 1.88 mmol). The mixture was refluxed
for 5 min and then stirred at room temperature for 12 h. Thereafter, the
precipitate was filtered off and dried. Colorless crystals (374 mg, 51%) of
the product 4-(ClO4)2·(MeOH)2 could be obtained by recrystallization
from boiling methanol. 1H NMR (500 MHz, [D6]DMSO): d = 8.81 (m,
4H; CHpy,6), 8.10 (m, 4H; CHpy,4), 7.66 (m, 4H; CHpy,5), 7.59 (CHpy,3),
6.06 (CHpz,4), 4.11 (s, 8H; py-CH2), 3.89 (s, 4H; pz-CH2), 3.55 (br; OH),
3.16 ppm (s, 3H; CH3OH); 13C NMR (125 MHz, [D6]DMSO): d = 155.9
(CHpy,2), 151.0 (Cpz,3,5), 148.2 (CHpy,6), 141.1 (CHpy,4), 124.9 (CHpy,5), 124.8
(CHpy,3), 100.2 (CHpz,4), 56.8 (py-CH2), 51.7 (pz-CH2), 48.6 ppm
(CH3OH); IR (KBr): ñ = 3077 (w), 3036 (w), 2913 (w), 2857 (w), 1610
(s), 1573 (w), 1486 (m), 1439 (s), 1370 (w), 1334 (w), 1305 (w), 1262 (w),
1089 (vs), 1023 (s), 976 (w), 884 (w), 812 (w), 772 (s), 649 (w), 624 (s),
503 (w), 487 (w), 414 cm�1 (w); MS (ESI): m/z (%) = 747.1 (30,
[L2H�1Zn2(OMe)(ClO4)]


+), 733.2 (15, [L2H�1Zn2(OH)(ClO4)]
+); elemen-


tal analysis calcd (%) for C30H34Cl2N8O10Zn2 (868.32): C 41.50, H 3.95, N
12.90; found: C 41.33, H 3.80, N 12.97.


Synthesis of [Zn2L
1H�1{O2P(OMe)2}](ClO4)2 (5-(ClO4)2): A solution of


L1 (170 mg, 0.31 mmol) in MeOH (70 mL) was treated with two equiva-
lents of KOtBu (69.8 mg, 0.62 mmol), two equivalents of Zn-
(ClO4)2·6H2O (232 mg, 0.62 mmol), and one equivalent of dimethylphos-
phoric acid (39.2 mg, 0.31 mmol) and the resulting mixture was stirred at
room temperature for 12 h. All volatile material was then evaporated
under reduced pressure, the residue was taken up in acetone (50 mL),
and this solution was filtered. The filtrate was layered with light petrole-
um to gradually yield colorless crystals (137 mg, 43%) of the product 5-
(ClO4)2·(C3H6O)0.5.


1H NMR (500 MHz, [D6]acetone): d = 8.80 (m, 4H;
CHpy,6), 8.17 (m, 4H; CHpy,4), 7.76 (m, 4H; CHpy,3), 7.71 (m, 4H; CHpy,5),
6.23 (s, 1H; CHpz,4), 4.08 (s, 4H; pz-CH2), 3.56 (d, 3JHP = 11.1 Hz, 6H;
OMe), 3.21 (m, 4H; py-CH2-CH2-N), 3.14 (m, 4H; py-CH2-CH2-N), 2.95
(m, 4H; py-CH2-CH2-N), 2.92 ppm (m, 4H; py-CH2-CH2-N); 13C NMR
(125 MHz, [D6]acetone): d = 162.1 (Cpy,2), 153.1 (Cpz,3,5), 150.4 (CHpy,6),
142.4 (CHpy,4), 126.9 (CHpy,3), 124.6 (CHpy,5), 101.9 (CHpz,4), 58.5 (py-CH2-
CH2-N), 56.7 (pz-CH2), 53.9 (d, 2JCP = 6.0 Hz; OCH3), 34.2 ppm (py-
CH2-CH2-N); 31P NMR (121 MHz, [D6]acetone): d = 3.12 ppm; IR
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(KBr): ñ = 3118 (w), 3085 (w), 2953 (w), 2879 (w), 2856 (w), 1611 (m,
acetone), 1571 (w), 1489 (w), 1446 (m), 1366 (w), 1332 (mw), 1308 (m),
1208 (m), 1184 (m), 1160 (m), 1105 (vs), 1092 (vs), 1021 (s), 977 (w), 829
(m), 787 (m), 773 (m), 623 (m), 597 cm�1 (w); MS (ESI): m/z (%): 897.5
(30, [L1H�1Zn2(PO4Me2)(ClO4)]


+), 923.5 (100, [L1H�1Zn2(PO4Me2)2]
+);


elemental analysis calcd (%) for C35H43Cl2N8O12PZn2·(C3H6O)0.5


(1029.46): C 42.58, H 4.50, N 10.88; found: C 42.33, H 4.50, N 10.88.


Synthesis of [Zn2L
2H�1{O2P(OMe)2}](ClO4)2 (6-(ClO4)2): A solution of


L2 (150 mg, 0.30 mmol) in MeOH (70 mL) was treated with two equiva-
lents of KOtBu (66.3 mg, 0.59 mmol), two equivalents of Zn-
(ClO4)2·6H2O (220 mg, 0.59 mmol), and one equivalent of phosphoric
acid dimethyl ester (37.2 mg, 0.30 mmol) and the resulting mixture was
stirred at room temperature for 12 h. All volatile material was then
evaporated under reduced pressure, the residue was taken up in acetone
(50 mL), and this solution was filtered. The filtrate was layered with light
petroleum to gradually yield colorless crystals (159 mg, 53%) of the
product 6-(ClO4)2·(C3H6O). 1H NMR (500 MHz, [D6]acetone): d = 8.98
(m, 4H; CHpy,6), 8.17 (m, 4H; CHpy,4), 7.76 (m, 4H; CHpy,3), 7.70 (m, 4H;
CHpy,5), 6.23 (s, 1H; CHpz,4), 4.33 (s, 8H; py-CH2), 4.14 (d, 3JHP =


11.0 Hz, 6H; OCH3), 4.13 ppm (s, 4H; pz-CH2);
13C NMR (125 MHz,


[D6]acetone): d = 157.1 (Cpy,2), 152.9 (Cpz,3,5), 149.4 (CHpy,6), 142.4
(CHpy,4), 126.2 (CHpy,3), 126.0 (CHpy,5), 102.0 (CHpz,4), 57.7 (py-CH2), 54.9
(d, 2JC,P = 6.0 Hz; OCH3), 52.5 ppm (pz-CH2);


31P NMR (121 MHz,
[D6]acetone): d = 3.22; IR (KBr): ñ = 3112 (w), 3085 (w), 2959 (w),
2926 (w), 2903 (w), 2862 (w), 1611 (m, acetone), 1574 (w), 1487 (w), 1447
(m), 1431 (m), 1373 (w), 1334 (m), 1298 (m), 1258 (m), 1229 (s), 1212 (s),
1154 (s), 1105 (vs), 1090 (vs), 1034 (s), 973 (w), 947 (w), 846 (m), 817 (w),
781 (m), 764 (m), 652 (w), 623 (m), 529 (w), 502 (w), 467 cm�1 (w); MS
(ESI): m/z (%): 841.1 (85) [L2H�1Zn2(PO4Me2)(ClO4)]


+ ; elemental anal-
ysis calcd (%) for C31H35Cl2N8O12PZn2·C3H6O (1002.39): C 40.74, H 4.12,
N 11.18; found: C 40.49, H 4.14, N 10.90.


Kinetic measurements : The kinetic measurements were performed at
50 8C using buffered solutions in DMSO/water (1:1). MES (2-(N-morpho-
lino)ethanesulfonic acid), HEPES (N-(2-hydroxyethyl)piperazine-N’-2-
ethanesulfonic acid), and CHES (2-(N-cyclohexylamino)ethanesulfonic
acid) were used as buffers. The ionic strength was fixed at 0.1m with
sodium perchlorate. In a typical experiment, 1.5 mL of aqueous buffer so-
lution was mixed with 0.5 mL of complex stock solution (in DMSO) and
0.5 mL of DMSO in a temperature-controlled spectrophotometric cell.
After equilibrating for 10 min, 0.5 mL of BNPP stock solution (in
DMSO) was added and data collection was started immediately. The
cleavage of BNPP was monitored by following the increase of the 4-ni-
trophenolate absorption at 414.5 nm. The activities of the complexes
were determined by the method of initial rates. At least two independent
measurements were made. Conversion from absorbance to concentration
was performed by using the Lambert–Beer law, A = eeffc. The pH de-
pendence of eeff was determined with 4-nitrophenol in the above solvent
mixtures.


ESI-MS measurements : 1) To a solution of the respective complex in
0.5 mL of methanol was added one equivalent of either dimethylphos-
phoric acid or sodium bis(p-nitrophenyl)phosphate. The solutions were
heated for 15 min in a water bath at 45 8C and then injected into the ESI
mass spectrometer. 2) To follow the hydrolytic cleavage of BNPP,
0.25 mL (1.2 mmol) of a 4.8 mm solution of the complex in DMSO was
added to 0.1 mL (1.2 mmol) of a 12 mm solution of BNPP in DMSO and
0.35 mL of water or aqueous HEPES (0.5m) and stored at 45 8C. After
144 h, ESI mass spectra were recorded.
31P NMR investigations : 1) To follow the hydrolytic cleavage of BNPP by
3 and 4, 0.25 mL (1.2 mmol) of a 4.8 mm solution of 3 or 4 in DMSO was
added to 0.15 mL (12 mmol, 10 equiv.) of an 80 mm solution of BNPP in
[D6]DMSO and 0.4 mL of aqueous HEPES (pH 8) in an NMR tube at
45 8C. 31P NMR spectra were recorded periodically. 2) To follow the


Table 4. Crystal data and refinement details for complexes 3-(ClO4)2, 4-(ClO4)2, 5-(ClO4)2, and 6-(ClO4)2.


[L1H�1Zn2(OH)](ClO4)2 [L2H�1Zn2(O2H2Me)](ClO4)2 [L1H�1Zn2{O2P(OMe)2}](ClO4)2 [L2H�1Zn2{O2P(OMe)2}](ClO4)2


3-(ClO4)2 4-(ClO4)2 5-(ClO4)2 6-(ClO4)2


formula C33H38Cl2N8O9Zn2·C3H6O·(H2O)0.1 C30H34Cl2N8O10Zn2·(CH3OH)2 C35H43Cl2N8O12PZn2·(C3H6O)0.5 C31H35Cl2N8O12PZn2·C3H6O
Mr [gmol�1] 952.27 932.38 1029.43 1002.36
crystal size [mm] not determined 0.61Q0.23Q0.21 not determined 0.32Q0.26Q0.24
crystal system triclinic monoclinic monoclinic monoclinic
space group P1̄ (no. 2) P21/c (no. 14) C2/c (no. 15) P21/n (no. 14)
a [5] 14.746(3) 17.1822(11) 40.401(8) 14.1816(8)
b [5] 15.465(3) 15.0256(6) 8.7426(17) 12.7628(7)
c [5] 18.638(4) 15.2378(9) 25.624(5) 23.0335(13)
a [8] 92.47(3) 90 90 90
b [8] 100.47(3) 104.450(5) 107.27(3) 94.307(5)
g [8] 102.43(3) 90 90 90
volume [53] 4066.8(14) 3809.5(4) 8643(3) 4157.2(4)
1calcd [gcm�3] 1.555 1.626 1.582 1.602
Z 4 4 8 4
F(000) 1964 1920 4240 2056
hkl range �16 to 17, �18, �21 �20, �17, �17 �47 to 44, �10, �30 �15, �14, �25 to 26
q range [8] 1.44–24.71 1.83–24.67 1.66–24.83 1.63–24.50
measured reflec-
tions


51122 27264 32367 18763


unique reflections
(Rint)


13862 (0.0795) 6379 (0.0553) 7429 (0.0672) 6511 (0.0391)


obsd. reflections
[I>2s(I)]


10294 5660 5249 5104


refined parame-
ters.


1062 510 563 521


restraints 0 4 0 114
residual electron
density [e 5�3]


0.558/�0.465 0.975/�0.693 0.627/�0.309 1.082/�1.026


R1 [I>2s(I)] 0.0299 0.0477 0.0319 0.0698
wR2 (all data) 0.0703 0.1214 0.0640 0.1745
goodness-of-fit 0.881 1.059 0.950 1.037
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transesterification of BNPP in methanol to give MNPP and DMP,
2.4 mmol of the complex (3, 4, 5 or 6) was first dissolved in 0.2 mL of
[D6]DMSO, 4.8 mmol of BNPP in 0.6 mL of MeOH was then added, and
31P NMR spectra recorded periodically. 31P NMR (121 MHz, [D6]DMSO/
MeOH, 298 K) in the presence of 3 : d = 2.15 (s, br; DMP), �4.01 (s, br;
MNPP), �12.13 ppm (s; BNPP); in the presence of 4 : d = 2.73 (s;
DMP), �3.94 (s; MNPP), �12.12 ppm (s; BNPP); 31P NMR (121 MHz,
[D6]DMSO/MeOH, 243 K, {1H}-coupled, all 3JP,H  11 Hz) in the pres-
ence of 3 : d = 3.32 (sept; free DMP), 1.96 (sept; bound DMP), �4.14
(q; free MNPP), �5.09 (q; bound MNPP), �12.49 ppm (s; BNPP); in the
presence of 4 : d = 3.35 (sept; free DMP), 2.61 (sept; bound DMP),
�4.11 (q; free MNPP), �4.48 (q; bound MNPP), �12.47 ppm (s; BNPP).


pH potentiometric titrations : The pH potentiometric titrations were con-
ducted at 25.0�0.1 8C at an ionic strength of 0.2m (KCl) using a Radio-
meter PHM 84 pH-meter equipped with a Metrohm 6.0234.100 combined
electrode and a Metrohm dosimat 715. The electrode and pH-meter were
calibrated using a potassium biphthalate buffer at pH 4.008; the concen-
trations of the 0.2073m HCl and 0.1986m KOH stock solutions were
checked and a pKW of 13.765 and an Irving factor of 0.082 were obtained
following GranTs method.[44]


To prepare the samples, the ligands L1 and L2 were pipetted from 2Q
10�3


m stock solutions, each containing 0.032m HCl; zinc(ii) was taken
from a 0.0979m ZnCl2 stock solution containing 0.0163m HCl. Additional
HCl was added in the form of the 0.2073m HCl stock solution and KCl
was taken from a 2m stock solution. The initial concentrations of the
samples were 0.2m KCl, 0.956 mm ligand L1, 1.050 mm ligand L2, and
15.60 mm HCl for L1, 15.99 mm HCl for L2. The initial ZnCl2 concentra-
tion was varied between 0.979 mm, 1.469 mm, and 1.860 mm for both L1


and L2.


Titrations of the free ligands were performed between pH 2 and 11.5 (or
until precipitation) and for ligands with added metal ion solutions be-
tween pH 2 and 11 using a 0.1850m KOH stock solution. The pH-metric
results were utilised to establish the stoichiometries of the species and to
calculate the stability constants. Calculations were performed with the
computer programs SUPERQUAD and PSEQUAD[45] and speciation
curves were created with the help of the MEDUSA program.[46]


X-ray crystallography : Crystal data and experimental conditions are
listed in Table 4. Data were collected on a STOE image plate IPDS II
system (graphite-monochromated MoKa radiation, l = 0.71073 5) em-
ploying w scans at �140 8C. All structures were solved by direct methods
(SHELXS-97)[47] and refined against F2 using SHELXL-97.[48] The non-
hydrogen atoms were refined anisotropically, except for those in disor-
dered parts. Hydrogen atoms attached to carbon atoms were refined
using a riding model with Uiso(H) tied to Ueq(C) (3-(ClO4)2 and 5-
(ClO4)2) or with a fixed isotropic displacement parameter of 0.08 52 (4-
(ClO4)2 and 6-(ClO4)2). The positional and isotropic thermal parameters
of the hydrogen atoms attached to O1/O2 in 3-(ClO4)2 and 4-(ClO4)2


were refined without constraints. Two methanol solvent molecules in 4-
(ClO4)2 are disordered about two positions (occupancy factors: 0.922(7)/
0.078(7) and 0.560(11)/0.440(11)), as are parts of the ligand (C4–N5:
0.520(18)/0.480(18); C24–N8: 0.51(4)/0.49(4)), one methyl group in O2P-
(OMe)2 (0.62(3)/0.38(3)), the acetone solvent molecule (0.51(2)/0.49(2)),
and one ClO4


� anion (0.528(16)/0.472(16)) in 6-(ClO4)2. SADI, DFIX,
and FLAT restraints were applied to model the disorder, where appropri-
ate. CCDC-248511 (3-(ClO4)2), CCDC-248512 (4-(ClO4)2), CCDC-248513
(5-(ClO4)2), and CCDC-248514 (6-(ClO4)2) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Microheterogeneous Solvation for Aminolysis Reactions in AOT-Based
Water-in-Oil Microemulsions


Luis Garc�a-R�o,*[a] Juan Carlos Mejuto,[b] and Mois's P'rez-Lorenzo[a]


Introduction


A microemulsion is defined as a thermodynamically stable,
isotropic dispersion of two relatively immiscible liquids, con-
sisting of microdomains of one or both liquids stabilized by
an interfacial film or surface-active molecules.[1,2] In prepa-
rative organic chemistry microemulsions have been used to
overcome reagent solubility problems because the ability of
microemulsions to solubilize both polar and non-polar sub-
stances and to compartmentalize and concentrate reagents[3]


Microemulsions are also very widely used to the design and
synthesis of novel materials that requires a precise control
of the shape and size of the precursor materials.[4]


In order to improve the applications of microemulsions as
new reaction media it is necessary to have models, which ex-
plain the kinetic behavior of simple reactions in these
media. These models should take into account the distribu-
tion of different reagents throughout the various pseudo-
phases of the microemulsion and the possibility of the reac-
tion-taking place simultaneously in one or many phases. It
will thus be possible to design experiments in which a varia-
tion of the composition of the microemulsion causes the re-
action to occur in different microenvironments of the
system. An additional factor, which complicates the kinetic
studies carried out on microemulsions, are the changes in
their physical properties as the water content varies. The
most used surfactant is sodium bis(2-ethylhexyl)sulfosucci-
nate, also known as AOT. The phase diagram of AOT/
water/isooctane shows a very large domain of water-in-oil
droplets.[5,6] As the parameter W varies, W= [H2O]/[AOT],
changes occur in the microviscosity of the system, polarity,
and so on. In this sense, the changes observed by various
techniques[7–24] are especially important when studying the
properties of the solubilized water in AOT-based microe-
mulsions. These changes in the physical properties of the
water can modify the reactivity[25] and even the mechanism
by which the reactions occur.[26]


The present study intends to extend the kinetic models to
the study of reactions that can occur simultaneously in vari-


Abstract: A kinetic study was carried
out on the aminolysis of p-nitrophenyl
acetate (NPA) by n-decylamine
(DEC), piperazine (PIP) and sarcosine
(SAR) in AOT/isooctane/water (w/o)
microemulsions. By using the pseudo-
phase model both the rate constants at
the interface, k i


2, and the water micro-
droplet, kw


2 , can be obtained. The ob-
tained results show that k i


2 increases to-
gether with the water content of the
microemulsion, whereas kw


2 increases
as the water content of the system de-


creases. In the aqueous microdroplet
the predominant interaction Na+ ···OH2


causes a decrease in the strength of the
hydrogen bonds and therefore facili-
tates the desolvation of the reagents as
W decreases. This desolvation of the
reagents causes the increase of kw


2 as W
decreases. In the interface of the mi-


croemulsion the predominant interac-
tion SO3


�···HOH causes an increase in
the electronic density on the water
molecules and the consequent decrease
in their efficiency in the solvation of
the partial negative charge, which de-
velops on the carbonyl oxygen atom in
the transition state of the reaction. This
decrease in the solvation causes k i


2 to
decrease together with the water con-
tent of the system.
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ous microenvironments of microemulsions. In order to carry
out the study a reaction has been chosen which is very well
known in water and in various organic solvents, namely the
aminolysis of the 4-nitrophenylacetate. Three different
amines have been chosen because of their different degrees
of hydrophobicity: n-decylamine, piperazine and sarcosine
(Scheme 1). The use of sarcosine and piperazine will allow
us to verify whether the reactivity sequence observed in an
aqueous medium is transferred to the microdroplet and the
interface of the microemulsion on using amines with differ-
ent pKa values.


The results obtained show that the aminolysis of the NPA
by piperazine and sarcosine takes place simultaneously in
the interface and in the aqueous microdroplet. As the water
content of the system decreases, there is an increase in the
percentage of the reaction, which occurs in the interface of
the microemulsion. Aminolysis by n-decylamine takes place
only at the interface of AOT-based microemulsions.


Results


A study was carried out on the influence of the composition
of the microemulsion on the aminolysis rate constant of 4-
nitrophenylacetate by amino acids, piperazine and n-decyla-
mine. The compositions of the w/o microemulsions, which
have been used to carry out this study, is shown in the phase
diagram below. The compositions were selected with the
purpose of covering a wide interval: the content of AOT
varies between 6–30% (w/w); that of water between 0.5–
43% (w/w) and that of the isooctane between 29–93%
(w/w). These composition intervals allow us to vary W, W=


[H2O]/[AOT], between W=2–40. Hence we used microe-
mulsions which display a wide variation in properties such
as polarity, viscosity, hydrogen bond donation capacity, and
saline content.


In all cases it was found that the observed rate constant
presents a linear dependency on the nucleophilic concentra-
tion when the reaction takes place in the microemulsion.
This behavior is consistent with that found in water and in
other polar solvents.[27] The different solubilities of SAR, pi-
perazine and n-decylamine mean that the kinetic behavior
in the microemulsions is different. Therefore, we will pres-
ent separately the results in order, so that the hydrophilic
character of the amine increases: aminolysis of NPA by


DEC; aminolysis by PIP and finally the aminolysis of the
NPA by SAR.


Aminolysis of NPA by decyl-
amine : A study has been carried
out on the influence of the mi-
croemulsion composition on
kobs in the aminolysis of NPA
by decylamine, keeping the
total amine concentration con-
stant with regard to the total
volume of the system, [DEC] =


2.50N10�2
m, and varying the


composition of the microemul-
sion. Figure 1 shows by way of


example the values of kobs obtained for different composi-
tions of the system. These results show that kobs increases to-
gether with the AOT concentration, and then decreases.


The results shown in Figure 1 can be explained as a conse-
quence of the DEC and NPA incorporation to the interface
of the microemulsions when increasing the [AOT], which in-
creases the local concentration of the reagents and thus the


Scheme 1.


Figure 1. Influence of the microemulsion composition on kobs for the ami-
nolysis of NPA by n-decylamine. [DEC]=2.50N10�2


m referred to the
total volume of the system; T=25 8C; *: W=3, *: W=7, &: W=20, and
&: W=35.


I 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 4361 – 43734362



www.chemeurj.org





reaction rate. Once all the NPA and DEC have been associ-
ated with the interface, as the [AOT] increases there is also
an increase in the interfacial volume and therefore a dilu-
tion of the reagents in the interface with the consequent re-
duction of kobs. When the [AOT] remains constant and W in-
creases, there is an increase in the size of the droplets and,
therefore, in the fraction of the disperse phase. This increase
in the fraction of the disperse phase causes a reduction in
the volume occupied by the continuous medium, so that the
quantity of NPA and DEC associated with the interface in-
creases. In this way the increase of kobs together with W can
be explained.


Reaction of piperazine with NPA : To investigate the influ-
ence of the composition of the microemulsion on the ami-
nolysis of the NPA by piperazine experiments were carried
out varying the composition of the microemulsion using as
an aqueous medium a 0.10m solution of piperazine. There-
fore, on varying the composition of the microemulsion, the
amine concentration also varies, so that in order to analyze
the results obtained it is more convenient to use a second
order rate pseudoconstant, k app


2 , which includes the pipera-
zine concentration: kobs = k app


2 [PIP]T. The term [PIP]T corre-
sponds to the total concentration of piperazine in the micro-
emulsion referred to the total volume of the system. The re-
sults are shown in Figure 2. The rate constant k app


2 decreases
as the surfactant concentration increases and as the water
content of the system increases.


This behavior is contrary to that observed in the aminoly-
sis of the NPA by DEC (see Figure 1) and must be a conse-
quence of the different distribution of the reagents and to
an increase of the volume of the interface on increasing
[AOT]. It is important to note that in all cases the rate con-
stant kapp


2 is lower than the aminolysis rate constant of NPA
by piperazine in bulk water, kH2O


2 = 6.09m
�1 s�1. This de-


crease of the rate constant is due to the distribution of the
reagents throughout the different pseudophases of the
system.


Reaction of SAR with NPA : A kinetic study has been car-
ried out in which we have varied the concentration of amino
acid, SAR, as well as the composition of the microemulsion.
In all cases the concentration of nitrophenyl acetate,
[NPA]= (2–4)N10�5


m, was much lower than the concentra-
tion of amino acid. On varying the concentration of amino
acid while keeping the composition of the microemulsion
constant, the observed rate constant, kobs, presents a linear
dependency on the amino acid concentration (not shown).
In other experiments the composition of the microemulsion
and the concentration of amino acid have been varied simul-
taneously, while keeping constant the concentration of
amino acid referred to the aqueous volume of the microe-
mulsion,[28] [SAR]ww = 5.00N10�2


m. In all cases a quantity of
sodium hydroxide was added to the amino acid solution, suf-
ficient to guarantee that the amino acid would take an
anionic form. Given that on varying the microemulsion com-
position also varies the amino acid concentration, it is more
simple to carry out an analysis of the results in terms of a
second order rate pseudoconstant, kapp


2 , which includes the
concentration of amino acid: kobs = kapp


2 [SAR]T. The term
[SAR]T corresponds to the total concentration of sarcosine
in the microemulsion referred to the total volume of the
system. The value of kapp


2 is always lower than that which is
found in pure water, kH2O


2 =2.01m
�1 s�1.


Figure 3 shows that kapp
2 decreases as the surfactant con-


centration and the water content of the system increase as
was observed in the aminolysis by piperazine.


Discussion


Kinetic studies of reactions in water in oil (w/o) microemul-
sions can be interpreted in terms of reactivity, only if local
reagent concentrations and intrinsic rate constants in the
various microphases of these organized media can be ob-
tained from the overall, apparent rate data. In our research
group a kinetic model has been developed, based on the for-
malism of the pseudophase which can be applied to inter-


Figure 2. Influence of the microemulsion composition on kapp
2 in the ami-


nolysis of NPA by PIP. [PIP]T = 0.10m referred to the aqueous phase of
the system; T=25 8C; *: W=7, *: W=15, &: W=30, and &: W=40.


Figure 3. Influence of the microemulsion composition on kapp
2 for the ami-


nolysis of NPA by SAR [SAR]=5.00N10�2
m referred to the aqueous


phase of the system; T=25 8C; *: W=4, *: W=7, &: W=15, and &: W=


30.
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pret quantitatively the influence of the composition of the
microemulsion on the chemical reactivity.[29,30] As is usual on
studying reactivity in colloidal systems (micelles, vesicles
and microemulsions) the activity coefficients of the compo-
nents in these systems are independent of their concentra-
tions. To apply this formalism to the aminolysis of the NPA
we must consider the microemulsion formed by three
strongly differentiated pseudophases:[31] an aqueous pseudo-
phase (w), a continuous medium formed fundamentally by
the isooctane (o) and an interface formed fundamentally by
the surfactant (i). The different kinetic behavior makes it
necessary for us to propose different kinetic models for ami-
nolysis by n-decylamine, piperazine and sarcosine.


NPA aminolysis by n-decylamine : The experimental results
obtained in the aminolysis of NPA by decylamine can be in-
terpreted from Figure 4. The NPA is found distributed be-
tween the three pseudophases of the system. The low solu-
bility of the n-decylamine in water allows us to exclude the
possibility of it being distributed throughout the three pseu-
dophases of the microemulsion. In this way the NPA and
the decylamine will only be able to contact the continuous
medium and the interface of the microemulsion.


The distribution of the NPA throughout the different
pseudophases of the microemulsion (Figure 4) is governed
by the following equilibrium constants:


KNPA
wi ¼ ½NPA�i


½NPA�w
W KNPA


oi ¼ ½NPA�i½NPA�o
Z ð1Þ


where [NPA]w, [NPA]i and [NPA]o correspond to the NPA
concentrations in the aqueous microdroplet, the interface
and the continuous medium in the microemulsion, referred
to the total volume of the system. The parameter Z has
been defined as the molar relationship Z = [isoooctane]/
[AOT], by analogy with the parameter W. We can evaluate
the concentrations of NPA in the aqueous microdroplet,
[NPA]w, and in the interface of the microemulsion, [NPA]i,
considering that the total concentration of NPA will be the
sum of the concentration in each of the three pseudophases
of the system:


½NPA�w ¼
KNPA


oi W½NPA�T
KNPA


oi KNPA
wi þ KNPA


wi Z þ KNPA
oi W


ð2Þ


½NPA�i ¼
KNPA


oi KNPA
wi ½NPA�T


KNPA
oi KNPA


wi þ KNPA
wi Z þ KNPA


oi W
ð3Þ


where the concentrations are referred to the total volume of
the system.


The possibility of the reaction taking place in the continu-
ous medium can be discarded due to the second order de-
pendency which exists between kobs and the amine concen-
tration in isooctane (data not shown). Likewise, the value of
kobs obtained for the aminolysis of the NPA by n-decylamine
in pure isooctane, kobs ffi4.5N10�5 s�1 for [DEC]=2.50N
10�2


m, is approximately 250 times lower than the value ob-
tained in AOT-based microemulsions for the same amine
concentration. Therefore, the reaction will take place solely
in the interface of the microemulsion.


Equation (3) can be simplified taking into account the
values previously obtained[32] for KNPA


oi and KNPA
wi (KNPA


oi =


25.9 and KNPA
wi = 996):


½NPA�i ffi
KNPA


oi ½NPA�T
KNPA


oi þ Z
ð4Þ


The following expression for the observed rate constant,
kobs, can be obtained:


kobs ¼ k0i
KNPA


oi


KNPA
oi þ Z


ð5Þ


where k0i is the first order rate pseudoconstant referred to
the interface. This rate constant can be expressed as a bimo-
lecular rate constant in the interface, ki


2, thus:


k0i ¼ ki
2½DEC�ii ¼ ki


2


V tot


V i
½DEC�i ¼ ki


2


½DEC�i
VAOT½AOT� ð6Þ


where [DEC]ii refers to the n-decylamine concentration in
the interface of the microemulsion referred to the volume of
the interface, whereas [DEC]i corresponds to the amine con-
centration in the interface of the microemulsion referred to
the total volume of the system. As is usual in microemul-
sions and direct micelles, the interface has been considered
to be consisting solely of the surfactant, in such a way that
the volume of the interface is given by the volume occupied
by the AOT. In this way Vtot/Vi = 1/V̄AOT[AOT] where V̄AOT


represents the molar volume of the surfactant, V̄AOT =


0.34m
�1 and [AOT] represents the total concentration of


AOT referred to the total volume of the microemulsion.


Figure 4.
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On the basis of the distribution equilibrium of the n-de-
cylamine between the continuous medium and the interface
of the microemulsion, we can obtain:


½DEC�i ¼
KDEC


oi


KDEC
oi þ Z


½DEC�T ð7Þ


By combining Equations (5)–(7) we obtain:


kobs ¼
ki
2


VAOT½AOT�
KNPA


oi


ðKNPA
oi þ ZÞ


KDEC
oi ½DEC�T
ðKDEC


oi þ ZÞ
ð8Þ


The rate equation can be reordered thus:


½DEC�T
kobs


�VAOT½AOT�
¼ ðK


NPA
oi þ ZÞðKDEC


oi þ ZÞ
ki
2 KNPA


oi KDEC
oi


ð9Þ


which predicts the existence of a linear and quadratic de-
pendency of [DEC]T/kobsV̄AOT[AOT] on the parameter Z of
microemulsion composition. Figure 5 shows by way of exam-
ple the good fit of previous equation to the experimental re-
sults.


From representations such as those of Figure 5, and using
the value of KNPA


oi = 25.9, we can obtain the values of the
distribution constant of the n-decylamine between the con-
tinuous medium and the interface, KDEC


oi , and the aminolysis
rate constant at the interface, ki


2. The obtained values for
KDEC


oi are independent of W, allowing us to calculate a mean
value for KDEC


oi =48.4. However, the values obtained for ki
2


present a clear variation with W, as shown in Figure 6. As
the water content of the system increases, there is also an in-
crease in the aminolysis rate constant at the interface. This
behavior is consistent with the decrease in the nitroso group
transfer rate constant in the interface of AOT-based micro-
emulsions, as the water content of the system decreases.[29]


This decrease has generally been attributed to an insuffi-
cient hydration of the interface of the microemulsion as the
water content of the system decreases.


NPA aminolysis by piperazine : The piperazine is a hydro-
philic species, insoluble in isooctane, which is found between
the aqueous microdroplet and the interface of the microe-
mulsion. To explain the kinetic behavior that we observed in
the aminolysis of the NPA by piperazine we must consider
the reactive scheme showed in Figure 7, where the aminoly-
sis reaction can take place simultaneously in the interface
and in the microdroplet of the microemulsion.


Using the same procedure as we used to obtain the NPA
concentration in the different microenvironments of the mi-
croemulsion, we can obtain the concentrations of pipera-
zine:


½PIP�i ¼
KPIP


wi ½PIP�T
KPIP


wi þ W
½PIP�w ¼


W½PIP�T
KPIP


wi þ W
ð10Þ


In accordance with the mechanism of Figure 7, the reaction
will take place simultaneously in the interface and in the
aqueous microdroplet of the microemulsion. Therefore, on


Figure 5. Experimental results obtained for the aminolysis of NPA by n-
decylamine in AOT-based microemulsions according to Equation (9).
[DEC]T=2.50N10�2


m ; T=25 8C; *: W=3, *: W=7, &: W=12, and &:
W=25.


Figure 6. Influence of W on logki
2for the aminolysis of NPA by n-decyl-


amine in AOT/isooctane/water microemulsions at 25 8C; [DEC]=2.50N
10�2


m referred to the total volume of the system.


Figure 7.
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the basis of Equations (2) and (3), we can propose the fol-
lowing expression for the observed rate constant, kobs :


kobs ¼
k0w KNPA


oi W þ k0iK
NPA
oi KNPA


wi


KNPA
oi KNPA


wi þ KNPA
wi Z þ KNPA


oi W
ð11Þ


where k0i and k0w are the rate pseudoconstants of the first
order referred to the interface and the aqueous microdrop-
let, respectively. These rate constants can be expressed as bi-
molecular rate constants in the interface, ki


2 (see previous
discussion of the aminolysis of the NPA by n-decylamine),
and in the aqueous microdroplet, kw


2 , thus:


k0i ¼ ki
2½PIP�ii ¼ ki


2


V tot


V i
½PIP�i ¼


ki
2


�VAOT½AOT�
KPIP


wi ½PIP�T
ðKPIP


wi þ WÞ
ð12Þ


k0w ¼ kw
2 ½PIP�ww ¼ kw


2


V tot


VH2O
½PIP�w ¼


kw
2


�VH2O
½AOT�


½PIP�T
ðKPIP


wi þ WÞ
ð13Þ


where [PIP]ii and [PIP]ww correspond to the concentrations of
PIP in the interface and in the aqueous microdroplet, refer-
red to the volumes of these pseudophases. These concentra-
tions are transformed into concentrations referred to the
total volume of the system by taking into account just the
phase volumes. By combining Equations (11)–(13) we can
obtain the following rate Equation (14):


kobs ¼
ki
2


K
NPA
oi K


NPA
wi K


PIP
wi


�VAOT½AOT� þ kw
2


K
NPA
oi W


�VH2O
½AOT�


KNPA
oi KNPA


wi þ KNPA
wi Z þ KNPA


oi W
½PIP�T


ðKPIP
wi þ WÞ


ð14Þ


This Equation can be rewritten:


½PIP�T
kobs½AOT��VH2O


�VAOT


¼ ðK
PIP
wi þ WÞ½KNPA


oi KNPA
wi þKNPA


oi W þ KNPA
wi Z�


ki
2K


NPA
oi KNPA


wi KPIP
wi


�VH2O
þ kw


2KNPA
oi


�VAOTW


ð15Þ


and predicts the existence of a linear dependency between
[PIP]T/(kobs[AOT]�VH2O


�VAOT) and the Z parameter of micro-
emulsion composition. Figure 8 shows the good fit of Equa-
tion (15) to the experimental results.


The ordinates and slopes of Figure 8 show a clear depend-
ency on W, as predicted by Equation (15). To carry out a
quantitative analysis it is fitting to use the slopes, since they
can be determined more accurately. Figure 9 shows the de-
pendency of 1/slope (from Figure 8) on W for the aminolysis
of the NPA by piperazine. As can be observed, the term 1/
slope increases as the water content of the system (W) de-


creases, until a maximum value for W is reached, W ffi 10. A
subsequent reduction in W causes a reduction in 1/slope.


The results can be interpreted considering the following
Equation (16) that relates 1/slope with the water content of
the microemulsion.


1
slope


¼
ki
2K


NPA
oi


�VH2O
þ k


w
2 K


NPA
oi


�VAOT


K
NPA
wi K


PIP
wi


W


1 þ 1


K
PIP
wi


W
ð16Þ


Previous studies[29] have allowed us to determine the value
of the distribution constant of the piperazine between the
continuous medium and the interface of AOT-based micro-
emulsions KPIP


wi = 9.5 at 25 8C. Using this value, we can re-
write Equation (16) as:


1 þ 0:105W
slope


¼ ki
2K


NPA
oi


�VH2O
þ kw


2KNPA
oi


�VAOT


KNPA
wi KPIP


wi


W ð17Þ


Figure 8. Fit of Equation (15) for the aminolysis of the NPA by PIP.
[PIP]=0.10m referred to the aqueous phase of the system; T=25 8C; *:
W=7, *: W=15, &: W=30, and &: W=40.


Figure 9. Influence of W on 1/slope (from plots like those of Figure 8) for
the aminolysis of NPA by piperazine in AOT/isooctane/water microemul-
sions at 25 8C; [PIP]=0.10m, referred to the aqueous phase of the
system.
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which predicts the existence of a linear dependency between
(1+0.105W)/slope and the W parameter of microemulsion
composition. Figure 10 shows the observed behavior in the
aminolysis of NPA by piperazine.


As can be observed there exists a clear linear dependency
for values of W > 10, while there is a negative deviation
from the linearity for W < 10. From the linear adjustment,
and considering the values of KNPA


oi =25.9 and KNPA
wi =996


obtained previously we can obtain the rate constants kw
2 =


6.64m
�1 s�1 and ki


2=0.39m
�1 s�1. The value of kw


2 obtained for
W > 10 is perfectly compatible with that which is deter-
mined in bulk water, kH2O


2 = 6.09m
�1 s�1. Likewise the value


of ki
2 obtained for W > 10 shows a 17-fold decrease in the


rate constant when passing from bulk water to the interface
of the microemulsion. This reduction of the rate constant is
a consequence of the lower polarity of the interface of the
microemulsion by comparison with the aqueous microdrop-
let, and it is compatible with the decrease in the rate con-
stant in other processes such as nitroso group transfer.[29] It
is important to point out that the ordinate of Figure 10 cor-
responds to the reaction in the interface. As can be ob-
served, in all cases the reaction in the interface is significant
against the total reaction percentage, due fundamentally to
the high value of KPIP


wi .
On the basis of Equation (17) and the results in Figure 10


we can calculate the reaction percentage which takes place
in the interface and in the aqueous microdroplet for each
value of W. For high W values, W=40, approximately 55%
of the reaction takes place in the aqueous microdroplet.
This percentage decreases sharply as the water content of
the system decreases, in such a way that for W=10 this per-
centage has been reduced to 22%. These results show that
for values of W<10 more than 80% of the reaction must
take place in the interface of the AOT-based microemul-
sion.


The results of Figure 10 show a deviation from the behav-
ior predicted by Equation (17) for values of W<10. More-
over the behavior observed for the aminolysis of the NPA


by piperazine at the interface must be similar to that ob-
served for the aminolysis by n-decylamine. Figure 6 shows
how ki


2 decreases for the aminolysis of NPA by DEC, as W
decreases, especially for values of W<10. It is important to
point out that in the case of the DEC the reaction occurs
solely in the interface of the microemulsion. For the aminol-
ysis reaction of NPA by piperazine we expect to find an
analogous behavior, that is, we expect that ki


2 will decrease
along with W. This decrease in ki


2 could explain the negative
deviation observed in Figure 8 when plotting (1+0.105W)/
slope against W. In this interpretation we are assuming that
the negative deviation of Figure 10 is due to the decrease of
ki


2 with W, and we ignore the influence of W on kw
2 . The val-


idity of this approximation lies in the fact that for W<10
more than 80% of the reaction takes place in the interface
of the microemulsion in such a way that the possible effects
on kw


2 must be of less importance. It is important to note
that the percentage of reaction in the interface increases as
W decreases.


From a quantitative point of view the negative deviation
observed in the representation of Figure 10 is compatible
with the decrease of ki


2 with W. The deviation between the
value predicted by Equation (17) and the value shown in
Figure 10 is 78%; this indicates that ki


2 has decreased in
value by approximately 78%. If we compare this extrapola-
tion with the results of Figure 6 we observe that the rate
constant of aminolysis of the NPA by decylamine in the in-
terface of AOT-based microemulsions, ki


2, decreases by 79%
on passing from high values of W to W=2.


NPA aminolysis by sarcosine : To analyze the kinetic behav-
ior that is observed in the aminolysis of NPA by amino acids
it is necessary to consider a distribution model for these re-
agents. The amino acids in their ionic form are highly hydro-
philic species, which guarantees their presence in the aque-
ous microdroplet of the microemulsion. The size of the sar-
cosine also allows us to consider the possibility of its incor-
poration into the interface. Judging by the structures shown
in Scheme 1 it would be possible to consider the penetration
of the amino group of the sarcosine in the interface of the
microemulsions, while the carboxylate group can remain in
the aqueous medium. Therefore, to explain the kinetic be-
havior observed in the aminolysis of the NPA by sarcosine
we need to consider an analogous behavior to that proposed
previously for piperazine (Figure 7), where the aminolysis
reaction can take place simultaneously in the interface and
in the microdroplet of the microemulsion.


In the same way as previously, we can obtain the SAR
concentrations in the different microenvironments of the mi-
croemulsion:


½SAR�i ¼
KSAR


wi ½SAR�T
KSAR


wi þ W
½SAR�w ¼


W½SAR�T
KSAR


wi þ W
ð18Þ


In accordance with the mechanism of Figure 7 and with the
methodology devised previously for the aminolysis of the


Figure 10. Influence of W on (1+0.105W)/slope [Eq. (17)] for the ami-
nolysis of NPA by piperazine in AOT/isooctane/water microemulsions at
25 8C; [PIP]=0.10m, referred to the aqueous phase of the system. The
line represents the fit of Equation (17) to the experimental results; for
the fit only the values obtained for W>10 have been considered.
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NPA by piperazine, we can obtain a rate equation analogous
to Equation (15), which predicts the existence of a linear de-
pendency between [SAR]T/(kobs[AOT]�VH2O


�VAOT) and Z pa-
rameter of microemulsions composition. Figure 11 shows the
good fit of Equation (15) to the experimental results.


Figure 12 shows the influence of W on 1/slope. As we can
observe the term 1/slope decreases as the water content of
the system increases, tending to reach a limiting value for
W > 10. This tendency to reach a limiting value is the main
qualitative difference between the behavior observed for the
aminolysis of the NPA by piperazine (Figure 9) and by sar-
cosine (Figure 12).


The existence of this limit value for W > 10 can be ex-
plained by using Equation (16) and considering that


ki
2K


NPA
oi


�VH2O

 kw


2K
NPA
oi VAOT


KNPA
wi KSAR


wi


W and 1
 1
KSAR


wi


W.


In this way it can be shown that
1


slope
ffi kw


2K
NPA
oi


�VAOT


KNPA
wi


. If


we use the known values of KNPA
oi =25.9 and KNPA


wi = 996,
we can obtain 1/slope ffi 8.84N10�3kw


2 . By using the limiting
value of Figure 10 for the aminolysis of the NPA by sarco-


sine, 1/slope = 7.50N10�3, we can obtain the value of kw
2 =


0.85m
�1 s�1; the obtained value is slightly lower than that ob-


tained in bulk water, kH2O
2 = 1.73m


�1 s�1. This difference in
reactivity may be a consequence of the high ionic concentra-
tion inside the aqueous microdroplet. For a microemulsion
of W=15, the saline concentration in the microdroplet
would be 3.7m if the surfactant were completely dissociated.
This decrease in the aminolysis rate constant with the saline
concentration is consistent with the experimental results ob-
tained in bulk water, where the addition of NaClO4 causes a
decrease in the reaction rate.


The existence of the limit value in the representation of
Figure 12 allows us to obtain a maximum value of KSAR


wi . In
order to be able to observe the limit value it is necessary to
verify the inequality: 1!W/KSAR


wi . Given that this inequality
is verified for values of W>10, it is necessary for KSAR


wi � 1.
Henceforth we will use the value of KSAR


wi =1, which will
allow us to obtain the corresponding minimum values of ki


2.
Using this maximum value of KSAR


wi we can write an equation
that is analogous to Equation (17) for the aminolysis of the
NPA by SAR.


1 þ W
slope


¼ ki
2K


NPA
oi


�VH2O
þ kw


2KNPA
oi


�VAOT


KNPA
wi KSAR


wi


W ð19Þ


Figure 13 shows the representation of (1 + W)/slope for the
aminolysis NPA by SAR. As in the case of the aminolysis of
NPA by piperazine, a good fit of Equation (19) can be ob-
served for values of W>10. On the basis of the linear ad-
justment and considering the values of KNPA


oi = 25.9, KNPA
wi


= 996, and KSAR
wi = 1) obtained previously we can obtain


the rate constants kw
2 = 0.823m


�1 s�1 and ki
2 = 2.59N


10�2
m
�1 s�1. Once again it can be seen that the rate constant


in the interface of the AOT-based microemulsion is approxi-
mately 30 times lower that in the aqueous microdroplet.
This difference is greater than in the aminolysis by pipera-
zine and can be due in part to the statistical advantage that
the piperazine has, through possessing two equivalent nitro-
gen atoms. It is to be expected that this statistical advantage
will increase in the interface of the microemulsion, a region
of restricted mobility.


As in the case of the aminolysis of the NPA by piperazine,
the ordinate of Figure 13 corresponds to the reaction in the
interface. As it was possible to observe, its value is very
small with regard to (1+W)/slope, indicating that the reac-
tion takes place primarily in the aqueous microdroplet. In
this case the low percentage of the reaction in the interface
is due to the low value of KSAR


wi . On the basis of the values
of the ordinate and the slope of Figure 13 we can calculate
the percentage of the reaction which takes place in the inter-
face and in the aqueous microdroplet of the microemulsion.
The percentage of the reaction which takes place in the
aqueous microdroplet for W=40 is 96%, and this value de-
creases to 86% for microemulsions of W=10. Therefore,
unlike what happened in the aminolysis of the NPA by pi-
perazine, the main part of the reaction takes place in the


Figure 11. Fit of Equation (15) for the aminolysis of the NPA by SAR;
[SAR]=5.00N10�2


m referred to the aqueous phase of the system; T=


25 8C; *: W=4, *: W=7, and &: W=30.


Figure 12. Influence of W on 1/slope for the aminolysis of NPA by sarco-
sine in AOT/isooctane/water microemulsions at 25 8C; [SAR]=5.00N
10�2


m referred to the aqueous phase of the system.
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aqueous microdroplet. Likewise it is important to note that
for values of W<10 there is no observable negative devia-
tion in the representation of Figure 13, as occurred for the
aminolysis of the NPA by PIP (see Figure 10), but that a
positive deviation occurred. This positive deviation is a con-
sequence of the variations of the rate constants ki


2 and kw
2


with W. In the first place it is important to note that these
rate constants are independent of W for values of W>10.
This behavior is a consequence of the fact that the greater
changes undergone by the physical properties of the inter-
face and the aqueous microdroplet are observed for small
values of W, and that the aminolysis reaction of the NPA is
not particularly sensitive to the polarity of the medium if it
is compared with other processes such as the solvolysis reac-
tions.


Previous studies on the aminolysis of the NPA by DEC
and PIP show that ki


2 decreases together with the water con-
tent of the system as a consequence of an inadequate hydra-
tion in the interface. Therefore the positive deviation ob-
served in Figure 13 can only be attributed to a variation of
the rate constant kw


2 with W. Contrary to what occurs with
ki


2, our results show that the rate constant kw
2 must increase


as the water content of the system decreases. On the basis
of the results in Figure 13, and assuming a maximum value
of ki


2=2.59N10�2
m
�1 s�1, we can calculate the values of kw


2


for different values of W. In this approximation we consider
a maximum value of ki


2. From the results obtained in the
aminolysis of the NPA by DEC and PIP it is to be expected
that ki


2 will decrease together with W. If we use a maximum
value of ki


2 we underestimate the value of kw
2 . However this


discrepancy must be small given that the greater percentage
of the reaction takes place in the aqueous microdroplet of
the microemulsion. The results obtained are shown in
Figure 14. It can be seen that the value of kw


2 increases as
the water content of the system decreases. It is important to
point out that this variation cannot be justified as a conse-
quence of the reaction in the interface of the microemulsion,
since the reaction constitutes just 5% of the rate observed
for W=4. The rate constants in the aqueous microdroplet of


the microemulsion, kw
2 , decrease as the value of W increases,


tending to reach a limit value for values of W>10. The limit
value reached for W>10 is lower than the value of the rate
constant of aminolysis in bulk water by sarcosine kH2O


2 =


1.73m
�1 s�1.


Influence of W on the rate constants in the interface and in
the aqueous microdroplet : The rate limiting step for aminol-
ysis of substituted phenyl acetates in aqueous solution is
first order in amine concentrations and leads to the forma-
tion of a tetrahedral intermediate (T�). As the leaving abili-
ty decreases there is a change towards a rate limiting step
which is second-order in amine concentration[27,34] and the
breakdown of T� is the rate limiting step (Scheme 2). Since
the rate limiting step for the aminolysis of the 4-nitrophenyl
acetate is formation of T� the steps subsequent to its forma-
tion would be kinetically silent and thus no effect of crown
ether would be expected; this prediction was experimentally
confirmed for butylaminolysis of 4-nitrophenyl acetate in
acetonitrile.[27]


The existence of this mechanism for the aminolysis of 4-
nitrophenyl acetate in water and acetonitrile suggests that
this reaction mechanism must operate in the aqueous micro-
droplet and the interface of the microemulsion.


When studying the aminolysis of the NPA in AOT-based
microemulsions we found two types of strongly differentiat-
ed behavior: the rate constant of the aminolysis in the aque-
ous microdroplet increases as W decreases, Figure 14, while
the rate constant in the interface increases along with W,
Figure 6. This change in behavior cannot be attributed to


Figure 13. Influence of W on (1+W)/slope [Eq. (19)] for the aminolysis
of NPA by sarcosine in AOT/isooctane/water microemulsions at 25 8C;
[SAR]=5.00N10�2


m, referred to the aqueous phase of the system; the
line represents the fit of Equation (19) to the experimental results. For
the fit only the values obtained for W>10 have been considered.


Figure 14. Influence of W on kw
2 for the aminolysis of NPA by sarcosine


in AOT/isooctane/water microemulsions at 25 8C (*); [SAR]=5.00N
10�2


m referred to the volume of the aqueous microdroplet. Bimolecular
rate constant obtained in bulk water (*).


Scheme 2.
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different mechanisms, since it has been shown that the ami-
nolysis mechanism of the NPA in water and in the interface
must take place through the formation of an addition inter-
mediate, T� . Therefore, this difference in behavior must be
a consequence of the different properties of the water in the
aqueous and interfacial microdroplet,[9,36] and of its different
capacity for solvation of the reagents and transition states of
the reaction.


Aminolysis of NPA by SAR in the aqueous microdroplet of
AOT-based microemulsions : The results obtained on study-
ing the aminolysis of NPA by SAR show that the aminolysis
rate constant decreases until it reaches a limit value of kw


2 =


0.85m
�1 s�1 for W>10. This value is lower than the value ob-


tained in pure water, kH2O
2 =1.73m


�1 s�1. This deviation of
the value of the rate constant obtained in the aqueous mi-
crodroplet of the AOT-based microemulsions with regard to
bulk water can be explained as a consequence of the high
saline content of the microdroplet of the microemulsion. Ex-
periments carried out in bulk water show that the rate con-
stants of aminolysis of NPA by SAR decrease approximately
by 30% when the ionic strength (NaClO4) increases to 3m.


More important is the decrease in the rate constant of the
reaction as W increases. The results obtained in our labora-
tory on studying the influence of the percentage of DMSO
on the aminolysis rate of the NPA by SAR show that the
rate constant of the reaction increases approximately eight
times, when the percentage of DMSO increases, up to 80%.
In certain reactions SN2 and SNAr it has been shown that[37]


the effect caused by the aprotic dipolar solvents is a combi-
nation of the solvation of the transition state and the desol-
vation of the nucleophile, especially in the case of the most
basic nucleophiles. A correlation has been observed be-
tween kw


2 for the aminolysis of NPA by SAR and kw
2 for the


basic hydrolysis[32] of the NPA by OH� (see supplementary
material). In both cases the rate constant in the aqueous mi-
crodroplet of AOT-based microemulsions increases as the
water content of the system decreases.


From a perusal of the data obtained previously,[38] it is
clear that the solvation of the non-electrolyte (ester mole-
cule) is not of major importance in causing rate enhance-
ment in aprotic solvents. Thus one can say that significant
changes in the value of kDMSO/kEtOH are not due to changes
in the solvation of the ester molecule. The structure of the
transition state for the hydrolysis reactions of esters has a
certain degree of negative charge on the carbonyl oxygen
atom, which confers on this oxygen atom the capacity to be
a good acceptor of the hydrogen bond, in such a way that it
will be solvated better in protic solvents. The transition state
anion in the case of an aromatic ester will be much more po-
larizable than that for an aliphatic ester. Further, the phenyl


ring attached to the carbonyl group acts as an electron hole
and thus lowers the electron density around the carbonyl
group, thereby decreasing the localization of negative
charge on the carbonyl oxygen atom with concurrent de-
crease in the hydrogen bond acceptor capacity of the transi-
tion state. This will result in an increase of the kDMSO/kEtOH


value.[39]


Therefore, in the basic hydrolysis of the NPA it seems
that the greatest effect on the reaction rate in aqueous
DMSO must be the desolvation of the hydroxyl ion. The re-
percussion of the desolvation on the reaction or on reactivi-
ty–structure correlations is very wide. In fact, there exist nu-
merous examples in which it has been found that the rate of
certain nucleophile attacks decreases as the basicity of the
nucleophile increases, leading to negative Brønsted expo-
nents. This behavior has been found for some phosphoryl
transfer reactions to amines,[40] and for reactions of highly
reactive carbocations with amines[41] and for reactions of thi-
olate ions with Fischer carbene complexes.[42] Likewise
Brønsted exponent values of around zero have been found
for diphenylketene reactions with amines.[43] The studies car-
ried out by Jencks[40] indicate that these anomalous Brønsted
exponents are a consequence of the partial desolvation re-
quirement of the nucleophile prior to the reaction. It is usu-
ally considered that the desolvation is a preequilibrium
which occurs in a separate stage, in such a way as to adopt a
two-step model for a nucleophilic attack like that which is
shown in Scheme 3.


So that the observed effect showen in Figure 14 must be a
consequence of the desolvation of the amine groups of the
amino acid, with the consequent increase in reactivity, and
the lower degree of solvation in the transition state, with the
consequent decrease in the reaction rate. The balance of
both factors will allow us to explain the behavior observed.
From a quantitative point of view the desolvation of the nu-
cleophile seems to be the greater contribution to the de-
crease in the activation energy of the reaction.


Aminolysis of NPA by DEC in the interface of AOT-based
microemulsions : Figure 6 shows the variation of the rate
constant of aminolysis of the NPA by n-decylamine in the
interface of AOT-based microemulsions. This behavior can
be explained as a consequence of the changes in the proper-
ties of the water as W varies. As mentioned previously the
rate determining step of the reaction will be the formation
of the intermediate T� . In the transition state of the rate de-
termining step there must be a certain degree of partial neg-


Scheme 3.
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ative charge on the oxygen atom of the carbonyl group. The
solvation of this partial negative charge will depend on the
electrophilic character of the water molecules: as the elec-
trophilicity decreases, so too does the reaction rate. This be-
havior has also been shown in the study of the solvolysis re-
action of the diphenylmethyl chloride[25] in AOT-based mi-
croemulsions. The solvolysis rate constant in the interface
decreases together with W due to the fact that the solvation
of the salient Cl� also decreases. A correlation have been
observed between logki


2 for the aminolysis of the NPA by
decylamine and logki for the solvolysis of the diphenylmeth-
yl chloride (see Supporting Information). The existence of
this correlation shows that the decrease in the aminolysis
rate constant of the NPA by decylamine as W decreases is a
consequence of the small capacity of the interfacial water to
solvate the development of the partial negative charge on
the carbonylic oxygen atom in the transition state for the
formation of T� .


The results obtained are the first kinetic evidence of the
existence of four types of water in the AOT-based micro-
emulsions. In this study we have always used the same reac-
tion: aminolysis of NPA but in such conditions that the reac-
tion occurs in different microenvironments. As the water
content of the system decreases the strength of the interac-
tion Na+ ···OH2 increases. This increase causes a decrease in
the partial negative charge on the oxygen atom, and, conse-
quently, the strength of the structure of the hydrogen bond
of the water is reduced. This reduction is shown through a
decrease in the solvation of the reagents (with the conse-
quent increase in the reaction rate) and of the transition
state (with the consequent reduction in the reaction rate).
The obtained results show that the solvation of the reagents
exerts a greater effect on the reaction rate that the decreas-
es in the solvation of the partial negative charge on the car-
bonylic oxygen atom in the transition state. When the reac-
tion takes place in the interface of the microemulsion the in-
teraction SO3


�···HOH causes an increase in the electronic
density in the water molecules. This increase in the electron-
ic density causes a decrease in the electrophilic character of
the water molecules as W decreases. This decrease translates
into a smaller capacity for solvation in the interface as the
water content decreases and causes an increase in rate as a
consequence of the solvation of the reagents and a decrease
in rate by the solvation of the transition state of the reaction
as W decreases. The experimental results show that the sol-
vation of the transition state of the reaction is the predomi-
nant factor. The smaller repercussion of the solvation of the
reagents is a consequence of the fact that the insufficient
solvation of the interface causes the reagents to be partially
desolvated even for very high W values.


Conclusion


The present study allows us to propose the following conclu-
sions.


1) The aminolysis rate constant of NPA by n-decylamine in
the interface of AOT-based microemulsions increases to-
gether with W. This behavior is parallel with that which
is presented by the resonance signals of 1H NMR of the
protons of water and is similar to that which is observed
for the solvolysis reaction of the diphenylmethyl chlo-
ride. This increase in the reactivity when W increases has
been attributed to an increase in the solvation capacity
of the partial negative charge which is generated in the
transition state leading to the formation of the addition
intermediate, T� .


2) The aminolysis reaction of the NPA by SAR occurs pre-
dominantly in the aqueous microdroplet of the system
and the rate constant increases when the water content
of the system decreases. This increase is probably a con-
sequence of the desolvation of the nucleophile as the
water content of the system decreases and it is consistent
with the behavior obtained on studying the reaction in
mixtures of DMSO/H2O.


3) The aminolysis of the NPA by piperazine presents an in-
termediate behavior: the reaction occurs simultaneously
in the aqueous microdroplet and the interface, and the
percentage of interfacial reaction increases as W de-
creases. For values of W<10 the reaction occurs mainly
in the interface and the interfacial rate constant decreas-
es along with W, in parallel with the behavior observed
in the aminolysis of the NPA by DEC.


4) The diversity of observed behaviors is consistent with
the existence of four types of water in the AOT-based
microemulsions. The water present in the microdroplet
is found mainly solvating the cations Na+ . This solva-
tion, Na+ ···OH2, causes a decrease in the negative
charge on the oxygen atom and consequently weakens
the hydrogen bond. This weaking in the structure of the
hydrogen bonds causes a decrease in the solvation of the
reagents. The interfacial water is involved fundamentally
in the solvation of the head groups of the tensioactives
SO3


�···HOH. This solvation causes an increase in the
electronic density on the hydrogen atoms with the conse-
quent decrease in their efficiency in the solvation of the
partial positive charge that is developed in the transition
state of the reaction.


Experimental Section


AOT (Aldrich) was dried in a vacuum desiccator for two days and then
used without further purification. Microemulsions were prepared by
mixing isooctane (Aldrich), water and 1.00m AOT/isooctane solution in
appropriate proportions. p-Nitrophenyl acetate, sarcosine, piperazine and
n-decylamine (Aldrich) were of the highest available purity and were
used as supplied.


The aminolysis reactions were followed by monitoring the UV/Vis ab-
sorbance of the products of the reaction at l =400 nm, using a HP8453
spectrophotometer fitted with thermostated cell holders. In all experi-
ments the NPA concentration, typically [NPA]= (2–4)N10�5


m, was much
smaller than that of the amine. The reaction between the NPA and SAR
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was studied using a concentration of amino acid of 5.0N10�2
m referred to


the volume of the droplet. For these experiments the microemulsions
were prepared using an aqueous solution of amino acid with a concentra-
tion of 5.00N10�2


m. An equal concentration of NaOH was added to this
solution to guarantee that the carboxyl group would be deprotonated.
The piperazine solutions were prepared in an aqueous medium, so that
the concentration of piperazine referred to the aqueous microdroplet was
0.10m. The solutions of DEC were prepared in isooctane and were added
to the reaction mixture so that [DEC]=2.50N10�2


m. In all the experi-
ments the temperature remained constant at (25.0�0.1) 8C. The kinetic
absorbance versus time data always fit the first-order integrated rate
equation satisfactorily (r>0.999); in what follows, kobs denotes the
pseudo-first-order rate constant. We were able to reproduce the rate con-
stants with an error margin of �5%. In all cases we verified that the
final spectrum of the product of the reaction coincided with another ob-
tained in pure water, guaranteeing that the presence of the microemul-
sions did not alter the product of the reaction. A compilation of the ki-
netic data is supplied as Supporting Information.
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Synthesis of Multi-1,10-phenanthroline Ligands with 1,3-Phenylene Linkers
and Their Lithium Complexes


Christiane Dietrich-Buchecker, Beno#t Colasson, Damien Jouvenot, and
Jean-Pierre Sauvage*[a]


Introduction


Transition metals have been used as three-dimensional tem-
plates with particular efficiency in the preparation of various
interlocking or knotted topologies. The key feature of this
approach is the ability of the metal centers to gather various
coordinating organic fragments and predispose them to a ge-
ometry which is very favorable for the formation of cate-
nanes, rotaxanes and knots.


Since the synthesis of the first [2]catenane built around a
copper(i) center,[1,2] many other novel topologies have been
synthesized in the course of the last two decades.[3] Recent
examples include catenanes and rotaxanes constructed
around an octahedral center[4] and the Borromean rings
built under thermodynamic control around six zinc cations.[5]


Multinuclear double-stranded helical complexes have
been synthesized by various groups[6,7] and triple-stranded
helices have also been reported.[8] Double-stranded helices
represent an interesting family of accessible precursors to


multiply interlocking [2]catenanes and knots, as depicted in
Figure 1.[9]


Doubly interlocking catenanes have indeed been made[10]


following the strategy shown in Figure 1.[9] The Li+ ion was


Abstract: The synthesis of two multi-
site ligands containing four and five
1,10-phenanthroline (phen) chelates in
line, respectively, is presented. The
connectors are 1,3-phenylene linkers.
The two ligands were prepared follow-
ing multistep procedures, the two key
reactions being the Suzuki coupling re-
action between aromatic nuclei and the
nucleophilic addition of aryllithium de-
rivatives onto a phen fragment. The co-


ordination chemistry of both ligands
with Li+ ions was very clean and selec-
tive, whereas their reaction with cop-
per(i) led to intractable mixtures of in-
soluble complexes. The tetraphen and
the pentaphen compounds afforded


almost quantitatively the four- and
five-lithium double-stranded helical
complexes, respectively. The helical
systems are probably highly wound, as
indicated by NMR measurements. The
pronounced strain of the 5-Li+ com-
plex is reflected by the easy loss of a
lithium cation, as shown by electro-
spray mass spectrometry.


Keywords: chelates · coordination
chemistry · copper · helical
complexes · lithium · N ligands
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4 rue Blaise Pascal, 67000 Strasbourg Cedex (France)
Fax: (+33)390-241-368
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Figure 1. Double-stranded helical complexes (“helicates”, as defined by
Lehn and co-workers[7]), which are topologically planar systems, can lead
to knots and “links” (i.e., catenanes) through appropriate connections be-
tween the ends of the strands. The number of metal centers used to
gather and orient the two strands will determine the number of crossings
and thus the topology of the final object.
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used as the gathering metal which forms relatively labile
complexes with 1,10-phenanthroline (phen) derivatives, thus
allowing the three-metal double-stranded helical precursor
to be prepared under thermodynamic control.


Since the pentafoil knot 51 (see reference [11] for nomen-
clature) and the star of David 61


2 (or triply interlocking
[2]catenane) are particularly attractive, we decided to apply
the strategy shown in Figure 1 to the preparation of these
species. To achieve this it was
necessary to make multi-phen
ligands in which each phen che-
late is connected to its neigh-
bor(s) through 1,3-phenylene
linkers. From previous work,[12]


we know that this is an appro-
priate connector and, used in
conjunction with 2- and 9-sub-
stituted phen, it appeared very
likely that the desired helical
complexes would form once the
ligands have been made and
treated with Li+ or CuI.


The two target ligands are
represented in Scheme 1. In this
report we describe the synthesis
of these tetra- and pentaphen
ligands as well as the formation
of their helical complexes with
Li+ ions.


Results and Discussion


A retrosynthetic analysis of the
preparation of 1 and 2 depicts
how both multichelates can be
synthesized from judicious com-
bination of several small func-
tionalized building blocks
(Scheme 1).


According to Scheme 1, both
the tetraphenanthroline and the
pentaphenanthroline should be
obtained by Suzuki cross-cou-
pling reactions between mono-
phenanthrolines or diphenan-
throlines that have either a bor-
onic or a reactive halide (bro-
mide or iodide) functionality.


Synthesis of the tetraphenan-
throline 1: After several at-
tempts the most convenient
strategy for the synthesis of the
tetraphenanthroline appeared
to be the one described in
Scheme 2.


Preparation of 2-bromo-9-(p-anisyl)phenanthroline (6): Bro-
mophenanthroline 6 was prepared in two steps starting from
2-chlorophenanthroline (3) which could be obtained on a
large scale (20 g) by following a previously reported proce-
dure.[13] p-Lithioanisole (4), obtained from p-bromoanisole
by an interconversion reaction with two equivalents of tert-
butyllithium, was added to 3 at a low temperature (3–4 8C)
without altering the position of the chloride. After hydroly-


Scheme 1. Retrosynthetic analysis of the target compounds 1 and 2 ; compound 1 can be constructed by assem-
bling two mono-1,10-phenanthroline fragments to a central two-phen building block whereas the synthesis of
compound 2 involves a central mono-phen and two peripheral two-phen fragments. The thick oblique lines in-
dicate which bonds will be formed in the condensation reaction between the various building blocks.


Scheme 2. Strategy for the synthesis of an end-functionalized tetraphenanthroline by a double Suzuki cross-
coupling reaction.
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sis, rearomatization with MnO2, and column chromatogra-
phy over silica gel, 2-chloro-9-(p-anisyl)phenanthroline (5)
was obtained in 62% yield (Scheme 3).[14,15] Subsequent ex-


change of the chloride at the 2-position was performed by
following a modification of the procedure described in the
literature.[16] Chloride 5 and neat PBr3 (170 8C) were re-
fluxed under argon for a short time (45 minutes). No major
degradation of 5 or 6 was observed despite the very harsh
reaction conditions as long as the reaction time was kept
short (here, a maximum of 45 min) and the reaction carried
out under an inert atmosphere (argon).


Bromide 6 was obtained in 81% yield after hydrolysis of
the crude product on crushed ice, neutralization, and filtra-
tion of the precipitate.


Synthesis of the diboronic diphenanthroline 12 : The diboron-
ic ester 12 was obtained in several steps as depicted in
Scheme 4. In the first step the two phenanthrolines were
connected to a 1,3-phenylene bridge by reacting 1,3-dilithio-
benzene with two equivalents of 1,10-phenanthroline dis-
solved in THF at room temperature.[12] Diphenanthroline 8,
isolated in 40% yield after column chromatography over
silica gel, was subsequently treated with 1-lithio-3-trimethyl-
silylbenzene (9) at 5–7 8C for 3 h.[17] After hydrolysis and
rearomatization with MnO2, pure diphenanthroline 10 was
obtained in 58% yield after column chromatography over
silica gel. The third step, namely the exchange of the trime-
thylsilyl groups with iodine, involved the addition of a solu-
tion of ICl in CH2Cl2 to a degassed solution of 10 in CH2Cl2
at 0 8C under argon. After the addition of ICl, the solution
was allowed to warm to room temperature and then stirred
for 3 h. After extractive workup and purification of the
crude product by column chromatography over alumina, the
diiodide 11 was obtained as a colorless solid in 98% yield.
Whilst the formation of a boronic acid or ester of a sub-
strate containing one or several chelates by quenching the
corresponding lithio or magnesium intermediate with B-
(OMe)3 appeared impossible, the use of commercially avail-
able bis-neopentyl diboron in the presence of [Pd-
(dppf)Cl2]·CH2Cl2 as catalyst allowed the diester 12 to be
prepared in 58% yield.[18] In this work, this new methodolo-
gy developed by Miyaura and co-workers appeared destined
for success.


Formation of the tetraphenanthroline core (see Scheme 2):
Owing to the poor solubility of diphenanthroline 12, the
double cross-coupling reaction between 12 and two equiva-
lents of 6 could only be performed in DMF.[19] Synthesis of
the tetraphenanthroline 13 was thus easily achieved by heat-
ing a mixture of 6 and 12 (in a ratio of 2:1) dissolved in
DMF in the presence of the catalyst [Pd(PPh3)4] and K3PO4


for two days at 100 8C under an argon atmosphere
(Scheme 2). After workup and column chromatography
over silica gel, tetraphenanthroline 13 was obtained as a
brown solid in 60% yield. Its 1H NMR spectrum as well as
its mass spectrum, with its large molecular ion peak found
at m/z 1156.3 [M+H]+ (calcd at 1156.3), were in full agree-
ment with the structure proposed for tetraphenanthroline 13.


Subsequent deprotection, achieved by refluxing 13 for
three hours in pyridinium hydrochloride (210–220 8C), led to
the diphenol 14. [20] Despite such harsh conditions, diphenol
14 was nevertheless obtained as a poorly soluble brown
solid in 95% yield.


Synthesis of the diolefinic tetraphenanthroline 1: As shown in
Scheme 5, the diphenol 14 was functionalized with two ole-
finic chains derived from tetra(ethylene glycol).[21] Tetraphe-
nanthroline 1 appeared to be a good precursor with which
to achieve cyclization to the pentafoil knot by ring-closing
metathesis (RCM; see Figure 1). Incidentally, the solubility
of tetraphenanthroline 13 could be increased markedly by
the introduction of two such chains at its extremities.


Scheme 3. Synthesis of 2-bromo-9-(p-anisyl)phenanthroline (6).


Scheme 4. Multistep preparation of diboronic ester 12.
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The nucleophilic substitution reaction between the diphe-
nolate derived from 14 and the bromo-allyl-poly(ethylene
glycol) chain took place under classic conditions, that is, by
heating diphenol 14 dissolved in DMF in the presence of a
large excess of the bromo-allyl chain and Cs2CO3 at 65 8C
for one day. Column chromatography of the crude product
over silica gel afforded pure 1 in 80% yield.


Coordination properties of ligand 1: Owing to the well-
known high affinity of copper(i) towards –N�N- chelate-
containing ligands, we investigated the coordination chemis-
try of copper(i) with ligand 1 first.[22] Addition of Cu-


(CH3CN)4·PF6 dissolved in
CH3CN to a CH2Cl2 solution of
ligand 1 under argon led only
to an intractable mixture of oli-
gomeric dark red copper(i)
complexes. This surprising
result can only be explained in
terms of the high stability and
the inertness of the kinetic
polynuclear copper(i) com-
plexes which precludes any self-
repair process. Indeed, no equi-
libration was observed on re-
fluxing the oligomeric copper(i)
complexes in acetonitrile for
several days. According to the
literature and from our own ex-
perience, the use of lithium cat-
ions should lead to much less


stable complexes that are able to equilibrate in favor of the
thermodynamically most stable complex with a double helix
structure.[10,12,22,23] Addition, under argon, of LiPF6 dissolved
in methanol to ligand 1 dissolved in CH2Cl2 (ratio of Li+/
ligand 1 =4:2) led upon addition of a small amount of basic
Li2CO3, necessary to neutralize the residual acidity of LiPF6


(traces of HPF6), to a single pale yellow complex
(Scheme 6).


The 1H NMR spectrum of this latter complex exhibits a
strong chemical upfield shift for some of the protons in the
aromatic region. Interestingly the most affected protons, for
which Dd<�2 ppm, are the protons H-3’, H-3, H-8, H-a’,


and H-a, which are located very
close to the crossing points of
the double-stranded helix
(Table 1). Previous studies of
helices and molecular knots
have shown that the signature
for such intertwined or knotted
structures was precisely a
strong chemical upfield shift for
all the protons located in close
proximity to the crossing points.
Moreover, the high-resolution
ES-MS spectrum has a major
peak at m/2 1718.6457 for
[(1)2·4Li]4+ ·(2PF6)


2� (calcd
1718.6466). It is therefore clear
that the complex [(1)2·4Li]4+


·(4PF6)
4� most probably has a


double-helix structure.[12,24,25]


Scheme 5. Synthesis of diolefinic tetraphenanthroline 1.


Scheme 6. Formation of a double helix around four lithium cations.


Table 1. Chemical shifts [ppm] for 1 and [(1)2·4Li]4+ ·(4PF6)
4�.[a]


H-o H-m H-3’ H-a’ H-b’ H-d’ H-c’ H-8 H-3 H-a H-b H-c H-A H-B


1 8.42 7.02 8.30 9.70 8.63 8.52 7.76 8.30 8.30 9.75 8.58 7.75 4.18 3.88
(1)2·4Li 6.70 5.59 6.20 7.45 6.70 6.70 6.94 6.00 6.00 7.45 6.70 6.89 3.25 3.47
Dd[b] �1.72 �1.43 �2.10 �2.25 �1.93 �1.82 �0.82 �2.30 �2.30 �2.30 �1.88 �0.86 �0.93 �0.41


[a] Solvent: CD2Cl2 for 1, CD3CN for [(1)2·4Li]4+ ·(4PF6)
4�. [b] Dd =d[(1)2·4Li]�d(1).
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Synthesis of the pentaphenanthroline 2 : The strategy used
for the synthesis of pentaphenanthroline is shown in
Scheme 7.


Synthesis of diphenanthroline 19 : Starting from mono-p-ani-
sylphenanthroline 15, which can be easily prepared on a
10 g scale, diphenanthroline 19 was obtained by following
the multistep procedure depicted in Scheme 8.[15]


A diethyl ether solution of 1-lithio-3-bromobenzene (16),
prepared from 1,3-dibromobenzene by interconversion with
one equivalent of nBuLi at a low temperature (2–4 8C), was
added to a degassed suspension of 15 in diethyl ether also
maintained at 2 8C.[17] Monitoring by TLC allowed us to see
that after 2 h of stirring at 2–4 8C, 15 had been entirely
transformed into the disubstituted phenanthroline 17. The


bromine atom in intermediate compound 17 was then sub-
mitted to a second interconversion reaction with 1.3 equiva-
lents of nBuLi at 3 8C to afford the aromatic lithio inter-
mediate 18. TLC performed on a small aliquot withdrawn
from the reaction mixture showed that this interconversion
was complete after stirring for 2 h at 5–10 8C. The last step,
the addition of the solution containing 18 to a degassed so-
lution of 2-chlorophenanthroline in toluene, was also per-
formed at 2–4 8C. After stirring and warming to room tem-
perature, the mixture was hydrolyzed with water and rear-
omatized with MnO2. Column chromatography over silica
gel afforded pure diphenanthroline 19 in 34% yield. It
should be emphasized here that the rearomatization of 17
followed by interconversion with nBuLi and addition of 3
did not yield any trace of 19. We had previously observed


that a free chelate (phenanthro-
line or terpyridine) inhibits the
interconversion step. As a con-
sequence, it is necessary to use
the intermediate 17, in which
the coordinating site is occu-
pied by a Li+ ion, immediately.
Repetition of this multistep
process clearly showed that its
success was strongly related to
the temperature and reaction
time used in each sequence in
order to preserve the potential-
ly reactive sites that are the
bromine in compound 16 and
17 and the chlorine in 19.


Preparation of bromide 20 :
Several attempts to perform the
cross-coupling reaction between
chloride 19 and the diboronic
ester 23 or acid 24 (see later)


Scheme 7. Strategy and building blocks for the synthesis of a pentaphenanthroline.


Scheme 8. Multistep synthesis of diphenanthroline 19.
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following the procedure developed by Fu and co-workers
failed owing to the very low solubility of the diphenanthro-
line 19 in dioxane or THF.[26] Therefore it appeared necessa-
ry to exchange the chlorine for the more reactive bromine
atom. Bromide 20 was obtained in 65% yield after stirring
the chloride 19 for 40 min in refluxing neat PBr3
(Scheme 8).[16]


Synthesis of the 2,9-disubstituted phenanthroline 22 : The
presence of the reactive bromine atom in 1-lithio-3-bromo-
benzene (16) precludes its use in excess at room tempera-
ture, which are the classic conditions used in the direct for-
mation of a 2,9-disubstituted phenanthroline.[14,27] This dif-
ficulty was easily circumvented by performing two succes-
sive monosubstitution reactions at a low temperature
(Scheme 9).[15,28]


Anhydrous 1,10-phenanthroline was treated with a slight
excess of 1-lithio-3-bromobenzene (16) in diethyl ether at 2–
4 8C for 2 h. After hydrolysis, rearomatization with MnO2,
and purification by column chromatography over silica gel,
pure 2-(m-bromophenyl)phenanthroline 21 was obtained in
32% yield as a colorless solid. Subsequently, 21 was submit-
ted to a second monosubstitution reaction by 16 under the
same conditions as described above to afford the 2,9-disub-
stituded phenanthroline 22 in 24% yield. The low yields can
be explained by secondary cascade interconversions that
occur on the bromine atoms present in 21 and 22 even at 2–
4 8C. An attempt to reduce the occurrence of these secon-
dary interconversion reactions by lowering the temperature
to �5 8C was very disappointing since no reaction at all oc-
curred at this temperature. Thus it appeared that 21 and 22
can only be prepared in a very narrow range of tempera-
tures.


Preparation of the diboronic ester 23 : Following the method-
ology developed by Miyaura and co-workers, the diboronic
ester 23 was obtained in 90% yield by refluxing the dibro-
mide 22 with bis-pinacolatodiboron in dioxane for 12 h
in the presence of Pd(dppf)Cl2·CH2Cl2 as catalyst
(Scheme 10).[18]


The diboronic acid 24 was obtained in 99% yield by stir-
ring a solution of 23 in THF (30 mL) and 3m HCl (30 mL)
at room temperature for four days.[29]


Synthesis of pentaphenanthroline 25 : The double Suzuki
cross-coupling reaction between two bromo-diphenanthro-
lines 20 and one central diboronic phenanthroline 24 was
again performed in DMF at 100 8C in the presence of K3PO4


and [Pd(PPh3)4] as catalyst over a period of two days
(Scheme 11).


Although the coupling proce-
dure used was similar to the
one which afforded the tetra-
phenanthroline 13, workup and
isolation had to be adapted to
the special features exhibited
by the pentachelate 25. Indeed
the poor solubility of 25, relat-
ed to its strong tendency to
bind or coordinate trace
amounts of cations (Li+ , Na+ ,
H+ , K+ , etc.) present in sol-


vents, glassware, and solid supports like silica gel or alumi-
na, prohibited the use of classic column chromatography in
the purification process.


As a result of the special features of compound 25, the
solid crude product, obtained by addition of a large amount
of water to a DMF solution and filtration of the precipitated
crude solid, was suspended in CH2Cl2 and poured onto a dry
silica gel column. All products other than 25 were eluted
with CH2Cl2 containing increasing amounts of MeOH. De-
sorption of 25 from the solid support was achieved by
taking advantage of its coordination properties, namely its
strong affinity towards lithium cations. The silica gel from
the column was poured into a beaker and recovered with a
CH2Cl2/MeOH (93:7) solution before a large excess of
LiPF6 was added under a stream of argon. After stirring for
four days, the heterogeneous mixture was filtered through a
sintered glass. The 1H NMR spectrum of the filtrate showed
that it contained both lithium complexes and protonated


ligand 25. Subsequent addition
of CF3COOH to the filtrate af-
forded fully protonated, soluble
25 in 83% yield. Complex
(25·5H)5+ ·5PF6


� was fully char-
acterized by 1H NMR spectros-
copy and by its mass spectrum,
with intense peaks at m/z
1410.5 [M+H]+ , 705.5
[M+2H]2+ , 470.7 [M+3H]3+ ,
and 353.3 [M+4H]4+ .


Scheme 9. Preparation of the 2,9-disubstituted phenanthroline 22 by two distinct monosubstitution reactions.


Scheme 10. Synthesis of diboronic ester 23 and diboronic acid 24.
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Synthesis of the diphenol pentaphenanthroline 26 : Deprotec-
tion of the methoxy groups of 25 was performed in refluxing
pyridinium hydrochloride following the procedure already
used for the preparation of diphenol 14.[20] Diphenol 26 was
obtained in 93% yield as an ochre solid almost insoluble in
all solvents but DMF (Scheme 11).


Synthesis of the diolefinic penta-
phenanthroline 2 :The dipheno-
late of 26 formed in DMF at
65 8C in the presence of Cs2CO3


was treated with an excess of
the bromo-allyl-poly(ethylene
glycol) chain derived from pen-
ta(ethylene glycol).[21] Owing to
the coordination properties ex-
pected of a pentachelate like 2,
use of column chromatography
in the purification process was
avoided. The solid crude prod-
uct was merely washed first
with diethyl ether in order to
remove excess of the bromo-
allyl chain and thereafter with
water to eliminate Cs2CO3. This
very simple purification proce-
dure afforded the very soluble
diolefinic pentaphenanthroline
2 in 62% yield (Scheme 12).


Coordination properties of 2 :
Lithium complex [(2)2·5Li]


5+·
(5PF6)


5� : Pentachelate 2 exhib-
its the same, although en-
hanced, coordination properties
as tetrachelate 1. Like 1, ligand
2 forms only a mixture of oligo-
meric complexes in the pres-
ence of copper(i) whereas it
forms, in the presence of LiPF6,
a single, well-defined complex
[(2)2·5Li]5+ ·(5PF6)


5�


(Scheme 13).
Its 1H NMR spectrum, char-


acterized by large chemical up-
field shifts for most of the pro-
tons of the aromatic region (see
Table 2), is in good agreement


with a double-helix structure. Its mass spectrum confirms
the ratio of two molecules of ligand 2 to five Li+ ions with
the peaks for m/2 observed at 2136.8278 (calcd 2137.0241)
for [(2)2·5Li]5+ ·(3PF6)


3�, m/3 at 1376.1988 (calcd 1376.3613)
for [(2)2·5Li]5+ ·(2PF6)


2�, m/4 at 995.9139 (calcd 996.0299) for
[(2)2·5Li]5+ ·(PF6)


� , m/5 at 767.7443 (calcd 767.8311) for


Table 2. Chemical shifts [ppm] for 2, [(2)2·5Li]5+ ·(5PF6)
5� and [(2)2·3Li·2Cu]5+ ·(5PF6)


5�.[a]


H-o H-m H-3,8 H-3’ H-8’ H-3’’ H-a H-a’ H-4,7 H-4’ H-7’ H-4’’ H-7’’ H-A H-B


2 8.41 7.03 8.29 8.27 8.36 8.30 9.78 9.69 8.05 8.10 8.36 8.04 8.21 4.17 3.87
(2)2·5Li 6.65 5.56 5.90 5.94 6.10 6.05 7.24 7.64 7.37 7.47 7.50 7.53 8.14 3.32 3.60
D1d


[b] �1.76 �1.47 �2.39 �2.33 �2.26 �2.25 �2.54 �2.05 �0.68 �0.63 �0.86 �0.51 �0.07 �0.85 �0.27
(2)2·2Cu·3Li 6.75 5.52 5.90 6.11 5.95 6.04 7.23 8.33 7.38 7.46 7.48 7.52 8.16 3.34 3.55
D2d


[b] 0.10 �0.04 0 0.17 �0.15 �0.01 �0.01 0.69 0.01 �0.01 �0.02 �0.01 0.02 0.02 �0.05


[a] Measured in CD2Cl2. [b] D1d=d[(2)2·5Li]�d(2); D2d=d[(2)2·2Cu·3Li]�d[(2)2·5Li].


Scheme 11. Double cross-coupling reaction affording pentaphenanthroline 25.


Scheme 12. Synthesis of diolefinic pentaphenanthroline 2 with the numbering scheme.
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[(2)2·5Li]5+ . The occurrence of a series of peaks correspond-
ing to the m/z for the complex [(2)2·4Li]4+ ·(4PF6)


4� strongly
suggests the presence of a highly wound structure in which
the lithium cation in the central cavity could very easily be
expelled under the conditions of mass spectrometry. No evi-
dence for the presence of [(2)2·4Li]4+ ·(4PF6)


4� in solution
could be found from careful analysis of the 1H NMR spec-
trum. Nevertheless, if such a species exists, the symmetrical
spectrum (in this case, the superposition of the spectra of
[(2)2·5Li]5+ ·(5PF6)


5� and [(2)2·4Li]4+ ·(4PF6)
4�) tends to indi-


cate that the cavity must be in the central position of the
double helix.


1H NMR studies confirm the presence of a double-helix
structure which is very strained in its central part. Indeed,
the difference in the chemical shifts (Dd) increases on going
from the centre of the double helix to its extremities: Dd=


�2.39 (H-3,8), �2.33 (H-3’), �2.26 (H-8’), �2.25 (H-3’’),
�2.54 (H-a), and �2.05 ppm (H-a’).


Heteronuclear lithium-copper(i) complex [(2)2·3Li·2Cu]
5+


·(5PF6)
5� : Although obtained easily and in good yield


(76%), the lithium complex [(2)2·5Li]5+ ·(5PF6)
5� is not very


stable. In particular it completely decomposes in the pres-
ence of polar solvents containing oxygen, for example, in
DMF. Addition of two equivalents of the copper(i) salt Cu-
(CH3CN)4·PF6 afforded in quantitative yield a dark red com-
plex [(2)2·3Li·2Cu]5+ ·(5PF6)


5� whose helical structure is
locked by a copper(i) cation located at each end of the com-
plex (Scheme 14). Its 1H NMR spectrum is characterized by


chemical shifts similar to those of the lithium complex
[(2)2·5Li]5+ ·(5PF6)


5� with Dd close to zero for most of the
protons (see Table 2). The only small variations in the ob-


served chemical shifts d occur at the extremities of the com-
plex and reflect the differences in size of the Cu+ and Li+


cations. In the ES-MS spectrum, along with the m/z peaks
expected for complex [(2)2·3Li·2Cu]5+ ·(5PF6)


5�, peaks
appear that correspond to the complex [(2)2·2Li·2Cu]4+


·(4PF6)
4� in which the strain has been relieved by expulsion


of the central lithium cation.


Conclusions


Two new multi-phenanthroline ligands 1 and 2 have been
synthesized. After preliminary work aimed at selecting the
best synthetic strategy, the following retrosynthetic ap-
proaches were defined: the tetraphen compound was con-
structed from a central phen-1,3-phenylene-phen motif and
two peripheral 2,9-diaryl-phen building blocks. In contrast,
the synthetic strategy for the pentaphen molecule involves
the coupling of a central 2,9-disubsituted-phen to two
diphen fragments.


Two double-helical structures based on 1 or 2 were ob-
tained which display similar properties. Both helices are as-
sembled around lithium cations and are very strained, as
proved by 1H NMR and mass spectrometry studies.


Cyclization reactions under ring-closing metathesis condi-
tions were attempted with the tetraphen and pentaphen lith-
ium complexes attached to olefinic fragments. Unfortunate-
ly, the desired topologies (pentafoil knot 51 and the star of
David 61


2, respectively) could not be isolated as yet.
Metal-exchange reactions conducted on the lithium com-


plex of the pentaphen ligand showed that selective replace-
ment of the terminal lithium cations by copper(i) takes
place, the kinetic inertness of the more central Li+ ions pre-
venting them from being substituted for CuI. A Cu–Li–Li–
Li–Cu complex was thus obtained. These helical complexes
are likely to be electronically or electrostatically highly cou-
pled, in analogy with previous observations of the two-
copper system. This is partly due to the conjugated charac-
ter of the ligands. This feature, combined with the length of
the helical complexes, makes them particularly promising
compounds for long-range electron transfer. Interestingly,
the five-Li+ compound contains two sets of 16 six-mem-
bered aromatic groups attached to one another and the
overall length of the helical complex has been estimated to
be 28 M.


Experimental Section


General : All chemicals were of the best commercially available grade
and used without further purification. Dry solvents were distilled from
suitable desiccants (Et2O, THF, and dioxane from Na/benzophenone).
Column chromatography was performed with silica gel 60 (Merck 9385,
230–400 mesh) or aluminium oxide 90 (neutral, act. II–III, Merck 1097).
1H and 13C NMR spectra were recorded with a Bruker WP 200 SY
(200 MHz), AVANCE 300 (300 MHz), AVANCE 400 (400 MHz), or
AVANCE 500 (500 MHz) spectrometer using deuteriated solvent as the
lock. The spectra were collected at 25 8C and the chemical shifts were ref-


Scheme 13. Formation of complexes [(2)2·5Li]5+ ·(5PF6)
5� and [(2)2·4Li]4+


·(4PF6)
4�.


Scheme 14. Heteronuclear complexes [(2)2·3Li·2Cu]5+ ·(5PF6)
5� and


[(2)2·2Li·2Cu]4+ ·(4PF6)
4�.


Chem. Eur. J. 2005, 11, 4374 – 4386 www.chemeurj.org A 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4381


FULL PAPERSynthesis of Multi-phenanthroline Ligands



www.chemeurj.org





erenced to residual solvent protons as internal standards (1H: CDCl3
7.27 ppm, [D6]DMSO 2.50 ppm, CD2Cl2 5.32 ppm, CD3CN 1.94 ppm; 13C:
CD3Cl 77 ppm, CD2Cl2 53.7 ppm. Mass spectra were obtained with a VG
ZAB-HF spectrometer (FAB) and a VG-BIOQ triple quadrupole in pos-
itive mode (ES-MS).


2-Chloro-9-(p-anisyl)phenanthroline (5): 2-Chlorophenanthroline 3 was
prepared in three steps from commercial 1,10-phenanthroline according
to the literature procedure,[13] whereas p-lithioanisole 4 was prepared by
interconversion of p-bromoanisole with two equivalents of tBuLi; a THF
solution (50 mL) of p-lithioanisole 4 (15 mmol) was obtained by slow ad-
dition of tBuLi (30 mmol) to a THF solution (40 mL) of p-bromoanisole
(2.806 g, 15 mmol) at �78 8C under argon. The lithioanisole solution was
thereafter added to a degassed suspension of 3 (2.147 g, 10 mmol) in tolu-
ene (100 mL) maintained at 3–4 8C. The initial pale yellow suspension of
3 turned dark red instantaneously. After addition of this lithioanisole so-
lution, the dark solution was stirred under argon at +4 8C for an addi-
tional 2 h. Thereafter the reaction was quenched by addition of water
(20 mL) and the resulting mixture was evaporated to dryness. The
orange-brown residue thus obtained was taken up in a mixture of CH2Cl2
and water and decanted. The aqueous layer was washed and extracted
with more CH2Cl2. The bright yellow organic phase was then rearomat-
ized by successive addition of batches of MnO2 (12 g). The rearomatiza-
tion was monitored by TLC. After the quite slow rearomatization step
the solution was dried by addition of MgSO4. The black MnO2/MgSO4


slurry was filtered through sintered glass. After evaporation of the sol-
vent a dark yellow glass (3.190 g) was obtained as the crude product
which was purified by column chromatography over silica gel (eluent:
CH2Cl2 and MeOH). Pure compound 5 was obtained as a pale yellow
solid (1.980 g, 6.17 mmol) in 62% yield. 1H NMR (200 MHz, CDCl3): d=


8.36 (d, J=8.8 Hz, 2H, H-o), 8.26 (d, J=8.6 Hz, 1H, H-7), 8.18 (d, J=


8.3 Hz, 1H, H-4), 8.08 (d, J=8.6 Hz, 1H, H-8), 7.77 (AB, J=8.6 Hz, 2H,
H-5,6), 7.61 (d, J=8.3 Hz, 1H, H-3), 7.08 ppm (d, J=8.8 Hz, 2H, H-m);
13C (100 MHz, CD2Cl2): d=161.18, 156.97, 150.75, 146.21, 144.93, 139.03,
136.80, 131.83, 129.03, 127.94, 127.72, 126.92, 125.02, 123.94, 120.19,
114.26, 55.42 ppm; HR FAB-MS: m/z : 321.0790 [M+H]+ , calcd 321.0795.


2-Bromo-9-(p-anisyl)phenanthroline (6): Exchange for the chlorine in 5
by a bromine atom was performed following a modification to a proce-
dure described in the literature.[16] Under a stream of argon, neat PBr3
(30 mL) was poured into a small two-necked round-bottom flask contain-
ing 5 (600 mg, 1.95 mmol). The resulting bright yellow mixture was then
refluxed at 170 8C for 45 min under argon. The yellow color progressively
turned greenish-black during the heating process. After reflux the dark
suspension was stirred overnight at room temperature under argon. Sub-
sequent careful hydrolysis on crushed ice afforded a yellow suspension of
6 in a strongly acidic medium (pH 1). NaOH pellets were then added
until the solution became slightly basic (pH 8), and the bromide 6 was ex-
tracted with a mixture of CH2Cl2 and CHCl3. After decanting the mix-
ture, the organic phase was dried over MgSO4, filtered, and evaporated
to dryness to yield 620 mg of a colorless solid. This crude product was pu-
rified by column chromatography over silica gel (eluent: CH2Cl2/hexane
1:1 to pure CH2Cl2) to afford pure 6 in 81% yield (577 mg, 1.58 mmol).
1H NMR (300 MHz, CDCl3): d =8.36 (d, J=9.0 Hz, 2H, H-o), 8.27 (d,
J=8.5 Hz, 1H, H-7), 8.09 (d, J=8.5 Hz, 1H, H-8), 8.08 (d, J=8.8 Hz,
1H, H-4), 7.98 (AB, J=8.7 Hz, 2H, H-5,6), 7.72 (d, J=8.8 Hz, 1H, H-3),
7.09 (d, J=9.0 Hz, 2H, H-m), 3.90 ppm (s, 3H, OCH3);


13C (75 MHz,
CDCl3): d=161.16, 157.29, 146.81, 144.84, 142.45, 138.27, 136.80, 131.77,
129.28, 127.95, 127.73, 127.49, 127.01, 125.06, 120.24, 114.26, 55.43 ppm;
ES-MS: m/z : 366.2 [M+H]+ , calcd 366.2.


Diphenanthroline 8 : 1,3-Dilithiobenzene (7) was prepared by adding four
equivalents of tBuLi (45 mmol, 25 mL of a 1.8 molL�1 solution) dropwise
to a degassed THF solution (70 mL) of 1,3-dibromobenzene (2.832 g,
12 mmol) at �78 8C. After all the tBuLi had been added, the solution
was allowed to warm to +5 8C twice. The clear pale yellow dilithioben-
zene solution was then added through a cannula to a degassed solution
of anhydrous phenanthroline (4.0 g, 22.2 mmol) in THF (140 mL) at
room temperature under argon. The initial pale yellow solution of phe-
nanthroline in THF immediately turned dark red. This mixture was stir-
red for 48 h at room temperature under argon before being quenched


with water at 0 8C. The mixture was evaporated to dryness and the
orange residue was taken up in CH2Cl2/H2O, the organic layer decanted
and rearomatized with MnO2 (27 g). An equivalent amount of MgSO4


was added to the stirred mixture. After stirring for 1 h, the MgSO4/MnO2


slurry was filtered through a sintered glass and the solvent evaporated to
dryness to afford 6.05 g of a crude mixture which was submitted to
column chromatography over alumina (eluent: CH2Cl2/hexane, 80:20). A
second chromatography over silica gel (eluent: CH2Cl2/2 to 5% MeOH)
afforded pure 8 (1.939 g, 4.46 mmol) in 40% yield as a white solid. 1H
NMR (300 MHz, CDCl3): d=9.26 (dd, J1=4.4, J2=1.8 Hz, 2H, H-9),
9.19 (t, J=1.7 Hz, 1H, H-a), 8.55 (dd, J1=7.9, J2 =1.7 Hz, 2H, H-b), 8.36
(AB, J=8.4 Hz, 2H, H-3,4), 8.28 (dd, J1 =8.2, J2=1.8 Hz, 2H, H-7), 7.83
(AB, J=8.9 Hz, 4H, H-5,6), 7.78 (d, J=7.9 Hz, 1H, H-c), 7.66 ppm (dd,
J1=8.2, J2 =4.4 Hz, 2H, H-8); 13C NMR (75 MHz, CDCl3): d =157.51,
150.24, 145.99, 140.09, 136.92, 136.33, 129.48, 129.25, 129.14, 127.76,
127.18, 126.55, 126.27, 122.97, 122.35, 121.19 ppm; HR FAB-MS: m/z :
435.1608 [M+H]+ , calcd 435.1610.


Diphenanthroline 10 : A THF solution (70 mL) containing lithio deriva-
tive 9 [7 mmol, prepared from 1-bromo-3-trimethylsilylbenzene (1.603 g,
7 mmol) and tBuLi (14 mmol)] [17] was added through a cannula to a de-
gassed suspension of diphenanthroline 8 (0.950 g, 2.18 mmol) in anhy-
drous toluene (120 mL) at 6 8C. Upon addition of 9 onto 8 the initial
pale-yellow suspension turned dark red. The mixture was stirred under
argon for 3 h at 7 8C. Subsequent hydrolysis with water at 0 8C afforded a
bright yellow mixture from which THF was distilled under vacuum. After
the mixture had been decanted, the aqueous phase was extracted with
CH2Cl2 (3Q100 mL) and the combined organic phases were rearomatized
with MnO2 (7 g). MgSO4 (10 g) was added to dry the organic phase and
the MnO2/MgSO4 slurry was filtered through sintered glass (porosity 4).
Evaporation of the solvents yielded 1.510 g of a pale yellow glass. Pure
compound 10 was obtained after column chromatography over silica gel
(eluent: CH2Cl2/2% MeOH) in 58% yield (0.924 g, 1.26 mmol). 1H NMR
(300 MHz, CD2Cl2): d=9.35 (t, J=1.8 Hz, 1H, H-ap), 8.80 (dd, J1=7.7,
J2=1.8 Hz, 2H, H-bp), 8.74 (br s, 2H, H-d), 8.46 (m, 2H, H-a), 8.41 (br s,
4H, H-3,4), 8.35 (d, J=8.4 Hz, 2H, H-7), 8.21 (d, J=8.4 Hz, 2H, H-8),
7.85 (s, 4H, H-5,6), 7.84 (t, J=7.7 Hz, 1H, H-cp), 7.68 (dt, J1 =7.7, J2=


1.6 Hz, 2H, H-c), 7.56 (t, J=7.7 Hz, 2H, H-b), 0.40 ppm (s, 18H, SiMe3);
13C NMR (75 MHz, CDCl3): d =157.02, 156.49, 146.18, 146.16, 141.04,
139.72, 138.56, 136.94, 136.91, 134.53, 132.72, 129.62, 129.13, 128.09,
128.06, 127.92, 126.21, 126.09, 126.01, 120.04, 119.97, �0.95 ppm; HR
FAB-MS: m/z : 731.3020 [M+H]+ , calcd 731.3026.


Diiodo-diphenanthroline 11: Diphenanthroline 10 (570 mg, 0.8 mmol)
was placed in a two-necked round-bottom flask and dissolved in CH2Cl2
(100 mL). The solution was purged three times with Ar/vacuum and
cooled to 0 8C in an ice-bath. ICl (160 mg, 1.02 mmol) in CH2Cl2 (10 mL)
was added and the ice-bath was removed. After 4 h, the solution was
quenched with a saturated solution of Na2S2O5. The aqueous layer was
extracted with CH2Cl2 and dried with MgSO4. After purification by chro-
matography on alumina (CH2Cl2), 11 was isolated as a white solid
(650 mg, CH2Cl2 adduct) in 98% yield. 1H NMR (300 MHz, CD2Cl2): d=


7.19 (t, J=7.8 Hz, 2H, H-b), 7.78 (dt, J=7.8, J=1.6 Hz, 2H, H-c), 7.86
(t, J=7.6 Hz, 1H, H-cp), 7.87 (d, J=8.8 Hz, 2H, H-6), 7.91 (d, J=8.8 Hz,
2H, H-5), 8.12 (d, J=8.4 Hz, 2H, H-8), 8.38 (d, J=8.4 Hz, 2H, H-7),
8.45 (d, 4H, H-3,4), 8.47 (m, 2H, H-a), 8.65 (dd, J=7.7, J=1.8 Hz, 2H,
H-bp), 8.80 (t, J=1.6 Hz, 2H, H-d), 9.59 ppm (t, J=1.8 Hz, 1H, H-ap);
13C NMR (75 MHz, CDCl3): d =159.82, 159.30, 155.63, 155.40, 143.06,
141.39, 140.36, 138.02, 137.71, 136.46, 135.09, 131.34, 130.76, 129.19,
129.09, 128.12, 127.63, 127.03, 124.81, 124.29, 116.97, 113.15 ppm; FAB-
MS: m/z : 839.1 [M+H]+ , calcd 839.4.


Diphenanthroline diboronic ester 12 : Diiodo-diphenanthroline 11
(650 mg, 0.68 mmol), bis-neopentyl diboron (340 mg, 1.49 mmol), KOAc
(400 mg, 4.10 mmol), and [Pd(dppf)Cl2]·CH2Cl2 (33 mg, 0.04 mmol) were
dissolved in freshly distilled dioxane (60 mL). The mixture was stirred
under argon at 80 8C for five days. The solution was then cooled to room
temperature and water (60 mL) was added. The product was extracted
from the aqueous phase with CH2Cl2. The organic phase was dried with
MgSO4, filtered, and evaporated. The resulting black solid was then puri-
fied by chromatography over silica using CH2Cl2/MeOH as eluent. The
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product underwent substantial decomposition on the column (hydrolysis
of the diol protecting group). A black solid (320 mg) was recovered. 1H
NMR and mass spectrometric analyses were in good agreement with the
expected structure of 12 (58% yield). 1H NMR (300 MHz, CDCl3): d=


1.04 (s, 12H, CH3), 3.80 (s, 8H, CH2), 7.63 (t, J=7.7 Hz, 2H), 7.84 (m,
4H), 7.98 (dt, J1=7.3, J2=1.1 Hz, 2H), 8.28 (d, J=8.4 Hz, 2H), 8.33 (d,
J=8.4 Hz, 2H), 8.39 (d J=8.4 Hz, 2H), 8.50 (d, J=8.4 Hz, 2H), 8.78 (dd,
J1=7.7, J2=1.6 Hz, 2H), 8.80 (br s, 2H), 8.87 (dt, J1=7.9, J2=1.5 Hz,
2H), 9.74 ppm (t, J=1.8 Hz, 1H); FAB-MS: m/z : 811.4 [M+H]+ , calcd
811.5.


Tetraphenanthroline 13 : Diphenanthroline 12 (295 mg, 0.36 mmol), bro-
mophenanthroline 6 (265 mg, 0.728 mmol), Pd(PPh3)4 (60 mg,
0.04 mmol), and K3PO4 (230 mg, 1.1 mmol) were added to DMF (20 mL).
After the mixture was degassed, the solution was stirred at 100 8C for
two days. The reaction mixture was then allowed to cool to room temper-
ature. Upon addition of water (30 mL), a precipitate was formed. The
solid was filtered and purified over silica (CH2Cl2/CHCl3/4 to 7%
MeOH) to give the product 13 (252 mg) as a brown solid in 60% yield.
1H NMR (400 MHz, CDCl3): d =3.83 (s, 6H, OCH3), 6.99 (d, J=8.3 Hz,
4H, H-m), 7.38 (d, J=8.1 Hz, 2H, H-5’), 7.49 (d, J=8.7 Hz, 2H, H-5),
7.53 (d, J=8.1 Hz, 2H, H-6’), 7.61 (d, J=8.7 Hz, 2H, H-6), 7.68 (t, J=


7.9 Hz, 1H, H-c), 7.73 (t, J=7.9 Hz, 2H, H-c’), 8.00 (d, J=8.4 Hz, 2H,
H-4’), 8.04 (d, J=8.5 Hz, 2H, H-8’), 8.06 (d J=9.6 Hz, 2H, H-4), 8.21 (d,
J=8.3 Hz, 2H, H-7’), 8.30–8.39 (m, 12H, H-7,8,3,3’, H-o), 8.48 (brd, 2H,
H-d’), 8.56 (dd, 2H, H-b), 8.64 (brd, 2H, H-b’), 9.68 (br s, 2H, H-a’),
9.72 ppm (br s, 1H, H-a); FAB-MS: m/z : 1156.3 [M+H]+ , calcd 1156.3.


Diphenol 14 : Pyridine (17 mL) was poured into a three-necked flask.
While stirring, HCl (36%, 19 mL) was slowly added. The reaction was
highly exothermic and fuming. After addition of HCl the flask was fitted
with a distillation head. To distil the water from the mixture the flask
was heated with a mantle until the internal temperature reached 210–
220 8C (boiling point of anhydrous pyridine hydrochloride). The distilla-
tion head was then removed and the mixture was allowed to cool to
140 8C. A powder funnel was placed in the large middle neck and, whilst
bubbling argon gas through the right neck, tetraphenanthroline 13
(252 mg, 0.22 mmol) was poured in one batch into the flask through the
left neck. The reaction flask was then fitted with a water condenser
equipped with a two-way Claisen adaptor connected on one side to a
source of Ar and on the other side to a mineral oil bubbler. After estab-
lishing an argon atmosphere in the flask, the contents were stirred under
reflux for 3 h (internal temperature 210–220 8C).The hot brown stirred
mixture was cooled to 110 8C and diluted by slow and careful injections
of hot water. The resulting brown suspension was poured into a conical
flask containing hot water (60 mL). The solution was allowed to cool to
room temperature and then the suspension was neutralized by the addi-
tion of KOH pellets to the flask until a pH of 7.3 was obtained. Then the
solid was filtered and air-dried on a porous dish overnight and finally
dried in a vacuum desiccator in the presence of KOH to obtain diOH-tet-
raphenanthroline 14 as a brown solid (235 mg, 95% yield). 1H NMR
(300 MHz, [D6]DMSO): d=6.88 (d, J=8.4 Hz, 4H), 7.62 (t, J=8.0 Hz,
3H), 7.70 (d, J=8.8 Hz, 2H), 7.82 (d, J=8.8 Hz, 2H), 7.91 (d, J=8.8 Hz,
2H), 7.98 (d, J=8.8 Hz, 2H), 8.24 (d, J=8.6 Hz, 2H), 8.29 (d, J=8.6 Hz,
2H), 8.40 (d, J=8.4 Hz, 4H), 8.44–8.74 (m, 18H), 9.68 (br s, 2H), 9.82
(br s, 1H), 9.88 ppm (br s, 2H); FAB-MS: m/z : 1128.4 [M+H]+ , calcd
1128.3.


Diolefinic tetraphenanthroline 1: DiOH-tetraphenanthroline 14 (230 mg,
0.20 mmol) was dissolved in dry DMF (50 mL) and the solution was de-
gassed and heated at 65 8C. Cs2CO3 (1.32 g, 4.10 mmol) was then added
and the solution stirred for 45 min. Bromo-allyl-poly(ethylene glycol)
(0.422 g, 1.42 mmol) was dissolved in dry and degassed DMF (15 mL)
and placed in an addition funnel. The bromo compound was then added
dropwise to the diOH-tetraphenanthroline 14. After 6 h, further Cs2CO3


(800 mg) and the bromo compound (400 mg) were added, and the solu-
tion was stirred for 1 day. Then DMF was removed under vacuum. The
solid was washed with diethyl ether and then dissolved in CH2Cl2/H2O
(50:50 mL). The aqueous phase was extracted with CH2Cl2 (50 mL) and
the organic layers were combined. The solvent was removed under
vacuum to afford a clear brown solid (400 mg) which was purified by


chromatography over silica gel (CH2Cl2/MeOH) to yield diallyl-tetraphe-
nanthroline 1 (260 mg, 80% yield). 1H NMR (300 MHz, CD2Cl2): d =3.60
(m, 24H, H-C,D,E,F,G,H), 3.88 (t, 4H, H-B), 3.97 (dt, 4H, H-I), 4.18 (t,
4H, H-A), 5.20 (m, 4H, H-K), 5.89 (m, 2H, H-J), 7.02 (d, J=8.7 Hz, 4H,
H-m), 7.46 (d, J=8.8 Hz, 2H, H-5’), 7.59 (d, J=8.8 Hz, 2H, H-5), 7.60
(d, J=8.7 Hz, 2H, H-6’), 7.70 (d, J=8.8 Hz, 2H, H-6), 7.75 (t, 1H, H-c),
7.76 (t, J=7.6 Hz, 2H, H-c’), 8.04 (d, J=8.7 Hz, 2H, H-4’), 8.07 (d, J=


8.7 Hz, 2H, H-8’), 8.13 (d, J=8.5 Hz, 2H, H-4), 8.30 (m, 10H, H-
7,8,3,3’,7’), 8.42 (d, J=8.7 Hz, 4H, H-o), 8.52 (d, J=7.0 Hz, 2H, H-d’),
8.58 (d, J=7.8 Hz, 2H, H-b), 8.63 (d, J=7.8 Hz, 2H, H-b’), 9.70 (br s,
2H, H-a’), 9.75 ppm (br s, 1H, H-a); FAB-MS: m/z : 1560.6 [M+H]+ ,
calcd 1560.8.


[(1)2·4Li]
4+ ·(4PF6)


4� : DiOH-tetraphenanthroline 1 (145 mg, 0.092 mmol)
was dissolved in CH2Cl2/MeOH (8:2, 10 mL) under argon and LiPF6


(32 mg, 0.21 mmol) was added to the solution. Li2CO3 (3 mg) was also
added to adjust the pH to 7. The solution was stirred for 3 h and then the
solvent was removed to quantitatively afford 176 mg of the double helix.
1H NMR (300 MHz, CD3CN): d =3.25 (m, 8H, H-A), 3.47 (m, 8H, H-B),
3.50–3.70 (m, 48H, H-C,D,E,F,G,H), 4.00 (dt, 8H, H-I), 5.20 (m, 8H, H-
K), 5.59 (d, J=8.4 Hz, 8H, H-m), 5.92 (m, 4H, H-J), 6.00 (dd, 8H, H-
8,3), 6.20 (d, J=8.4 Hz, 4H, H-3’), 6.75–6.68 (m, 20H, H-o, H-b,b’,d’),
6.89 (t, J=7.5 Hz, 2H, H-c), 6.94 (t, J=7.9 Hz, 4H, H-c’), 7.54–7.40 (m,
22H, H-4,4’,7,8’,a,a’), 7.65 (m, 12H, H-5,5’,6), 7.81 (d, J=8.8 Hz, 4H, H-
6’), 8.22 ppm (d, J=8.5 Hz, 4H, H-7’); HR ES-MS: m/z : 1718.6457
[M�2PF6]


2+ , 1097.4533 [M�3PF6]
3+ , 786.8472 [M�4PF6]


4+ ; calcd for
C200H172N16O20Li4P2F12 [M�2PF6]


2+ : 1718.6466.


Diphenanthroline 19 : A solution of 1-lithio-3-bromobenzenze (16) [pre-
pared from 1,3-dibromobenzene (2.08 g, 8.8 mmol) and n-BuLi
(8.8 mmol) at a temperature of between 2 and 4 8C] in Et2O (60 mL) was
added through a cannula to a degassed suspension of 15 (2.29 g, 8 mmol)
in Et2O (100 mL) maintained at 2 8C. The dark red mixture of 17 ob-
tained after addition of the lithio-derivative 16 was maintained with stir-
ring at 4 8C under argon for a further 2 h. nBuLi (6.8 mL, 10.6 mmol) was
then injected rapidly (5 min) into this mixture at 3 8C to give a solution
of phenanthroline 18. This solution was stirred at 5–10 8C for 2 h before
being added through a cannula to a degassed solution of 2-chlorophenan-
throline (3) (1.932 g, 9 mmol) in toluene (150 mL) at 2–4 8C. The result-
ing dark red solution was stirred overnight while the temperature slowly
returned to room temperature. After hydrolysis at 0 8C, the organic phase
was decanted and the aqueous phase extracted with CH2Cl2 (3Q100 mL).
The combined organic layers were treated with MnO2 (47 g), dried with
MgSO4, and evaporated to dryness after filtration of the MnO2/MgSO4


slurry to afford a dark-brown crude. This was subjected to column chro-
matography over silica gel twice (eluent: CH2Cl2/1% MeOH) to give
pure 19 in 34% yield (1.565 g, 2.72 mmol). 1H NMR (500 MHz, CD2Cl2):
d=9.35 (t, J=1.6 Hz, 1H, H-a), 8.59 (dd, J1=7.9, J2=1.7 Hz, 2H, H-b),
8.45 (d, J=8.9 Hz, 2H, H-o), 8.42 (AB, 2H, H-3’, H-4’), 8.39 (d, J=


8.4 Hz, 1H, H-4), 8.33 (d, J=8.4 Hz, 1H, H-3), 8.31 (d, J=8.4 Hz, 1H,
H-7), 8.25 (d, J=8.4 Hz, 1H, H-7’), 8.12 (d, J=8.4 Hz, 1H, H-8), 7.82 (d,
J=8.8 Hz, 1H, H-5’), 7.75 (t, J=7.9 Hz, 1H, H-c), 7.73 (d, J=8.9 Hz,
1H, H-6’), 7.74 (s, 2H, H-5,6), 7.57 (d, J=8.2 Hz, 1H, H-8’), 7.05 (d, J=


8.9 Hz, 2H, H-m), 3.87 ppm (s, 3H, OMe); FAB-MS: m/z : 576.0 [M+H]+


, calcd 576.0.


Diphenanthroline 20 : Exchange of the chlorine atom by the bromine
atom was performed following a modification to the procedure described
in the literature.[3] Under a stream of argon, pure PBr3 (25 mL) was
poured onto the neat solid diphenanthroline 19 (1.030 g, 1.79 mmol) in a
two-necked round-bottom flask fitted with a reflux condenser. The result-
ing bright yellow mixture was then refluxed for 40 min at 170 8C. During
the heating, the initial yellow color rapidly turned greenish-black. The re-
sulting dark suspension was stirred overnight at room temperature under
argon. Subsequent careful hydrolysis on crushed ice afforded a yellow-
greenish precipitate of 20 in a strongly acidic medium (pH 1). KOH pel-
lets were added until the medium was slightly basic (pH 7.30), and then
the bromide 20 was extracted with a mixture of CH2Cl2 and CHCl3.
After decanting the mixture, the combined organic phases were dried
over MgSO4, filtered, and evaporated to dryness to afford 975 mg of
crude bromide 20. This crude was purified by column chromatography on
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silica gel (eluent: CH2Cl2/0–10% MeOH) to afford pure 20 in 65% yield
(715 mg, 1.15 mmol). 1H NMR (300 MHz, CD2Cl2): d=9.35 (t, J=1.5 Hz,
1H, H-a), 8.59 (dd, J1=7.7, J2=1.5 Hz, 2H, H-b), 8.46 (d, J=9.0 Hz, 2H,
H-o), 8.43 (br s, 2H, H -3’,4’), 8.40 (d, J=8.4 Hz, 1H, H-4), 8.37 (d, J=


8.4 Hz, 1H, H-3), 8.31 (d, J=8.4 Hz, 1H, H-7), 8.14 (d, J=8.4 Hz, 1H,
H-7’), 8.12 (d, J=8.4 Hz, 1H, H-8), 7.93 (d, J=8.8 Hz, 1H, H-5’), 7.85 (t,
J=7.7 Hz, 1H, H-c), 7.82 (d, J=8.8 Hz, 1H, H-6’), 7.81 (s, 2H, H-5,6),
7.78 (d, J=8.4 Hz, 1H, H-8’), 7.07 (d, J=9.0 Hz, 2H, H-m), 3.89 ppm (s,
3H, OMe); 13C NMR (75 MHz, CDCl3): d=160.88, 157.69, 156.38,
156.19, 142.45, 139.54, 139.48, 138.35, 137.21, 137.02, 136.89, 131.99,
129.49, 129.31, 129.07, 128.76, 128.08, 127.99, 127.92, 127.83, 127.49,
127.01, 126.89, 126.04, 125.64, 125.52, 121.25, 120.16, 119.59, 114.09,
55.33 ppm; HR ES-MS: m/z : 619.1150 [M+H]+ , calcd 619.1133.


Monosubstituted phenanthroline 21: A solution of 1-lithio-3-bromoben-
zene 16 [prepared from 1,3-dibromobenzene (9.44 g, 40 mmol) by inter-
conversion with nBuLi (25 mL, 40 mmol) at 2–4 8C] in diethyl ether
(120 mL) was added to a degassed solution (150 mL) of anhydrous 1,10-
phenanthroline (6.84 g, 38 mmol) in THF also maintained at 2–4 8C.
After stirring for 2 h at 3–4 8C, the mixture was hydrolyzed by injection
of water (50 mL) at a low temperature (0–5 8C). The solvents were
evaporated and the dark-yellow crude taken up in CH2Cl2/H2O. After de-
canting the mixture, the aqueous layer was extracted with CH2Cl2 (3Q
100 mL). The combined organic phases were subsequently rearomatized
with MnO2 (30 g) and dried with MgSO4. Filtration of the MnO2/MgSO4


slurry through sintered glass (porosity 4) and evaporation of the solvent
afforded crude 21. Pure 21 was obtained by column chromatography
over silica gel (eluent: CH2Cl2/0–5% MeOH) as a pale-yellow glass in
32% yield (4.085 g, 12.194 mmol). 1H NMR (300 MHz, CDCl3): d =9.25
(dd, J1 =4.2, J2=1.7 Hz, 1H, H-9), 8.47 (dd, J1=2.0, J2=1.7 Hz, 1H, H-
d), 8.33 (d, J=8.4 Hz, 1H, H-4), 8.29 (m, 2H, H-7, H-a), 8.06 (d, J=


8.4 Hz, 1H, H-3), 7.81 (s, 2H, H-5,6), 7.66 (dd, J1=8.1, J2=4.2 Hz, 1H,
H-8), 7.62 (ddd, J=7.9 Hz, 1H, H-c), 7.42 ppm (t, J=7.9 Hz, 1H, H-b);
13C NMR (75 MHz, CDCl3): d =155.86, 150.40, 146.21, 146.02, 141.65,
136.97, 136.08, 132.17, 130.78, 130.23, 129.72, 127.72, 126.60, 126.53,
126.52, 126.20, 123.02, 120.48 ppm. HR FAB-MS: m/z : 335.0160 [M+H]+


, calcd 335.0184.


2,9-Bis(m-bromophenyl)-1,10-phenanthroline (22): A solution of 1-lithio-
3-bromobenzene 16 [prepared from 1,3-dibromobenzene (3.54 g,
15 mmol) by interconversion with nBuLi (12 mL, 16 mmol) at 2–4 8C] in
diethyl ether (40 mL) was added to a degassed solution of phenanthro-
line 21 (3.35 g, 10 mmol) in THF/Et2O (40:50 mL) maintained at 2–4 8C.
After stirring for 2 h at 3–4 8C, the mixture was hydrolyzed by injection
of water (50 mL) at 0 8C. The solvents (THF and Et2O) were evaporated
and the dark yellow-brown crude taken up in CH2Cl2/H2O. After decant-
ing the mixture, the aqueous layer was extracted with CH2Cl2 (3Q
50 mL). The combined organic phases were subsequently rearomatized
with MnO2 (26 g) and dried with MgSO4. Filtration of the MnO2/MgSO4


slurry through sintered glass (porosity 4) and evaporation of the solvent
afforded crude 22. Pure 22 was obtained by column chromatography
over silica gel (eluent: CH2Cl2/hexane, 80:20) as a colorless solid in 24%
yield (1.19 g, 2.43 mmol). 1H NMR (200 MHz, CD2Cl2): d=8.71 (dd, J1=


2.0, J2=1.7 Hz, 2H, H-d), 8.36 (m, 4H, H-4,7, H-a), 8.13 (d, J=8.4 Hz,
2H, H-3,8), 7.82 (s, 2H, H-5,6), 7.64 (ddd, J=7.9 Hz, 2H, H-c), 7.47 ppm
(t, J=7.9 Hz, 2H, H-b).


Diboronic ester 23 : Under a stream of argon, dibromide 22 (490 mg,
1 mmol), bis-neopentyl diboron (558 mg, 2.2 mmol), and KOAc (589 mg,
6 mmol) were poured into a three-necked round-bottom flask. The solid
mixture of compounds was covered with freshly distilled dioxane
(70 mL). The resulting suspension was degassed three times and warmed
to reflux (80 8C) before the catalyst [Pd(dppf)Cl2] (49 mg, 0.06 mmol)
was added as a solid in one batch. Monitoring by TLC showed that the
reaction was completed after heating overnight. The dark brown solution
was poured into cold water (100 mL). The gray precipitate which was
formed was filtered through paper and washed three times with cold
water. The air-dried crude gray solid was redissolved in CH2Cl2 and puri-
fied by rapid column chromatography over silica gel (eluent: CH2Cl2/0–
5% MeOH) to afford pure 23in 90% yield (524 mg, 0.90 mmol). 1H
NMR (300 MHz, CDCl3): d=8.88 (m, J1=7.9, J2=1.8, J3=1.2 Hz, 2H,


H-a), 8.73 (br s, 2H, H-d), 8.31 (d, J=8.4 Hz, 2H, H-4,7), 8.27 (d, J=


8.4 Hz, 2H, H-3,8), 7.96 (dt, J1=7.3, J2=1.2 Hz, 2H, H-c), 7.79 (s, 2H,
H-5,6), 7.65 (t, J=7.9 Hz, 2H, H-b), 1.41 ppm (s, 24H, CH3);


13C NMR
(75 MHz, CDCl3): d =156.69, 146.14, 138.67, 136.8, 135.94, 133.53, 131.39,
131.07, 128.46, 127.96, 126.00, 120.11, 83.92, 24.99; HR FAB-MS: m/z :
585.3107 [M+H]+ , calcd 585.3096.


Diboronic acid 24 : 3m HCl (30 mL) was added, at room temperature, to
diester 23 (521 mg, 0.892 mmol) dissolved in THF (30 mL). The resulting
ochre-beige suspension was stirred at room temperature for four days.
Subsequent evaporation of THF afforded a yellow precipitate in the re-
maining acidic aqueous phase. The latter was neutralized (pH 7.1) by ad-
dition of a concentrated KOH solution. The resulting neutral beige pre-
cipitate was isolated by filtration through paper, washed with water, and
air-dried to afford pure diboronic acid 24 (373 mg, 0.888 mmol) in 99%
yield. 1H NMR (300 MHz, CD3OD and 3 drops of a DCl solution in
D2O): d =8.88 (d, J=8.6 Hz, 2H, H-4,7), 8.50 (br s, 2H, H-d), 8.41 (d, J=


8.6 Hz, 2H, H-3,8), 8.24 (m, 2H, H-a), 8.18 (s, 2H, H-5,6), 7.92 (d, J=


7.3 Hz, 2H, H-c), 7.54 ppm (t, J=7.5 Hz, 2H, H-b); HR FAB-MS: m/z :
449.1867 [M+H]+ (the dimethyl ester was formed in the conditions used
for this product), calcd 449.1844.


Pentaphenanthroline 25 : Diphenanthroline 20 (715 mg, 1.154 mmol), di-
boronic acid 24 (267 mg, 0.635 mmol), [Pd(PPh3)4] (60 mg, 0.05 mmol),
and K3PO4 (735 mg, 3.46 mmol) were poured as solids into a three-
necked round-bottom flask under a stream of argon at room tempera-
ture. The mixture of solids was stirred and degassed three times before it
was covered with dry and degassed DMF (50 mL) and heated to 100 8C.
Except for K3PO4, all the solids dissolved at this temperature. The mix-
ture was then stirred and heated for 48 h and further [Pd(PPh3)4] was
added (60 mg after 3 and 27 h). The resulting dark-brown reaction mix-
ture was cooled to room temperature and diluted with water (200 mL).
The beige precipitate which appeared was filtered through paper, washed
with water and air-dried on a porous dish to afford 1.268 g of an ochre
solid. The latter was suspended in CH2Cl2 (50 mL) and filtered through a
column of dry silica gel. By using CH2Cl2 containing increasing amounts
of MeOH (0–7%) as eluent all the organic compounds were eluted other
than 25 which remained on the solid silica support. The silica gel in the
column was then poured into a round-bottom flask, covered with
CH2Cl2/MeOH (93:7) (150 mL) before LiPF6 (680 mg, 4.5 mmol) was
added under a stream of argon. The heterogeneous mixture was there-
after gently stirred at room temperature for four days under argon. The
mixture was then decanted, filtered through sintered glass, and the silica
gel washed with CH2Cl2 (100 mL) and CH3CN (100 mL). CF3COOH
(1 mL) was added to the combined filtrate and washings. The bright
yellow solution obtained was evaporated to dryness to afford fully pro-
tonated 25 (1.024 g, 0.794 mmol) in 83% yield. 1H NMR (300 MHz,
CD3CN): d=9.74 (br s, 2H), 9.08 (d, J=8.8 Hz, 2H), 8.63 (br s, 2H), 8.86
(d, J=8.6 Hz, 2H), 8.35 (d, J=8.5 Hz, 2H), 8.22 (d, J=8.9 Hz, 2H), 8.12
(d, J=8.9 Hz, 2H), 8.05–7.89 (m, 10H), 7.72 (m, 4H), 7.65 (s, 2H), 7.47
(m, 6H), 7.35 (m, 6H), 7.19 (m, 6H), 6.94 (d, J=8.8 Hz, 2H), 5.97 (d, J=


8.7 Hz, 4H), 3.27 ppm (s, 6H); ES-MS: m/z : 1410.5 [M+H]+, calcd
1410.6; 705.5 [M+2H]2+ , calcd 705.7; 470.7 [M+3H]3+ , calcd 470.8; 353.3
[M+4H]4+, calcd 353.3.


Diphenol pentaphenanthroline 26 : Starting from (25·5H)5+ ·5PF6
�


(1.024 g, 0.479 mmol) and excess pyridinium chloride [prepared from pyr-
idine (16 mL) and HCl (36%, 17.6 mL)], diphenol 26
(617 mg,0.446 mmol) was obtained in 93% yield by following the proce-
dure used for the preparation of diphenol 14. Owing to the very low solu-
bility of 26, no satisfactory NMR analysis could be obtained. ES-MS:
m/z : 1382.5 [M+H]+ , calcd 1382.5; 1404.5 [M+Na]+ , calcd 1404.5; 691.5
[M+2H]2+, calcd 691.7; 461.4 [M+3H]3+ , calcd 461.5; 346.3 [M+4H]4+ ,
calcd 346.4.


Diolefinic pentaphenanthroline 2 : Diphenol pentaphenanthroline 26
(O.612 g, 0.443 mmol) was suspended in dry DMF (200 mL). The mixture
was degassed and warmed to 65 8C and then Cs2CO3 (2.02 g, 8.86 mmol)
was added. The mixture was stirred at 65 8C for 1 h before a degassed so-
lution of bromo-allyl-poly(ethylene glycol) (1.05 g, 3.10 mmol) in DMF
(15 mL) was slowly added through an addition funnel (over a period of
half an hour). The mixture was stirred at 65 8C for 6 h after which addi-
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tional Cs2CO3 (1.8 g) and olefinic chain (0.700 g, 2.05 mmol) were added.
After stirring at 65 8C under argon overnight, the mixture was evaporated
to dryness. The solid residue was washed four times with Et2O (to
remove excess olefinic chain) and thereafter suspended in water. The
ochre-beige precipitate was filtered through paper and washed with
water before being dried in air on a porous dish. Compound 2 thus ob-
tained in 62% yield (0.520 g, 0.273 mmol) was used without further puri-
fication. 1H NMR (500 MHz, CD2Cl2): d=9.78 (br s, 2H, H-a), 9.69 (br s,
2H, H-a’), 8.63 (d, J=7.9 Hz, 2H, H-d’), 8.60 (d, J=7.3 Hz, 2H, H-d),
8.54 (m, 4H, H-b,b’), 8.41 (d, J=8.6 Hz, 4H, H-o), 8.36 (br s, 4H, H-
7’,8’), 8.30 (d, J=7.9 Hz, 2H, H-3’’), 8.29 (d, J=7.7 Hz, 2H, H-3,8), 8.27
(d, J=8.2 Hz, 2H, H-3’), 8.21 (d, J=8.6 Hz, 2H, H-7’’), 8.10 (d, J=


8.2 Hz, 2H, H-4’), 8.08 (d, J=8.6 Hz, 2H, H-8’’), 8.05 (d, J=7.7 Hz, 2H,
H-4,7), 8.04 (d, J=7.9 Hz, 2H, H-4’’), 7.72 (t, J=7.9 Hz, 2H, H-c’), 7.66
(t, J=7.3 Hz, 2H, H-c), 7.64 (d, J=8.6 Hz, 2H, H-6’), 7.57 (d, J=8.6 Hz,
2H, H-6’’), 7.55 (d, J=8.6 Hz, 2H, H-5’), 7.45 (d, J=8.6 Hz, 2H, H-5’’),
7.37 (s, 2H, H-5,6), 7.03 (d, J=8.6 Hz, 4H, H-m), 5.88–5.85 (m, 2H, H-
L), 5.26–5.11 (m, 4H, H-M), 4.17 (t, J=4.1 Hz, 4H, H-A), 3.97–3.93 (m,
4H, H-K), 3.87 (t, J=4.1 Hz, 4H, H-B), 3.76–3.50 (m, 32H, H-C,D,E,F,-
G,H,I,J); ES-MS: m/z : 1902.8 [M+H]+ , calcd 1903.2; 952.0 [M+2H]2+ ,
calcd 952.1; 634.9 [M+3H]3+ , calcd 635.0.


Lithium complex [(2)2·5Li]
5+ C(5PF6)


5� : LiPF6 (145 mg, 0.95 mmol) dis-
solved in MeOH (30 mL) was added to the brown solution of 2 (565 mg,
0.297 mmol) in CH2Cl2 (100 mL) at room temperature under a stream of
argon. Upon addition of LiPF6 the acidic solution (pH 3) was neutralized
by the addition of small amounts of solid Li2CO3 and three drops of
water. The resulting mixture was stirred under argon overnight. Monitor-
ing by 1H NMR spectroscopy allowed us to determine the necessary
amount of Li2CO3 needed for the formation of the lithium complex. At
the end of the reaction the solvents were evaporated to dryness to afford
crude complex [(2)2·5Li]5+ ·(5PF6)


5� (515 mg, 0.113 mmol) as an ochre
glass in 76% yield. 1H NMR (300 MHz, CD2Cl2): d=8.14 (d, J=8.4 Hz,
4H, H-7’’), 7.76 (d, J=9.0 Hz, 4H, H-6’’), 7.64 (m, 16H, H-a’, H-5’’,5’,6’),
7.54 (s, 4H, H-5,6), 7.53 (d, J=8.4 Hz, 4H, H-4’’), 7.50 (d, J=8.4 Hz, 4H,
H-7’), 7.47 (d, J=8.4 Hz, 4H, H-4’), 7.37 (d, J=8.8 Hz, 4H, H-4,7), 7.34
(d, J=8.4 Hz, 4H, H-8’’), 7.24 (br s, 4H, H-a), 6.96 (t, J=7.7 Hz, 4H, H-
c’), 6.88 (t, J=7.5 Hz, 4H, H-c), 6.66 (d, J=7.7 Hz, 4H, H-d’), 6.65 (d,
J=8.6 Hz, 8H, H-o), 6.59 (d, J=6.4 Hz, 4H, H-b’), 6.57 (d, J=8.2 Hz,
4H, H-d), 6.49 (d, J=7.5 Hz, 4H, H-b), 6.10 (d, J=8.4 Hz, 4H, H-8’),
6.05 (d, J=8.4 Hz, 4H, H-3’’), 5.94 (d, J=8.4 Hz, 4H, H-3’), 5.90 (d, J=


8.8 Hz, 4H, H-3,8), 5.90–5.77 (m, 4H, H-L), 5.56 (d, J=8.6 Hz, 8H, H-
m), 5.26–5.14 (m, 8H, H-M), 3.98 (td, J=5.9 Hz, 8H, H-K), 3.75–3.63
(m, 64H, H-C,D,E,F,G,H,I,J), 3.60 (m, 8H, H-B), 3.32 ppm (m, 8H, H-
A); HR ES-MS: m/z : m/2 at 2136.8278 ([(2)2·5Li]5+ ·(3PF6)


3�), calcd
2137.0241; m/3 at 1376.1988 ([(2)2·5Li]5+ ·(2PF6)


2�), calcd 1376.3613; m/4
at 995.9139 ([(2)2·5Li]5+ ·(PF6)


�), calcd996.0299; m/5 at 767.7443
([(2)2·5Li]5+), calcd 767.8311; m/2 at 2060.8009 ([(2)2·4Li]4+ ·(2PF6)


2�),
calcd 2061.0720; m/3 at 1325.5394 ([(2)2·4Li]4+ ·(PF6)


�) calcd 1325.7266;
m/4 at 958.1637 ([(2)2·4Li]4+), calcd 958.0539.


Heteronuclear Li–Cu complexes [(2)2·3Li·2Cu]
5+ ·(5PF6)


5� and
[(2)2·2Li·2Cu]


4+ ·(4PF6)
4� : A degassed solution of [Cu(CH3CN)4]


+ ·PF6
�


(44 mg, 0.118 mmol) in CH3CN (30 mL) was slowly added through a can-
nula to the degassed, ochre solution of [(2)2·5Li]5+ ·(5PF6)


5� (262 mg,
0.0574 mmol) in CH2Cl2 (70 mL) at room temperature. After half an
hour all the copper had been added and the resulting solution was stirred
at room temperature and under argon for 48 h during which time the ini-
tial ochre solution gradually turned dark red. The solvents were then
evaporated to dryness to afford [(2)2·3Li·2Cu]5+ ·(5PF6)


5� (267 mg,
0.057 mmol) in quantitative yield as a dark-red solid. 1H NMR
(500 MHz, CD2Cl2 + MeOD + ascorbic acid): d=8.33 (br s, 4H, H-a’),
8.16 (d, J=8.5 Hz, 4H, H-7’’), 7.78 (d, J=9.0 Hz, 4H, H-6’’), 7.65 (d, J=


9.0 Hz, 4H, H-5’’), 7.63 (AB, J=8.8 Hz, 8H, H-5’,6’), 7.56 (s, 8H, H-5,6),
7.52 (d, J=8.4 Hz, 4H, H-4’’), 7.48 (d, J=8.2 Hz, 4H, H-7’), 7.46 (d, J=


8.1 Hz, 4H, H-4’), 7.41 (d, J=8.5 Hz, 4H, H-8’’), 7.38 (d, J=8.2 Hz, 4H,
H-4,7), 7.23 (br s, 4H, H-a), 6.91 (t, J=7.5 Hz, 4H, H-c’), 6.88 (t, J=


7.5 Hz, 4H, H-c), 6.75 (d, J=8.5 Hz, 8H, H-o), 6.61 (d, J=7.5 Hz, 4H,
H-d’), 6.59–6.55 (m, 8H, H-d,b’), 6.50 (d, J=7.5 Hz, 4H, H-b), 6.11 (d,
J=8.1 Hz, 4H, H-3’), 6.04 (d, J=8.4 Hz, 4H, H-3’’), 5.95 (d, J=8.2 Hz,
4H, H-8’), 5.90 (d, J=8.2 Hz, 4H, H-3,8), 5.93–5.85 (m, 4H, H-L), 5.52


(d, J=8.5 Hz, 8H, H-m), 5.27–5.14 (m, 8H, H-M), 3.97 (td, J=5.6 Hz,
8H, H-K), 3.75–3.59 (m, 64H, H-C,D,E,F,G,H,I,J), 3.55 (m, 8H, H-B),
3.34 ppm (m, 8H, H-A); HR ES-MS: m/z : m/3 at 1414.1270
([(2)2·3Li·2Cu]5+ ·(2PF6)


2�), calcd 1414.O986; m/4 at 1024.3433
([(2)2·3Li·2Cu]5+ ·(PF6)


�), calcd 1024.3329; m/5 at 790.4849
([(2)2·3Li·2Cu]5+), calcd 790.4735; m/3 at 1363.4724 ([(2)2·2Li·2Cu]4+


·(PF6)
�), calcd 1363.4639; m/4 at 986.3486 ([(2)2·2Li·2Cu]4+), calcd


986.3569.
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Introduction


Preparation of optically pure homoallylic amines is an im-
portant task in organic synthesis. Such amines are excellent
building blocks for the synthesis of a plethora of nitrogen-
containing natural products.[1] Owing to the importance of
homoallylic amines, there are abundant literature reports
for their preparation using a wide variety of methods.[1d,2]


Diastereoselective addition of allyl organometallic com-
pounds to N-substituted imines is a widely recognized proce-
dure for the preparation of homoallylic amines.[3] While the
use of substrate-controlled asymmetric additions is a
common procedure, the use of reagent control still remains
undeveloped.[3] Numerous N-substituted imines have been
developed and applied for the syntheses of a variety of mol-
ecules, such as amino acids, b-lactams, heterocycles, aziri-
dines, alkaloids, and amines.[3] These aldimines include N-


sulfiniyl,[4] N-sulfonyl,[5] N-trialkylsilyl,[6] oximes,[7] and vari-
ous N-metalloimines.[8] N-silylimines have been first pre-
pared by Rochow and co-workers by reacting aromatic alde-
hyde with lithium bis(trimethylsilyl)amide.[9] Reactions of
such imines with organometallic reagents for the prepara-
tion of homoallylic amines was first reported by Hart and
co-workers.[10] Enolizable N-silylimines are not stable, but
were characterized at very low temperatures (�100 8C).[11]
Their preparation and in situ trapping at low temperatures
furnished only low yields of the synthesized b-lactam prod-
ucts.[12] This inefficiency of N-silylimines, however, could be
alleviated by the use of N-aluminoimines, which were first
prepared by Cainelli and co-workers by partial reduction of
nitriles with diisobutylaluminum hydride (DIBAL-H).[13]


Among the advantages of N-aluminoimines are the ready
availability or ease of preparation of the starting nitriles,
ease of the imine formation, and relatively high stability of
both aromatic and aliphatic imines, even at room tempera-
ture. Due to the above advantages of N-aluminoimines and
our ongoing interest in organoaluminum chemistry,[14] they
became a very interesting substrate for our investigation.


In spite of aldimines being very attractive starting materi-
als for syntheses, the inherent instability of unsubstituted al-
dimines and the lack of reactivity of the more stable N-sub-
stituted ones significantly limit their use.[15] Furthermore, at-


Abstract: Reactions of N-silyl- and N-
aluminoimines with B-allyldiisopino-
campheylborane in the presence of
methanol, followed by oxidative
workup furnished homoallylic amines
in good yields and high ee. A 11B NMR
spectroscopy study revealed that the
reactions do not proceed, even at room
temperature, unless a molar equivalent
of water or methanol is added. The
first reagent-controlled asymmetric
crotylboration and alkoxyallylboration


of aldimines furnishing b-methyl or b-
alkoxy homoallylic amines in very high
diastereoselectivity and enantioselec-
tivity are reported herein. Crotylbora-
tion and alkoxyallylboration of imines
proceed only with the “allyl”-boron
“ate” complexes, instead of the “allyl”-


dialkylboron reagents used with alde-
hydes. The addition of methanol is nec-
essary for these reactions as well. Ap-
plication of this methodology for the
conversion of representative nitriles to
b-amino acids in two steps has been de-
scribed. Additionally, a procedure for
the preparation of chiral d-amino alco-
hols and g-lactams from nitriles is also
reported.
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tempted 1,2-additions to aldimines quite often fail due to
the tendency of enolizable compounds to undergo deproto-
nation instead of addition.[3e] Among the developments in
allylations of aldimines, organoboron compounds have
found synthetic utility due to the Lewis acidity of boron,
which coordinates to nitrogen and improves the electrophi-
licity of the aldimine. Allylborations and crotylborations of
a-optically pure N-substituted aldimines in high diastereose-
lectivity due to the sterically influenced chirality according
to the Cram rules, using B-“allyl”-9-BBN, was described by
Yamamoto and co-workers.[16] Reactions of arylimines,
oximes and oxime ethers with allyl and crotylboronates
were reported to proceed in moderate to good diastereose-
lectivity.[7] However, use of N-borylimine containing a chiral
auxiliary, followed by the addition of alkyllithium reagents
gave only poor enantioselectivity.[17]


Asymmetric allylboration, crotylboration, and alkoxyallyl-
boration of aldehydes with reagents I–IV derived from a-
pinene[18] (Figure 1) are well documented and widely used in
organic syntheses.[19] In spite of a few reports regarding
chiral allylboration of N-masked imines,[20] reactions of
these and other boron-based chiral reagents with imines to
form homoallylic amines remain significantly underdevel-
oped. Itsuno and co-workers had reported the preparation
of assorted homoallylic amines in moderate to good enantio-
selectivities from various N-protected imines, such as N-
oxime ethers, N-sulfenimines, and N-trimethylsilylimines, by
using chiral allylboranes derived from tartrate esters, diols,
a-amino alcohols, and a-pinene.[20] They concluded that N-
trimethylsilylimines are the most reactive species for such
allylations. During our work on the applications of a-
pinene-based “allyl”-borating reagents we always obtained
homoallylic alcohols in very high ee during the allylboration
of aldehydes.[19] However, the enantioselectivity reported for
the allylboration of N-trimethylsilylbenzaldimine (1a) with
I, complete within 3 h, was only a moderate 73%.[20a] Since
the rate of allylboration of aldehydes with I was established
as exceptionally fast at �78 8C, and fast even at �100 8C,[21]
it appeared desirable to obtain comparable information
about the allylboration of imines. The low ee value and the
slow rate of the reaction prompted us to undertake a project
involving “allyl”-boration of N-substituted aldimines. The
preliminary results were reported earlier.[22]


Crotylboration and alkoxyallylboration of N-silyl- or N-
aluminoimines for the preparation of densely functionalized
homoallylic amines have never been reported. In this paper,
we describe the results of our investigations on the “allyl”-
boration of N-silyl- and N-aluminoimines.


Results and Discussion


Allylboration of N-silylimines : N-Trimethylsilylbenzaldimine
(1a) was mixed with (�)-B-allyldiisopinocampheylborane
(I) at �78 8C in THF and the reaction was monitored with
11B NMR spectroscopy. The spectrum of an aliquot revealed
only unchanged starting materials, even after several hours
at room temperature. This was a surprise since allylboration
of aldehydes with I was previously established as an ex-
tremely fast reaction[21] and the previous report[20a] claimed
that the reaction was complete within 3 h. However, the de-
sired amine 2a was obtained in good yield after aqueous
workup, which was very exothermic. We rationalized that
the reaction must have taken place during the workup when
the addition of water resulted in the liberation of the
“naked” aldimine intermediate, which rapidly reacted with
I. We were not able to identify this intermediate spectro-
scopically, presumably due to the extremely fast rate of the
allylboration.[21] Consequently, 1a was mixed with I at
�78 8C in THF and upon dropwise addition of 1 equiv of
water dissolved in THF to the reaction mixture and workup
provided 2a in 90% yield and 92% ee, which was considera-
bly better than 70% yield and 73% ee previously reported
(Scheme 1).[20a] Lowering the reaction temperature to
�100 8C increased the chiral induction to 94% ee.


After we had standardized the reaction conditions, we ex-
amined the allylboration of other N-silylimines prepared
from aromatic aldehydes, namely 2-thienyltrimethylsilyli-
mine (1b), 4-methoxybenzaldimine (1c), 2-chlorobenzaldi-
mine (1d), and 2-furfuraldimine (1e) (Scheme 1). The
above N-silylaldimines upon reaction with I in the presence
of 1 equiv of water, followed by workup furnished the ex-
pected homoallylic amines 2b–e in good yields and high
enantioselectivity (Table 1). The yields and enantioselectivi-
ties of 2b and c were considerably better than previously re-
ported.[20a] We thus established that N-silylimines were not
reactive toward I unless a molar equivalent of water was
added to the reaction mixture.[22] Later studies revealed that
methanol could replace water.[23]


Crotylboration of N-silylimines : Crotylboration of aldehydes
with II and III[18c] is a well-known and highly utilized proce-
dure for the syntheses of numerous complex natural prod-
ucts.[19,24] However, crotylboration of N-substituted imines


Figure 1. a-Pinene-based reagents for asymmetric allylboration.


Scheme 1. Allylboration of N-silylimines: a) I, THF; �100 or �78 8C;
b) 1a–e ; c) H2O; 1 h, �100 or �78 8C; d) NaOH, H2O2; �78 8C!RT.
Thp = thiophene.
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with these reagents has never been reported. Unlike I,
which can be prepared and stored for short periods of time,
the reagents II and III are made fresh and used immediate-
ly.[18c] The treatment of cis- or trans-butene with SchlosserLs
base (equimolar mixture of butyllithium and potassium tert-
butoxide) at �55 8C furnishes the crotyl anion.[25] Reaction
of this anion with B-methoxydiisopinocampheylborane fur-
nishes the corresponding boron “ate” complex (V or VI). In
the crotylboration of aldehydes, this “ate” complex is
broken by the addition of 1.3 equiv BF3·OEt2 to generate
trialkylborane reagents II or III (Figure 2).[18c,26] However,
we found that addition of BF3·OEt2 had detrimental effect
on crotylboration of N-silylaldimines and multiple unidenti-
fied products were obtained. Indeed, a blank experiment, in
which 1a was mixed with methanol and BF3·OEt2 showed
immediate degradation of 1a (based on a 1H NMR analysis
of an aliquot). Therefore, we resorted to crotylboration of
the aldimines with the “ate” complexes V and VI (Figure 2).


To the best of our knowledge, this is the first report of
crotylboration with “ate” complexes V or VI. We had re-
cently reported similar alkoxyallylboration of fluoral with
“ate” complex VII.[27] We do not know the exact mechanism
of the crotylboration with the “ate” complex. The 11B NMR
spectrum of the reaction mixture containing 1a and V
showed a peak at d 4, corresponding to the “ate” com-
plex[18c] and in 1H NMR spectrum there was a peak at d 9.0,
corresponding to the unreacted N-silylimine. Upon addition
of methanol, we observed an exothermic reaction and
11B NMR spectrum of an aliquot showed the formation of a
broad peak at d 48 and disappearance of the peak at d 4.
Additionally, we observed the disappearance of the peak at
d 9.0 in the crude 1H NMR spectrum. We are currently in-
vestigating the mechanism in detail.


The reaction was complete within 3 h and alkaline oxida-
tive workup provided the expected b-methyl homoallylic


amine 3a in 78% yield, 92% ee
and 96% de. The reaction of VI
with 1a, after the addition of
methanol was also complete
within 3 h and alkaline oxida-
tive workup, followed by purifi-
cation provided the amine 4a in
76% yield, 90% ee, and 98%
de (Scheme 2).


Alkoxyallylboration of N-silylimines : Alkoxyallylboration of
aldehydes with IV[18d] has found many applications in organ-
ic syntheses.[19,28] However, there are no literature reports
regarding alkoxyallylboration of imines for the preparation
of b-alkoxy homoallylic amines. Similar to the reagents II
and III, alkoxyallylboration reagent IV is prepared freshly
before reaction. Treatment of allyl ether with sec-butyllithi-
um furnishes the (Z)-allylic anion due to the coordination
between the oxygen and lithium.[18d] The allylic anion reacts
with B-methoxydiisopinocampheylborane to give the corre-
sponding boron “ate” complex VII, which upon the addition
of BF3·OEt2 gives the reagent IV (Figure 3).[18d] However,
again, as in the case of crotylboration of N-silylimines, the
reactions were not compatible with BF3·OEt2 and the “ate”
complex VII was used for alkoxyallylboration.


Our experience in alkoxyallylboration revealed that the
best results were obtained with 3-[(2-methoxyethoxy)me-
thoxy]prop-1-ene (allyl-OMEM; R = CH2OCH2CH2OCH3)
due to the ease of hydrolysis of the MEM group.[28a] Accord-
ingly, this reagent was evaluated for the preparation of the
b-alkoxy homoallylic amine. Thus, when 1a and VII were
mixed in THF at �78 8C, followed by the addition of 1 equiv
methanol, upon completion of the reaction (3 h, monitored
with 11B NMR spectroscopy), oxidative workup furnished


Table 1. Allylboration of N-silylimines.


Entry Imine T [8C] Homoallylic amine
R Yield [%][a] ee [%][b]


1 1a Ph �78 2a 90 92
1 1a Ph �100 2a 87 94
2 1b 2-Thp �78 2b 72 81
3 1c 4-MeO-(C6H4) �78 2c 74 92
4 1d 2-Cl-(C6H4) �78 2d 69 82
5 1e 2-furyl �78 2e 86 86


[a] All yields are of pure isolated products. [b] Enantiomeric excess was determined with HPLC using Chiracel
OD-H column and hexanes/isopropanol as the mobile phase.


Figure 2. Preparation of reagents for asymmetric crotylboration. Ipc =


isopinocampheyl.


Scheme 2. Crotylboration of N-silylimines.


Figure 3. Preparation of alkoxyallylborane reagents.
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the expected amine 5a in 65% yield, 95% ee, and 98% de
(Scheme 3).


Given the ease of preparation of N-aluminoimines and
the possibility of the use of enolizable imines as the starting
materials, we chose to use the N-aluminoimines rather than
N-silylimines for an expanded study of crotylboration and
alkoxyallylboration (see below).


Allylboration of N-aluminoimines : Although we obtained
good results from the reaction of the N-silylaldimines with I
after the addition of water, we
could not extend the reaction
to the preparation of aliphatic
homoallylic amines. We envis-
aged that the use of N-alumi-
noimines could alleviate this
issue as the stability of the N-
aluminoimines is considerably
higher.[13] Itsuno and co-work-
ers have reported the allylbora-
tion of N-aluminoimines.[29]


However, the importance of
methanol or water is not recog-
nized in their account. More-
over, the yields of the amine
products were low and the %
ee were inconsistent with the
reaction temperature. For ex-
ample, N-aluminobenzaldimine 7a provided the homoallylic
amine 2a in 59% yield and 33% ee at �78 8C and 67%
yield and 69% ee at 25 8C.[29] This suggested that the reac-
tion could be taking place during the workup. We speculated
that the addition of methanol or water might be equally im-
portant in the allylboration of N-aluminoimines as well.


Partial reduction of benzonitrile (6a) with DIBAL-H in
Et2O at 0 8C furnished the corresponding N-aluminoimine
7a, which was added to a solution of I in Et2O/pentane at
�100 8C. After several hours, the 11B NMR spectrum of an
aliquot revealed a peak at d 78 corresponding to unchanged
I and 1H NMR showed the presence of unreacted N-alumi-
noimine (d 9.0), supporting our intuition. Again, addition of
methanol initiated an exothermic reaction and within mi-
nutes the 11B NMR spectrum of an aliquot showed a peak at
d 47, corresponding to an amino dialkylborane species,[30]


while the d 9.0 peak observed in 1H NMR disappeared.
Upon completion of the reaction (within 3 h, based on
11B NMR analysis), oxidative workup furnished the expected
amine 2a in 90% yield and 88% ee, which is considerably
better than the 59% yield and 33% ee reported previously


at �78 8C (Scheme 4; Table 2, entry 1).[29] Thus, we con-
firmed that methanol is a critical additive in the allylbora-
tion of N-aluminoimines as well. This finding and the spec-
trometric data support the postulated mechanism (Figure 4).


We believe that the allylboration of imines proceeds anal-
ogous to the allylboration of aldehydes, via a six-membered
chair-like transition state with the stereochemical outcome
determined by the isopinocampheyl auxiliary (Fig-
ure 5).[18a,31] In the cases of the crotylboration, there are
eight possible transition states, four of which will be pre-
dominant, depending on the geometry of the isopinocam-
pheyl group and the butene used.[32] Comparing the optical
rotation values of the obtained amine 2a with those report-


Scheme 3. Alkoxyallylboration of N-silylimines.


Scheme 4. Allylboration of N-aluminoimines: a) DIBAL-H; Et2O, 1 h,
0 8C. b) 1) 4a–c, f–i added to I, Et2O, �100!�55 8C; 2) MeOH; 3 h,
�100!�55 8C; 3) NaOH, H2O2; �78 8C!RT.


Table 2. Allylboration of N-aluminoimines.


Entry N-Aluminoimine T [8C] Homoallylic amine
R Yield [%][a] ee [%][b]


1 7a Ph �100 2a 90 (87)[c] 88 (94)[c]


2 7b 2-Thp �78 2b 74 (72)[c] 81 (81)[c]


3 7c 4-MeO-(C6H4) �100 2c 89 (74)[c] 91 (92)[c]


4 7 f 4-NO2-(C6H4) �100 2 f 85 86
4 7g C6F5 �78 2g 61 79
6 7h nBu �100 2h 12 78[d]


7 7h nBu �55 2h 65 60[d]


8 7 i Chx �100 2 i 16 89[d]


9 7 i Chx �55 2 i 62 68[d]


[a] All yields are of pure isolated products. [b] Enantiomeric excess was determined with HPLC using Chiracel
OD-H column and hexanes/isopropanol as the mobile phase. [c] The values in parentheses are for the amines
obtained from N-silylimines 1a–c. [d] Enantiomeric excess determined by 19F NMR spectroscopy after conver-
sion to Mosher amides; results were confirmed using HPLC analysis.


Figure 4. Tentative mechanism for the allylboration of N-aluminoimines.
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ed in the literature,[33] we assigned its configuration as S. We
assigned the configuration of other homoallylic amines
based on this analogy as well as on the basis of the configu-
ration of several amino acids prepared from these amines
(see below). Configuration of the obtained homoallylic
amine supports the mechanism and the postulated transition
states.


After we had obtained the homoallylic amine 2a in high
ee from benzonitrile (6a) via N-aluminoaldimine 7a, we
turned our attention to other classes of nitriles: heteroaro-
matic (2-thiophenecarbonitrile: 6b), electron-donating (4-
methoxybenzonitrile: 6c), electron-withdrawing (4-nitroben-
zonitrile: 6 f), and perfluorinated (pentafluorobenzonitrile:
6g). Additionally, we extended the reaction to aliphatic ni-
triles (valeronitrile: 6h and cyclohexanecarbonitrile: 6 i)
(Scheme 4). Thus, treatment of 6a–c and 6 f–i with 1 equiv
of DIBAL-H furnished the desired N-aluminoimines 7a–c
and 7 f–i, which were transferred to a cooled solution of
1.2 equiv of I, followed by the addition of 1 equiv of metha-
nol (Scheme 4). Allylborations of the aromatic substrates
7a–c and 7 f–g were facile and upon oxidative workup, the
corresponding homoallylic amines 2a–c and 2 f–g were ob-
tained in 61–90% yield and 86–91% ee (as determined by
HPLC analysis; Table 2; entries 1–5). To our dismay, ali-
phatic substrates 7h–i did not provide such good results and
amines 2h–i were obtained only in very poor yields (12–
16%) at �100 8C, while the enantioselectivity remained
good (Table 1, entries 6, 8). Fortunately, reactions run at
higher temperatures afforded better yields and we found
that at �55 8C aliphatic homoallylic amines 2h–i were ob-
tained in 62–65% yield and 60–79% ee (Scheme 4; Table 2,
entries 7 and 9). Comparison of the yields, enantioselectivi-
ties, and diastereoselectivities of the homoallylic amines ob-
tained by allylboration of N-silyl- and N-aluminoimines re-
vealed marginal advantage of the N-aluminoimines in terms
of yields, while the N-silylimines furnished amines in slightly
higher ee (Table 2). However, because of the ease of prepa-
ration of the N-aluminoimines from the nitriles, we recom-
mend utilization of this protocol for the preparation of ho-
moallylic amines via allylboration.


Crotylboration and alkoxyallylboration of N-aluminoimines :
Once we had achieved satisfactory crotylboration and alkox-
yallylboration of N-silylimine 1a with the “ate” complexes
V–VII, we initiated a project involving the crotylboration of
N-aluminoimines. Similar to the N-silylimines, the reactions
proceeded only with V or VI. Repeating the blank experi-
ment of mixing 7a with BF3·OEt2 and methanol furnished
the same results as observed in the case of N-silylimine 1a.


Imine 7a, obtained from benzonitrile (6a), was thus treat-
ed with V or VI in THF at �78 8C and after the addition of
1 equiv of methanol, followed by the workup provided the
expected amines 3a and 4a, respectively, in good yields and
very high de and ee, similar to the results established from
the reaction of 1a with V and VI (Scheme 5; Table 4, en-
tries 1 and 5). Crotylboration of another aromatic substrate,
N-alumino-2-thiophenecarbaldimine (7b) proceeded
smoothly in THF furnishing the desired products 3b and 4b
(Scheme 5; Table 4, entries 2 and 6). Unfortunately, aliphatic
imines 7h–i did not react so readily at �78 8C in THF and
gave only marginal yields of the desired amines along with
several unidentified degradation products. Unlike the reac-
tions of 7h–i with I, increasing the reaction temperature to
�55 8C did not improve the yields. Attempted use of catalyt-
ic In(OTf)3 or use of a bulky proton source or water as the
additive did not augment the yield, either. Propitiously, ex-
amination of various solvents revealed that the reaction pro-
ceeded satisfactorily at �78 8C when pentane was used as
the solvent for both the preparation of imine 7 i and the cro-
tylboration and the homoallylic amine 3 i was obtained in
74% yield and >98% diastereoselectivity (Table 3).


Hence, crotylboration of 7h–i with V and VI was carried
out in pentane. After the addition of 1 equiv of methanol
and completion of the reaction (within 3 h, monitored by
11B NMR spectroscopy), alkaline oxidative workup yielded
b-methyl homoallylic amines 3h–i and 4h–i, respectively, in
good yields (61–78%), excellent diastereoselectivities
(>98%), and high enantioselectivities (79–89%)
(Scheme 5; Table 4, entries 3–4, 7–8).


Having understood that the alkoxyallylboration of N-sily-
limine 1a required the “ate” complex VII to proceed; we
evaluated this reaction on N-aluminoimines. Accordingly, 7a
was mixed with VII, followed by the addition of 1 equiv of
methanol and the reaction was monitored with 11B NMR
spectroscopy. Upon completion (within 3 h, based on


Figure 5. Transition states in allylboration of aldimines.


Table 3. Effects of temperature, Lewis acids, and solvents on crotylbora-
tion of aliphatic imine 7 i with V.


Solvent Lewis acid Additive T [8C] Yield
[%]


THF none MeOH �78 21[a]


THF none MeOH �55 32[a]


THF none H2O �78 38[a]


THF none tBuOH �78!
25


27[a]


THF In(OTf)3
(0.1 equiv)


MeOH �78 22[a]


Et2O none MeOH �78 30[a]


Et2O + pentane[b] none MeOH �78 35[a]


pentane + THF[c] none MeOH �78 38[a]


pentane none H2O �78 74


[a] Pure material was not obtained (50–90% purity by 1H NMR; the im-
purities were not identified). [b] A 1:1 mixture was used for the prepara-
tion of 7 i and crotylboration. [c] 7 i was prepared in THF and pentane
was used as the solvent for crotylboration.
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11B NMR analysis), alkaline ox-
idative workup furnished the b-
alkoxy homoallylic amine 5a
with the results (yield, diaster-
eo- and enantioselectivity) com-
parable with those obtained
from N-silylimine (Scheme 6;
Table 5, entry 1). Fortunately,
unlike in the case of crotylbora-
tion, alkoxyallylboration with
VII proceeded smoothly in
THF at �78 8C and after the ad-
dition of methanol the reaction
was complete within 3 h
(11B NMR analysis). After alkaline oxidative workup, the
desired b-alkoxy amines 5b, h, and i were obtained in good
yields (60–71%), excellent de (>98%), and high ee (87–
95%) (Scheme 6; Table 5, entries 2–4).


Conversion of homoallylic amines to b-amino acids : b-
Amino acid units are present in many natural products with
pharmacological properties and are of utmost importance in
medicinal and biochemical research.[34] For example, the
(2R,3S)-N-benzoyl-3-phenylisoserine moiety is crucial for
the biological activity of Taxol.[34, 35] Due to their high pro-
teolytic stability, b-amino acids are outstanding substrates
for peptidomimetics.[36] To demonstrate the application of
our methodology, we converted representative homoallylic
amines to b-amino acids. Protection of 2a, 2g, 2h, 4a, and


5a with Boc2O, followed by
ozonolysis in CH2Cl2 at �78 8C
gave the intermediate alde-
hydes, which upon oxidation
with sodium chlorite in 2-
methyl-2-propanol in the pres-
ence of 2-methyl-2-butene and
aqueous NaH2PO4 provided the
desired N-Boc-protected b-
amino acids. The above proce-
dure when applied to 4a and
5a resulted in a loss of diaster-
eoselectivity. Fortunately, the
diastereoselectivity was re-
tained by a direct oxidation of
4a and 5a to acids using NaIO4


in the presence of catalytic RuCl3·H2O. Upon deprotection
with ethereal HCl, the desired amino acids were obtained in
good yields (71–82%) as their hydrochloride salts 8a, 8g,
8h, 8a’, and 8a’’ (Scheme 7). Comparison of the optical ro-


Scheme 5. Crotylboration of N-aluminoimines: a) 1) V or VI ; THF,
�78 8C; 2) 7a–b ; b) 1) V or VI ; pentane, �78 8C; 2) 7h–i ; c) MeOH; 3 h,
�78 8C; d) NaOH, H2O2; �78 8C!RT.


Table 4. Crotylboration of N-aluminoimines.


Entry Reagent N-Aluminoimine Homoallylic amine
R R’ R’’ Yield [%][a] de [%][b] ee [%][c]


1 V 7a Ph Me H 3a 80 (78)[d] 98 (96)[d] 89 (92)[d]


2 V 7b 2-Thp Me H 3b 71 98 89
3 V 7h nBu Me H 3h 64 >98 79[e]


4 V 7i Chx Me H 3 i 74 >98 89[e]


5 VI 7a Ph H H 4a 78 (76)[d] >98 (98)[d] 90 (90)[d]


6 VI 7b 2-Thp H Me 4b 76 >98 88
7 VI 7h nBu H Me 4h 61 >98 81[e]


8 VI 7i Chx H Me 4 i 78 >98 87[e]


[a] All yields are of pure isolated products. [b] Diastereomeric excess was determined by 1H NMR spectrosco-
py. [c] Enantiomeric excess was determined with HPLC using Chiracel OD-H column and hexanes/isopropa-
nol as the mobile phase. [d] The values in parentheses were obtained for the N-silylimine 1a. [e] Enantiomeric
excess determined by 1H and 19F NMR spectroscopy after conversion to Mosher amides.


Scheme 6. Alkoxyallylboration of N-aluminoimines. a) 1) VII ; THF,
�78 8C; 2) 7a–b, h–i ; 3) MeOH; 3 h, �78 8C; 4) NaOH, H2O2; �78 8C!
RT.


Table 5. Alkoxyallylboration of N-aluminoimines.


Entry N-Aluminoimine Homoallylic amine
R Yield [%][a] de [%][b] ee [%][c]


1 7a Ph 5a 65 (65)[d] >98 (98)[d] 95 (95)[d]


2 7b 2-Thp 5b 71 >98 87
3 7h nBu 5h 60 >98 92[e]


4 7 i Chx 5 i 62 >98 89[e]


[a] All yields are of pure isolated products. [b] Diastereomeric excess was determined by 1H NMR spectrosco-
py. [c] Enantiomeric excess was determined with HPLC using Chiracel OD-H column and hexanes/isopropa-
nol as the mobile phase. [d] The values in parentheses were obtained for the alkoxyallylboration of N-silyl-
imine 1a. [e] Enantiomeric excess was determined by 19F NMR spectroscopy after conversion to Mosher
amides.


Scheme 7. Prepartion of b-amino acids: a) Boc2O; Et2O, 6 h, RT;
b) 1) O3, CH2Cl2, 2 h, �78 8C; 2) Me2S; 1 h, �78 8C!RT; c) NaClO2,
NaH2PO4; tBuOH, 2-methyl-2-butene, H2O, 0.5 h, RT; d) NaIO4, cat.
RuCl3·H2O; CH3CN/H2O 1:1, 0.5 h, RT; e) HCl; Et2O, 0.5 h, RT.
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tation of 8a and 8a’ with the values reported in the litera-
ture indicated that our stereochemistry assignments were
correct.[37] Thus, the tandem allylboration–oxidation of N-
aluminoimines can be used as a general method for the
preparation of optically active b-amino acids from aromatic
or aliphatic nitriles in two steps.


Preparation of d-amino alcohols and g-lactams : To demon-
strate further applications of our protocol, we prepared sev-
eral d-amino alcohols and converted them to g-lactams. g-
Amino acids and g-lactams have found less utility than their
b-analogues in medicinal chemistry. However, they are ex-
cellent peptidomimetics agents and are important parts of
molecules with high biological activity.[38] Hence, we were
attracted to their synthesis. Homoallylic amines 2a, 2h, 4a,
and 5a were N-Boc-protected and hydroborated with 9-
BBN (Chx2BH was used for hydroboration of 5a to simplify
the purification) and oxidized under alkaline conditions to
furnish the corresponding N-Boc-protected d-amino alco-
hols 9a, 9h, 9a’, and 9a’’ in 72–86% yields. These alcohols
were oxidized to N-Boc protected g-amino acids 10a, 10h,
10a’, and 10a’’ by using PDC in DMF in 86–93% yields. Re-
moval of the Boc protection with CF3COOH furnished free
g-amino acids, which under the reaction conditions formed
the corresponding lactams 11a, 11h, 11a’, and 11a’’ in essen-
tially quantitative yields (Scheme 8). Comparison of the op-
tical rotation of 11h with the value reported in the litera-
ture[39] served as an additional proof that the assignment of
the configuration is accurate.


Conclusion


In conclusion, we have demonstrated the utility of “allyl”-
boration of N-silylimines and N-aluminoimines for the prep-
aration of homoallylic amines in high enantiomeric excess.
For the first time, we have reported the reagent-controlled
crotylboration and alkoxyallylboration of N-masked imines
for the synthesis of b-substituted homoallylic amines in ex-
cellent de and high ee. We have demonstrated that the addi-


tion of 1 equiv of methanol or water is critical for the
“allyl”-boration of both N-silyl- and N-aluminoimines. We
observed that crotylboration and alkoxyallylboration reac-
tions proceed with the “ate” boron complexes rather than
with “allyl”-dialkylborane reagents. We have employed this
methodology for the enantioselective synthesis of represen-
tative b-amino acids, d-amino alcohols, and g-lactams in 2–3
steps from nitriles. We believe that due to the ready availa-
bility or the ease of preparation of nitriles, simplicity of the
reactions, and high reliability in achieving both enantiomers
of the homoallylic amines in excellent diastereo- and enan-
tioselectivities, this methodology will find wide applications
in organic syntheses.


Experimental Section


Representative experimental procedures for the allylboration, crotylbora-
tion, alkoxyallylboration, preparation of b-amino acids, and g-lactams are
given below. Additional procedures and spectral data are available in the
Supporting Information.


N-Trimethylsilylbenzaldimine (1a): n-Butyllithium (2.5m in hexanes;
22 mL, 55 mmol) was slowly added to a solution of 1,1,1,3,3,3-hexame-
thyldisilazide (12 mL, 57 mmol) in Et2O (57 mL) cooled to �50 8C and
the reaction was stirred for 0.5 h. Benzaldehyde (5.5 mL, 54 mmol) was
subsequently added and the mixture was stirred for 1 h. Removal of
Et2O under reduced pressure followed by vacuum distillation (b.p. 98 8C,
1.6 mmHg) furnished 1a (7.8 g, 44 mmol, 81%). 1H NMR (300 MHz,
CDCl3): d = 0.29 (s, 9H), 7.45–7.47 (m, 3H), 7.81–7.82 (m, 2H), 9.00 (s,
1H); 13C NMR (75 MHz, CDCl3): d = �1.1, 128.5, 128.6, 131.3, 139.4,
168.6.


(1S)-1-Phenylbut-3-en-1-amine (2a) from N-silylimine : Compound 1a
(0.9 g, 5.1 mmol) was added to a stirred solution of (�)-B-allyldiisopino-
campheylborane (I ; 1m in pentane; 6 mL, 6 mmol) diluted with THF
(5 mL) and cooled to �78 8C, followed by a slow addition of water
(0.09 mL, 5.0 mmol) in THF (0.5 mL). The mixture was stirred for 1 h at
�78 8C and it was oxidised with NaOH (3m in H2O; 2 mL) and (slowly!)
H2O2 (30% in H2O; 1.2 mL) and was left stirring under positive N2 pres-
sure while it slowly warmed to RT. The product was then extracted with
Et2O (3O50 mL), treated with HCl (20% in H2O; 5 mL), and stirred for
0.2 h. To the mixture was added water (50 mL) to extract the product.
After removal of the organic layer, the aqueous solution of amine hydro-
chloride was neutralised with NaOH until pH ~8. The resulting amine
was extracted with Et2O (3O50 mL), the solvent was removed under re-
duced pressure, and the material was purified on silica gel (hexanes/ethyl
acetate/triethylamine 84.5:15:0.5) to afford 2a (0.66 g, 4.5 mmol, 90%) in
92% ee (HPLC: Chiracel OD-H column, hexanes/isopropanol). 1H NMR
(300 MHz, CDCl3): d = 1.69 (br s, 2H), 2.32–2.50 (m, 2H), 4.00 (d, J=


8.0 Hz, 1H), 5.07–5.15 (m, 2H), 5.69–5.82 (m, 1H), 7.22–7.37 (m, 5H);
13C NMR (75 MHz, CDCl3): d = 44.2, 55.4, 117.7, 126.4, 127.0, 128.5,
135.5, 145.8; MS (EI): m/z : 128, 106 [Ph-CH-NH2]


+ , 79; (CI): m/z : 148
[M+H]+ , 131 [M�NH3]


+ ; HRMS: m/z : calcd for: 148.1126, found:
148.1129; [a] = ++43 (CHCl3, c=1.9), lit. :[33] +42, CHCl3, c=0.5).


(1S)-1-Phenylbut-3-en-1-amine (2a) from benzonitrile : DIBAL-H
(0.89 mL, 5.0 mmol) was added to a solution of benzonitrile (6a;
0.52 mL, 5.05 mmol) in Et2O (5 mL) cooled to 0 8C and the mixture was
stirred for 1 h to obtain 7a. 1H NMR (300 MHz, CDCl3): d = 0.14–0.19
(m, 3H), 0.76–1.07 (m, 12H), 1.79 (qn, J=6.6 Hz, 3H), 7.48–7.80 (m,
5H), 9.00 (s, 1H); 13C NMR (75 MHz, CDCl3): d = 22.7, 22.8, 26.3, 26.5,
28.2, 28.3, 28.5, 28.7, 129.4, 129.5, 132.4, 132.8, 133.0, 137.1, 174.5, 175.0).


Compound 7a was transferred via cannula to a solution of I (1m in pen-
tane; 6 mL, 6 mmol) diluted with Et2O (7 mL) and cooled to �100 8C,
followed by a slow addition of methanol (0.20 mL, 5.0 mmol). The mix-
ture was stirred for 3 h, while it was allowed to slowly warm from �100


Scheme 8. Preparation of d-amino alcohols and g-lactams: a) Boc2O;
Et2O, 4 h, RT; b) 1) 9-BBN or Chx2BH; THF, 24 h, RT; 2) NaOAc or
NaOH, H2O2; 5 h, RT. c) PDC; DMF, 12 h, RT; d) CF3COOH; CH2Cl2,
0.5 h, RT. Chx = Cyclohexyl.
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to �78 8C and it was oxidised with NaOH (3m in H2O; 2 mL) and
(slowly!) H2O2 (30% in H2O; 1.2 mL) and was left stirring under positive
N2 pressure while it slowly warmed to RT. The product was then extract-
ed with Et2O (3O50 mL), treated with HCl (20% in H2O; 5 mL), and
stirred for 0.2 h. To the mixture was added water (50 mL) to extract the
product. After removal of the organic layer, the aqueous solution of
amine hydrochloride was neutralised with NaOH until pH ~8. The re-
sulting amine was extracted with Et2O (3O50 mL), the solvent was re-
moved under reduced pressure, and the material was purified on silica
gel (hexanes/ethyl acetate/triethylamine 84.5:15:0.5) to afford 2a (0.66 g,
4.5 mmol, 90%) in 88% ee as analysed by the HPLC, having identical
spectral data to the reported above; [a]=++39 (CHCl3, c=0.10), lit. :[33] +


42 (CHCl3, c=0.5).


(1S,2S)-2-Methyl-1-phenylbut-3-en-1-amine (3a): trans-Butene (1 mL,
10 mmol) and n-butyllithium (2.5m in hexanes; 2.4 mL, 6.0 mmol) were
added to potassium tert-butoxide (1m in THF; 6 mL, 6 mmol) diluted
with THF (6 mL) and cooled to �78 8C. The mixture was stirred for 0.1 h
at �78 8C, followed by 0.3 h at �55 8C, and cooled again to �78 8C, when
a solution of (�)-B-methoxydiisopinocampheylborane (2.28 g, 7.2 mmol)
in THF (5 mL) was added and the reaction was stirred for 1 h at �78 8C.
To thus generated V was added via cannula a solution of 7a [prepared as
follows: To 6a (0.52 mL, 5.05 mmol) diluted with THF (5 mL) and
cooled to 0 8C was added DIBAL-H (0.89 mL, 5.0 mmol) and the mixture
was stirred for 1 h], followed by a slow addition of methanol (0.20 mL,
5.0 mmol) and the mixture was stirred for 3 h at �78 8C, when it was oxi-
dized with NaOH (3m in H2O; 2 mL) and (slowly!) H2O2 (30% in H2O;
1.2 mL) and was left stirring under positive N2 pressure while it slowly
warmed to RT. The product was extracted with Et2O (3O50 mL) after
the acid-base manipulation, the solvent was removed under reduced pres-
sure, and the crude material was purified on silica gel (hexanes/ethyl ace-
tate/triethylamine 84.5:15:0.5) to afford 3a (0.59 g, 3.7 mmol, 74%).
1H NMR (300 MHz, CDCl3): d = 0.83 (d, J=6.7 Hz, 3H), 1.53 (br s,
2H), 2.37 (q, J=7.4 Hz, 1H), 3.65 (d, J=8.4 Hz, 1H), 5.10–5.24 (m, 2H),
5.69–5.81 (m, 1H), 7.26–7.33 (m, 5H); 13C NMR (75 MHz, CDCl3): d =


17.7, 46.4, 60.7, 115.9, 127.1, 127.3, 128.3, 141.8, 144.7; MS (EI): m/z : 160
[M�H]+ , 106, 79; (CI): m/z : 162, 145, 106; [a]=++76 (CHCl3, c=0.92),
lit :[37b] +1.5 (MeOH, c=1.0).


(1R,2S)-1-Butyl-2-methylbut-3-enylamine (3h): trans-Butene (1 mL,
10 mmol) and n-butyllithium (2.5m in hexanes; 2.4 mL, 6.0 mmol) were
added to potassium tert-butoxide (1m in THF; 6 mL, 6 mmol) diluted
with pentane (6 mL) and cooled to �78 8C. The mixture was stirred for
0.1 h at �78 8C, followed by 0.3 h at �55 8C, and cooled again to �78 8C,
when a solution of (�)-B-methoxydiisopinocampheylborane (2.28 g,
7.2 mmol) in pentane (5 mL) was added and the reaction was stirred for
1 h at �78 8C. To thus generated V was added via cannula a solution of
7h [prepared as follows: To a solution of valeronitrile (6h) (0.55 mL,
5.2 mmol) in pentane (10 mL) cooled to 0 8C was added DIBAL-H
(0.90 mL, 5.0 mmol) and the mixture was stirred for 1 h], followed by
methanol (0.20 mL, 5.0 mmol) and the mixture was stirred for 3 h at
�78 8C when it was oxidised with NaOH (3m in H2O; 2 mL) and
(slowly!) H2O2 (30% in H2O; 1.2 mL) and was left stirring under positive
N2 pressure while it slowly warmed to RT. The product was extracted
with Et2O (3O50 mL) after the acid/base manipulations, the solvent was
removed under reduced pressure, and the crude material was purified on
silica gel (hexanes/ethyl acetate/triethylamine 84.5:15:0.5) to afford 3h
(0.4 g, 2.8 mmol, 64%) in >98% de (1H NMR analysis) and 79% ee
(analysis using 1H and 19F NMR spectroscopy after conversion to Mosher
amide and confirmation using HPLC with Chiracel OD-H column with
hexanes/isopropanol). 1H NMR (200 MHz, CDCl3): d = 0.95 (t, J=


4.5 Hz, 3H), 1.06 (d, J=4.6 Hz, 3H), 1.27–1.40 (m, 8H), 2.16 (q, J=


4.5 Hz, 1H), 2.57–2.60 (m, 1H), 5.06–5.09 (m, 2H), 5.72–5.84 (m, 1H);
13C NMR (50 MHz, CDCl3): d = 14.4, 17.0, 23.2, 28.9, 34.9, 44.3, 55.6,
115.4, 141.4. MS (EI): m/z : 142 [M+H]+ , 86 [M�C4H7]


+; (CI): m/z : 142
[M+H]+ , 86; [a]=++15 (CDCl3, c=1.28).


(1R,2R)-2-[(2-Methoxyethoxy)methoxy]-1-phenylbut-3-en-1-amine (5a):
sec-Butyllithium (1.4m in cyclohexane; 4.4 mL, 6.1 mmol) was added to
3-[(2-methoxyethoxy)-methoxy]prop-1-ene (0.91 g, 6.2 mmol) diluted
with THF (6 mL) and cooled to �78 8C and the mixture was stirred for


0.5 h at �78 8C. Then, a solution of (�)-B-methoxydiisopinocampheylbor-
ane (2.37 g, 7.5 mmol) in THF (5 mL) was added and the mixture was
stirred for 1 h. To thus generated VII was added via cannula a solution of
7a [prepared as follows: To 6a (0.52 mL, 5.05 mmol) diluted with THF
(5 mL) and cooled to 0 8C was added DIBAL-H (0.89 mL, 5.0 mmol) and
the mixture was stirred for 1 h], followed by methanol (0.20 mL,
5.0 mmol). The reaction was stirred for 3 h at �78 8C and was oxidised
with NaOH (3m in H2O; 2 mL) and (slowly!) H2O2 (30% in H2O;
1.2 mL). The material was left stirring under positive N2 pressure while it
slowly warmed to RT. The product was extracted with Et2O (3O50 mL)
and the volatiles were removed under reduced pressure. The obtained
material was purified on silica gel (hexanes/ethyl acetate/triethylamine
94.5:5:0.5 to 69.5:30:0.5) to furnish 5a (0.81 g, 3.2 mmol, 65%) in >98%
de (1H NMR analysis) and 95% ee (HPLC: Chiracel OD-H, hexanes/iso-
propanol). 1H NMR (300 MHz, CDCl3): d = 1.73 (br s, 2H), 3.34 (s, 3H),
3.37–3.49 (m, 4H), 3.96 (d, J=5.8 Hz, 1H), 4.18 (t, J=6.5 Hz, 1H), 4.67
(dd, J=6.9 Hz, 38.7 Hz, 2H), 5.11–5.11 (m, 2H), 5.58–5.69 (m, 1H),
7.21–7.34 (m, 5H); 13C NMR (75 MHz, CDCl3): d = 59.0, 59.8, 67.0,
71.7, 81.7, 93.0, 118.7, 127.2, 127.5, 128.2, 135.5, 142.6; MS (EI): m/z : 176
[M�OCH2CH2OCH3]


+ , 106, 79, 59; (CI): m/z : 252 [M+H]+ , 176
[M+H�CH3OCH2CH2OH]+ , 106, 79; HRMS: m/z : calcd for 252.1600,
found: 252.1604; [a]=++103 (CHCl3, c=4.22).


(2R,3S)-3-Amino-2-methyl-3-phenylpropanoic acid hydrochloride (8a’):
Di-tert-butyl dicarbonate (0.3 g, 1.4 mmol) was added to 4a (0.2 g,
1.2 mmol) dissolved in Et2O (12 mL) and the reaction was stirred for 6 h
at RT, after which time the solvent was removed under reduced pressure.
To the crude material dissolved in CH3CN (40 mL) was added
RuCl3·H2O (0.02 g, 0.1 mmol) and the mixture was cooled to 0 8C. After
addition of NaIO4 (0.8 g, 3.7 mmol) dissolved in water (40 mL), the mix-
ture was stirred for 0.5 h, followed by extraction with EtOAc (3O30 mL)
and filtration through silica gel (Et2O). After evaporation of the solvents,
the residue was diluted with Et2O (5 mL) and treated with HCl (1m in
Et2O; 2 mL, 2 mmol) for 0.5 h. The obtained solid was filtered and dried
to afford 8a’ (0.2 g, 0.9 mmol, 77%). 1H NMR (200 MHz, D2O): d =


0.91 (d, J=7.2 Hz, 3H), 2.97–3.09 (m, 1H), 4.36 (d, J=9.4 Hz, 1H), 7.29–
7.31 (m, 5H); 13C NMR (50 MHz, D2O): d = 15.4, 43.9, 57.8, 127.4,
127.6, 129.6, 129.8, 134.5, 177.3; [a]=++19 (D2O, c=1.19).


(5S)-5-Phenylpyrrolidin-2-one (11a): Di-tert-butyl dicarbonate (0.6 g,
3.1 mmol) was added to 2a (0.43 g, 2.9 mmol) dissolved in Et2O (30 mL)
and the reaction was stirred for 6 h at RT, after which time the solvent
was removed under reduced pressure. The crude material was dissolved
in THF (7 mL) and treated with 9-BBN (0.5m in THF; 13 mL, 6.5 mmol)
for 24 h at RT, followed by oxidation with sodium acetate (20% in H2O,
20 mL) and H2O2 (30% in H2O; 6 mL) for 5 h at RT. The product was
extracted with Et2O (3O30 mL), and after evaporation of the solvents pu-
rified on silica gel (hexanes/ethyl acetate 2:1) to furnish tert-butyl (1S)-4-
hydroxy-1-phenylbutylcarbamate (9a) (0.66 g, 2.5 mmol, 86%). 1H NMR
(300 MHz, CDCl3): d = 1.45 (s, 9H), 1.53–1.88 (m, 4H), 2.55 (br s, 1H),
3.67 (t, J=5.9 Hz, 2H), 4.67 (br s, 1H), 5.12 (br s, 1H), 7.29–7.39 (m,
5H); 13C NMR (75 MHz, CDCl3): d = 28.3, 29.1, 33.2, 54.6, 62.1, 79.5,
126.3, 127.2, 128.5, 142.7, 155.5.


The N-Boc protected alcohol 9a (0.22 g, 0.8 mmol) in DMF (10 mL) was
added to a stirring solution of pyridinium dichromate (1.13 g, 3.0 mmol)
in DMF (20 mL) and the mixture was stirred for 18 h at RT. The reaction
was quenched with H2O (5 mL), the product was extracted with Et2O
(3O50 mL), the combined ether layers were washed with H2O (3O
50 mL), the solvent was removed and the obtained material was purified
on silica gel (flash; hexanes/ethyl acetate 2:1) to afford (4S)-4-[(tert-bu-
toxycarbonyl)amino]-4-phenylbutanoic acid (10a) (0.192 g, 0.7 mmol,
86%). 1H NMR (200 MHz, CDCl3): d = 1.22 (s, 9H), 1.78–2.01 (m, 1H),
2.35–2.71 (m, 3H), 5.07–5.13 (m, 1H), 7.15–7.34 (m, 5H); 13C NMR
(50 MHz, CDCl3): d = 28.0, 28.3, 31.9, 61.9, 82.9, 124.8, 127.3, 128.4,
142.1, 149.0, 174.1.


The N-Boc protected g-amino acid 10a (0.13 g, 0.5 mmol) dissolved in
CH2Cl2 (3 mL) was treated with CF3COOH (0.1 mL) for 0.5 h at RT.
After evaporation, the obtained material was purified on silica gel (flash;
hexanes/ethyl acetate 1:1) to give 11a (0.074 g, 0.5 mmol, 98%).
1H NMR (300 MHz, CDCl3): d = 1.97–2.11 (m, 1H), 2.41–2.70 (m, 3H),
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4.83 (t, J=7.1 Hz, 1H), 6.70 (br s, 1H), 7.34–7.46 (m, 5H); 13C NMR
(75 MHz, CDCl3): d = 30.3, 31.3, 58.1, 125.6, 127.8, 128.8, 142.5, 178.7;
MS (EI): m/z : 161 [M]+ , 117, 104, 77; (CI): m/z : 162 [M+H]+ ; [a]=++25
(CDCl3, c=3.7).
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G–G Base-Pairing in Nucleobase Adducts of the Anticancer Drug
cis-[PtCl2(NH3)(2-picoline)] and Its trans Isomer


Geraldine McGowan, Simon Parsons, and Peter J. Sadler*[a]


Introduction


Cisplatin, the world�s best-selling anticancer drug, has been
the subject of intense research over the last 35 years. The
antitumour activity of cisplatin and various other anticancer
platinum drugs is attributed to their ability to modify the
structure of the DNA of cancer cells.[1] Cisplatin reacts with
genomic DNA and yields a variety of monoadducts and
intra- and interstrand cross-links,[2] as well as protein–DNA
cross-links.[1]


The most nucleophilic sites in duplex DNA are guanine
(G) residues, especially those located adjacent to a second
guanine residue. For PtII coordination, guanine N7 appears
to be the preferred binding site. Therefore, it is not surpris-
ing that the major adduct of cisplatin with DNA is an intra-


strand cross-link between the N7 atoms of adjacent guanine
residues.[3] The coordinated guanine bases are orientated in
a head-to-head (HH) conformation. However, the head-to-
tail (HT) forms, characteristic of minor interstrand adducts,
are thermodynamically favoured in all simple cis-[PtA2G2]
models (A=amine or half of a diamine), and the head-to-
head form is relatively rare.[3,4]


cis-[PtCl2(NH3)(2-picoline)] (AMD473) is a sterically hin-
dered anticancer complex with a profile of chemical and
biological activity that differs significantly from that of cis-
platin.[5] AMD473 has been administered to over 500 cancer
patients in phase I and phase II clinical trials, in which it has
demonstrated activity against a wide range of tumours and a
manageable safety profile. AMD473 also has the potential
to be administered as an oral formulation. The 2-methyl
group hinders axial approach to PtII in AMD473, and as a
result, hydrolysis occurs approximately four times more
slowly than for cisplatin.[6] The introduction of steric bulk by
the 2-picoline ligand (Figure 1) in AMD473, may give rise
to novel DNA platination reactions, such as differential
binding to nucleobases and structures locked in a single con-
formation. To gain further insight into stereochemical effects
on the structure and dynamics of nucleobase adducts, we


Abstract: cis-[PtCl2(NH3)(2-picoline)]
(AMD473) is a sterically-hindered anti-
cancer complex with a profile of chem-
ical and biological activity that differs
significantly from that of cisplatin. Ad-
ducts of AMD473 with neutral 9-ethyl-
guanine (9-EtGH) and anionic (N1-de-
protonated) 9-ethylguanine (9-EtG) as
perchlorate and nitrate salts, and also a
nitrate salt of the trans isomer
(AMD443), were prepared and their
structures determined by X-ray crystal-
lography: cis-[Pt(NH3)(2-pic)(9-
EtGH)2](ClO4)2 (1)·2H2O·Me2CO, cis-
[Pt(NH3)(2-pic)(9-EtGH)2](NO3)2
(2)·2H2O, cis-[Pt(NH3)(2-pic)(9-


EtGH)(9-EtG)]NO3 (3)·3.5H2O, trans-
[Pt(NH3)(2-pic)(9-EtGH)(9-EtG)]NO3


(4)·8H2O. In all cases, platinum coordi-
nation is through N7 of neutral (1, 2)
and anionic (3, 4) guanine. In each
complex, the guanine bases are ar-
ranged in the head-to-tail conforma-
tion. In complex 1, there is an infinite
array of six-molecule cycles, based on
both hydrogen bonding and p–p stack-
ing of the 2-picoline and guanine rings.


Platinum(ii) coordinated at N7 acidifies
the N1 proton of neutral 9-ethylgua-
nine (pKa=9.57) to give pKa1=8.40
and pKa2=8.75 for complex 2, and
pKa1=7.77 and pKa2=9.00 for complex
4. In complexes 3 and 4, three intermo-
lecular hydrogen bonds are formed be-
tween neutral and deprotonated gua-
nine ligands involving O6, N1 and N2
sites. Unusually, both of the platinated
guanine bases of complexes 3 and 4
participate in this triple G�G hydrogen
bonding. This is the first report of X-
ray crystal structures of nucleobase ad-
ducts of the promising anticancer drug
AMD473.
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studied adducts of AMD473 and its trans isomer, trans-
[PtCl2(NH3)(2-pic)] (AMD443), with 9-ethylguanine (9-
EtGH) (Figure 1) in solution and in the solid state. The
trans isomer also exhibits high cytotoxicity in a variety of
cancer cell-lines.[7]


Results


X-ray crystallography : Crystals containing cis-[Pt(NH3)(2-
pic)(9-EtGH)2]X2 (X=ClO4, 1·2H2O·Me2CO; X=NO3,
2·2H2O) and cis-(3·3.5H2O) or trans-(4·8H2O) [Pt(NH3)(2-
pic)(9-EtGH)(9-EtG)]NO3 were obtained by reaction of the
respective isomer of [PtCl2(NH3)(2-pic)] with slightly less
than 2 mol equivalents of Ag+ , followed by reaction with
2 mol equivalents of 9-ethylguanine in water, and recrystalli-
sation from acetone in the case of complex 1, from water at
pH 3.55 for complex 2, and from water at pH 7.98 and 7.83
for complexes 3 and 4, respectively. Crystallographic data
and details of the refinement are listed in Table 1. Selected
bond lengths and angles are given in Table 2, and the cations
of 1–4 are shown in Figure 2. Hydrogen bond lengths and


angles are given in Table 3. Rocking angles (D) and torsion
angles (b) are listed in the Supporting Information.
In each complex, platinum coordination is through the


N(7) sites of the two 9-ethylguanine ligands, which adopt
the head-to-tail orientation. Platinum(ii) has the usual
square-planar geometry, and Pt�N bond lengths range from
1.999(6) to 2.047(8) J, which is within the normal range for
these types of complexes.
In complex 1·2H2O·Me2CO, cis-[Pt(NH3)(2-pic)(9-


EtGH)2](ClO4)2·2H2O·Me2CO,
the cis 9-ethylguanine ligands
are approximately perpendicu-
lar to one another (Figure 2a).
The large dihedral angle of
86.17(18)8 between the guanine
bases prevents any substantial
intramolecular base–base inter-
action. The plane angles of the
9-ethylguanine ligands relative
to the 2-picoline are 89.2(3)
and 6.0(3)8. There is high ther-
mal motion and at tempera-
tures lower than 240 K, the
system appeared to undergo a
phase change, but no data were
collected at lower temperatures.
The ethyl groups at the 9-posi-
tion are disordered. There is in-
termolecular p–p stacking be-
tween 2-picoline and guanine
rings (interplanar spacing 3.85–
4.24 J). In addition, there are
hydrogen bonds between NH3


groups and the O6 of guanine


Figure 1. Schematic representation of 2-picoline (left) and 9-ethylguanine
(9-EtGH, right), including conventional numbering.


Table 1. Crystallographic data for complexes 1–4, in which 1·2H2O·Me2CO=cis-[Pt(NH3)(2-pic)(9-EtGH)2]-
(ClO4)2·2H2O·Me2CO, 2·2H2O=cis-[Pt(NH3)(2-pic)(9-EtGH)2](NO3)2·2H2O, 3·3.5H2O=cis-[Pt(NH3)(2-pic)-
(9-EtGH)(9-EtG)]NO3·3.5H2O and 4·8H2O= trans-[Pt(NH3)(2-pic)(9-EtGH)(9-EtG)]NO3·8H2O.


1·2H2O·Me2CO 2·2H2O 3·3.5H2O 4·8H2O


formula C23H38Cl2N12O13Pt C20H32N14O10Pt C20H34N13O8.5Pt C20H43N13O13Pt
Mr 956.94 823.69 787.69 868.76
crystal system triclinic triclinic triclinic monoclinic
space group P1̂ P1̂ P1̂ P21/n
a [J] 13.147(15) 11.9052(5) 8.8183(3) 16.0748(5)
b [J] 14.056(16) 12.2098(4) 11.2332(4) 22.8397(8)
c [J] 14.634(16) 12.4032(4) 15.7824(5) 17.5291(6)
a [8] 87.783(17) 72.813(2) 95.894(2) 90
b [8] 84.728(17) 65.613(2) 97.663(2) 97.891(2)
g [8] 66.668(15) 67.423(2) 112.685(2) 90
V [J3] 2473(5) 1495.98(9) 1409.09(8) 6374.8(4)
Z 2 2 2 8
l [J] 0.71073 0.71073 0.71073 0.71073
T [K] 240(2) 150(2) 293(2) 150(2)
1calcd [gcm


�3] 1.285 1.829 1.857 1.810
mcalcd [mm


�1] 3.001 4.766 5.050 4.486
F(000) 952 816 782 3488
2q range [8] 1.80–28.92 1.83–28.88 1.32–28.99 1.47–25.00
reflns. collected 20627 27532 13990 38056
independent reflns. 11352 12830 6655 11215
reflns.(Rint) (0.0469) (0.0489) (0.0258) (0.0654)
R1 [F0>4s(F0)] 0.0477 0.0373 0.0353 0.0586
wR2 (all data) 0.1114 0.0929 0.0847 0.1424


Table 2. Selected bond lengths [J] and angles [8] for 1–4, in which 1=


cis-[Pt(NH3)(2-pic)(9-EtGH)2](ClO4)2, 2=cis-[Pt(NH3)(2-pic)(9-EtGH)2]-
(NO3)2, 3=cis-[Pt(NH3)(2-pic)(9-EtGH)(9-EtG)]NO3 and 4= trans-[Pt-
(NH3)(2-pic)(9-EtGH)(9-EtG)]NO3.


Bond/Angle[a] 1 2 3 4[b]


Pt�N(1) 2.041(5) 2.023(4) 2.047(4) 2.034(7)
Pt�N(13) 2.018(5) 2.019(4) 2.022(4) 2.047(8)
Pt�N(71) 2.008(4) 2.015(4) 2.009(4) 1.999(6)
Pt�N(72) 2.018(5) 2.020(4) 2.017(4) 2.011(6)


N(13)-Pt-N(1) 90.99(19) 88.18(15) 90.03(16) 177.8(3)
N(72)-Pt-N(1) 179.05(15) 178.74(17) 178.53(15) 90.0(3)
N(71)-Pt-N(1) 90.11(18) 88.31(15) 89.26(16) 89.1(3)
N(72)-Pt-N(13) 89.37(18) 91.69(15) 89.94(15) 91.2(3)
N(71)-Pt-N(13) 175.18(16) 174.70(14) 177.53(14) 89.8(3)
N(71)-Pt-N(72) 89.60(17) 91.90(14) 90.83(15) 178.5(3)


PtN4/G1 73.62(19) 72.22(14) 86.00(15) 71.0(3)
PtN4/G2 71.24(19) 52.83(19) 70.78(17) 58.0(3)
G1/G2 86.17(18) 71.25(14) 88.39(15) 51.9(3)


[a] The crystallographic atomic numbering schemes (Figure 2) differ from
the chemical numbering scheme used in the text. [b] The numbering
scheme in complex 4 differs from that of the cis complexes, but for com-
parison, N11=N71 and N12=N72.
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(N�O=2.88 J), as well as double hydrogen bonds between
N3 positions and NH2 groups (N�N=3.00, 3.03 J) on neigh-
bouring molecules. These features combine to create an in-
finite array of six-molecule cycles (Figure 3).
In complex 2·2H2O, cis-[Pt(NH3)(2-pic)(9-EtGH)2]-


(NO3)2·2H2O, the dihedral angle between the cis 9-ethylgua-


nine ligands is slightly smaller, 71.25(14)8 (Figure 2b). The
plane angles of the 9-ethylguanine ligands relative to 2-pico-
line are 76.5(2) and 20.4(2)8. There is extensive hydrogen
bonding between NH3, N1, C2NH2 and the NO3 counterion,
and O6, N3 and C2NH2 are involved in hydrogen bonding
with solvent water molecules. The only intermolecular hy-


Figure 2. a) The cation cis-[Pt(NH3)(2-pic)(9-EtGH)2]
2+ in complex 1. The planes of the 9-EtGH and 2-picoline rings are 70–808 relative to the Pt


square-plane. The 9-EtGH bases are approximately perpendicular to one another. Intermolecular interactions are shown in Figure 3. b) The cation cis-
[Pt(NH3)(2-pic)(9-EtGH)2]


2+ in complex 2. The change in the anion compared to complex 1 has resulted in a significant decrease in the angle between
the guanine base cis to 2-picoline and the Pt square-plane. The dihedral angle between the guanine bases is also reduced. There are additional hydrogen-
bond interactions mediated by the anion. c) Intermolecular triple hydrogen bonding in the structure of complex 3, cis-[Pt(NH3)(2-pic)(9-EtGH)(9-
EtG)]+ . The guanine bases are almost perpendicular to one another and each of the guanine bases and the 2-picoline are tilted by 70–808 relative to the
platinum square-plane. The cations form an infinite chain with p–p stacking. d) Intermolecular triple hydrogen bonding in the structure of complex 4,
trans-[Pt(NH3)(2-pic)(9-EtGH)(9-EtG)]


+ . Two molecules are shown, which form part of an infinite chain. The dihedral angle between the guanine bases
is much smaller in this case, only 528. The crystallographic numbering relates to the chemical numbering given in Figure 1, as follows: Complexes 1 and
2 : N71, N72=N7. Complex 3 : N31=C2NH2; N41=N1; O51=O6. Complex 4 : N11, N12=N7; O82=O6; N71, N72=N1; N61, N62=C2NH2.
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drogen bonding is between the C2NH2 group and O6 (N�
O=2.92 J). There is also a weak stacking interaction be-
tween the guanine planes.
In the cation of complex 3·3.5H2O, cis-[Pt(NH3)(2-pic)(9-


EtGH)(9-EtG)]NO3·3.5H2O, the 9-ethylguanine ligands are
again almost perpendicular to one another, with a dihedral
angle of 88.39(15)8 (Figure 2c). The plane angles of the 9-


ethylguanine ligands relative to 2-picoline are 88.9(2) and
2.9(2)8. There is disorder about the Pt�N (pic) bond of 1808
to give a distribution for the C2 and C6 positions of the 2-pi-
coline ligand of 75 and 25%, respectively. There is intermo-
lecular triple hydrogen bonding between the N1 of 9-EtG of
one molecule and the N1H of 9-EtGH of an adjacent mole-
cule (N�N = 2.93 J), which, together with C2NH2�O6 hy-
drogen bonds (N�O = 2.83 J), gives rise to a G–G� base
pair. The proton shared between the two N1 atoms of the 9-
ethylguanine ligands appears to be disordered over two po-
sitions, a 1:1 mixture of N1H–N1A and N1–HN1A.
The trans 9-ethylguanine ligands in the cation of complex


4·8H2O, trans-[Pt(NH3)(2-pic)(9-EtGH)(9-EtG)]NO3·8H2O,
have a dihedral angle of 51.9(3)8, and the plane angles of
the 9-ethylguanine ligands relative to the 2-picoline ligand
are 85.5(5) and 81.2(5)8 (Figure 2d). This complex forms a
triple hydrogen bond, similar to that in complex 3, giving
rise to a G–G� base pair. The hydrogen bond lengths are
2.80–2.95 J for NH2�O6 and 2.92–2.94 J for N1(H)�N1.
There are effectively two parallel chains formed through p–
p stacking, which run in the same direction and interact
with one another.


Solution studies


cis-[Pt(NH3)(2-pic)(9-EtGH)2](ClO4)2 (1): The peak at m/
z=763 in the positive-ion electrospray mass spectrum of
complex 1 in water was assigned to the parent ion with an
associated ClO4


� counterion, [Pt(NH3)(2-pic)(9-EtGH)2·
ClO4]


+ . The other peaks were assigned as follows: m/z 584
[Pt(NH3)(2-pic)(9-EtGH)·ClO4]


+ , m/z 483 [Pt(NH3)(2-pic)-
(9-EtGH)�H]+ , m/z 466 [Pt(2-pic)(9-EtGH)�H]+ .
The 1H NMR spectra of complex 1 in D2O and acetone at


298 K are shown in Figure S1 (see Supporting Information).
Clearly, the solvent has a large effect on chemical shift;
however, most noticeable is that the H8 signals for the 9-
ethylguanine ligands are indistinguishable in aqueous solu-
tion, whereas in acetone, they are separated by 0.2 ppm.
Therefore, we examined the change in chemical shift of H8
in various acetone/H2O mixtures. The spectra (Figure S2,
Supporting Information) show the convergence of the two
H8 signals as the molar fraction of water increases. The var-
iation in chemical shift is plotted in Figure 4a. The chemical
shift of one of the H8 peaks (G1H8) is solvent dependent to
a much greater extent than the other (G2H8).
The temperature dependence of the 1H NMR spectrum of


complex 1 in D2O was further investigated between 278 and
313 K (Figure S3, Supporting Information). At low tempera-
ture, there are two individual H8 signals. Although the reso-
nance for the H8 proton of one of the 9-ethylguanine li-
gands (G1H8) appears to be highly temperature dependent,
the H8 peak for the other 9-ethylguanine (G2H8) is almost
unaffected. This is clearly demonstrated by the plot of d H8
shift versus temperature, shown in Figure 4b.
A two-dimensional ROESY spectrum of complex 1 in


acetone (Figure 5) was recorded at 278 K to investigate the
solution structure of this complex. Only one of the two H8


Table 3. Selected hydrogen bond lengths [J] (with H···A< r(A)+2.000),
and angles [8] (aDHA>110).


D�H d(D�H) d(H···A) aDHA d(D···A) A


1
N1�H1C 0.900 2.090 146.40 2.883 O51[a]


N31�H31A 0.870 2.157 175.94 3.025 N21[b]


N32�H32A 0.870 2.137 169.77 2.997 N22[c]


2
N32�H32A 0.880 2.055 166.61 2.919 O51[a]


3
N31�H31B 0.860 1.971 178.08 2.831 O51[d]


N41�H41 0.860 2.078 172.81 2.934 N41[d]


N32�H32B 0.860 1.999 168.37 2.847 O52[c]


N42�H42 0.860 2.104 168.46 2.951 N42[c]


4
N61�H61B 0.880 1.929 172.10 2.803 O82[e]


N62�H62B 0.880 2.084 166.03 2.945 O81[f]


N72�H72 0.880 2.059 177.00 2.938 N71[f]


N64�H64B 0.880 1.965 170.69 2.837 O85[e]


N74�H74 0.880 2.042 172.71 2.917 N75[e]


N65�H65A 0.880 1.964 164.04 2.821 O84[f]


Equivalent positions: [a] �x, �y+1, �z+1; [b] �x, �y+2, �z+1;
[c] �x+1, �y+1, �z ; [d] �x+1, �y, �z+1; [e] x�1=2, �y+1=2, z�1=2 ;
[f] x+1=2, �y+1=2, z+1=2. Relationship between crystallographic and chemi-
cal numbering schemes: Complex 1: N1=NH3; N31, N32=C2NH2; N21,
N22=N3; O51=O6. Complex 2 : N32=C2NH2; O51=O6. Complex 3 :
N31, N32=C2NH2; N41, N42=N1; O51, O52=O6. Complex 4 : N61,
N62, N64, N65=C2NH2; N71, N72, N74, N75=N1; O81, O82, O84,
O85=O6.


Figure 3. The six-molecule cyclic arrangement present in crystals of com-
plex 1. The intermolecular interactions involve alternating Pt�NH3···O(6)
hydrogen bonding, p–p 2-pic/9-EtGH stacking, and double N(2)H2···N3,
N3···H2N(2) hydrogen bonding.
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signals (G1H8) exhibits an NOE cross-peak to the 2-pico-
line methyl group. This H8 signal (G1H8) also exhibits an
NOE cross-peak to the aromatic H6 proton of the 2-picoline
ligand.


trans-[Pt(NH3)(2-pic)(9-EtGH)(9-EtG)]NO3·8H2O (4): Posi-
tive-ion electrospray mass spectrometry showed peaks for
the parent ion at m/z=662, assigned to [Pt(NH3)(2-pic)(9-
EtGH)2-H]


+ , together with peaks assignable to fragments:
m/z=645 [Pt(2-pic)(9-EtGH)2-H]


+ , m/z=466 [Pt(2-pic)(9-
EtGH)-H]+ .


The 1H NMR spectrum of complex 4, recorded in H2O/
D2O 9:1 (Figure S4, Supporting Information), contains only
one set of peaks, corresponding to the two coordinated 9-
ethylguanine ligands. The 1H NMR chemical shifts of the
peaks of complex 4 were not temperature dependent be-
tween 278 and 318 K. A two-dimensional NOESY spectrum
revealed that there is an NOE cross-peak for the H8 signal
of the 9-ethylguanine ligands and the 2-picoline CH3 group.
In the pH range from 2–12, the pH-dependent 1H NMR


chemical shift measurements for complex 2 in H2O/D2O 9:1
show two acid–base equilibria, corresponding to the depro-
tonation of the two inequivalent N1H sites of the 9-ethyl-
guanine ligands (Figure 6a). The pKa values are 8.40 and


8.75. Complex 4 also has two acid–base equilibria (Fig-
ure 6b), with pKa values of 7.77 and 9.00. The pKa values for
free 9-ethylguanine under the same conditions were deter-
mined to be 3.22 (N7) and 9.94 (N1H).


Discussion


In the past, structural investigations of platinum–nucleobase
complexes concentrated almost exclusively on cisplatin com-
pounds,[8–23] and consequently, relatively few structural stud-
ies of nucleobase complexes of trans PtII compounds have


Figure 5. Two-dimensional [1H,1H] ROESY NMR spectrum of complex 1
in [D6]acetone at 278 K. Assignments: a=2-pic CH3; b=Et CH2; c=


NH3; d=H5 2-pic; e=H3 2-pic; f=H4 2-pic; g=H8 of 9-EtGH (G2);
h=H8 of 9-EtGH (G1); i=H6 2-pic.


Figure 6. Dependence of the H8 chemical shifts of a) complex 2 and
b) complex 4 and free 9-ethylguanine on pH. Note that there are two dis-
tinguishable H8 peaks for complex 2, but unambiguous assignments
cannot be made. The solution of 4 also contained a small amount of free
9-ethylguanine. The curves are computer fits to the Henderson–Hassel-
balch equation, and give the pKa values listed in Table 4.


Figure 4. a) Plot of d H8 for the two 9-EtGH ligands in complex 1 in
[D6]acetone versus the % (v/v) of water, showing how the separation of
the H8 signals decreases as the percentage of water increases. b) Plot of
d H8 versus temperature for complex 1 in D2O.
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been reported. Details of many of these trans complexes are
summarised in a review by Lippert.[24] Here, we studied bis-
nucleobase adducts of the sterically-hindered anticancer
compound cis-[PtCl2(NH3)(2-pic)] (AMD473) and its trans
isomer AMD443. Three crystal structures of AMD473 ad-
ducts and one of an AMD443 adduct containing the model
nucleobase 9-ethylguanine were determined (1–4). These
are the first X-ray structures of nucleobase adducts of
[PtCl2(NH3)(2-pic)] anticancer complexes.
Coordination at the N7 position of guanine was confirmed


in each case, as was a head-to-tail orientation of the bases.
The head-to-tail forms are characteristic of the minor inter-
strand adducts formed by cisplatin with DNA, and are ther-
modynamically favoured in all simple cis-[PtA2G2] models
(A=amine or half of a diamine, G=guanine derivative).[3]


However, there are few examples of the head-to-head con-
formation, which is the more realistic model for a Pt–DNA
complex.[8–10]


The main difference between complexes 1 and 2 is the
anion; perchlorate and nitrate, respectively. Complex 1 ex-
hibits a rare case of negative rocking angles (�7.68, �5.258 ;
i.e., C(8)-N(7)-Pt angles>C(5)-N(7)-Pt angles). For com-
plex 2, the rocking angles are positive, as observed typically
in structures of related complexes.[25] In complex 2, the ni-
trate anion acts as a spacer between molecules and domi-
nates the hydrogen-bond interactions. Consequently, there is
only one type of intermolecular hydrogen bond, between
C2NH2 and O6, and hence complex 2 is unable to form the
type of cycle described for 1. Other structural differences
may be simply a consequence of crystal packing. Complexes
2 and 3 differ in the charge on the complex and in the
number of counterions and water molecules in the unit cell.
A further and most intriguing difference is that in complex
2, the guanine base in the head orientation with respect to
the methyl group of 2-picoline is trans to the 2-picoline
ligand, whereas in complex 3, the analogous guanine base is
cis to the 2-picoline ligand. This indicates that both head-to-
tail orientations of 9-ethylguanine relative to the cis 2-pico-
line ligand are possible, although intermolecular interactions
may favour only one of these orientations. It is expected
that complexes 1, 2 and 3 adopt the same structure in solu-
tion (at the same pH).
Complex 4 is a rare example of a bisguanine–PtII complex


that has a large dihedral angle of 51.9(3)8 between the two
purine bases. Another example is trans-[Pt(MeNH2)2(1-
MeC)2](PF6)2, with a dihedral angle of 56(1)8.


[26] In most
other bis(nucleobase) complexes of trans-[(am)2Pt], the
bases are reasonably coplanar.[26–30] This large dihedral angle
may result from the steric hindrance imposed by the bulky
2-picoline ligand.
Complexes 3 and 4 have the most interesting structural


features. Both exhibit intermolecular triple hydrogen bond-
ing involving NH2, NH and O6, which gives rise to a G–G�


base pair. There are various reports[20–23,26,27,31, 32] of PtG��G
and PtG��GPt hydrogen bonding caused by deprotonation
at the N1 position of PtII-bound guanine. Five X-ray struc-
tures for such complexes have been reported. Three of these


are monoguanine complexes: cis-[Pt(NH3)2(9-EtGH)-
(1-MeC)][Pt(NH3)2(9-EtG)(1-MeC)](ClO4)3,


[21] trans-[{Pt-
(NH3)2(tmade)(9-EtGH)}{Pt(NH3)2(tmade)(9-EtG)}](ClO4)2·
NO3·1.6H2O (in which tmade=N6’,N6’,N9-trimethylade-
nine),[26] {trans, trans-[(NH3)2Pt(1-MeU)(9-EtA)Pt(NH2CH3)2-
(9-EtGH0.5)](ClO4)2.5·1.25H2O}2.


[31] The other two, cis-[Pt-
(NH3)2(9-EtG)2]·9-EtGH·7H2O


[20] and [{Pt(NH3)(9-MeGH)2-
(9-MeG)}{Pt(NH3)(9-MeGH)3}{1-MeC}4](ClO4)3·4H2O,


[32] con-
tain two coordinated guanine residues, but only one of these
is involved in triple hydrogen bonding. In complexes 3 and
4, both platinated guanine bases are involved in G�G triple
hydrogen bonding. As a result, complexes 3 and 4 form in-
finite chains, but complex 4 does so in a more zigzag
manner. To the best of our knowledge, this is the first report
of structures in which both platinated guanine bases par-
ticipate in G�G triple hydrogen bonding. The triple hydro-
gen bond lengths for complexes 3 and 4 range from 2.80–
2.95 J for NH2�O6 and 2.92–2.95 J for N1(H)�N1; these
values are comparable with 2.83(1) and 2.90(1) J, re-
spectively, in trans-[{Pt(NH3)2(tmade)(9-EtGH)}{Pt(NH3)2-
(tmade)(9-EtG)}]3+ .[26]


For the cation in complex 1, cis-[Pt(NH3)(2-pic)(9-
EtGH)2]


2+ , there are four different stereoisomers (2RHT
and 2RHH). Because the 2-methyl group can be on the
upper or lower side of the platinum plane, four geometrical
head-to-tail isomers are possible. Only two of these will be
distinguishable, however, by NMR spectroscopic analysis,
and therefore, four H8 signals should be observed. In reality,
only two H8 peaks are observed. An explanation for this is
either fast interconversion of head-to-tail conformations on
the NMR timescale, or the molecule is locked into a single
configuration at this temperature. The two-dimensional
ROESY spectrum of complex 1 at 278 K clearly shows an
NOE cross-peak for only one of the two H8 signals of 9-eth-
ylguanine (G1H8) and the methyl group of the 2-picoline
ligand (Figure 5), suggesting a head-to-tail orientation of the
guanine bases. If the solution structure was locked into the
same configuration as that observed by X-ray crystallogra-
phy for the solid state, the only observable NOE contact be-
tween the methyl group of the 2-picoline ligand and an H8
proton would correspond to the 9-ethylguanine ligand trans
to 2-picoline. Interestingly, G1H8 exhibits a greater solvent
and temperature dependence than the second H8 peak,
G2H8 (Figure 4). It can be argued that the 9-ethylguanine
cis to the 2-picoline exhibits the more marked temperature
and solvent dependence, especially if there is rapid rotation
about the Pt�N bonds. Rapid interconversion of head-to-tail
conformers is common in PtII–diamine complexes.[33, 34]


Rapid rotation should give rise to H8···CH3 NOEs for both
coordinated guanine bases, whereas only one ROESY cross-
peak is detected. This suggests that the two H8 peaks ob-
served contain four overlapping H8 signals. The major con-
tribution to the observed NOE is probably from the 9-ethyl-
guanine ligand cis to 2-picoline, in view of its intensity
(medium compared to strong for the H6/H5 of 2-pic), and
for which the H8···CH3 distance is much shorter (ca. 3 J
versus 4.9 J for a trans 9-ethylguanine; NOE/ r�6). Howev-
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er, it is difficult to interpret NOEs quantitatively in a dy-
namic system. Moreover, the NOE cross-peak between the
G1H8 peak and the aromatic H6 peak of the 2-picoline
ligand further substantiates the argument that G1H8 corre-
sponds to the 9-ethylguanine ligand cis to 2-picoline.
For trans-[Pt(NH3)(2-pic)(9-EtGH)2]


2+ from 4, there are
also four different stereoisomers (2RHT and 2RHH;
Figure 7). The two HT isomers (Figure 7a) are enantiomers.


Therefore, only one HT configuration will be observed by
NMR spectroscopic analysis. As the two 9-ethylguanine li-
gands are in slightly different environments, we expect to
observe two sets of peaks, however, experimentally, only
one set of peaks is observed. This could be due to fast rota-
tion about the Pt�2-pic bond, or to fast rotation of the gua-
nine bases. Although Reedijk and co-workers[35] reported
slow rotation about the Pt�2-pic bonds at room temperature
in cis-[Pt(2-pic)2(Puo)2]


2+ (Puo=guanosine or 9-methylhy-
poxanthine), they confirmed that rotation of these 6-oxopur-
ines from �30 to +90 8C is fast on the NMR timescale.
The pKa values of 8.40 and 8.75 for complex 2, and 7.77


and 9.00 for complex 4, which are assignable to N1H depro-
tonation of coordinated 9-ethylguanine, are 0.6–1.8 units
lower than that for free 9-ethylguanine (Table 4). This ob-


served acidification is a consequence of the inductive effect
of Pt at the N7 position of guanine, and lies within the
range observed for similar amine complexes (Table 4).
The guanine–guanine pairing pattern observed in com-


plexes 3 and 4 represents a model for a nucleobase mispair.
There is probably little chance of formation of such a gua-
nine pair in DNA, as it is necessary to have independently
metallated guanine bases in close proximity. However, with
RNA and its enormous structural diversity, such possibilities
are more likely.


Conclusion


In this study of bisnucleobase adducts of the sterically-hin-
dered anticancer drug AMD473 and its trans isomer
AMD443, we synthesised and characterised three AMD473
adducts and an AMD443 adduct containing 9-ethylguanine.
Each of the complexes has a head-to-tail arrangement of the
guanine bases in contrast to the head-to-head arrangement
preferred in DNA. Platination at the N7 position was con-
firmed in each case. Interesting triple hydrogen bonding was
revealed in the structures of both the cis and trans 9-ethyl-
guanine adducts, giving rise to G–G� base pairs for both co-
ordinated guanine bases. The pKa value of N1H of 9-ethyl-
guanine was lowered significantly by N7 coordination to
PtII, most notably for the trans complex (4) relative to free
9-ethylguanine.


Experimental Section


Preparations : 9-Ethylguanine was purchased from Sigma. cis-[PtCl2-
(NH3)(2-pic)] was kindly provided by AstraZeneca. The synthesis of
trans-[PtCl2(NH3)(2-pic)] was based on previously published proce-
dures.[38]


cis-[Pt(NH3)(2-pic)(9-EtGH)2](ClO4)2 (1)·2H2O·Me2CO : cis-[PtCl2(NH3)-
(2-pic)] was reacted with 1.98 equiv of AgClO4 (5 h, 323 K), followed by
filtration of AgCl, and then addition of 2 mol equiv of 9-EtGH (4 d,
323 K). Recrystallisation from acetone, and slow evaporation yielded 1 as
colourless cubes.


cis-[Pt(NH3)(2-pic)(9-EtGH)2](NO3)2 (2)·2H2O : cis-[PtCl2(NH3)(2-pic)]
was reacted with 1.96 mol equiv of AgNO3 (24 h, 323 K), followed by fil-
tration of AgCl, and then addition of 2 mol equiv of 9-EtGH (4–5 d, RT).
Recrystallisation from hot water, and slow evaporation yielded 2 as col-
ourless cubes from a solution at pH 3.55.


cis-[Pt(NH3)(2-pic)(9-EtGH)(9-EtG)]NO3 (3)·3.5H2O : cis-[PtCl2(NH3)(2-
pic)] was reacted with 1.96 mol equiv of AgNO3 (24 h, 323 K), followed
by filtration of AgCl, and then addition of 2 mol equiv of 9-EtGH (24 h,
323 K). Recrystallisation from hot water, and slow evaporation with
vapour diffusion of diethyl ether yielded 3 as colourless cubes (at a mea-
sured pH of 7.98).


trans-[Pt(NH3)(2-pic)(9-EtGH)(9-EtG)]NO3 (4)·8H2O : trans-[PtCl2-
(NH3)(2-pic)] was reacted with 1.96 mol equiv of AgNO3 (24 h, RT), fol-
lowed by filtration of AgCl, and then addition of 2 mol equiv of 9-EtGH
(4–5 d, 323 K). Colourless needles of 4 were obtained upon slow evapora-
tion of an aqueous solution at pH 7.83.


NMR spectroscopy: NMR spectra were recorded at 298 K, unless other-
wise stated, by using a Bruker DMX500 spectrometer (1H 500.13 MHz),
with 5 mm NMR tubes. Spectra were referenced to TSP, via dioxane d=


3.76 ppm. Water suppression was achieved by presaturation. Spectra
were processed by using XWINNMR (Version 3.5, Bruker UK).


Sample preparation : NMR samples were prepared by taking aliquots of
the aqueous solutions of the preparations of complexes 1–4. All samples
were prepared in H2O/D2O 9:1, unless otherwise stated.


pH measurements : The pH values of the solutions were determined by
using a Corning 145 pH meter equipped with a micro combination elec-
trode, calibrated with Aldrich buffer solutions at pH 4, 7 and 10. No cor-
rection was made for deuterium isotope effects.


pKa values : These were determined by fitting the NMR pH titration
curves (all H2O/D2O 9:1) to the Henderson–Hasselbalch equation, as-
suming fast exchange on the NMR timescale of the protonated and de-
protonated forms, by using the program Kaleidagraph (Synergy Software,
Reading, PA, USA).


Figure 7. a) Head-to-tail enantiomers of trans-[Pt(NH3)(2-pic)(9-
EtGH)2]


2+ . b) Head-to-head isomers of trans-[Pt(NH3)(2-pic)(9-
EtGH)2]


2+ . Solid arrows represent the orientation of the 9-ethylguanine
ligands, and dotted arrows represent that of the 2-picoline methyl group
with respect to the platinum square-plane.


Table 4. Comparison of pKa values for N1H of 9-EtGH in the complexes
studied here (2 and 4), and for reported cisplatin adducts.


Species pKa N1(H) Reference


9-ethylguanine 9.57 [36]
cis-[Pt(NH3)(2-pic)(9-EtGH)2]


2+ 8.40, 8.75 present work
trans-[Pt(NH3)(2-pic)(9-EtGH)2]


2+ 7.77, 9.00 present work
cis-[Pt(NH3)2(9-EtGH)2]


2+ 7.76, 8.36 [36]
cis-[Pt(NH3)2(9-EtGH)2]


2+ 8.01, 8.66 [37]
trans-[Pt(NH3)2(9-EtGH)2]


2+ 7.90, 8.54 [37]
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Mass spectrometry : Ion electrospray mass spectrometry was performed
by using a Platform II mass spectrometer (Micromass, Manchester, UK).
The samples were infused at 8 mLmin�1 and the ions were produced in an
atmospheric pressure ionisation (API)/ESI ion source. The source tem-
perature was 383 K, and the drying gas flow rate was 300 Lh�1. A poten-
tial of 3.5 kV was applied to the probe tip, and cone voltage gradients of
20–40 V over 200–1000 Da were used. Data acquisition was performed by
using a Mass Lynx (V2.5) Windows NT PC data system. All samples
were prepared in water.


X-ray crystallography : Diffraction data for all crystals were collected by
using MoKa radiation and a Bruker Smart Apex CCD diffractometer
equipped with an Oxford Cryosystems low-temperature device. Data for
2–4 were collected at 150 K, but those for 1 were collected at 240 K, as
the sample appeared to undergo a phase change between this tempera-
ture and 220 K. All structures were solved by using Patterson methods
(DIRDIF)[39] and refined by using full-matrix least-squares against F2


(SHELXTL).[40] Hydrogen atoms were generally placed in calculated po-
sitions (see below); only full-weight atoms were refined by using aniso-
tropic displacement parameters. Crystal and refinement data are summar-
ised in Table 1. Additional geometric calculations were accomplished by
using the program PLATON,[41] structures were visualised by using
SHELXTL-XP[40] and MERCURY.[42]


In structure 1, the 9-Et groups are disordered. The group attached to
N91 is disordered over two positions in the ratio 70:30; the group attach-
ed to N92 was modelled similarly; however, the displacement parameters
refined to large values, implying that the disorder is more extensive. Sim-
ilarity restraints were applied to both 9-ethylguanine ligands. The anions
and solvent of crystallisation were barely recognisable in difference
maps, and were treated by using the method of van der Sluis and Spek,[43]


accounting for 150 e per formula unit. The formula, Mr, 1 etc. have all
been calculated by assuming that this complex contains 2ClO4


� , 2H2O
and one acetone molecule per formula unit.


Crystals of 2 were found to be non-merohedrally twinned through a two-
fold rotation about [010]. This information was obtained by using the
program GEMINI.[44] Diffraction data from both domains were integrat-
ed simultaneously (SAINT Version 7),[45] and all data were used for re-
finement. The twin law can also be expressed by using the following
matrix.


The twinning has an effect on data with 2h+l=3n ; it can be interpreted
as a two-fold rotation about the b-axis of a metrically monoclinic super-
cell with dimensions a=11.91, b=66.75, c=12.40 J, b=114.38, obtained
by using the following transformation.[46]


Coset decomposition of 2/m with respect to �1 implies that no further
twinning needs to be considered.[47]


In 3, the picoline ligand is disordered by a 1808 rotation about the Pt�N
bond. The occupancies of the alternative methyl positions were fixed at
0.75 and 0.25 after refinement. The two C�Me bonds were restrained to
be of equal length. The molecules of water of crystallisation based on
O3W and O4W make unfavourable contacts with the minor disorder
component, and the assumption was made that they have the same occu-
pancy as the major component (0.75). The displacement parameter of
O3W refined to a large value (0.14 J2), and it is possible that in reality
its occupancy is less than 0.75; correlation between the occupancy and
the displacement parameters means that it is difficult to draw the distinc-
tion from X-ray data alone. Hydrogen atoms were located on O1W,
O2W and O4W in difference maps; after adjustment of the O�H distan-


ces and H-O-H angle to normal values, the entire molecules were treated
as freely-rotating rigid groups. Hydrogen atoms were not positioned on
O3W.


The complexes in 3 are connected across �1 sites by N41–H41···N41A
and N42–H42···N42A (N1–H···N1) hydrogen bonds. Thus, neither H41
nor H42 can be fully occupied, as this would lead to the formation of a
very close H···H contact across the inversion centres. Both of these sites
were, therefore, assigned occupancies of 0.5, which also ensures charge
balance. Similar comments apply to complex 4.


The solvent and anion regions in the structure of 4 were treated in the
same way as in 1, amounting to 108.5 e per formula unit. The values of
Mr, 1 etc. were calculated on the assumption that these regions contain
1NO3


� and 8H2O molecules per formula unit.


CCDC 264834 (1), 264835 (2), 264836 (3) and 264837 (4) contain the sup-
plementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data request/cif.
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Pyrazolino[60]fullerene–Oligophenylenevinylene Dumbbell-Shaped Arrays:
Synthesis, Electrochemistry, Photophysics, and Self-Assembly on Surfaces
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Introduction


Owing to its relatively low reduction potential, symmetrical
shape, large size, and extended p-electron system, [60]fuller-
ene is an ideal candidate as an electron acceptor in photo-
and electroactive materials.[1,2] In particular, the electronic
properties of fullerenes make them attractive in the design
of new materials in which photoinduced electron transfer is
the key process for the conversion of light into chemical[3]


or electric energy.[4–9] The characteristics of C60 successfully
compare with those of electron acceptors with smaller size
such as benzoquinone.[1,10] Indeed, accelerated charge trans-
fer and decelerated charge recombination have been ob-
served in a fullerene-based donor–acceptor systems when
compared to similar arrays in which C60 is replaced by ben-
zoquinone.[10]


In principle, functionalization of fullerenes allows us to
tune the electron-acceptor properties of C60 derivatives;


[11, 12]


however, only a few C60 derivatives turned out to be better
electron acceptors than the parent molecule.[13–16] In this
regard, an important breakthrough was the synthesis of full-
eropyrazolines derivatives.[17,18] The inductive effect of the
pyrazoline nitrogen atom directly attached to the carbon
sphere tends to make them easier to reduce than other C60


Abstract: Symmetrically substituted
oligophenylenevinylene (OPV) deriva-
tives bearing terminal p-nitrophenylhy-
drazone groups have been prepared
and used for the synthesis of dumbbell-
shaped bis(pyrazolino[60]fullerene)–
OPV systems. In these triad arrays, the
OPV-type fluorescence is dramatically
quenched as a consequence of ultrafast
OPV!C60 singlet energy transfer. In
its turn the fullerene singlet state is
quenched by pyrazoline!C60 electron
transfer, in line with the behavior of


the corresponding reference fullerene
molecule. The occurrence of electron
transfer in the multicomponent arrays
is evidenced by recovery of fullerene
fluorescence at 77 K in CH2Cl2 and in
toluene at 298 K. Under these condi-
tions the OPV!C60 energy transfer is


unaffected. The rate of this process
turns out to be higher for the OPV
trimer than for the corresponding pen-
tameric OPV arrays, in agreement with
energy-transfer theory expectations.
Scanning tunneling microscopy (STM)
and scanning force microscopy (SFM)
revealed that the bis(pyrazolino[60]ful-
lerene)–OPV can self-assemble into or-
dered layered crystalline architectures
on the basal plane of highly oriented
pyrolitic graphite.
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derivatives .[12] Moreover the pyrazoline–C60 unit was found
to act as a charge-separation module for the construction of
photoactive and tunable devices.[19]


To take advantage of their original electronic properties,
C60 and its derivatives have been linked to a variety of or-
ganic conjugated oligomers,[20] such as oligophenylenevinyl-
enes (OPV),[19,21–26] oligophenyleneethynylene (OPE),[27] oli-
gothiophenes (OTP),[28–31] and others.[25,32–36] These dyad and
triad systems exhibit interesting intramolecular photopro-
cesses between the conjugated linear backbone and the
carbon sphere, that is, electron or energy transfer. Some of
them are used as active materials in prototype photovoltaic
devices.[21,27,37] In the OPV–C60 arrays described so far, the
desired OPV!C60 electron-transfer process undergoes com-
petition from an efficient OPV!C60 singlet–singlet energy
transfer.[21,22,24, 38,39] Practically, in solution, the OPV unit acts
as a light collecting (i.e. , antenna) module, whilst electron
transfer, the extent of which can be modulated by solvent
polarity, occurs only from the lowest electronic singlet state
of the C60 moiety.[19,40]


The exploitation of the fullerene-based molecular systems
for the fabrication of optoelectronic devices requires the
processing of the molecular architecture in thin films. The
performance of these devices strongly depends on the inter-
play between electronic structure and arrangement at the
supramolecular level.[41] Achieving full control of the self-as-
sembly at surfaces of p-conjugated molecules into complex
supramolecular architectures is therefore of paramount im-
portance. Scanning probe microscopy techniques make it
possible to map a surface by probing different physicochem-
ical properties on the nano- and micrometer scale. Scanning
force microscopy (SFM) and scanning tunneling microscopy
(STM) studies of fullerenes have been performed on many
different surfaces, at both large and small length scales.
They showed the formation of layers[42] or islands of mole-
cules, sometimes with a preferential island growth at surface
step edges,[43] exhibiting hexagonal packing.[44,45] When the
fullerene was linked to ferrocene, the molecule was found to
physisorb on graphite into ribbons, in which the single units
are packed into dimers, as ruled by the electric dipole of the
molecules.[46] On the other hand, making use of the Lang-
muir–Blodgett technique, a C60 molecule functionalized with
an aliphatic tail, bearing a polar head-group, was self-assem-
bled perpendicular to the substrate producing closely spaced
arrangements.[42] Thus, different types of molecular architec-
tures have been obtained by systematically changing several
parameters including the concentration of adsorbate at sur-
face, the substrate type, and the deposition processing
method and rate. Recently highly complex supramolecular
architectures of fullerenes that noncovalently interact with
discotic systems, such as phthalocyanine[47] or porphyrin,[48]


derivatives were visualized by STM studies performed in
ultra-high vacuum. Moreover, Bai and co-workers have
grown electrochemically ordered nanostructures of a C60 de-
rivative and a functionalized PPV, and characterized them
by STM.[49]


In this paper we describe the synthesis, the electrochemis-
try, the photophysical properties and the self-assembly be-
havior in ultra-thin films of OPV–fulleropyrazoline com-
pounds. Two of them, F-3PV and F-5PV, are dyads in which
the C60 moiety is linked to a trimeric (3PV) and a penta-
meric (5PV) oligophenylenevinylene unit, respectively. The
other two, F-3PV-F and F-5PV-F, are triads made of an
OPV central unit (3PV and 5PV) bearing a fullerene frag-
ment at both extremities. Both the dyad and the triad sys-
tems show photoinduced energy- (OPV!C60) and electron-
transfer (pyrazoline!C60) processes. Detailed SFM and
STM studies on the largest system F-5PV-F reveal the spon-
taneous formation from solutions of highly ordered layer ar-
chitectures on surfaces and, on the molecular scale, the self-
assembly into polycrystalline structures characterized by a
few nanometer-sized crystalline domains. A preliminary
report on the preparation of F-3PV, F-5PV, F-3PV-F, and
F-5PV-F was published previously.[50]


Results and Discussion


Synthesis : The strategy employed for the preparation of the
C60-OPV conjugates F-3PV, F-5PV, F-3PV-F, and F-5PV-F
is based upon the 1,3-dipolar cycloaddition of C60 with bis-
nitrilimine derivatives generated in a one-pot procedure
from the corresponding bis-hydrazones. The synthesis of the
OPV precursors bearing two hydrazone functions is shown
in Schemes 1 and 2. Compound 1 was prepared in three
steps from hydroquinone according to a previously reported
method.[51] Reaction of 1 with 2,2-dimethylpropane-1,3-diol
in refluxing benzene in the presence of a catalytic amount
of p-toluenesulfonic acid (TsOH) gave the protected alde-
hyde 2 in 87% yield (Scheme 1). Subsequent treatment with


Scheme 1. Reagents and conditions: i) 2,2-dimethylpropane-1,3-diol,
TsOH (cat.), benzene, D, Dean Stark trap, 48 h (87%); ii) nBuLi, Et2O,
0 8C, 1 h, then DMF, 0 8C to room temperature, 4 h (86%); iii) {[2,5-bis-
(octyloxy)-1,4-phenylene]bis(methylene)}bis(tetraethyl)phosphonate,
tBuOK, THF, 0 8C, 1 h, then I2 (cat.), toluene, D, 12 h (80%); iv) CF3-
CO2H, CH2Cl2, H2O, room temperature, 4 h (95%); v) p-nitrophenylhy-
drazine, AcOH, EtOH, D, 3.5 h (99%).
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nBuLi in Et2O at 0 8C followed by quenching with dry DMF
afforded aldehyde 3 in 86% yield. Treatment of aldehyde 3
with {[2,5-bis(octyloxy)-1,4-phenylene]bis(methylene)}bis-
(tetraethyl)phosphonate[52] in THF in the presence of tBuOK
afforded the targeted OPV trimer, but as an E :Z isomer
mixture. The reaction of benzylic phosphonates with aro-
matic aldehydes under Wittig–Horner conditions is general-
ly stereoselective, leading to the E isomer only. In the pres-
ent case, steric hindrance resulting from the presence of the
octyloxy group in the ortho-position of the reactive groups
in both reagents may explain the lack of E :Z selectivity. Iso-
merization to the all-E derivative 4 was easily achieved by
treatment with a catalytic amount of iodine in refluxing tol-
uene and trimer 4 was thus obtained in 80% yield. Subse-
quent deprotection with CF3CO2H in CH2Cl2/H2O afforded
bis-aldehyde 5 in 95% yield. The E configuration of the
double bonds in 5 was confirmed by a coupling constant of
about 17 Hz for the AB system corresponding to the vinylic
protons in the 1H NMR spectrum. Bis-hydrazone 6 was then
obtained in 99% yield from aldehyde 5 and p-nitrophenyl-
hydrazine in refluxing ethanol in the presence of acetic acid.


The preparation of the corresponding OPV pentamer 12
is depicted in Scheme 2. LiAlH4 reduction of aldehyde 3


yielded alcohol 7 which, after treatment with CBr4/PPh3,
gave bromide 8. Phosphonate 9 was then obtained in 99%
yield by reaction of 8 with triethylphosphite under Michae-
lis–Arbuzov conditions. Reaction of bis-aldehyde 5 with
phosphonate 9 under Wittig–Horner conditions, followed by
treatment with a catalytic amount of iodine in refluxing tol-


uene gave the all-E OPV pentamer 10 in 51% yield. Depro-
tection, accomplished by treatment with CF3CO2H in
CH2Cl2/H2O, followed by reaction of the resulting bis-alde-
hyde 11 with p-nitrophenylhydrazine in refluxing ethanol in
the presence of acetic acid, afforded bis-hydrazone 12 in
83% yield.


Bis-hydrazones 6 and 12 were characterized by analytical
and spectroscopic data (see Supporting Information for de-
tails). The 1H NMR spectra of both compounds confirm the
E configuration of the double bonds by a coupling constant
of approximately 17 Hz for the AB system corresponding to
the vinylic protons. Also, their structures were confirmed by
MALDI-TOF mass spectra, which show the expected
[M+H]+ peaks at m/z=1376.8 (6) and 2094.2 (12).


Treatment of bis-hydrazone 6 with N-chlorosuccinimide
(NCS) and pyridine in dry chloroform, followed by reaction
of the resulting bis-nitrilimine intermediate with C60 in
chlorobenzene in the presence of Et3N at room temperature
afforded the desired dumbbell-shaped derivative F-3PV-F in
27% yield (Scheme 3). Interestingly, in addition to F-3PV-F,


the monosubstituted derivative F-3PV was also isolated
from the reaction mixture; the aldehyde group in F-3PV
probably originated by hydrolysis of unreacted hydrazone
moiety during the workup procedure. Following the same
procedure, the reaction of bis-hydrazone 12 with NCS and
subsequent reaction with C60 at room temperature gave the
bis-(pyrazolino[60]fullerene) OPV derivative F-5PV-F and
the monosubstituted compound F-5PV in 10 and 19%
yields, respectively.


Owing to the presence of the octyloxy groups, the C60–
OPV conjugates[50] F-3PV, F-5PV, F-3PV-F, and F-5PV-F
are well soluble in common organic solvents (CH2Cl2,
CHCl3, benzene, toluene, THF) and were thus easily charac-
terized by UV-visible, FT-IR, and 1H and 13C NMR spectros-


Scheme 2. Reagents and conditions: i) LiAlH4, THF, 0 8C, 4 h (80%);
ii) CBr4, PPh3, THF, 0 8C to room temperature, 4 h (85%); iii) P(OEt)3,
150 8C, 4 h (99%); iv) 5, tBuOK, THF, 0 8C to room temperature, 2 h,
then I2 (cat.), toluene, D, 12 h (51%); v) CF3CO2H, CH2Cl2, H2O, room
temperature, 3 h (88%); vi) p-nitrophenylhydrazine, AcOH, EtOH, D,
3.3 h (83%).


Scheme 3. Reagents and conditions: i) NCS, pyridine, CHCl3, 0 8C to
room temperature, then C60, Et3N, chlorobenzene, room temperature, 1 h
(from 6 : F-3PV-F (27%) and F-3PV (58%); from 12 : F-5PV-F (10%)
and F-5PV (19%)).
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copy (see Supporting Information). The structures of the
four C60–OPV arrays were also confirmed by their MALDI-
TOF mass spectra showing the expected molecular ion
peaks in each case (m/z): 2814.7 (F-3PV-F), 3530.9 (F-5PV-
F), 1959.8 (F-3PV), and 2676.5 (F-5PV).


The fulleropyrazoline and OPV derivatives shown here
have been also prepared. They were used as reference com-


pounds for multicomponent arrays in the photophysical in-
vestigations. Compounds F1 and F2 were prepared as previ-
ously reported.[19,53] The OPV derivatives 3PV and 5PV
were obtained by LiAlH4 reduction of the corresponding
bis-aldehydes 5 and 11, respectively.


Electrochemistry : The electrochemical behavior of bis-hy-
drazones 6 and 12, dyads F-3PV and F-5PV and triads F-
3PV-F and F-5PV-F was investigated by cyclic voltammetry
(CV) and Osteryoung square-wave voltammetry (OSWV)
techniques at room temperature in ODCB/CH3CN (4:1) as
solvent (ODCB=ortho-dichlorobenzene) and using Bu4N


+


ClO4
� (TBAP) as the supporting electrolyte. The redox po-


tentials F-3PV, F-5PV, F-3PV-F, and F-5PV-F are reported
in Table 1 and are compared to those of the precursors 6
and 12, and pristine C60 as reference. The cyclic voltammo-
gram of F-3PV-F is depicted in Figure 1.


As a general feature on the reduction side, triads F-3PV-
F and F-5PV-F give rise to six one-electron reduction
waves. Four of them (E1


red, E
2
red, E


4
red, and E


6
red) are quasi-re-


versible and correspond to the successive reductions of the
fullerene core. The other two waves are irreversible and the
peaks E3


red and E
5
red are assigned to the reduction of the p-ni-


trophenyl moiety by comparison with the model compounds
6 and 12. Comparable electrochemical behavior is shown by
F-3PV and F-5PV. Similar to other pyrazolino[60]fullerene
derivatives, the first reduction potentials (E1


red) are analo-
gous to that of pristine C60 and shifted to more positive
values relative to other fullerene derivatives due to the �I
effect of the pyrazoline ring.[53,54]


On the oxidation side, an irreversible one-electron wave
was observed at around +0.44 V (F-3PV-F) and +0.35 V
(F-5PV-F), while these waves appear at +0.34 V and
+0.31 V in F-3PV and F-5PV, respectively. Similarly, bis-
hydrazones 6 and 12 show the same oxidation around
+0.37 V. These values can be assigned to the oxidation of
the OPV moiety, in agreement with previous reports.[19] The
second oxidation wave in the two bis-hydrazones must be at-
tributed to the hydrazone moiety;[53] an additional wave is
observed in F-3PV and F-5PV at around +0.6 V, assigned
to the oxidation of the aldehyde group.


As support for the electrochemical results, the structures
of both dimers, F-3PV-F and F-5PV-F, were calculated at
the semiempirical PM3 level.[55] This revealed torsion angles
of ~388 between the p-nitrophenyl moiety and the pyrazoli-


no rings, thus preventing conju-
gation between them, whereas
the OPV unit and the pyrazo-
line rings are almost coplanar
(the dihedral angle is lower
than 108 ; see Figure 2). The
LUMO levels of both dumbbell
compounds were found to be
lower than that of C60; these
calculations confirmed the ex-
perimentally determined first
reduction potential in F-3PV-F
and F-5PV-F. As expected, the


Table 1. Redox potentials (OSWV) of organofullerenes F-3PV-F, F-5PV-F, F-3PV, F-5PV, bis-hydrazones 6
and 12, and C60.


[a]


Compound E1
red E2


red E3
red E4


red E5
red E6


red E1
ox E2


ox E3
ox


F-3PV-F �0.95 �1.37 �1.71[b] �1.84 �2.09[b] �2.27 +0.44[c] – –
F-5PV-F �0.94 �1.37 �1.70[b] �1.87 �2.07[b] �2.25 +0.35[c] – –
F-3PV �0.96 �1.39 �1.70[b] �1.86 �2.02[b] �2.21 +0.34[c] +0.61[c] –
F-5PV �0.99 �1.40 �1.72[b] �1.85 �2.06[b] �2.32 +0.31[c] +0.62[c] –
6 – – �1.67[b] – �2.09[b] – +0.38[c] – +1.17[c]


12 – – �1.69[b] – �2.06[b] – +0.37[c] – +1.18[c]


C60 �0.97 �1.38 – �1.85 – �2.31 – – –


[a] V vs Ag/AgNO3; GCE as working electrode; 0.1m TBAP; ODCB:MeCN (4:1); scan rate: 100 mVs�1.
[b] Irreversible according to CV. [c] Measured by CV.


Figure 1. Cyclic voltammogram of compound F-3PV-F.
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HOMO is centered in the OPV unit and the LUMO is
shared between the two C60 cages.


As shown in Table 2, and in line with the electrochemical
data, the calculated HOMO–LUMO gap is smaller than
that of C60. This gap is significantly lower in the 5PV system
(F-5PV-F) than in the 3PV derivative (F-3PV-F), suggest-
ing the possibility of an easier electron transfer process.


Photophysical properties


Fullerene and OPV model compounds : Fulleropyrazoline
F1 undergoes intramolecular electron transfer from the lone
pair of the pyrazoline sp3 nitrogen atom to the carbon
sphere.[19] This process, which is signalled by the dramatic
quenching of the typical fullerene-type fluorescence around
700 nm, can be suppressed in acid solution in which the pro-
tonation of the sp3 nitrogen lone pair prevents electron mi-
gration.[19] However, it is interesting to point out the crucial
role played by the tridodecyloxybenzene unit attached to
the heteroatomic five-membered ring. In fact if one takes
the fulleropyrazoline F2, bearing a methyl rather than a


phenyl group as a peripheral unit, electron transfer is no
longer observed and the fullerene fluorescence is restored.
Both F1 and F2 exhibit virtually identical absorption spec-
tra, but F2 is a stronger emitter with a fluorescence quan-
tum yield of 5.0R10�4 in CH2Cl2 (Table 3). This value is
quite similar to that of fulleropyrrolidines,[38] which are
among the strongest emitters within the family of monosub-
stituted fullerenes.


The different behavior between F1 and F2 can be ration-
alized by some degree of delocalization of the positive
charge, upon oxidation, provided by the tridodecyloxyben-
zene ring of F1. This result is in agreement with those ob-
served in other fulleropyrazoline derivates with electron-
donor or electron-withdrawing susbtituents.[54]


The absorption spectra of the oligophenylenevinylene
(OPV) model compounds 3PV and 5PV are depicted in
Figure 3. They exhibit the characteristic p–p* absorption
with maxima at 409 and 447 nm, respectively. The maximum
of the more extended p-conjugated 5PV lies at lower
energy relative to 3PV and exhibits a higher molar extinc-
tion coefficient, as a result of the larger number of phenyl
rings.[19, 22]


Figure 2. Most stable conformation of F-5PV-F. The �OC8H17 groups
have been replaced by�OCH3 groups for calculations.


Table 2. Calculated (PM3) HOMO and LUMO levels of F-3PV-F, F-
5PV-F, and C60.


EHOMO [eV] ELUMO [eV] DE [eV]


F-3PV-F �8.32 �3.13 5.19
F-5PV-F �7.84 �3.06 4.78
C60 �9.48 �2.88 6.60


Table 3. Fluorescence properties[a] and excited state singlet lifetimes in CH2Cl2.


OPV moiety (298 K) C60 moiety (298 K) OPV moiety (77 K) C60 moiety (77 K)
lmax [nm][b] Ffl


[b] t [ns][c] lmax [nm][d] Ffl
[d] t [ns][c] lmax [nm][b] t [ns][c] lmax [nm][d] t [ns][c]


F1 – – – 706 �0.00001 –[e] – – 698 1.5
F2 – – – 706 0.00055 1.5 – – 710 1.5
3PV 466 0.64 1.5 – – – 504 1.4, 5.0 – –
F-3PV 526 0.00026 –[f] 706 �0.00001 –[e] 516 –[f] 696 1.7[g]


F-3PV-F 480 0.00007 –[f] 706 �0.00001 –[e] 516 –[f] 694 2.2[g]


5PV 526 0.35 1.2 – – – 600 0.7, 2.5 – –
F-5PV 580 0.00170 –[f] 706 �0.00001 –[e] –[h] –[h] 690 1.3[g]


F-5PV-F 570 0.00025 –[f] 706 �0.00001 –[e] –[h] –[h] 690 1.2[g]


[a] From emission spectra corrected for the photomultiplier response. [b] Excitation on the maximum of the OPV absorption band (see Figures).
[c] lexc=407 nm. [d] lexc=600 nm. [e] Not measured due to signal weakness. [f] Below the temporal resolution of our apparatus (200 ps); see text for an
estimation of these lifetimes based on Equation (1). [g] lem=800 nm, very weak and noisy signal due to low photomultiplier sensitivity and poor quality
of the rigid matrix. [h] Indistinguishable over the instrumental noise.


Figure 3. Electronic absorption spectra in CH2Cl2 of: a) 3PV (black
dotted line), F-3PV (grey full line), F-3PV-F (black solid line) and F1
(black dashed line). b) 5PV (black dotted line), F-5PV (grey full line),
F-5PV-F (black full line) and F1 (black dashed line). c) Fluorescence
spectra of 3PV (black dashed line) and 5PV (black full line); CH2Cl2,
lexc=320 nm, A=0.15.
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Some relevant photophysical data are collected in Table 3.
Model compound 3PV exhibits an intense fluorescence
band (Figure 3) in CH2Cl2 both at 298 K (lmax=466 nm,
ffl=0.64) and at 77 K (lmax=504 nm). The singlet decay
time is monoexponential at room temperature (t=1.5 ns),
whereas at 77 K a biexponential decay is observed (t1=


1.4 ns, t2=5.0 ns), probably as a consequence of the pres-
ence of two different frozen rotameric forms in the solid
matrix.[21,56] The fluorescence properties of 5PV in CH2Cl2
are similar to 3PV. An intense emission band is observed
both at room temperature (lmax=526 nm , ffl=0.35, t=


1.2 ns; Figure 3) and at 77 K in a rigid matrix (lmax=564 nm,
t1=0.7 ns, t2=2.5 ns). The comparison of the fluorescence
properties of 3PV and 5PV leads to the same observations
described for other similar systems: the singlet excited-state
lifetime and the photoluminescence quantum yield decrease
with increasing conjugation length.[57]


Dimeric compounds F-3PV and F-5PV: The absorption
spectra of F-3PV and F-5PV are shown in Figure 3. If one
compares them with the sum of the spectra of the compo-
nent units (F, 3PV, 5PV) some differences can be noticed;
in particular a red-shift of the OPV absorption band is
found. This difference is likely to be due to the more ex-
tended p-conjugation of the OPV-type moiety in F-3PV and
F-5PV compared to 3PV and 5PV, which possess CH2OH
terminal groups.


For any dyad, it is not possible to excite either the C60 or
the OPV moiety with 100% selectivity (Figure 3). Neverthe-
less, most of the light is absorbed by the OPV unit when ex-
citing in the range 450–520 nm. On the other hand, a sub-
stantial part of the light is absorbed by the fullerene moiety
for l<350 nm and l>630 nm, at which it exhibits a very
weak absorption tail, (e~300m


�1 cm�1 at 650 nm).[19]


The OPV-type fluorescence bands of F-3PV and F-5PV
are both red-shifted (as the absorption spectra) and dramati-
cally quenched relative to 3PV and 5PV (Table 3). Upon
excitation at 470 nm, at which the OPV moiety prominently
absorbs, a 2400- and 210-fold fluorescence intensity decrease
is observed relative to the model compounds F-3PV and F-
5PV, respectively. In F-3PV and F-5PV sensitization of the
fullerene fluorescence cannot be used as a probe for OPV!
C60 energy transfer, as done earlier for similar dyads con-
taining fulleropyrrolidines.[21] In the present case, as pointed
out above, the fullerene fluorescence is intrinsically
quenched by intramolecular electron transfer from the pyra-
zoline group to the carbon sphere. Practically, in CH2Cl2
both the potentially fluorescent moieties are quenched at
room temperature in F-3PV and F-5PV. The very weak
fluorescence band observed for the reference fullerene F1
(Table 3) is completely obscured by the tail of the residual
OPV emission when excitation is addressed to the OPV
moiety. On the other hand, excitation of the C60 subunits re-
sults in a very weak fluorescence band, identical to those of
F1 (Table 3). In analogy with a similar fulleropyrazoline–C60


array investigated earlier,[19] we assume that ultrafast
quenching of the OPV moiety in F-3PV and F-5PV is due


to singlet energy transfer to the carbon sphere, which, once
excited, undergoes pyrazoline!C60 electron transfer. The
lack of fullerene sensitization is also confirmed by NIR lu-
minescence. We could not observe any sensitized singlet
oxygen emission at 1270 nm for F-3PV and F-5PV, confirm-
ing the lack of fullerene triplet formation.[19]


The occurrence of intramolecular electron transfer in F-
3PV and F-5PV, in line with the behavior of the reference
molecule F1, is supported by the recovery of the fluores-
cence in CH2Cl2 at 77 K (Table 3, Figure 4) and in a less


polar solvent as toluene at 298 K (Figure 4). Under these
conditions the solvent repolarization around the charge-sep-
arated couple is prevented or strongly limited, thus disfavor-
ing the electron-transfer process.


However, under these same conditions, quenching of the
OPV fluorescence is still active. This provides evidence for
two distinct photoprocesses in F-3PV and F-5PV, such as
OPV!C60 energy transfer and pyrazoline!C60 electron
transfer, for which the latter can be controlled by tempera-
ture and solvent polarity.[19] From Equation (1)[22] it is possi-
ble to estimate the rate constant of the OPV!C60 energy-
transfer process, which turns out to be 1.6R1012 and 1.7R
1011 s�1, corresponding to OPV quenched lifetimes of 0.6
and 5.9 ps respectively, that is, below our instrumental reso-
lution. In Equation (1), F and Fref are the OPV fluorescence
quantum yield of the multicomponent arrays and of the ref-
erence compounds, whereas tref is the singlet lifetime of the
latter.


kEnT ¼
ðFref=FÞ�1


tref
ð1Þ


Trimeric compounds F-3PV-F and F-5PV-F : The absorp-
tion spectra of F-3PV-F and F-5PV-F in CH2Cl2 are report-
ed in Figure 3. Similarly to the dimeric systems, a red-shift


Figure 4. Fluorescence spectra of F-3PV (black full line), F1 (grey full
line) and F2 (black dashed line) in: a) 298 K, CH2Cl2, solution; b) 77 K,
CH2Cl2, rigid matrix. c) Fluorescence spectra of F-3PV in solvents of dif-
ferent polarity, toluene (TOL), dichloromethane (DCM) and benzonitrile
(BN). For all compounds lexc=330 nm and A=0.80.
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of the OPV moiety absorption band is observed for F-3PV-
F and F-5PV-F with respect to the OPV model compounds
3PV and 5PV, which can be rationalized as for the dyads
(see above).


The excited state behavior of F-3PV-F and F-5PV-F in
CH2Cl2 is practically the same as the dyad analogues. In par-
ticular we observe: 1) strong quenching of the OPV fluores-
cence in solvents of any polarity due to OPV!C60 energy
transfer, 2) quenching of fullerene fluorescence, 3) recovery
of C60 fluorescence by cooling down the samples to 77 K, 4)
recovery of fullerene fluorescence by decreasing the solvent
polarity (toluene), 5) no substantial effects of solvent polari-
ty on the extent of OPV fluorescence quenching, and 6) no
evidence of formation of fullerene triplet under any condi-
tion. These results suggest the occurrence of OPV!C60


energy transfer and pyrazoline!C60 electron transfer for F-
3PV-F and F-5PV-F.


The quenching factors for the OPV fluorescence band in
the triads are 9600 and 1400 for F-3PV-F and F-5PV-F, re-
spectively. According to Equation (1), the rate of energy
transfer (kEnT) can be calculated as 6.4R1012 and 1.1R
1012 s�1, respectively, corresponding to lifetimes shorter than
1 ps. It is interesting to note (see Table 3) that OPV!C60


singlet energy transfer, signaled by OPV fluorescence
quenching, is more efficient for the pentameric rather than
the trimeric OPV (see F-5PV-F vs F-3PV-F and F-5PV vs
F-3PV) and also on increasing the number of fullerenes
units (see F-3PV vs F-3PV-F and F-5PV vs F-5PV-F).
These results can be rationalized in terms of energy-transfer
theory both under the Fçrster and the Dexter approach,
which can be applied for OPV–C60 arrays as already dis-
cussed.[21] In this frame the energy-transfer rate is increased
upon enlargement of the overlapping area between the
emission spectra of the sensitizer (OPV in our case) and the
absorption spectra of the quencher (C60). As shown in
Figure 3, the molar extinction coefficient of fulleropyrazo-
line constantly decreases above 400 nm, while, on the other
hand, the OPV fluorescence bands are red-shifted when in-
creasing the conjugation length. As a consequence, the over-
lap integral is larger for 3PV- than 5PV-based systems and
increases by passing from one to two fullerene units. Ac-
cordingly, the quenching factor is the highest for F-3PV-F
and the smallest for F-5PV, corresponding to a 40-fold dif-
ference in the kEnT value.


STM and SFM investigations of F-5PV-F at surfaces : An
STM study at the solid–liquid interface made it possible to
cast light onto the self-assembly on highly oriented pyrolitic
graphite (HOPG) with a nanometer scale resolution. Fig-
ure 5a displays an STM current image recorded at the solid–
liquid interface. It shows a polycrystalline structure charac-
terized by small crystalline domains. The limited size of the
crystals, being in the range of a few tens of square nanome-
ters, can be explained in view of the competition between
the tendency of the OPV to assemble on HOPG[58] and the
poor inclination of C60 to pack on graphite[59] at the solid–
liquid interface. In Figure 5b a zoom-in showing a single 2D


crystal is depicted. The unit cell of the packing was deter-
mined from 2D Fourier analysis as a=3.2�0.2 nm b=2.7�
0.2 nm, and a=79�48 and confirmed by auto-correlation
averaging (see the Supporting Information). Molecular me-
chanics modeling revealed a molecular length of ~4.5 and a
width of 2.2 nm, in the case in which both the OPV chain
and the alkyl side chains adopt a fully extended conforma-
tion.


Usually, in STM current images the bright areas (corre-
sponding to high tunnelling current) can be ascribed to the
p-conjugated part of the molecule, since the energy differ-
ence between their frontier orbital and the Fermi level of
the substrate is relatively small.[60] In the present case semi-


Figure 5. a) STM current images of F-5PV-F physisorbed at the solution–
HOPG interface. b) Zoom-in of a monocrystalline area. Arrows indicate
dark spots, which are ascribed to fullerenes. Molecule shape and dimen-
sions have been obtained from energy minimization of a single isolated
molecule using commercial software. For sake of clarity, the alkyl chains
are not shown. The 1R1 unit cell is drawn with a solid line and the 2R1
superstructure with a dashed line. Tunneling parameters: Tip bias (Utip)=


550 mV, average tunnelling current (It)=15 pA.
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empirical PM3 calculations performed with Hyperchem 5.1
revealed a distribution of the electronic states (HOMO and
LUMO) as reported in Figure 6. These levels need to be
correlated with the Fermi level of HOPG which amounts to
�4.7 eV.


By recording STM current images with a tunneling tip
that has a positive polarity, the obtained contrast is mainly
dominated by the HOMO of the adsorbate. Therefore one
should expect a brighter contrast for the oligo-PV segment,
a darker one for the alkyl chains, and an even darker one
yet for the C60 moiety. The black circles in the STM images,
marked with white arrows in Figure 5b, have sizes similar to
the fullerene moiety.


Correlating the STM measurements obtained in a mono-
crystalline areas with the results of molecular modeling, we
propose a molecular packing as the one depicted in Fig-
ure 5b. The dark spots can be ascribed to the fullerene moi-
eties, while the OPV segments are tilted respect to the full-
erene rows.


While both the Fourier analysis and the auto-correlation
averaging yielded the dimension of the smaller lattice cell,
that is, 3.2R2.7 nm, careful observation of the STM images
revealed the presence of smaller dark spots alternated with
the bigger ones along the C60 rows, as marked in Figure 5b
with grey and white arrows, respectively. Given the size of
the unit cell and the type of contrast observed in Figure 5,
one model of packing can be proposed. This is based on the
consideration that the b vector spacing of 2.7 nm is filled
with two fullerenes in a row. This distance is larger than
twice the 1.004 nm hard-sphere diameter of fullerenes.[61]


This might be explained with the effect of the steric hin-
drance of the nitro-functionalized pyrazoline linked to the
C60. The thermodynamically favored interactions between
two electron acceptors,[62] such as nitro and fullerene, could
promote the co-adsorption of neighboring C60 and NO2 units
along the dark rows, leading to the observed spacing of
2.7 nm.


In this case the different contrast of the two adjacent C60


groups could be due to the different distance of the mole-
cule from the substrate along the z axis. In view of this inter-
pretation, a 2R1 superstructure describes correctly the
supramolecular motif, whereby the correct unit cell bridges


four equivalent larger dark
spots, as indicated with a
dashed line in Figure 5b. In
other words, the rows parallel
to the b vector of the unit cell
consist of a periodic structure
which conveys two C60 moieties
packed at the same height from
the surface that are intercalated
by a third C60 moiety slightly
shifted vertically with respect to
the two neighboring ones. This
packing motif allows a reducion
in the steric hindrance, similar
to the case of the supramolec-
ular staircase of functionalized
hexa-peri-hexabenzocoronene
films observed by STM at the
graphite–solution interface.[63]


Unfortunately the spatial reso-
lution attained here in the STM imaging did not allow us to
elucidate the packing at the molecular scale of the PV moi-
eties and the alkyl chains. This is due to the high conforma-
tional mobility at surfaces as reflected by the small size of
the crystalline domains.


The SFM measurements at the solid–air interface allowed
us to study molecular packing on the (sub-)micrometer
scale. Figure 7 displays topographical images of a dry film of
F-5PV-F prepared by drop-casting a 5R10�3 mgmL�1 solu-
tion of the sample in toluene on HOPG. It reveals a self-as-
sembled layer of F-5PV-F extended on the micrometer
scale. It conveys holes with various lateral sizes, that is, from
one micrometer down to a few nanometers. Tracing topo-
graphical profiles across these holes it was possible to deter-
mine the film thickness as 1.3 nm. Taking into account the
1.004 nm hard-sphere diameter of fullerene,[61] the measured
thickness does not correspond to a single nor to a double
layer, but rather indicates that, due to the tight packing, not
all the fullerenes moieties are at the same height on graph-
ite, but that some of them are shifted vertically, in good
agreement with the 2R1 supramolecular pattern model de-
scribed above.


The layer structure on the micron scale appears similar to
that obtained from the assembly on mica of a fullerene mol-
ecule in which the bulky ball is linked to an aliphatic chain
with a terminal carboxyl unit.[42] Nevertheless the two cases
are different. The one described in Langmuir–Blodgett pro-
cessing of the molecules on the hydrophilic mica surface[42]


gave an edge-on packing, with the aliphatic chains arranged
perpendicular to the basal plane of the surface, giving a
3 nm thick layer. In contrast, in the system studied here, the
molecules lie flat on the graphite surface forming the self-as-


Figure 6. Scheme of the electron affinities (Ea) and ionization potential (Ip) for different molecular systems (F-
3PV-F and F-5PV-F) and moieties (3PV, 5PV, C60, alkyl chains) in vacuum as estimated with semiempirical
calculations in vacuo. Since the experimental results have been recorded in the condensed phase, for the inter-
pretation of the STM contrasts they have to be considered only for the trend in the energy differences of the
levels.
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sembled layer. Because of the limit in the resolution of non-
contact mode SFM being on the order of a few nanometers,
one cannot identify within the layer the different thickness
of the central backbone of the molecule and the side groups
of the C60 moieties. Whilst the overall root-mean square
roughness (Rrms) of this film over areas of 1R1 mm is very
small (~1.5 nm), on the nanometers scale it is governed by
the different moieties that comprise the single molecule.


The boundaries in the self-assembled monolayers (indi-
cated by white arrows in Figure 7a) are dictated by the
structure of the crystalline HOPG underneath. In some
lower coated areas of the surface, a preferential adsorption
at the step edges has been observed, forming long thin mo-
lecular rows (arrow in Figure 7c) with widths of tens of
nanometers. A more diluted solution (5R10�5 mgmL�1)
leaded to an adsorbed layer similar to that described above,
but with larger holes (images not shown).


The self-assembled layer extended on the scale of several
micrometers provides evidence for the strong tendency of
the molecules to aggregate due to p–p stacking.[64] As the
growth of such ordered films of p-conjugated molecules on
graphite is a kinetically controlled process,[65] a higher
degree of order was achieved exploiting a slow deposition
process such as drop casting, when compared to the less-or-
dered thin films produced by spin coating a similar hybrid
molecular system.[21] The paramount role played by p–p in-
teractions in the self-assembly of F-5PV-F at surfaces was
evidenced also by the tendency of films prepared from a
more concentrated solution to give large disordered agglom-
erates with diameters of hundreds of nanometers (images
not shown).


Conclusion


Symmetrically substituted oligophenylenevinylene (OPV)
derivatives bearing terminal p-nitrophenyl-hydrazone
groups have been prepared and used for the synthesis of
dumbbell-shaped bis(pyrazolino[60]fullerene)–OPV systems
with one (F-3PV, F-5PV) or two (F-3PV-F, F-5PV-F) C60


terminal units. All of these arrays exhibit intramolecular
OPV!C60 energy transfer and pyrazoline!C60 electron


transfer. The former process, signaled by quenching of the
OPV moieties, is the fastest for F-3PV-F and the slowest in
the case of F-5PV, in agreement with energy-transfer theory
predictions.


A fine tuning of the processing conditions from solutions
allowed the production of ordered layer architectures of the
F-5PV-F on HOPG surfaces. An SFM study at the solid–air
interface revealed a pretty smooth surface in the microme-
ter scale. On the other hand, molecular scale explorations
performed with STM have shown the tendency of this
hybrid molecular system to form polycrystalline structures
characterized by very small crystalline domains. This can be
explained in view of the competition between physisorption
at surfaces and solvation of the different units composing
the molecule.


Experimental Section


General : Reagents and solvents were purchased as reagent grade and
used without further purification. The preparation of compounds 1–12 is
described in the Supporting Information. All reactions were performed
in standard glassware under an inert Ar atmosphere. Evaporation and
concentration were done at water aspirator pressure and drying in vacuo
at 10�2 Torr. Column chromatography: silica gel 60 (230–400 mesh,
0.040–0.063 mm) was purchased from E. Merck. Thin-layer chromatogra-
phy (TLC) was performed on glass sheets coated with silica gel 60 F254


purchased from E. Merck, visualization by UV light. NMR spectra were
recorded on a Bruker AC 200 (200 MHz) or a Bruker AM 400
(400 MHz) with solvent peaks as reference. Mass measurement were car-
ried out on a Brucker BIFLEXTM matrix-assisted laser desorption time-
of-flight mass spectrometer (MALDI-TOF). A saturated solution of
1,8,9-trihydroxyanthracene (dithranol ALDRICH EC: 214–538–0) in
CH2Cl2 was used as a matrix. FAB mass spectra were obtained on a VG
AutoSpec instrument, using m-nitrobenzyl alcohol as a matrix. FT-IR
spectra were recorded on a Nicolet Impact 410 spectrophotometer using
KBr disks. Elemental analyses were performed by the analytical service
at the Institut Charles Sadron, Strasbourg.


General procedure for the preparation of the C60-OPV derivatives : Pyri-
dine (5 mL) was added under argon to a solution of the appropriate hy-
drazone (1 equiv) in dry chloroform (10 mL). The mixture was cooled to
0 8C, NCS (4.1 equiv) was added, and the mixture was stirred for 1 hour;
[60]fullerene (2.2 equiv) in dry chlorobenzene (30 mL) and Et3N
(1 equiv) were then added. The solution was allowed to reach room tem-
perature and stirred for 1 hour. The solvent was removed under reduced
pressure and the two reaction products were purified by silica gel flash


Figure 7. a,b) SFM images of F-5PV-F in toluene, 5R10�3 mgmL�1 showing a self-assembled layer adsorbed on the graphite. White arrows indicate
graphite steps on the surface. c) Anisotropic molecular ad-layer adsorbed at a graphite step, indicated by an arrow. z ranges : a) 12 nm; b) 3.4 nm;
c) 5.5 nm.
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chromatography, with toluene as eluent. Centrifugation with methanol
(4 times) achieved further purification of the solid.


F-3PV-F : Yield: 27%; 1H NMR (CDCl3): d=8.34 (d, J=9.5 Hz, 4H),
8.26 (d, J=9.5 Hz, 4H), 7.57 (B of AB, d, J=17 Hz, 2H), 7.48 (A of AB,
d, J=17 Hz, 2H), 7.28 (s, 2H), 7.21 (s, 2H), 7.14 (s, 2H), 4.05–3.99 (m,
12H), 1.90–1.71 (m, 12H), 1.57–1.25 (m, 60H), 0.96–0.75 ppm (m, 18H);
13C NMR (CDCl3): d=151.9, 151.0, 150.3, 150.0, 147.6, 147.0, 146.9,
146.6, 146.2, 146.1, 145.9, 145.8, 145.5, 145.3, 145.2, 145.1, 144.6, 144.3,
143.9, 143.1, 142.8, 142.7, 142.3, 142.1, 141.9 (2C), 141.8, 140.6, 139.2,
137.1, 135.0, 130.3, 127.2, 125.3, 123.1, 119.1, 119.0, 116.3, 110.7, 89.3,
84.3, 69.9, 69.5, 32.2, 30.0, 29.9, 29.8, 29.7, 26.7, 26.6, 26.5, 23.0, 14.5,
14.4 ppm; IR (KBr): ñ=2925.4, 1638.6, 1616.7, 1587.6 (CH=N), 1493.0,
1328.1, 1197.1, 1022.5, 845.4, 527.7 cm�1; MALDI-TOF: m/z : 2814.7,
2092.6 [M+�C60].


F-5PV-F : Yield: 10%; 1H NMR (CDCl3): d=8.34 (d, J=9.5 Hz, 4H),
8.26 (d, J=9.5 Hz, 4H), 7.58 (B of AB, d, J=17 Hz, 4H), 7.48 (A of AB,
d, J=17 Hz, 4H), 7.29 (s, 2H), 7.28 (s, 2H), 7.21 (s, 2H), 7.17 (s, 2H),
7.15 (s, 2H), 4.10–4.00 (m, 20H), 1.92–1.82 (m, 20H), 1.58–1.27 (m,
100H), 0.89–0.81 ppm (m, 30H); 13C NMR (CDCl3): d=151.9, 150.9,
150.1, 147.6, 147.0, 146.3, 146.1, 146.0, 145.8, 145.5, 145.2, 145.1, 144.7,
144.3, 143.1, 142.9, 142.3, 142.2, 142.0, 140.7, 139.2, 137.1, 135.2, 130.4,
127.9, 126.8, 125.4, 123.3, 114.2, 110.5, 97.8, 89.3, 83.5, 69.9, 69.5, 32.2,
29.8, 29.7, 26.6, 26.5, 23.8, 23.0, 14.5, 14.4 ppm; IR (KBr): ñ =2921.3,
1636.3, 1616.5, 1588.1 (CH=N), 1495.5, 1319.9, 1262.9, 1020.9, 800.2,
527.3 cm�1; MALDI-TOF: m/z : 3530.9, 2810.9 [M+�C60].


F-3PV: Yield: 58%; 1H NMR (CDCl3): d=10.4 (s, 1H; CHO), 8.32 (d,
J=9.5 Hz, 2H), 8.24 (d, J=9.5 Hz, 2H), 7.55–7.44 (m, 4H), 7.26 (s, 2H),
7.20 (s, 2H), 7.13 (s, 2H), 4.05–4.02 (m, 12H), 1.86–1.71 (m, 12H), 1.58–
1.25 (m, 60H), 0.88–0.79 ppm (m, 18H); 13C NMR (CDCl3): d=189.1
(CHO), 156.2, 152.0, 151.3, 151.1, 150.6, 150.4, 150.2, 147.7, 147.1, 147.0,
146.6, 146.3, 146.2, 146.1, 145.9, 145.6, 145.4, 145.3, 145.2, 145.1, 144.7,
144.4, 144.0, 143.2, 143.1, 143.0, 142.9, 142.8, 142.4, 142.2, 142.1, 142.0,
141.9, 140.7, 139.2, 137.1, 135.2, 130.3, 127.7, 127.0, 125.3, 125.2, 124.0,
123.0, 119.0, 116.3, 110.6, 110.0, 89.2, 84.2, 69.7, 69.3, 69.1, 69.0, 58.5, 31.8,
31.8, 31.7, 30.9, 29.7, 29.5, 29.4, 29.3, 29.2, 26.4, 26.3, 26.2, 26.1, 22.6, 18.4,
14.1, 14.0 ppm; IR (KBr): ñ =2852.5, 1733.0 (C=O), 1677.4, 1591.9 (CH=


N), 1467.9, 1322.6, 1198.6, 852.3, 526.9 cm�1; MALDI-TOF: m/z : 1959.8,
1239.8 [M+�C60].


F-5PV: Yield: 19%; 1H NMR (CDCl3): d=10.4 (s, 1H; CHO), 8.32 (d,
J=9.5 Hz, 2H), 8.26 (d, J=9.5 Hz, 2H), 7.66–7.44 (m, 8H), 7.33 (s, 2H),
7.21 (s, 2H), 7.18 (s, 2H), 7.17 (s, 2H), 7.15 (s, 2H), 4.07–4.04 (m, 20H),
1.89–1.86 (m, 20H), 1.59–1.27 (m, 100H), 0.90–0.85 ppm (m, 30H);
13C NMR (CDCl3): d=189.2 (CHO), 156.2, 152.1, 152.0, 151.2, 151.1,
151.0, 150.6, 150.3, 150.2, 147.7, 147.1, 147.0, 146.4, 146.3, 146.1, 146.0,
145.9, 145.6, 145.4, 145.3, 145.2, 145.1, 145.1, 144.8, 144.7, 144.4, 144.3,
144.0, 143.8, 143.2, 143.1, 143.0, 142.9, 142.8, 142.3, 142.2, 142.1, 142.0,
141.9, 140.7, 139.2, 139.1, 137.1, 135.2, 125.3, 119.0, 110.8, 110.6, 110.5,
110.3, 110.0, 89.4, 89.2, 84.2, 69.4, 69.3, 31.9, 31.8, 31.8, 29.7, 29.5, 29.4,
29.4, 29.3, 29.3, 29.2, 26.4, 26.2, 26.1, 22.6, 14.2, 14.1, 14.0 ppm; IR (KBr):
ñ=2925.3, 2850.4, 1717.3 (C=O), 1636.7, 1618.5, 1587.3 (CH=N), 1496.3,
1322.1, 1257.1, 1197.3, 802.1, 526.6 cm�1; MALDI-TOF: m/z : 2676.5,
1956.5 [M+�C60].


Electrochemistry : Cyclic voltammetry measurements were carried out on
an Autolab PGSTAT 30 potentiostat by using a BAS MF-2062 Ag/0.01m


AgNO3, 0.1m TBAP in ODCB (ortho-dichlorobenzene)/ACN (acetoni-
trile) reference electrode, an auxiliary electrode consisting of a Pt wire,
and a Metrohm 6.0805.010 conventional glassy carbon electrode (3 mm
o.d.) as a working electrode, which was directly immersed in the solution.
A 10 mL electrochemical cell from BAS (Model VC-2) was also used.
The reference potential was shifted by 290 mV towards a more negative
potential relative to the Ag/AgCl scale. E1/2 values were taken as the
average of the anodic and cathodic peak potentials. Scan rate:
100 mVs�1.


Photophysical measurements : Experimental procedures were as de-
scribed previously.[19] Emission spectra were obtained with an Edinburgh
FLS920 spectrometer (continuous 450 W Xe lamp), equipped with a pelt-
ier-cooled Hamamatsu R928 photomultiplier tube (185–850 nm) or a Ha-
mamatsu R5509–72 supercooled photomultiplier tube (193 K, 800–


1700 nm range). Corrected spectra were obtained on a calibration curve
supplied with the instrument. Emission lifetimes were determined with
the Edinburgh FLS920 spectrometer equipped with a laser diode head as
excitation source (1 MHz repetition rate, lexc=407 nm, 200 ps time reso-
lution) and the above-mentioned Hamamatsu R928 PMT as detector.


STM and SFM measurements : Scanning tunneling microscopy was per-
formed at the solid–liquid interface employing a Multimode (Veeco) op-
erating with a picoAmp preamplifier and 0.25 mm thick mechanically cut
Pt/Ir tips. A drop of an almost saturated solution in 1,2,4-trichloroben-
zene (Aldrich) was applied to the basal plane of a freshly cleaved highly
oriented pyrolitic graphite (HOPG) surface. Trichlorobenzene was
chosen because it possesses a low volatility which permits to carry out
the STM studies for several hours at the solid–liquid interface with the
STM tip immersed in the solution. Moreover it is pretty good for solubi-
lizing conjugated molecules due to both its chlorination and its aromatici-
ty. By changing the tunneling parameters it was possible to visualize
either the organic adsorbate with a sub-molecular resolution or the
HOPG substrate with atomic resolution. Typical tunneling parameters
employed to visualize the organic adsorbates are bias voltage (Ut)=200–
600 mV and average tunneling current (It)=5–15 pA. Image processing
was done exploiting a commercial software SPIP version 2.000, Image
Metrology ApS.


Scanning force microscope (SFM) studies in the noncontact mode[66]


were carried out using an Autoprobe CP Research (Thermomicroscope)
recording the height signal (output of the feedback signal). SFM was run
in an air environment at room temperature with scan rates of 1–1.5 Hz
per line. Images with scan lengths ranging from 60 mm down to 1 mm
were recorded with a resolution of 512R512 pixels by using the 100 mm
scanner and noncontact Si ultralevers with a spring constant of k in the
range 2.1–17.0 Nm�1.


Ultra thin films for SFM analysis have been prepared by drop casting on
freshly cleaved HOPG surfaces a solution of F-5PV-F in toluene (HPLC
grade, Aldrich). Different concentrations of 5R10�1, 5R10�3, and to 5R
10�5 mgmL�1 were used. After deposition, the solvent was removed by
heating the sample for 60 min at 70 8C.
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Effect of Axial Ligation or p–p-Type Interactions on Photochemical
Charge Stabilization in “Two-Point” Bound Supramolecular
Porphyrin–Fullerene Conjugates


Francis D'Souza,*[a] Raghu Chitta,[a] Suresh Gadde,[a] Melvin E. Zandler,[a]


Amy L. McCarty,[a] Atula S. D. Sandanayaka,[b] Yasuyaki Araki,[b] and Osamu Ito*[b]


Introduction


Study of photoinduced electron transfer in donor–acceptor
dyads is a topic of current interest mainly to address the
mechanistic details of electron transfer in chemistry and
biology, to develop artificial photosynthetic systems for light
energy harvesting,[1–8] and also, to develop molecular opto-
electronic devices.[9] Fullerenes as electron acceptors[10] and
porphyrins as electron donors[11] have been successfully uti-
lized in the construction of such dyads[12] owing to their rich
and well-understood electrochemical, optical, and photo-
chemical properties. Fullerenes, because of their unique
structure and symmetry, require small reorganization energy
in electron transfer reactions.[13] As a consequence, fuller-


Abstract: Two types of structurally
well-defined, self-assembled zinc por-
phyrin–fullerene conjugates were
formed by “two-point” binding strat-
egies to probe the effect of axial liga-
tion or p–p-type interactions on the
photochemical charge stabilization in
the supramolecular dyads. To achieve
this, meso-tetraphenylporphyrin was
functionalized to possess one or four
[18]crown-6 moieties at different loca-
tions on the porphyrin macrocycle
while fullerene was functionalized to
possess an alkyl ammonium cation, and
a pyridine or phenyl entities. As a
result of the crown ether–ammonium
cation complexation, and zinc–pyridine
coordination or p–p-type interactions,
stable zinc porphyrin–fullerene conju-
gates with defined distance and orien-
tation were formed. Evidence for the
zinc–pyridine complexation or p–p-


type interactions was obtained from
the spectral and computational studies.
Steady-state and time-resolved emis-
sion studies revealed efficient quench-
ing of the zinc–porphyrin singlet excit-
ed state in these dyads, and the mea-
sured rates of charge separation, kCS


were found to be slightly better in the
case of the dyads held by axial coordi-
nation and crown ether–cation com-
plexation. Nanosecond transient ab-
sorption studies provided evidence for
the electron transfer reactions, and
these studies also revealed charge sta-
bilization in these dyads. The lifetimes
of the radical ion pairs were found to
depend upon the type of porphyrins


utilized to form the dyads, that is, por-
phyrin possessing the crown ether
moiety at the ortho position of one of
the phenyl rings yielded prolonged
charge stabilized states. Addition of
pyridine to the supramolecular dyads
eliminated the zinc–pyridine coordina-
tion or p–p-type interactions of the
“two-point” bound systems due to the
formation of a new zinc–pyridine axial
bond thus giving a unique opportunity
to probe the effect of axial coordina-
tion or p–p interactions on kCS and
kCR. Under these conditions, the mea-
sured electron transfer rates revealed
faster kCS and slower kCR as compared
to those obtained in the absence of
added pyridine. The evaluated lifetimes
of the radical ion-pairs were found to
be hundreds of nanoseconds and were
longer in the presence of pyridine.
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enes (C60 and C70) in donor–acceptor dyads accelerate for-
ward electron transfer (kCS) and slow down backward elec-
tron transfer (kCR) resulting in the formation of long-lived
charge-separated states, as verified in a number of porphy-
rin–fullerene dyads.[12] More recently, elegantly designed
porphyrin and fullerene bearing molecular and supramolec-
ular triads, tetrads, pentads and so on, have also been syn-
thesized and studied.[14] In some of these supramolecular
systems, distinctly separated donor–acceptor radical ion-
pairs are generated in succession by charge migration reac-
tions along the well-tuned redox gradients.[14]


Recent studies have revealed the importance of intra- and
intermolecular type interactions on the photochemistry of
flexibly and rigidly linked molecular and supramolecular
porphyrin–fullerene conjugates.[15,16] Information was ob-
tained primarily from the crystal structures of inter- and in-
tramolecularly interacting porphyrin/fullerene conjugates;[17]


thus, attempts have been made to model the organization
principles and to probe their impact on electron transfer re-
actions.[12–16] These attempts have led to the development of
a variety of porphyrin/fullerene hybrids that give rise to dif-
ferent topologies and chromophore separations. Most of the
synthetic methodologies are based on connecting porphyrins
and fullerenes by a single linker that resulted in a substan-
tial degree of conformational flexibility in the molecular
topology. As a result, the porphyrin/fullerene organization
in the resulting hybrids was poorly defined and the fullerene
could not be positioned close or on top of the porphyrinic
macrocycle. In a few synthetic approaches, the porphyrins
and fullerenes were brought together by two separate link-
ers, yielding dyads with p-stacked sandwich structures. Con-
trol over the interchromophore interactions and fine-tuning
of the properties of the ground and excited states were pos-
sible to some extent by this approach by varying the linker
lengths.[18]


Our interest in this area of research has been to utilize
multiple modes of binding in a self-assembly process to
form rigidly held porphyrin–fullerene conjugates and to vis-
ualize the effects of inter- and intramolecular interactions
on the physico-chemical properties of these novel supra-
molecular systems.[19] This approach has provided informa-
tion about the structure and orientation of the donor–ac-
ceptor pair, and minimized the different degrees of electron-
ic coupling due to the different wave function mixing, ob-
served in flexibly linked donor–acceptor pairs. In subsequent
studies, the self-assembly approach was also extended to
form supramolecular triads bearing three photo/redox active
entities, and dyads bearing more than one donor or acceptor
entities. The photochemical studies of the self-assembled
triads resulted in the successful generation of relatively
long-lived charge separated species. The multiple modes of
binding utilized different types of binding mechanisms.[19]


These include: i) a “coordinate-covalent” binding strategy in
which the porphyrin–fullerene interactions were probed by
a “tail-on” and “tail-off” binding mechanism,[19a] ii) a “coor-
dinate-hydrogen bonding” strategy which led to the forma-
tion of stable supramolecular dyads and triads,[19b] iii) a “co-


ordinate–coordinate bonding” approach of obtaining bispor-
phyrin–fullerene dyad held in a symmetrical fashion,[19c] and
iv) a “coordinate-crown ether cation complex” strategy of
obtaining stable porphyrin–fullerene conjugates with de-
fined distance and orientation.[19d] In the latter case owing to
the higher stability of the supramolecular complex it was
possible to investigate the spectral and photochemical prop-
erties in more polar solvent such as benzonitrile. It may be
mentioned here that in all of above developed multiple
binding mechanisms, metal to pyridine axial binding (coordi-
nation) was one of the common modes of binding.


In the present study, we have extended the novel ap-
proach of “two-point” binding by utilizing porphyrins bear-
ing one or four [18]crown-6 moieties (compounds 1–3 in
Scheme 1) and fulleropyrrolidine bearing an alkyl ammoni-
um cation and pyridine entities (compound 4 in Scheme 1).
As demonstrated recently for porphyrin 1 interacting with
fullerene 4,[19d] stable porphyrin–fullerene conjugate was ob-
tained in which the pyridine unit was axially coordinated to
the zinc center of the porphyrin and the ammonium cation
was complexed with the crown ether moiety. Compound 2 is
newly synthesized to visualize the “two-point” binding in a
porphyrin macrocycle in which the crown ether entity is dis-


Scheme 1. Structure of the crown ether appended porphyrins and fuller-
ene derivatives employed in the present study.
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posed differently than that in 1, while compound 3 is synthe-
sized to form porphyrin–fullerene conjugates bearing up to
four fullerene entities. In order to visualize the p–p-type in-
teractions between the porphyrin–fullerene entities in the
self-assembled dyads, fullerene 5 was synthesized which
lacks the axial coordinating pyridine unit and has only an
alkyl ammonium cation to complex with crown ether. Such
fullerene, when bound to a crown ether appended porphy-
rin, is expected to interact with the porphyrin p-system in
addition to the cation–crown ether complexation.[20a] Hence,
a comparison of the ground and excited state properties be-
tween the “two-point” bound dyads 1:4 or 2 :4, and the
dyads held by only alkyl ammonium cation–crown ether
complex, 1:5 or 2 :5 would provide information on the effects
of axial ligation versus p–p-type interactions in the presently
investigated series of self-assembled dyads on their spectral
and photochemical properties. Interestingly, addition of pyri-
dine to these supramolecular compounds eliminates the
zinc�pyridine bonds in case of dyads 1:4 and 2 :4, and the p–
p-type interactions in case of dyads 1:5 and 2 :5 as a result of
the newly formed zinc-pyridine (externally added) bond
(Scheme 2). Photochemical studies under these conditions
would provide the role of axial coordination or p–p interac-
tions on the charge separation and charge recombination
processes in the supramolecular dyads. These effects have
been systematically investigated in the present study.


Results


Optical absorbance studies and ground state interactions :
The optical absorption behavior of the benzo-[18]crown-6
appended at different meso-positions of the zinc porphyrin
macrocycle was found to be similar to that of pristine meso-
tetraphenylporphyrinatozinc, ZnP. That is, they exhibited an
intense Soret band around 425 nm and two visible bands
around 560 and 600 nm, respectively. No apparent absorp-
tion bands in the wavelength region covering 350–700 nm
corresponding to the crown ether entities were observed.
Addition of fullerene 4 to a solution containing porphyrin 1
or 2 revealed spectral changes accompanied by one or more
isosbestic points. Typical spectral changes are shown in
Figure 1 for porphyrin 2 in the presence of increasing
amounts of fullerene 4. The Soret band revealed a decrease
in intensity accompanied by a red shift, typical of axial coor-
dination of a nitrogenous ligand. The 1H NMR studies con-
firmed the “two-point” binding involving axial coordination
of the pyridine entity of 4 to the metal center of 1, and the
crown ether-ammonium cation complexation (See Figure S1
in the Supporting Information). The binding constants for
zinc porphyrin–fullerene conjugate formation were calculat-
ed from Benesi–Hildebrand plots[21] using the absorbance
and fluorescence spectral data and the results will be dis-
cussed in the subsequent sections.


Interestingly, in the case of fullerene 5 binding to the
crown ether appended porphyrins, 1–2, the observed spec-
tral shifts were not so drastic primarily due to the lack of
axial coordination. However, spectral evidence for p–p-type


interactions between the por-
phyrin macrocycle and the full-
erene spheroid was observed.
As shown in Figure 1 inset, a
broad band in the 725–825 nm
region was observed for the
dyad 1:5. Control experiments
performed by recording the
spectrum of 1, 5, and the spec-
trum obtained by the digital ad-
dition of spectrum of 1 and 5
were different in this wave-
length region. Earlier, in a
number of covalently linked
porphyrin–fullerene dyads such
broad absorption bands in the
725–900 nm regions were ob-
served as a result of p–p-type
interactions.[16,18] A similar but
less pronounced spectrum was
also observed for the complex
2 :5 but not for the spectra of
1:4 and 2 :4. Addition of pyri-
dine to the solution eliminated
this spectral band. 1H NMR ti-
trations of fullerene, 5 on in-
creasing addition of porphyrin,Scheme 2. Effect of external pyridine addition on the structures of the supramolecular dyads.
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1 in CDCl3 revealed systematic high field shift (up to
0.3 ppm) of the pyrrolidine and alkyl protons of the ammo-
nium pendant arm. The shifts of the phenyl ring protons of
5 were found to be <0.1 ppm. The high field shifts were
smaller than that earlier reported for the complex 1:4 in-
volving both axial coordination and cation–crown ether
complexation. The observed high field shift for the dyad 1:5
suggests positioning of the fullerene moiety in the ring-cur-
rent zone of the porphyrin ring with close proximity, that is,
the presence of interacting porphyrin and fullerene entities
in the complex. To summarize, the present spectral results
indicate metal–ligand axial coordination and crown ether–
ammonium cation complexation in case of 1:4 and 2 :4. In
the case of 1:5 and 2 :5, in addition to crown ether–ammoni-
um cation complexation, p–p-type interactions have also
been observed.


Ab initio B3LYP/3-21G(*) Computational studies : In order
to further understand the geometry and electronic structure
of the investigated conjugates, computational studies were
performed on all of the investigated dyads by a moderate
level ab initio method. Our recent works using the B3LYP/
3-21G(*) method on molecular/supramolecular systems
have yielded remarkable results not only in predicting the
correct geometry but also in predicting p–p-type interac-
tions and tracing the sequence of electrochemical redox
processes.[19,22] As a consequence of p–p-type charge transfer
interactions in the ground state, partial delocalizations of
the HOMO and LUMO frontier orbitals on both the donor
and acceptor entities were observed for the donor–acceptor
dyads.[16f]


The structures of the self-assembled dyads are shown in
Figures 2 and 3a, and the key geometric parameters are


given in Table 1. For geometry optimization, the starting
porphyrin and fullerene entities were initially optimized on
a Born–Oppenheimer potential energy surface and then al-
lowed to interact. The optimized structures of dyads 1:4 and
2 :4 revealed the expected “two-point” binding, namely,
zinc–pyridine coordination and crown ether–ammonium
cation complex formation. The Zn–N distance of the newly
formed coordinate bond was around 2.1 O which was close
to the other four Zn�N bond lengths of the zinc porphyrin.
The Zn was pulled out of the porphyrin plane by about
0.4 O upon axial bond formation. Two sets of N�O distan-
ces, 2.80 and 3.00 O, were observed for the ammonium
cation-crown ether complexation. That is, the presence of
three sets of N�H···O type hydrogen bonds was visualized.
Because of the different position of the crown ether moiet-
ies on the porphyrin macrocycle, the topology of the dyads
was different, as shown in Figure 2a and b. It may be men-
tioned here that the porphyrin macrocycle in 1 was distorted
considerably upon self-assembling the fullerene while such
macrocycle distortions were not found in porphyrin 2. Inter-
estingly, the center-to-center distance between the zinc–por-
phyrin and fullerene entities was found to be almost the
same, slightly larger than 10 O. The edge-to-edge distance,
that is, the distance between the closest porphyrin p-ring
atom to the fullerene spheroid carbon atom was over 4.5 O,
larger than that would be expected to observe any through-
space p–p-type interactions. These results suggest that, al-
though dyads 1:4 and 2 :4 have considerable rigidity because
of the employed “two-point” binding motif, they have no
through space p–p type charge-transfer interactions. These
observations readily agree with the earlier discussed optical
absorption spectral results.


In contrast to the above results on 1:4 and 2 :4 dyads, the
structure of dyads 1:5 and 2 :5 revealed the presence of p–p-
type interactions. As shown in Figure 2c for the dyad 1:5
and in Figure 3a for the dyad 2 :5, the geometric parameters
revealed the expected crown ether–ammonium cation com-
plex formation. The calculated center-to-center distances be-
tween the porphyrin and fullerene entities were found to be
in the range of 5.6 to 6.1 O while the edge-to-edge distances
were in the rage of 2.2 to 2.3 O (Table 1) indicating closely
interacting porphyrin and fullerene entities. It may be men-
tioned here that slightly energy demanding, “extended type”
conformers were possible for 1:5 and 2 :5 dyads. Interesting-
ly, addition of pyridine to form a pentacoordinated zinc por-
phyrin of the 2 :5 dyad (Figure 2d), pushed the fullerene
entity away from the porphyrin macrocycle by ~1 O thus
eliminating the through space interactions.


The frontier HOMO and LUMO orbitals also revealed
the existence of p–p type interactions in these dyads. As
shown in Figure 3b and c for the dyad 2 :5, considerable
amounts of HOMO were found on the fullerene entity,
while part of LUMO was also found on the porphyrin entity
of the dyad. Similar results of delocalization of the frontier
orbitals were observed for the studied dyad 1:5 but not for
the dyads 1:4 and 2 :4. It may also be mentioned here that
the dyad 2 :5 in the presence of pyridine bound to zinc did


Figure 1. Spectral changes observed during the titration of porphyrin 2
(1.6 mm) with fullerene 4 (0.21 mm each addition) in benzonitrile. The
inset shows enlarged near-IR portion of the spectrum for i) porphyrin 1,
ii) fullerene, 5, iii) digitally added spectrum of i) and ii), and iv) the com-
plex obtained by treating equimolar 1 and 5 in benzonitrile.


Chem. Eur. J. 2005, 11, 4416 – 4428 www.chemeurj.org H 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4419


FULL PAPERPorphyrin–Fullerene Conjugates



www.chemeurj.org





not reveal such delocalization of the frontier orbitals corre-
lating with the increased distance between the entities.


Fluorescence emission studies : The singlet excited-state
quenching of crown ether appended porphyrins by function-
alized fullerenes was investigated to obtain the binding con-
stants of the self-assembled dyads and the overall fluores-
cence quenching behavior with respect to differently assem-
bled zinc porphyrin–fullerene dyads. The emission behavior
of the crown ether appended porphyrins was found to be
similar to that of ZnP with two emission bands around 610
and 660 nm, respectively. Addition of either of the fullerene
derivatives, 4 or 5, to a solution of either of porphyrins 1, 2,
or 3, revealed fluorescence quenching in benzonitrile. Rep-
resentative emission changes of 2 on increasing addition of 4
are shown in Figure 4. By using the emission data, the bind-


ing constants (K) for the formation of self-assembled dyads
were obtained by constructing Benesi–Hildebrand plots[21]


(Figure 4, inset), and the data are listed in Table 2. The mag-
nitude of the binding constants revealed stable self-assembly
in polar benzonitrile and agreed well with that reported on
1:4 by using absorbance methods.[19d] Earlier, for the “one-
point” bound through axial coordinating zinc porphyrin–
fullerene dyads,[22c] it was not possible to perform spectro-
scopic studies in polar benzonitrile signifying the importance
of the adopted “two-point” binding strategy in the present
study. For porphyrin 1, the binding of 4 is 2–3 times larger
than that of 5. Similarly, for porphyrin 2, the binding of 4 is
an order of magnitude higher than that of 5. This could be
rationalized based on the ability of 4 to form “two-point”


Figure 2. Ab initio B3LYP/3-21G(*) calculated structures of the self-as-
sembled dyads a) 1:4, b) 2 :4, c) 1:5 and d) 2 :5 with pyridine axial ligand.


Figure 3. Ab initio B3LYP/3-21G(*) calculated a) optimized structure,
b) HOMO, and c) LUMO of the self-assembled 2 :5 dyad.


Table 1. B3LYP/3-21G(*) optimized geometric parameters for the
crown-ether-ammonium cation complexed, self-assembled zinc porphy-
rin–fullerene conjugates.


Dyad[a] center-to-center Distance [O][b] edge-to-edge Distance [O]
ZnP-C60 ZnP-N C60-N ZnP-C60


1:4 10.1 10.1 10.2 4.5
2 :4 10.7 9.7 8.7 6.7
1:5 6.1 10.6 9.2 2.3
2 :5 5.6 10.2 10.0 2.2
Py :2 :5[c] 6.7 10.5 10.0 3.3


[a] See Scheme 1 for structures. [b] Zinc metal center, center of C60 sphe-
roid, and N of ammonium cation were used. [c] Axial coordination of
pyridine to the zinc center, see Figure 2d.


Figure 4. Fluorescence spectral changes observed on increasing addition
of fullerene 4 (2.0 mm each addition) to a solution of porphyrin 2 in ben-
zonitrile. lex=560 nm. The inset shows the Benesi–Hildebrand plot at
615 nm constructed for measuring the binding constant; Io (fluorescence
intensity in the absence of 4), and DI (changes of fluorescence intensity
on addition of 4).
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binding involving axial ligation and crown ether-cation com-
plex formation. The smaller K values of 1:5 and 2 :5 suggest
that the contributions from the p–p-type interactions are
smaller than the axial coordination bond of dyads 1:4 and
2 :4. However, it may be mentioned here that the p–p-type
interactions indeed contribute to the overall stability of the
self-assembled dyads.


Figure 5 shows the Stern–Volmer plots of the fluorescence
quenching by the crown ether appended porphyrins by the
functionalized fullerenes. The slope of the plots followed the
binding constants, that is, the efficiency of fluorescence
quenching was higher for more stable complexes. The calcu-
lated Stern–Volmer constant, KSV values were found to
range between 1.2Q103m


�1 and 1.6Q105m
�1. On employing


the excited state lifetime of zinc porphyrin to be 2 ns, the
fluorescence quenching rate-constants, kq, were two to four
orders of magnitude higher than that expected for diffusion
controlled-bimolecular quenching processes in benzonitrile
(5.0Q109m


�1 s�1) suggesting that the intramolecular process-
es are responsible for the fluorescence quenching. The ten-
dency of increasing in the kq values is in good agreement
with those evaluated K values.


Scanning the emission wavelength of the zinc porphyrin–
fullerene dyads to longer wavelength regions (700–800 nm)
revealed a weak emission band around 715 nm correspond-
ing to the singlet emission of the C60 moiety. The intensity
of this band for a given concentration of fulleropyrrolidine
was found to be almost the same as that obtained in the ab-
sence of added zinc porphyrin. Changing the excitation
wavelength from 560 to 410 nm also revealed similar obser-
vations with slightly enhanced emission of fulleropyrrolidine
due to its higher absorbance at 410 nm. These results sug-
gest that emission in the 700–800 nm range is attributable to
direct excitation of the fullerene unit.


Electrochemical studies : Cyclic voltammetric studies were
performed to evaluate the redox potentials of the dyads.
The zinc porphyrins, 1 and 2 revealed two one-electron oxi-
dations corresponding to the formation of ZnPC+ and ZnP2+ ,
respectively (Figure 6), and a one-electron reduction corre-
sponding to the formation of ZnPC� . Scanning the potential
further in the negative direction revealed another reduction
but was not well defined. Upon forming the dyads, the oxi-
dation waves revealed interesting changes. That is, the first
oxidation processes were still reversible but were easier to
oxidize by 5–30 mV, depending upon the nature of the por-
phyrin and the fullerene. The first oxidation processes of
ZnP in the dyads were located in the range 0.27–0.30 V
versus Fc/Fc+ . Such cathodic shifts were much more pro-
nounced for the second oxidation processes. That is, shifts in
the range of 30–100 mV were observed. However, the
second oxidation processes were found to be irreversible. In
these dyads, the potentials corresponding to the reductions
of fulleropyrrolidine were not different from that of un-
bound fulleropyrrolidine.[22c] The first reduction of fullero-
pyrrolidine in the dyads was located at E1=2


= �1.10 V
versus Fc/Fc+ (data not shown). The free-energy changes
for charge separation, DGCS and charge recombination,
DGCR were calculated by using the first oxidation potential
of ZnP, the first reduction potential of fulleropyrrolidine,
singlet excitation energy of the ZnP, and the Coulomb
energy according to Weller5s approach.[23] Both DGCS and
DGCR were found to be exothermic with values ranging be-
tween �0.70 to �0.72 eV for DGCS and �1.31 to �1.33 eV
for DGCR. These negative DGCS values indicate that the
charge-separation process is probably near the top region of
the Marcus parabola, because the reported reorganization
energy (about 0.7 eV)[14d] is almost the same as the absolute
value of DGCS. On the other hand, the DGCR values suggest
that the charge-recombination process belongs to the invert-
ed region of the Marcus parabola.[14d]


Further, time-resolved emission and transient absorption
studies were performed to follow the kinetics of quenching
and to characterize the photo reaction products.


Pico-second time-resolved emission studies : The time-re-
solved emission studies of the self-assembled dyads tracked
those of steady-state measurements. Figure 7a–c show the
emission decay time profile of the crown ether appended


Table 2. Formation constants calculated from the Benesi–Hildebrand
plots of the fluorescence data for the “two-point” bound zinc porphyrin–
fullerene conjugates in benzonitrile at 25 8C.


Porphyrin Receptor[a] Fullerene K [m�1][b]


1 4 4.48Q104


5 1.64Q104


2 4 2.08Q104


5 1.30Q103


3[c] 5 4.80Q103


[a] See Scheme 1 for structures of the porphyrin and fullerene deriva-
tives. [b] Error = �10%. [c] Overall binding constant.


Figure 5. Stern–Volmer plots of fluorescence quenching at 616 nm of i) 1
by 4, ii) 2 by 4, iii) 1 by 5, iv) 3 by 5, and v) 2 by 5 in benzonitrile, lex=


558 nm.
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porphyrins, 1–3 in the absence and presence of fullerene de-
rivatives, 4 and 5. The lifetimes of the singlet excited crown
ether appended porphyrins were found to be similar to that
of ZnP, around 2 ns, and all of them revealed mono-expo-
nential decay. The appended crown ether moieties had little
or no influence on the lifetime of the porphyrin. Addition of
1.5 equivalents of fullerene derivatives to ensure complete
complexation of the porphyrins (1 or 2) caused rapid decay
in addition to slow decaying tail as shown in Figure 7. The
porphyrin emission decay in the
dyads could be fitted satisfacto-
rily by a bi-exponential decay
curve; the lifetimes (tf) are
summarized in Table 3. The
fractions of the short tf compo-
nents seem to increase with the
K values in Table 2, the slow tf


components may be related to
the uncomplexed porphyrin
emission.


Based on the observations
that the time resolved fluores-
cence spectra did not show the
appearance of the transient
fluorescence peak of the C60


moiety after the decay of the
fluorescence of the ZnP moiety,
the short lifetimes of ZnP are
predominantly due to charge-
separation within the supra-
molecular dyads. Thus, the
charge-separated rates (kS


CS)
and quantum yields (FS


CS) were


evaluated from the short tf components in the usual manner
employed in the intramolecular electron-transfer process,[19]


as listed in Table 3. Higher values of kS
CS and FS


CS were ob-
tained for all of the dyads indicating the occurrence of effi-
cient electron transfer irrespective of the nature of the
adopted binding modes. The kS


CS values are generally higher
for the “two-point” bound system involving axial coordina-


Figure 6. Cyclic voltammograms showing the oxidation processes of a) 1
in the absence (a) and presence (c) of 1 equiv 4, b) 1 in the absence
(dashed line) and presence (c) of 1 equiv 5, c) 2 in the absence (a)
and presence (c) of 1 equiv 4, and d) 2 in the absence (a) and pres-
ence (c) of 1 equiv 5 in benzonitrile, 0.1m (n-C4H9)4NClO4. Scan
rate=100 mVs�1.


Figure 7. a) Fluorescence decays at 610–630 nm of i) porphyrin 1
(0.1 mm), ii) porphyrin 1 (0.1 mm) in the presence of fullerene 5
(0.15 mm) and iii) porphyrin 1 (0.1 mm) in the presence of fullerene 4
(0.15 mm) in benzonitrile. b) Fluorescence decays of i) porphyrin 2
(0.1 mm), ii) porphyrin 2 (0.1 mm) in the presence of fullerene 5
(0.15 mm) and iii) porphyrin 2 (0.1 mm) in the presence of fullerene 4
(0.15 mm) in benzonitrile. c) Fluorescence decays of porphyrin 3
(0.1 mm), in the presence of i) 0.0 mm, ii) 0.11 mm, iii) 0.21 mm, iv)
0.31 mm and v) 0.42 mm) of fullerene 5 in benzonitrile. All of the samples
were excited at 410 nm.


Table 3. Fluorescence lifetime (tf), charge-separation rate-constant (kS
CS),


[a] charge-separation quantum yield
(FS


CS)
[b] , charge-recombination rate constant (kCR) and lifetime of the radical ion-pair for the investigated zinc


porphyrin–fullerene conjugates in benzonitrile.


Porphyrin Fullerene tf [ps] (%) k S
CS [s


�1] F S
CS kCR [s�1] tRIP [ns]


1 1980 (100)
1 4 280 (83)


1180 (17)
3.1Q109 0.86 2.1Q107 50


1 5 330 (82)
1270 (18)


2.6Q109 0.84 1.0Q107 100


Py :1[c] 4 280 (79)
1560 (21)


3.0Q109 0.86 4.0Q106 250


Py :1 5 300 (80)
1640 (20)


2.8Q109 0.85 3.6Q106 280


2 1960 (100)
2 4 300 (80)


1460 (20)
2.8Q109 0.85 4.7Q106 210


2 5 320 (57)
1520 (43)


2.6Q109 0.84 4.9Q106 200


Py :2[c] 4 300 (82)
1420 (18)


2.9Q109 0.85 2.0Q106 500


Py :2 5 300 (50)
1450 (50)


2.8Q109 0.84 2.6Q106 390


3 1950 (100)
3 5 370 (65)


1500 (35)
2.2Q109 0.82 1.2Q107 80


[a] kS
CS= (1/tf)complex�(1/tf)ZnP. [b] F S


CS= [(1/tf)complex�(1/tf)ZnP]/(1/tf)complex. [c] In pyridine (0.1 mm).
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tion and crown ether-cation complexation than that involv-
ing crown ether-cation complexation and p–p interactions. It
may also be mentioned here that the magnitudes of kS


CS and
FS


CS are close to those reported earlier for a number of cova-
lently linked zinc porphyrin–fullerene dyads.[15,16] Nanosec-
ond transient absorption spectral studies were also per-
formed to characterize the electron transfer products.


Nanosecond transient absorption studies : Transient spectra
recorded after 550 nm laser irradiation of crown ether ap-
pended porphyrins, 1–3 revealed absorption peaks at 630
and 840 nm corresponding to the excited triplet state of zinc
porphyrin.[25] Fullerenes 4 and 5 showed a band at 700 nm
corresponding to their excited triplet state.[25a] It may be
mentioned here that the 550 nm laser did not cause decom-
position of the crown ether appended porphyrins under the
present experimental conditions. Figure 8 shows the transi-


ent absorption spectra of 1:4 at different time-intervals for
the studied self-assembled zinc porphyrin–fullerene dyads.
Transient spectra of other studied supramolecular dyads are
given in the Supporting Information. In these spectra, in ad-
dition to the peaks corresponding to the triplet excited zinc
porphyrin and fullerene, peaks at 600 nm corresponding to
the formation of zinc porphyrin cation radical and at
1020 nm corresponding to the formation of fulleropyrroli-
dine anion radical were observed. These spectral features
provide experimental proof for the assigned electron trans-
fer fluorescence quenching mechanism.


In order to calculate the rate of charge recombination kCR,
the decay of the fulleropyrrolidine anion radical peak at
1020 nm was monitored. As shown in Figure 9, the time pro-
file at 1020 nm followed the first-order decay suggesting the
occurrence of intramolecular charge recombination process
of the radical ion-pair. The kCR values thus measured in
Table 3 are 2–3 orders of magnitude smaller than kCS sug-
gesting charge stabilization in the dyads. The lifetimes of the
radial ion-pairs, tRIP were evaluated from the kCR as given in
Table 3. The magnitude of the tRIP values was found to
range between 50–210 ns suggesting that the charge stabili-
zation in these dyads depends upon the nature of the por-


phyrin and the resulting complex. That is, the charge stabili-
zation is generally higher for dyads formed from porphyrin
2 than from porphyrin 1. The tRIP value for the 1:4 complex
is shorter than that for the 1:5 complex indicating that the
charge recombination tends to be accelerated via the coordi-
nation bond of 1:4 more than the p–p interactions (through-
space) of 1:5. This could be reasonably explained because of
the longer distance between the ZnP and C60 entities of the
1:4 complex (Table 1). On the other hand, the tRIP value for
2 :4 is almost the same as that of 2 :5, suggesting that the
charge-recombination via p–p interactions (through-space)
is preferred over the coordination bond, because of the
shorter distance between the ZnP and C60 entities. Interest-
ingly, complexes formed from porphyrin 3 bearing up to
four fullerene entities had no additional effect in terms of
slowing down the charge-recombination process. Additional-
ly, the fast rise of the 1020 nm band also suggests that the
charge separation from the triplet excited states is a minor
contributor to the overall electron transfer process.


Pyridine complexation to zinc porphyrin—Retro axial coor-
dination or p–p interaction effect : As discussed earlier from
optical absorption and computational modeling studies, ad-
dition of pyridine to dyads 1:4 or 2 :4 replaces the zinc–pyri-
dine coordination bond of the supramolecular complexes
with the formation of a new zinc�pyridine bond (Sche-


Figure 8. Nanosecond transient absorption spectra of porphyrin 1
(0.1 mm) in the presence of fullerene 4 (0.11 mm, at 32 ns (*) and 320 ns
(*) after the 550 nm laser irradiation in benzonitrile.


Figure 9. Absorption time profiles of a) i) porphyrin 1 (0.10 mm) in the
presence of fullerene 4 (0.11 mm), ii) porphyrin 1 (0.10 mm) in the pres-
ence of fullerene 4 (0.14 mm) and pyridine (0.11 mm) at 1020 nm in
PhCN; b) i) porphyrin 1 (0.10 mm) in the presence of fullerene 5
(0.11 mm), ii) porphyrin 1 (0.10 mm) in the presence of fullerene 5
(0.14 mm) and pyridine (0.11 mm) at 1020 nm in benzonitrile.
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me 2a). Similarly, addition of pyridine to the supramolecular
complexes of 1:5 and 2 :5 forms a new zinc�pyridine coordi-
nation bond and attenuates the p–p interactions (Sche-
me 2b) yielding increased porphyrin–fullerene distances
(Figure 2d and Table 1). Hence, photochemical measure-
ments in the presence of pyridine would give us a unique
opportunity to verify the axial coordination and p–p interac-
tions on the rates of charge separation, kCS and rates of
charge recombination, kCR. In the case of supramolecular
complexes held by axial coordination and cation–crown
ether complexation, addition of pyridine would keep the co-
ordination number of the central zinc the same, and there-
fore the electronic structure of zinc porphyrin would not be
significantly different. Only small changes in the donor–ac-
ceptor distances would be anticipated. In the case of the
complexes held by p–p interactions and cation–crown ether
complexation, addition of pyridine would cause slight
changes in the redox potentials (<15 mV change), and red
shifts of the absorption and emission bands in addition to in-
creased donor–acceptor distances. Importantly, the p–p type
interactions observed in 1:5 and 2 :5 are attenuated upon
axial coordination as shown in Figure 2d and Table 1.


In general, as listed in Table 3, addition of pyridine to
supramolecular dyads slightly increased the kCS values which
could easily be attributed to the slightly better donor ability
of the zinc–porphyrin upon axial pyridine coordination. The
slight increase in the donor–acceptor distance upon axial
pyridine coordination had no appreciable effect on kCS or
this effect is factored into the observed kCS. Interestingly,
the measured kCR revealed slower rates of charge recombi-
nation. The lifetimes of the radical ion-pair calculated from
the kCR values were found to be hundreds of nanoseconds
suggesting longer lifetimes of the charge-separated state
upon axial pyridine coordination for both types of supra-
molecular complexes. That is, elimination of either the axial
coordination shown in Scheme 2a or attenuation of p–p in-
teractions as shown in Scheme 2b for the studied supra-
molecular complexes elongates the distance between ZnP
and C60, resulting in slower charge-recombination rates.


Discussion


The results of the present study demonstrate several impor-
tant points. The design of the “two-point” bound systems in-
volving crown ether–cation complexation and either axial
coordination or p–p type interactions has yielded, highly
stable, self-assembled zinc porphyrin–fullerene conjugates
which allowed us to perform the spectral and photochemical
studies in a polar solvent, benzonitrile. This is unlike a
number of previous studies on “one-point” bound self-as-
sembled porphyrin–fullerene dyads, where the spectral and
photochemical studies could be performed only in nonpolar
solvents such as toluene and dichlorobenzene, due to the
limited stability of these types of conjugates.[22c,e,f] Because
of the adopted “two-point” binding, the dyads revealed de-
fined structure and topology depending upon the position of


the crown ether on the porphyrin macrocycle and type of in-
teractions (coordination or p–p-type).


It has been possible to control intramolecular interactions
between the donor and acceptor entities by using the pres-
ent “two-point” binding methodology. By the choice of an
axial ligating pyridine entity on the fullerene (compound 4)
or phenyl entity (compound 5), it was possible to achieve
control over axial coordination and p–p interactions. Al-
though the former type of dyads involving axial coordina-
tion and crown ether–cation complexation was more stable
than the latter type involving p–p interactions and crown
ether–cation complexation, computational studies revealed
longer distances between the porphyrin and fullerene enti-
ties in the former type of dyads compared with the relatively
shorter distances of the latter type.


Photochemical studies revealed light induced electron
transfer from the singlet excited porphyrin to the fullerene
as the main fluorescence quenching mechanism irrespective
of the type of binding modes. Both steady-state and time-re-
solved emission studies revealed efficient fluorescence
quenching and the measured rate of charge separation was
slightly higher for the dyads formed by axial coordination
and crown ether–cation complexation binding mechanism.
One possibility for the slightly low kCS values for the dyads
involving p–p interactions and crown ether–cation complex-
ation could be due to the existence of “free” and “bound”
forms of the p-interacting species. In the “free” form, where
only the crown ether–cation complex holds the dyad, the
electron donor–acceptor distance would increase considera-
bly (up to 5 O from computational modeling). Under these
conditions, the measured rates could be the average of the
different conformers.


Another important aspect is the ability of these self-as-
sembled dyads to stabilize the charge separated states thus
creating radical ion-pairs of long lifetimes in the 50–500 ns
range. Free-energy calculations revealed that the charge re-
combination process for these dyads occurs in the inverted
region of the Marcus parabola similar to the reported obser-
vations for a number of covalently linked and self-assembled
porphyrin–fullerene conjugates. However, the measured tRIP


values suggest that the dyads formed from porphyrin 2 are
better combinations than porphyrin 1 irrespective of the
type of fullerene used to form the dyad. One of the reasons
for these findings might involve the differences in the mech-
anism of the charge-recombination processes; that is, via
axial coordination bond versus via through-space p–p inter-
actions.


It was possible to achieve additional charge stabilization
by eliminating the zinc�pyridine axial bond or by attenuat-
ing p–p interactions by the addition of pyridine to the solu-
tion containing the dyads. The measured kCS values were
slightly higher and the kCR values were considerably lower
in the presence of pyridine. Keeping in mind the small
changes in the energetics upon external pyridine coordina-
tion, the lower kCR value can be attributed to the increased
distance between the porphyrin–fullerene entities as a result
of the externally added pyridine coordination. These points
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delineate the importance of the present methodology for
building stable supramolecular porphyrin–fullerene conju-
gates with defined distance and orientation, and subsequent
manipulation of the rates of electron-transfer by controlling
the axial coordination or p–p interactions during photoin-
duced processes in these novel supramolecular dyads.


Experimental Section


Chemicals : Buckminsterfullerene, C60 (+99.95%) was from SES Re-
search (Houston, TX). All the chromatographic materials and solvents
were procured from Fisher Scientific and were used as received. Tetra-n-
butylammonium perchlorate (n-C4H9)4NClO4 was from Fluka Chemicals.
All other chemicals utilized in the synthesis were from Aldrich Chemicals
(Milwaukee, WI) and were used as received.


Synthesis of porphyrin and fullerene derivatives


H2-5-(2-Hydroxyphenyl)-10,15,20-triphenylporphyrin (1a): This com-
pound was synthesized according to the literature procedure.[25] 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d=8.89–8.84 (m, 8H, b-pyrrolic H),
8.23–8.17 (m, 6H, o-phenyl H), 8.0–7.96 (dd, 2H, o,m-H meso-substituted
phenyl), 7.78–7.64 (m, 9H, m,p-phenyl H), 7.33–7.26 (m, 2H, m,p-H
meso-substituted phenyl), 5.0 (br s, 1H, OH).


4’-Formylbenzo-[18]crown-6 (1b): This compound was synthesized ac-
cording to the following procedure: A mixture of 3,4-dihydroxybenzalde-
hyde (1 g, 7.24 mmol) and excess K2CO3 (5.0031 g, 36.2 mmol) taken in
DMF (~50 mL) was stirred at ~80 8C under nitrogen for 30 min. Then
pentaethylene glycol di-p-toluene sulfonate (3.483 mL, 7.9641 mmol) was
added to the reaction mixture during 20 minutes, and stirred at ~80 8C
under nitrogen atmosphere for 20 h. The cooled mixture was filtered and
the filtrate was evaporated to dryness and the residue was extracted with
chloroform. The extract was evaporated to yield a viscous oil which was
purified through column chromatography over silica gel by using CHCl3/
MeOH 98:2. Evaporation of the solvent yielded a pale-yellow oil, which
upon triturating with diethyl ether and refrigeration gave the desired
product as a white solid (1.85 mg, ~75%). 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d=9.84 (s, 1H), 7.44 (dd, 1H, phenyl H), 7.39 (d, 1H,
phenyl H), 6.95 (d, 1H, phenyl H), 4.28–4.18 (m, 4H, crownethylene H),
4.02–3.90 (m, 4H, crownethylene H), 3.82–3.71 (m, 8H, crownethylene
H), 3.69 (s, 4H, crownethylene H).


4’-Hydroxymethylbenzo-[18]crown-6 (1c): This compound was obtained
by reduction of the above synthesized formyl-derivative, 1b by using a
procedure described by Kryatova et al.[26] 4’-Formylbenzo-[18]crown (1b)
(1 g, 2.93 mmol) was suspended in absolute ethanol (15 mL), and the
mixture was cooled to 0 8C. Sodium borohydride (125 mg, 3.3 mmol) was
added to this suspension in small portions, maintaining the temperature
below 7 8C. After the addition of sodium borohydride, the mixture was
stirred at 0 8C for 2 h and the solvent was rotary evaporated. The residue
was washed with water and extracted with CH2Cl2 (835 mg, ~85%).
1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=6.92 (d, 1H, phenyl H),
6.88–6.78 (m, 2H, phenyl H), 4.60 (s, 2H, benzyl H), 4.22–4.06 (m, 4H,
crownethylene H), 3.98–3.82 (m, 4H, crownethylene H), 3.80–3.58 (m,
12H, crownethylene H), 2.20 (br s, 1H).


4’-Chloromethylbenzo-[18]crown-6 (1d): This compound was prepared
according to Kryatova et al.[26] 4’-Hydroxymethylbenzo-[18]crown-6] (1c)
(200 mg, 0.59 mmol) was dissolved in CH2Cl2 (15 mL), and fine powder
of K2CO3 (270 mg, 1.954 mmol) was added. The mixture was cooled to
0 8C under N2, and thionyl chloride (96 mL, 1.31 mmol) was added. The
reaction was stirred for 1 hour, then filtered and the solvent was evapo-
rated to give a semi-solid product (192 mg, ~90%), which was used with-
out further purification. 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d =


6.92 (m, 2H, phenyl H), 6.82 (d, 1H, phenyl H), 4.55 (s, 2H, benzyl H),
4.24–4.10 (m, 4H, crownethylene H), 4.0–3.84 (m, 4H, crownethylene
H), 3.80–3.60 (m, 12H, crownethylene H).


H2-5-(2-Oxomethylbenzo-[18]crown-6-phenyl)-10,15,20-triphenylporphyr-
in (1e): A mixture of 1a (335 mg, 0.53 mmol) and excess K2CO3 (220 mg,


1.592 mmol) taken in DMF (~50 mL) was stirred at ~80 8C under nitro-
gen for 30 min. Then, 4’-chloromethylbenzo-[18]crown-6 (1d) (190 mg,
0.53 mmol) dissolved in minimum amount of DMF was added to the re-
action mixture over 20 min, and stirred at ~80 8C under nitrogen atmos-
phere for 18 h. The cooled mixture was filtered and the filtrate was
evaporated to dryness and the residue was extracted with chloroform.
The extract was evaporated and the residue was subjected to column
chromatography over basic alumina. The desired compound was eluted
with CH2Cl2/EtOAc 80:20 (430 mg, ~85%). 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d=8.92–8.78 (m, 8H, b-pyrrolic H), 8.34–8.12 (m, 6H, o-
phenyl H), 8.05 (dd, 1H, ortho-H meso-substituted phenyl), 7.80–7.62 (m,
10H, m,p-phenyl H), 7.38–7.28 (m, 2H, m,p-phenyl H), 6.25 (s, 2H, ben-
zocrown-phenyl H), 5.18 (s, 1H, benzocrown-phenyl H), 4.85 (s, 2H,
benzyl H), 3.68–3.59 (m, 2H, crownethylene H), 3.52–3.48 (m, 2H,
crownethylene H), 3.47–3.36 (m, 6H, crownethylene H), 3.34–3.26 (m,
2H, crownethylene H), 3.18–3.08 (m, 2H, crownethylene H), 2.58–2.48
(m, 2H, crownethylene H), 1.52–1.42 (m, 2H, crownethylene H), 1.41–
1.32 (m, 2H, crownethylene H), �2.7 (br s 2H, imino H); UV/Vis (tolu-
ene): lmax = 419.0, 514.0, 547.5, 590.0, 645.5 nm.


5-(2-Oxomethylbenzo-[18]crown-6-phenyl)-10,15,20-triphenylporphyrina-
tozinc(ii) (1): The free-base porphyrin 1e (100 mg, 0.105 mmol) was dis-
solved in CHCl3 (20 mL), a saturated solution of zinc acetate in methanol
was added to the solution, and the resulting mixture was refluxed for 2 h.
The course of the reaction was followed spectrophotometrically by the
disappearance of the 514.0 nm band of 1e. At the end, the reaction mix-
ture was washed with water and dried over anhydrous Na2SO4. Chroma-
tography on basic alumina by using CHCl3/EtOAc 80:20 gave the title
compound (96 mg, ~90%). 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=


8.86–8.74 (m, 8H, b-pyrrolic H), 8.14–8.0 (m, 6H, o-phenyl H), 7.78 (dd,
1H, ortho-H meso-substituted phenyl), 7.73–7.57 (m, 10H, m,p-phenylH),
7.31–7.17 (m, 2H, m,p-phenyl H), 6.23–6.15 (m, 1H, benzocrown-phenyl
H), 5.91 (d, 1H, benzocrown-phenyl H), 4.99 (m, 1H, benzocrown-
phenyl H), 4.81 (s, 2H, benzyl H), 3.08–2.92 (m, 2H, crownethylene H),
2.65–2.40 (m, 8H, crownethylene H), 2.32–2.2 (m, 2H, crownethylene H),
1.72–1.62 (m, 2H, crownethylene H), 1.2–1.1 (m, 2H, crownethylene H),
1.08–0.98 (m, 2H, crownethylene H), 0.76–0.62 (m, 2H, crownethylene
H); UV/Vis (toluene): lmax = 424.5, 552.0, 592.5 nm; ESI mass in
CH2Cl2: m/z : calcd for: 1018.5; found: 1018.3 [M]+ , 1049.2 [M+MeOH]+


.


H2-5-(benzo-[18]crown-6-10,15,20-triphenylporphyrin (2a): A mixture of
4’-formylbenzo-[18]crown-6 (1b) (700 mg, 2.057 mmol), benzaldehyde
(627.33 mL, 654.93 mg, 6.171 mmol) and pyrrole (570.1 mL, 551.28 mg,
8.228 mmol) was refluxed in propionic acid (180 mL) for 2 h. The pro-
pionic acid was removed under reduced pressure and the crude product
was purified on a basic alumina column by using hexanes/CHCl3 75:25
(87 mg, ~5%). 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=8.93–8.79
(m, 8H, b-pyrrolic H), 8.29–8.16 (m, 6H, o-phenyl H), 7.82–7.67 (m,
11H, m,p-phenyl H (9H) and benzocrown-phenyl H(2H)), 7.18–7.13 (m,
1H, benzocrown-phenyl H), 4.42–4.33 (m, 2H, crownethylene H), 4.31–
4.24 (m, 2H, crownethylene H), 4.11–4.03 (m, 2H, crownethylene H),
3.96–3.85 (m, 4H, crownethylene H), 3.83–3.72 (m, 10H, crownethylene
H), �2.77 (br s, 2H, imino H); UV/Vis (toluene): lmax = 421.5, 516.0,
550.5, 592.5, 652.0 nm.


5-(Benzo-[18]crown-6)-10,15,20-triphenylporphyrinatozinc(ii) (2): The
free-base porphyrin 2a (50 mg, 0.059 mmol) was dissolved in CHCl3
(10 ml), a saturated solution of zinc acetate in methanol was added to the
solution, and the resulting mixture was refluxed for 2 h. The course of
the reaction was followed spectrophotometrically by monitoring the dis-
appearance of the 516 nm band of 2a. At the end, the reaction mixture
was washed with water and dried over anhydrous Na2SO4. Chromatogra-
phy on basic alumina column by using hexanes/CHCl3 75:25 gave the
title compound (49 mg, ~90%). 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d = 8.98–8.87 (m, 8H, b-pyrrolic H), 8.24–8.17 (m, 6H, o-phenyl
H), 7.79–7.66 (m, 11H, m,p-phenyl H(9H) and benzocrown-phenyl H-
(2H)), 7.12–7.08 (m, 1H, benzocrown-phenyl H), 4.19–4.14 (m, 2H,
crownethylene H), 4.06–3.98 (m, 2H, crownethylene H), 3.68–3.61 (m,
2H, crownethylene H), 3.58–3.40 (m, 14H, crownethylene H); UV/Vis
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(toluene): lmax = 424.0, 549.5, 589.5 nm; ESI mass in CH2Cl2: m/z (%):
calcd: 912.37; found: 912.3 (57) [M]+ , 943.1 (100) [M+MeOH]+ .


H2-5,10,15,20-Tetra-(benzo-[18]crown-6)-porphyrin (3a): This compound
was prepared according to the reported procedures[27] for H2-5,10,15,20-
tetra(benzo-[15]crown-5)-porphyrin with some modifications. A mixture
of 4’-formylbenzo-[18]crown-6 (1b) (502.3 mg, 1.5 mmol) and pyrrole
(95 mL, 91.9 mg, 1.4 mmol) was refluxed in propionic acid (115 mL) for
3 h. The crude product was purified on a basic alumina column with
chloroform (116 mg, ~5%). 1H NMR (400 MHz, CDCl3, 25 8C, TMS):
d=8.88 (s, 8H, b-pyrrolic H), 7.79–7.70 (m, 8H, benzocrown-phenyl H),
7.24–7.22 (m, 4H, benzocrown-phenyl H), 4.50–4.44 (m, 8H, crownethy-
lene H), 4.33–4.27 (m, 8H, crownethylene H), 4.16–4.11 (m, 8H, crown-
ethylene H), 4.01–3.90 (m, 16H, crownethylene H), 3.88–3.75 (m, 40H,
crownethylene H), �2.79 (br s, 2H, imino H); UV/Vis (benzonitrile): lmax


= 429.5, 521.5, 559.0, 595.0, 655.0 nm.


5,10,15,20-Tetra(benzo-[18]crown-6)-porphyrinatozinc(ii) (3): The free-
base porphyrin 3a (20 mg, 0.0129 mmol) was dissolved in CHCl3
(10 mL), a saturated solution of zinc acetate in methanol was added to
the solution, and the resulting mixture was refluxed for 2 h. The course
of the reaction was followed spectrophotometrically by monitoring the
disappearance of the 521 nm band of 3a. At the end, the reaction mix-
ture was washed with water and dried over anhydrous Na2SO4. Chroma-
tography on silica gel column by using CHCl3 gave the title compound
(19 mg, ~90%). 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d =8.97 (s,
8H, b-pyrrolic H), 7.78–7.68 (m, 8H, benzocrown-phenyl H), 7.18 (d,
4H, benzocrown-phenyl H), 4.41–4.29 (m, 8H, crownethylene H), 4.26–
4.10 (m, 8H, crownethyleneH), 3.99–3.86 (m, 8H, crownethylene H),
3.85–3.54 (m, 56H, crownethylene H); UV/Vis (benzonitrile): lmax =


434.5, 562.0, 604.5 nm; ESI mass in CH2Cl2: m/z (%):calcd: 1615.12;
found: 1647.1 (100) [M+MeOH]+ .


2-(3’-Pyridyl)-5-(n-butylammonium)-3,4-fulleropyrrolidine (4): H-Lys-
(Boc)-OH (100 mg, 0.406 mmol) and 3-pyridine carboxyaldehyde (76 mL)
were added to a solution of C60 (100 mg, 0.138 mmol) in toluene, and re-
fluxed for 3 h. The solvent was evaporated by vacuum, purified on silica
gel by using toluene/ethyl acetate 8:2 to obtain N-Boc protected 4
(85 mg, 62%). Next, to a dichloromethane solution of N-Boc protected 4
(75 mg in 5 mL), trifluoroacetic acid (3 mL), and m-cresol (50 mL) was
added and stirred for 3 h.[28] The solvent and acid were removed under
vacuum and the solid product (66 mg, 97%) was washed in toluene sever-
al times to desired 4. 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=9.13,
8.60, 8.48, 7.64 (s, d, t, t, 4H, 3 pyridine H), 6.15, 5.17, 5. 14 (s, d, d, 3H,
pyrrolidine H), 3.01–1.94 (d, m, m, m, 8H, -(CH2)4-); ESI mass in
CH2Cl2: m/z : calcd: 912; found: 912.8; UV/Vis (MeOH): lmax = 204,
254.5 nm.


2-Phenyl-5-(n-butylammonium)-3,4-fulleropyrrolidine (5): H-Lys(Boc)-
OH (100 mg, 0.406 mmol) and benzaldehyde (72 mL) were added to a so-
lution of C60 (100 mg, 0.138 mmol) in toluene (100 mL) and refluxed for
2 h. The solvent was evaporated by vacuum, purified on silica gel by
using toluene/ethyl acetate 9:1 to obtain N-Boc protected 5 (93 mg,
68%). To unprotect the Boc group, to a dichloromethane solution
(5 mL) of 2-phenyl-5-(4’-Boc-amino-n-butyl)-3,4-fulleropyrrolidine
(82 mg), trifluroacetic acid (3 mL) and m-cresol (50 mL) were added and
stirred for 4 h. The solvent and acid were removed in vacuum and solid
product was washed in toluene several times, yielding the desired product
5 (72 mg, 97%). 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=7.3–7.77
(m, 5H, phenyl H), 6.0, 5.15, 5. 07 (s, d, d, 3H, pyrrolidine H), 3.01–1.94
(d, m, m, m, 8H, -(CH2)4-); ESI mass in CH2Cl2: m/z : calcd for: 911.0;
found: 912.2; UV/Vis (MeOH): lmax = 204, 254 nm.


Instrumentation : The UV/Vis spectral measurements were carried out
with a Shimadzu Model 1600 UV/Vis spectrophotometer. The fluores-
cence emission was monitored by using a Spex Fluorolog-tau spectrome-
ter. The 1H NMR studies were carried out on a Varian 400 MHz spec-
trometer. Tetramethylsilane (TMS) was used as an internal standard.
Cyclic voltammograms were recorded on an EG&G Model 263A poten-
tiostat using a three electrode system. A platinum button or glassy
carbon electrode was used as the working electrode. A platinum wire
served as the counter electrode and a Ag/AgCl was used as the reference
electrode. Ferrocene/ferrocenium redox couple was used as an internal


standard. All the solutions were purged prior to electrochemical and
spectral measurements using argon gas. The computational calculations
were performed by ab initio B3LYP/3-21G(*) methods with GAUSSIAN
03 software package[29] on high speed computers. The images of the fron-
tier orbitals were generated from Gauss View-03 software. The ESI-Mass
spectral analyses of the newly synthesized compounds were performed
by using a Finnigan LCQ-Deca mass spectrometer. For this, the com-
pounds (about 0.1 mm) were prepared in CH2Cl2, freshly distilled over
calcium hydride.


Time-resolved emission and transient absorption measurements : The pi-
cosecond time-resolved fluorescence spectra were measured by using an
argon-ion pumped Ti/sapphire laser (Tsunami) and a streak scope (Ha-
mamatsu Photonics). The details of the experimental setup are described
elsewhere.[30] Nanosecond transient absorption spectra in the NIR region
were measured by means of laser-flash photolysis ; 532 nm light from a
Nd/YAG laser was used as the exciting source and a Ge-avalanche-pho-
todiode module was used for detecting the monitoring light from a
pulsed Xe lamp as described in our previous report.[30]


Acknowledgment


The authors are thankful to the donors of the Petroleum Research Fund
administered by the American Chemical Society and National Institutes
of Health (GM 59038). This research was partially supported by a Grant-
in-Aid for the COE project, and for Scientific Research on Primary Area
(417) from the Ministry of Education, Science, Sport and Culture of
Japan (to OI and YA) for support of this work.


[1] a) R. A. Marcus, N. Sutin, Biochim. Biophys. Acta 1985, 811, 265;
b) R. A. Marcus, Angew. Chem. 1993, 105, 1161; Angew. Chem. Int.
Ed. Engl. 1993, 32, 1111; c) M. Bixon, J. Jortner, Adv. Chem. Phys.
1999, 106, 35.


[2] a) J. R. Winkler, H. B. Gray, Chem. Rev. 1992, 92, 369; b) C. Kirmai-
er, D. Holton, in The Photosynthetic Reaction Center, Vol. II (Eds.:
J. Deisenhofer, J. R. Norris), Academic Press, San Diego, 1993,
pp. 49–70.


[3] a) G. McLendon, R. Hake, Chem. Rev. 1992, 92, 481; b) I. R. Gould,
S. Farid, Acc. Chem. Res. 1996, 29, 522; c) N. Mataga, H. Miyasaka,
Adv. Chem. Phys. 1999, 107, 431; d) F. D. Lewis, R. L. Letsinger,
M. R. Wasielewski, Acc. Chem. Res. 2001, 34, 159.


[4] a) J. R. Miller, L. T. Calcaterra, G. L. Closs, J. Am. Chem. Soc. 1984,
106, 3047; b) G. L. Closs, J. R. Miller, Science 1988, 240, 440; c) J. S.
Connolly, J. R. Bolton, in Photoinduced Electron Transfer (Eds.:
M. A. Fox, M. Chanon), Elsevier, Amsterdam, 1988, Part D,
pp. 303–393.


[5] a) M. R. Wasielewski, Chem. Rev. 1992, 92, 435; b) H. Kurreck, M.
Huber, Angew. Chem. 1995, 107, 929; Angew. Chem. Int. Ed. Engl.
1995, 34, 849; c) D. Gust, T. A. Moore, A. L. Moore, Acc. Chem.
Res. 2001, 34, 40.


[6] a) A. Harriman, J.-P. Sauvage, Chem. Soc. Rev. 1996, 25, 41; b) M.-J.
Blanco, M. C. JimUnez, J.-C. Chambron, V. Heitz, M. Linke, J.-P.
Sauvage, Chem. Soc. Rev. 1999, 28, 293; c) V. Balzani, A. Juris, M.
Venturi, S. Campagna, S. Serroni, Chem. Rev. 1996, 96, 759; d) Elec-
tron Transfer in Chemistry (Ed.: V. Balzani), Wiley-VCH, Weinheim,
2001.


[7] a) M. N. Paddon-Row, Acc. Chem. Res. 1994, 27, 18; b) J. W. Verho-
even, Adv. Chem. Phys. 1999, 106, 603; c) K. Maruyama, A. Osuka,
N. Mataga, Pure Appl. Chem. 1994, 66, 867; d) A. Osuka, N.
Mataga, T. Okada, Pure Appl. Chem. 1997, 69, 797.


[8] a) J. S. Sessler, B. Wang, S. L. Springs, C. T. Brown, in Comprehen-
sive Supramolecular Chemistry (Eds.: J. L. Atwood, J. E. D. Davies,
D. D. MacNicol, F. Vçgtle), Chapter 9, Pergamon, 1996 ; b) T. Haya-
shi, H. Ogoshi, Chem. Soc. Rev. 1997, 26, 355; c) M. W. Ward,
Chem. Soc. Rev. 1997, 26, 365.


H 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 4416 – 44284426


F. D5Souza, O. Ito et al.



www.chemeurj.org





[9] a) Introduction of Molecular Electronics (Eds.: M. C. Petty, M. R.
Bryce, D. Bloor), Oxford University Press, New York, 1995 ; b) Mo-
lecular Switches (Ed.: B. L. Feringa), Wiley-VCH, Weinheim, 2001.


[10] a) H. W. Kroto, J. R. Heath, S. C. O5Brien, R. F. Curl, R. E. Smalley,
Nature 1985, 318, 162; b) W. Kratschmer, L. D. Lamb, F. Fostiropou-
los, D. R. Huffman, Nature 1990, 347, 345; c) Fullerene and Related
Structures, Vol. 199 (Ed.: A. Hirsch), Springer, Berlin, 1999.


[11] D. Gust, T. A. Moore in The Porphyrin Handbook, Vol. 8 (Eds.:
K. M. Kadish, K. M. Smith, R. Guilard), Academic Press, Burling-
ton, MA, 2000, pp. 153–190.


[12] a) H. Imahori, Y. Sakata, Adv. Mater. 1997, 9, 537; b) M. Prato, J.
Mater. Chem. 1997, 7, 1097; c) N. MartWn, L. SXnchez, B. Illescas, I.
PUrez, Chem. Rev. 1998, 98, 2527; d) F. Diederich, M. GYmez-LYpez,
Chem. Soc. Rev. 1999, 28, 263; e) D. M. Guldi, Chem. Commun.
2000, 321; f) D. M. Guldi, M. Prato, Acc. Chem. Res. 2000, 33, 695;
g) D. M. Guldi, Chem. Soc. Rev. 2002, 31, 22; h) M. D. Meijer,
G. P. M. van Klink, G. van Koten, Coord. Chem. Rev. 2002, 230, 141;
i) M. E. El-Khouly, O. Ito, P. M. Smith, F. D5Souza, J. Photochem.
Photobiol. C 2004, 5, 79; j) H. Imahori, S. Fukuzmi, Adv. Funct.
Mater. 2004, 14, 525; k) F. D5Souza, O. Ito, Coord. Chem. Rev. 2005,
in press.


[13] a) H. Imahori, K. Hagiwara, T. Akiyama, M. Aoki, S. Taniguchi, T.
Okada, M. Shirakawa, Y. Sakata, Chem. Phys. Lett. 1996, 263, 545;
b) D. M. Guldi, K.-D. Asmus, J. Am. Chem. Soc. 1997, 119, 5744;
c) H. Imahori, M. E. El-Khouly, M. Fujitsuka, O. Ito, Y. Sakata, S.
Fukuzumi, J. Phys. Chem. A 2001, 105, 325.


[14] a) C. Luo, D. M. Guldi, H. Imahori, K. Tamaki, Y. Sakata, J. Am.
Chem. Soc. 2000, 122, 6535; b) H. Imahori, D. M. Guldi, K. Tamaki,
Y. Yoshida, C. Luo, Y. Sakata, S. Fukuzumi, J. Am. Chem. Soc.
2001, 123, 6617; c) H. Imahori, K. Tamaki, Y. Araki, Y. Sekiguchi,
O. Ito, Y. Sakata, S. Fukuzumi, J. Am. Chem. Soc. 2002, 124, 5165;
d) P. A. Liddell, G. Kodis, A. L. Moore, T. A. Moore, D. Gust, J.
Am. Chem. Soc. 2002, 124, 7668; e) N. Watanabe, N. Kihara, Y. Fur-
usho, T. Takata, Y. Araki, O. Ito, Angew. Chem. 2003, 115, 705;
Angew. Chem. Int. Ed. 2003, 42, 681; f) K. Ohkubo, H. Kotani, J.
Shao, Z. Ou, K. M. Kadish, G. Li, R. K. Pandey, M. Fujitsuka, O.
Ito, H. Imahori, S. Fukuzumi, Angew. Chem. 2004, 116, 871; Angew.
Chem. Int. Ed. 2004, 43, 853; g) G. de la Torre, F. Giacalone, J. L.
Segura, N. Martin, D. M. Guldi, Chem. Eur. J. 2005, 11, 1267.


[15] a) N. V. Tkachenko, L. Rantala, A. Y. Tauber, J. Helaja, P. H. Hynni-
nen, H. Lemmetyinen, J. Am. Chem. Soc. 1999, 121, 9378; b) V. Veh-
manen, N. V. Tkachenko, A. Y. Tauber, P. H. Hynninen, H. Lemme-
tyinen, Chem. Phys. Lett. 2001, 345, 213; c) T. J. Kesti, N. V. Tka-
chenko, V. Vehmanen, H. Yamada, H. Imahori, S. Fukuzumi, H.
Lemmetyinen, J. Am. Chem. Soc. 2002, 124, 8067; d) V. Vehmanen,
N. V. Tkachenko, A. Efimov, P. Damlin, A. Ivaska, H. Lemmetyi-
nen, J. Phys. Chem. A 2002, 106, 8029; e) N. V. Tkachenko, H. Lem-
metyinen, J. Sonoda, K. Ohkubo, T. Sato, H. Imahori, S. Fukuzumi,
J. Phys. Chem. A 2003, 107, 8834; f) V. Chukharev, N. V. Tkachenko,
A. Efimov, D. M. Guldi, A. Hirsch, M. Scheloske, H. Lemmetyinen,
J. Phys. Chem. B 2004, 108, 16377.


[16] a) H. Imahori, K. Hagiwara, M. Aoki, T. Akiyama, S. Taniguchi, T.
Okada, M. Shirakawa, Y. Sakata, J. Am. Chem. Soc. 1996, 118,
11771; b) H. Imahori, Y. Mori, Y. Matano, J. Photochem. Photobiol.
C 2003, 4, 51; c) D. Kuciauskas, S. Lin, G. R. Seely, A. L. Moore,
T. A. Moore, D. Gust, T. Drovetskaya, C. A. Reed, P. D. W. Boyd, J.
Phys. Chem. 1996, 100, 15926; d) F. D5Souza, S. Gadde, M. E. Zan-
dler, K. Arkady, M. E. El-Khouly, M. Fujitsuka, O. Ito, J. Phys.
Chem. A 2002, 106, 12393; e) F. D5Souza, G. R. Deviprasad, M. E.
Zandler, M. E. El-Khouly, M. Fujitsuka, O. Ito, J. Phys. Chem. B
2002, 106, 4952.


[17] a) M. M. Olmstead, D. A. Costa, K. Maitra, B. C. Noll, S. L. Phillips,
P. M. Van Calcar, A. L. Balch, J. Am. Chem. Soc. 1999, 121, 7090;
b) P. D. W. Boyd, M. C. Hodgson, C. E. F. Richard, A. G. Oliver, L.
Chaker, P. J. Brothers, R. D. Bolskar, F. S. Tham, C. A. Reed, J. Am.
Chem. Soc. 1999, 121, 10487; c) D. R. Evans, N. L. P. Fackler, Z. Xie,
C. E. F. Rickard, P. D. W. Boyd, C. A. Reed, J. Am. Chem. Soc.
1999, 121, 8466; d) Y. Sun, T. Drovetskaya, R. D. Bolskar, R. Bau,
P. D. W. Boyd, C. A. Reed, J. Org. Chem. 1997, 62, 3642.


[18] a) E. Dietel, A. Hirsch, E. Eicchorn, A. Rieker, S. Hackbarth, B.
Roder, Chem. Commun. 1998, 1981; b) D. M. Guldi, C. Luo, M.
Prato, A. Troisi, F. Zerbetto, M. Scheloske, E. Dietel, W. Bauer, A.
Hirsch, J. Am. Chem. Soc. 2001, 123, 9166; c) D. I. Schuster, P.
Cheng, S. R. Wilson, V. Prokhorenko, M. Katterle, A. R. Holzwarth,
S. E. Braslavsky, G. Klihm, R. M. Williams, C. Luo, J. Am. Chem.
Soc. 1999, 121, 11599.


[19] a) F. D5Souza, G. R. Deviprasad, M. E. El-Khouly, M. Fujitsuka, O.
Ito, J. Am. Chem. Soc. 2001, 123, 5277; b) F. D5Souza, G. R. Devi-
prasad, M. E. Zandler, M. E. El-Khouly, M. Fujitsuka, O. Ito, J.
Phys. Chem. A 2003, 107, 4801; c) F. D5Souza, S. Gadde, M. E. Zan-
dler, M. Itou, Y. Araki, O. Ito, Chem. Commun. 2004, 2276; d) F.
D5Souza, R. Chitta, S. Gadde, M. E. Zandler, A. S. D. Sandanayaka,
Y. Araki, O. Ito, Chem. Commun. 2005, 1279.


[20] a) N. Solladie, M. E. Walther, M. Gross, T. M. F. Duarte, C. Bour-
gogne, J.-F. Nierengarten, Chem. Commun. 2003, 2412; b) M. J.
Gunter, Eur. J. Org. Chem. 2004, 1655; c) Y. G. Gorbunova, L. A.
Lapkina, A. Y. Tsivadze, J. Coord. Chem. 2003, 56, 1223; d) V. Bal-
zani, A. Credi, M. Venturi, Coord. Chem. Rev. 1998, 171, 3; e) C. F.
van Nostrum, R. J. M. Notle, Chem. Commun. 1996, 2385; f) A. P.
de Silva, H. Q. Nimal, N. Gunaratne, T. Gunnlaugsson, C. P. McCoy,
P. R. S. Maxwell, J. T. Rademacher, R. E. Rice, Pure Appl. Chem.
1996, 68, 1443; g) J.-P. Sauvage, C. Dietrich-Buchecker, Molecular
Catenanes, Rotaxanes and Knots, Wiley-VCH, Weinheim, Germany,
1999 ; h) D. B. Amabilino, J. F. Stoddart, Chem. Rev. 1995, 95, 2725;
i) T. J. Hubin, D. H. Busch, Coord. Chem. Rev. 2000, 200, 1172; j) F.
Vçgtle, T. Dunnwald, T. Schmidt, Acc. Chem. Res. 1996, 29, 451;
k) A. S. D. Sandanayaka, N. Watanabe, K.-I. Ikeshita, Y. Araki, N.
Kihara, Y. Furusho, O. Ito, T. Takata, J. Phys. Chem. B 2005, 109,
2516, and references therein.


[21] H. A. Benesi, J. H. Hildebrand, J. Am. Chem. Soc. 1949, 71, 2703.
[22] a) F. D5Souza, M. E. Zandler, P. M. Smith, G. R. Deviprasad, K.


Arkady, M. Fujitsuka, O. Ito, J. Phys. Chem. A 2002, 106, 649;
b) M. E. Zandler, P. M. Smith, M. Fujitsuka, O. Ito, F. D5Souza, J.
Org. Chem. 2002, 67, 9122; c) F. D5Souza, G. R. Deviprasad, M. E.
Zandler, V. T. Hoang, K. Arkady, M. VanStipdonk, A. Perera, M. E.
El-Khouly, M. Fujitsuka, O. Ito, J. Phys. Chem. A 2002, 106, 3243;
d) R. Marczak, V. T. Hoang, K. Noworyta, M. E. Zandler, W.
Kutner, F. D5Souza, J. Mater. Chem. 2002, 12, 2123; e) M. E. El-
Khouly, L. M. Rogers, M. E. Zandler, G. Suresh, M. Fujitsuka, O.
Ito, F. D5Souza, ChemPhysChem 2003, 4, 474; f) F. D5Souza, P. M.
Smith, M. E. Zandler, A. L. McCarty, M. Itou, Y. Araki, O. Ito, J.
Am. Chem. Soc. 2004, 126, 7898; g) R. Chitta, L. M. Rogers, A.
Wanklyn, P. A. Karr, P. K. Kahol, M. E. Zandler, F. D5Souza, Inorg.
Chem. 2004, 43, 6969.


[23] a) D. Rehm, A. Weller, Isr. J. Chem. 1970, 8, 259; b) N. Mataga, H.
Miyasaka, in Electron Transfer (Eds.: J. Jortner, M. Bixon), Wiley,
New York, 1999, Part 2, pp. 431–496.


[24] a) T. Nojiri, A. Watanabe, O. Ito, J. Phys. Chem. A 1998, 102, 5215;
b) H. N. Ghosh, H. Pal, A. V. Sapre, J. P. Mittal, J. Am. Chem. Soc.
1993, 115, 11722; c) M. Fujitsuka, O. Ito, T. Yamashiro, Y. Aso, T.
Otsubo, J. Phys. Chem. A 2000, 104, 4876.


[25] K. M. Smith, Porphyrins and Metalloporphyrins, Elsevier, New
York, 1977.


[26] P. K. Olga, G. K. Alexander, V. R. A. Elena, Tetrahedron 2003, 59,
231.


[27] V. Thanabal, V. Krishnan, J. Am. Chem. Soc. 1982, 104, 3643.
[28] F. Pellarini, D. Pantarotto, T. Da Ros, A. Giangaspero, A. Tossi, M.


Prato, Org. Lett. 2001, 3, 1845.
[29] Gaussian 03 (Revision B-04), M. J. Frisch, G. W. Trucks, H. B. Schle-


gel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. A. Montgomer-
y, Jr., T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyen-
gar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N.
Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian,
J. B. Cross, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann,
O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, P. Y.
Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J. Dannenberg,


Chem. Eur. J. 2005, 11, 4416 – 4428 www.chemeurj.org H 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4427


FULL PAPERPorphyrin–Fullerene Conjugates



www.chemeurj.org





V. G. Zakrzewski, S. Dapprich, A. D. Daniels, M. C. Strain, O.
Farkas, D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. Fores-
man, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski,
B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L.
Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Na-
nayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen,
M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian, Inc., Pittsburgh
PA, 2003.


[30] a) K. Matsumoto, M. Fujitsuka, T. Sato, S. Onodera, O. Ito, J. Phys.
Chem. B 2000, 104, 11632; b) S. Komamine, M. Fujitsuka, O. Ito, K.
Morikawa, T. Miyata, T. Ohno, J. Phys. Chem. A 2000, 104, 11497;
c) M. Yamazaki, Y. Araki, M. Fujitsuka, O. Ito, J. Phys. Chem. A
2001, 105, 8615.


Received: February 21, 2005
Published online: May 10, 2005


H 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 4416 – 44284428


F. D5Souza, O. Ito et al.



www.chemeurj.org






The Structure of Poly(carbonsuboxide) on the Atomic Scale:
A Solid-State NMR Study


Jçrn Schmedt auf der G!nne,* Johannes Beck, Wilfried Hoffbauer, and
Petra Krieger-Beck[a]


Introduction


At room temperature carbonsuboxide C3O2 is a metastable
gas which readily polymerizes to a brown/red amorphous
solid (C3O2)x as discovered by Diels in 1906.[1] Since then
both the polymer and the monomer have received much at-
tention. While chemists were interested in the polymeri-
zation process, its structure, physical properties and reactivi-
ty, astrophysical scientists perceive it as a source of extrater-
restrial carbon in comets[2] and perhaps on the surface of
Mars or Venus.[3]


The monomer C3O2 has a low melting point of �112.5 8C
and a boiling point of +6.8 8C.[4] Its crystal structure[5] was
solved only recently showing slight deviations from linearity


O=C=C=C=O. The singular electronic structure of carbon-
suboxide is the reason for its high reactivity in many differ-
ent reactions but also for the difficulties in its synthesis es-
pecially when high yields are required. The highest yields
have been achieved via thermolysis of the malonic acid bis-
trimethylsilylester on P4O10 at 160 8C.


[6]


The polymer (C3O2)x can be obtained by chemical vapor
deposition from the gas-phase,[7–10] via gamma-ray initiation
from the solid[11,12] or by using different means of initiating
the polymerization reaction from liquid phase.[12–14] The
polymerization occurs even without adding a starting agent.
Traces of acid or even absorbed water on the surface of a
glass vessel are initiating the transformation reaction in
these cases.[15] Polymerization at ambient temperature yields
a product (C3O2)x of well defined stoichiometry. At elevated
temperatures it is well known that the polymer loses carbon-
monoxide and carbondioxide[9,10] leaving a graphite-like car-
bonoxide with low oxygen content at temperatures of about
700 8C.


The polymerization is an exothermic reaction
(�136 kJmol�1).[16] The gas-phase and bulk reaction were


Abstract: In this contribution we pres-
ent a study of the structure of amor-
phous poly(carbonsuboxide) (C3O2)x by
13C solid-state NMR spectroscopy sup-
ported by infrared spectroscopy and
chemical analysis. Poly(carbonsubox-
ide) was obtained by polymerization of
carbonsuboxide C3O2, which in turn
was synthesized from malonic acid bis-
(trimethylsilylester). Two different 13C
labeling schemes were applied to probe
inter- and intramonomeric bonds in the
polymer by dipolar solid-state NMR
methods and also to allow quantitative
13C MAS NMR spectra. Four types of
carbon environments can be distin-
guished in the NMR spectra. Double-


quantum and triple-quantum 2D corre-
lation experiments were used to assign
the observed peaks using the through-
space and through-bond dipolar cou-
pling. In order to obtain distance con-
straints for the intermonomeric bonds,
double-quantum constant-time experi-
ments were performed. In these experi-
ments an additional filter step was ap-
plied to suppress contributions from
not directly bonded 13C,13C spin pairs.


The 13C NMR intensities, chemical
shifts, connectivities and distances gave
constraints for both the polymerization
mechanism and the short-range order
of the polymer. The experimental re-
sults were complemented by bond
lengths predicted by density functional
theory methods for several previously
suggested models. Based on the pre-
sented evidence we can unambiguously
exclude models based on g-pyronic
units and support models based on a-
pyronic units. The possibility of planar
ladder- and bracelet-like a-pyronic
structures is discussed.
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found to follow a rate equation being first order both with
respect to the polymer and monomer concentrations.[17,18]


The activation energies vary with different surface materials
from 1.5 to 2.4 kJmol�1.[7,13,17]


A very difficult issue is the elucidation of the molecular
structure of poly(carbonsuboxide)s. Their amorphous char-
acter and insolubility in many organic solvents are the main
reasons why so many contradictory structural models can be
found in the literature.[10,12,14,18,19] Even worse, there are indi-
cations that poly(carbonsuboxide) polymers with different
molecular structure do exist. An early model suggested by
Diels described the polymer as a spiropolycyclobutadione,[15]


Ziegler[20] described the structure as a poly-a-pyrone,
Boehm et al.[14] suggested a single planar molecule formed
by about 15 monomers units and Paiaro et al.[12] polymers
based on poly-g-pyrone or a mixed a-pyrone and g-pyrone
backbone, respectively. In patent literature even claims of
cyclopoly(carbonsuboxide)s are made.[19]


Various analytical methods have been used so far to
obtain structural information about the amorphous polymer,
for example, IR, UV/Vis,[7–10,13,14] X-ray diffraction[8] molar
mass determination,[12] pyrolysis,[9,10,12] titration of acidic
groups, EPR spectroscopy[7,11,13] and chemical analysis to de-
termine the composition of the polymer. IR spectroscopy al-
lowed the identification of some basic building units, for ex-
ample carbonyl functions, ethenyl and ketene units, without
being able to quantify their proportions. X-ray diffraction
gave some vague indications of the ring sizes. UV/Vis spec-
tra indicated extended p systems to be present in the poly-
mer. EPR spectra proved the existence of unpaired elec-
trons in the polymer, which seems to be linked to the availa-
bility of ketene units. Carbon monoxide and dioxide which
evolve during pyrolysis gave indirect evidence of the molec-
ular structure. It should be noted that both titration of the
acid centers and determination of the molar mass required a
solution of the analyte, which is a delicate issue in case of
the almost insoluble poly(carbonsuboxide). Despite a con-
sensus in the older literature that the polymer backbone
consists of poly-a-pyrone convincing quantitative evidence
is not available. Consequently more recent experimental evi-
dence[12] questions the simple poly-a-pyrone model. In addi-
tion it has been shown by small angle X-ray scattering on
solutions of poly(carbonsuboxide)[21] that the molar mass
has been greatly underestimated in earlier work.[8,12, 13]


Being an element-selective, inherently quantitative
method with excellent local resolution power, solid-state
NMR has shown great promise as a structural tool of char-
acterizing disordered solid-state materials.[22] In the case of
poly(carbonsuboxide) solid-state NMR requires 17O or 13C
enriched materials, which then also allows the use of
modern dipolar NMR methodology. Connectivity and spa-
tial proximity can be studied via multidimensional multiple-
quantum NMR methods.[23] 13C–13C internuclear distances
can be determined via double-quantum experiments.[24–27]


In this contribution we are presenting results from 13C
solid-state NMR spectroscopy probing the molecular struc-
ture of poly(carbonsuboxide) polymerized at room tempera-


ture by spontaneous polymerization. NMR spectroscopy is
used to identify and quantify functional groups present in
the polymer making use of the well established structural
correlation of the 13C chemical shift scale and multidimen-
sional double-quantum and triple-quantum NMR. Polymers
with two different 13C labeling schemes were prepared
which allow to study the entanglement of the monomers
and allow to probe if the integrity of the monomers during
reaction is preserved. A double-quantum double-filtering
scheme is introduced which allows to measure distances in
heavily labeled materials, needed here to obtain internuclear
distances. IR spectroscopy (see Figure 1) and chemical anal-
ysis complement the NMR results which allows us to discuss
the structural perception of poly(carbonsuboxide) on a mo-
lecular level. The article is organized such that in the Exper-
imental Section technical details for the synthesis, IR, NMR
experiments, NMR methodology and computational details
are given, while the following parts focus on the discussion
of the results in terms of different models of the local struc-
ture.


Experimental Section


Sample preparation and characterization : Carbonsuboxide C3O2 was pre-
pared by thermolysis of the bis(trimethylsilylester) of malonic acid in
presence of P2O5 at 160 8C.


[6] C3O2 was caught in a cryotrap at liquid N2


temperature and distilled twice at dry ice temperature.


For polymerization C3O2 (1 to 2 mL) was condensed into glass ampoules
(150 mm length, 15 mm inner diameter and 2 mm wall thickness) onto
dry CCl4 (3 mL). The ampoules were cooled down to liquid nitrogen tem-
peratures and sealed by melting. The transformation to the polymer was
complete within five days of keeping the ampoule at room temperature.
The polymer is a red-brown voluminous fine powder.


For opening of the reaction vessels the content was frozen with liquid N2


and the ampoules were broken under an atmosphere of argon. The sol-
vent CCl4 was distilled off in a vacuum at ambient temperature. After
24 h of continuous pumping the vapour pressure reached 10�3 mbar.
Then the opened ampoules were transferred to the argon-filled glove
box.
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Figure 1. IR spectra of poly(carbonsuboxide); isotopes are at natural
abundance; spectrum a refers to a sample which has not been exposed to
air, spectrum b and c to a sample from the same charge which have been
exposed to air for 2 and 5 s, respectively.
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Isotopically labeled carbonsuboxide was prepared, starting from isotopi-
cally labeled malonic acid. The educts [1,2,3-13C3], [2-


13C] and [1,3-13C2]
malonic acid (each position labeled to ~99%) were obtained from Cam-
bridge Isotope Laboratories and converted to the bis(trimethylsilyles-
ters). Two polymers with the following labeling schemes were realized.
Given are the mixtures of carbonsuboxides before polymerization (per-
centages reflect the mass ratio):


Educts for sample I: 15%[1,2,3-13C3]-C3O2 and 85% C3O2 (with natural
abundance)


Educts for sample II: 16.67%[1,3-13C2]-C3O2, 33.33%[2-13C]-C3O2 and
50% C3O2(with natural abundance)


Note : Carbonsuboxide is lacrymonious and needs to be handled with
care. Both poly(carbonsuboxide) and carbonsuboxide are strongly hygro-
scopic, hence all operations were performed in a glove box under argon
atmosphere.


The average chemical composition of the polymers was determined via
combustion analysis to mðCÞ


mtotal
= 0.503, mðHÞ


mtotal
< 0.003, mðNÞ


mtotal
<0.004, which cor-


responds to an approximate sum formula of (C3O2)x with a small amount
of absorbed water. The purity of the monomeric C3O2 was also
checked[28] by 13C liquid-state NMR on a BRUKER DPX 300 (13C NMR
(in CDCl3) d 130.5, �15.1 ppm, j 1J(C–C) j=174.9 Hz). The 13C enrich-
ment on different carbon positions of the malonic acid was checked via
mass spectrometry.


Chemical analysis of the polymers was in agreement with the composi-
tion C3O2. The polymer (C3O2)x in our experience is only partially soluble
in all absolutely dry solvents which impedes molar mass determination
by standard techniques. Already small amounts of water increase solubili-
ty drastically. A determination of the molar mass and molecular shape of
the dissolved polymer in DMF/H2O by small-angle X-ray scattering has
recently been performed.[21]


IR spectroscopy : Infrared spectra were obtained with a Bruker IFS 113
spectrometer at room temperature. The samples were pressed with anhy-
drous KBr to pellets.


Solid-State NMR


General : The 13C NMR experiments were carried out on a Varian Infini-
ty+ NMR spectrometer equipped with a commercial 4 mm double-reso-
nance MAS-NMR probe. The magnetic field strength was 9.4 T corre-
sponding to a resonance frequency n(13C)=100.29 MHz. Samples were
rotated within zirconia spinners. By means of appropriate spacers, the
sample was confined to the middle 1=3 of the rotor volume. A commer-
cially available pneumatic control unit was used to limit MAS frequency
variations to a �2 Hz interval for the duration of the experiment.


For multiple-quantum experiments the probe was tuned by minimizing
the reflection of high-power pulses. C sequences applied a pulse nutation
frequency of 70 kHz, readout pulses a nutation frequency of 100 kHz.
Spin-lattice time constants were measured by using the saturation–recov-
ery technique. All multiple-quantum experiments were preceded by a
pulse comb of 10–20 908 pulses and intermittent dephasing delays of
20 ms to prevent intersequence echoes.
13C MAS NMR 2D-correlation spectroscopy: Double-quantum and
triple-quantum 2D-correlation spectra were acquired with rotor-
synchronized INADEQUATE pulse sequences[29] depicted in Figure 2
(pulse sequences a and b). This scheme allows selective through-bond ex-
citation of double-quantum coherences and hence is very useful detecting
directly bonded nuclei. The corresponding double- and triple-quantum
filtered 2D correlation spectra in Figures 6 and 7 were acquired at a spin-
ning-speed of nr=15 and 10 kHz and a conversion time of tJ


DQ =6.0 and
tJTQ = 7.0 ms, respectively. In addition we have performed 2D-correlation
spectroscopy based on the through-space dipolar coupling. Acquisition of
the indirect dimension (labeled t1) was rotor synchronized in all cases,
typically sampling the indirect dimension with 16 time increments. For
frequency sensitive detection we used the States approach,[30] that is, ac-
quiring a second set with a constant phase offset on double-quantum or
triple-quantum reconversion pulses of 45 and 308, respectively. Two-di-
mensional double-quantum correlation spectroscopy based on supercy-
cled R sequences[26] was performed to establish the spatial neighborhood
of carbon atoms under fast spinning conditions. In comparison to the


double-quantum pulse sequence in Figure 2 the INADEQUATE blocks
have to be replaced by compensated blocks of [R1454,R14�54 ] units where
R describes a composite pulse R = {90180,2700}. The notation 90180 de-
scribes a pulse with 908 flip angle and 1808 pulse phase. For a detailed
description of this method consult the literature.[24,26] The 2D spectra in
Figures 5 and 8 were obtained by using 56 R elements and a spinning-
speed of 15 kHz.


Coherence pathway selection was done phase-cycling the pulse phases
only, thus keeping the receiver phase constant. Phases were determined
according to cogwheel phase-cycling[31] with 12 steps for double-quantum
filtered spectroscopy and with a difference in winding numbers between
the excitation and reconversion block Dn12=3 and between the reconver-
sion block and read pulse Dn23=1, which amounts to a Cog12(2,5,6;0).
Thus the pulse phase increments f in the ith experiment for double-
quantum excitation, reconversion and the read pulse block have been
written out in reference.[24]


The phase cycle selects the coherence transfer pathways 0!+2!0!�1
and 0!�2!0!�1 as indicated in Figure 2, neglecting all coherence
pathways which involve coherence orders jp j > 2. An additional four
step phase cycle realizes DC offset and quadrature image compensation.
The triple-quantum filtered spectroscopy experiments were done accord-
ingly by using a Cog24(7,11,12;0).


Typical repetition rates for the 2D-experiments varied between 64 and
640 s.


Constant-time double-quantum NMR spectroscopy : In double-quantum
filtered spectroscopy the nuclear spin system evolves under a purely di-
polar average Hamiltonian for a conversion time tDQ. The double-quan-
tum filtered efficiencies which are measured from a set of experiments
with variable excitation and reconversion times, texc


DQ and treconv
DQ , respec-


tively, then show oscillations depending on the through space dipole–
dipole coupling interaction only. In the limiting case of simple 2-spin sys-
tems internuclear distances can be determined with good accuracy. In
this context the constant-time data sampling approach helps to reduce
the number of unknown variables to fit the experimental curves.[24] This
is achieved by keeping the sum of excitation and reconversion time con-
stant ttotalDQ = texc


DQ + treconv
DQ .


Here we make use of constant-time double-quantum NMR to determine
distances in heavily labeled compound. More specifically we are interest-
ed in the distance between the carbon atoms linking two different mono-
mer units in the resulting polymer (see Figure 11). In good approxima-
tion one may still describe the 13C spin system of sample II as consisting
of 13C–13C spin pairs. However, in contrast to selectively labeled crystal-
line materials, there are also 13C–13C spin pairs which are not directly
bonded (see Figure 3) and thus have a larger internuclear distance. With
the simple double-quantum pulse sequence displayed in Figure 2c it is
difficult to differentiate between contributions of those spin pairs which
are directly bonded and those which are not (compare Figure 3). One
may, however, utilize the fact that only the directly bonded spin pairs
have a sizeable J coupling constant. A very simple scheme for the sup-
pression of indirectly bonded spin pairs is an additional double-quantum
filter step based on the J coupling mediated INADEQUATE experiment.
The resulting pulse sequence is described in Figure 2d and consists of
four double-quantum conversion steps, two of them based on the J cou-
pling interaction, two based on the through-space interaction. This ex-
periment will be termed double-quantum constant-time double-filtering
in the following and is familiar to an experiment recently reported by
SaalwBchter et al. .[32]


The double-quantum filter was optimized independently on pulse se-
quence a) (see Figure 2) for maximum efficiency to tJ=6.8 ms by using a
repetition delay of 64 s. Coherence transfer pathways were selected with
a nested 256 step phase cycle changing the phases of each double-quan-
tum conversion block in cycles of four steps independently. In principle a
16-step phase cycle would be sufficient if z filtering and active rotor syn-
chronization can be applied. The two conversion blocks acting as a
through-space dipolar-coupling filter were implemented according to
PostC7[33] (C712, with a [C712]+0 [C7


1
2]+180 supercycle and a 900�360180�2700


C element). The sum of double-quantum excitation and reconversion
times was adjusted to ttotal


DQ = 2 ms at a rotor spinning frequency of nr=
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10 kHz. Different double-quantum conversion times tDQ can be realized
by varying the number of C elements of the reconversion/excitation
blocks. From the acquired curves (see Figure 9) distances were calculated
by fitting simulated constant-time curves to the experimental curves. Nu-
merically accurate simulations and the fitting procedures were done


using SIMPSON[34,35] with a powder
average of 8584 orientations, with the
dipolar coupling constant and ampli-
tude parameter as the only free fitting
variables.


Double-quantum constant time experi-
ments on sample I can be conducted
without the need of an additional filter
because it is isotopically labeled to a
much lower degree than sample II.
The pulse sequence consists of two
PostC7 blocks (as described above) to
interconvert double-quantum and
zero-quantum coherences (see
Figure 2, sequence c). Phase-cycling is
identical to pulse sequence a) in
Figure 2 (see above), total conversion
time ttotal


DQ = 2 ms and spinning fre-
quency nr=10 kHz.


DFT calculations : Density functional
calculations of the proposed structures
were done by using Gaussian 03.[36]


Geometries were optimized on a
B3LYP/6-311++G** level of sophisti-
cation taking full advantage of the
point group symmetry of each struc-
ture. Frequency calculations were per-
formed for the smaller structures up to
the octacyclo-a-pyrone to assure that
the algorithm fell into a true mini-
mum. The root-mean deviation of the
internuclear distance is expected to be
below 0.017 S.[37] Bond lengths for in-
finite chains were approximated by
calculating structures for fragments
with one to five fused rings whose ter-
minal bonds were saturated with hy-
drogen. The structures with five fused
rings gave reasonably converged bond
length values (<0.01 S) for the central
ring carbon atoms.


Results and Discussion


Composition and IR spectros-
copy : Composition and IR
spectra of the polymers ob-
tained from polymerization in
CCl4 are in accordance with the
results from previous
work.[9 ,10,13,14] Chemical analysis
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Figure 2. Multiple-quantum pulse sequences (schematic); pulse sequences a
and b were used for through-bond double-quantum filtered 2D experi-
ments; pulse sequences c and d for acquisition of constant-time double-
quantum build-up curves; the pulses during the INADEQUATE blocks are
rotor-synchronized, in the sense that the delay between the gravity of the
pulses coincides with a multiple of a full rotor period; active rotor-synchro-
nization on a trigger-signal from the probe is recommended in case of long
tJ
DQ delays.
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Figure 3. 13C–13C spin pairs selected and suppressed by 13C double-quan-
tum double-filtering NMR; the underlying grey circles mark 13C nuclei;
only spin pairs connected over a CC bond contribute to the double-quan-
tum filtered signal; the spin pair shown on the right-hand side has negli-
gible J coupling and is filtered out.
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and IR spectroscopy, with the absence of bands in the CH
valence regime, indicate a very low content of hydrogen.


It is interesting to note that no two IR spectra of poly(car-
bonsuboxide) in the literature are identical.[9,10,13, 14] This is a
strong indication that from a preparative point of view ex-
perimental conditions strongly influence the structure of the
polymer. There are, however, certain features in the IR
spectra which are observed throughout most of the litera-
ture reports. For samples which have not been in contact
with moisture a band at 2171 cm�1 can be observed, which is
attributed to a C=O bond vibration in ketene. Accordingly a
sharp band at 530 cm�1 is caused by the C=C=O bending vi-
bration (see Figure 1). Haubenstock et al.[13] showed by com-
bined IR/EPR experiments that these bands are probably
caused by a ketenyl functionality which is extremely sensi-
tive to moisture. The relative
amount of ketenyl groups from
IR spectral evidence alone is
still unclear though. The IR
spectra of our samples which
had deliberately been exposed
to air for 0, 2 and 5 s show that
moisture extinguishes both
ketene bands while a new band
at 2336 cm�1 rises (see
Figure 1). We assign this new
band to carbondioxide since
similar values have been ob-
served for CO2 trapped in a
solid matrix.[2] This interpreta-
tion is underlined by a second
weak absorption at 2273 cm�1 which occurs for the air-ex-
posed 13C-labeled samples. This absorption corresponds to
the asymmetric stretching mode of 13CO2. In further agree-
ment with this interpretation we find an additional band at
2125 cm�1 which is due to a 13C=13C=O ketenyl bending vi-
bration. This indicates that the ketenyl functions are oxi-
dized on contact under an atmosphere of air; this reaction
forms carbondioxide which is trapped in the polymer
matrix. Our results indicate that the absence of the ketene
band in Paiaros[12] IR spectra is a result of contact with
moisture.


The most intensive bands in the IR spectra appear be-
tween 1280 and 1870 cm�1. While it is difficult to draw con-
clusions about the structural background of these bands, it is
reasonable to assume that at around 1800 cm�1 and at
around 1500 cm�1 CO double bond vibrations and CC bond
vibrations are the origin, respectively.


One-dimensional 13C MAS NMR spectroscopy : We use 13C
solid-state MAS NMR to investigate the structure of solid
poly(carbonsuboxide). The introduced isotopic labeling will
allow us to study not only intensities and chemical shift but
also 13C–13C distances and directly bonded neighbors, pro-
vided that 13C NMR spectra have sufficient resolution and
favorable relaxation properties.


The spectrum in Figure 4 is representative for several
batches of poly(carbonsuboxide) on which we did 13C NMR.
The resonance line shapes allow to distinguish four main
peaks at 96, 107.5, 150 and 163 ppm which amount to about
95% of the overall intensity. The spectrum was acquired by
using a rotor-synchronized spin-echo experiment and a repe-
tition delay (>5T1) which allows a meaningful analysis of
the peak intensities. Spin-lattice relaxation times of the dif-
ferent resonances were determined from a saturation recov-
ery experiment to be 765, 706, 706 and 649 s for sample II,
respectively, while for the less intensive broad resonances
also longer T1 values of 1500 s are observed. The rather sim-
ilar values of the main resonances are in accordance with
carbons stemming from a single amorphous phase, where
spin diffusion would tend to even out major differences.


Since Haubenstock found that poly(carbonsuboxide)
which had not been in contact with air is EPR active, we
had to verify that we are able to get signals from all 13C
nuclei in the sample. To this end we mixed our sample with
a known quantity of hexamethylbenzene, which gives two
sharp NMR resonances. From the mass we calculated the
expected intensity ratio of the resonances of poly(carbon-
suboxide) to those of hexamethylbenzene. The deviation is
less than 5%. Apparently a strong coupling to unpaired
electrons which would result in broadening and shifting of
NMR resonances is not happening for most of the carbons
in our samples. More important this indicates that EPR
would allow only to investigate a very small portion of poly-
(carbonsuboxide). Additionally we have recorded IR spectra
before and after the NMR experiment presented in Figure 4
which gave almost identical IR spectra. The almost un-
changed IR spectra including the intensive band at
2171 cm�1 of the very sensitive ketenyl functionality indicate
that the sample did not decompose throughout the NMR
experiment.


Our main interest in the following was to assign the ob-
served peaks to different structural motifs. Since in amor-
phous materials bond length and angles vary NMR resonan-
ces are relatively broad. Still the observed resolution in the
NMR spectra is impressive and the resonances resolve sev-
eral distinct carbon environments. All observed chemical


400 300 200 100 0 –100 –200
ppmδ/


* * *****


Figure 4. 1D 13C MAS NMR spectra of polycarbonsuboxide (sample II); spinning sidebands are marked with
an asterisk, nr=15 kHz, repetition rate 9000 s.
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shifts lie in the region of sp/sp2-hybridized carbon.[38] Since
sp hybridization can be excluded by absence of bands of
C�C from the infrared spectrum, a structural model needs
to be based on a trigonal-planar coordination environment
for all carbon atoms.


In connection with the simple composition of poly(car-
bonsuboxide) this allows only for three different carbon en-
vironments in a one-bond sphere: carbon bonded to three
other carbon atoms CCCC, carbon bonded to two carbon and
one oxygen atom CCCO, carbon bonded to one carbon and
two oxygen atoms CCOO and carbon bonded to three oxygen
atoms COOO. The carbonate environment COOO is very un-
likely though, since 13C double-quantum excitation by an
INADEQUATE sequence for all observed peaks is possible
(see above). Using isotropic chemical shift ranges in the lit-
erature[38] we assign the peaks at 96 and 107.5 ppm and at
150 and 163 ppm to CCCO or CCOO environments. Clearly, for
the low temperature polymerization route chosen, the for-
mation of carbon-rich oxygen-depleted areas with graphite-
like environments can be ruled out by chemical shift argu-


ments.[39,40] The intensity ratio
I150 ppmþI163 ppm
I96 ppmþI107:5 ppm


determined


experimentally is approximately equal to 2 for sample I and
1 for sample II.


The 13C NMR spectra taken from samples which were
carefully excluded from air and showed a strong ketene
band in their IR spectra; the 13C NMR spectra of the sam-
ples which were exposed for some seconds to air and did
not show a ketene band in their IR were essentially identi-
cal. In other words, the strong ketene band from the IR
spectra does not find its counterpart in the 13C NMR spec-
tra, which indicates that the IR spectra are a very sensitive
means of probing ketenyl functions while the relative
amount in the samples is low.


The polymerization hypothesis : Underlying most of the
older literature about “poly(carbonsuboxide)” and even its
name is the chemically sensible assumption that the energet-
ically expensive monomer C3O2 on polymerization is form-
ing additional CO and CC bonds which finally form a 2D
polymer. This assumption has important implications for
both the reaction mechanism and possible polymer struc-
tures. In the light of a highly unsaturated carbon species
which might also undergo a sigmatropic rearrangements it is
necessary to question the bond conservation throughout the
reaction and with it the polymerization hypothesis.


In the case of sample I we have the ideal test candidate to
answer the questions if bonds are conserved by the reaction
or not. The educts of sample I consist of triply labeled 13C-
C3O2 diluted in C3O2 at natural abundance of the isotopes.
If the reaction pathway is a simple polymerization lacking
sigmatropic rearrangements we would expect clusters of
three NMR active spin-1=2 nuclei while bond breaking would
make clusters of maximum two spin-1=2 nuclei much more
likely. There is a range of solid-state high-resolution NMR
techniques to solve this problem. Examples are spin-count-
ing experiments[41] and experiments making use of the spe-


cial properties of the top-quantum in an n-spin-1=2 system.[42]


In this simple case the most straightforward approach is
probably the excitation of triple-quantum coherences for
which three spin-1=2 nuclei are necessary. Furthermore if
triple-quantum coherences are excited via through-bond di-
polar coupling for short excitation times then the three spin-
1=2 nuclei have to be directly bonded. We have used a rotor-
synchronized 2D triple-quantum MAS correlation experi-
ment based on the INADEQUATE experiment (see
Figure 2, pulse sequence b) to resolve possibly overlapping
peaks. The triple-quantum 2D spectrum in Figure 7 shows
several peaks to which all carbon behind the main peaks
contribute. Hence the triple-quantum spectrum strongly in-
dicates that the CC bonds of the monomer are conserved
throughout the reaction. An explanation for the absence of
the peaks at 150 and 163 ppm in the 2D triple-quantum
spectrum is straightforward.1 Information about the coupling
partners of the nucleus behind the observed triple-quantum
filtered resonance can be reconstructed from the observed
resonance frequencies in the indirect dimension. The triple-
quantum coherence is evolving under the sum of the chemi-
cal shifts of the contributing spins in the indirect dimension,
meaning that the resonance frequencies can be predicted
from the 1D spectrum. The peaks were marked A, B, C, D
for this purpose and the peaks contributing to each triple-
quantum peak designated in the spectrum (see Figure 7).
We will return to the triple-quantum spectrum after the as-
signment of the peaks using double-quantum techniques and
discuss the spectrum in more detail then.


Further assignment of 13C NMR peaks by 2D methods :
After confirmation of the polymerization hypothesis we
study how C3O2 monomers are linked in the polymer by
using double-quantum NMR. In homonuclear 13C double-
quantum filtered NMR only pairs of 13C atoms give rise to


1 The spin system of the three nuclei from 13C-C3O2 after polymerization
will be isolated from the next nearest 13C spins for statistical reasons.
The spin system of these three nuclei will be linear in the sense that
only one carbon atom is directly bound to the two others. In terms of J
couplings this means that the middle spin will have two strong 1J cou-
plings in the range of 40 to 100 Hz magnitude while the other two spins
are strongly coupled only to the middle spin and have a weak 2J cou-
pling to the not directly bonded carbon. In an amorphous material it is
very likely that all three spins are not isochronous due to variations in
the chemical shift by variations in their chemical surrounding. This sep-
aration for almost all nuclei will be sufficient to put the three spin
system into the weak coupling limit.[43,44] Under these conditions the
evolution of the spin system and hence the peak intensities of the 2D
triple-quantum spectrum can be analyzed with the product operator
formalism. The conversion mechanism between triple-quantum coher-
ences and zero-quantum coherences becomes significantly simplified by
the fact that the contribution of the three J couplings to the Hamiltoni-
an commute with each other in the weak coupling limit. As a result the
triple-quantum filtered efficiency A of the nucleus i only depends on
the J couplings Jij and Jik but not on Jjk upon variation of the
triple-quantum reconversion time treconvTQ . Ai / �cos[p(Jij�Jik)treconv


TQ ]+
cos[p(Jij�JiK)treconv


TQ ].
For the limiting case where the two-bond J coupling constant is zero
only the middle spin can be observed. This is exactly what is observed
in the experimental triple-quantum 2D spectrum in Figure 7.
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signals, all isolated 13C nuclei are filtered out. If again the
through-bond coupling between 13C-nuclei is used for multi-
ple-quantum coherence excitation only directly bonded
neighbors will be observed. For sample II which was made
from a mixture of O=C*=C=C*=O, O=C=C*=C=O and
C3O2 at natural abundance, this means that every double-
quantum filtered signal represents a bond between two dif-
ferent monomers.


As triple-quantum NMR indicates that bonds of the mon-
omer are conserved, it follows that only the environments
CCCC and CCCO will be able to pass the double-quantum
filter, the carbon in the CCOO environment is only bound to
a carbon atom of the same monomer which, by the labeling
scheme applied, is suppressed through the double-quantum
filter. Based on the above considerations the 2D double-
quantum filtered correlation spectrum in Figure 6 allows a
clear assignment of the peaks at 150 and 163 ppm. Only the
resonance at 163 ppm gives double-quantum coherence
peaks with the resonances at 96 and 107.5 ppm representing
a CCCC carbon atom, hence the peak at 163 ppm represents a
CCCO carbon atom and the peak at 150 ppm CCOO carbon.


Intramonomeric and intermonomeric short-range order :
After assignment of the peaks it is interesting to explore the
direct surrounding of the carbons behind these resonances.
Double-quantum filtered 2D correlation spectra give corre-
lation signals for every carbon atom pair in neighboring en-
vironments. In principle the following six pairs are possible
hCCCC–CCCCi, hCCCC–CCCOi, hCCCC–CCOOi, hCCCO–CCCOi,
hCCCO–CCOOi and hCCOO–CCOOi. The intramonomeric ar-
rangement becomes obvious in the 2D correlation of sample
I (see Figure 5). Only double-quantum correlation signals
for the pairs hCCCC–CCCOi and hCCCC–CCOOi are visible. This
is a remarkable result because it suggests that amorphous
(C3O2)x has a well defined short range order. Finally by
using triple-quantum filtered 2D correlation spectroscopy of
sample I the terminal positions of the polymerized C3O2 can
be determined. In the triple-quantum correlation spectrum
two signals for the CCCC carbons at 96 (peak D) and
107.5 ppm (peak C) are visible with a distribution of chemi-
cal shifts in the indirect dimension with a double maximum
each. These maxima in the indirect dimension of peaks C
and D are identified as belonging to triple-quantum coher-
ence with peaks A and B and with peaks A and A. As the
spread in isotropic chemical shift for CCCO and CCCC carbon
atoms is small (see Figure 7) this is indicative of a rather
wide chemical shift distribution for carbon in the CCOO envi-
ronment with two maxima one at 150 and one at 163 ppm,
which also explains for the intensity distribution found in
the quantitative 1D spectrum. In a simple model with three
distinct environments for CCCC, CCCO and CCOO carbons an
intensity ratio for sample I of 1:1:1 would be expected which
clearly is not the case. Consequently the combined double-
quantum and triple-quantum 2D results on sample I are
best interpreted as two types of 13C–13C–13C units consisting
of CCCO–CCCC–CCOO triples, with two different carbons to ex-
plain for the signals at 96 and 107.5 ppm and a rather wide


distribution of isotropic chemical shifts for the CCOO carbon
from 150 to 163 ppm and one type of environment for the
CCCO carbon at 163 ppm.


The intermonomeric connectivity is determined from
double-quantum filtered experiments of sample II. Double-
quantum excitation can be achieved with two complementa-
ry types of experiments. While experiments using the
through-bond dipolar interaction give clear results with re-
spect to the chemically bound neighbors, experiments based
on the through-space dipolar interaction allow to probe the
spatial vicinity of an NMR active nucleus. Besides, through-
space dipolar coupling based experiment give access to in-
ternuclear distance. So far we have only made use of
through-bond coupling based 2D correlation experiments.
For the intermonomeric connectivity there are only three
possibilities: hCCCC–CCCCi, hCCCC–CCCOi, hCCCO–CCCOi. The J
coupling based double-quantum spectrum of sample II
(Figure 6) shows even to very low levels of intensity signals
of double-quantum coherences for hCCCC–CCCOi carbon pairs
only; the expected signals for other possibilities were not
observed. Comparing a double-quantum through-space 2D
correlation spectrum of sample II (see Figure 8) the same
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Figure 5. 2D double-quantum filtered correlation spectrum of polycar-
bonsuboxide (sample I) using the through-space dipolar coupling; the
double-quantum/zero-quantum conversion times tDQ with 1.067 ms are
short enough to ensure that the double-quantum peak intensities reflect
directly bound pairs.
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peaks as in the through-bond version can be found. Extra
correlation signals for coherences of hCCCC–CCCCi and
hCCCO–C


CCOi carbon pairs are present. From the appearance
of a hCCCC–CCCCi double-quantum coherence between
the peaks at 96 and 107.5 ppm it may be concluded
that both environments occur in spatial proximity and
from the relative peak intensities of the double-quantum
coherence signals hC96ppm


CCC �C96ppm
CCC i, hC96ppm


CCC �C107:5 ppm
CCC i and


hC107:5 ppm
CCC �C107:5 ppm


CCC i that the proximity of equal pairs is more
likely.


More structural constraints—Distances by double-quantum
constant-time double-filtering experiments : Internuclear dis-
tances can give important constraints even in amorphous
materials. It is well known from analysis of crystallographic
databases that distances[45] often vary only in a very narrow
range for a given pair of carbon functions. Recently internu-
clear distances determined by 13C double-quantum NMR
have been shown to be accurate enough to differentiate be-
tween single, double, and triple bonds of carbon atoms.[25] In
order to obtain further constraints to refine the structural
model of poly(carbonsuboxide) we have determined approx-
imate values for carbon–carbon distances from dipolar oscil-
lations in double-quantum constant-time build-up curves.[24]


Since distance determination by 13C double-quantum solid-


state NMR requires dilute 13C–13C spin pairs, distance con-
straints could only be obtained from sample II. We have ac-
quired double-filtering double-quantum constant-time build-
up curves for both CCCC–CCCO intermonomeric double-quan-
tum signals for the signals at 107.5 and 96 ppm (Figure 9).
The experimental curves were fitted with only two free vari-
ables, one for the dipolar coupling constant and one for the
amplitude. The C–C distances for the C163 ppm


CCO �C107:5 ppm
CCC and


the C163 ppm
CCO �C107:5 ppm


CCC pairs were 1.42�0.03 and 1.41�0.03 S,
respectively.


Distances may structurally be interpreted with the help of
empiric bond length distribution parameters such as mean
and the lower and upper quartile which are available for
many structural fragments via the Cambridge Structural Da-
tabase. In Figure 10 the distribution parameters of carbon–
carbon bond lengths for various functional groups are pre-
sented which have been determined from a huge number of
crystal structure determinations. The distributions of bond
length are partially well separated: Unconjugated double
and single bonds can easily be distinguished, but also with
increasing bond order the distances of conjugated single
bonds show a difference between heterocycles such as a-
pyrone and furan structures and chain-like structures as in
conjugated alkenes. Comparing experimental values with
the empirical distance distribution we conclude that bonds
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Figure 6. 2D double-quantum filtered correlation spectrum of poly(car-
bonsuboxide) (sample II) using the through-bond dipolar coupling for
double-quantum coherence excitation (pulse sequence a, Figure 2).
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Figure 7. 2D triple-quantum filtered correlation spectrum of poly(carbon-
suboxide) (sample I) using the through-bond dipolar coupling for triple-
quantum coherence excitation (pulse sequence c, Figure 2).
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of a bond order below 1.5 in a-pyrone and furan-like struc-
tures best describe the experimental results.


Structural models : In the literature the structural models
discussed for poly(carbonsuboxide) are manifold. Even in
the more recent literature there have been new proposi-
tions.[12, 19] Definitely the first ideas of Diels are not consis-
tent with many experimental facts which have been gath-
ered over the years. We require models to consist of sp2-hy-
bridized carbon with an average composition equal to the
monomer C3O2. Minor contributions for example the ketene
functions which are probably associated with the terminal
positions of the polymer will not be considered. Further-
more we require the structural models to be a hypothetical
product of a polymerization, that is bonds of the monomer
are conserved. While solid-state NMR provides indirect in-
formation about the polymerization mechanism, we consider
an in-depth discussion of the mechanism futile as long as it
is not clear whether it takes a radical or an ionic path. Hau-
benstocks investigations, however, indicate a non-radical
mechanism.[13]


In Figure 11 a collection of structural models is compiled.
All of the model structures consist of either a-pyrone or g-
pyrone units which are arranged in cyclic-like or chain-like
fashion. Bond lengths were estimated from DFT calcula-
tions (Table 1). The effects of the ring strain and conjugation
are apparent from the gradual change in bond lengths of the
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Figure 8. 2D double-quantum filtered correlation spectrum of poly(car-
bonsuboxide) (sample II) using the through-space dipolar coupling; the
autocorrelation signal at 163 ppm is folded over the edge; the fold-over
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Figure 9. Double-quantum constant-time double-filtering build-up curves
for the resonances at 107.5 ppm (lower curved labeled B) and 96 ppm
(upper curve marked a) of poly(carbonsuboxide) (sample II), acquired at
nr=10 kHz spinning-speed (pulse sequence d, Figure 2); if no double-fil-
tering is applied no zero-crossings can be observed in double-quantum
constant-time build-up curves. ^: experimental, c (light grey): simulat-
ed.


Table 1. Bond lengths d for inter- and intramonomeric CCCC–CCCO bonds
calculated by quantum-mechanical methods; the letters in the second
column refer to the structures in Figure 11.


dinter [S] dintra [S]


cyclohexaa-pyrone a[19] 1.359 1.473
cycloocta-a-pyrone [19] 1.397 1.428
cyclodeca-a-pyrone [19] 1.407 1.416
cyclododeca-a-pyrone [19] 1.419 1.402
catena-poly-a-pyrone c[20] 1.437 1.392
iso-catena-poly-a-pyrone d – 1.432
cyclohexa-g-pyrone b[19] – –
anti-catena-poly-g-pyrone e[12] – –
syn-catena-poly-g-pyrone f[12] 1.500 1.500
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two types of CCCC�CCCO bonds. While in cyclohexa-a-pyrone
CCCC�CCCO bonds can still be described as localized double
and single bonds, for the planar poly-a-pyrone the roles are
interchanged and bond lengths are almost equal.


After these general remarks we will discuss the individual
models with respect to the NMR results in detail. Besides
chemical shift, composition and relative proportions of the
13C peak intensities we will make use of the connectivity
patterns observed in the 2D experiments and the associated
distances. To this end we need to have an idea which carbon
atoms in the polymer formerly belonged to the same mono-
mer. The assignment is based on the arrangement of the
“terminal” CCOO carbon atoms. The monomer units are
highlighted in Figure 11 by the use of bold type. With the
exception of the a-pryone structures a and c the assignment
is unique.


The anti-catena-g-pyrone (Figure 11e) is clearly not a
good description of poly(carbonsuboxide) because CCCC


carbon atoms are not present in its structure hence the
NMR peaks at 107.5 and 96 ppm cannot be explained.
Moreover, there are only two substantially different carbon
environments which both take part in an intermonomeric
bonding, which contradicts the double-quantum 2D correla-
tion experiments on sample II. The same chain of reasons
rule out a cyclohexa-g-pyronic structure (Figure 11b).


The syn-catena-g-pyrone (Figure 11f) is a better choice
with respect to the number of carbon environments and
their expected isotropic chemical shifts. It fulfils the require-
ment of one terminal carbon atom CCOO linked to a CCCC


carbon atom which in turn is bound to a CCCO carbon atom.
However, the expected intermonomeric CCCC–CCCO bond


length of 1.50 S does not agree with the experimental value
of 1.42 or 1.41 S, which makes structure F rather unlikely.


For the iso-catena-poly-a-pyrone (Figure 11d) three types
of carbon atom environments CCOO, CCCC, CCCO would be ex-
pected. The intramonomeric bonding CCOO–CCCC–CCCO com-
plies with the double-quantum spectra of sample I but the
intermonomeric bond does not. In fact strong intermono-
meric CCCC–CCCC and CCCO–CCCO double-quantum coherenc-
es on sample II would be expected which is not the case.


For catena-a-pyrone (Figure 11c) three carbon environ-
ments CCOO, CCCC, CCCO are expected. The connectivity pat-
terns in the double-quantum correlation spectra of sample I
and II and the expected chemical shifts are in excellent
agreement with the structural model, no matter how the as-
signment—which carbons belong to the same monomer—is
done. The same is true for the closely related cyclo-a-
pyrone structures. Again the intermonomeric distance can
be used to get further insight. The values for the intermono-
meric bond length disagree with the cyclohexa-a-pyronic
structure while the bigger sized rings and the planar poly-a-
pyrone give reasonable values.


13C MAS NMR of poly(carbonsuboxide) resolves two
peaks for the environment. Both carbon environments are
present in the NMR spectra of several batches while their
relative peak intensities vary. An explanation might be that
in the amorphous solid (C3O2)x planar and bent structures
coexist—possibly even in cyclic arrangements.


d
/Å


C
=


C
=


C
=


C
=


C
=


C
=


O
O


H
O


O
R


O
O


R
 p


yr
o


n
e


(O
A


lk
)=


C
 p


yr
o


n
e


–O
H


 e
n


o
l


O


O


O


C
=


=C
 c


o
n


j.


=C
 u


n
co


n
j.


=C
C


=C


O
O


R


O
O


H


C
–C


C
–C


C
–C


C
–C


C
–C C
C


ar
C


ar
–C


C
ar


–C C
–C


C
–C


OO


C
=C


 1.32


 1.40


 1.50


Figure 10. Bond length distribution parameters for carbon–carbon bonds;
data were graphically adapted from,[45] additionally bond length parame-
ters for a-pyrone and furan carbon fragments were determined with the
help of the Cambridge Structural Database; plotted are mean d, lower
and upper quartile (as error margins) for each bond type; the experimen-
tal value for the intermonomeric carbon–carbon distance (see Figure 9)
and its approximate error are indicated by the dashed line and the
greyed area, respectively.


O


O


O


O


O


O


O


O


O


O OO


O


O


O


O O


OOO


O


O O


O O


O


O


O


O


O


O


O


O


O


OO


O


O O
O


O
O


O O


O


O O


O


O O


O


O


O


O


O


d)


c)


e)


f)


a)


b)


O


Figure 11. Model structures for poly(carbonsuboxide); marked in bold
type are atoms belonging to the same monomer (structures c to f); the
carbon atoms highlighted by grey circles refer to carbon atoms in an in-
termonomeric CCCC�CCCO bond.


G 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 4429 – 44404438


J. Schmedt auf der G>nne et al.



www.chemeurj.org





Conclusions


In contrast to previous studies of poly(carbonsuboxide) we
have reported by the use of 13C solid-state NMR the first
quantitative investigation of the bulk structure of poly(car-
bonsuboxide). By the use of chemical shift arguments and
the combination of selective labeling with 2D double-quan-
tum correlation spectroscopy it was possible to assign the
observed peaks in the 13C NMR spectrum to different
carbon environments. On the methodological side it was
shown that distance determination by 13C double-quantum
NMR can be applied to heavily labeled materials by the use
of double-filtering methods. The determined bond lengths
were analyzed with the help of empirical bond length distri-
bution parameters for various functional groups extracted
from the Cambridge Structural Database. Propositions for
the local structure of poly(carbonsuboxide) were collected.
Their bond length values were predicted with DFT calcula-
tions. Based on the presented arguments it was possible to
evaluate different structural models. Our results unambigu-
ously rule out poly-g-pyronic structural models recently pro-
posed in the literature.[12] Our results are in agreement with
the poly-a-pyronic structures discussed by several other au-
thors.[7–10,13,17, 18,20] In addition our results give constraints for
the polymerization mechanism and some indications about
the possibility of cyclic and planar polymeric structures. Still
some aspects are not fully understood. For example the 13C
MAS NMR spectrum resolves two different alkene carbons
and IR spectra in several published articles significantly
differ for unknown reasons. We conclude that despite the
almost 100 years of chemical history of poly(carbonsubox-
ide) there are still many open questions to be answered.
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Synthesis and Properties of Chiral Ammonium-Based Ionic Liquids


Juliusz Pernak* and Joanna Feder-Kubis[a]


Introduction


Ionic liquids (ILs) open up a wide field for future investiga-
tions in chemistry, electrochemistry, biology, physics, materi-
al science, and medicine. The first IL was prepared almost a
century ago by protonation of ethylamine with nitric acid.[1]


Owing to their unique chemical and physical properties,
these groups of liquids based on organic cations have been
extensively studied over the past few years as neoteric and
“green” solvents. ILs possess a number of interesting prop-
erties, such as their lack of vapor pressure (they cannot con-
tribute to air pollution) and their large liquid range. They
are highly solvating, yet have a noncoordinating nature and
a wide accessible temperature range within which they are
not flammable. They are also compatible with various or-
ganic compounds, organometallic catalysts, and even some
inorganic compounds, and generally can be easily separated
from reaction products. Most importantly, the ionic liquids
can be recycled. A number of excellent articles are already
available wherein the properties and various applications of
these environmentally friendly media have been de-
scribed.[2–10] In recent years, the number of possible cation
and anion combinations has increased significantly and thus,


due to the large number of ILs to choose from, a high po-
tential exists to find the optimum one with satisfactory prop-
erties for a specific application.


The newest class of ILs are chiral ionic liquids (CILs).
The method of synthesis of CILs and the investigation of
ILs in the field of chirality have recently been reviewed.[11]


Few CILs have been described and their real potential in
asymmetric synthesis remains to be proven. From a structur-
al point of view, chirality in these salts can arise from either
the anion or the cation. Aprotic and protic ILs in which the
chirality resides in the anion are presented in Scheme 1.
Chiral salts (I) have been successfully used in asymmetric
Diels–Alder reactions.[12] The properties and antimicrobial
activities of protic imidazolium l-lactates (II) have recently


Abstract: New chiral ammonium-based
ionic liquids containing the (1R,2S,5R)-
(�)-menthyl group can be easily and
efficiently prepared under ambient
conditions. The preparation and char-
acterization of trialkyl[(1R,2S,5R)-(�)-
menthoxymethyl]ammonium salts is re-
ported. The salts have been demon-
strated to be air- and moisture-stable
under ambient conditions and can be


readily used in a variety of standard ex-
perimental procedures. The single-crys-
tal X-ray structure of butyldimethyl-
[(1R,2S,5R)-(�)-menthoxymethyl]am-
monium chloride has been determined.


The chiral, room-temperature ionic liq-
uids have been characterized by physi-
cal properties such as specific rotation,
density, viscosity, thermal degradation,
and glass transition temperature.
Trialkyl[(1R,2S,5R)-(�)-menthoxyme-
thyl]ammonium chloride prototype
ionic liquids have also been found to
exhibit strong antimicrobial and high
antielectrostatic activities.


Keywords: ammonium salts · anti-
microbial activity · chirality · green
chemistry · ionic liquids · menthol
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E-mail : juliusz.pernak@put.poznan.pl Scheme 1. Aprotic and protic imidazolium lactates.
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been recognized.[13] In subsequent examples, chirality in the
salts has been introduced by cations such as imidazolium,
ammonium, pyridinium, oxalium, and thiazolium
(Scheme 2). The chiral 1,3-dialkylimidazolium bromide III
acts as a Lewis acid in asymmetric Diels–Alder reactions.[14]


Imidazolium salts with planar chirality (IV)[15] and chiral lat-
eral chains (V, VI)[16] and (VII)[17] have also been prepared.
Chiral hydroxyammonium ILs (VIII, IX) derived from
chiral amino alcohols have been obtained on a kilogram
scale,[18] and salts such as X have been produced under sol-
vent-free conditions with the aid of microwave activation.[19]


Pyridinium CILs with axial chirality (XI) have been synthe-
sized through an enantioselective reaction,[11] while other
pyridinium derivatives have the chirality residing in the
alkyl substituent (XII).[20] Oxazolium salts (XIII)[18] have


been derived from (S)-valine on a multigram scale and thia-
zolium CILs (XIV)[21] have been obtained from amino alco-
hols.


Entirely new are room-temperature ionic liquids (RTILs)
from natural amino acids. A series of these has been pre-
pared by coupling the imidazolium cation with 20 different
natural amino acids.[22]


Herein, we wish to report the straightforward synthesis of
a novel class of chiral ammonium-based ionic liquids, de-
rived from the “chiral pool”.


Results and Discussion


The trialkyl[(1R,2S,5R)-(�)-menthoxymethyl]ammonium
chlorides, which are prototypes of ionic liquids, were pre-
pared by Menschutkin quaternization (Scheme 3). Chloro-


methyl (1R,2S,5R)-(�)-menthyl ether was obtained by
chloromethylation of (1R,2S,5R)-(�)-menthol (Scheme 4).
The (�)-isomer, a well-known compound, has previously


been prepared in 55% yield[23] by bubbling anhydrous HCl
through a solution of (�)-menthol and 1,3,5-trioxane in
CH2Cl2 or in 90% yield by carrying out the same reaction in
pentane solution.[24] We have now developed an effective
way to synthesize this ether in up to 90% yield by using
paraformaldehyde with toluene as the solvent.


In the past, chloromethyl (1R,2S,5R)-(�)-menthyl ether
has been used for the synthesis of diastereomeric formalde-
hyde acetals[23,25,26] and for the protection of a range of
chiral alcohols.[27]


Chloromethyl (1R,2S,5R)-(�)-menthyl ether is an excel-
lent reagent for quaternization, but it is readily hydrolyzed
to HCl, CH2O, and menthol. In view of this situation, qua-
ternization should be conducted under strictly anhydrous
conditions. This permits a specific type of Menschutkin reac-


Scheme 2. Chiral imidazolium, ammonium, pyridinium, oxazolium, and
thiazolium ILs.


Scheme 3. Preparation of the trialkyl[(1R,2S,5R)-(�)-menthoxymethyl]-
ammonium chlorides by Menschutkin quaternization.


Scheme 4. Chloromethylation of (1R,2S,5R)-(�)-menthol.
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tion involving an SN1 mechanism, giving a very high yield of
96–99%. The initial rate-determining step has been identi-
fied as being the formation of the cation (Scheme 5).


Table 1 lists the chiral ammonium chlorides 1 that have
been prepared by this procedure. They are very hygroscopic,
but are stable in aqueous solution. Some crystalline chlor-
ides such as 1b, 1g, and 1 i–1 l are very deliquescent, which
has made it difficult to determine their true melting points.
The remaining chlorides are snow-white crystals. In aqueous
solution, they can be assayed by a direct two-phase back ti-
tration according to the EN ISO 2871-1 (2000) norm. The
assays of each product are given in Table 1. Water makes up
the remainder. Specific rotations for all the chlorides are
also presented in Table 1. All these precursors of ILs are
soluble at room temperature in acetone, chloroform, DMF,
THF, methanol, ethanol, 1-propanol, 2-propanol, and water.
Aqueous solutions of chlorides 1 f–1 l have been observed to
foam during the dissolution process. At elevated tempera-
tures, the chlorides 1 have been found to dissolve in ethyl
acetate but not in hexane or diethyl ether.


Crystals of chloride 1e suitable for single-crystal X-ray
structural analysis were collected by filtration, washed with
hexane, and air-dried. Figure 1 shows the asymmetric unit


and the numbering scheme of 1e. It is interesting to note
that, to the best of our knowledge, this is the first example
of a structurally characterized trialkyl(alkoxymethyl)ammo-
nium cation of this type. The bond lengths and angles have
typical values. The apparent shortening of the terminal
C�C single bond in the n-butyl chain is probably an artifact
of the large thermal parameters of the atoms involved.
The conformation of the n-butyl chain can be described
by N-C-C-C and C-C-C-C torsion angles along the chain
of 174.7(5)8 and 106.7(10)8, respectively. The crystal struc-
tures of the ionic liquids characterized to date, for example
imidazolium derivatives, have been found to be mainly de-
termined by the presence of p stacking, weak hydrogen
bonds, or in some cases mainly by the presence of electro-
static anion–cation interactions (e.g., 1-ethyl-2-methyl-3-
benzylimidazolium bis(trifluoromethylsulfonyl)amide).[28]


The structure of the salt 1e is different because there is no
p-electron system that can interact with other p electrons or
even with CH groups.[29,30] In the crystal structure, the am-
monium cations are seen to create channels parallel to the
two-fold screw axis along the [010] direction, and these


channels are filled by chains
made up of chloride anions and
water molecules. The chain
structure is maintained by rela-
tively strong and directional
O�H···Cl� hydrogen bonds (see
Table 2, Figures 2 and 3).
Anion–water chains are con-
nected to the cation scaffold
through electrostatic interac-
tions and weak C�H···O and
C�H···Cl� hydrogen bonds
(Table 2, Figure 2). Similar
water–fluoride anion chains
were found in the structure of
1-butyl-3-methylimidazolium
fluoride.[31]


Scheme 5. Menschutkin reaction type 1.


Table 1. Trialkyl[(1R,2S,5R)-(�)-menthoxymethyl]ammonium chlorides (1).


R1 R2 R3 Yield [%] M.p. [8C] Surfactant content [%] Specific rotation[f] [a]20D


1a C2H5 C2H5 C2H5 98.0 31–33[a] 96.5 �57.4 (c=1.1)
1b C2H5 C2H5 CH3 97.5 hygroscopic 96.7 �59.5 (c=0.7)
1c C2H5 CH3 CH3 99.0 87.5–90[a] 97.0 �68.7 (c=0.9)
1d i-C3H7 CH3 CH3 98.5 158–161[b] 97.9 �71.3 (c=0.6)
1e C4H9 CH3 CH3 96.0 130–132[c] 96.5 �64.8 (c=1.1)
1 f C6H13 CH3 CH3 97.0 113–116[a] 97.6 �55.7 (c=0.7)
1g C7H15 CH3 CH3 97.0 hygroscopic 97.9 �54.1 (c=0.7)
1h C8H17 CH3 CH3 98.5 74–76[d] 99.9 �54.1 (c=1.0)
1 i C9H19 CH3 CH3 97.0 hygroscopic 99.1 �50.3 (c=0.5)
1j C10H21 CH3 CH3 97.0 hygroscopic 99.8 �51.5 (c=1.4)
1k C11H23 CH3 CH3 97.0 hygroscopic 99.9 �48.8 (c=0.8)
1 l C12H25 CH3 CH3 97.5 hygroscopic 99.8 �48.3 (c=1.5)
1m CH2Ph CH3 CH3 99.0 126–129[e] 99.0 �63.5 (c=1.1)


[a] From ethyl acetate; plates. [b] From ethyl acetate/ethanol; plates. [c] From ethyl acetate/acetone; large nee-
dles. [d] From ethyl acetate; needles. [e] From ethyl acetate/chloroform; plates. [f] c in ethanol.


Figure 1. The molecular components of chloride 1e showing the atom-la-
beling scheme. Displacement ellipsoids are drawn at the 30% probability
level and H atoms are shown as spheres of arbitrary radii.
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The final step of the synthesis involved metathesis of the
chlorides with an appropriate inorganic salt in a water/meth-
anol solution. The ion-exchange reaction proceeded smooth-
ly, with the efficiency usually exceeding 90%. All of the
[BF4] (2), [ClO4] (3), [I] (4), [PF6] (5), and [CF3COO] (6)
salts with 1 were obtained as solids and could be easily crys-
tallized from ethanol/water solution to form white plates
with sharp melting points. Salts 2–5 were found to be insolu-
ble in water. Thus, by changing the counteranion, hydrophil-
ic chlorides are transformed to hydrophobic salts. We also
obtained acesulfamates (7) in the form of oils, which proved


to be fully water-miscible at room temperature. Of the 18
salts prepared, 12 would qualify as ILs (salts that melt at
<100 8C). Table 3 contains the melting points, estimated
assays in methanol/chloroform solutions, and specific ro-
tations of 2–7. These salts are insoluble in hexane or di-
ethyl ether, but are soluble in acetone, chloroform, DMF,
THF, ethyl acetate, toluene, and low-molecular-weight alco-
hols.


On the other hand, RTILs can be obtained by changing
the chloride anion to [Tf2N]. Table 4 lists 13 [Tf2N] (8) salts,
including 10 which represent RTILs. All of the RTILs are
colorless liquids, and are nonvolatile, nonflammable, and
miscible with acetone, chloroform, ethyl acetate, DMF,
THF, toluene, and low-molecular-weight alcohols. They are
insoluble in hexane and diethyl ether, and are miscible with
water. They are stable in air, in contact with water, and in
commonly used organic solvents.


The salts were characterized by 1H and 13C NMR analyses
and by elemental analysis. Comparison of the 1H NMR
spectra of the chlorides 1 with those of the salts 2–8 indicat-
ed differences in the proton chemical shifts, as listed in
Table 5. These shift differences were observed most promi-
nently in four functional groups: N+CH2O, OCH(menthyl-
C6), N+CH2R


1, and N+(CH3)2. The substitution of the small
[Cl] anion with the larger [Tf2N] or [PF6] resulted in proton-
shift differences of as much as 0.43 ppm. The 13C NMR spec-
tra of salts 1–8 indicated no significant variations in the
carbon-signal shifts.


The RTILs can be made anhydrous by heating them at
80 8C in vacuo and storing them over P4O10. The water con-
tent was determined to be less than 500 ppm by coulometric
Karl–Fischer titration. After 30 days, these anhydrous liq-
uids were found to have absorbed water from the atmos-
phere to a level of 1.4%. From this observation, we assume
that the solubility of water in these ILs does not exceed
1.5%. On the other hand, the solubility of the ILs in water
was found to be low, comparable to that of
[methyltributylammonium][Tf2N], 0.7 gL�1.[32] The hydro-
phobic character of these RTILs is imparted by the [Tf2N]
anion, which is responsible for interactions between water
and the IL. Water interacts strongly with the anions and the
strength of the interactions is dependent on the nature of
the anions.[33] The low water content measured is of impor-
tance for future applications. Removal of chloride ions from
the hydrophobic ILs has been demonstrated by rinsing them
with distilled water. The specific rotations, densities, viscosi-
ties, thermal degradation temperatures, and glass transition
temperatures for anhydrous and chloride-free RTILs have
been measured. The results are presented in Table 4. The
CILs are more dense than water (1.25 to 1.14 gmL�1). As a
general conclusion, it can be stated that elongation of the
alkyl substituent leads to a concomitant linear decrease in
density. The densities of the ILs are temperature dependent.
As the temperature is varied from 30 to 40 8C, the density
decreases by about 3%. ILs are inherently much more vis-
cous than common organic solvents and the viscosities vary
in the range from 10 to 1000 mPas at room temperature.[10]


Figure 2. The packing scheme of chloride 1e as seen approximately along
the [100] direction. Hydrogen bonds are depicted as dashed lines.


Figure 3. Space-filling model of the cationic crystal structure of 1e as
seen along the [010] direction (after removal of chloride anions and
water molecules). The channels that can be filled by anion–water poly-
meric chains are seen along a 21 screw axis at (0, y, 1=4) and (1=2, y,


3=4).
The nine black spheres represent oxygen.


Table 2. Selected hydrogen bonds in the crystal structure of chloride 1e.


Donor–H···Acceptor D–H [P] H···A [P] D···A [P] D–H···A [8]


O2–H21···Cl[a] 0.96 2.27 3.190(4) 160
O2–H22···Cl[b] 0.88 2.41 3.217(4) 152
C12–H12A···Cl 0.97 2.75 3.655(4) 156
C12–H12B···O2[c] 0.97 2.53 3.455(6) 159
C13–H13A···O2[d] 0.97 2.60 3.488(7) 154
C14–H14B···O2 0.97 2.55 3.501(6) 173
C15–H15A···Cl[a] 0.97 2.76 3.693(5) 162


Symmetry codes: [a] x, �1+y, z ; [b] �x, �1=2 +y, 1=2�z ; [c] 1�x, 1=2 +y,
1=2�z ; [d] �x, 1=2 +y, 1=2�z.
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The estimated viscosities indicate that the new ILs are
highly viscous. The viscosity is strongly influenced by tem-
perature and the presence of water or organic solvents. In
the case of 8g, increasing the temperature from 35 8C to 40,
45, 50, 55, and 60 8C was found to be accompanied by a 145,
200, 280, 380, 490, and 600% decrease in viscosity, respec-
tively, based on the absolute value of 130 mPas. The de-
pendence of viscosity upon temperature and cosolvents is
dramatic, which is in line with earlier data.[34]


All RTILs show no measurable vapor pressure. The esti-
mated thermal-degradation temperature is used to define
the upper temperature limit at which the CILs can be used.
Below this temperature, no alterations in liquid color have
been observed. The limit of the liquid range of a given
RTIL can be higher by about 40 8C if the thermogravimetric
analysis (TGA) onset temperature is used as an indication.
The DSC thermograms of the RTILs exhibited a single
signal. This indicates that the RTILs show an abrupt in-


crease in the molar heat capaci-
ty associated with the glass
transition. They form glasses
for which the glass transition
temperatures are very low (ap-
proximately �50 8C). The
change in heat capacity, DCp,
when the sample is heated from
the glass state to the metastable
supercooled liquid, has values
between 0.38 and 0.24 Jg�1K�1.


The antielectrostatic effect
was determined according to
the criteria listed in Table 6.
The antielectrostatic effect of
salts 1–8 reflects two quantities:
the surface resistance and the
half-charge decay time. The sur-
face resistance RS (in W) has
been calculated from Equa-
tion (1):


RS ¼
Ul
is


ð1Þ


in which U is the applied voltage (U=100 V), l is the length
of the electrode (l=100 mm), i is the measured current in-
tensity, and s is the distance between the electrodes (s=


10 mm). The half-charge decay time (in seconds) has been
calculated according to Equation (2):


t1=2
¼


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2
þ þ t2


�
2


r
ð2Þ


in which t+ and t� are the mean half-decay times of positive
and negative charges, respectively. The results are presented
in Table 7. All chlorides and [Tf2N] salts show excellent anti-


Table 3. Trialkyl[(1R,2S,5S)-(�)-menthoxymethyl]ammonium salts (2–7).


Salt R1 R2 R3 Anion Yield
[%]


M.p.
[8C]


Surfactant
content [%]


Specific rotation[b]


[a]20D


2a C2H5 C2H5 C2H5 BF4
� 99.5 125–126.5 99.8 �64.8 (c=0.4)


2b C2H5 C2H5 CH3 BF4
� 99.0 150.5–152 99.5 �61.5 (c=1.0)


2c C2H5 CH3 CH3 BF4
� 99.0 161.5–164 98.9 �63.5 (c=1.0)


2d i-C3H7 CH3 CH3 BF4
� 99.0 203–206 98.5 �61.2 (c=0.8)


2e C4H9 CH3 CH3 BF4
� 98.5 68.5–71 97.7 �58.3 (c=1.1)


2 f C6H13 CH3 CH3 BF4
� 99.0 42–44 99.7 �52.7 (c=1.0)


2g C7H15 CH3 CH3 BF4
� 99.5 69–72 99.5 �49.1 (c=1.0)


2h C8H17 CH3 CH3 BF4
� 99.0 87.5–88.5 98.7 �48.9 (c=1.4)


2 i C9H19 CH3 CH3 BF4
� 99.5 69–72 99.9 �47.3 (c=1.0)


2j C10H21 CH3 CH3 BF4
� 99.5 55–58 98.5 �44.8 (c=1.0)


2k C11H23 CH3 CH3 BF4
� 99.5 43–48 99.1 �44.4 (c=1.0)


2 l C12H25 CH3 CH3 BF4
� 99.5 42.5–43 99.9 �38.4 (c=1.0)


2m CH2Ph CH3 CH3 BF4
� 99.5 97.5–100 98.5 �58.2 (c=1.0)


3 C4H9 CH3 CH3 ClO4
� 99.0 77–78.5 98.1 �56.4 (c=0.9)


4 C4H9 CH3 CH3 I� 99.5 81–83 98.9 �51.3 (c=0.9)
5 C4H9 CH3 CH3 PF6


� 99.0 103–105 97.75 �51.6 (c=1.1)
6 C4H9 CH3 CH3 CF3COO� 89.0 72–74 98.5 �52.8 (c=1.1)
7 C4H9 CH3 CH3 Ace[a] 91.5 oil 99.9 �51.2 (c=0.4)


[a] Acesulfamate. [b] c in ethanol.


Table 4. Chiral ammonium-based ionic liquids (8).


CIL R1 R2 R3 Anion Yield
[%]


Specific rotation[d]


[a]20D


Density[e]


[gmL�1]
Viscosity[e]


[mPas]
Tg


[f]


[8C]
Glass transition


[8C]
DCp


[g]


[J g�1K�1]


8a C2H5 C2H5 C2H5 Tf2N 85.5 �38.6 (c=1.4) 1.25 876 179 �45.8 0.38
8b C2H5 C2H5 CH3 Tf2N 94.5 �39.1 (c=1.2) 1.26 754 197 �48.5 0.30
8c C2H5 CH3 CH3 Tf2N 89.0 �40.6 (c=1.1) 1.27 714 199 �49.9 0.24
8d[a] i-C3H7 CH3 CH3 Tf2N 99.0 �39.5 (c=1.1) – – – – –
8e C4H9 CH3 CH3 Tf2N 87.5 �38.2 (c=0.9) 1.24 745 200 �50.1 0.28
8 f C6H13 CH3 CH3 Tf2N 84.5 �41.6 (c=1.0) 1.21 774 200 �50.2 0.29
8g C7H15 CH3 CH3 Tf2N 89.5 �34.8 (c=1.2) 1.19 787 202 �52.8 0.32
8h C8H17 CH3 CH3 Tf2N 93.5 �35.6 (c=1.4) 1.18 806 200 �53.0 0.32
8 i C9H19 CH3 CH3 Tf2N 95.0 �33.2 (c=1.4) 1.17 829 199 �53.2 0.31
8j C10H21 CH3 CH3 Tf2N 91.0 �37.8 (c=1.1) 1.15 840 200 �54.4 0.30
8k C11H23 CH3 CH3 Tf2N 92.5 �32.7 (c=1.6) 1.14 844 206 �54.3 0.30
8 l[b] C12H25 CH3 CH3 Tf2N 99.5 �31.5 (c=1.2) – – – – –
8m[c] CH2Ph CH3 CH3 Tf2N 99.0 �39.1 (c=1.0) – – – – –


[a] M.p. 40–42 8C; plates. [b] M.p. 28–30 8C; plates. [c] M.p. 46–48 8C; plates. [d] c in ethanol. [e] At 30 8C. [f] Thermal degradation temperature. [g] Heat
capacity jump.
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electrostatic effects. On the other hand, the [BF4], [ClO4],
and [PF6] salts show a reduced capacity to drain surface
electric charge. [Tf2N] salts penetrate the polymer surface
because they have unique solvation properties and are more
able to disperse the electric charge. Their activity is similar


to that of the known antistatic
agent Catanac 609 (N,N-bis(2-
hydroxyethyl)-N-(3’-dodecyl-
oxy-2’-hydroxypropyl)methyl-
ammonium methanesulfate;
logRS=8.48, t1=2


=0.25 s). Re-
cently, imidazolium ILs have
been found to represent effec-
tive antielectrostatic agents for
pine and maple.[35]


Biological activities have
been estimated for all of the
chlorides. Minimum inhibitory
concentration (MIC) values and
minimum bactericidal or fungi-
cidal concentration (MBC)
values are provided in Table 8.
Additionally, MIC and MBC
values are presented for benzal-


konium chloride (BAC, in which “alkyl” represents a mix-
ture of alkyls ranging from C8H17 to C18H37). Chlorides bear-
ing an alkyl group containing more than five carbon atoms
can be regarded as active. Relationships between mean MIC
and MBC values for the studied microbes and the number
of carbon atoms in the alkyl group are presented in
Figure 4. The activity is seen to be related to the length of
the alkyl substituent and thus to molecular mass. The curves
demonstrate optimum antimicrobial efficiency. The chloride
1k, containing an undecyl substituent, can be regarded as
being the most active against cocci, rods, fungi, and bacillus,
exhibiting higher efficiency than that of commercially avail-
able BAC. Chlorides 1d, 1e, and 1m demonstrated low ac-
tivity against some microbes. Chlorides 1a–1c, on the other
hand, were found to be practically inactive. Since [Tf2N]
salts are insoluble in water, their MIC and MBC values
could not be estimated. With reference to our earlier publi-
cation on the antimicrobial activities of ILs,[36] the [Tf2N]
salts could be expected to show similar activity to that of
the chlorides. If the application of ILs in biochemical proc-
esses is considered, selection of a biologically active solvent
may prove fatal to organisms. It should be kept in mind that
the quaternary nitrogen atom in these ammonium salts is an
essential component in relation to multiple biological activi-
ties.


Conclusion


All of the prepared chiral quaternary ammonium salts are
air- and moisture-stable under ambient conditions and may
be handled under a variety of standard experimental condi-
tions. Trialkyl[(1R,2S,5R)-(�)-menthoxymethyl]ammonium
chlorides with more than five carbon atoms in the alkyl
group exhibit a wide range of antimicrobial activities. The
nature of the anion determines the consistency and hygro-
scopic character of the salt. Salts with the [Tf2N] anion are
RTILs. The important attributes of the CILs include negligi-


Table 5. The shifts in proton signals.[a]


Salt Anion Functional group
N+CH2O


[b] OCH-(menthyl-C6) N+CH2R
1 N+(CH3)2


1e Cl� 4.98 (d, J=6.9) 3.59 (td) 3.51 (m) 3.36 (s)
4.94 (d, J=6.9) 3.37 (s)


2e BF4
� 4.62 (d, J=7.1) 3.52 (td) 3.29 (m) 3.07 (s)


4.58 (d, J=6.9)
3 ClO4


� 4.65 (t, J=7.5) 3.54 (td) 3.32 (m) 3.11 (s)
4 I� 5.03 (d, J=6.9) 3.65 (m) 3.57 (m) 3.35 (s)


4.93 (d, J=6.9) 3.36 (s)
5 PF6


� 4.56 (d, J=7.1) 3.49 (td) 3.18 (m) 3.02 (s)
4.51 (d, J=6.9)


6 CF3COO� 4.79 (t, J=7.7) 3.5 (td) 3.34 (m) 3.20 (s)
3.21 (s)


7 Ace�[c] 4.75 (d, J=7.4) 3.55 (td) 3.33 (m) 3.17 (s)
4.72 (d, J=7.1)


8e Tf2N
� 4.57 (d, J=6.9) 3.49 (td) 3.24 (m) 3.01 (s)


4.51 (d, J=6.9)


[a] Shifts in ppm. [b] J in Hz. [c] Acesulfamate.


Table 6. Criteria for the estimation of the antielectrostatic effect based
on the surface resistance RS [W] and half-charge decay time t1=2


[s] .


logRS t1=2 Antielectrostatic effect


<9 <0.5 excellent
9–9.99 0.51–2 very good
10–10.99 2.1–10 good
11–11.99 10.1–100 sufficient
12–12.99 >100 insufficient
>13 >600 lack of antielectrostatic properties


Table 7. Surface resistance RS [W], half-charge decay time t1=2
[s], and an-


tielectrostatic effects of the prepared salts.


Salt logRS t1=2
Effect Salt logRS t1=2


Effect


1a 8.7 0.2 excellent 2 i 11.3 88 sufficient
1b 7.5 <0.1 excellent 2 j 11.0 45 sufficient
1c 8.3 <0.1 excellent 2k 11.5 25 sufficient
1d 8.0 0.3 excellent 2 l >13 >600 lack
1e 7.5 <0.1 excellent 2m >13 >600 lack
1 f 7.3 <0.1 excellent 3 >13 >600 lack
1g 7.6 <0.1 excellent 4 9.6 0.25 very good
1h 8.7 <0.1 excellent 5 >13 >600 lack
1 i 7.7 <0.1 excellent 8a 8.0 0.3 excellent
1j 7.0 <0.1 excellent 8b 8.3 0.45 excellent
1k 7.5 <0.1 excellent 8c 8.5 0.3 excellent
1 l 7.8 <0.1 excellent 8d 8.8 0.3 excellent
1m 8.3 <0.1 excellent 8e 8.9 0.35 excellent
2a >13 >600 lack 8 f 8.6 0.2 excellent
2b >13 >600 lack 8g 8.9 0.25 excellent
2c 12.7 >100 insufficient 8h 8.0 0.25 excellent
2d >13 >600 lack 8 i 8.3 0.2 excellent
2e >13 >600 lack 8 j 8.0 0.25 excellent
2 f 11.5 25 sufficient 8k 8.8 0.4 excellent
2g 11.0 55 sufficient 8 l 8.7 0.2 excellent
2h 12.0 >100 insufficient 8m 8.5 0.2 excellent
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ble vapor pressure, compatibility with various organic com-
pounds, ease of separation in aqueous/ionic liquid extrac-
tions, antielectrostatic activities, and their potential applica-
tion in asymmetric synthesis.


Experimental Section


General : 1H NMR spectra were recorded on a Mercury Gemini 300 spec-
trometer at 300 MHz with tetramethylsilane as the standard; 13C NMR
spectra were recorded on the same instrument at 75 MHz. Two-dimen-
sional spectra were obtained using standard pulse sequences from the
Bruker DRX pulse library at 600 MHz.


Elemental analyses were performed at the A. Mickiewicz University,
Poznań. Melting points were determined using a model JA 9100 electro-
thermal digital melting-point apparatus. A Mettler Toledo DA 110 M
scale was used for the mass/density measurements. A micro Ostwald vis-
cometer was used for viscosity measurements. Thermal degradation tem-
peratures were determined using a BQchi model B-545 automatic appara-
tus. Optical rotations were measured with a Perkin–Elmer 243B polarim-
eter. Glass transition temperatures were determined using a Perkin–
Elmer differential scanning calorimeter. The instrument temperature
scale was calibrated at the crystal–crystal transition of cyclopentane
(�151.16 8C) and the melting point of indium (+156.6 8C). Samples were
sealed in aluminum pans and scanned at a rate of 20 Kmin�1 in a helium
atmosphere.


Preparation of chloromethyl (1R,2S,5R)-(�)-menthyl ether : Gaseous hy-
drogen chloride was introduced into a mixture of (1R,2S,5R)-(�)-men-
thol (100 g, 0.64 mol), toluene (200 mL), and paraformaldehyde (19.5 g,
0.65 mol) with efficient mechanical stirring until the solution was saturat-
ed (5 h). The reaction was carried out under isothermal conditions at
10 8C. Water was removed and an emulsion of reaction-generated water
in the organic phase was obtained, which was then dried over magnesium
sulfate and concentrated under reduced pressure. Hydrogen chloride ab-
sorbed in the reaction product was stripped off with dry nitrogen.


The amount of chloromethyl (1R,2S,5R)-(�)-menthyl ether in the final
product was determined by an alkalimetric method: 1 g of crude product
was added to 10 mL of acetone at �20 8C. HCl absorbed on the substrate
was quickly neutralized with 0.02m KOH in MeOH. Then, hot water
(5 mL) was added. HCl as a product of ether hydrolysis was neutralized
with 0.2m KOH in MeOH.


The crude product contained 92% of chloromethyl (1R,2S,5R)-(�)-
menthyl ether. This was purified by vacuum distillation to give a clear


Table 8. MIC and MBC values[a] of trialkyl[(1R,2S,5R)-(�)-menthoxymethyl]ammonium chlorides (1).


Strain Chlorides
1a 1b 1c 1d 1e 1 f 1g 1h 1 i 1 j 1k 1 l 1m BAC[b]


M. luteus MIC 26 106 112 55 26 6 5.8 2.8 <0.3 <0.3 <0.25 0.5 121 1.4
MBC 52 213 450 213 52 186 89 44 21 2.6 1.2 2.4 183 11


S. aureua MIC 818 429 1802 858 409 24 11 2.8 1.3 0.5 0.5 1.2 183 2.8
MBC >1637 >1715 1802 >1715 >1637 375 89 22 5.3 2.6 10 4.8 1473 23


S. epidermidis MIC 409 213 450 429 409 12 5.8 1.4 1.3 <0.3 <0.25 0.5 47 1.4
MBC 1637 >1715 1802 >1715 1637 93 46 5.5 2.7 2.6 2.5 4.8 183 5.6


E. faecium MIC 818 >1715 >1802 >1715 818 48 11 5.5 1.3 0.5 <0.25 0.5 736 5.6
MBC >1637 >1715 >1802 >1715 1637 375 178 86 21.0 10 4.9 19 >1473 23


E. coli MIC 818 213 450 213 818 12 5.8 2.8 1.3 1.3 2.5 0.5 47 2.8
MBC 1637 213 450 213 1637 12 5.8 5.5 1.3 2.6 4.9 1.2 91 2.8


S. marcescens MIC >1637 >1715 >1802 >1715 >1637 1499 1439 691 165 159 154 299 1473 175
MBC >1637 >1715 >1802 >1715 >1637 >1499 1439 691 165 159 154 599 >1473 175


P. vulgaris MIC >1637 >1715 >1802 >1715 >1637 750 360 171 82 41 10 19 >1473 88
MBC >1637 >1715 >1802 >1715 >1637 1499 719 346 82 41 40 38 >1473 88


P. aeruginosa MIC >1637 >1715 >1802 >1715 >1637 1499 719 171 82 41 40 38 >1473 175
MBC >1637 >1715 >1802 >1715 >1637 1499 1439 346 165 80 77 148 >1473 175


B. subtilis MIC 1637 213 >1802 1715 818 12 23 5.5 0.5 0.5 <0.25 1.2 183 2.8
MBC 1637 1715 >1802 1715 818 24 23 5.5 1.3 1.3 <0.25 1.2 183 2.8


M. catarrhalis MIC 409 213 1802 429 409 24 5.8 2.8 0.5 0.5 <0.25 0.5 47 0.6
MBC 409 858 >1802 429 409 24 46 11 0.5 0.5 <0.25 1.2 183 1.4


C. albicans MIC >1637 >1715 >1802 >1715 >1637 375 178 44 11 5.1 <0.25 2.4 1473 11
MBC >1637 >1715 >1802 >1715 >1637 375 178 86 21 5.1 1.3 9.6 1473 88


R. rubra MIC >1637 >1715 >1802 >1715 >1637 375 89 22 11 2.6 2.5 2.4 736 23
MBC >1637 >1715 >1802 >1715 >1637 750 360 171 21 5.1 4.9 38 1473 88


[a] In mm. [b] Benzalkonium chloride.


Figure 4. Mean MIC values (top) and MBC values (bottom) for microor-
ganisms.
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liquid with boiling point 108 8C at 16 mmHg (lit. : 82–84 8C at
0.8 mmHg[22] or 62 8C at 0.1 mmHg[23]).


General procedure for Menschutkin quaternization : All reactions were
performed under anhydrous conditions. A solution of freshly distilled tri-
alkylamine (0.036 mol) in hexane (30 mL) was prepared. Chloromethyl
(1R,2S,5R)-(�)-menthyl ether (7.36 g, 0.036 mol) was slowly added and
the resulting mixture was vigorously stirred for 30 min at room tempera-
ture. The white precipitate produced was removed by filtration and the
filter cake was washed with hexane. The crude product was recrystallized
from either ethyl acetate, ethyl acetate/ethanol, ethyl acetate/acetone, or
ethyl acetate/chloroform. The product was dried under reduced pressure
overnight.


Butyldimethyl[(1R,2S,5R)-(�)-menthoxymethyl]ammonium chloride
(1e): 1H NMR (2D spectra) (CDCl3, 25 8C): d=0.81 (d, J=6.9 Hz, 3H;
H9 or H10), 0.86 (td, J=12.4, J=3.1 Hz, 1H; Ha-3), 0.92 (d, J=6.5 Hz,
3H; H1), 0.93 (d, J=6.9 Hz, 3H; H9 or H10), 0.95 (m, 1H; Ha-7), 0.98
(m, 1H; Ha-4), 0.99 (t, J=7.4 Hz, 3H; H18), 1.32 (m, 1H; H5), 1.42 (m,
1H; H2), 1.42 (m, 2H; H17), 1.65 (m, 1H; Hb-4), 1.67 (m, 1H; Hb-3),
1.68 (m, 2H; H16), 2.07 (sept d, J=6.9, J=2.4 Hz, 1H; H8), 2.18 (d, J=


11.7 Hz, 1H; Hb-7), 3.36 (s, 3H; H13 or H14), 3.37 (s, 3H; H13 or H14),
3.51 (m, 2H; H15), 3.59 (td, J=10.6, J=4.2 Hz, 1H; H6), 4.98, 4.94 ppm
(d, J=6.9 Hz, 2H; AB system); 13C NMR (CDCl3): d=13.4 (C18), 15.7
(C9 or C10), 19.4 (C17), 20.7 (C1), 21.8 (C9 or C10), 22.4 (C4), 24.0
(C16), 25.5 (C8), 30.9 (C2), 33.7 (C3), 40.3 (C7), 47.5 (C13 or C14), 47.6
(C13 or C14), 47.9 (C5), 60.7 (C15), 81.2 (C6), 87.3 ppm (C12); elemental
analysis calcd (%) for C17H36NClO (305.5): C 66.74, H 11.86, N 4.58;
found: C 66.93, H 11.99, N 4.31.


Preparation of trialkyl[(1R,2S,5R)-(�)-menthoxymethyl]ammonium salts
(2–8): A solution of the requisite ammonium chloride (1) in either water
(15 mL) (with 1a–1e) or methanol (20 mL) (with 1 f–1 l) was added to a
stoichiometric amount of a saturated aqueous solution of NaBF4,
NaClO4, KI, KPF6, CF3COONa, Tf2NLi, or acesulfame-K. The reaction
solution was stirred at room temperature for 2 h. After separation of the
phases, the aqueous phase was decanted and the salt obtained was
washed with cold, distilled water until chloride ions were no longer de-
tected using AgNO3. The crude product that solidified upon cold storage
was recrystallized from ethanol/water. Liquids were dried for 10 h at
80 8C in vacuo (8 mmHg).


Butyldimethyl[(1R,2S,5R)-(�)-menthoxymethyl]ammonium tetrafluoro-
borate (2e): 1H NMR (CDCl3, 25 8C): d=0.79 (d, J=6.9 Hz, 3H; H9 or
H10), 0.92 (m, 12H; Ha-3, H1, H9 or H10, Ha-7, Ha-4, H18), 1.38 (m,
4H; H2, H5, H17), 1.68 (m, 4H; Hb-3, Hb-4, H16), 2.07 (m, 2H; Hb-7,
H8), 3.07 (s, 6H; H13, H14), 3.29 (m, 2H; H15), 3.52 (td, J=10.4, J=


4.1 Hz, 1H; H6), 4.58, 4.62 ppm (d, J=6.9, J=7.1 Hz, 2H; AB system);
13C NMR (CDCl3): d=13.4 (C18), 15.6 (C9 or C10), 19.5 (C17), 20.9
(C1), 21.9 (C9 or C10), 22.6 (C4), 24.0 (C16), 25.7 (C8), 31.1 (C2), 33.9
(C3), 40.2 (C7), 47.4 (C13 or C14), 47.5 (C13 or C14), 48.1 (C5), 61.1
(C15), 81.6 (C6), 87.7 ppm (C12); elemental analysis calcd (%) for
C17H36NOBF4 (357.3): C 57.10, H 10.15, N 3.92; found: C 56.92, H 9.83,
N 3.88.


Butyldimethyl[(1R,2S,5R)-(�)-menthoxymethyl]ammonium perchlorate
(3): 1H NMR (CDCl3, 25 8C): d=0.80 (d, J=6.9 Hz, 3H; H9 or H10),
0.96 (m, 12H; Ha-3, H1, H9 or H10, Ha-7, Ha-4, H18), 1.38 (m, 4H; H2,
H5, H17), 1.69 (m, 4H; Hb-3, Hb-4, H16), 2.09 (m, 2H; Hb-7, H8), 3.11
(s, 6H; H13, H14), 3.32 (m, 2H; H15), 3.54 (td, J=10.7, J=4.2 Hz, 1H;
H6), 4.65 ppm (t, J=7.5 Hz, 2H; H12); 13C NMR (CDCl3): d =13.6
(C18), 15.9 (C9 or C10), 19.7 (C17), 21.1 (C1), 22.1 (C9 or C10), 22.8
(C4), 24.3 (C16), 25.9 (C8), 31.2 (C2), 34.0 (C3), 40.4 (C7), 47.8 (C13 and
C14), 48.1 (C5), 61.3 (C15), 81.8 (C6), 88.0 ppm (C12); elemental analysis
calcd (%) for C17H36NOClO4 (369.9): C 55.20, H 9.81, N 3.79; found: C
55.49, H 10.01, N 3.71.


Butyldimethyl[(1R,2S,5R)-(�)-menthoxymethyl]ammonium iodide (4):
1H NMR (CDCl3, 25 8C): d=0.82 (d, J=6.9 Hz, 3H; H9 or H10), 0.97
(m, 12H; Ha-3, H1, H9 or H10, Ha-7, Ha-4, H18), 1.40 (m, 4H; H2, H5,
H17), 1.70 (m, 4H; Hb-3, Hb-4, H16), 2.07 (m, 1H; H8), 2.22 (d, J=


11.5 Hz, 1H; Hb-7), 3.55 (s, 3H; H13 or H14), 3.36 (s, 3H; H13 or H14),
3.57 (m, 2H; H15), 3.65 (m, 1H; H6), 4.93, 5.03 ppm (d, J=6.87 Hz, 2H;
AB system); 13C NMR (CDCl3): d=13.4 (C18), 15.9 (C9 or C10), 19.4


(C17), 20.8 (C1), 21.8 (C9 or C10), 22.5 (C4), 24.2 (C16), 25.6 (C8), 30.9
(C2), 33.7 (C3), 40.4 (C7), 47.9 (C5, C13 or C14), 61.1 (C15), 81.4 (C6),
87.6 ppm (C12); elemental analysis calcd (%) for C17H36NOI (397.4): C
51.38, H 9.13, N 3.52; found: C 51.73, H 9.01, N 3.73.


Butyldimethyl[(1R,2S,5R)-(�)-menthoxymethyl]ammonium hexafluoro-
phosphate (5): 1H NMR (CDCl3, 25 8C): d =0.79 (d, J=6.9 Hz, 3H; H9
or H10), 0.94 (m, 12H; Ha-3, H1, H9 or H10, Ha-7, Ha-4, H18), 1.37 (m,
4H; H2, H5, H17), 1.67 (m, 4H; Hb-3, Hb-4, H16), 2.47 (m, 2H; Hb-7,
H8), 3.02 (s, 6H; H13, H14), 3.18 (m, 2H; H15), 3.49 (td, J=10.7, J=


4.4 Hz, 1H; H6), 4.51, 4.56 ppm (d, J=6.9, J=7.1 Hz, 2H; AB system);
13C NMR (CDCl3): d=13.5 (C18), 15.8 (C9 or C10), 19.6 (C17), 21.1
(C1), 22.0 (C9 or C10), 22.8 (C4), 24.1 (C16), 25.9 (C8), 31.2 (C2), 34.0
(C3), 40.2 (C7), 47.6 (C13 or C14), 47.7 (C13 or C14), 48.1 (C5), 61.3
(C15), 81.8 (C6), 87.8 ppm (C12); elemental analysis calcd (%) for
C17H36NOPF6 (415.4): C 49.15, H 8.73, N 3.37; found: C 48.81, H 8.93, N
3.01.


Butyldimethyl[(1R,2S,5R)-(�)-menthoxymethyl]ammonium trifluoroace-
tate (6): 1H NMR (CDCl3, 25 8C): d=0.79 (d, J=6.9 Hz, 3H; H9 or
H10), 0.94 (m, 12H; Ha-3, H1, H9 or H10, Ha-7, Ha-4, H18), 1.37 (m,
4H; H2, H5, H17), 1.67 (m, 4H; Hb-3, Hb-4, H16), 2.48 (m, 2H; Hb-7,
H8), 3.20 (s, 3H; H13 or H14), 3.21 (s, 3H; H13 or H14), 3.34 (m, 2H;
H15), 3.51 (td, J=10.7, J=4.1 Hz, 1H; H6), 4.79 ppm (t, J=7.8 Hz, 2H;
H12); 13C NMR (CDCl3): d =13.4 (C18), 15.6 (C9 or C10), 19.5 (C17),
20.9 (C1), 21.8 (C9 or C10), 22.4 (C4), 24.1 (C16), 25.7 (C8), 31.0 (C2),
33.8 (C3), 40.3 (C7), 47.3 (C13 or C14), 47.4 (C13 or C14), 48.0 (C5), 60.9
(C15), 81.5 (C6), 87.6 ppm (C12), anion: 115.3, 119.2, 160.0, 160.4, 160.9,
161.3 ppm; elemental analysis calcd (%) for C19H36F3NO3 (383.5): C
59.51, H 9.46, N 3.65; found: C 59.19, H 9.23, N 3.74.


Butyldimethyl[(1R,2S,5R)-(�)-menthoxymethyl]ammonium acesulfa-
mate (7): 1H NMR (CDCl3, 25 8C): d=0.79 (d, J=6.9 Hz, 3H; H9 or
H10), 0.96 (m, 12H; Ha-3, H1, H9 or H10, Ha-7, Ha-4, H18), 1.37 (m,
4H; H2, H5, H17), 1.71 (m, 4H; Hb-3, Hb-4, H16), 2.09 (m, 5H; Hb-7,
H8, and anion), 3.17 (s, 6H; H13, H14), 3.33 (m, 2H; H15), 3.55 (td, J=


10.7, J=4.4 Hz, 1H; H6), 4.72, 4.75 (d, J=7.1, J=7.4 Hz, 2H; AB
system), 5.44 ppm (d, J=1.1 Hz, 1H; anion); 13C NMR (CDCl3): d =13.3
(C18), 15.6 (C9 or C10), 19.4 (anion), 19.7 (C17), 20.8 (C1), 21.8 (C9 or
C10), 22.4 (C4), 24.0 (C16), 25.5 (C8), 30.9 (C2), 33.8 (C3), 40.2 (C7),
47.4 (C13 or C14), 47.5 (C13 or C14), 47.8 (C5), 60.8 (C15), 81.3 (C6),
87.5 ppm (C12), anion: 102.1, 160.5, 169.3 ppm; elemental analysis calcd
(%) for C21H40N2O5S (432.6): C 58.39, H 9.32, N 6.48; found: C 58.76, H
9.61, N 6.56.


Butyldimethyl[(1R,2S,5R)-(�)-menthoxymethyl]ammonium bis(trifluoro-
methanesulfonyl)imide (8e): 1H NMR (CDCl3, 25 8C): d =0.78 (d, J=


6.9 Hz, 3H; H9 or H10), 0.95 (m, 12H; Ha-3, H1, H9 or H10, Ha-7, Ha-
4, H18), 1.37 (m, 4H; H2, H5, H17), 1.67 (m, 4H; Hb-3, Hb-4, H16),
2.47 (m, 2H; Hb-7, H8), 3.01 (s, 6H; H13, H14), 3.24 (m, 2H; H15), 3.49
(td, J=10.7, J=4.4 Hz, 1H; H6), 4.51, 4.57 ppm (d, J=6.9, J=7.1 Hz,
2H; AB system); 13C NMR (CDCl3): d=13.3 (C18), 15.5 (C9 or C10),
19.4 (C17), 20.9 (C1), 21.8 (C9 or C10), 22.6 (C4), 24.0 (C16), 25.7 (C8),
31.0 (C2), 33.9 (C3), 40.1 (C7), 47.5 (C13 or C14), 47.7 (C13 or C14), 47.9
(C5), 61.3 (C15), 81.5 (C6), 87.9 ppm (C12), anion: 113.6, 117.5, 121.7,
126.0 ppm; elemental analysis calcd (%) for C19H36N2F6O5S2 (550.6): C
41.45, H 6.59, N 5.09; found: C 41.25, H 6.39, N 5.01.


Antielectrostatic properties : The antielectrostatic effect was measured on
a polyethylene film, which did not contain any lubricants or antioxidants.
Thin films of the studied salts were deposited on disks of diameter
0.125 m. The disks were stored for 24 h in an air-conditioned room at
20 8C with a relative humidity of 65%. The measuring apparatus and the
method have recently been described elsewhere.[37] The relative error in
the determination of two quantities did not exceed 5%.


X-ray crystallography : The crystal structure of butyldimethyl[(1R,2S,5R)-
(�)-menthoxymethyl]ammonium chloride (1e) was determined by single-
crystal X-ray diffraction at room temperature, using a Kuma KM-4 dif-
fractometer with a single-point detector and graphite-monochromated
CuKa radiation (l=1.54178 P). The data were processed routinely and
the structure was solved by direct methods (Sheldrick, 1990)[38] and re-
fined with anisotropic thermal parameters by full-matrix least-squares
techniques (Sheldrick, 1997).[39] The H atoms were placed in calculated
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positions. H atoms were placed in geometrically idealized positions. Only
the H atoms of water molecules were found in difference Fourier maps.


Crystal data for 1e : formula C17H36ON+Cl�·H2O, Mr=295.5, orthorhom-
bic, space group P212121, crystal size 0.5R0.3R0.1 mm, a=7.5261(16), b=


7.669(3), c=35.622(7) P, V=2056.2(10) P3, T=293(2) K, Z=4, m-
(CuKa)=1.668 mm�1, R1=0.630, wR2=0.1803 (I>2s(I)). CCDC 259728
contains the supplementary crystallographic data for chloride 1e. These
data can be obtained free of charge from the Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Antimicrobial activities : The following microbial strains were used as test
microbes: rods: Pseudomonas aeruginosa NCTC 6749, Escherichia coli
ATCC 25922, Proteus vulgaris NCTC 4635, Serratia marcescens
ATCC 8100; cocci: Staphylococcus epidermidis ATCC 49134, Staphylo-
coccus aures NCTC 4163, Micrococcus luteus NCTC 7743, Enterococcus
faecium ATCC 49474, Moraxella catarrhalis ATCC 25238; bacillus: Bacil-
lus subtilis ATCC 6633; yeast-like fungi: Candida albicans ATCC 10231,
Rhodotorula rubra (Demml 1889, Lodder 1934). Standard strains were
supplied by the National Collection of Type Cultures (NCTC), London,
and the American Type Culture Collection (ATCC). Rhodotorula rubra
was obtained from the Department of Pharmaceutical Bacteriology,
Poznań, Poland.


Antimicrobial activity was determined by the tube dilution method. A
series of ammonium chloride dilutions was prepared in Mueller–Hinton
broth medium (bacteria) or Sabouraud broth medium (fungi). Bacteria
strains were cultured in Mueller–Hinton broth medium for 24 h and
fungi in Sabouraud broth medium for 48 h. Suspensions of microbes at a
concentration of 106 cfumL�1 were then prepared from each culture.
Then, each dilution of the broth medium was inoculated with one of the
above-mentioned suspensions in a 1:1 ratio. Growth (or lack thereof) of
the microorganisms was determined visually after incubation for 24 h at
37 8C (bacteria) or for 48 h at 28–30 8C (fungi). The lowest concentration
at which there was no visible growth (turbidity) was taken as the MIC
(minimal inhibitory concentration). Then, an aliquot taken from each
tube in a sample loop was cultured in an agar medium with inactivation
agents (0.3% lecithin, 3% polysorbate 80, and 0.1% l-cysteine) and in-
cubated for 48 h at 37 8C (bacteria) or for 5 days at 28–30 8C (fungi). The
lowest concentration of the ammonium chloride preventing colony for-
mation was defined as the MBC (minimum bactericidal or fungicidal con-
centration).
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Substituent Effect To Prevent Autoxidation and Improve Spectral Stability in
Blue Light-Emitting Polyfluorenes


Jiu Yan Li, Andreas Ziegler, and Gerhard Wegner*[a]


Introduction


Light-emitting polymers have found considerable interest
because of their potential application in optoelectronics, for
example, as functional components in polymer light-emitting
diodes (PLEDs), solar cells, and thin film transistors.[1–3]


Among all the light-emitting polymers of the three primary
colors, blue light-emitting polymers are of special interest.
Polymers available so far show insufficient efficiency and
lifetime, despite intense research efforts. In addition to the
typical blue luminescent poly(p-phenylene) (PPP),[4] and its
derivatives, poly(2,7-(9,9-disubstituted)fluorene) (PF) and
respective copolymers were found as another important
series of blue light-emitting materials of high photolumines-
cent (PL) quantum yield, good solubility in common organic
solvents and acceptable charge carrier mobility.[5–8] A
number of fluorene-based homo- and copolymers have been
reported and blue PLEDs have been fabricated using these
polyfluorenes.[5–8] However, an undesired low-energy
“green” band covering a broad range from 500 to 600 nm is
frequently generated in both PL and electroluminescence
(EL) of PFs during operation, which not only limits the
emission efficiency but also damages the blue color purity
and stability.[5–8,9] There have been two opposing popular


points of view on the origin of this green emission in the lit-
erature.[10,11] One kind of interpretation assigned this green
band to the emission of hypothetical interchain aggregates
and/or excimer formation of PFs.[5a,8a,10] Consequently some
strategies such as dendronization,[8b,12] introduction of spiro-
or cross-links,[6e,8a,c] substitution with bulky side groups,[7b–e,13]


and blending[8d] were applied to obtain light-emitting fluo-
rene polymers or systems aiming to prevent the formation
of aggregates or excimers by suppressing intermolecular
interactions. Another kind of view insists that this green
emission band is caused by keto defects of PFs which are
generated during handling the materials in air, or by reac-
tion with residual oxygen in the course of photophysical ex-
perimentation.[11] The latter interpretation was confirmed
experimentally. By investigating the photophysical proper-
ties and energy transfer behavior of a series of monodis-
perse oligofluorenes and fluorenone-centered oligofluor-
enes, our group has demonstrated that highly pure oligo-
fluorenes do not show the “green” emission and that oligo-
fluorenes containing just one fluorenone group could act as
model to reproduce the green emission of the PFs.[14]


Lupton, Scherf, Jenekhe and their co-workers also clarified
the origin of the green emission band as coming from a fluo-
renone moiety and contradicted experimentally the assump-
tion that intermolecular aggregates or excimers play a
role.[11,15]


With a better understanding of the origin of the green
emission in fluorene-based polymers, it is possible to search
for efficient strategies to avoid the formation of the keto de-
fects to obtain pure blue emission, unless the green light
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emission is deliberately provoked by means of energy trans-
fer to or charge trapping by the fluorenone moieties.[15] It is
safe to assume that the keto defect is formed by oxidation
of the fluorene ring at the 9-position when it is exposed to
intensive light, heat or electrical field, although the mecha-
nism of the oxidation is not fully clear yet. Therefore, any
method which aims to introduce anti-oxidation capability
should help to suppress the green emission and to improve
the color purity and stability of the blue emission. Common
chemical sense tells us that, the oxidation probability of a
reagent can be decreased by reducing the electron density
on the reactive sites through proper substitution. Alterna-
tively, one can introduce scavenging agents and deactivators
for reactive intermediates such as hydroxy radicals, singlet
oxygen and the like.


In the present paper, we report the synthesis of two new
fluorene-based polymers, PF-1SOR and PF-2SOR, and their
application for blue photoluminescence (PL) and electrolu-
minescence (EL). Polymers and copolymers composed of
fluorene and phenylene segments have been reported pre-
viously.[8a] However, fluorene-based polymers having phenyl-
ene sulphonate groups incorporated are reported here for
the first time. Besides to improve the solubility and to avoid
interchain aggregation, the (3,5-di(tert-butyl)phenoxy)sul-
fonyl side groups attached to the phenylene ring on the
backbone are expected to improve the oxidative stability of
the fluorene moieties by taking away electron density from
the fluorene to the phenylene ring and by the scavenging ac-
tivity of the 3,5-di(tert-butyl)phenoxy residues. The photo-
physics, phase transition and
liquid crystalline properties of
these new copolymers are in-
vestigated. Moreover, their
thermal spectral stability is
studied by monitoring the PL
of their thin solid films and the
electrical spectral stability by
EL of light-emitting devices
built from them. For compari-
son, the spectral stabilities of a
conventional fluorene homopol-
ymer, poly(9,9-di(ethylhexyl)-
fluorene) (PF), is also studied
under the same conditions.


Results and Discussion


Synthesis : Scheme 1 illustrates
the chemical structure and the
preparation of the polymers
PF-1SOR and PF-2SOR. They
were synthesized by Suzuki
polycondensation reaction of
monomer 1 or 2 with 3 by using
[Pd(PPh3)4] as catalyst in a mix-
ture of tetrahydrofuran and


aqueous NaHCO3 solution. The syntheses of the monomers
1, 2 and 3 have been reported previously.[16,17] Polymers PF-
1SOR and PF-2SOR were obtained as white solids in over
90% yields after repeated precipitation with methanol.
They dissolve in common organic solvents such as tetrahy-
drofuran, chloroform and toluene. Gel permeation chroma-
tography (GPC), by using poly(p-phenylene) (PPP) based
standard, gave number-average molecular weights (Mn) and
weight-average molecular weights (Mw) as 21000 and 35000
for PF-1SOR, and 28000 and 53000 for PF-2SOR, respec-
tively. These results correspond to a polydispersity index
(PD, PD=Mw/Mn) of 1.6 and a number-average degree of
polymerization (DPn) of 28 for PF-1SOR, 1.87 and 26 for
PF-2SOR, respectively. Table 1 gives a brief summary of
these parameters. Full characterization of both polymers is
obtained by 1H NMR, 13C NMR, spectroscopy and elemen-
tal analysis as mentioned in the Experimental Section.


Thermal characterization : The thermal properties of PF-
1SOR and PF-2SOR were first investigated by polarized op-
tical microscopy of the materials in form of their films
which were cast from solution and were observed directly or
after they had been subjected to thermal annealing. Figure 1
shows the optical micrographs of PF-1SOR and PF-2SOR
films between crossed polarizers on glass substrates. The
films were obtained from their dilute chloroform solutions
by very slow evaporation of the solvent at room tempera-
ture. Details of the sample preparation have been described
elsewhere.[18] The PF-1SOR film displayed a typical Schlie-


Scheme 1. Chemical structure and preparation of polymers PF-1SOR and PF-2SOR. i : [Pd(PPh3)4] THF/H2O,
NaHCO3, reflux.


Table 1. Summary of the spectroscopic data of polymers PF-1SOR, PF-2SOR and PF.


Film Toluene solution
Polymer Mn PD lmax(UV) lmax(PL) lmax(UV) lmax(PL) Stoke shift FFL


[gmol�1] [nm] [nm] [nm] [nm] [nm]


PF-1SOR 21000 1.60 350 419 349 413 64 0.58
PF-2SOR 28000 1.87 347 416 349 410 61 0.56
PF 15000 1.79 388 423 383 413 30 1
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ren texture, as shown in Figure 1a, indicating a nematic
liquid crystal mesophase. This Schlieren texture persisted
even after the solvent was evaporated and the film was fully
dry, implying that the liquid crystalline mesophase was
frozen in. A similar LC texture was revealed under same
conditions for films of PF-2SOR.


The LC mesophase of PF-1SOR and PF-2SOR was also
observed in case where the solution was rapidly evaporated
which gave rise to a thin film of unspecified initial structure
that turned into a mesophase characterized by a Schlieren
texture upon annealing at elevated temperature. Upon heat-
ing at 10 Kmin�1, the PF-1SOR film on a glass substrate
displayed the same Schlieren texture as in Figure 1a when
the temperature reached about 1558C; this suggests that a
nematic LC mesophase was formed. Increasing the tempera-
ture, this texture persisted and no isotropization was ob-
served even when heating to 3508C. In the subsequent cool-
ing at 10 Kmin�1 to room temperature, the LC texture still
persisted, implying that the LC mesophase is frozen persis-
tently. The fact that the LC mesophases of polyconjugated
polymers can be quenched and kept either by cooling from
the thermally treated films or by evaporating solvent from
the lyotropic phases was reported by our group as early as
1993.[18]


Formation of a nematic LC mesophase of PF-1SOR was
also identified by differential scanning calorimetry (DSC).


Figure 2 shows the DSC trace on heating (solid line) of PF-
1SOR after it had been quenched from the melt. As the
temperature was increased, an endothermic peak was de-
tected at 1558C, which is identified as the melting of PF-
1SOR into a liquid crystalline mesophase according to the
observation of the Schlieren texture by polarized optical mi-
croscopy. Further transitions were not observed on further
heating, indicating that the isotropization temperature lies
above the decomposition temperature. Thermogravimetry
showed that PF-1SOR started to decompose at 3608C.


The thermal properties of PF-2SOR are similar. Heating
a film of PF-2SOR on a glass substrate a similar LC texture
(see Figure 1b) was generated when the temperature
reached about 2608C. It should be noted that formation of
the LC texture in PF-2SOR films was much slower than in
PF-1SOR even at the high temperature of 3008C. Figure 2
also illustrates the DSC trace of PF-2SOR (dash line).
When the glassy PF-2SOR quenched from its melt was re-
heated for the second run, an endothermic transition phe-
nomenon was detected at 1338C, which corresponds to a
transition of PF-2SOR from a glassy to a rubbery state. On
further heating, an exothermic process, probably corre-
sponding to the formation of a crystalline phase, was ob-
served at 2128C. Further increasing the temperature, this
phase melted at 2568C into a mesophase, consistent with the
observation of the LC mesophase by polarized microscopy.


Optical properties : The normalized electronic absorption
and fluorescence spectra of PF-1SOR and PF-2SOR in
dilute toluene solution are shown in Figure 3. For compari-
son, the absorption and fluorescence spectra of the neat
poly(fluorene) PF in dilute toluene solution are also dis-
played. For the sake of comparison and accurate data ac-
quisition, the optical density of all solutions was adjusted to
a value of 0.1. PF-1SOR and PF-2SOR exhibit structureless
absorption bands with identical absorption maximum at
349 nm, which is associated to the p–p* transition of the
polymer backbone. Compared to PF, the absorption of PF-
1SOR and PF-2SOR is blue-shifted by 30 nm, implying that
the presence of the phenylenes segments with the bulky


Figure 1. Optical micrographs under crossed polarizers of PF-1SOR
a) and PF-2SOR, b) films developed from dilute chloroform solutions.


Figure 2. DSC traces of PF-1SOR (c) and PF-2SOR (a) (second
heating at 10 Kmin�1).
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sulphonate side groups does change the electronic structure
of the polymer backbone only slightly and increases the
energy band gap. Despite the same absorption maximum in
solution and the similar spectral shape, the absorption of
PF-2SOR starts at a shorter wavelength than PF-1SOR ; this
indicates a higher energy band gap of PF-2SOR. The band
gaps of PF-1SOR and PF-2SOR were determined by the ab-
sorption onset of the corresponding solid films on quartz
substrates as 3.22 and 3.30 eV, respectively.


The fluorescence spectra of PF-1SOR, PF-2SOR and PF
in dilute toluene solution with the same concentration to
those for above absorption measurement are also shown in
Figure 3. Under excitation at 350 nm, PF-1SOR and PF-
2SOR exhibit unstructured blue fluorescence with emission
peaks at 413 and 410 nm, respectively. Compared with the
well-resolved fluorescence bands of 413, 435 and 472 nm of
PF, the absence of any vibronic structure in the fluorescence
spectra of PF-1SOR and PF-2SOR probably contributes to
the color purity of their blue emission. Notably, the StokeOs
shift of polymer PF-1SOR (64 nm) and PF-2SOR (61 nm)
determined as the difference between the absorption and
fluorescence maximum is double in magnitude compared to
that of PF (30 nm). The fluorescence quantum yields (FFL)
of polymer PF-1SOR and PF-2SOR in toluene solution
were measured related to PF as 0.58 and 0.56, respectively,
assuming that the quantum yield of PF in dilute toluene so-
lution is unity. All the involved photophysical parameters of
PF-1SOR, PF-2SOR and PF are summarized in Table 1.


Spectral stability : The blue light emission in conventional
PFs is in most cases reported in literature accompanied by a
broad and structureless green band if the material has ever
been exposed to air during preparation or operation. It is,
therefore, of interest to test the polymers described in this
paper with regard to their response towards exposure to
oxygen under harsh conditions.


The spectral stability of PF-1SOR and PF-2SOR was
probed by annealing their films in air at various tempera-
tures for two and a half hours and then measuring the fluo-
rescence spectra after cooling to room temperature. For
comparison, films of PF were treated and tested in the same


way. In order to avoid any possible effect on the fluores-
cence from residual solvent or film thickness, all films were
fabricated by spin coating on same kind of quartz substrate
from toluene solution and the film thickness of all samples
was adjusted to 70 nm. The films were dried in a vacuum
oven at room temperature for 10 hrs. Three polymers were
also annealed in form of powder at various temperatures
and then subjected to FT-IR measurement to detect the pos-
sible formation of keto groups. Only fresh films and pow-
ders were used as starting materials for these experiments.
Figure 4 shows the absorption spectra of these polymers in


form of films before and after annealing. The absorption
maxima and the spectral shape of PF-1SOR and PF-2SOR
are almost identical after annealing even at 2008C, except
that the absorption spectra of PF-1SOR films became a
little broader, indicating a possible physical change, for ex-
ample, in film morphology. This notion is supported by the
increase in the absorption in the long wavelength region
outside the true absorption band due to scattering. Those of
the PF films also broaden and the absorption maximum
shifts to the red by 4 nm after annealing, implying some
minor physical and/or chemical change.


Figure 5 shows the fluorescence spectra of these polymer
films before and after annealing. It is clear that the emission


Figure 3. UV-VIS absorption and fluorescence spectra of PF-1SOR
(c), PF-2SOR (c) and PF (c) solutions in toluene.


Figure 4. UV-VIS absorption spectra of a) PF-1SOR, b) PF-2SOR and
c) PF films before and after thermal annealing in air at various tempera-
tures.
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spectra of copolymers PF-1SOR and PF-2SOR remain
nearly identical, except for the discernable spectral position
change which is probably due to the same physical factors
as in the absorption spectra. The emission at 410 or 413 nm
were stable, even after annealing at such a high temperature
as 200 8C for 2.5 h. The absence of any new emission band
excludes the formation of any new emissive species in PF-
1SOR and PF-2SOR. However, under identical thermal
treatment, the PF films exhibited the well-known “green”
band at 500–600 nm after annealing at and over 1508C. The
ratio of the emission intensities of the “blue” and the
“green” band increased in favor of the latter. The green
emission in PF films is assigned to the fluorenone defects
which were generated by oxidation of fluorene units when
PF was exposed to oxygen at high temperature, although no
typical absorption band at around 1718 cm�1 was found in
the FT-IR spectra of this material. The absence of the keto
vibration peak seems reasonable if we make a reference to
JenekheOs report of the FT-IR data of a series of well-de-
fined fluorene–fluorenone copolymers.[15c] In his report, the
copolymer with 10 mol% fluorenone (10-FO) showed a
strong absorption at 1718 cm�1 that is the region of the C=O
stretch. This intensity decreased dramatically with decreas-
ing the fluorenone content in the copolymer and only left a
small peak in copolymer with 5 mol% fluorenone (5-FO). It
is deduced that, although not shown in that report, the keto


vibration signal may be too low to be captured in FT-IR
spectra for polymer having only around 1 mol% of fluore-
none group (1-FO). However, the green emission from the
fluorenone moiety in 1-FO films is five times stronger than
the blue emission, which reveals the important contribution
of the keto moieties to the undesired green emission even at
tiny concentration.


Compared with PF, the blue fluorescence of PF-1SOR
and PF-2SOR is surprisingly stable, even after annealing at
a high temperature of 2008C. This supports our initial hy-
pothesis that introduction of the bulky (3,5-di(tert-butyl)phe-
noxy)sulfonyl groups would prevent the undesired oxidation
of the fluorene segments.


Electroluminescence : The EL properties of PF-1SOR and
PF-2SOR were investigated using double-layer light-emit-
ting diodes (LEDs) with the device configuration of ITO/
PEDOT:PSS(40 nm)/polymer(70 nm)/Ca(50 nm)/Al(100 nm),
in which ITO is indium tin oxide and acts as anode, PE-
DOT:PSS is poly(3,4-ethylenedioxythiophene)-poly(styrene-
sulfonate) as hole injection layer, polymer stands for the
present PF-1SOR, PF-2SOR or PF and as active emitting
layer, and Ca as cathode and is protected by a layer of Al.
The EL spectra of these devices under various driving vol-
tages are shown in Figure 6. It is clear that both PF-1SOR
and PF-2SOR devices emit in the blue exhibiting a single
peak at 445 (Figure 7a) and 435 nm (Figure 7b), respectively.


Figure 5. Fluorescence spectra of a) PF-1SOR, b) PF-2SOR and c) PF
films before and after thermal annealing in air at various temperatures.
The spectra in (c) are normalized with regard to the “blue” band.


Figure 6. EL spectra of a) PF-1SOR, b) PF-2SOR and c) PF under vari-
ous driving voltages in their double-layer LEDs.
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The EL spectra are similar to the PL in spectral shape, de-
spite a red shift of 32 nm for PF-1SOR and 24 nm for PF-
2SOR and the presence of band tailing in the long wave-
length region. The EL spectral red shift compared with PL
is commonly observed in most organic and polymeric LEDs.
Apparently, the EL spectra of both PF-1SOR and PF-2SOR
devices are independent of the driving voltage, indicating a
stable emission color with respect to the excitation intensity.
However, the EL spectra of the PF device always consist of
the blue parts at 422, 445 and 475 nm which are consistent
with those in PL of the fresh PF films and a broad green
component with a peak at 518 nm, even at low driving volt-
age of 5 V (Figure 6c). The green emission could be ob-
served in EL of the fresh PF LED, but not in PL of the
fresh PF films. There have been similar reports that the
green emission from the fluorenone is stronger in EL than
in PL.[11c,15] This is because the low-energy keto defects can
be excited not only by energy transfer from the fluorene
moieties but also by direct charge trapping in the EL device
made of PF, while only by energy transfer in PL of PF films.
It should be noted that the EL intensity and current density
(not shown) of PF-1SOR and PF-2SOR devices are lower
than those of the PF device under same experimental condi-
tions, due to the lower fluorescence quantum yields and pos-
sibly lower charge carrier mobilities of these two polymers.
This may be caused by the bulky side groups which give rise
to a dilution effect.


The spectral stability at high voltages of PF-1SOR and
PF-2SOR was investigated by comparing the EL spectra of
their LEDs before and after continuous operation under a
constant current density in vacuo. To evaluate the spectral
stability of these polymers, the PF device was studied simi-
larly. Figure 7a and b illustrates the EL spectra of PF-1SOR,
as an example, and a PF double-layer devices before and
after continuous operation under a constant current density
of 5 mAcm�2 for 1 h in vacuo. Except for the decrease in
light intensity, no significant change in spectral characteristic
was found in the PF-1SOR device after continuous opera-
tion, indicating an electrically stable blue emission of PF-
1SOR. However, the intensity of the green band at 518 nm
in PF device increased dramatically on expense of that of
the blue emission at 422 nm after the same continuous oper-
ation, resulting in further deviation of the overall emission
color from the initial blue one.


Conclusion


Novel fluorene- and phenylene-based polymers with sulpho-
nate side groups, PF-1SOR and PF-2SOR, were synthesized
by Suzuki polycondensation as blue light-emitting materials.
They display a nematic liquid crystalline phase after proper
temperature treatment and do not show isotropization up to
a temperature close to their decomposition. PF-1SOR and
PF-2SOR have higher energy band gaps than the compara-
ble fluorene homopolymer PF and emit structureless blue
fluorescence in both solution and film form. The spectral
stability was studied by annealing the fresh films in air at
various temperatures and monitoring the absorption and
fluorescence spectra. Unlike PF, the films of PF-1SOR and
PF-2SOR never showed the well-known green emission
band that is seen in PF even if these materials were an-
nealed at a temperature of 200 8C for 2.5 h in air. Instead
the pure blue fluorescence was maintained. PF-1SOR and
PF-2SOR display blue electroluminescence in their double-
layer LEDs independent of the driving voltage. In contrast
to a continuous increase during operation in the intensity of
the green emission band in the PF device, the EL spectra of
PF-1SOR did not show any significant change after continu-
ous operation under 5 mAcm�2 for 1 h; this confirms a high
electrically spectral stability of PF-1SOR. The better spec-
tral stability of PF-1SOR and PF-2SOR is attributed to a
combination of the strong electron-withdrawing nature of
the sulphonate side groups and the scavenging effect of the
3,5-di(tert-butyl)phenoxy moieties in the side groups. Al-
though the fluorescence quantum yield of the polymers PF-
1SOR and PF-2SOR is lower than PF and the electrolumi-
nance and current density of the LEDs of these polymers
are not as high as those of PF, the present study definitely
provides a strategy to design pure blue light-emitting fluo-
rene-based polymers by introducing suitable side groups.


Figure 7. EL spectra of a) PF-1SOR and b) PF in their double-layer
LEDs before (a) and after (c) continuous operation at 5 mAcm�2


for 1 h. The spectra in b) are normalized with regard to the “blue” band.
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Experimental Section


Materials and methods : Reactions requiring an inert gas atmosphere
were conducted under argon, and the glassware was dried with a heat-
gun. Commercial grade reagents were used without further purification.
PF was purchased from American Dye Sources. THF was distilled from
sodium prior to use. 1H NMR and 13C NMR spectra were recorded on a
Bruker DPX 250 and a Bruker DRX 500 spectrometer. Chemical shifts
are given in ppm, referenced to residual proton resonance of the solvents.
Elemental analysis was performed on an Elemental Analysis system
vario EL II (Hanau Germany). UV/Vis spectra were recorded at room
temperature with a Perkin-Elmer Lambda 9 UV/VIS/NIR spectrometer.
Photoluminescence spectra were obtained on a Spex Fluorolog II (212)
apparatus. Differential scanning calorimetry was measured on a Mettler
DSC 30 with a heating and cooling rate of 10 Kmin�1.


The light-emitting devices with a configuration of ITO/PEDOT:PSS-
(40 nm)/polymer(70 nm)/Ca(50 nm)/Al(100 nm) were fabricated by spin
coating of the polymer layers on ITO anode. The ITO substrates were
patterned and then cleaned by successive 5 min ultrasonications in deter-
gent, de-ionized water, ethanol, and chloroform, followed by treatment
with oxygen plasma. PEDOT/PSS (Bayer AG) was spin-coated on pre-
treated ITO substrate from aqueous dispersion and baked at 120 8C for
1 h. Subsequently the active polymer layer was spin-coated on PEDOT/
PSS film from toluene solution after passing through a 0.45 mm PTFE
filter, the thickness of which was controlled as 70 nm by adjusting the so-
lution concentration and the spin rate. The Ca/Al cathode was deposited
on the polymer layer by thermal evaporation at a rate of 0.5 nms�1 in a
vacuum chamber. The emitting area of each pixel is determined by over-
lapping of the two electrodes as 7 mm2. Electrical and optical measure-
ments of all LEDs were made under high vacuum (10�5 mbar) at room
temperature. The EL spectra were recorded with an optical multichannel
analyzer (EG&G OMA II) after dispersing the light through a digital
triple grating spectrograph (EG&G Model 1235). The current and bright-
ness characteristics of the LEDs were measured using computer-control-
led Keithley 236 source measure unit and a photomultiplier (Products
For Research Inc. Model R928P/1179/1179).


Synthesis of PF-1SOR and PF-2SOR : The intermediate 1, 2 and 3 were
synthesized according to the literature.[16,17] Under an argon atmosphere,
equimolar amounts of 1 (4.51 g, 5.31 mmol) or 2 (5.31 mmol) and 3
(3.41 g, 5.31 mmol) were dissolved in a mixture composed of THF
(54 mL) and aqueous NaHCO3 solution (32 mL). [Pd(PPh3)4] was added
in 5Q10�3 molar equivalents of 1 or 2. The resulting mixture was stirred
for 48 h under reflux. Bromobenzene (0.04 g, 0.3 mmol) was added to
end cap the polymer. After additional 24 h under reflux the polymer was
precipitated by pouring the reaction mixture into methanol [1 L]. The
product was dried and redissolved in toluene. The filtered solution was
precipitated in methanol and dried to give polymer PF-1SOR or PF-
2SOR as a colorless solid (95%).


PF-1SOR : GPC (THF, PPP standard): Mn=21000 gmol�1, Mw=


35000 gmol�1, PD=1.6; 1H NMR (250 MHz, CD2Cl2): d=8.17 (s, 1H),
7.89 (br s, 1H), 7.78–7.76 (d, 2H), 7.59 (s, 1H), 7.51–7.50 (d, 4H), 7.22 (s,
1H), 6.69 (s, 2H), 1.98 (br s, 4H), 1.13 (s, 18H), 0.96–0.41 (m, 30H);
13C NMR (250 MHz, CDCl3): d =151.5, 149.7, 148.2, 140.2, 136.5, 134.4,
132.7, 130.5, 128.0, 125.4, 121.6, 119.8, 118.2, 115.5, 54.3, 43.8, 33.9, 33.7,
33.0, 30.2, 27.2, 26.1, 21.6, 12.9, 9.3; elemental analysis calcd (%) for
[C49H64O3S]n ([733.1]n): C 80.28, H 8.80, S 4.37; found: C 79.66, H 8.49, S
4.45.


PF-2SOR : GPC (THF, PPP standard): Mn=28000 gmol�1, Mw=


53000 gmol�1, PD=1.87; 1H NMR (250 MHz, CD2Cl2): d=8.16 (br s,
2H), 7.80–7.77 (m, 4H), 7.63 (s, 2H), 7.43 (br s, 2H), 7.30 (s, 2H), 6.98
(br s, 2H), 6.72 (s, 4H), 2.05 (br s, 4H), 1.15 (s, 36H), 0.95–0.43 (m, 30H);
13C NMR (250 MHz, CDCl3): d =152.6, 152.0, 149.3, 142.0, 141.0, 137.0,
134.9, 133.0, 130.7, 128.7, 126.5, 122.5, 120.8, 117.1, 55.2, 44.8, 34.96, 34.8,
33.7, 31.3, 28.2, 26.9, 22.7, 14.0, 10.4; elemental analysis calcd (%) for
[C69H88O6S2]n ([1077.6]n): C 76.91, H 8.23, S 6.45; found: C 76.87, H 8.08,
S 6.35.
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Lewis Acidity/Basicity of p-Electron Systems: Theoretical Study of a
Molecular Interaction between a p System and a Lewis Acid/Base


Shun-ichi Kawahara†,[a] Seiji Tsuzuki,*[b] and Tadafumi Uchimaru*[c]


Introduction


The classic definition of a Lewis acid–base interaction is the
interaction between electron donor and electron acceptor.[1]


The interaction between a p system and electron acceptor
and the interaction between an electron-deficient p system
and electron donor can be considered as Lewis acid–base in-
teractions, since the Lewis acid–base interaction is general-
ized as the interaction between an occupied molecular orbi-
tal and an unoccupied molecular orbital.[2]


The attractive interaction, between an electron-rich p


system and a positively charged proton of alkane, is known
as CH/p interaction.[3] The interaction between a p system
and proton donor (electron acceptor), such as the interac-
tion between benzene and water, has been considered as a
new type of hydrogen bond.[4] Moreover, strong interaction
between cation and benzene was reported.[5] These interac-
tions suggest that benzene acts as electron donor. On the
other hand, recently Gallivan and Dougherty, and Danten
et al. independently reported theoretical studies on the
water/hexafluorobenzene interaction.[6a] They suggested the
existence of attractive interaction between the lone pair of
the oxygen atom and hexafluorobenzene. Besnard et al. re-
ported remarkable difference between the dynamics of soli-
tary water in benzene and that in hexafluorobenzene based
on IR and Raman measurements. They concluded that a
proton of the water can form a weak hydrogen bond with
benzene but not with hexafluorobenzene.[6b] The hydrogen
bond between a proton of water and the p system of hexa-
fluorobenzene was not observed experimentally, which
agrees well with the theoretically predicted structure. Alkor-
ta et al. reported that the fluorine atom in hydrogen fluoride
attracts hexafluorobenzene very weakly.[6c] They also report-
ed the interaction between some electron donors,[6d] includ-
ing anions,[6e] and electrondeficient p sytems. The interaction
between an anion and a p system was reported by QuiÇo-
nero et al.[6g–k] and Mascal et al.[6l] independently. Recently,
we found attractive interaction between an electron-defi-
cient p system and an electron-rich fluorine atom in fluo-
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benzene, and borazine), and a Lewis
acid/base (borane and ammonia) were
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teraction between benzene, the elec-
tron-rich p system, and borane was ob-
served. On the other hand, repulsive
interactions between benzene and am-
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roalkane.[6m] These studies suggest that hexafluorobenzenes
act as electron acceptor.


We report herein ab initio calculations of the molecular
interactions of electron-rich and electron-deficient p systems
with Lewis acid and base. Borane and ammonia were used
as models of Lewis acid and base, respectively. It has been
reported that ammonia acts as proton donor in the ben-
zene–ammonia complex.[4c,7] The measurement of R2PI
spectroscopy shows that the N�H bond of ammonia points
towards the benzene ring.[7a,b] However, we focused on the
interaction of ammonia with p systems as an electron donor
in this study. Benzene (pH) and hexafluorobenzene (pF)
were used as the models of electron-rich and electron-defi-
cient p systems, respectively. Borazine (pBN) was used as the
model of localized p-electron system (Figure 1), additionally.
Fowler et al. reported that borazineIs ring current is strongly
localized on the nitrogen atoms, in contrast to the flat ring
current of benzene and hexafluorobenzene,[8a,b] which sug-
gests that borazine has unique molecular interaction. Re-
cently, we have reported remarkable molecular interaction
of the borazine dimer.[8c]


Calculation Methods


Structure optimization and interaction energy calculations were both car-
ried out using the Gaussian 98 program.[9] The structures of borane, am-
monia, benzene, hexafluorobenzene and borazine were optimized at the
B3LYP/6-311G(d) level of calculation. The molecular interaction energy
was calculated at the MP2/aug-ccpVDZ//B3LYP/6-311G(d) level. The


molecular interaction energies were evaluated by the supermolecular
method. The basis set superposition error (BSSE) was corrected by using
the counterpoise method.[10] The interaction energy was calculated with
changing horizontal (X, Figure 2) and vertical (R, Figure 2) displace-
ments. The electrostatic energy (EES) was calculated as interaction be-


tween distributed multipoles of monomers using ORIENT.[11] Distributed
multipoles were obtained from MP2/ccpVTZ wave functions of the iso-
lated monomers. GDMA[12] was used for obtaining distributed multipoles
from the wavefunctions calculated using the Gaussian program. The dif-
ference between the Hartree–Fock interaction energy (DEHF) and the


EES can be considered mainly as the
exchange-repulsion energy. We thus,
denote this term as Erep, that is, Erep =


DEHF�EES, but the Erep term also in-
cludes other energy components, such
as the induction energy and the charge
transfer attractive interaction (ECT).
The electron correlation energy (Ecorr)
was calculated as the difference be-
tween the calculated MP2 interaction
energy (DEMP2) and the DEHF at the
aug-cc-pVDZ basis set. The major
part of Ecorr is the dispersion energy.


Results and Discussion


Table 1 shows the effects of basis set and electron correla-
tion on the benzene–borane (H3B/pH) and benzene–ammo-
nia (H3N/pH) interaction energies in the structures with C3


symmetry (X = 0). In both complexes, the HF level interac-
tion energies (DEH3B/pH


= ++3.55 kcalmol�1 and DEH3N/pH
=


+3.35 kcalmol�1) were much more positive than MP2 and
CCSD(T) ones (DMP2 < �1.0 kcalmol�1). Though the
MP2 level interaction energies (DEH3B/pH


= �0.37 kcalmol�1


and DEH3N/pH
= ++1.91 kcalmol�1) were more negative than


the CCSD(T) level interaction energies (DEH3B/pH
=


+0.29 kcalmol�1 and DEH3N/pH
= ++1.96 kcalmol�1), the dif-


ferences were quite small (DCCSD(T)=++0.66 kcalmol�1


for H3B/pH and +0.05 kcalmol�1 for H3N/pH).
The cc-pVDZ basis set underestimates the attraction and


overestimates the repulsion compared to the aug-cc-pVDZ
(DEH3B/pH


= �1.38 kcalmol�1 and DEH3N/pH
= ++0.51 kcal


mol�1) and aug-cc-pVTZ (DEH3B/pH
= �1.98 kcalmol�1 and


DEH3N/pH
= ++0.28 kcalmol�1) basis sets (DAug < �1.0


kcalmol�1). Although the interaction energies calculated
with the aug-cc-pVDZ basis set were slightly less negative
than those calculated with the aug-cc-pVTZ basis set, the


Abstract in Japanese:


Figure 1. Three types of p systems.


Figure 2. Arrangement of p system and borane/ammonia for the potential
energy calculations. X is horizontal displacement [N] and R is vertical
displacement [N].
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differences in the calculated interaction energies were small
(DTZ = �0.59 kcalmol�1 for H3B/pH and �0.23 kcalmol�1


for H3N/pH). Table 1 shows that the magnitude of the basis
set effect between aug-cc-pVDZ and aug-cc-pVTZ basis
sets (DTZ), and the magnitude of electron correlation effect
between the MP2 and CCSD(T) levels of theory
(DCCSD(T)), were close although the signs are different,
which suggests that the MP2/aug-cc-pVDZ level interaction
energy is not largely different from the CCSD(T)/aug-cc-
pVTZ level interaction energy. Therefore, we can expect
that the MP2/aug-cc-pVDZ level interaction energies be-
tween p systems and Lewis acids/bases are sufficiently accu-
rate.


Trends in the change of the interaction energy and its
components were studied with changing horizontal displace-
ment (X, N), whose the vertical displacement was fixed (R
= 3.5 N). Figure 3a–f shows the change of each energy com-
ponent with changing horizontal displacement. In all cases,
Ecorr had the largest contribution for the stabilization of the
complexes. Thus, the dispersion energy is the major factor
for the attractive interactions. The Ecorr value became the
most negative when the borane or ammonia molecule locat-
ed on the center of the p systems (X = 0). The electrostatic
interaction (EES) between ammonia and the p systems was
much larger than that between borane and the p systems.


Attractive interaction was observed for H3B/pH (Fig-
ure 3a); however, the C3 structure (X = 0) was not potential
energy minimum. The potential minimum was observed
(DEX¼1:0


MP2 = �2.43 kcalmol�1) when the borane was located
at the point of X = 1.0 N. The EX¼1:0


corr (�2.11 kcalmol�1) had
an important contribution to the attractive interaction. In
contrast to total interaction energy (DEMP2), the potential
energy minimum was observed in the C3 structure for both
EES and Ecorr. Although the electrostatic interaction was also
attractive (EX¼0:0


ES =�0.50 kcalmol�1), the contribution was
much less than the EX¼0:0


corr (�2.29 kcalmol�1). On the other
hand, the potential energy maximum was observed for Erep


when the borane was located at the point of the center
(EX¼0:0


rep =++0.59 kcalmol�1). Thus, the exchange–repulsion is
the major reason why the total H3B–pH interaction in the C3


structure is not potential energy minimum.
Contrary to the H3B/pH interaction, total H3N/pH interac-


tion (Figure 3b) was repulsive, but the C3 structure was a po-


tential energy minimum
(DEX¼0:0


MP2 = ++0.51 kcalmol�1),
and a potential maximum
was observed (DEX¼1:0


MP2 =


+0.59 kcalmol�1) when the am-
monia was located at the point
of X=1.0 N. The size of Ecorr in
the H3N/pH interaction EX¼0:0


corr


(�2.43 kcalmol�1) was almost
the same as that of the H3B/pH


interaction. The potential
energy maximum was observed
in the C3 structure for EES.
Since the electrostatic interac-


tion was strongly repulsive (EX¼0:0
ES = ++2.03 kcalmol�1), it


had the largest contribution for the repulsive interaction.
The value of Erep became maximum when the nitrogen atom
was located near a carbon atom of benzene. The repulsion
between the lone pair of ammonia and the occupied p orbi-
tal of the benzene would be the cause of the large Erep.
EX¼0:0


rep (+0.91 kcalmol�1) was about a half of EX¼0:0
ES .


Attractive interaction was observed for H3B/pF interaction
(Figure 3c); however, the C3 structure (X = 0) was potential
energy maximum (not the least negative), similar to the
H3B/pH interaction. The potential minimum was observed
(DEX¼0:8


MP2 = �1.43 kcalmol�1) when X = 0.8 N. The EX¼1:0
corr


(�2.44 kcalmol�1) had an important contribution to the at-
tractive interaction. The size of the EX¼1:0


corr for the H3B/pF in-
teraction was comparable to the EX¼1:0


corr for H3B/pH interac-
tion. Weakly repulsive electrostatic interaction was observed
(EX¼0:0


ES = ++0.41 kcalmol�1) and the potential energy was
very flat. The electrostatic interaction is the main reason
why the total interaction energy for the H3B/pF interaction
was about 1 kcalmol�1 less negative than the H3B/pH inter-
action. The potential energy maximum was observed for
Erep when the borane was located at the point of the center
(EX¼0:0


rep = ++0.65 kcalmol�1), and the size of the EX¼0:0
rep for


the H3B/pF interaction was comparable to the EX¼1:0
corr for


H3B/pH interaction.
Relatively strong interaction (DEX¼0:0


MP2 = �3.16 kcalmol�1)
was observed for H3N/pF interaction (Figure 3d). The C3


structure was potential energy minimum. The value of Ecorr


was less negative than that of H3N/pH interaction. The con-
tribution of EX¼0:0


ES in H3N/pF was comparable to the Ecorr.
The potential energy minimum was observed in the C3 struc-
ture for both EES and Ecorr. The value of EX¼0:0


rep (+0.14 kcal
mol�1) was smaller than H3N/pH interaction.


Figure 3e and f show the potential energy of H3B/pBN in-
teraction and H3N/pBN interaction, respectively. Considering
the asymmetry of the borazine for the horizontal displace-
ments, the interaction energies were calculated for both
complexes in the range of X = �2.5 to +2.5 N. A negative
value of X shows that BH3 or NH3 located near a boron
atom of the borazine, and the positive value of X shows
BH3 or NH3 located near a nitrogen atom of the borazine.


For H3B/pBN interaction, the potential minimum was ob-
served when X = 1.4 (DEX¼1:4


MP2 = �1.86 kcalmol�1). Anoth-


Table 1. Basis set dependence and electron correlation dependence of the calculated interaction energies (DE,
BSSE corrected, kcalmol�1) and BSSE (kcalmol�1).


cc-pVDZ aug-cc-pVDZ aug-cc-pVTZ
HF MP2 CCSD(T) MP2 MP2


Interaction Model DE (BSSE) DE (BSSE) DE (BSSE) DE (BSSE) DE (BSSE)


BH3/pH (R=3.0 N) +3.55 (+0.61) �0.37 (+1.66) +0.29 (+1.70) �1.38 (+2.23) �1.98 (+0.81)
DMP2


[a] DCCSD(T)[b] DAug
[c] DTZ


[d]


�3.92 +0.66 �1.01 �0.59
NH3/pH (R=3.5 N) +3.35 (+1.06) +1.91 (+1.47) +1.96 (+1.39) +0.51 (+0.75) +0.28 (+0.41)


DMP2
[a] DCCSD(T)[b] DAug


[c] DTZ
[d]


�1.44 +0.05 �1.40 �0.23


[a] DMP2 = DEMP2�DEHF. [b] DCCSD(T) = DECCSD(T)�DEMP2 . [c] DAug=DEaug-cc-pVDZ�DEccpVDZ . [d] DTZ =


DEaug-cc-pVTZ�DEaug-cc-pVDZ .
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er potential minimum was observed (DEX¼�0:6
MP2 =


�1.49 kcalmol�1) when X = �0.6 N. The C3 structure was
potential energy maximum (DEX¼0:0


MP2 = �1.45 kcalmol�1).
The potential energy of Ecorr for the H3B/pBN interaction
was almost symmetrical for X, and the potential minimum
was observed when the borane was located at the point of
X = 0.0. The Ecorr had the greatest contribution to the at-
tractive interaction. The EES was negative except at the
point of X = �1.7 N, and the fluctuation of the electrostatic
potential energy was small.


The potential minima of the H3N/pBN interaction were ob-
served when X = 0.0 N (DEX¼0:0


MP2 =�0.13 kcalmol�1) and X
= �2.0 N (DEX¼0:0


MP2 = �0.45 kcalmol�1). On the other hand,
the potential maximum was observed when X = �0.4 N
(DEX¼�0:4


MP2 = �0.12 kcalmol�1) and X = ++1.4 N (DEX¼1:4
MP2 =


+0.25 kcalmol�1). The Ecorr (E
X¼0:0
corr = �1.52 kcalmol�1) had


an important contribution to the attractive interaction. The
potential energy minimum was observed in the C3 structure
for Ecorr. The E0:4


ES was positive in the range of X (�2.5 N �
X � +2.5 N). The trend in the potential energy of Erep was
similar to that of DEMP2. The trend in the total interaction


potential energy for H3N/pBN interaction was opposite to the
H3B/pBN interaction. For both H3B/pBN and H3N/pBN interac-
tions, the EES was not the main reason for the characteristic
potential energy.


Figure 4a–e shows charges of interaction energies by the
charge of horizontal displacements (R, N), and Table 2 sum-
marizes the total interaction energies and each energy com-
ponent at the potential minima. The interaction between
benzene and borane (�3.22 kcalmol�1, R=3.0, X=0.0, see
also Figure 5a), and that between hexafluorobenzene and
ammonia (�3.16 kcalmol�1, R=3.2, X=0.0, see also Fig-
ure 5d) were attractive. Trends in the contribution of each
component at the potential minimum (Table 2) were close
to that shown in Figure 3 where X was changed with fixed R
value. The interaction between hexafluorobenzene and
borane (�2.01 kcalmol�1, X=0.8, see also Figure 5c) was
also attractive. The potential energy minimum was observed
at R = 3.0 and X=0.8 N. On the other hand, the interac-
tion between benzene and ammonia was repulsive. Table 3
shows the atomic charges of p systems obtained by electro-
static potential fitting according to the scheme by Besler


Figure 3. Calculated total interaction energies and energy components with changing the horizontal displacements (X, N). The vertical displacement (R)
was fixed at 3.5 N.
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et al.[14] The total atomic charges of the heavy atoms of ben-
zene and borazine were negative and that of hexafluoroben-
zene was positive.


For the interaction between benzene and borane (R=3.0,
X=1.0 N, see also Figure 5a), the electron correlation con-


tribution (Ecorr=�4.61 kcal
mol�1) was the major factor for
the attractive interaction. The
electrostatic interaction (EES=


�0.71 kcalmol�1) was much less
negative than the Ecorr. The
value of Ecorr in the interaction
between benzene and ammonia
(�1.68 kcalmol�1, see also Fig-
ure 5b) was less negative than
that in the interaction between
benzene and borane. The EES in
the interaction between ben-
zene and ammonia was largely
repulsive (+2.03 kcalmol�1). As
the result, total interaction
energy in the interaction be-
tween benzene and ammonia
became positive. The EES


(+0.53 kcalmol�1) and Erep


(+2.42 kcalmol�1) were repul-
sive. On the other hand, the
value of Ecorr (�4.96 kcalmol�1)
in the interaction between hexa-
fluorobenzene and borane (Fig-


ure 5c) was largely negative and comparable to that of the
interaction between benzene and borane (�4.61 kcalmol�1).
As a result, attractive Ecorr in hexafluorobenzene and borane
interaction overcame the repulsive effect of EES and Erep.
The intermolecular distances at the potential minima in the


Figure 4. Calculated interaction energies with changing vertical displacement (R, N). The horizontal displacement (X = 0 N and potential minimum
shown in Figure 2) was fixed in the calculations.


Figure 5. Structures of the complexes in Table 1. H: light blue, B: yellow C: gray, N: dark blue and F: light
green.
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H3B/pH,F,BN complexes were remarkably shorter than those
in the H3N/pH,F,BN complexes. Therefore, Ecorr had larger
contribution in the H3B/pH,F,BN complexes. As shown in Fig-
ure 2a and b, the values Ecorr in the H3B/pH complex and
that in the H3B/pF complex were comparable, when R had
the same value. Thus, the difference in R values is the main
reason for the difference of Ecorr in these complexes at the
potential minima.


Benzene has an attraction to Lewis acids but has repul-
sion to Lewis bases. In contrast to benzene, hexafluoroben-
zene has an attraction to both Lewis bases and acids. Be-
cause of the amphoteric p-electron system in the borazine,
attractive interaction between borane and borazine was ob-
served when the borane located close to the nitrogen atom
(X=1.4 N, see also Figure 5e). On the other hand, attractive
interaction between ammonia and borazine was observed
when the nitrogen atom is close to the hydrogen attached to
a boron atom of borazine (X = �2.0 N, see also Figure 5f).
In borazine, nitrogen and proton, bonded with boron (H(-B)
in Table 2), were negatively charged and boron and proton,
bonded with nitrogen (H(-N) in Table 2), were positively
charged. Total atomic charge of the heavy atoms was nega-
tive; thus, the interaction between the borazine and boron
(�3.68 kcalmol�1) was more attractive than the interaction
between the borazine and ammonia (�0.45 kcalmol�1).


Conclusion


The electron correlation effect, the main component of
which should be the dispersion energy, had the largest con-
tribution for the attractive interaction between a p system
(benzene, hexafluorobenzene and borazine) and a Lewis


acid/base (borane and ammo-
nia). The electrostatic interac-
tion also had an important role.
Benzene, an electron-rich p


system, has an attraction to
borane, and it has repulsion
with ammonia when lone pair
of ammonia points toward the
benzene ring (ammonia acts as
a Lewis base). Hexafluoroben-
zene, an electron-deficient p


system, and borazine, an am-
photeric p-electron system,
have attraction to both borane
and ammonia.
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On the Regio- and Stereoselective Synthesis of Aminocyclitols from Cyclitol
Epoxides: The Effect of Li as a Chelating Agent


Pedro Serrano,[a, b] Amadeu Llebaria,[b] Jordi V&zquez,[c] Joan de Pablo,[c, d]


Josep M. Anglada,*[e] and Antonio Delgado*[a, b]


Introduction


Over the last years, aminocyclitols have gained interest as
pharmacological tools for the study of cellular processes
linked to the inositol phosphate cycle, as well as potential
glycosidase inhibitors.[1–3] As part of our ongoing research
directed towards the design and synthesis of new amino and
diaminocyclitols as modulators of sphingolipid metabolism,[4]


we became interested in the regio- and stereoselective syn-
thesis of aminocyclitol derivatives of types 3–5 from regiose-
lective epoxide opening of suitably protected cyclitol epox-
ides 1[5] and 2[6] (Scheme 1).


Examples of regiocontrolled epoxide opening of cyclitol
derivatives with nitrogen nucleophiles to give the corre-
sponding C1 or C2 adducts are scarce in the literature.[7] In
a previous work,[6] we described an unexpected regioselec-
tive chelation-controlled C1 azidolysis and aminolysis of ep-
oxide 1 in the presence of Yb(OTf)3. This method required
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nitrogen nucleophiles have been car-
ried out. Model studies with NaN3 as a
nucleophile in the absence of Li ions
predict a mixture of C1 and C2 re-
gioadducts. The inclusion of two Li


ions as a chelating agent favours the
operation of a low populated “all-
axial” conformation leading ultimately
to the C1 adducts. In all cases, the re-


sults can be rationalised by geometric
and energetic considerations of the cor-
responding transition states. Predic-
tions of the theoretical calculations are
in good agreement with the experimen-
tal results using primary and secondary
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Scheme 1. Regio- and stereocontrolled opening of cyclitol epoxides.
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the presence of a vicinal free hydroxyl group for an efficient
metal coordination, which prevented their practical use on
fully protected cyclitol derivative 2. Along this line, we were
interested in the search of an alternative, more general pro-
tocol for this regioselective transformation.


Epoxide opening of substituted 1,2-epoxycyclohexanes is
well documented in the literature.[8] In general, a trans-dia-
xial stereoselectivity is found, as dictated by stereoelectronic
effects.[9–13] However, the observed regioselectivity depends
largely on conformational bias and can be modulated by a
judicious choice of reaction conditions. In this context,
model studies on the reactivity of cis- and trans-4-benzyl-
oxy-1,2-epoxycyclohexane with nitrogen nucleophiles have
shown the dramatic effect of some metals, particularly Li
salts, to promote a complete regiochemical epoxide open-
ing.[14] Thus, in the presence of LiClO4, the conformational
equilibrium in the cis isomer is shifted towards a reactive
conformation in which the benzyloxy group adopts an axial
disposition to enable intramolecular metal chelation with
the epoxide. On the other side, the conformational equilibri-
um in the trans isomer is also shifted to allow a lithium-as-
sisted regiocontrolled intramolecular nucleophile delivery
(Scheme 2).


Reactivity of cyclitol epoxides with nitrogen nucleophiles :
Based on these premises, epoxides 1 and 2 represent chal-
lenging models to confront the above mechanistic hypothe-
ses. Thus, intramolecular chelation would require the partici-
pation of an apparently highly energetic “all-axial” confor-
mation A1, in equilibrium with the equatorial conformations
E1a and E1b (Scheme 3). Both axial and equatorial confor-
mations would lead to different regioadducts on the basis of
the above-mentioned stereoelectronic effects. However,
treatment of epoxides 1 and 2 with NaN3 in the presence of
2n LiClO4 in CH3CN at 80 8C[15] cleanly afforded the corre-
sponding azidoalcohols 3a, and 4a in high yields from the
regio- and diastereoselective C1 opening of the starting ep-
oxides (see Table 1, entries 1 and 5).[16] The use of primary
or secondary amines as nucleophiles also afforded the corre-
sponding C1 regioadducts (Table 1, entries 2, 3, 4, 6, 7, and
8). The role of the CH3CN/LiClO4 system seems crucial for
the reaction outcome, as evidenced in entries 9 to 12, where
LiClO4 was suppressed and/or CH3CN was replaced with
THF.


The regioselective formation of C1 adducts 3 and 4 with
azide and amines can be interpreted as a result of an exclu-
sive trans-diaxial opening of epoxides 1 and 2 through the


“all-axial” Li-chelated confor-
mation A1 shown in Scheme 3.


Conformation A1 is expected
to be strongly stabilized by a
double intramolecular chelation
between Li and epoxide and/or
benzyloxy groups. This confor-
mation is consistent with the
observed regiochemical out-
come arising from the expected
stereocontrolled trans-diaxial
opening.


Scheme 2. Effect of Li ions on epoxide ring opening in 4-benzyloxy-1,2-epoxycyclohexane.[14]


Scheme 3. Lithium promoted opening of cyclitol epoxides 1 (R=H) and 2 (R=Bn).
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Attempts to detect the putative reactive conformation A1
by 1H or 13C NMR experiments were unsuccessful (see Sup-
porting Information). Thus, only minor changes on the
NMR pattern for the cycloaliphatic protons were observed
when a 0.02m solution of epoxide 2 in CD3CN was treated
with LiClO4 at concentrations ranging from 0 to 1.5m


[17] and
temperatures from 25 to 60 8C. These results indicate that,
contrary to our own observations in model cis-4-benzyloxy-
1,2-epoxycyclohexane[14] (see also Supporting Information),
the conformational equilibrium of cyclitol epoxide 2 is not
altered in the presence of Li salts.[18] It seems thus reasona-
ble to assume that the major conformers in solution are the
equatorial ones (E1 and E2, Scheme 3) and that most of the
Li ion is coordinated with the solvent.[19] The major or exclu-
sive formation of C1 regioadducts can thus be explained
either by operation of the postulated “trans-diaxial” opening
from a low populated reactive conformation A1 or by an al-
ternative, formal “trans-diequatorial opening” from any of
the equatorial conformers, in clear conflict with the accepted
stereoelectronic control for these processes.[9–13]


Theoretical calculations : With the aim of gaining insight
into this intriguing mechanism, we have performed a com-
putational work on different reaction paths concerning the
possible formation of C1 and C2 adducts by a nucleophilic
attack on cyclitol epoxides 1 or 2, as shown in Scheme 3. In
order to have a computationally feasible system, a model
structure analogous to 1, in which the OBn groups have
been replaced with OCH3 groups has been considered.
Moreover, the nucleophilic attack on each of the epoxides
has been modelled by using the azide ion as a nucleophile.


The density functional theory
with the B3LYP functional[20]


has been used to compute the
different stationary points along
the reaction paths. The polar-
ized continuum model (PCM)
of Tomasi and co-workers[21,22]


has been employed to analyse
the solvent effects (acetonitrile,
e=36.64). All the energetic
values discussed below are also
based on results taking into ac-
count both the entropic correc-
tions and the solvent effects.
Additionally, the bonding fea-
tures for the Li chelated struc-
tures have been analyzed with
the atoms-in-molecules theory
by Bader.[23] Herein we describe
only an schematic representa-
tion of the optimized structures
corresponding to reactants and
transition states, while the
structures of the remaining in-
vestigated stationary points and
final products are available as
Supporting Information.


For the sake of clarity, we have first modelled the process
without including the chelating agent. Thus, in the absence
of Li ions, only two stable conformations are found, namely
A2 and E2 with “all-axial” and “all-equatorial” substituents,
respectively (see Scheme 3 and Figure 1). Both conformers
adopt a pseudo-chair ring disposition and, according to our
calculations, they are energetically “quasi-degenerate” (E2
is computed to be more stable than A2 by only
0.8 kcalmol�1; DG value). In our study, we have considered
the nucleophilic attack by the azide ion at both C1 and C2
for each of the conformers and a free energy profile of the
corresponding reactions paths have been plotted in Figure 2.
In each case, the reaction starts with the formation of a van
der Waals pre-reactive complex between the epoxide and
the azide ion, prior to the transition state and the formation
of the corresponding products. Figure 2 also shows that the
most favourable reaction path for the nucleophilic attack
from A2 (all axial substituents) involves a trans-diaxial ep-
oxide opening process, with a computed free energy barrier
of 32.4 kcalmol�1 (A2-TSC1) and, consequently, it would
give rise to the C1 adduct, while the attack at C2 requires a
higher free energy barrier of 36 kcalmol�1 (A2-TSC2). It is
also apparent from Figure 2 that, in the absence of Li ions,
the reaction is endoergic by 7.3 kcalmol�1 and that the pre-
reactive complex is unstable with respect to the reactants.
This can be interpreted as a result of a differential entropic
effect and it points out that the equilibrium is shifted to the
reactants side. Noteworthy our calculations predict the prod-
uct A2-P2, having a boat-like ring structure, to be about
4 kcalmol�1 more stable than A2-P1, with a chair-like ring


Table 1. Opening of epoxides 1 and 2 in the presence of 2n LiClO4.


Substrate Nucleophile Products dr[a] Yield[b] (%)


1 1 A 3a single 92
2 B 3b single 90
3 C 3c single 85
4 D 3d single 91


5 2 A 4a single 91
6 B 4b single 94
7 C 4c single 92
8 D 4d single 95
9 A[c] (d) – –
10 A[e] (d) – –
11 B[c] 4b/5b 2:3 87
12 B[e] 4b/5b 2:3 83


[a] Determined by 1H NMR or HPLC. [b] Isolated yields. [c] No LiClO4


was added. [d] No reaction. [e] THF as solvent.
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structure, in agreement with the large electronic repulsion
of the all-axial substituents in A2-P1. On the other side, the
free energy profile also displayed in Figure 2, shows that the
most favourable reaction path for the nucleophilic attack on
E2 (all equatorial substituents) would occur through E2-
TSC2, (with a computed free energy barrier of 28.2 kcal
mol�1) to afford the C2 adduct (EP2), while for the corre-
sponding attack on C1 (E2-TSC1) a higher free energy bar-


rier of 33.2 kcalmol�1 has been
found. The reaction path is
again endoergic by about
14 kcalmol�1 and the pre-reac-
tive complexes are unstable
with respect to the reactants,
this pointing out that the equi-
librium between the reactants
and the pre-reactive complexes
is also shifted to the reactants
side.


The observed preference for
the nucleophilic attack on C1
or C2 depending on the axial
(A2) or equatorial (E2) disposi-
tion of the substituents can be
rationalized by considering the
geometries of the correspond-
ing transition states (Figure 2).
In both cases, the transition


states of lower activation barriers (A2-TSC1 and E2-TSC2,
respectively) present a chair-like structure, while those of
higher activation barrier present a more strained boat-like
structure (A2-TSC2 and E2-TSC1). In addition, the results
displayed in Figure 2 show that the chair-like transition
states are between 4–5 kcalmol�1 more stable than the cor-
responding boat-like ones, and this energy compares well
with the relative stability of a cyclohexane chair conforma-


Figure 1. Structure of the reactants. Bond lengths are in angstroms.


Figure 2. Schematic free energy diagram for the nucleophilic attack of azide to A2 and E2. Each stationary point along the reaction path is labelled by
the letter of the reactant followed by a letter designing the van der Waals complex (C), the transition state (TS) or the product (P). In addition, a suffix
1 or 2 denotes that the nucleophilic attack takes place at C1 or C2, respectively. The structures of the transition states are also included and the bond
lengths are in angstroms.
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tion with respect to the boat one (around 5.5 kcalmol�1).[24]


Thus, our theoretical calculations predict that the nucleo-
philic attack on the “all-axial” epoxide A2 takes place at C1
while attack on the “all-equatorial” epoxide E2 occurs at
C2, as a result of the more favourable ring conformation for
each transition state. Moreover, the small energetic differ-
ence between A2 and E2 predict the low regioselectivity
found for this process in the absence of Li ions. Our experi-
mental results are in agreement with these predictions
(Table 1, entry 11).


The effect of lithium as a chelating agent has been investi-
gated by including two Li ions.[25] The number of Li ions in-
cluded in the calculation has been done by taking into ac-
count the geometric disposition of the “all-axial” reactant
conformer, which allows one of the Li ions to simultaneous-
ly chelate to three different oxygen atoms from one side of
the molecule (the epoxide, the OH group and one of the
OMe groups, respectively), the second Li atom being able to
chelate to two different oxygen atoms (two OMe groups)
from the opposite side, this giving rise to the A1 chelated
conformer shown in Figure 1. The possibility of Li atoms to
simultaneously chelate to two or three oxygen atoms is sup-
ported by recent literature reports.[26–31] Regarding the “all-
equatorial” conformation, there are two possibilities for Li
chelation leading to E1a and E1b conformers, respectively
(see Scheme 3 and Figure 1). In each case, each Li atom
binds to two oxygen atoms, namely the epoxide and the OH
group from one face and the two OMe groups from the op-


posite face of the molecule. From an energetic standpoint,
the ability of one Li ion to simultaneously chelate to three
oxygen atoms in the “all-axial” conformation results in a sig-
nificant extra stabilization of A1 with respect to the two
“all-equatorial” chelated conformers E1a and E1b (DG=


13.64 and 10.09 kcalmol�1, respectively), which shifts the
equilibrium to the “all axial” A1 conformer (Figure 3).


For each elementary process, the reaction path begins
with the formation of a van der Waals complex between the
corresponding Li-chelated conformer and the azide anion,
prior to the evolution to the corresponding transition states.
The effect of the Li ions is also remarkable, compared with
the reactions described above in the absence of Li, and pro-
duces a strong energetic stabilization of all stationary points
along the reaction path (compare the energetic profiles in
Figure 2 with those displayed in Figure 3). For the nucleo-
philic attack on A1 (“all-axial” substituents), our calcula-
tions show that the pre-reactive complexes (A1-C1 and A1-
C2) are 22.1 and 22.7 kcalmol�1 more stable than the reac-
tants and, as expected, the lower activation barrier
(10.77 kcalmol�1 relative to the pre-reactive complex A1-
C1) corresponds to the C1 attack, in agreement with the
chair-like structure of the corresponding transition state
(A1-TSC1) (see Figure 3). On the other side, C2 attack has
a higher free energy barrier (18.34 kcalmol�1 relative to the
pre-reactive complex A1-C2), as expected from the boat-
like structure of the corresponding transition state A1-TSC2
(see Figure 3). The reaction path displayed in Figure 3


Figure 3. Schematic free energy diagram for nucleophilic attack of azide ion to A1 and E1b. The stationary points are named as in Figure 2 and the struc-
tures of the transition states are also included. Bond lengths are in angstroms.
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shows that both transition states lay energetically below the
reactants and the reaction is exoergic, being the C1 adduct
(A1-P1) the most stable product.[32]


Despite the large stability computed for A1, and for the
sake of completeness, we have also investigated the nucleo-
philic attach of the azide ion upon C1 and C2 for the most
stable “all-equatorial” chelated conformer E1b. Free energy
profiles of the corresponding reaction path is also plotted in
Figure 3. The nucleophilic attack also starts with the forma-
tion of the corresponding van der Waals pre-reactive com-
plexes (E1b-C1 and E1b-C2) between the Li-chelated epox-
ide and the azide ion. Our calculations predict those pre-re-
active complexes to be more stable than the corresponding
reactants (DG = 16.73 and 16.86 kcalmol�1, respectively).
Unexpectedly, the lower activation barrier (DG =


20.46 kcalmol�1 relative to the pre-reactive complex) corre-
sponds to the C1 attack, with a boat-like transition state
structure (E1b-TSC1). On the other hand, C2 attack shows
a higher free energy barrier (DG=24.58 kcalmol�1, relative
to the corresponding pre-reactive complex) despite the fact
that the corresponding transition state (E1b-TSC2) has a
chair-like structure. In addition, the reaction is computed to
be exoergic by about 17 kcalmol�1. The unexpected prefer-
ence for the C1 attack upon E1b, in comparison with the
preference for C2 attack observed for the also “all-equatori-
al”, although not Li-chelated, E2 (see Figure 2) can be ex-
plained by the effect of Li ions. Thus, as shown in Figure 3,
the nucleophilic attack at C2 takes place through a transi-
tion state (E1-TSC2) where both Li atoms chelate to two
different atoms: the OH group and the epoxide from one
face and one of the OMe groups and the azide terminal ni-
trogen atom from the opposite face. On the contrary, in
transition state E1-TSC1 (leading to the nucleophilic attack
at C1), one of the Li atoms is three-fold chelated with two
of the OMe substituents and with the azide terminal nitro-
gen atom. This gives rise to an extra stabilization that com-
pensates for the most favourable chair-like E1-TSC2 confor-
mation and accounts for the unexpected preference for C1
attack. These results let us conclude that, from a mechanistic
standpoint, the nucleophilic attack at C1 is the preferred
pathway for both “all-axial” and “all-equatorial” conformers
in the presence of Li ions, as experimentally observed.


Conclusion


We have carried out an experimental and a theoretical study
of the influence of Li ions on the reactivity of cyclitol epox-
ides with nitrogen nucleophiles aiming at rationalizing the
regio- and stereoselective formation of the corresponding
aminocyclitol derivatives.


The computational work on model studies with azide ion
as nucleophile in the absence of Li atoms predicts that the
nucleophilic attack upon the “all-axial” conformer A2 will
give rise to the C1 adduct while attack upon the “all-equato-
rial” conformer E2 leads to the C2 adduct. These results
may be rationalized by considering the geometric features


of the corresponding transition states. In each case, a chair-
like transition state is energetically favoured in comparison
with the more strained boat-like ones. These predictions are
in agreement with our experimental results.


The inclusion of two Li ions as a chelating agent has a
dramatic effect. From an energetic standpoint, a remarkable
stabilization of all stationary structures along the reaction
paths has been observed when compared with the process in
the absence of Li ions. Moreover, the “all-axial” conformer
A1 has a greater ability to chelate Li ions than the “all-
equatorial” conformers E1a and E1b, which results in a
larger energetic stability of the former and a shift of the
conformational equilibrium towards the A1 side. In addi-
tion, nucleophilic attack upon A1 leads to the C1 adduct, as
expected from the chair-like structure of the corresponding
transition state. However, this reactive conformation is low
populated at RT and not observable by 1H NMR spectrosco-
py due to the higher tendency of Li ions to coordinate with
acetonitrile, the solvent system. Our calculations also predict
that, unexpectedly, nucleophilic attack on E1b would also
lead to the C1 adduct, despite the apparently more strained
boat-like structure of the corresponding transition state.
This can be interpreted as a result of its higher ability for Li
chelation in comparison with the alternative chair-like tran-
sition state, which counterbalances the above effect. In both
scenarios, the theoretical calculations are in good agreement
with the experimental results, thus confirming the validity of
this study.


Experimental Section


For general experimental procedures, see Supporting Information. Epox-
ides 1[5] and 2[6] were prepared according to described procedures. 1H and
13C NMR spectra have been recorded in CDCl3 at 300 and 75.5 MHz, re-
spectively, unless otherwise stated.


Technical details of the calculations : All stationary points in the potential
energy surfaces described in this work have been fully optimized with the
hybrid density functional B3LYP method[20] by using the 6-31G(d,p) basis
set.[33] At this level of theory we have also calculated the harmonic vibra-
tional frequencies to verify the nature of the corresponding stationary
point (minima or transition state), to provide the zero point vibrational
energy (ZPE) and the thermodynamic contributions to the enthalpy and
free energy. Moreover, to ensure that the transition states connect the de-
sired reactant complexes and products, we have performed intrinsic reac-
tion coordinate calculations (IRC), plus geometry optimization at this
level of theory. The effect of the solvent has been taken into account by
performing single point calculations at the optimized geometries by using
the PCM model by Tomasi et al.[21,22] In this case, a dielectric constant of
36.64 corresponding to acetonitrile has been used. These calculations
have been performed using the Gaussian 98 program package.[34]


In several stationary points of interest, we have also analysed the bond-
ing features of the chelate by using the atoms in molecules (AIM) theory
by Bader.[23] To do this, we have employed the AIMPAC program pack-
age[35] to obtain the topological properties of the B3LYP/6-31G(d,p)
wave function. The Molden program[36] was also used to visualize the
geometrical and electronic features of the different stationary points. The
Cartesian coordinates and the absolute energies of all stationary points
are also available as Supporting information.


General synthetic methods and compound characterization—Reaction of
epoxides with nucleophiles in the presence of LiClO4 : A solution of the
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starting epoxide 1 and 2 (0.5 mmol) in CH3CN (9 mL) was added drop-
wise under argon over LiClO4 (80 mg, 0.75 mmol) at RT. A solution of
NaN3 (0.5 mmol) or the corresponding amine (see Table 1) in CH3CN
(1 mL) was next added and the reaction mixture was stirred at 80 8C
under argon. After 18 h, the reaction mixture was cooled to RT,
quenched with H2O (10 mL), extracted with CH2Cl2 (3W20 mL), and
dried over anhydrous Na2SO4. Filtration and evaporation afforded crude
aminoalcohols (See Table 1), which were purified as indicated below.


Compound 3a : Purified by flash chromatography (silica gel pretreated
with Et3N) on elution with hexanes/EtOAc 1:1. 1H NMR (200 MHz): d =


2.78 (br, 1H), 3.46 (m, 5H), 3.67–3.99 (m, 6H), 7.20–7.35 (m, 15H); 13C
NMR (50 MHz, C6D6): d = 53.5, 65.9, 73.0, 75.7, 82.4, 82.9, 127.8–128.7,
138.1; IR (film): ñ = 3350 (br), 2109 cm�1.


Compound 3b : Purified by flash chromatography (silica gel pretreated
with Et3N) on elution with hexanes/EtOAc 1:1. 1H NMR: d = 0.90 (t, J
= J’ = 7.5 Hz, 3H), 1.26–1.47 (m, 4H), 2.41 (t, 2H, J=9.4 Hz), 2.69 (t,
2H, J=6.9 Hz), 3.40–3.59 (m, 4H), 4.81–4.94 (m, 6H), 7.25–7.38 (m,
15H); 13C NMR: d = 13.9, 20.3, 32.7, 44.5, 61.4, 71.3, 75.4, 75.7, 82.8,
84.3, 127.7, 127.8, 128.0, 128.4, 128.5, 138.5; IR (film): ñ = 2920, 1499,
1451 cm�1; MS: m/z : 506 [M+H]+ .


Compound 3c : Purified by flash chromatography (silica gel pretreated
with Et3N) on elution with hexanes/EtOAc 1:1. 1H NMR: d = 1.09 (t, J
= J’ = 7.5 Hz, 6H), 2.57 (t, 1H, J = J’ = 9.2 Hz), 2.76 (m, 4H), 3.48
(m, 5H), 4.83–4.98 (m, 10H), 7.24–7.40 (m, 25H); 13C NMR: d = 15.1,
63.8, 70.3, 75.3, 75.5, 82.8, 84.5, 127.6, 127.7, 127.9, 128.3, 138.4, 138.5; IR
(film): ñ = 3418, 1605, 1492 cm�1; MS: m/z : 506 [M+H]+ .


Compound 3d : Purified by flash chromatography (silica gel pretreated
with Et3N) on elution with hexanes/EtOAc 1:1. 1H NMR: d = 2.40 (m,
1H), 2.77 (t, J=7.2 Hz, 3H), 2.99 (t, J=7.8 Hz, 2H), 3.43 (m, 4H), 4.7–
5.0 (m, 6H), 7.2–7.4 (m, 20H); 13C NMR: d = 36.9, 46.1, 61.4, 71.5, 75.3,
75.7, 82.8, 84.2, 126.1, 127.7, 127.8, 127.9, 128.2, 128.4, 128.6, 138.3, 138.5,
139.7; IR (film): ñ = 3575, 3421, 3087, 2923, 2856, 1953, 1879, 1741,
14396, 1454 cm�1.


Compound 4a : Purified by flash chromatography (silica gel pretreated
with Et3N) on elution with hexanes/EtOAc 2:1. [a]D = �6.2 (c = 0.95,
CHCl3);


1H NMR: d = 3.40–3.44 (m, 4H), 3.50–3.65 (m, 2H), 4.75–4.96
(m, 8H), 7.26–7.35 (m, 20H); 13C NMR: d = 45.5, 66.4, 72.7, 75.6, 75.8,
75.9, 81.1, 82.4, 82.6, 83.5, 127.6, 127.7, 127.8, 127.9, 128.1, 128.4, 128.6,
137.9, 138.0, 138.1; IR (film): ñ = 3448, 3107, 1456, 1359, 1200 cm�1.


Compound 4b : Purified by flash chromatography (silica gel pretreated
with Et3N) on elution with hexanes/EtOAc 2:1. [a]D = ++7.4 (c = 1.5,
CHCl3);


1H NMR: d = 0.89 (t, J = J’=8.5 Hz, 3H), 1.21–1.42 (m, 4H),
2.4–2.8 (m, 3H), 3.20–3.45 (m, 5H), 4.80–5.02 (m, 8H), 7.26–7.34 (m,
20H); 13C NMR: d = 13.9, 20.3, 32.8, 45.9, 61.6, 71.7, 75.1, 75.7, 75.8,
80.3, 83.0, 84.0, 85.0, 85.5, 125.6–128.5, 138.1–138.3; IR (film): ñ = 3418,
3062, 3028, 1669, 1492 cm�1; MS: m/z : 596 [M+H]+ .


Compound 4c : Purified by flash chromatography (silica gel pretreated
with Et3N) on elution with hexanes/EtOAc 2:1. [a]D = ++21.5 (c = 1.75,
CHCl3);


1H NMR: d = 1.11 (t, J=6 Hz, 6H), 2.55 (m, 1H), 2.75 (q, J=


6 Hz, 4H), 3.18 (m, 1H), 3.51 (m, 2H), 3.63 (m, 2H), 4.6–5.0 (m, 8H),
7.2–7.4 (m, 20H); 13C NMR: d = 15.7, 63.9, 69.7, 74.2, 74.9, 75.8, 75.89,
79.0, 82.8, 84.3, 85.7; IR (film): ñ = 3421, 3058, 3028, 2906, 2897, 1659,
1493, 1456 cm�1; EI-HRMS: m/z : calcd for C38H45NO5: 595.3297; found:
595.3321.


Compound 4d. Purified by flash chromatography (silica gel pretreated
with Et3N) on elution with hexanes/EtOAc 2:1. 1H NMR: d = 3.4–4.0
(m, 8H), 4.7–5.0 (m, 8H), 7.2–7.4 (m, 25H); 13C NMR (50 MHz, CDCl3):
d = 46.9, 51.6, 75.1, 75.2, 75.8, 75.9, 81.2, 83.1, 83.9, 84.9, 127.1, 127.4,
127.5, 127.7, 128.1, 128.2, 129.3, 129.4, 129.5, 138.2, 138.3, 138.4, 138.6,
140.2; IR (film): ñ = 3416, 3923, 2912, 1426, 1455, 1357, 1245 cm�1; [a]D
= �4.2 (c = 2.85, CHCl3).


Compound 5b : Purified by flash chromatography (silica gel pretreated
with Et3N) on elution with hexanes/EtOAc 2:1. 1H NMR: d = 0.83 (t,
J=7.5 Hz, 3H), 1.25–1.40 (m, 4H), 2.49 (t, J=10.2 Hz, 1H), 2.56 (m,
1H), 268 (m, 1H), 3.34–3.63 (m, 5H), 4.6–5.0 (m, 8H), 7.2–7.4 (m, 20H);
13C NMR: d = 13.9, 20.3, 32.9, 45.9, 61.5, 71.7, 75.2, 75.7, 75.8, 80.3, 83.0,


84.0, 85.0, 127.6, 127.7, 127.8, 127.9, 128.2, 128.3, 128.4, 128.5, 138.3,
138.4, 138.6; IR (film): ñ =3412, 3017, 2984, 2972, 1465, 1436 cm�1.
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Electronic Coupling in Mixed-Valence Dinuclear Ferrocenes and
Cobaltocenes with Saturated Bridging Groups


Simon C. Jones,[a, b] Stephen Barlow,*[b] and Dermot O%Hare*[a]


Introduction


Mixed-valence (MV) compounds can be regarded as simple
systems for testing electron-transfer models; analysis of
their charge-transfer spectra in the context of Marcus theory
was first outlined by Hush in 1967.[1] Complexes featuring
linked ferrocenium/ferrocene redox centres represent one of
the most widely investigated families of MV systems; a
plethora of species built around an extensive range of bridg-
ing groups have been studied in detail by variety of tech-
niques.[2] However, there is still a paucity of studies on anal-
ogous cobaltocenium/cobaltocene systems, even though evi-
dence exists that greater electronic coupling between the
metal centres should be a feature of the Co species; this
may reflect to some extent synthetic issues encountered that


have their origin in the greater chemical sensitivity of cobal-
tocenes when compared to ferrocenes. The relative rates of
self-exchange for the [Co(Cp’)2]


+/[Co(Cp’)2] couples (Cp’=
Cp, Cp*) in a given solvent are greater by around an order
of magnitude than for the respective Fe species;[3–5] gas-
phase measurements[6] also reveal a substantial increase in
rate for the Co couples in the absence of any solvent effects.
These Fe and Co redox couples have been reported to have
similar reorganisation energies,[3] and so the difference in
self-exchange rates has been interpreted as arising from
stronger through-space intermolecular coupling in the Co
case. This is due to the nature of the frontier orbitals in-
volved in the electron-transfer process. For Fe, INDO-SCF
calculations[7] show the HOMO is the e2 orbital, which has
86% metal character. For Co, the e1* orbital is involved; Xa


calculations[8] show this orbital has significant ligand charac-
ter (43%), a result supported by EPR measurements on co-
baltocene.[9] The active orbitals for the Co couple are, there-
fore, substantially delocalised onto the ligand and, hence,
larger donor–acceptor orbital overlap is possible, leading to
greater electronic coupling and a faster rate of electron
transfer than for the Fe couple. This self-exchange process is
analogous to thermal intervalence charge transfer (IVCT) in
a symmetric MV complex. Limited results for MV com-
plexes suggest a greater degree of metal–metal coupling in
cobaltocenium/cobaltocene systems than for the ferroceni-
um/ferrocene analogues, although the majority of these
studies have been carried out in strongly coupled species at,
or close to, the Class III (delocalised) regime.[10] Investiga-


Abstract: We have synthesised a series
of new dinuclear metallocenes [{M-
(Cp*)(C5H4)}2X] (Cp*=h5-pentameth-
ylcyclopentadienyl; M=Fe, Co, X=
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plexes, magnetic susceptibility mea-
surements reveal intramolecular anti-
ferromagnetic interactions of �21 and
�14 cm�1 for SiMe2- and GeMe2-bridg-
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tion of the IVCT band for the bimetallocene monocations,
[{M(Cp)}2(m-Fv)]


+ (Fv= fulvalenediyl, h5 :h5-C10H8), shows
that the bicobaltocene species is at least Class II–III, where-
as the biferrocene cation is Class II.[11] IVCT spectra of
Class III ligand-bridged dinuclear monocations (in which the
ligand is Fv,[11] s-indacene or pentalene)[12] also show greater
electronic coupling for the Co species than their Fe ana-
logues. Studies of FeII/FeI MV species (isolelectronic with
CoIII/CoII) provide corroborating evidence for this orbital
effect on electronic coupling. [{Fe(h6-C6Me6)}2(m-Fv)]


+


[BF4]
� is shown to be delocalised on both Mçssbauer and


IR timescales (and thus Class III),[13] whereas [{Fe(Cp*)2}(m-
Fv)]+[I3]


� is localised on both IR and Mçssbauer timescales
with separate FeII and FeIII centres distinguishable in its
crystal structure.[14] However, at the weak coupling (Class I/
Class II) end of the MV spectrum there are no direct com-
parisons for structurally analogous linked ferrocene and co-
baltocene systems. Recent studies resulted in the observa-
tion of the electronic coupling (V) in the range 371–
1049 cm�1 for unsymmetrical methylene-bridged CoIII/FeII


systems,[15] whilst [Fc2CH2]
+ (Fc=Fe(Cp)(h5-C5H4)) was re-


ported to show no IVCT transition and only weak coupling
(V=24 cm�1) was detected for [Fc3CH]+ .[16] Here we have
designed a series of dinuclear metallocenes linked with satu-
rated bridging groups for which both Fe and Co examples
are synthetically accessible. This allows investigation of elec-
tronic coupling in directly comparable Fe and Co systems
towards the weakly coupled limit for the first time.


Results and Discussion


Synthesis and characterisation : Reaction of a “half-sand-
wich” source of “[M(Cp*)]+” (M=Fe, Co) with the dilithi-
um salt of the respective ligand afforded the dinuclear me-
tallocenes FeA–FeD and CoA–CoC (Scheme 1), which were
characterised by NMR spectroscopy, mass spectrometry and
elemental analysis; surprisingly [Fe(Cp*)Cl(tmeda)] has re-
ceived little attention as a “half-sandwich” reagent[17–19] de-
spite its ease of preparation when compared to the notori-
ously capricious [Fe(Cp*)(acetylacetonate)].[20, 21] As expect-


ed, the cobaltocenes are air-sensitive, while the ferrocenes
are air-stable materials. Sharp 1H NMR spectra were resolv-
able for all of these compounds, even though the cobalto-
cenes contain unpaired electrons (vide infra); for the Co
complexes certain resonances do, however, display signifi-
cant paramagnetic shifts (see Supporting Information for a
typical 1H NMR spectrum). Similarly well-resolved 1H NMR
spectra have been described in the literature for other co-
baltocenes.[22–24] Single crystals of CoA, CoB and FeC were
grown from Et2O. The structure of CoB is shown in Fig-
ure 1a; CoA and FeC are essentially isostructural and are
depicted in the Supporting Information along with geomet-
ric details for all three structures. The bond lengths and
angles of the constituent metallocene units are typical for Fe
or Co metallocenes. These metallocene units have a transoid
configuration with respect to the bridging ligand in all three
structures; conformation of species such as these may be de-
scribed by the torsion angles, y and f, as illustrated in Fig-
ure 1b (the torsion angle is defined between the metal�
CCp,bridge, CCp,bridge�Ebridge and Ebridge�CCp,bridge bonds). Previous
molecular mechanics studies of similar dimeric and oligo-
meric metallocene species in the gas phase[25,26] suggest that
conformational preference is determined by competition be-
tween inter- and intramolecular Cp···M electrostatic interac-
tions, often resulting in one or more of the torsion angles
between metallocene units being significantly less than 1808.
For CoA, CoB and FeC, both of the torsion angles are very
close to 1808, presumably indicating that their conformation
is dominated instead by the steric bulk of the Cp* group.
Close contacts between Fe atoms and Cp rings to which the
metal is not directly bound have been distinguished in the
crystal structures of trimetallic [Fe(FcEMe2C5H4)2] (E=


C,[27] Si[28]) and pentametallic [Fe(FcSiMe2fcSiMe2C5H4)2]
(fc=1,1’-ferrocenediyl[29]); for these both intra- and intermo-
lecular contacts are seen and the molecules stack in layers
with their arrangement determined by non-bonded Fe–Cp
electrostatic interactions, the magnitude of which presum-
ably surpasses any unfavourable intramolecular conforma-
tions. The packings of CoA, CoB and FeC show similar
motifs, although with these bimetallics only intermolecular
close contact is possible; this causes the molecules to ar-
range themselves in chains, giving a herringbone-like pattern
in one plane which is stacked perpendicular to this (see Fig-
ure 1c for packing in the CoB structure).


Magnetic data : The magnetic properties of CoA–CoC in the
solid state from 5–350 K were investigated by variable-tem-
perature SQUID magnetometry. The data are presented
below in Figure 2 as a plot of meff (=


p
(8cmT)) versus T (see


Supporting Information for a plot of cm vs T). The molar
susceptibility data for CoA were fitted to the Curie–Weiss
law; the derived magnetic moment varies little with temper-
ature above 20 K and is close to that expected for two inde-
pendent S= 1=2 Co centres at 300 K (2.45 mB). The molar sus-
ceptibilities of CoB and CoC show significant deviations
from Curie–Weiss behaviour, indicative of spin–spin ex-
change interactions; the respective magnetic moments areScheme 1. Synthesis of FeA–FeD and CoA–CoC.
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smaller than found for CoA at 300 K and decrease rapidly
with decreasing temperature. The susceptibilities of CoB
and CoC were fit to the Bleaney–Bowers equation [Eq. (1)]
describing antiferromagnetic coupling between two S= 1=2
centres to give an S=0 ground state and an S=1 excited
state


cm ¼
�


2 NAg2m2
B


3kðT�qÞ


��
1


1þ ð1=3Þe�2J=kT


�
ð1Þ


The parameters obtained from the least-squares fits are
collected in Table 1; the g values observed are reduced


slightly from the free-electron
value, consistent with what is
found by EPR and magnetic
susceptibility for mononuclear
cobaltocenes.[9,30,31] The antifer-
romagnetic coupling, J, between
Co centres is slightly greater
through SiMe2 than through
GeMe2; any magnetic coupling
in the CMe2-bridged species is
presumably too weak to be de-
tected experimentally. The
near-isostructural nature of
CoA and CoB suggests that the
dominant effect is intramolecu-
lar in nature, involving through-
bond coupling (which is expect-
ed to be greater through SiMe2
than through CMe2). The mag-
nitude of antiferromagnetic
coupling in both CoB and CoC
is small, somewhat weaker than
found for bimetallic cobalto-
cenes and their analogues con-
nected in a para-arrangement
by a benzene ring,[32,33] and sig-
nificantly smaller than for
[Co2Fv2] and dicobaltbis(penta-
lene), which are both diamag-
netic.[34,35]


Electrochemistry : FeA–FeD
and CoA–CoC all display re-
versible, overlapping oxidations
to the MIII–MII and MIII–MIII


mono- and dications by cyclic
voltametry (CV) in THF/0.1m


nBu4PF6; the Co species also
show reversible, overlapping re-
ductions to the CoII–CoI and
CoI–CoI mono- and dianions
(Figure 3). The data are sum-
marised in Table 2. The peak-
to-peak separation between in-
dividual oxidations/reductions


(DE) is small, consistent with limited interaction between
the metal centres. Better resolution of successive oxidation
events was obtained for the ferrocenes by square-wave volt-
ammetry; unfortunately, this experiment was unsuccessful
for the cobaltocenes, possibly due to adsorption of ionic spe-
cies onto the electrode.[36] Accurate DE values from square-
wave voltammetry for the ferrocenes show the electrochemi-
cal separation between redox waves decreases for the bridg-
ing ligand in the order CMe2>SiMe2>GeMe2, consistent
with increasing metal separation and a through-space, essen-
tially electrostatic effect; these values are of similar magni-
tude to those found for other species linked by saturated


Figure 1. a) Structure of CoB ; b) definitions of torsion angles y and f ; c) projection of the bc plane in the
CoB structure showing intermolecular close contact between Co1 and the adjacent Cp ring, forming chains.
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bridges. Direct comparison is possible between FeA and di-
ferrocenylmethane [Fc2CH2], for which differential pulse
voltammetry in MeCN reveals DE values of 0.17 and
0.13 V,[37] respectively, for the two complexes; the larger DE
for FeA may reflect a difference in solvation effects upon
methylation of the bridge and Cp rings. Although DE tends
to be much greater when the complex has significant
through-bond metal–metal coupling in addition to an elec-
trostatic interaction, for example, in biferrocene [{Fe(Cp)}2-


(m-Fv)] (DE=0.33 V in MeCN) and in bis(fulvalene)diiron
(0.59 V in MeCN),[37] it is often a poor quantitative measure
of electronic coupling and has been shown to be extremely
medium-dependent.[38] Electronic coupling can be probed
more quantitatively using Hush theory, as described in the
next section.


Electronic spectroscopy of the mixed-valence monocationic
species : FeA–FeD and CoA–CoC were oxidised by reaction
with [Fe(Cp)2]


+[BAr’4]
� in THF to form the MV monocat-


ions that were investigated by UV-visible-NIR spectroscopy.
Use of [BAr’4]


� (BAr’4=3,5-((CF3)2C6H3)4B) as the counter-
ion proved advantageous as the mono- and dicationic dinu-
clear metallocene species generated remained soluble and
calculation of the concentration of monocation and, hence,
absorptivity of the IVCT band was not affected by precipita-
tion of unknown quantities of material; moreover the side-
product, ferrocene, does not interfere in the spectral region
of interest. Quantitative analysis of the spectra required cor-
rection of the absorption values observed for the concentra-
tion of the MV species present. The small DE values ob-
served between successive oxidations indicate low values of
the comproportionation constant (Kc) for the equilibrium
given in Equation (2) (Kc�80) and, hence, significant dis-
proportionation occurs upon addition of one equivalent of
oxidising agent to neutral material.


½neutral	 þ ½dication	2þ Ð 2½monocation	þ ð2Þ


The concentration of the monocationic species at equilib-
rium was determined from the physically reasonable solu-
tion to the quadratic equation [Eq. (3)], in which [M+] is
the concentration of monocation at equilibrium, CM is the
concentration of M in reaction mixture (i.e. , neutral, mono-
cation and dication), COX is the concentration of [Fe(Cp)2]


+


[BAr’4]
� in reaction mixture and Kc is the comproportiona-


tion constant.


ð0:25�ð1=KcÞÞ½Mþ	2�ð0:5 CMÞ½Mþ	
þð0:25 COXÞð2 CM�COXÞ ¼ 0


ð3Þ


Figure 2. Change in effective magnetic moment with temperature for
CoA–CoC. Here meff=


p
(8cmT); cm was measured by variable-tempera-


ture SQUID magnetometry. The markers depict the experimental data,
while the solid lines are derived from theoretical fits using the parame-
ters in Table 1.


Table 1. Parameters derived from least-squares fitting of the variable-
temperature magnetic susceptibility data to the Curie–Weiss law (CoA)
or Bleaney–Bowers equation (CoB and CoC).


g q [K] J [cm�1] meff (300 K) [mB]


CoA 1.75 �8 n/a 2.44
CoB 1.95 �50 �21 2.29
CoC 1.95 �13 �14 2.36


Figure 3. Cyclic voltammogram of CoA in THF/0.1m nBu4NPF6 showing
the four metallocene redox couples.


Table 2. Half-wave potentials for FeA–FeD and CoA–CoC in THF/0.1m


nBu4PF6; all values are in V. Separations between peaks for the one-elec-
tron oxidations of FeD and the one-electron reductions of CoB and CoC
were not resolvable by CV. DE values quoted for the Fe species were
measured by square-wave voltammetry.


E1/2


(III-III/III-II)
E1/2


(III-II/II-II)
DE E1/2


(II-II/II-I)
E1/2


(II-I/I-I)


FeA �0.21 �0.35 0.113 – –
FeB �0.18 �0.25 0.093 – –
FeC �0.20 �0.26 0.074 – –
FeD �0.25 0 – –
CoA �1.54 �1.64 – �2.80 �2.93
CoB �1.49 �1.60 – �2.78
CoC �1.51 �1.61 – �2.80
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Accurate Kc values were obtainable for the Fe systems
only, by using DE from square-wave experiments (vide
supra). For the Co systems the Kc value for the correspond-
ing Fe compound was used; this is reasonable as Kc is likely
to be dominated by electrostatic factors and the geometries
of the Fe and Co complexes are very similar. However, this
may lead to an underestimation of [M+] as the Kc values
are likely to be slightly larger for Co (due to the greater
electronic coupling in the Co species) and hence emax for the
IVCT band may be overestimated; consequences of this are
considered below. For FeD no peak separation was resolv-
able and the entropic value (Kc=4)[39,40] was used; as above
this is likely to be an underestimate (at least some electro-
static stabilisation is expected) and hence will result in an
overestimate for emax.


The lowest energy band observed in the spectrum occurs
in the NIR region in all cases; this band is assigned to the
IVCT transition in the monocation and was assumed to be
exclusively due to this species, allowing calculation of the
absorption coefficient. NIR spectra for the Fe species are
shown in Figure 4; the higher-energy band observed for
these Fe species peaks around 13500 cm�1 and is presuma-
bly due to Cp-to-FeIII charge-transfer transitions in the fer-
rocenium units of the mono- and dications.[41]


The IVCT band has significantly lower intensity for the
Fe species than for Co, as depicted for [FeB]+ and [CoB]+


in Figure 5. In all cases, this low-energy band is approxi-
mately symmetrical and is broader than the Hush limit for
Class II MV species (Dñ1/2=


p
(2310 ñmax)),


[1] as expected for
a weak electronic coupling situation arising from the mixing
of donor and acceptor units through a saturated bridge. The
electronic coupling parameter, V, and the delocalisation co-
efficient, a, in the ground-state wavefunction (f) were ex-
tracted by analysis of the IVCT band using HushEs relation-
ships [Eqs. (4) and (5)].[1]


V ¼ 2:05� 10�2ðemax ~nmax D~n1=2Þ1=2=r ð4Þ


a ¼ V=~nmax


f ¼ pð1�a2ÞyA þ ayB


ð5Þ


The distance between donor and acceptor units, r, is un-
known, as the complexes are expected to be conformational-
ly flexible in solution. However, a molecular mechanics
study of CMe2- and SiMe2-bridged ferrocene systems shows
that the metal–metal distance must fall within the range 4.5–
7.5 T;[26] these values were used in the calculations to give a
range of possible values for V for the CMe2-, SiMe2- and
GeMe2-bridged complexes. Corresponding values for
Si2Me4-bridged FeD were not calculated, as there is presum-
ably a much wider range of conformations possible. Table 3
provides a summary of the band energies, bandwidths and
the calculated ranges of V and a for the monocations.


Several points arise from the data presented in Table 3.
Firstly, ñmax for a given Co species is greater than for the
analogous Fe complex. In a Class II system the IVCT band
energy represents the reorganisation energy, l, for the intra-
molecular electron-transfer reaction. This implies larger re-
organisation energy for each respective Co species, which is
consistent with the somewhat antibonding character of the
cobaltocenium/cobaltocene LUMO/HOMO. Estimations
from vibrational data[3] suggest that the difference in inter-
nal reorganisation energy between the cobaltocenium/cobal-
tocene and ferrocenium/ferrocene couples is of the order of
100 cm�1. The differences in ñmax observed for the dinuclear
metallocenes above are somewhat larger that twice this
value (900–230 cm�1), which may reflect conformational ef-
fects (amongst others) contributing to dissimilar external re-
organisation energies for Fe and Co species. The value of
ñmax increases slightly with the size of the bridging atom,
presumably due to differences in external reorganisation
energy; as the metal–metal separation increases the electron
transfer distance will increase and hence the solvent reor-
ganisation parameter becomes larger.


Figure 4. NIR spectra of FeA–FeD in THF after addition of ca. 1 equiv
[FeCp2]


+[BAr’4]
� , showing the low-energy IVCT transition of the mono-


cations.


Figure 5. NIR spectra of FeB and CoB in THF after addition of approxi-
mately one equivalent of [FeCp2]


+[BAr’4]
� , showing the relative intensi-


ties of the low-energy IVCT transition in the monocations; the y axis
scale is valid only for this band.
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The values of V and a are significantly larger for the co-
baltocene systems than for the ferrocene systems, presum-
ably due to the orbitals involved having greater delocaliza-
tion onto the ligand and hence greater donor–acceptor over-
lap possible in the Co case. Note that even the smallest
value in the range calculated for a given Co species is great-
er than the largest value for the corresponding Fe complex,
and hence the difference observed between Fe and Co
cannot be accounted for by dissimilar conformational prefer-
ences in the two systems. The values calculated for Co may,
however, be overestimated due to use of Kc for the Fe
system, which will overestimate emax for the IVCT band and
hence increase the calculated value of V for Co. The maxi-
mum value of this error (calculated assuming [M+]=con-
centration of [Fe(Cp)2]


+[BAr’4]
� in the reaction mixture) re-


duces the values to approximately 80% of their reported
magnitude; thus, V and a are still substantially greater for
the Co systems after taking this into account.


The degree of electronic coupling decreases in the order
CMe2>SiMe2>GeMe2 for both Fe and Co systems. This
observation is unusual in light of previous results on metal-
locenes linked by saturated bridges. Electronic coupling be-
tween ferrocenyl groups linked by a saturated carbon bridge
has been observed only for the very weakly coupled triferro-
cenylmethane ion, [Fc3CH]+ (V=24 cm�1, a =0.004)[16] and
the zwitterionic ferricenyl(iii)tris(ferrocenyl(ii))borate [Fc4B]
(ñmax=4550 cm�1 in CH2Cl2, although no analysis of this
band is given).[42] In both cases the IVCT transition in these
highly crowded species is thought to occur by means of a
through-space mechanism. Previous attempts to measure an
IVCT band for analogous [Fc2CH2]


+ and [Fc3B]
+ ions were


unsuccessful,[16] although here we show CMe2-bridged
[FeA]+ to display an IVCT band of considerable intensity.
On the other hand, the values of V and a obtained for
[FeB]+ (179–278, 0.024–0.039) are similar (although slightly
larger) to those previously reported for [Fc2SiMe2]


+ (V=


169 cm�1, a =0.02; here the electron transfer distance was
taken to be 5.82 T).[41] Previous authors have proposed
stronger coupling to be seen through a Si-bridge,[2,43,44] al-
though most studies have depended upon electrochemical
data and have not compared direct CR2- and SiR2-bridged
analogues under identical conditions. It has been suggested
that conjugation[45] through empty, low-lying s*- or d-orbi-
tals of Si may facilitate greater coupling in this case.[46]


Here, however, where we have
direct CMe2 and SiMe2 ana-
logues, we find stronger cou-
pling with a carbon bridge.[47]


Moreover, we have directly
measured electronic coupling in
the MV species rather than re-
lying on DE data (which are de-
termined by more factors than
just V). Presumably, then, the
decrease in the order CMe2>
SiMe2>GeMe2 indicates that
the coupling is largely through


space in these species. Moreover, assuming the same molec-
ular conformation, the metal–metal separation should in-
crease with the size of the bridging atom; the distance pa-
rameter, r, consequently should increase and hence the cal-
culated values for V and a in the SiMe2 and GeMe2 systems
may be overestimated, reinforcing the observed trend. The
observation of strong IVCT in [FeD]+ underlines the impor-
tance of strong through-space effects.


The unexpectedly-large coupling observed for [FeA]+ in
THF prompted us to study this complex further. The lowest
energy transition for [FeA]+ displays significant solvato-
chromism, confirming the charge-transfer origin of this
band; use of [BAr’4]


� as the counterion enabled investiga-
tion of this solvatochromism across a wide range of solvent
polarity, allowing generation of soluble cationic species even
in Et2O and toluene. Hush theory relates the energy of a
Class II IVCT band to the inner- and outer-sphere reorgani-
sation energies, li and lo respectively, [Eq. (6)].


[1]


~nmax ¼ li þ lo ð6Þ


The outer-sphere reorganisation energy may be analysed
in terms of a dielectric continuum model for the solvent,
which for a single electron transfer event may be written as
Equation (7),[48] in which a1 and a2 are the molecular radii of
the redox centers, d is the electron-transfer distance, and n
and D are the solvent refractive index and dielectric con-
stant respectively.


lo ¼ e2ð1=a1 þ 1=a2�1=dÞð1=n2�1=DÞ ð7Þ


Figure 6 shows the values of ñmax plotted against (1/n2�1/
D), confirming the expected linear relationship. Interesting-
ly, the IVCT band shows a greater red-shift in CH2Cl2 than
expected; this has been observed for a variety of charge-
transfer bands in other metallocene systems and may be due
to a specific interaction between the metallocene unit and
this solvent.[15,49, 50] A least-squares linear fit of the solvato-
chromic data gives the y intercept (li) at 3587 cm�1; this
value is very similar to the internal reorganisation energy
found for biferrocene (3500 cm�1) in a comparable study.[51]


The electron-transfer distance (d) may be estimated from
the slope of the line; depending on the values chosen for a1
and a2


[52] this falls in the range 5.08–7.44 T, completely con-


Table 3. IVCT band data for the monocations of FeA–FeD and CoA–CoC in THF; missing values were not
calculated as discussed in the text.


ñmax


[cm�1]
emax


[m�1 cm�1]
Dñ1/2 (obsd)
[cm�1]


Dñ1/2 (Hush)
[cm�1]


V
[cm�1]


a


[FeA]+ 6350 134 6000 3830 202–337 0.032–0.053
[FeB]+ 7480 87 6130 4160 179–298 0.024–0.039
[FeC]+ 7750 62 6120 4230 153–256 0.019–0.033
[FeD]+ 7500 110 5920 4160 – –
[CoA]+ 7250 1433 5230 4090 659–1098 0.090–0.152
[CoB]+ 7900 707 5680 4270 504–840 0.064–0.106
[CoC]+ 7980 223 6370 4290 301–502 0.037–0.063
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sistent with the range of values for metal–metal distance ob-
tained from molecular mechanics used above as estimates
for the diabatic electron-transfer distance in the calculations.


Conclusion


These results show that through-space electronic coupling
can be important in metallocene systems connected by satu-
rated bridges, with significant values of V and a possible in
both Fe and Co systems. For the first time in a directly com-
parable series of compounds, it has been observed that the
order of V and a values for a given metal changes with the
bridging atom in the order CMe2>SiMe2>GeMe2. This sug-
gests that a through-space mechanism is operative in all
cases and, hence, that through-bond coupling is relatively
unimportant; IVCT for the CMe2-bridged systems must be
purely through-space as no appropriate orbitals are avail-
able on the carbon atom for through-bond mixing. This is in
contrast to previous speculation that delocalisation should
be greater through a saturated Si-based bridge than through
its C-bridged analogue. In all cases, the electronic coupling
is notably greater for the linked Co metallocenes; [CoA]+


and [CoB]+ exhibit appreciable delocalisation similar to the
biferrocene cation (a =0.09). This suggests that cobaltocene-
based materials might well possess more interesting elec-
tronic properties than their Fe analogues, such as the poly-
(ferrocenylsilanes) which have been well-studied.[53] To date,
syntheses of cobaltocene-based polymers remain elusive; al-
though a two-carbon-bridged cobaltocenophane has been re-
ported attempts to polymerise this species have proven un-
successful.[54] Suitable precursors to polymeric cobaltocene
materials therefore represent interesting targets for future
synthetic efforts.


Experimental Section


All reactions were performed under an inert atmosphere of dinitrogen
utilising standard Schlenk techniques or in a Vacuum Atmospheres
glovebox. Solvents were dried by reflux over the appropriate drying agent,
distilled under a flowing stream of dinitrogen and stored in flame-dried
ampoules. These were thoroughly degassed before use by passage of a
stream of dinitrogen through the solvent. The following compounds were
prepared according to published procedures: [Fe(Cp*)Cl(tmeda)],[17]


[Co(Cp*)Cl]2,
[55] [Li2(C5H4)2CMe2],


[56,57] [Li2(C5H4)2SiMe2],
[57,58] [Li2-


(C5H4)2GeMe2],
[57, 59] [Li2{(C5H4)Si(Me)2}2],


[57, 60] [Fe(Cp)2]
+[BAr’4]


� .[61]


Synthesis of FeA–FeD : The synthesis of FeA is described: a suspension
of [Li2(C5H4)2CMe2] (0.13 g, 0.73 mmol) in THF (30 mL) was added to a
stirred solution of [Fe(Cp*)Cl(tmeda)] (0.50 g, 1.46 mmol) in THF
(30 mL). The resulting orange solution was stirred overnight; volatiles
were then removed in vacuo and the residue extracted with Et2O (3U
30 mL) and filtered through Celite. Concentration of the filtrate (ca.
20 mL) and cooling to �35 8C afforded FeA as orange, air-stable crystals.
Syntheses of FeB–FeD are analogous and were achieved by substituting
for [Li2(C5H4)2CMe2] the respective lithium salt of the ligand (0.5 equiv-
alents to [Fe(Cp*)Cl(tmeda)]) in the preparation described for FeA.


Data for FeA : Yield: 0.25 g, 0.45 mmol, 62%; 1H NMR (300 MHz, C6D6,
300 K): d =3.54 (s, 4H), 3.42 (s, 4H), 1.85 (s, 30H), 1.75 ppm (s, 6H); 13C
{1H} NMR (75 MHz, C6D6, 300 K): d =103.1 (C quat), 79.4 (C quat), 72.0
(CH), 67.4 (CH), 33.6 (C quat.), 28.5 (CH3), 11.9 ppm (CH3); MS (EI):
m/z (%): 552 (13) [M]+ ; elemental analysis calcd (%) for C33H44Fe2
(552.40): C 71.75, H 8.03; found: C 71.67, H 8.08.


Data for FeB : Yield: 0.23 g, 0.40 mmol, 55%; 1H NMR (300 MHz, C6D6,
300 K): d =3.73 (s, 4H), 3.67 (s, 4H), 1.83 (s, 30H), 0.64 ppm (s, 6H); 13C
{1H} NMR (75 MHz, C6D6, 300 K): d =79.7 (C quat), 75.4 (CH), 75.3
(CH), 73.9 (C quat.), 11.9 (CH3), �0.7 ppm (CH3); MS (EI): m/z (%):
568 (12) [M]+ ; elemental analysis calcd (%) for C32H44Fe2Si (568.48): C
67.61, H 7.80; found: C 67.55, H 7.87.


Data for FeC : Yield: 0.23 g, 0.38 mmol, 52%; 1H NMR (300 MHz, C6D6,
300 K): d =3.74 (s, 4H), 3.64 (s, 4H), 1.84 (s, 30H), 0.73 ppm (s, 6H); 13C
{1H} NMR (75 MHz, C6D6, 300 K): d 79.7 (C quat), 76.7 (C quat), 74.7
(CH), 74.6 (CH), 11.9 (CH3), �0.9 ppm (CH3); MS (EI): m/z (%): 614
(80) [M]+ ; elemental analysis calcd (%) for C32H44Fe2Ge (612.98): C
62.70, H 7.23; found: C 62.41, H 7.62.


Data for FeD : Yield: 0.19 g, 0.30 mmol, 41%; 1H NMR (300 MHz, C6D6,
300 K): d=3.78 (s, 4H), 3.48 (s, 4H), 1.80 (s, 30H), 0.37 ppm (s, 12H);
13C {1H} NMR (75 MHz, C6D6, 300 K): d 79.8 (C quat), 75.3 (CH), 75.2
(CH), 72.3 (C quat), 12.0 (CH3), �4.2 ppm (CH3); MS (EI): m/z (%): 626
(52) [M]+ ; elemental analysis calcd (%) for C34H50Fe2Si2 (626.63): C
65.17, H 8.04; found: C 65.32, H 8.46.


Synthesis of CoA–CoC : The synthesis of CoA is described: a suspension
of [Li2(C5H4)2CMe2] (0.34 g, 1.83 mmol) in THF (30 mL) was added to a
stirred solution of [{Co(Cp*)Cl}2] (0.84 g, 1.83 mmol) in THF (30 mL).
The resulting green solution was stirred overnight; volatiles were then re-
moved in vacuo and the residue extracted with Et2O (3U30 mL) and fil-
tered through Celite. Concentration of the filtrate (ca. 20 mL) and cool-
ing to �35 8C afforded CoA as dark green, air-sensitive crystals. Synthe-
ses of CoB and CoC are analogous and were achieved by substituting for
[Li2(C5H4)2CMe2] the respective lithium salt of the ligand (1 equiv to
[{Co(Cp*)Cl}2]) in the preparation descibed for CoA.


Data for CoA : Yield: 0.40 g, 0.72 mmol, 40%; 1H NMR (500 MHz, C6D6,
300 K): d=38.77 (s, 30H), 4.98 (s, 6H), �43.34 (br, 4H), �55.84 ppm (br,
4H); IR (KBr): ñ =2968 (s), 2906 (s), 2854 (s), 1614 (w), 1466 (m), 1448
(m), 1378 (s), 1356 (m), 1024 (s), 778 cm�1 (s); MS (EI): m/z (%): 558
(100) [M]+ ; elemental analysis calcd (%) for C33H44Co2 (558.58): C 70.96,
H 7.94; found: C 70.30, H 8.09.


Data for CoB : Yield: 0.45 g, 0.78 mmol, 44%; 1H NMR (500 MHz, C6D6,
300 K): d =37.77 (s, 30H), 7.82 (s, 6H), �7.46 (br, 4H), �53.87 ppm (br,
4H); IR (KBr): ñ =2970 (s), 2904 (s), 2856 (s), 1608 (w), 1420 (m), 1378
(s), 1352 (m), 1242 (s), 1160 (s), 1030 (s), 804 (s), 782 cm�1 (s); MS (EI):
m/z (%): 574 (95) [M]+ ; elemental analysis calcd (%) for C32H44Co2Si
(574.65): C 66.88, H 7.72; found: C 66.57, H 7.69.


Figure 6. Solvatochromism of the lowest energy transition for [FeA]+ .
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Data for CoC : Yield: 0.28 g, 0.45 mmol, 46%; 1H NMR (300 MHz, C6D6,
300 K): d=37.83 (s, 30H), 4.32 (s, 6H), �16.72 (br, 4H), �54.95 ppm (br,
4H); IR (KBr): ñ =2964 (s), 2906(s), 2854 (s), 1618 (w), 1420 (m), 1378
(s), 1232 (s), 1150 (s), 1024 (s), 800 (s), 780 cm�1 (s); MS (EI): m/z (%):
620 (88) [M]+ ; elemental analysis calcd (%) for C32H44Co2Ge (619.16): C
62.08, H 7.16; found: C 62.27, H 7.29.


Physical measurements : Solid-state magnetic susceptibility data were ob-
tained using a Quantum Design MPMS-5 SQUID magnetometer. Accu-
rately weighed powdered samples of about 0.05 g were loaded into gela-
tine capsules in a glove-box and placed between additional gelatine cap-
sules in a non-magnetic plastic straw, which was then lowered into the
cryostat. The sample was therefore mounted in a weakly diamagnetic
medium and no correction was made for the diamagnetism of the
sample-holder. The field independence of the susceptibility data was veri-
fied by measuring the susceptibility as a function of field between �5
and +5 T. Data were then measured employing fields of 0.1 and 0.5 T
and were corrected for the inherent diamagnetism of the sample by use
of PascalEs constants;[62] these diamagnetic corrections had values of
355.72U10�6, 369.72U10�6 and 374.72U10�6 cm3mol�1 for CoA, CoB and
CoC, respectively. Additionally, the fits for CoB and CoC included a cor-
rection for a small amount of Curie impurity evident from low-tempera-
ture data.


Electrochemical measurements were performed at room temperature by
using a BAS potentiostat with a glassy-carbon working electrode support-
ed by platinum wire auxiliary and AgCl/Ag pseudo-reference electrodes.
Measurements were made on deoxygenated solutions approximately 5U
10�4m in sample and 0.1m in [nBu4N]+[PF6]


� as supporting electrolyte.
Solvents (THF, MeCN) were freshly distilled before use. Measurements
on air-sensitive samples CoA–CoC were made under a N2 atmosphere in
a specially constructed cell with a sidearm fitted with a Rotaflo tap; solu-
tions of the sample and supporting electrolyte were transferred through a
cannula into the cell. Potentials were referenced to the ferrocenium/fer-
rocene couple at 0.00 V by addition of [Fe(Cp)2] to the cell. The reversi-
bility of the redox couple was judged by comparison with the behaviour
of the ferrocenium/feroocene couple under the same conditions. Experi-
mental parameters used: CV scan rate 50 mVs�1; SWV scan rate
10 mVs�1, pulse amplitude=50 mV, step height 6 mV, pulse period
20 ms; DPV scan rate 10 mVs�1, sample width=17 ms, pulse amplitude=


40 mV, pulse width=50 ms, pulse period=200 ms.


Oxidised species were generated in situ by adding an accurately mea-
sured amount of [Fe(Cp)2]


+[BAr’4]
� in THF (approximately one equiva-


lent) by syringe to a dry solution of the respective compound in THF
under N2. The solution was diluted by using syringes to an appropriate
concentration for electronic spectroscopy, transferred to an airtight 1 cm
cell and immediately investigated by UV-visible-NIR spectroscopy. UV-
visible-NIR spectra were recorded on a Varian Cary5 spectrometer
(range 190–3300 nm). The NIR band was analysed by correcting for the
concentration of the MV monocation present, as described in the text.


CCDC-263600, CCDC-263601 and CCDC-263602 contain the supplemen-
tary crystallographic data for this paper. These data can be obtained free
of charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Synthesis and Characterization of Thermally Robust Amidinato Group 13
Hydride Complexes


Marcus L. Cole,[b] Cameron Jones,*[a] Peter C. Junk,[b] Marc Kloth,[a] and
Andreas Stasch[a]


Introduction


The coordination chemistry of the amidinate class of ligand,
[RNC(R’)NR]� , has been widely studied. The substituents
on the nitrogen atoms and backbone carbon centers can be
readily varied and a large number of transition-metal, lan-
thanide, and main-group-metal complexes exhibiting a range
of amidinate coordination modes have now been prepared.[1]


In Group 13, amidinate complexes of metal alkyl and halide
fragments have been extensively investigated[2] over recent
years and have found application, for example, as olefin
polymerization catalysts[2e–i] and chemical vapor deposition


(CVD) precursors.[2j] Surprisingly, however, only one struc-
turally authenticated amidinato Group 13 hydride complex,
namely, [AlH{(Me3Si)NC(Ph)N(SiMe3)}2],


[3] has been re-
ported prior to our involvement in the field.


We recently extended this work by using the bulky forma-
midinate ligand [ArNC(H)NAr]� (Ar=2,6-diisopropylphen-
yl; Fiso�) to kinetically stabilize the first structurally charac-
terized amido indium hydride complex, [InH(Fiso)2] (1;
decomp 160–170 8C).[4] The remarkable thermal stability of
this complex arises partly from the protection afforded to
the InH fragment by the bulky Fiso� ligands; this is thought
to circumvent associative decomposition pathways involving
intermolecular In-H-In bridges. The proposed intermediate


Abstract: The reactivity of two sterical-
ly bulky amidines, ArNC(R)N(H)Ar
(Ar=2,6-diisopropylphenyl; R=H
(HFiso); tBu, (HPiso)) towards LiMH4,
M=Al or Ga, [AlH3(NMe3)], and
[GaH3(quin)] (quin=quinuclidine) has
been examined. This has given rise to a
variety of very thermally stable alumi-
num and gallium hydride complexes.
The structural motif adopted by the
prepared complexes has been found to
be dependent upon both the amidinate
ligand and the metal involved. The 1:1
reaction of HFiso with LiAlH4 yielded
dimeric [{AlH3(m-Fiso)Li(OEt2)}2].
Amidine HFiso reacts in a 1:1 ratio
with [AlH3(NMe3)] to give the unusual


hydride-bridging dimeric complex,
[{AlH2(Fiso)}2], in which the Fiso�


ligand is nonchelating. The equivalent
reaction with the bulkier amidine,
HPiso, yielded a related hydride-bridg-
ing complex, [{AlH2(Piso)}2], in which
the Piso� ligand is chelating. In con-
trast, the treatment of [GaH3(quin)]
with one equivalent of HFiso afforded
the four-coordinate complex [GaH2-
(quin)(Fiso)], in which the Fiso� ligand
acts as a localized monodentate


amido–imine ligand. The 2:1 reactions
of HFiso with [AlH3(NMe3)] or [GaH3-
(quin)] gave the monomeric complexes
[MH(Fiso)2], which are thermally
robust and which exhibit chelating ami-
dinate ligands. In contrast, HPiso did
not give 2:1 complexes in its reactions
with either of the Group 13 trihydride
precursors. For sake of comparison, the
reactions of [AlH3(NMe3)] and [GaH3-
(quin)] with the bulky carbodiimide
ArN=C=NAr and the thiourea
Ar(H)NC(=S)N(H)Ar were examined.
These last reactions afforded the five-
coordinate thioureido complexes,
[MH{N(Ar)C[N(H)(Ar)]S}2], M=Al
or Ga.
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in the formation of 1 from the reaction of LiInH4 with two
equivalents of HFiso was isolated in the corresponding 1:1
reaction. This amidotrihydridoindate complex (2) has a hy-
dride-bridging dimeric structure. Its gallium analogue (3)
has also been prepared, but does not react with HFiso to
give [GaH(Fiso)2], that is, the counterpart of 1.[4] This differ-
ence is believed to arise from the aversion of gallium hy-
dride fragments to attain coordination numbers greater than
four.[5]


Considering the importance of Group 13 alkyl– and
halide–amidinate complexes, and the relative paucity of
analogous Group 13 hydride complexes, we saw a systematic
extension of our preliminary efforts in this area as being
worthwhile. Herein, we report on the synthesis and proper-
ties of a variety of aluminum and gallium hydride complexes
derived from the Fiso� ligand and its bulkier pivamidinate
counterpart, [ArNC(tBu)NAr]� , Piso� . Differences in the
structure and thermal stabilities of these complexes are ra-
tionalized in terms of the steric bulk of their amidinate li-
gands and the electronic properties of the Group 13 metal.


Results and Discussion


Syntheses : To test the generality of the reaction that gave 2
and 3, HFiso was treated with one equivalent of LiAlH4 in
diethyl ether which led to a good yield (77%) of the expect-
ed amidotrihydridoalanate complex (4) after recrystalliza-
tion from hexane (Scheme 1). When 4 was treated with a
further equivalent of HFiso in THF, or when LiAlH4 was re-
acted with HFiso in a 2:1 stoichiometry, the monomeric
complex [AlH(Fiso)2] (5) was reproducibly formed in isolat-
ed yields of approximately 60% by means of H2 and LiH


elimination processes. This can be compared to the analo-
gous preparation of the indium hydride complex (1) and in
light of the lack of reactivity of the gallium hydride complex
(3) towards HFiso, it tends to confirm that the relative po-
larity of M�H bonds is M=Al>Ga< In. Compound 5 can
alternatively be prepared through H2 elimination in the 2:1
reaction between HFiso and [AlH3(NMe3)] (87% yield), or
by the hydroalumination of two equivalents of the carbodi-
imide (ArN=C=NAr) with [AlH3(NMe3)] in toluene (71%
yield). This latter reaction can be compared to previously
reported formations of amidinate aluminum methyl com-
plexes from the treatment of carbodiimides with AlMe3.


[2h]


In an attempt to form a neutral mono(amidinato) alumi-
num hydride complex, a solution of HFiso in toluene was
slowly added to one equivalent of [AlH3(NMe3)] at �78 8C.
Surprisingly, this resulted in a mixture of 5 and the unusual
dimeric complex [{AlH(m-H)(Fiso)}2] (6), which could be
separated by fractional crystallization (Scheme 1). Complex
6 could alternatively be prepared in good yield (69%) by re-
action of the hydrochloride salt, HFiso·HCl, with a solution
of LiAlH4 in diethyl ether or by heating a 2:1 mixture of
[AlH3(NMe3)] and the carbodiimide (ArN=C=NAr) at
reflux in toluene for 45 minutes (62% yield). When complex
6 was treated with one equivalent of HFiso in toluene, H2


elimination occurred and the monomeric bis(amidinato)
complex 5 was formed cleanly.


It is interesting that an effort to prepare the gallium coun-
terpart of 6 by treating [GaH3(quin)] (quin=quinuclidine)
with one equivalent of HFiso in diethyl ether led instead to
the monomeric amido–gallane complex (7) in low-to-moder-
ate yield (38%; Scheme 2). Presumably, the different out-
come here results partly from the relatively strong Lewis ba-
sicity of quinuclidine (cf. Brønsted pKa 10.95[6]), which
makes it more difficult to displace from the gallium center
of 7 by the imine arm of the Fiso� ligand than it is to dis-
place NMe3 (pKa 9.81[6]) from the aluminum center of any
intermediate in the formation of 6. Another contributing
factor is likely to be the well-documented preference for
gallium hydride fragments to prefer a coordination number
of four (as in 7) as opposed to more Lewis acidic aluminum


Scheme 1. Synthesis of compounds 4–6, (HFiso=ArNC(H)N(H)Ar);
a) LiAlH4, Et2O; b) 0.5 [AlH3(NMe3)], toluene; c) 0.5LiAlH4, THF;
d) HFiso, THF or toluene; e) 2 [AlH3(NMe3)], toluene; f) [AlH3(NMe3)],
toluene.


Scheme 2. Synthesis of compounds 7 and 8 (HFiso=ArNC(H)N(H)Ar);
a) [GaH3(quin)], Et2O; b) 0.5 [GaH3(quin)], Et2O; c) HFiso, Et2O.
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hydride fragments, which favor five- or six-coordination (as
in 6).[5] This being said, the reaction of 7 with a second
equivalent of HFiso did lead to displacement of the quinu-
clidine ligand and the formation of the five-coordinate com-
plex 8, which can also be formed in the one pot reaction of
[GaH3(quin)] with two equivalents of HFiso. This contrasts
to the lack of reactivity of 3 towards HFiso, which must be
due to the reluctance of this complex to eliminate LiH in
the presence of excess amidine.


It was reasoned that increasing the steric bulk of the ami-
dinate ligand should lead to more thermally stable com-
plexes and perhaps different structural motifs. To this end, a
derivative of HFiso with a tert-butyl substituent on the ami-
dine backbone, namely, ArN(H)C(tBu)NAr (HPiso), was
treated with one equivalent of [AlH3(NMe3)] in toluene to
give [{AlH(m-H)(Piso)}2] (9) in good yield (83%; Scheme 3).


Like 6, this is a dimeric compound, but its amidinate ligands
each chelate one aluminum center rather than bridging the
two metals, as is the situation for 6. This difference presum-
ably stems from the greater bulk of the Piso� ligand over
that of Fiso� which favors aluminum chelation for the
former. Indeed, this ligand has previously demonstrated alu-
minum chelation in mono(amidinato) complexes, for exam-
ple, [AlMe2(Piso)].[2h] The corresponding reaction of [AlH3-
(NMe3)] in toluene with two equivalents of HPiso at room
temperature or even in boiling toluene did not lead to a
second hydrogen elimination and the formation of [AlH-
(Piso)2], but instead returned only 9 and unreacted HPiso.
Again, this can be explained by the considerable steric bulk
of the Piso� ligand. It is also noteworthy that the 1:1 reac-
tion of HPiso with LiAlH4 in diethyl ether did not lead to
an analogue of 4, but instead gave 9 as the major product.
In contrast to the reactions with aluminum hydrides, HPiso
did not react with [GaH3(quin)] in toluene at room tempera-
ture or even at 60 8C. Heating a solution of the reactants in
toluene at reflux for one hour led only to the decomposition
of the gallane complex and deposition of gallium metal.
Similarly, treating HPiso with either LiInH4 or [InH3-
(NMe3)] under a variety of stoichiometries led only to de-
composition of the indium hydride species present upon


workup, evidenced by the precipitation of significant quanti-
ties of indium metal from the reaction mixtures.


Jordan[2e] and Arnold[2b] have shown that bulky amidina-
to–AlMe2 complexes can undergo methyl abstraction reac-
tions to give the corresponding cationic species. These have
considerable potential, for example, in olefin polymerization
processes due to the enhanced electrophilicity of their metal
centers. Cationic aluminum hydride complexes are rare, but
if examples could be accessed with low coordination num-
bers at the metal center they may well find similar applica-
tions. We believed the Piso� ligand might stabilize such com-
plexes and thus investigated the reactions of 9 with one
equivalent of either BrookhartMs acid, [H(OEt2)2][BArF],


[7]


or [CPh3][BArF], [BArF]
�= [B{C6H3(CF3)2-3,5}4]


� . The IR
spectra of the intractable product mixtures from both reac-
tions were identical, but did not include Al�H stretching ab-
sorptions, which normally occur in the region 1750–
1850 cm�1 for cationic aluminum hydride complexes.[5] As a
result, our efforts in this direction were abandoned.


Considering that the thiourea ArN(H)C(=S)N(H)Ar is a
precursor in the synthesis of the carbodiimide ArN=C=NAr
and HPiso, and that the reactivity of similar thioureas to-
wards aluminum alkyls have been investigated,[2h] we
thought it worthwhile to investigate reactions of
ArN(H)C(=S)N(H)Ar with Group 13 hydride complexes.
Treating the thiourea with [AlH3(NMe3)] under any stoichi-
ometry in toluene afforded complex 10 in moderate yield
(Scheme 4). Interestingly, no hydroalumination of the thio-


carbonyl function was observed and the resulting secondary
amine functionalities were not deprotonated, even in the
presence of an excess of the aluminum hydride starting ma-
terial. In a similar fashion, treatment of [GaH3(quin)] with
two equivalents of the thiourea gave good yields of the galli-
um hydride complex 11. Unfortunately, all attempts to pre-
pare an indium analogue of 10 and 11 by treating
ArN(H)C(=S)N(H)Ar with [InH3(quin)] led to decomposi-
tion upon workup and the deposition of indium metal.


Crystallographic studies : All the aluminum hydride com-
plexes that incorporate the Fiso� ligand (4–6) have been
characterized by crystallography and their molecular struc-
tures are depicted in Figures 1–3 (see also Table 1). The hy-
dride ligands in 4 and 6 were located from difference maps
and refined isotropically. Efforts to accurately refine the hy-


Scheme 3. Reactions of HPiso with Group 13 hydride complexes
(HPiso=ArNC(tBu)N(H)Ar); a) [AlH3(NMe3)], toluene; b) LiAlH4,
Et2O; c) HPiso, toluene, reflux; d) [GaH3(quin)], toluene; e) LiGaH4,
Et2O.


Scheme 4. Synthesis of compounds 10 and 11, a) 0.5 [AlH3(NMe3)], tolu-
ene; b) 0.5 [GaH3(quin)], toluene.
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dride ligand in the structure of 5 failed due to the relatively
poor quality of the data and consequently this was placed in
a calculated position. The asymmetric units for the struc-
tures of both 4 and 6 contain two crystallographically inde-
pendent monomeric units. In the case of 4 there are no sig-


nificant geometric differences between the two and so com-
ment on the symmetry generated dimer of only one of these
will be made here. In the structure of 6, one of the mono-
meric units is affected by a significant level of disorder,
which, although satisfactorily modeled, has decreased the
accuracy of its geometric parameters relative to the other
ordered monomeric unit. As a result comment will be made
only on the symmetry generated dimer of the ordered unit.


The structure of 4 is isomorphous to that of its gallium an-
alogue (3) and is dimeric with inter- and intramolecular Al-
H-Li bridges that give rise to an eight-membered Li2Al2H4


ring. This ring has a pseudo-chair conformation with the hy-
drogen atoms H2a and H2a’ trans to each other. In contrast,
the indium hydride complex 2 adopts a pseudo-boat confor-
mation in which these hydrides are cis to each other. Both
the Al and Li atoms possess distorted tetrahedral environ-
ments with Al�N and Li�N distances in the normal range
for such interactions.[8] Although of low accuracy, both the
bridging and terminal Al�H bonds in 4 (1.53 N av) are con-
sistent with other examples reported in the literature.[5] The
NCN angle of the amidinate unit is quite open at 122.9(2)8
(cf. 3 123.4(2)8, 2 124.8(3)8) relative to the angles in related
chelating amidinate complexes (e.g., 113.28 av in 5 vide
infra). In addition, the bond lengths within the NCN frag-
ments of 4 suggest a considerably lower degree of delocali-
zation than in complexes in which amidinate ligands chelate
to heavier Group 13 metal centers, for example, 1.


Complex 5 is isomorphous with both 1 and 8 and possess-
es a heavily distorted trigonal bipyramidal geometry at the
metal center with N1 and N4 in axial positions. This geome-
try is similar to that of the only previously reported amidi-
nate aluminum hydride complex, [AlH{(Me3Si)NC(Ph)N-
(SiMe3)}2].


[3] The distances from N1 and N4 to the metal


Figure 1. Molecular structure of 4 (ORTEP, thermal ellipsoids shown at
30% probability level). Isopropyl groups and non-hydride hydrogens
omitted for clarity. Selected bond lengths (N) and angles (8): Al1�N1
1.892(2), Al1�H1a 1.52(2), Al1�H2a 1.51(3), Al1�H3a 1.56(3), Al1�N1
1.892(2), Li1�H2a 1.97(3), Li1�H3a’ 1.93(3), O1�Li1 1.938(5), N2�Li1
2.038(4), N1�C1 1.343(3), N2�C1 1.297(3); N1-Al1-H1a 108.7(9), N1-
Al1-H2a 105.6(10), H1a-Al1-H2a 114.8(14), N1-Al1-H3a 108.7(9), H1a-
Al1-H3a 112.0(14), H2a-Al1-H3a 106.7(14), N2-C1-N1 122.9(2), Al1-
H2a-Li1 111.5(3), Al1-H3a-Li1’ 144.0(3). Symmetry transformation used
to generate equivalent atoms: �x, �y, 1�z.


Figure 2. Molecular structure of 5 (ORTEP, thermal ellipsoids shown at
30% probability level). Non-hydride hydrogen atoms omitted for clarity.
Selected bond lengths (N) and angles (8): Al1�N1 2.071(3), Al1�N2
1.910(3), Al1�N3 1.927(3), Al1�N4 2.085(3), N1�C1 1.300(4), N2�C1
1.335(4), N3�C26 1.340(4), N4�C26 1.295(4); N1-C1-N2 112.1(3), N4-
C26-N3 114.3(3), N2-Al1-N1 66.49(12), N3-Al1-N1 102.40(13), N2-Al1-
N3 123.45(14), N1-Al1-N4 158.23(14), N3-Al1-N4 66.88(12).


Figure 3. Molecular structure of 6 (ORTEP, thermal ellipsoids shown at
30% probability level). Non-hydride hydrogen atoms omitted for clarity.
Selected bond lengths (N) and angles (8): Al1�N1 1.966(4), Al1�N2
1.955(4), Al1�H1a 1.52(5), Al1�H2a 1.73(4), N1�C1 1.330(6), N2�C1’
1.335(6); N2’-C1-N1 122.0(5), N2-Al1-N1 171.67(18), N1-Al1-H1a
95.8(17), N2-Al1-H1a 92.4(17), N2-Al1-H2a 89.7(13), N1-Al1-H2a
85.1(13), Al1-H2a-Al1’ 100.0(3). Symmetry transformation used to gener-
ate equivalent atoms: �x+1/2, �y+3/2, �z+1.


Chem. Eur. J. 2005, 11, 4482 – 4491 www.chemeurj.org G 2005 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim 4485


FULL PAPERCoordination Chemistry



www.chemeurj.org





(2.078 N av) are significantly greater than the Al�N(equato-
rial) interactions (1.919 N av). It is of note that the bond
lengths within the NCN fragment of the amidinate ligands
differ significantly, which indicates less delocalization over
that fragment than in the analogous indium complex (1). In
the structure of complex 6 the amidinate ligands display a
different bonding mode in which they bridge two distorted
trigonal bipyramidal aluminum centers to form a near
planar eight-membered Al2N4C2 ring. Each aluminum center
is additionally coordinated by one terminal and one bridging
hydride ligand with Al�H distances of 1.52(5) and 1.73(4) N
respectively. The Al�N distances within the complex
(1.960 N av) are in the normal range,[8] whilst all the N�C
distances within the amidinate backbones are equal within
experimental error (1.333 N av). Not surprisingly, the NCN
angles in these backbones (122.0(5)8) are considerably more
obtuse than in 5, but similar to those in 4.


The molecular structures of the gallium hydride com-
plexes 7 and 8 are depicted in Figures 4 and 5, respectively
(see also Table 2). The data for 8 were weak, especially at
theta angles greater than 228, giving rise to the relatively
high R factor for this structure. Despite this, the hydride
ligand in this complex and those in 7 were located from dif-
ference maps and refined isotropically without restraints.
Complex 7 is monomeric and only one N center of the ami-
dinate ligand coordinates the gallium center (Ga�N
1.948(3) N). This ligand appears to have a localized NCN
fragment (N1�C1: 1.354(4), N2�C1: 1.285(4) N), the angle
of which, 123.3(3) N, is comparable to those in 4 and 6. The
slightly distorted tetrahedral gallium center is also coordi-
nated by a molecule of quinuclidine and two hydride li-
gands, the latter of which display Ga�H bond lengths
(1.52 N av) in the normal range.[5,8] In 8, the amidinate li-
gands chelate the gallium center which has a heavily distort-


ed trigonal bipyramidal geome-
try with N1 and N4 in apical
positions. All the metrical pa-
rameters for this complex are
similar to those in isomorphous
1 and 5, though the bond
lengths within the NCN frag-
ments of the ligands indicate a
degree of delocalization over
these fragments intermediate
between those in its aluminum
and gallium counterparts.


The molecular structure of 9
is depicted in Figure 6 (see also
Table 2); it exists as a centro-
symmetric hydride-bridged
dimer. In contrast to the struc-
ture of 6, and presumably be-
cause of the extra steric bulk of
the amidinate ligands in 9, each
of its aluminum centers is che-


lated by one amidinate. In addition, they are ligated by two
bridging and one terminal hydride to give them distorted
square based pyramidal geometries with H2a in the apical
position. The Al�N distances (1.945 N av) are consistent
with those in the previously discussed complexes and, as in
6, the bridging Al�H distances, 1.64(2) N, are longer than


Table 1. Crystal data and refinement details for 4–6.


4 5 6


formula C58H96Al2Li2N4O2 C50H71AlN4 C50H74Al2N4


Mr 949.23 755.09 785.10
crystal system triclinic monoclinic monoclinic
space group P1̄ P21/n C2/c
a [N] 11.103(2) 14.685(3) 47.691(10)
b [N] 13.166(3) 16.001(3) 10.490(2)
c [N] 21.211(4) 21.161(4) 21.747(4)
a [8] 92.95(3) 90 90
b [8] 91.12(3) 110.64(3) 115.95(3)
g [8] 93.83(3) 90 90
V [N3] 3088.8(11) 4653.2(16) 9783(3)
Z 2 4 8
1calcd [Mgm�3] 1.021 1.078 1.067
m [mm�1] 0.086 0.080 0.095
F(000) 1040 1648 3424
crystal size [mm] 0.30Q0.25Q0.25 0.15Q0.10Q0.12 0.35Q0.25Q0.25
reflections collected/unique 31331/12053 33403/8179 19800/6341
Rint 0.0794 0.1089 0.0910
goodness-of-fit on F2 1.026 1.009 1.214
final R indices R1 =0.0634, R1 =0.0833, R1 =0.0970,
[I>2s(I)] wR2 =0.1526 wR2 =0.1907 wR2 =0.1926
largest diff peak hole [eN�3] 0.524/�0.411 0.806/�0.235 0.323/�0.237


Figure 4. Molecular structure of 7 (ORTEP, thermal ellipsoids shown at
30% probability level). Non-hydride hydrogen atoms omitted for clarity.
Selected bond lengths (N) and angles (8): Ga1�N1 1.948(3), Ga1�N3
2.063(3), Ga1�H1a 1.505(18), Ga1�H2a 1.529(19), N1�C1 1.354(4), N2�
C1 1.285(4); N2-C1-N1 123.3(3), N1-Ga1-N3 108.41(12), N1-Ga1-H1a
111.4(16), N1-Ga1-H2a 108(2), N3-Ga1-H2a 104(2), N3-Ga1-H1a
103.2(16).
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the terminal Al�H bonds, 1.51(3) N. The tert-butyl group in
the backbone of the amidinate leads to more steric repul-
sion of the aryl groups than in the Fiso� ligand and gives
rise to a more acute NCN angle, 107.3(2)8 (cf. 107.4(2)8 in
[AlMe2(Piso)][2h]), than in, for example, 5 (113.28 av).


The scattering intensities for 10 were also weak at high
theta angles and this led to the relatively poor quality of its
crystal structure (Figure 7, see also Table 2). Despite this,


the hydride ligand was located from difference maps and re-
fined isotropically without restraints (Al�H 1.54(3) N). This
showed the aluminum center in the complex to have a heav-
ily distorted trigonal bipyramidal geometry with both sulfur
atoms in the apical positions (S-Al-S 156.20(6)8 compared to
N-Al-N 127.09(14)8). The thioureido ligands chelate the
aluminum center with average Al�N distances of 1.912 N,
similar to those in the related aluminum alkyl com-
plex, [AlMe2{h


2-SC[N(H)Ad]N(Ad)}] (Ad=adamantyl),
1.910(3) N.[2h] Interestingly, however, the Al�S distances in


Figure 5. Molecular structure of 8 (ORTEP, thermal ellipsoids shown at
30% probability level). Non-hydride hydrogen atoms omitted for clarity.
Selected bond lengths (N) and angles (8): Ga1�H1a 1.65(6), Ga1�N1
2.137(4), Ga1�N2 2.001(4), Ga1�N3 1.977(4), Ga1�N4 2.173(4), N1�C1
1.297(7), N2�C1 1.313(7); N2-C1-N1 116.3(4), N1-Ga1-N4 152.67(16),
N2-Ga1-N3 119.60(17), N3-Ga1-N1 102.09(17), N2-Ga1-N4 99.96(16),
N1-Ga1-N4 64.68(16), N3-Ga1-H1a 120(2), N2-Ga1-H1a 120(2), N1-Ga1-
H1a 104(2), N4-Ga1-H1a 103(2).


Table 2. Crystal data and refinement details for 7–10.


7 8 9·(C7H8)2 10


formula C32H50GaN3 C50H71GaN4 C72H106Al2N4 C50H71AlN4S2


Mr 546.47 797.83 1081.57 819.21
crystal system monoclinic monoclinic monoclinic monoclinic
space group P21/n P21/n P21/c P21/n
a [N] 12.279(3) 14.800(3) 12.890(3) 10.451(2)
b [N] 18.533(4) 16.073(3) 14.686(3) 19.262(4)
c [N] 14.239(3) 21.031(4) 17.611(4) 24.154(5)
a [8] 90 90 90 90
b [8] 105.15(3) 110.60(3) 93.08(3) 91.02(3)
g [8] 90 90 90 90
V [N3] 3127.7(11) 4683.0(16) 3329.1(11) 4861.5(17)
Z 4 4 2 4
1calcd [Mgm�3] 1.161 1.132 1.079 1.119
m [mm�1] 0.903 0.623 0.086 0.164
F(000) 1176 1720 1184 1776
crystal size [mm] 0.30Q0.25Q0.15 0.15Q0.15Q0.12 0.20Q0.20Q0.20 0.25Q0.10Q0.05
reflections collected/unique 21793/6107 22196/7927 19812/5838 47744/8432
Rint 0.0539 0.0602 0.0877 0.2523
goodness-of-fit on F2 1.041 1.028 1.014 1.042
final R indices R1 =0.0593, R1 =0.0940, R1 =0.0613, R1 =0.0822,
[I>2s(I)] wR2 =0.1382 wR2 =0.2714 wR2 =0.1298 wR2 =0.1305
largest diff peak hole [eN�3] 1.737 (near Ga1)/�0.434 1.422 (near Ga1)/�1.238 0.554/�0.237 0.240/�0.244


Figure 6. Molecular structure of 9 (ORTEP, thermal ellipsoids shown at
30% probability level). Non-hydride hydrogen atoms omitted for clarity.
Selected bond lengths (N) and angles (8): Al1�N1 1.920(2), Al1�N2
1.970(2), Al1�H1a 1.64(2), Al1�H2a 1.51(3), N1�C1 1.355(3), N2�C1
1.334(3); N2-C1-N1 107.3(2), N1-Al1-N2 67.64(8), N1-Al1-H1a 126.0(8),
N1-Al1-H2a 121.4(10), N2-Al1-H1a 98.4(8), N2-Al1-H2a 111.3(10), H1a-
Al1-H2a 112.3(13), Al1-H1a-Al1’ 105.2(3) Symmetry transformation
used to generate equivalent atoms: 1�x, 1�y, �z.
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10 (2.480 N av) are significantly longer than in the adaman-
tyl-substituted complex (2.342(2) N), in which the negative
charge was proposed to be centered largely on the sulfur
center. This does not appear to be the case for 10, because
of its relatively long Al�S bonds, and also because its C�S
bonds (1.708 N av) are markedly shorter than in [AlMe2{h


2-
SC[N(H)Ad]N(Ad)}] (1.758(3) N) and hence presumably
have more double bond character. Despite this, the N�C
distances in the N2CS fragments of both complexes are simi-
lar and reminiscent of partially delocalized NCN systems.


Spectroscopic data and thermal stability : The 1H NMR spec-
trum of the amidotrihydridoalanate complex 4 differs signifi-
cantly to that of its gallium analogue (3) in that it exhibits
two broad isopropyl methyl signals that integrate in a 1:1
ratio, and only one methine signal, which is broad and unre-
solved. In the corresponding 1H NMR spectrum of 3, three
sharp and well-resolved isopropyl methyl doublet signals
(integrating in a 1:1:2 ratio) and two methine septet or virtu-
al septet signals were observed. In the case of 3, this infor-
mation was interpreted as arising from a free rotation of the
aryl group attached to the gallium coordinated nitrogen
atom, but restricted rotation of the other aryl group due to
the greater steric bulk of the Li(Et2O) fragment relative to
the GaH3 fragment. The spectrum for 4 clearly shows that a
fluxional process is occurring at room temperature, though
all efforts to resolve the spectra by using variable tempera-
ture NMR experiments met with failure due to significant
precipitation of the complex from [D8]toluene below 0 8C. It
seems reasonable, however, that this fluxional process in-
volves an exchange of the amidinate nitrogen centers be-
tween the coordinated Li and Al fragments. This could
occur by decomplexation of one nitrogen atom from Li and
re-coordination at the Al-center to give a five-coordinate


Al-chelated intermediate from which the other nitrogen
atom is decomplexed and subsequently re-coordinates the
Li center. That a similar process is not favored for 3 is not
surprising considering the well-known preference of gallium
for four-coordination, especially in anionic systems.[5]


Indeed, the closely related indium hydride complex 2 dis-
plays a similar fluxionality to 4, which is as would be expect-
ed considering indiumMs preference for five or six coordina-
tion.


The 1H NMR spectrum of 4 also exhibits a broad hydride
resonance at d=4.35 ppm that is at higher field than those
of its gallium and indium analogues (cf. 3 d=4.68 ppm, 2
d=6.02 ppm). The relative positionings of these signals has
been observed before in homologous series of Group 13 hy-
dride complexes[9] and can now be considered the norm.
Conversely, the IR spectrum (Nujol mull) of 4 revealed two
Al�H stretching bands at 1821 (sharp, terminal Al�H) and
1756 cm�1 (broad, bridging Al�H), which are intermediate
between those of the related indium and gallium complexes
2 (1719, 1632 cm�1) and 3 (1879, 1769 cm�1), respectively.
Again, this relative ordering has recently been estab-
lished[5a,9] and reflects the polarities of the M�H bonds in
the complexes. Complex 4 is thermally stable and melts
without decomposition at 126 8C, which can be compared to
its thermally more labile indium and gallium counterparts
which decompose at 42–44 8C (2) and 84–86 8C (3), respec-
tively.


The spectroscopic data and thermal stability properties of
another homologous series of complexes, namely the bis-
(amidinato) complexes [MH(Fiso)2] (M=Al 5, Ga 8, and In
1) can also be compared. Their NMR spectroscopic data are
all similar though the hydride resonance could not be ob-
served in the 1H NMR spectra of any complex. This is not
unusual and results from broadening of these signals by the
respective quadrupolar Group 13 metal. Relatively sharp
and strong M�H stretching absorptions were observed in
the IR spectra of the complexes, the positions of which
show the same ordering as for the previously mentioned
complexes (5 : 1823, 8 : 1911, 1: 1719 cm�1). These absorp-
tions are, however, significantly shifted to higher wavenum-
bers than the previous series and indeed most neutral
Group 13 hydride complexes.[5] This probably arises from a
negative inductive effect from the two anionic amidinate li-
gands that decreases the polarity of the M�H bonds. All
three compounds display excellent thermal stability, but do
decompose in the solid state at temperatures that follow the
order normally seen for Group 13 hydride complexes, for
example, 1 160, 8 211, and 5 231 8C. The stability of these
complexes can be ascribed to the steric protection afforded
their M�H fragments by the bulky amidinate phenyl sub-
stituents; which prevent any opportunity for the formation
of intermolecular M-H-M bridges. Indeed, it has been sug-
gested that such bridges could lower the energy barrier to
homolytic decomposition processes and subsequent dihydro-
gen elimination from gallium and indium hydride spe-
cies.[5b,e] In this respect, there is some evidence that 1, 5 and
8 decompose by means of intramolecular processes, as in


Figure 7. Molecular structure of 10 (ORTEP, thermal ellipsoids shown at
30% probability level). Non-hydride hydrogen atoms omitted for clarity.
Selected bond lengths (N) and angles (8): Al1�N1 1.913(3), Al1�N3
1.912(3), Al1�S1 2.4796(19), Al1�S2 2.4814(18), Al1�H1 1.54(3), N1�C1
1.332(5), N2�C1 1.352(5), N3�C26 1.336(5), N4�C26 1.342(5), S1�C1
1.706(4), S2�C26 1.711(4); N1-Al1-N3 127.09(14), S1-Al1-S2 156.20(6),
N1-Al1-S2 99.22(11), N3-Al1-S1 98.50(12), N1-Al1-H1 117.7(12), H1-
Al1-S1 101.6(12), N3-Al1-H1 115.2(12), S2-Al1-H1 102.2(12), N1-C1-N2
121.2(4), N1-C1-S1 114.7(3), N3-C26-N4 120.9(4), N3-C26-S2 114.8(3).
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the solid state or in solution no metal deposition is seen
when they are heated past their decomposition tempera-
tures. Instead, the only products are free HFiso and brown,
insoluble organometallic materials of indeterminate compo-
sition. This suggests the decomposition process involves hy-
drogen transfer to one of the complexMs Fiso� ligands and
metallation of the other. It should be noted that similar met-
allation decomposition processes have been reported for N-
heterocyclic carbene adducts of Group 13 trihydrides, for ex-
ample, [InH3{C[N(iPr)C(H)]2}].


[9]


None of the mono(amidinato) Group 13 complexes, 6, 7,
or 9, are isostructural with each other, and so it is difficult
to make comment on NMR spectroscopic trends. However,
some comparisons can be made between their IR spectra,
which in the case of 6 (Nujol mull) exhibits terminal and
bridging Al�H stretching absorptions at 1868 and
1835 cm�1, respectively, whilst, surprisingly, only one broad
and strong Al�H stretching band (1845 cm�1) was observed
in the IR spectrum of dimeric 9. These values are in the
normal range for amido aluminum hydride complexes that
contain terminal and/or symmetrically bridging hydrides, for
example, [{Al(m-H)[N(SiMe3)2]2}2] n(Al�H)=1880 cm�1;[10]


[{AlH(m-H)(TMP)}3] TMP=2,2’,6,6’-tetramethylpiperidine,
n(Al�H)=1863 and 1834 (terminal), 1778 cm�1 (bridging).[11]


Similarly, compound 7 showed one Ga�H stretching band
(1872 cm�1) in its IR spectrum. It is noteworthy that the M�
H stretching absorptions for 6 and 7 occur at lower wave-
numbers than those for the corresponding bis(amidinate)
complexes 5 and 8, due to a lesser negative inductive effect
of one amidinate ligand as opposed to two. In addition, both
the 1:1 complexes are less thermally stable (6 205 8C
decomp, 7 148 8C decomp) than their more sterically pro-
tected 2:1 counterparts, and in contrast to those complexes,
they decompose to give the Group 13 metal, HFiso and H2


gas. The bulkier Piso� ligand of 9 and its chelating coordina-
tion mode seemingly afford this complex considerably great-
er thermal stability than any of the Fiso� substituted com-
plexes. In fact, this complex melts at 190 8C and no decom-
position was observed in the melt, even when it was heated
to 300 8C. Moreover, the compound can be cleanly sublimed
in vacuo at temperatures in excess of 280 8C.


The spectroscopic data for the thioureido complexes 10
and 11 are similar and consistent with them being isostruc-
tural. Their 1H and 13C NMR spectra both show eight
methyl and four methine signals in line with the fact that
the isopropyl groups on each thioureido ligand are diaster-
eotopic. The IR spectra of the complexes both show N�H
and M�H stretching absorptions, the latter of which were
found at 1849 (10) and 1929 cm�1 (11), that is, at higher
wavenumbers than those of the related bis(amidinato) com-
plexes 5 and 8. Complexes 10 and 11 are also more thermal-
ly stable than 5 and 8 in the solid state and do not decom-
pose until 240 (10) and 226 8C (11). This is perhaps unusual
as the steric protection afforded the metal centers in the
former should be less than in the latter.


Conclusion


In conclusion, we have used two bulky amidinate ligands,
Fiso� and Piso� , to prepare a variety of very thermally
stable aluminum and gallium hydride complexes. The struc-
tural motifs adopted by the prepared complexes have been
found to be dependent upon both the amidinate ligand and
the metal involved. In this respect, the prepared gallium hy-
dride complexes displayed a tendency to possess four-coor-
dinate metal centers, whereas all the neutral aluminum hy-
dride complexes were shown to have five-coordinate metal
centers. This difference is derived from the greater electro-
negativity of gallium relative to aluminum. The bulk of the
amidinate ligand has an effect on its solid-state coordination
mode in the mono(amidinato) complexes, as evidenced by
the fact that the Fiso� ligand was not shown to chelate the
metal center in any of its 1:1 complexes, whereas Piso� che-
lates aluminum in complex 9. This difference presumably
arises from the tert-butyl substituent in the latter which nar-
rows its NCN angle relative to that of Fiso� , thus making it
more amenable to chelation. The greater steric bulk of
Piso� also appears to be the reason behind the increased
thermal stability of 9 over 6. This can also be used to explain
why no bis(Piso) complexes could be prepared.


Other trends in thermal stabilities that have been noted in
this study include the general and lower stability of gallium
hydride complexes relative to their aluminum hydride ana-
logues, and the greater stability of the more sterically pro-
tected bis(Fiso) complexes relative to their mono(Fiso)
counterparts. The former trend is also seen in the two thio-
ureido complexes, 10 and 11.


Considering the emerging importance of amidinato
Group 13 alkyl and halide complexes to a number of areas,
it seems unusual that very few studies have centered on re-
lated Group 13 hydride complexes. This study and our pre-
liminary investigations on amidinato indium and gallium hy-
dride complexes have proved that a variety of stable com-
plexes displaying novel structural features can be readily
prepared. In future publications we will chronicle our efforts
to develop further this understudied field, which has signifi-
cant potential to be applied to areas such as organic synthe-
sis and homogeneous catalysis.


Experimental Section


General : All manipulations were carried out by using standard Schlenk
and glove box techniques under an atmosphere of high purity argon.
Hexane, toluene, THF, and [D6]benzene were distilled over potassium,
whilst diethyl ether was distilled over Na/K alloy. IR spectra were ob-
tained as Nujol mulls using a Perkin–Elmer 1600 series FTIR spectrome-
ter with NaCl plates. NMR spectroscopy was carried out using either Jeol
Eclipse 300 or Bruker DPX 400 spectrometers. Mass spectra were record-
ed using a VG Fisons Platform II instrument operating under APCI con-
ditions, or were obtained from the EPSRC Mass Spectrometry Service,
Swansea. Microanalyses were carried out by Medac Ltd. UK. Melting
points were determined in sealed glass capillaries under argon, and are
uncorrected. [AlH3(NMe3)],


[12] [GaH3(quin)],[13] HFiso,[14] ArN(H)C(=S)-
N(H)Ar,[15] and ArN=C=NAr[16] were synthesized by literature proce-
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dures. HPiso was prepared by treating ArN=C=NAr with one equivalent
of tBuLi in Et2O followed by aqueous workup. Its spectroscopic data
were checked against the literature values.[17] HFiso·HCl was obtained by
treatment of HFiso with concentrated hydrochloric acid in THF, remov-
ing all volatiles in vacuum and drying the residue for 1 h at 100 8C under
vacuum.


[{AlH3(m-Fiso)Li(OEt2)}2] (4): A solution of HFiso (1.92 g, 5.27 mmol) in
Et2O (40 mL) was added to a solution of LiAlH4 (0.20 g, 5.27 mmol) in
Et2O (10 mL) at �78 8C over a period of 5 min. The resultant suspension
was allowed to warm to 25 8C and volatiles were removed under vacuum.
The residue was extracted into hexane (25 mL) and the extract slowly
cooled to �35 8C to yield colourless crystals of 4 (1.91 g, 77%). M.p.:
126–127 8C; 1H NMR (400 MHz, C6D6, 298 K): d=0.86 (t, 3JHH =7.0 Hz,
12H; CH2CH3), 1.35 (brd, 3JHH =6.9 Hz, 24H; CHCH3), 1.60 (brd, 3JHH =


6.9 Hz, 24H; CHCH3), 3.06 (q, 3JHH =7.0 Hz, 8H; OCH2), 3.74 (br, 8H;
CHCH3), 4.25 (br, 6H; AlH3), 7.23–7.48 (m, 12H; ArH), 7.68 ppm (s,
2H; NC(H)N); 13C NMR (100.6 MHz, C6D6, 298 K): d=14.3 (CH2CH3),
24.2 (CHCH3), 24.9 (CHCH3), 28.1 (CH), 65.8 (CH2), 123.3 (p-ArC),
124.0 (m-ArC), 144.4 (o-ArC), 145.1 (ipso-ArC), 165.1 ppm (NCN); 7Li
NMR (300 MHz, C6D6, 298 K): d=0.70 ppm (br s); IR (Nujol): ñ=1821
(sharp s, terminal Al�H), 1756 cm�1 (br s, bridging Al�H); MS/APCI: m/
z (%): 366 (100) [HFiso]+ ; elemental analysis calcd (%) for C58H96Al2Li2-
N4O2: C 73.39, H 10.19, N 5.90; found: C 72.94, H 10.27, N 6.12.


[AlH(Fiso)2] (5)


Method A : [AlH3(NMe3)] (5.0 mL of a 0.58m solution in toluene,
2.89 mmol) was added to a slurry of HFiso (2.11 g, 5.79 mmol) in toluene
(50 mL) at �78 8C over a period of 5 min. The mixture was slowly
warmed to room temperature and stirred for 4 h. The resultant solution
was concentrated under reduced pressure to 25 mL and placed at �30 8C
overnight to yield 5 as colourless crystals. Two further crops were ob-
tained. (1.91 g, 87%);


Method B : [AlH3(NMe3)] (1.0 mL of a 0.58m solution in toluene,
0.58 mmol) was added at to a solution of (ArN)2C (0.42 g, 1.16 mmol) in
toluene (50 mL) �78 8C over a period of 5 min. The mixture was slowly
warmed to room temperature and stirred for 3 h. Workup as for meth-
od A afforded 5 (0.31 g, 71%);


Method C : A solution of HFiso (0.50 g, 1.37 mmol) in THF (10 mL) was
added to a solution of LiAlH4 (0.026 g, 0.70 mmol) in THF (10 mL) at
�78 8C over a period of 5 min. The resultant suspension was allowed to
warm to 25 8C, filtered and solvents were removed under vacuum. The
residue was extracted into toluene (5 mL) and slowly cooled to �35 8C
yielding colourless crystals of 5 (0.31 g, 60%).


Data for 5 : M.p.: 231–233 8C (decomp); 1H NMR (300 MHz, C6D6,
298 K): d =1.14 (brd, 3JHH =6.6 Hz, 24H; CH3), 1.20 (brd, 3JHH =6.7 Hz,
24H; CH3), 3.87 (br virtual sept, 3JHH =6.7 Hz, 8H; CH), 7.19–7.34 (m,
12H; ArH), 7.62 ppm (s, 2H; NC(H)N); 13C NMR (100.6 MHz, C6D6,
298 K): d =24.1 (CH3), 24.7 (CH3), 27.3 (CH), 122.5 (p-ArC), 124.6 (m-
ArC), 138.0 (o-ArC), 143.4 (ipso-ArC), 166.4 ppm (NCN); IR (Nujol):
ñ=1823 cm�1 (sharps, AlH); MS/APCI: m/z (%): 366 (100) [HFiso]+ ,
756 (24) [M]+ ; elemental analysis calcd (%) for C50H71AlN4: C 79.53, H
9.48, N 7.42; found: C 78.69, H 9.42, N 7.66.


[{AlH2(Fiso)}2] (6)


Method A : A solution of LiAlH4 (0.245 g, 6.46 mmol) in Et2O (25 mL)
was added to a frozen (�196 8C) mixture of HFiso·HCl (1.94 g,
4.84 mmol) and Et2O (70 mL). The mixture was brought to �78 8C, then
slowly warmed to room temperature and stirred overnight. Gas evolution
was noticed at about �25 8C. The solvent was removed under reduced
pressure and the residue extracted with hexane/toluene (1:1, 40 mL).
Placement of the extract at �30 8C gave 6 as colourless crystals overnight
(1.31 g, 69%).


Method B : A solution of (ArN)2C (0.84 g, 2.32 mmol) in toluene (15 mL)
was added to [AlH3(NMe3)] (8.8 mL of a 0.58m solution in toluene,
5.10 mmol), and the mixture heated at reflux for 45 min. The resultant
solution was concentrated to about 8 mL and stored at �30 8C to give 6
(0.56 g, 62%).


Data for 6 : M.p.: 205–207 8C (decomp); 1H NMR (400 MHz, C6D6,
298 K): d =1.28 (d, 3JHH =6.8 Hz, 24H; CH3), 1.36 (d, 3JHH =6.8 Hz, 24H;


CH3), 3.51 (virtual sept, 3JHH =6.8 Hz, 8H; CH), 4.60 (br s, 4H; Al-H),
7.10–7.35 (m, 12H; Ar-H), 7.62 ppm (s, 2H; NC(H)N); 13C NMR
(100.6 MHz, C6D6, 298 K): d=24.7 (CH3), 24.8 (CH3), 29.0 (CH), 123.6
(p-ArC), 125.9 (m-ArC), 142.8 (o-ArC), 145.3 (ipso-ArC), 162.0 ppm
(NCN); IR (Nujol): ñ=1868 (Al-H terminal), 1835 cm�1 (Al-H bridging);
MS/APCI: m/z (%): 366 (100) [HFiso]+ ; elemental analysis calcd (%) for
C50H74Al2N4: C 76.39, H 9.62, N 7.13; found: C 76.79, H 9.52, N 7.28.


[GaH2(Fiso)(quin)] (7): A solution of HFiso (0.63 g, 1.74 mmol) in Et2O
(40 mL) was added to a solution of [GaH3(quin)] (0.32 g, 1.74 mmol) in
Et2O (10 mL) at �78 8C over a period of 5 min. The resultant suspension
was allowed to warm to 25 8C, after which time solvents were removed
under vacuum. The residue was extracted into hexane (15 mL) and slow
cooled to �35 8C, yielding colourless crystals of 7 (0.36 g, 38%). M.p.:
148–150 8C (decomp); 1H NMR (300 MHz, C6D6, 298 K): d=1.16 (br s,
6H; CH2), 1.43 (br, 24H; CH3), 1.52 (br, 1H; CH), 3.06 (br, 6H; CH2N),
3.85 (br, 4H; CHCH3), 5.12 (br s, 2H; GaH2), 7.08–7.26 (m, 6H; ArH),
7.55 ppm (s, 1H; NC(H)N); 13C NMR (100.6 MHz, C6D6, 298 K): d=20.1
(CH), 24.4 (br, CH3), 25.6 (CH2), 28.2 (CHCH3), 48.1 (NCH2), 123.2 (p-
ArC), 125.3 (m-ArC), 143.8 (o-ArC), 145.9 (ipso-ArC), 163.7 ppm
(NCN); IR (Nujol): ñ=1872 cm�1 (br s, GaH2); MS/APCI: m/z (%): 366
(100) [HFiso]+ , 547 (7) [M]+ ; elemental analysis calcd (%) for
C32H50GaN3: C 70.33, H 9.22, N 7.69; found: C 69.50, H 9.26, N 7.80.


[GaH(Fiso)2] (8): A solution of HFiso (0.99 g, 2.72 mmol) in Et2O
(40 mL) was added to a solution of [GaH3(quin)] (0.25 g, 1.36 mmol) in
Et2O (10 mL) at �78 8C over a period of 5 min. The resultant suspension
was allowed to warm to 25 8C, after which volatiles were removed under
vacuum. The residue was extracted into hexane (15 mL) and slow cooled
to �35 8C, yielding colourless crystals of 8 (0.22 g, 21%). M.p.: 211–
213 8C (decomp); 1H NMR (250 MHz, C6D6, 298 K): d=1.19 (brd, 3JHH =


7.9 Hz, 24H; CH3), 1.32 (brd, 3JHH =7.8 Hz, 24H; CH3), 3.55 (br, poorly
resolved signal, 8H; CH), 7.03–7.28 (m, 12H; ArH), 7.55 ppm (s, 2H;
NC(H)N); 13C NMR (100.6 MHz, C6D6, 298 K): d=23.6 (CH3), 23.9
(CH3), 28.3 (CH), 123.2 (p-ArC), 125.4 (m-ArC), 140.2 (o-ArC), 143.8
(ipso-ArC), 163.8 ppm (NCN); IR (Nujol): ñ=1911 cm�1 (sharp, s, GaH);
MS/APCI: m/z (%): 366 (100) [HFiso]+ ; elemental analysis calcd (%) for
C50H71GaN4: C 75.27, H 8.97, N 7.02; found: C 74.31, C 8.78, N 7.36.


[{AlH2(Piso)}2] (9): [AlH3(NMe3)] (3.25 mL of a 0.58m solution in tolu-
ene, 1.89 mmol) was added at to slurry of HPiso (0.72 g, 1.71 mmol) in
toluene (15 mL) �78 8C over a period of 5 min. The resultant solution
was warmed to room temperature and stirred overnight, whereupon it
was concentrated under reduced pressure to 10 mL, filtered, and stored
at �30 8C to give colourless crystals of 9·(C7H8)2. (0.77 g, 83%). M.p.:
190–191 8C (no decomp observed until 300 8C); 1H NMR (300 MHz,
C6D6, 298 K; toluene NMR resonances are not given): d=1.03 (s, 18H;
C(CH3)3), 1.38, 1.42 (2d, 3JHH =6.8 Hz, 48H; CH3), 3.70 (sept, 3JHH =


6.8 Hz, 8H; CH), 4.87 (br s, 4H; AlH), 7.10–7.40 ppm (m, 12H; Ar-H);
13C NMR (100.6 MHz, C6D6, 298 K): d=22.6 (C(CH3)3), 27.0 (CH), 29.0
(CH3), 29.2 (CH3), 41.9 (C(CH3)3), 123.7 (p-ArC), 125.7 (m-ArC), 139.2
(o-ArC), 144.4 (ipso-ArC), 181.4 ppm (NCN); IR (Nujol): ñ=1845 cm�1


(s, AlH); MS/APCI: m/z (%): 366 (100) [HFiso]+ , 547 (7) [M/2]+ ; ele-
mental analysis calcd (%) for C72H106Al2N4: C 79.95, H 9.88, N 5.18;
found: C 79.26, C 9.86, N 5.53.


[AlH{N(Ar)C[N(H)(Ar)]S}2] (10): [AlH3(NMe3)] (1.1 mL of a 0.58m so-
lution in toluene, 0.638 mmol) was added to slurry of ArN(H)C(=
S)N(H)Ar (0.46 g, 1.16 mmol) in toluene (20 mL) at �78 8C. The mixture
was slowly warmed to room temperature and stirred for 2 h. The result-
ing solution was concentrated and placed at 4 8C to yield colourless crys-
tals of 10 (0.28 g, 53%). M.p.: 240–242 8C (decomp); 1H NMR (400 MHz,
C6D6, 298 K): d =1.03 (d, 3JHH =6.8 Hz, 6H; CH3), 1.12 (d, 3JHH =6.8 Hz,
6H; CH3), 1.38 (d, 3JHH =6.8 Hz, 6H; CH3), 1.40 (d, 3JHH =6.8 Hz, 6H;
CH3), 1.48 (d, 3JHH =6.8 Hz, 6H; CH3), 1.51 (d, 3JHH =6.8 Hz, 6H; CH3),
1.58 (d, 3JHH =6.8 Hz, 6H; CH3), 1.72 (d, 3JHH =6.8 Hz, 6H; CH3), 3.07
(sept, 3JHH =6.8 Hz, 2H; CH), 3.33 (sept, 3JHH =6.8 Hz, 2H; CH), 3.66
(sept, 3JHH =6.8 Hz, 2H; CH), 3.93 (sept, 3JHH =6.8 Hz, 2H; CH), 5.60
(br s, 1H; AlH), 6.30 (s, 2H; NH), 7.04–7.30 ppm (m, 12H; ArH);
13C NMR (100.6 MHz, C6D6, 298 K): d =24.1 (CH3), 24.2 (CH3), 24.3
(CH3), 24.7 (CH3), 25.0 (CH3), 25.6 (CH3), 26.6 (CH3), 27.7 (CH3), 28.7
(CH), 28.9 (CH), 29.1 (CH), 29.3 (CH), 124.2, 124.3, 124.6, 125.2, 129.5,
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130.3, 133.4, 136.5, 146.1, 146.7, 147.3, 147.5, (ArC), 182.1 ppm (NCS); IR
(Nujol): ñ=3341 (NH), 1849 cm�1 (AlH); MS/EI: m/z (%): 817.4 (100)
[M�H]+ ; EI accurate MS: [M�H]+ calcd for C50H70AlN4S2: 817.4852;
found: 817.4835.


[GaH{N(Ar)C[N(H)(Ar)]S}2] (11): A solution of [GaH3(quin)] (0.146 g,
0.794 mmol) in toluene (20 mL) was added to a solution of ArN(H)C(=S)-
N(H)Ar (0.60 g, 1.51 mmol) in toluene (20 mL) at �80 8C. The mixture
was slowly warmed to room temperature and stirred for 3 h. The resul-
tant solution was then concentrated in vacuo to 20 mL and stored at
�28 8C for 20 h to yield 11 as a colourless crystalline material. (0.37 g,
57%). M.p.: 226–228 8C (decomp to yellow solid); 1H NMR (400 MHz,
C6D6, 298 K): d =1.02 (d, 3JHH =6.8 Hz, 6H; CH3), 1.14 (d, 3JHH =6.8 Hz,
6H; CH3), 1.44 (d, 3JHH =6.8 Hz, 6H; CH3), 1.46 (d, 3JHH =6.8 Hz, 6H;
CH3), 1.55 (d, 3JHH =6.8 Hz, 6H; CH3), 1.59 (d, 3JHH =6.8 Hz, 6H; CH3),
1.60 (d, 3JHH =6.8 Hz, 6H; CH3), 1.77 (d, 3JHH =6.8 Hz, 6H; CH3), 3.07
(sept, 3JHH =6.8 Hz, 2H; CH), 3.41 (sept, 3JHH =6.8 Hz, 2H; CH), 3.80
(unresolved overlapping signals, 4H; CH), 6.17 (s, 2H; NH), 7.04–
7.30 ppm (m, 12H; ArH), 13C NMR (100.6 MHz, C6D6, 298 K): d =23.9
(CH3), 24.2 (CH3), 24.5 (CH3), 24.6 (CH3), 25.0 (CH3), 25.8 (CH3), 26.8
(CH3), 27.9 (CH3), 28.7 (CH), 29.0 (CH), 29.1 (CH), 29.3 (CH), 124.1,
124.3, 124.7, 125.0, 129.4, 130.2, 134.2, 136.8, 146.5, 146.6, 147.1, 147.5,
(ArC), 181.6 ppm (NCS); IR (Nujol): ñ =3342 (NH), 1929 (GaH); MS/
EI: m/z (%): 860.4 (100) [M]+ ; EI accurate MS: [M+] calcd for
C50H71


69GaN4S2: 860.4370, found: 860.4397.


X-ray single-crystal structural analyses : Crystals of 4–10 suitable for X-
ray structural determination were mounted in silicone oil. Crystallo-
graphic measurements were made by using a Nonius Kappa CCD diffrac-
tometer. The structures were solved by direct methods and refined on F2


by full-matrix least-squares (SHELX97)[18] using all unique data. All non-
hydrogen atoms are anisotropic with non-hydrides included in calculated
positions (riding model). Hydride ligands in the structures of all com-
plexes except 5 were located from difference maps and refined isotropi-
cally without restraints. The hydride ligand of 5 was included in a calcu-
lated position. The crystal structure refinements of 5, 6, 8, and 10 con-
verged with relatively high R factors due to weakness of higher angle
data. In the case of 6, the weakness of the data at q angles greater than
22.58 prompted their exclusion from the structural refinement process.
Despite the relatively poor quality of the structures of 5, 6, 8, and 10,
their gross molecular connectivities are unambiguous and fully supported
by their spectroscopic and analytical data. Crystal data, details of data
collections and refinement are given in Tables 1 and 2.


CCDC CCDC-265825 (4), CCDC-265826 (5), CCDC-265827 (6), CCDC-
265828 (7), CCDC-265829 (8), CCDC-265830 (9), and CCDC-265831
(10) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Introduction


The aziridine ring framework can be frequently found in
natural and synthetic compounds of biological importance.[1]


In addition, aziridines are versatile synthetic intermediates
for the synthesis of many important compounds such as b-
lactams[2] modified amino acids,[3] allylic amines[4] and nitro-
gen-containing functional compounds.[1a,g,h] The larger
number of synthetic applications of aziridines are based on
the strained heterocyclic ring by nucleophiles. In contrast,
the chemistry of lithiated aziridines (aziridinyl anions) pro-
duced by direct lithiation/deprotonation has received much
less attention.[5] Most diastereoselective lithiated aziridines
have been generated from N-toluenesulfonyl aziridines[4c,6]


or from aziridines bearing an anion stabilising group such as
acyl,[7] alkenyl,[8] oxazolinyl,[9] benzotriazoyl,[10] sulfonyl[11] or
trifluoromethyl[12] attached directly. Few methods to prepare
aziridinyl anions without a stabilising substituent are known.
The most important methods[13] are the Vedejs3 lithiation of
borane complexes of N-alkyl aziridines,[14] and the Beak lith-
iation of N-Boc aziridines.[15]


However, to the best of our knowledge, papers describing
the synthesis of enantiopure aziridinyllithiums are scar-


ce.[7,8b,c,9b,12, 13b,14b,14c] Given these facts, a method to prepare
polysubstituted enantiopure aziridines through highly dia-
stereoselective lithiation would be interesting.


Recently, we described[16] a new methodology to obtain
(1R,2S,1’S)-2-(1’-dibenzylaminoalkyl)aziridine(N 1-B)-bor-
anes complexes 2 by a sequential treatment of (2S,1’S)-2-(1’-
aminoalkyl)aziridines 1 with BF3·Et2O and reduction with
LiAlH4. The same boranes 2 were also obtained by direct
reaction of 1 with borane. Interestingly, in both syntheses,
complexation of borane took place in a stereospecific
manner and only one diastereoisomer of complexes 2 was
obtained enantiopure. In the same communication, we de-
scribed two examples of selective lithiation of complexes 2
by using sec-BuLi.


Now, in this paper, we wish to extend these previous re-
sults. Thus, we describe the functionalization of the ring of
aziridine of 1, through successive formation of aziridine–
borane complexes, lithiation with sec-BuLi, further treat-
ment with a variety of electrophiles and final decomplexa-
tion using methanol. In this sense, we study the influence of
the structure of the starting complexes 2 and of the electro-
philes in the selectivity of this process. Finally, successive
double lithiation–electrophile reactions were carried out af-
fording enantiopure 1,2,3,3-tetrasubstituted aziridine–borane
complexes with high selectivity.


Abstract: Highly selective functionali-
zation of the aziridine ring of (2S,1’S)-
2-(1’-aminoalkyl)aziridines 1, through
successive formation of aziridine–
borane complexes, lithiation, treatment
with a variety of electrophiles and final
decomplexation is described. The influ-


ence of the structure of the starting
complexes 2 and of the electrophiles in
the stereoselectivity of this process has


been studied. Finally, successive double
lithiation–electrophile reactions were
carried out affording enantiopure
1,2,3,3-tetrasubstituted aziridine–
borane complexes with high selectivity.Keywords: aziridines · deuteration ·


lithiation · regioselectivity
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Results and Discussion


Synthesis of aziridine–borane complexes 2 : The starting
enantiopure aziridines 1 were prepared by reduction of a-
amino ketimines derived from 1-aminoalkyl chloromethyl
ketones, as reported.[17]


Compounds 1 were easily transformed into the corre-
sponding aziridine–boranes complexes 2 by successive treat-
ment with 1 equiv BF3·Et2O at 0 8C over 5 min and further
reaction with 2 equiv LiAlH4, at the same temperature, for
30 min (Scheme 1 and Table 1). Complexes 2 were obtained
as sole product in high yield.


The same borane complexes 2 can be also obtained by
using a commercial borane/THF solution (Scheme 2 and
Table 1).[1] Similar yields and purity of complexes 2 were ob-
tained by using both methodologies (Table 1, entries 2–5, 8–


9 and 12–13) and, consequently the cheaper BF3·Et2O/
LiAlH4 methodology constitutes a valuable alternative to
the use of BH3/THF solution.


Interestingly, only one diastereoisomer of 2 was obtained.
The selectivity of the complexation reaction was established
based on NMR analysis of the crude reaction mixture
(1H NMR: 300 MHz and 13C NMR: 75 MHz) within the
limits of the NMR assay. This process appears to be general;
thus the reaction can be performed with a variety of amino
aziridines derived from alanine, leucine, and phenylalanine
and different amines (linear, cyclic and unsaturated). The
level of diastereoisomeric purity of the borane–aziridine
complexes 2 (>97%) was not affected by the size of R1 and
R2 in the starting amino aziridine. In contrast previous work
involving reaction of tertiary amines with borane gave a
mixture of diastereoisomers.[3]


Complexes 2 were surprisingly stable and could be puri-
fied by column chromatography and stored for several
weeks at room temperature.


The structure and absolute configuration of compound 2 f
was established based on its NOESY experiment and single-
crystal X-ray analysis.[16] The configuration and structure of
the other complexes 2 were assigned by analogy.


The described transformation and the observed stereo-
chemistry of products 2 may be explained by assuming that
the coordination of either Lewis acid (BF3·Et2O) or BH3


with aziridine nitrogen is favoured over the dibenzylamine
nitrogen, due to steric hindrance. The isolation of complexes
2 as a single diastereoisomer can be explained by taking
into account the difference in stability between the two dia-
stereoisomers I and II, (Scheme 3). Conformer I predomi-
nates over II as a consequence of the steric hindrance in-
volved, thus the reaction of I with BF3·Et2O or BH3 is fav-
oured.[4] To prove this fact, 1H NMR experiments were car-
ried out at variable temperature. The 1H NMR spectrum of
compound 1d was studied over a temperature range from
�80 8C to 120 8C. The spectra at temperature from �80 to
110 8C shows signals assigned to a single stereoisomer of
compound 1d. When the 1H NMR spectrum of 1d was re-
corded at 120 8C[18] a complex signals of olefinic protons was
obtained. This multiplicity is according to the presence of


Abstract in Spanish: Se describe la funcionalizaci#n altamen-
te selectiva de (2S,1’S)-2-(1’-aminoalquil)aziridinas 1 a trav(s
de un proceso de formaci#n de complejos borano–aziridina,
litiaci#n, tratamiento con electr#filos y descomplejaci#n.
Tambi(n ha sido objeto de estudio la influencia de la estruc-
tura de los complejos 2 y de los electr#filos en el proceso. Fi-
nalmente, se ha llevado a cabo una doble reacci#n litiaci#n y
reacci#n con electr#filos dando lugar a complejos borano–
aziridina 1,2,3,3-tetrasustituidas de forma enantiopura y con
alta selectividad.


Scheme 1. Synthesis of aziridine–borane complexes 2 with BF3·OEt2 and
LiAlH4.


Table 1. Synthesis of aminoalkylaziridine–borane complexes 2.


2 Method[a] R1 R2 Yield [%][b]


1 2a B Me propyl 79
2 2b A Me allyl 76
3 2b B Me allyl 80
4 2c A Me Bn 71
5 2c B Me Bn 74
6 2d A iBu allyl 75
7 2e B iBu cyclohexyl 80
8 2 f A iBu Bn 81
9 2 f B iBu Bn 77
10 2g A Bn propyl 78
11 2h A Bn cyclohexyl 77
12 2 i A Bn Bn 83
13 2 i B Bn Bn 82


[a] Method A: BF3·OEt2 and LiAlH4. Method B: BH3·THF. [b] Isolated
yield after column chromatography based on the starting amino aziridine
1.


Scheme 2. Synthesis of aziridine–borane complexes 2 with BF3·THF.


Scheme 3. Configurational equilibrium.
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the both possible conformers with a ratio of the two con-
formers about 9:1 (Figure 1).


Successive lithiation and reaction with electrophiles of aziri-
dine–borane complexes 2 : Treatment of a solution of com-
plexes 2 in THF with sec-BuLi at �78 8C, over 45 min, gave
a deep orange solution ascribed to the formation of lithiated
aziridine–borane complexes 4,[19] which was stable for 2 h at
low temperature.[20]


Taking into account the usefulness of isotopically labelled
compounds to establish the mechanism of organic reactions
or the biosynthesis of many natural compounds,[21] we have
paid particular attention to the deuteration of the aziridine
ring. Thus, the trapping reaction of anions 4 with D2O, fur-
nished the corresponding 3-deuterioaziridine borane com-
plexes 5 in good yields with total selectivity (1H and
13C NMR analysis) and with complete incorporation of deu-
terium (> 95%, 1H NMR) (Scheme 4 and Table 2).


As was to be expected, the amine–borane complex is the
key to the lithiation of the aziridine ring. Indeed, it was
found that the direct lithiation with sec-BuLi of aminoaziri-
dine 1a failed. No incorporation of deuterium was detected
after successive treatment of 1a with sec-BuLi and D2O.


The diastereoselectivity of the deuteration was deter-
mined by 1H NMR spectra on the crude reaction products,
showing that the diastereoselectivity was dependent on the
structure of the starting aminoaziridine (Table 2). Thus, high
or total stereoselectivity was obtained in all deuterations of
the aminoaziridines derived from alanine (R1 = Me) and in
those derived from leucine (R1 = iBu) or phenylalanine
(R1 = Bn) with a R2 group different to benzyl or allyl
(Table 2). The stereoselectivity was lower (the diaster-
eoisomer ratio ranged between 88:12 and 79:21) starting
from aziridines with R1 = iBu or Bn and R2 = Bn, or allyl
(Table 2, entries 4, 5 and 7).


The configuration of the new stereogenic center generat-
ed in the deuteration was assigned based on disappearance
or reduction of C3-H signal trans to C2-H in 5 which has the
smaller vicinal J coupling constant (ranging between 6.4 and
5.0 Hz).


The reaction with other electrophiles such as iodoalkanes
(MeI and EtI) or chlorotrialkylsilanes (ClSiMe3 and
ClSiPhMe2) afforded trisubstituted aziridines 6 in good
yields and with total regioselectivity (Table 3). In a similar
manner to deuteration, there was very high or total stereo-
selectivity in the complexes derived from alanine, and from
leucine, or phenylalanine with R2 different to benzyl or
allyl. Functionalization of aziridines derived from leucine or
phenylalanine bearing a group benzyl or allyl on the aziri-
dine ring, took place with lower stereoselectivity. No impor-
tant differences in yield or diastereoselectivity were ob-


Figure 1. 1H NMR studies at variable temperature of compound 1d
[D6]DMSO.


Scheme 4. Synthesis of functionalized borane complexes 5 and 6.


Table 2. Synthesis of aminoalkylaziridine–borane Complexes deuterated
5.


5 R1 R2 dr Yield [%][a]


1 5aa Me propyl >97:3 93
2 5ba Me allyl 95:5 96
3 5ca Me Bn >97:3 91
4 5da iBu allyl 88:12 95
5 5 fa iBu Bn 79:21 91
6 5ga Bn propyl >97:3 92
7 5 ia Bn Bn 84:16 90


[a] Isolated yield after column chromatography based on the starting azir-
idine–borane complexes 2.
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served when varying the electrophile (Table 3, entries 2–4,
5–6 and 7–8). The lower stereoselectivity observed in the al-
kylation and silylation of 6de and 6 ic in comparison to their
deuteration might be attributed to the increase of size of the
electrophile.


Attempts to capture lithioaziridine 4 with benzaldehyde
or allyl bromide were unsuccessful.


Assuming retention of configuration from the C–Li inter-
mediate through the C�D or C�E bond-forming step to
obtain 5 or 6, initial lithiation occurs mostly syn to boron,
giving the aziridinium 4. This syn-directing effect of N-BH3


is in accordance with other lithiation of aziridine–borane
complexes previously described.[14] This syn lithiation, with
respect to boron atom, could also explain the stereoselectivi-
ty dependence on the structure of 2. Thus, the decrease of
stereoselectivity observed in the reactions of aminoaziri-
dines derived from leucine (R1 = iBu) or phenylalanine (R1


= Bn) with a group R2 = benzyl or allyl, may be explained
by assuming the increase in steric hindrance of R1 could pro-
duce a competitive lithiation of the acidic hydrogen on the
benzylic or allylic positions 8(Scheme 5). In addition, the
acidity of allyl or benzyl protons is increased by the activa-
tion produced by the borane–aziridine complex formation.
Subsequent H–Li exchange from the benzylic or allylic posi-
tion to the anti position with respect the boron on the aziri-
dine ring 9 may explain the lower stereoselectivity observed
in these cases. On the contrary, when there is not acidic pro-
tons in R2, no competitive lithiation is produced and the
lithiation takes place only in the aziridine ring (syn respect
to the boron), affording the deuterated aziridine 5 or com-
pounds 6 with very high or total stereoselectivity.


The 3-functionalized aziridine–borane complexes 5 and 6
were easily decomplexed by treatment with methanol,
furnishing the corresponding enantiopure 3-functionalized
2-(1’-dibenzylaminoalkyl)aziridine 7 in excellent yield
(> 92%, Table 4). Thus, the successive treatment of amino-
aziridines with BH3 or BF3·Et2O/LiAlH4, sec-BuLi, electro-
philes and decomplexation constitutes an easy and effective
methodology to enantioselective aziridine functionalization.


Double lithiation–electrophile reactions of aziridine–borane
complexes 2a : The treatment of the deuterated aziridine–
borane 5aa, obtained as described above, with sec-BuLi at
�78 8C during 45 min, afforded the aziridinyllithium 11, in
which the lithium is anti to the boron. This anion can be


trapped with various electro-
philes affording complexes 12
in which the ring is tetrasubsti-
tuted in high yield and with
high stereoselectivity (Scheme 6
and Table 5). Hence, the succes-
sive lithiatio–deuteration and
lithiation–alkylation or silyla-
tion of complex 2a allowed the
introduction of two different
electrophiles in the aziridine
ring.


The structure of compounds
12 was established based on the
NOESY experiment of com-
pound 12aae[22] and on the


comparison of the data of 1H and 13C NMR of compound 12
and 6.


The different stereochemistry observed in the lithiation
reaction (anti versus syn to the boron) can be explained by
taking into account the isotopic effect. It is difficult to ab-
stract the deuterium atom in comparison to the lithiation of
the C�H bond. Hence, in these cases the syn-directing effect


Table 3. Synthesis of compound 6.


6 R1 R2 E dr Yield [%][a]


1 6ab Me propyl SiPhMe2 >97:3 77
2 6bc Me allyl Me >97:3 71
3 6bd Me allyl Et >97:3 73
4 6be Me allyl SiMe3 >97:3 73
5 6cc Me Bn Me >97:3 69
6 6cd Me Bn Et >97:3 75
7 6de iBu allyl SiMe3 65:35 68
8 6ec iBu C6H11 Me >97:3 76
9 6ee iBu C6H11 SiMe3 >97:3 71
10 6gc Bn propyl Me >97:3 76
11 6hb Bn C6H11 SiPhMe2 >97:3 72
12 6 ic Bn Bn Me 78:22[b] 67


[a] Isolated yield after column chromatography based on the starting aziridine–borane complexes 2. [b] Major
diastereoisomer can be isolated by column chromatography.


Scheme 5. Mechanism of lithiation of N-allyl or N-benzylaziridines.


Table 4. Decomplexation of 5 and 6.


7 R1 R2 E Yield [%][a]


1 7bc Me allyl Me 92
2 7bd Me allyl Et 94
3 7be Me allyl SiMe3 93
4 7da iBu allyl D 94
5 7 ic Bn Bn Me 92[b]


[a] Isolated yield after column chromatography based on the starting azir-
idine–borane complexes 4 or 5. [b] Referred only to major diastereoisom-
er.
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of N-BH3 was insufficient to produce the lithiation of C�D
instead of the weaker C�H bond.


The order of the introduction of electrophiles is crucial.
When compounds 6 (alkylated or silylated complexes) were
lithiated with sec-BuLi and later treated with electrophiles
(including D2O), no second functionalization of the aziridine
ring took place, and the starting complex 6 was recovered.
On this basis, we must conclude that the second lithiation
reaction and/or subsequent electrophile reaction is strongly
influenced by steric factors.


Conclusion


We have described a easy methodology to easily prepare
enantiopure 2-(1-aminoalkyl)aziridine–borane complexes 2
by reaction of the starting aminoaziridines with BF3·Et2O
followed by reduction with LiAlH4. This method is cheaper
than the classical direct reaction with BH3/THF solution.
The lithiation of these complexes with sec-BuLi, followed by
reaction with electrophiles takes place in high yield and
with total regioselectivity. The stereoselectivity was depen-
dent on the structure of the starting aminoaziridine. So,
regio- and stereoselective C-3 functionalization of 2-(1-ami-
noalkyl)aziridine 1 can be effected by successive deprotona-
tion/electrophile/decomplexation reactions of the corre-
sponding borane complex 2. Finally, both C2-deuteration
and C2-alkylation or silylation of aziridine–borane com-
plexes 2 can be carried out in good yield and with high se-
lectivity by successive lithiation–deuteration and lithiation–
alkylation or silylation of complexes 2.


Experimental Section


General methods : All reactions were carried out under an atmosphere of
dry N2 using oven-dried glassware and syringes. THF was distilled from
sodium/benzophenone immediately prior to use. All reagents were pur-
chased in the higher quality available and were used without further puri-


fication. BF3·OEt2 was distilled from CaH2 and stored over activated 4 R
molecular sieves. The solvents used in column chromatography, hexane,
EtOAc, were obtained from commercial suppliers and used without fur-
ther distillation. TLC was performed on aluminium-backed plates coated
with silica gel 60 with F254 indicator (Scharlau). Flash column chromatog-
raphy was carried out on silica gel 60, 230–240 mesh. 1H NMR (200, 300,
400 MHz) and 13C NMR (50, 75, 100 MHz) spectra were measured at
room temperature on a Bruker AC-200, AC-300 and AMX-400 instru-
ments, respectively, with tetramethylsilane (d=0.0, 1H NMR) or CDCl3
(d=77.00, 13C NMR) as internal standard. Carbon multiplicities were as-
signed by DEPT techniques. Low-resolution electron impact mass spectra
(EI-LRMS) were obtained at 70 eV on a HP 5987 A, and the intensities
are reported as a percentage relative to the base peak after the corre-
sponding m/z value. High-resolution mass spectra (HRMS) were deter-
mined on a Finnigan MAT 95 spectrometer. Elemental analyses were car-
ried out on a Perkin–Elmer 2400 and Carlo Erba 1108 microanalyzers.


Synthesis of aziridine–borane complexes 2 : Method A : BF3·OEt2


(0.025 mL, 0.2 mmol) and LiAlH4 (0.4 mL, 0.4 mmol, 1m in THF) were
successively added at 0 8C to a stirred solution of the corresponding ami-
noaziridine 1 (0.2 mmol) in THF (2 mL). After stirring at this tempera-
ture for 30 min, the reaction was quenched with a saturated aqueous so-
lution of NH4Cl (5 mL) and the mixture was stirred at room temperature
for 5 min. Then, the aqueous phase was extracted with Et2O (3S5 mL),
and the combined organic layers were dried over Na2SO4, filtered and
concentrated in vacuo afforded the crude complexes 2, which were puri-
fied by flash column chromatography on silica gel (hexane/EtOAc 10:1).
Yields are given in Table 1.


Method B : BH3/THF (0.22 mL, 0.22 mmol, 1m in THF) was added at
0 8C to a stirred solution of the corresponding aminoaziridine 1
(0.2 mmol) in THF (2 mL). After stirring at this temperature for 30 min,
the reaction was quenched with a saturated aqueous solution of NH4Cl
(5 mL). The workup was similar to that in Method A.


(1R,2S,1’S)-2-[1’-(Dibenzylamino)ethyl]-1-propylaziridine(N 1-B)-borane
(2a): Colorless oil; Rf =0.47 (hexane/EtOAc 3:1); [a]25


D = �0.7 (c =


1.06, CHCl3);
1H NMR (300 MHz, CDCl3): d = 7.52–7.16 (m, 10H), 3.86


(AB syst. , J=14.0 Hz, 4H), 3.65 (apparent qt, J=7.3 Hz, 1H), 2.67 (td,
J=11.7, 5.4 Hz, 1H), 2.38–2.21 (m, 3H), 2.01 (d, J=7.2 Hz, 2H), 1.92–
1.79 (m, 1H), 1.34 (br s, 3H), 1.16 (d, J=6.9 Hz, 3H), 0.93 (d, J=7.4 Hz,
3H); 13C NMR (75 MHz, CDCl3): d = 139.8 (2SC), 128.7 (4SCH),
128.0 (4SCH), 126.7 (2SCH), 66.7 (CH2), 54.4 (2SCH2), 52.7 (CH), 50.8
(CH), 40.3 (CH2), 19.6 (CH2), 13.5 (CH3), 11.1 (CH3); MS (70 eV, EI):
m/z (%): 321 (4) [M +�H], 224 (53), 217 (82), 196 (59), 146 (40), 91
(100); IR (neat): ñ = 3028, 2385, 2251, 1494, 1454 cm�1; HRMS (70 eV):
m/z : calcd for C21H30BN2: 321.2497, found 321.2512 [M +�H]; elemental
analysis calcd (%) for C21H31BN2: C 78.26, H 9.69, N 8.69; found: C
78.39, H 9.51, N 8.75.


(1R,2S,1’S)-1-Allyl-2-[1’-(dibenzylamino)ethyl]aziridine(N 1-B)-borane
(2b): Colorless oil; [a]25


D = �13.3 (c = 0.51, CHCl3); Rf =0.51 (hexane/
EtOAc 3:1); 1H NMR (200 MHz, CDCl3): d = 7.48–7.20 (m, 10H), 6.18–
6.00 (m, 1H), 5.33–5.14 (m, 2H), 3.80 (AB syst. , J=14.1 Hz, 4H), 3.64
(apparent qt, J=7.2 Hz, 1H), 3.27 (dd, J=13.1, 6.4 Hz, 1H), 3.13 (dd, J=


13.1, 7.1 Hz, 1H), 2.29 (apparent q, J=8.0 Hz, 1H), 2.07 (dd, J=8.0,
1.5 Hz, 1H), 1.95 (dd, J=6.4, 1.5 Hz, 1 H), 1.29 (br s, 3H), 1.13 (d, J=


6.9 Hz, 3H); 13C NMR (50 MHz, CDCl3): d = 140.0 (2SC), 130.8 (CH),
128.7 (4SCH), 128.1 (4SCH), 126.8 (2SCH), 121.1 (CH2), 66.1 (CH2),
54.4 (2SCH2), 53.2 (CH), 49.5 (CH), 38.8 (CH2), 13.7 (CH3); IR (neat):
ñ = 3424, 3027, 2386, 2250, 1494, 1454 cm�1; elemental analysis calcd
(%) for C21H29BN2: C 78.75, H 9.13, N 8.75; found: C 78.89, H 9.21, N
8.65.


(1R,2S,1’S)-1-Benzyl-2-[1’-(dibenzylamino)ethyl]aziridine(N 1-B)-borane
(2c): White solid; Rf =0.49 (hexane/EtOAc 3:1); m.p. 84–86 8C; [a]25


D =


�10.7 (c = 1.16, CHCl3);
1H NMR (300 MHz, CDCl3): d = 7.48–7.29


(m, 15H), 4.16 (d, J=13.2 Hz, 1H), 3.89 (d, J=13.2 Hz, 1H), 3.86 (AB
syst. , J=14.4 Hz, 4H), 3.68 (apparent t, J=7.0 Hz, 1H), 2.42 (apparent
q, J=7.5 Hz, 1H), 2.13 (d, J=8.2 Hz, 1H), 2.04 (dd, J=6.4, 1.6 Hz, 1H),
1.31 (br s, 3H), 1.14 (d, J=7.0 Hz, 3H); 13C NMR (75 MHz, CDCl3): d =


139.8 (2SC), 131.9 (C), 131.4, 128.9, 128.6, 128.4, 128.0, 126.7 (15SCH),
65.2 (CH2), 54.2 (2SCH2), 52.4 (CH), 46.9 (CH), 38.0 (CH2), 14.1 (CH3);


Scheme 6. Double lithiation of aziridine–borane complexes 2a.


Table 5. Double lithiation of aziridine–borane complexes 2a.


12 E dr Yield [%][a]


1 12aac Me >97:3 77
2 12aad Et >97:3 71
3 12aae SiMe3 >97:3 73


[a] Isolated yield after column chromatography based on the starting azir-
idine–borane complex 5aa.
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MS (70 eV, EI): m/z (%): 370 (<1) [M +], 265 (58), 224 (18), 196 (30),
146 (17), 91 (100); IR (neat): 3027, 2930, 2385, 2283, 1495, 1454 cm�1;
HRMS (70 eV): m/z : calcd for C25H31BN2: 370.2580, found 370.2584 [M +


]; elemental analysis calcd (%) for C25H31BN2: C 81.08, H 8.44, N 7.56;
found: C 81.22, H 8.52, N 7.45.


(1R,2S,1’S)-1-Allyl-2-[1’-(dibenzylamino)-3’-(methyl)butyl]aziridine(N 1-
B)-borane (2d): White solid; Rf =0.50 (hexane/EtOAc 3:1); m.p. 79–
81 8C; [a]25


D = �28.9 (c = 0.47, CHCl3);
1H NMR (300 MHz, CDCl3): d


= 7.45–7.21 (m, 10H), 6.27–6.13 (m, 1H), 5.39 (d, J=10.2 Hz, 1H), 5.28
(d, J=17.2 Hz, 1H), 3.83 (AB syst. , J=8.9 Hz, 4H), 3.51–3.41 (m, 2H),
3.20 (dd, J=13.1, 7.5 Hz, 1H), 2.38 (apparent q, J=8.1 Hz, 1H), 2.14 (d,
J=8.3 Hz, 1H), 2.01 (d, J=5.0 Hz, 1H), 1.89–1.78 (m, 1H), 1.69–1.60 (m,
1H), 1.30 (br s, 3H), 1.15–1.06 (m, 1H), 0.89 (d, J=6.7 Hz, 3H), 0.64 (d,
J=6.7 Hz, 3H); 13C NMR (75 MHz, CDCl3): d = 140.1 (2SC), 130.9
(CH), 129.2 (4SCH), 127.9 (4SCH), 126.7 (2SCH), 121.7 (CH2), 66.3
(CH2), 54.8 (CH), 54.1 (2SCH2), 47.8 (CH), 40.1 (CH2), 39.1 (CH2), 24.5
(CH), 23.2 (CH3), 21.7 (CH3); MS (70 eV, EI): m/z (%): 361 (<1) [M +


�H], 266 (44), 257 (56), 196 (84), 91 (100); IR (neat): 3426, 3029, 2956,
2929, 2384, 2282, 1494, 1454 cm�1; HRMS (70 eV): m/z : calcd for
C24H34BN2: 361.2810, found 361.2819 [M +�H]; elemental analysis calcd
(%) for C24H35BN2: C 79.55, H 9.74, N 7.73; found: C 79.70, H 9.63, N
7.56.


(1R,2S,1’S)-1-Cyclohexyl-2-[1’-(dibenzylamino)-3’-(methyl)butyl]aziridine-
(N 1-B)-borane (2e): White solid; Rf =0.45 (hexane/EtOAc 3:1); m.p. 83–
84 8C; [a]25


D = �24.8 (c = 1.60, CHCl3);
1H NMR (200 MHz, CDCl3): d


= 7.45–7.23 (m, 10H), 3.87 (AB syst., J=16.9 Hz, 4H), 3.71–3.58 (m,
1H), 2.28 (apparent q, J=6.7 Hz, 1H), 2.06–1.82 (m, 10H), 1.74–1.60 (m,
4H), 1.34–0.97 (m, 5H), 0.87 (d, J=6.1 Hz, 3H), 0.59 (d, J=6.1 Hz, 3H);
13C NMR (50 MHz, CDCl3): d = 140.0 (2SC), 129.2 (4SCH), 127.9 (4S
CH), 126.7 (2SCH), 74.3 (CH), 53.9 (2SCH2), 53.6 (CH), 49.8 (CH),
40.7 (CH2), 39.8 (CH2), 29.7 (CH2), 29.2 (CH2), 25.5 (2SCH2), 25.4
(CH2), 24.4 (CH), 23.4 (CH3), 21.3 (CH3); IR (neat): ñ=3029, 2931, 2856,
2378, 1494, 1454 cm�1; MS (70 eV, EI): m/z (%): 403 (<1) [M +�H], 299
(37), 266 (86), 194 (35), 91 (100); HRMS (70 eV): m/z : calcd for
C27H40BN2: 403.3279, found 403.3286 [M +�H]; elemental analysis calcd
(%) for C27H41BN2: C 80.18, H 10.22, N 6.93; found: C 79.98, H 10.31, N
6.84.


(1R,2S,1’S)-1-Benzyl-2-[1’-(dibenzylamino)-3’-(methyl)butyl]aziridine-
(N 1-B)-borane (2 f): White solid; Rf =0.53 (hexane/EtOAc 3:1); m.p. 81–
83 8C; [a]25


D = �21.0 (c = 0.92, CHCl3);
1H NMR (200 MHz, CDCl3): d


= 7.48–7.22 (m, 15H), 4.30 (d, J=13.6 Hz, 1H), 3.86 (d, J=13.6 Hz,
1H), 3.61 (AB syst. , J=13.6 Hz, 4H), 2.43 (apparent q, J=7.2 Hz, 1H),
2.18 (d, J=8.7 Hz, 1H), 2.07 (d, J=6.4 Hz, 1H), 1.82–1.71 (m, 1H), 1.64–
1.50 (m, 1H), 1.31 (br s, 3H), 1.08–0.93 (m, 2H), 0.85 (d, J=6.7 Hz, 3H),
0.58 (d, J=6.4 Hz, 3H); 13C NMR (50 MHz, CDCl3): d = 140.0 (3SC),
131.8, 129.1, 128.5, 127.9, 126.7 (15SCH), 65.5 (CH2), 54.3 (CH), 53.8
(2SCH2), 44.6 (CH), 40.4 (CH2), 38.8 (CH2), 24.4 (CH), 23.3 (CH3), 21.4
(CH3); IR (neat): ñ = 3426, 3028, 2385, 2281, 1494, 1454 cm�1; elemental
analysis calcd (%) for C28H37BN2: C 81.54, H 9.04, N 6.79; found: C
81.63, H 9.12, N 6.65.


(1R,2S,1’S)-2-[1’-(Dibenzylamino)-2’-(phenyl)ethyl]-1-propylaziridine-
(N 1-B)-borane (2g): White solid; Rf =0.51 (hexane/EtOAc 3:1); m.p. 88–
90 8C; [a]25


D = �23.7 (c = 2.70, CHCl3);
1H NMR (300 MHz, CDCl3): d


= 7.50–7.12 (m, 15H), 3.98 (AB syst., J=14.1 Hz, 4H), 3.87–3.78 (m,
1H), 3.07 (dd, J=13.5, 6.2 Hz, 1H), 2.79 (dd, J=13.5, 9.1 Hz, 1H), 2.46
(apparent t, J=8.0 Hz, 2H), 2.26 (apparent q, J=8.0 Hz, 1H), 1.92–1.88
(m, 2H), 1.80 (d, J=7.3 Hz, 1H), 1.48 (d, J=5.2 Hz, 1H), 1.35 (br s, 3H),
0.92 (t, J=7.3 Hz, 3H); 13C NMR (75 MHz, CDCl3): d = 139.3 (2SC),
138.7 (C), 128.9 (2SCH), 128.7 (4SCH), 128.0 (2SCH), 127.8 (4SCH),
126.6 (2SCH), 125.9 (CH), 66.2 (CH2), 59.4 (CH), 54.1 (2SCH2), 48.3
(CH), 40.3 (CH2), 36.0 (CH2), 19.4 (CH2), 11.0 (CH3); IR (neat): ñ=


3246, 3028, 2933, 2360, 1601, 1494, 1454 cm�1; MS (70 eV, EI): m/z (%):
397 (<1) [M +�H], 293 (16), 196 (12), 106 (14), 91 (100), 65 (15); HRMS
(70 eV): m/z : calcd for C27H34BN2: 397.2810, found 397.2814 [M +�H];
elemental analysis calcd (%) for C27H35BN2: C 81.40, H 8.86, N 7.03;
found: C 81.56, H 8.96, N 6.89.


(1R,2S,1’S)-1-Cyclohexyl-2-[1’-(dibenzylamino)-2’-(phenyl)ethyl]aziridine-
(N 1-B)-borane (2h): White solid; Rf =0.51 (hexane/EtOAc 3:1); m.p. 84–


86 8C; [a]25
D = �45.1 (c = 1.77, CHCl3);


1H NMR (200 MHz, CDCl3): d


= 7.42–7.09 (m, 15H), 3.97 (AB syst. , J=13.9 Hz, 4H), 3.04 (dd, J=13.6,
6.9 Hz, 1H), 2.78 (dd, J=13.6, 8.7 Hz, 1H), 2.23 (apparent q, J=8.2 Hz,
1H), 2.11–1.56 (m, 9H), 1.54–1.15 (m, 6H), 1.00–0.93 (m, 2H); 13C NMR
(50 MHz, CDCl3): d = 139.3 (2SC), 138.9 (C), 129.2 (2SCH), 128.9 (4S
CH), 128.1 (2SCH), 127.9 (4SCH), 126.7 (2SCH), 126.0 (CH), 73.9
(CH), 57.9 (CH), 54.0 (2SCH2), 49.2 (CH), 40.1 (CH2), 36.7 (CH2), 29.6
(CH2), 29.0 (CH2), 25.4 (2SCH2), 25.3 (CH2); IR (neat): ñ = 3026, 2385,
2251, 1494, 1454 cm�1; MS (70 eV, EI): m/z (%): 437 (<2) [M +�H], 300
(29), 208 (24), 91 (100), 65 (26); HRMS (70 eV): m/z : calcd for
C30H38BN2: 473.3125, found 473.3141 [M +�H]; elemental analysis calcd
(%) for C30H39BN2: C 82.18, H 8.97, N 6.39; found: C 82.34, H 8.88, N
6.32.


(1R,2S,1’S)-1-Benzyl-2-[1’-(dibenzylamino)-2’-(phenyl)ethyl]aziridine(N 1-
B)-borane (2 i): White solid; Rf =0.56 (hexane/EtOAc 3:1); m.p. 82–
85 8C; [a]25


D = �17.1 (c = 0.80, CHCl3);
1H NMR (300 MHz, CDCl3): d


= 7.39–7.06 (m, 20H), 4.09–3.78 (m, 7H), 3.03 (dd, J=13.6, 6.4 Hz, 1H),
2.74 (dd, J=13.6, 5.0 Hz, 1H), 2.40 (apparent q, J=8.1 Hz, 1H), 1.95 (d,
J=6.9 Hz, 1H), 1.58 (d, J=6.2 Hz, 1H), 1.37 (br s, 3H); 13C NMR
(75 MHz, CDCl3): d = 139.5 (2SC), 138.7 (C), 131.7 (C), 131.5, 129.1,
129.0, 128.7, 128.4, 128.1, 128.0, 126.7, 126.0 (20SCH), 65.0 (CH2), 59.0
(CH), 54.0 (2SCH2), 44.5 (CH), 38.2 (CH2), 36.6 (CH2); IR (neat): ñ =


3426, 3061, 3027, 2383, 2283, 1494, 1454 cm�1; MS (70 eV, EI): m/z (%):
341 (75) [M +�C7H10B], 250 (34), 92 (40), 91 (100), 65 (45); HRMS
(70 eV): m/z : calcd for C24H35N2: 341.2012, found 341.2022 [M +


�C7H10B]; elemental analysis calcd (%) for C31H35BN2: C 83.40, H 7.90,
N 6.27; found: C 83.61, H 7.79, N 6.33.


Synthesis of compounds 5 and 6 : A solution of sec-BuLi (0.54 mL, 1.4m


in cyclohexane) was added at �78 8C to a stirred solution of the corre-
sponding aziridine–borane complexes 2 (0.15 mmol) in THF (1 mL).
After 45 min at this temperature, the corresponding electrophile was
added (5.5 equiv) and the mixture was stirred during 30 min at �78 8C.
Then the reaction was quenched with a saturated aqueous solution of
NH4Cl (5 mL) and the mixture was stirred at room temperature for
5 min. The aqueous phase was extracted with Et2O (3S5 mL), and the
combined organic layers were dried over Na2SO4, filtered and concentrat-
ed in vacuo afforded the crude complexes 5 or 6, which were purified by
flash column chromatography on silica gel (hexane/EtOAc 10:1). Yields
are given in Tables 2 and 3.


Treatment of 5 or 6 (0.10 mmol) with MeOH (1 mL) at room tempera-
ture during 24 h gave compounds 7.


(1R,2S,3S,1’S)-2-[1’-(Dibenzylamino)ethyl]-3-deuterio-1-propyl aziridine-
(N 1-B)-borane (5aa): Colorless oil; Rf =0.47 (hexane/EtOAc 3:1);
1H NMR (300 MHz, CDCl3): d = 7.49–7.26 (m, 10H), 4.17 (AB syst., J=


14.1 Hz, 4H), 3.68–3.58 (m, 1H), 2.64 (ddd, J=17.0, 11.6, 5.4 Hz, 1H),
2.33–2.19 (m, 2H), 1.99–1.77 (m, 3H), 1.33 (br s, 3H), 1.14 (d, J=6.9 Hz,
3H), 0.91 (t, J=7.3 Hz, 3H); 13C NMR (75 MHz, CDCl3): d = 139.8 (2S
C), 128.7 (4SCH), 128.0 (4SCH), 126.7 (2SCH), 66.7 (CH2), 54.4 (2S
CH2), 52.7 (CH), 50.7 (CH), 40.0 (CHD, t, J=25.5 Hz), 19.6 (CH2), 13.5
(CH3), 11.1 (CH3); IR (neat): ñ = 3028, 2384, 2251, 1494, 1454 cm�1; ele-
mental analysis calcd (%) for C21H30DBN2: C 78.02, H 9.98, N 8.66;
found: C 78.18, H 9.88, N 8.74.


(1R,2S,3S,1’S)-1-Allyl-2-[1’-(dibenzylamino)ethyl]-3-deuterioaziridine-
(N 1-B)-borane (5ba): Data on the 95:5 mixture of diastereoisomers: Col-
orless oil; Rf =0.50 (hexane/EtOAc 3:1); [a]25


D = �13.1 (c = 0.62,
CHCl3);


1H NMR (300 MHz, CDCl3): d = 7.46–7.20 (m, 10H), 6.13–5.99
(m, 1H), 5.32–5.15 (m, 2H), 3.79 (AB syst. , J=14.1 Hz, 4H), 3.59 (appar-
ent qt, J=6.9 Hz, 1H), 3.27 (dd, J=13.1, 6.6 Hz, 1H), 3.13 (dd, J=13.1,
7.3 Hz, 1H), 2.27 (apparent t, J=7.9 Hz, 1H), 2.05 (d, J=8.5 Hz, 1H,
major isomer), 1.94 (dd, J=6.4 Hz, 1H, minor isomer), 1.28 (br s, 3H),
1.12 (d, J=6.9 Hz, 3H); 13C NMR (75 MHz, CDCl3): d = 140.0 (2SC),
130.8 (CH), 128.7 (4SCH), 128.1 (4SCH), 126.8 (2SCH), 121.5 (CH2),
66.1 (CH2), 54.4 (2SCH2), 53.1 (CH), 49.4 (CH), 38.5 (CHD, t, J=


24.3 Hz), 13.7 (CH3); IR (neat): ñ = 3424, 3028, 2385, 2250, 1494,
1454 cm�1; MS (70 eV, EI): m/z (%): 361 (2) [M +�H], 224 (26), 216
(47), 146 (22), 91 (100); HRMS (70 eV): m/z : calcd for C21H27DBN2:
320.2403, found 320.2407 [M +�H]; elemental analysis calcd (%) for
C21H28DBN2: C 78.50, H 9.41, N 8.72; found: C 78.63, H 9.50, N 8.64.
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(1R,2S,3S,1’S)-1-Benzyl-2-[1’-(dibenzylamino)ethyl]-3-deuterio-aziridine-
(N 1-B)-borane (5ca): Colorless oil; Rf =0.49 (hexane/EtOAc 3:1);
1H NMR (300 MHz, CDCl3): d = 7.43–7.11 (m, 15H), 4.11 (d, J=


13.2 Hz, 1H), 3.85 (d, J=13.2 Hz, 1H), 3.71 (AB syst., J=14.6 Hz, 4H),
3.69–3.64 (m, 1H), 2.37 (apparent t, J=7.7 Hz, 1H), 2.08 (d, J=8.1 Hz,
1H), 1.32 (br s, 3H), 1.09 (d, J=6.4 Hz, 3H); 13C NMR (75 MHz,
CDCl3): d = 139.9 (2SC), 131.9 (C), 131.4 (2SCH), 128.9 (CH), 128.6
(4SCH), 128.4 (2SCH), 128.0 (4SCH), 126.7 (2SCH), 65.2 (CH2), 54.2
(2SCH2), 52.4 (CH), 46.9 (CH), 37.7 (CHD, t, J=26.6 Hz), 14.2 (CH3);
IR (neat): ñ = 3026, 2930, 2383, 2281, 1495, 1454 cm�1; MS (70 eV, EI):
m/z (%): 370 (<1) [M +�H], 266 (81), 224 (507), 196 (66), 146 (49), 91
(100); HRMS (70 eV): m/z : calcd for C25H29DBN2: 370.2559, found
370.2552 [M +�H].


(1R,2S,3S,1’S)-1-Allyl-2-[1’-(dibenzylamino)-3’-(methyl)butyl]-3-
deuterioaziridine(N 1-B)-borane (5da): Data on the 88:12 mixture of dia-
stereoisomers: colorless oil; Rf =0.51 (hexane/EtOAc 3:1); 1H NMR
(200 MHz, CDCl3): d = 7.43–7.20 (m, 10H), 6.24–6.01 (m, 1H), 5.39–
5.20 (m, 2H), 3.81 (AB syst. , J=8.4 Hz, 4H), 3.47–3.40 (m, 2H), 3.18
(dd, J=13.1, 7.2 Hz, 1H), 2.35 (apparent t, J=8.0 Hz, 1H), 2.10 (d, J=


8.2 Hz, 1H, major isomer), 1.98 (d, J=5.1 Hz, 1H, minor isomer), 1.80–
1.54 (m, 2H), 1.29 (br s, 3H), 1.15–1.01 (m, 1H), 0.86 (d, J=6.4 Hz, 3H),
0.61 (d, J=6.4 Hz, 3H); 13C NMR (50 MHz, CDCl3): d = 140.1 (2SC),
130.9 (CH), 129.2 (4SCH), 127.9 (4SCH), 126.7 (2SCH), 121.7 (CH2),
66.3 (CH), 54.8 (CH), 54.2 (2SCH2), 47.7 (CH), 40.2 (CH2), 38.7 (CHD,
t, J=25.3 Hz), 24.5 (CH), 23.2 (CH3), 21.7 (CH3); IR (neat): ñ = 3427,
3029, 2955, 2929, 2385, 1495, 1454 cm�1; elemental analysis calcd (%) for
C24H34DBN2: C 79.33, H 9.99, N 7.71; found: C 79.50, H 9.88, N 7.77.


(1R,2S,3S,1’S)-1-Benzyl-2-[1’-(dibenzylamino)-3’-(methyl)butyl]-3-
deuterioaziridine(N 1-B)-borane (5 fa): Data on the 79:21 mixture of dia-
stereoisomers: colorless oil; Rf =0.52 (hexane/EtOAc 3:1); 1H NMR
(300 MHz, CDCl3): d = 7.50–7.23 (m, 15H), 4.32 (d, J=13.1 Hz, 1H),
3.88 (d, J=13.1 Hz, 1H), 3.64 (AB syst. , J=13.7 Hz, 4H), 3.54–3.47 (m,
1H), 2.45 (apparent t, J=8.2 Hz, 1H), 2.20 (d, J=8.3 Hz, 1H, major
isomer), 2.08 (d, J=6.6 Hz, 1H, minor isomer), 1.86–1.80 (m, 1H), 1.65–
1.55 (m, 1H), 1.33 (br s, 3H), 1.09–1.00 (m, 1H), 0.88 (d, J=6.6 Hz, 3H),
0.61 (d, J=6.4 Hz, 3H); 13C NMR (75 MHz, CDCl3): d = 140.0 (2SC),
131.8 (2SCH and C), 129.1 (5SCH), 128.5 (2SCH), 127.9 (4SCH),
126.7 (2SCH), 65.4 (CH2), 54.2 (CH), 53.8 (2SCH2), 44.5 (CH), 40.4
(CH2), 38.4 (CHD, t, J=27.4 Hz), 24.3 (CH), 23.3 (CH3), 21.4 (CH3); IR
(neat): ñ = 3426, 3029, 2384, 2281, 1495, 1454 cm�1; elemental analysis
calcd (%) for C28H36DBN2: C 81.34, H 9.26, N 6.78; found: C 81.49, H
9.12, N 6.85.


(1R,2S,3S,1’S)-2-[1’-(Dibenzylamino)-2’-(phenyl)ethyl]-3-deuterio-1-
propylaziridine(N 1-B)-borane (5ga): White solid; Rf =0.50 (hexane/
EtOAc 3:1); m.p. 89–92 8C; 1H NMR (200 MHz, CDCl3): d = 7.46–7.08
(m, 15H), 3.96 (AB syst., J=14.4 Hz, 4H), 3.86–3.74 (m, 1H), 3.06 (dd,
J=13.6, 6.2 Hz, 1H), 2.76 (dd, J=13.6, 9.2 Hz, 1H), 2.48–2.38 (m, 2H),
2.21 (apparent t, J=8.5 Hz, 1H), 1.87 (apparent q, J=7.9 Hz, 2H), 1.77
(d, J=7.3 Hz, 1H), 1.33 (br s, 3H), 0.89 (t, J=7.5 Hz, 3H); 13C NMR
(50 MHz, CDCl3): d = 139.5 (2SC), 138.7 (C), 129.1 (2SCH), 128.9 (4S
CH), 128.2 (2SCH), 128.0 (4SCH), 126.8 (2SCH), 126.1 (CH), 66.5
(CH2), 59.8 (CH), 54.4 (2SCH2), 48.6 (CH), 40.1 (CHD, t, J=26.4 Hz),
36.2 (CH2), 19.5 (CH2), 11.2 (CH3); MS (70 eV, EI): m/z (%): 398 (2)
[M +�H], 294 (19), 203 (11), 174 (12), 91 (100), 65 (14); IR (neat): ñ =


3027, 2970, 2365, 1601, 1494, 1454 cm�1; HRMS (70 eV): m/z : calcd for
C27H34DBN2: 398.2872, found 398.2870 [M +�H]; elemental analysis
calcd (%) for C27H34DBN2: C 81.19, H 9.08, N 7.01; found: C 81.33, H
8.95, N 6.87.


(1R,2S,3S,1’S)-1-Benzyl-2-[1’-(dibenzylamino)-2’-(phenyl)ethyl]-3-
deuterioaziridine(N 1-B)-borane (5 ia): Data on the 84:16 mixture of dia-
stereoisomers: colorless oil; Rf =0.54 (hexane/EtOAc 3:1); 1H NMR
(200 MHz, CDCl3): d = 7.43–7.00 (m, 20H), 3.97 (AB syst. , J=13.1 Hz,
2H), 3.96–3.82 (m, 1H), 3.81 (AB syst., J=14.4 Hz, 4H), 3.00 (dd, J=


13.6, 6.4 Hz, 1H), 2.70 (dd, J=13.6, 8.7 Hz, 1H), 2.36 (apparent t, J=


8.2 Hz, 1H), 1.90 (d, J=8.2 Hz, 1H, major isomer), 1.53 (d, J=6.4 Hz,
1H, minor isomer), 1.34 (br s, 3H); 13C NMR (50 MHz, CDCl3): d =


139.6 (2SC), 138.7 (C), 131.7 (C), 131.6, 129.1, 129.0, 128.8, 128.4, 128.2,
128.0, 126.8, 126.1 (20SCH), 65.0 (CH2), 59.1 (CH), 54.1 (2SCH2), 44.5


(CH), 37.8 (CHD, t, J=25.3 Hz), 36.7 (CH2); IR (neat): ñ = 3426, 3060,
3026, 2384, 1495, 1454 cm�1; elemental analysis calcd (%) for
C31H34DBN2: C 83.21, H 8.11, N 6.26; found: C 83.35, H 8.20, N 6.31.


(1R,2R,3S,1’S)-2-[1’-(Dibenzylamino)ethyl]-3-dimethylphenylsilyl-1-
propylaziridine(N 1-B)-borane (6ab): colorless oil; Rf =0.50 (hexane/
EtOAc 10:1); [a]25


D = �28.9 (c = 0.98, CHCl3);
1H NMR (200 MHz,


CDCl3): d = 7.58–7.22 (m, 15H), 3.79 (AB syst., J=14.1 Hz, 4H), 3.61–
3.51 (m, 1H), 2.87–2.75 (m, 1H), 2.21–1.82 (m, 3H), 1.59 (br s, 3H), 1.40–
1.29 (m, 2H), 1.00 (d, J=5.4 Hz, 3H), 0.79 (t, J=5.9 Hz, 3H), 0.60 (s,
3H), 0.50 (s, 3H); 13C NMR (50 MHz, CDCl3): d = 140.0 (2SC), 137.2
(C), 133.9 (2SCH), 129.3 (4SCH), 128.2 (CH), 128.1 (4SCH), 127.9 (2S
CH), 126.7 (2SCH), 70.8 (CH2), 56.0 (CH), 54.4 (2SCH2), 53.5 (CH),
41.8 (CH), 19.7 (CH2), 13.2 (CH3), 11.2 (CH3), �1.2 (CH3), �1.6 (CH3);
IR (neat): ñ = 3027, 2958, 2390, 2287, 1494, 1454 cm�1; MS (70 eV, EI):
m/z (%): 455 (<1) [M +�H, 351 (60), 224 (38), 132 (29), 112 (49), 91
(100), 53 (45); HRMS (70 eV): m/z : calcd for C29H40BN2Si: 455.3048,
found 455.3057 [M +�H].


(1R,2R,3S,1’S)-1-Allyl-2-[1’-(dibenzylamino)ethyl]-3-methylaziridine(N 1-
B)-borane (6bc): colorless oil; Rf =0.59 (hexane/EtOAc 3:1); [a]25


D =


�4.9 (c = 1.79, CHCl3);
1H NMR (300 MHz, CDCl3): d = 7.49–7.20 (m,


10H), 6.20–6.06 (m, 1H), 5.26–5.09 (m, 2H), 3.82 (AB syst. , J=14.1 Hz,
4H), 3.58–3.49 (m, 1H), 3.41 (dd, J=13.3, 6.7 Hz, 1H), 2.78 (dd, J=13.1,
7.1 Hz, 1H), 2.18–2.02 (m, 2H), 1.61 (br s, 3H), 1.31 (d, J=6.2 Hz, 3H),
1.09 (d, J=6.9 Hz, 3H); 13C NMR (50 MHz, CDCl3): d = 140.3 (2SC),
131.4 (CH), 128.7 (4SCH), 128.0 (4SCH), 126.7 (2SCH), 120.8 (CH2),
68.4 (CH2), 54.5 (2SCH2), 51.9 (CH), 51.0 (CH), 42.2 (CH), 13.2 (CH3),
9.2 (CH3); IR (neat): ñ = 3026, 2930, 2367, 1494, 1455 cm�1; MS (70 eV,
EI): m/z (%): 333 (<1) [M +�H], 266 (12), 229 (33), 224 (18), 196 (22),
91 (100); HRMS (70 eV): m/z : calcd for C22H30BN2: 333.2497, found
333.1495 [M +�H].


(1R,2R,3S,1’S)-1-Allyl-2-[1’-(dibenzylamino)ethyl]-3-ethylaziridine(N 1-
B)-borane (6bd): colorless oil; Rf =0.53 (hexane/EtOAc 3:1); [a]25


D =


�10.3 (c = 1.150, CHCl3);
1H NMR (300 MHz, CDCl3): d = 7.49–7.19


(m, 10H), 6.20–6.06 (m, 1H), 5.26–5.07 (m, 2H), 3.81 (AB syst. , J=


14.1 Hz, 4H), 3.60–3.49 (m, 2H), 2.58 (dd, J=13.3, 7.3 Hz, 1H), 2.04 (ap-
parent t, J=8.5 Hz, 1H), 1.94–1.79 (m, 2H), 1.53–1.46 (m, 1H), 1.29 (br s,
3H), 1.10–1.05 (m, 6H); 13C NMR (75 MHz, CDCl3): d = 140.3 (2SC),
131.7 (CH), 128.9 (4SCH), 128.0 (4SCH), 126.7 (2SCH), 120.6 (CH2),
68.6 (CH2), 54.5 (2SCH2), 52.4 (2SCH), 48.4 (CH), 17.4 (CH2), 13.2
(CH3), 12.1 (CH3); IR (neat): ñ = 3027, 2931, 2367, 1495, 1455 cm�1; ele-
mental analysis calcd (%) for C23H33BN2: C 79.31, H 9.55, N 8.04; found:
C 79.45, H 9.45, N 8.12.


(1R,2R,3S,1’S)-1-Allyl-2-[1’-(dibenzylamino)ethyl]-3-trimethylsilylaziri-
dine(N 1-B)-borane (6be): colorless oil; Rf =0.43 (hexane/EtOAc 10:1);
[a]25


D = �35.2 (c = 1.10, CHCl3);
1H NMR (300 MHz, CDCl3): d =


7.50–7.20 (m, 10H), 6.21–6.07 (m, 1H), 5.20 (d, J=10.0 Hz, 1H), 5.06 (d,
J=17.3 Hz, 1H), 3.89 (d, J=14.0 Hz, 2H), 3.74 (d, J=14.0 Hz, 2H),
3.59–3.50 (m, 2H), 2.52 (dd, J=12.9, 7.7 Hz, 1H), 2.22 (apparent t, J=


9.8 Hz, 1H), 1.28 (br s, 3H), 1.22 (d, J=9.6 Hz, 1H), 1.06 (d, J=6.9 Hz,
3H), 0.20 (s, 9H); 13C NMR (75 MHz, CDCl3): d = 140.2 (2SC), 131.9
(CH), 129.0 (4SCH), 128.1 (4SCH), 126.7 (2SCH), 120.5 (CH2), 70.2
(CH2), 54.8 (CH), 54.5 (2SCH2), 53.7 (CH), 40.5 (CH), 13.0 (CH3), �0.2
(3SCH3); IR (neat): ñ = 3026, 2957, 2392, 2286, 1493, 1451, 1250 cm�1;
MS (70 eV, EI): m/z (%): 391 (2) [M +�H], 287 (64), 224 (45), 132 (49),
91 (100), 53 (45); HRMS (70 eV): m/z : calcd for C24H36BN2Si: 391.2735,
found 391.2741 [M +�H]; elemental analysis calcd (%) for C24H37BN2Si:
C 73.45, H 9.50, N 7.14; found: C 73.59, H 9.41, N 7.28.


(1R,2R,3S,1’S)-1-Benzyl-2-[1’-(dibenzylamino)ethyl]-3-methylaziridine-
(N 1-B)-borane (6cc): colorless oil; Rf =0.50 (hexane/EtOAc 3:1); [a]25


D =


�22.6 (c = 0.91, CHCl3);
1H NMR (300 MHz, CDCl3): d = 7.57–7.24


(m, 15H), 4.15 (d, J=13.2 Hz, 1H), 3.84 (AB syst. , J=14.6 Hz, 4H),
3.76–3.61 (m, 2H), 2.25 (apparent q, J=8.5 Hz, 1H), 2.17 (apparent t, J=


8.7 Hz, 1H), 1.48 (br s, 3H), 1.36 (d, J=6.2 Hz, 3H), 1.11 (d, J=6.8 Hz,
3H); 13C NMR (50 MHz, CDCl3): d = 140.3 (2SC), 132.2 (C), 131.4,
129.5, 128.6, 128.2, 128.0, 126.6 (15SCH), 67.0 (CH2), 54.3 (2SCH2), 51.7
(CH), 48.2 (CH), 40.8 (CH), 13.7 (CH3), 9.0 (CH3); IR (neat): ñ = 3012,
2930, 2364, 1495, 1454 cm�1; MS (70 eV, EI): m/z (%): 384 (<1) [M +],
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279 (90), 224 (31), 196 (32), 160 (21), 91 (100); HRMS (70 eV): m/z :
calcd for C26H33BN2: 384.2737, found 384.2731 [M +].


(1R,2R,3S,1’S)-1-Benzyl-2-[1’-(dibenzylamino)ethyl]-3-ethylaziridine(N 1-
B)-borane (6cd): colorless oil; Rf =0.48 (hexane/EtOAc 3:1); [a]25


D =


�14.0 (c = 1.10, CHCl3);
1H NMR (300 MHz, CDCl3): d = 7.52–7.18


(m, 15H), 4.16 (d, J=13.1 Hz, 1H), 3.80 (AB syst. , J=14.1 Hz, 4H),
3.68–3.56 (m, 2H), 2.12 (apparent t, J=8.7 Hz, 1H), 2.03–1.84 (m, 2H),
1.58–1.47 (m, 1H), 1.31 (br s, 3H), 1.05 (d, J=6.9 Hz, 3H), 0.99 (t, J=


7.1 Hz, 3H); 13C NMR (75 MHz, CDCl3): d = 140.3 (2SC), 132.2 (C),
131.8, 128.9, 128.5, 128.2, 128.0, 126.7 (15SCH), 67.3 (CH2), 54.4 (2S
CH2), 52.2 (CH), 49.4 (CH), 46.8 (CH), 17.4 (CH2), 13.7 (CH3), 12.2
(CH3); MS (70 eV, EI): m/z (%): 293 (60) [M +�C7H7�BH3], 224 (23),
196 (25), 160 (30), 91 (100); IR (neat): ñ = 3028, 2931, 2370, 1495,
1454 cm�1; HRMS (70 eV): m/z : calcd for C20H25N2: 293.2018, found
293.2017 [M +�C7H7�BH3]; elemental analysis calcd (%) for C27H35BN2:
C 81.40, H 8.86, N 7.03; found: C 81.61, H 8.73, N 7.09.


(1R,2S,3S,1’S)-1-Allyl-2-[1’-(dibenzylamino)-3’-(methyl)butyl]-3-trimethyl-
sylilaziridine(N 1-B)-borane (6de): Data on the 65:35 mixture of diaster-
eoisomers: colorless oil; Rf =0.52 (hexane/EtOAc 10:1); 1H NMR
(300 MHz, CDCl3): d = 7.45–7.23 (m, 10H), 6.54–6.41 (m, 1H, minor
isomer), 6.36–6.22 (m, 1H, major isomer), 5.43–5.19 (m, 2H), 3.95 (s,
4H), 3.85 (d, J=3.7 Hz, 4H, minor isomer), 3.69 (dd, J=6.6, 6.2 Hz,
1H), 3.46–3.34 (m, 1H), 2.84 (dd, J=13.1, 7.7 Hz, 1H), 2.38 (apparent t,
J=8.3 Hz, 1H), 1.71–1.54 (m, 3H), 1.54 (br s, 3H), 1.47 (d, J=8.5 Hz,
1H, minor isomer), 1.31(d, J=10.2 Hz, 1H, major isomer), 0.95 (d, J=


6.7 Hz, 3H, major isomer), 0.87 (d, J=6.7 Hz, 3H, minor isomer), 0.60
(d, J=6.6 Hz, 3H, major isomer), 0.55 (d d, J=6.74 Hz, 3H, minor
isomer), 0.25 (s, 9H, major isomer), 0.23 (s, 9H, minor isomer); 13C NMR
(75 MHz, CDCl3): d = 140.8 (2SC, major isomer), 140.2 (2SC, minor
isomer), 133.1 (CH, minor isomer), 131.8 (CH, major isomer), 129.3 (4S
CH), 127.9 (4SCH), 126.6 (2SCH), 120.9 (CH2, major isomer), 120.0
(CH2, minor isomer), 70.9 (CH2, major isomer), 64.9 (CH2, minor
isomer), 55.3 (CH, major isomer), 54.5 (CH, major isomer), 54.3 (2S
CH2, major isomer), 53.9 (2SCH2, minor isomer), 51.6 (CH, minor
isomer), 44.7 (CH, minor isomer), 41.4 (CH), 41.2 (CH2, minor isomer),
41.0 (CH2, major isomer), 24.4 (CH, minor isomer), 24.3 (CH3, major
isomer), 24.2 (CH, major isomer), 23.5 (CH3, minor isomer), 21.3 (CH3,
minor isomer), 21.2 (CH3, major isomer), 0.2 (3SCH3, major isomer),
�1.1 (3SCH3, minor isomer); IR (neat): ñ = 3029, 2954, 2867, 2374,
1495, 1456, 1251 cm�1; MS (70 eV, EI): m/z (%): 433 (4) [M +�H], 329
(74), 266 (92), 184 (79), 152 (67), 91 (100), 73 (62); HRMS (70 eV): m/z :
calcd for C27H42BN2Si: 433.3248, found 433.3216 [M +�H].


(1R,2S,3S,1’S)-1-Cyclohexyl-2-[1’-(dibenzylamino)-3’-(methyl)butyl]-3-
methylaziridine(N 1-B)-borane (6ec): colorless oil ; Rf =0.49 (hexane/
EtOAc 3:1); [a]25


D = �35.4 (c = 1.00, CHCl3);
1H NMR (300 MHz,


CDCl3): d = 7.41–7.10 (m, 10H), 3.90 (AB syst., J=13.9 Hz, 4H), 3.45
(apparent t, J=9.5 Hz, 1H), 2.24–2.17 (m, 3H), 2.12–2.04 (m, 4H), 1.89–
1.56 (m, 9H), 1.31 (d, J=6.3 Hz, 3H), 1.22–1.09 (m, 3H), 0.92 (d, J=


6.7 Hz, 3H), 0.49 (d, J=6.7 Hz, 3H); 13C NMR (75 MHz, CDCl3): d =


140.5 (2SC), 129.3 (4SCH), 127.8 (4SCH), 126.6 (2SCH), 77.5 (CH),
53.5 (2SCH2), 52.2 (CH), 50.2 (CH), 44.6 (CH), 40.5 (CH2), 29.5 (CH2),
29.4 (CH2), 25.7 (2SCH2), 25.5 (CH2), 24.0 (CH and CH3), 20.7 (CH3),
9.9 (CH3); MS (70 eV, EI): m/z (%): 417(1) [M +�H], 313 (25), 266 (24),
194 (21), 91 (100), 55 (19); IR (neat): ñ = 3442, 2931, 2355, 1651, 1494,
1454 cm�1; HRMS (70 eV): m/z : calcd for C28H42BN2: 417.3436, found
417.3430 [M +�H]; elemental analysis calcd (%) for C28H43BN2: C 80.36,
H 10.36, N 6.69; found: C 80.51, H 10.43, N 6.61.


(1R,2S,3S,1’S)-1-Cyclohexyl-2-[1’-(dibenzylamino)-3’-(methyl)butyl]-3-
trimethylsylilaziridine(N 1-B)-borane (6ee): Colorless oil; Rf =0.33
(hexane/EtOAc 10:1); [a]25


D = �30.3 (c = 0.98, CHCl3);
1H NMR


(300 MHz, CDCl3): d = 7.39–7.19 (m, 10H), 3.94 (AB syst. , J=13.3 Hz,
4H), 3.54.3.46 (m, 1H), 2.39 (apparent t, J=9.8 Hz, 1H), 2.15–2.02 (m,
3H), 1.88–1.52 (m, 4H), 1.48.1.34 (m, 9H), 0.93 (d, J=6.6 Hz, 3H), 0.91–
0.84 (m, 2H), 0.51 (d, J=6.6 Hz, 3H), 0.25 (s, 9H); 13C NMR (75 MHz,
CDCl3): d = 140.7 (2SC), 129.5 (4SCH), 127.8 (4SCH), 126.6 (2SCH),
72.0 (CH), 55.0 (CH), 54.0 (CH), 53.2 (2SCH2), 44.0 (CH), 39.9 (CH2),
31.2 (CH2), 29.4 (CH2), 25.8 (CH2), 25.7 (CH2), 25.4 (CH2), 24.3 (CH),
24.0 (CH3), 21.0 (CH3), 0.7 (3SCH3); IR (neat): ñ = 3036, 2958, 2390,


1603, 1494, 1454 cm�1; MS (70 eV, EI): m/z (%): 475 (<1) [M +�H], 371
(9), 266 (33), 210 (12), 91 (100), 57 (31); HRMS (70 eV): m/z : calcd for
C30H48BN2Si: 475.3674, found 475.3677 [M +�H]; elemental analysis
calcd (%) for C30H49BN2Si: C 75.60, H 10.36, N 5.88; found: C 75.81, H
10.44, N 5.78.


(1R,2S,3S,1’S)-2-[1’-(Dibenzylamino)-3’-(phenyl)ethyl]-3-methyl-1-
propylaziridine(N 1-B)-borane (6gc): Colorless oil; Rf =0.51 (hexane/
EtOAc 3:1); [a]25


D = �21.9 (c = 1.13, CHCl3);
1H NMR (300 MHz,


CDCl3): d = 7.46–7.09 (m, 15H), 3.95 (AB syst., J=14.1 Hz, 4H), 3.63–
3.49 (m, 1H), 2.99 (dd, J=13.5, 5.4 Hz, 1H), 2.65 (dd, J=13.5, 9.3 Hz,
1H), 2.10–1.83 (m, 3H), 1.79–1.68 (m, 3H), 1.32 (br s, 3H), 0.83 (t, J=


7.1 Hz, 3H), 0.69 (d, J=6.2 Hz, 3H); 13C NMR (75 MHz, CDCl3): d =


139.8 (2SC), 138.5 (C), 129.5 (2SCH), 129.1 (4SCH), 128.2 (2SCH),
127.9 (4SCH), 126.7 (2SCH), 126.2 (CH), 69.0 (CH2), 58.2 (CH), 54.7
(2SCH2), 51.4 (CH), 44.4 (CH), 36.3 (CH2), 19.4 (CH2), 11.2 (CH3), 9.0
(CH3); IR (neat): ñ = 3026, 2932, 2369, 1602, 1495, 1454 cm�1; MS
(70 eV, EI): m/z (%): 411 (<1) [M +�H], 307 (43), 201 (23), 91 (100), 65
(21); HRMS (70 eV): m/z : calcd for C28H36BN2: 411.2966, found 411.2975
[M +�H].


(1R,2S,3S,1’S)-1-Cyclohexyl-2-[1’-(dibenzylamino)-3’-(phenyl)ethyl]-3-
dimethylphenylsylilaziridine(N 1-B)-borane (6hb): Colorless oil; Rf =0.48
(hexane/EtOAc 3:1); [a]25


D = �21.4 (c = 0.94, CHCl3);
1H NMR


(300 MHz, CDCl3): d = 7.57–7.03 (m, 20H), 4.00–3.95 (m, 1H), 3.85
(AB syst. , J=13.8 Hz, 4H), 2.96–2.73 (m, 3H), 2.45 (apparent t, J=


9.6 Hz, 1H), 2.11–2.05 (m, 2H), 1.87–1.63 (m, 5H), 1.52 (d, J=9.8 Hz,
1H), 1.27 (br s, 3H), 1.23–1.09 (m, 2H), 0.90–0.87 (m, 1H), 0.66 (s, 3H),
0.61 (s, 3H); 13C NMR (50 MHz, CDCl3): d = 140.0 (3SC), 138.1 (C),
134.0 (2SCH), 132.9 (CH), 129.6 (2SCH), 129.2 (4SCH), 128.1 (2S
CH), 127.9 (2SCH), 127.7 (4SCH), 126.5 (2SCH), 126.2 (CH), 78.8
(CH), 56.9 (CH), 54.9 (CH), 53.9 (2SCH2), 43.6 (CH), 38.0 (CH2), 30.2
(CH2), 29.2 (CH2), 25.8 (2SCH2), 25.4 (CH2), �0.5 (CH3), �0.7 (CH3);
IR (neat): ñ = 3084, 3064, 3028, 2377, 2285, 1494, 1454 cm�1; MS (70 eV,
EI): m/z (%): 459 (24) [M +�C7H7�BH3], 333 (9), 300 (10), 228 (11), 135
(14), 91 (100); HRMS (70 eV): m/z : calcd for C31H39N2Si: 467.2877,
found 467.2877 [M +�C7H7�BH3]; elemental analysis calcd (%) for
C38H49BN2Si: C 79.69, H 8.62, N 4.89; found: C 79.91, H 8.51, N 4.96.


(1R,2S,3S,1’S)-1-Benzyl-2-[1’-(dibenzylamino)-3’-(phenyl)ethyl]-3-
methylaziridine(N 1-B)-borane (6 ic): Colorless oil; Rf =0.54 (hexane/
EtOAc 3:1); [a]25


D = �22.9 (c = 0.82, CHCl3);
1H NMR (200 MHz,


CDCl3): d = 7.45–7.01 (m, 20H), 4.13 (d, J=13.3 Hz, 1H), 3.88 (s, 4H),
3.70 (d, J=13.3 Hz, 1H), 2.96 (dd, J=13.9, 6.1 Hz, 1H), 2.61 (dd, J=


13.3, 8.0 Hz, 1H), 2.27–2.08 (m, 2H), 1.32 (br s, 3H), 0.94–0.90 (m, 1H),
0.72 (d, J=5.9 Hz, 3H); 13C NMR (50 MHz, CDCl3): d = 139.9 (2SC),
138.5 (C), 132.2 (C), 131.5, 129.5, 129.1, 128.8, 128.3, 128.2, 128.0, 126.7,
126.2 (20SCH), 67.4 (CH2), 58.1 (CH), 54.2 (2SCH2), 47.6 (CH), 42.0
(CH), 36.4 (CH2), 8.8 (CH3); IR (neat): ñ = 3084, 3062, 3027, 2377, 2285,
1495, 1454 cm�1; MS (70 eV, EI): m/z (%): 459 (<1) [M +�H], 356 (39),
355 (87), 264 (40), 250 (31), 173 (40), 91 (100); HRMS (70 eV): m/z :
calcd for C32H36BN2: 459.2966, found 459.2962 [M +�H].


(2R,3R,1’S)-1-Allyl-2-[(1’-dibenzylamino)ethyl]-3-methylaziridine (7bc):
Colorless oil; Rf =0.55 (hexane/EtOAc 3:1); [a]25


D = �12.1 (c = 0.90,
CHCl3);


1H NMR (300 MHz, CDCl3): d = 7.48–7.21 (m, 10H), 6.17–6.04
(m, 1H), 5.33–5.17 (m, 2H), 3.85 (AB syst. , J=14.0 Hz, 4H), 3.27 (dd,
J=13.6, 5.6 Hz, 1H), 2.76 (dd, J=14.0, 5.5 Hz, 1H), 2.67 (dd, J=9.4,
6.9 Hz, 1H), 1.55 (dd, J=9.3, 7.0 Hz, 1H), 1.38–1.31 (m, 1H), 1.10 (d, J=


6.9 Hz, 3H), 1.06 (d, J=5.7 Hz, 3H); 13C NMR (75 MHz, CDCl3): d =


140.8 (2SC), 136.1 (CH), 128.6 (4SCH), 127.9 (4SCH), 126.4 (2SCH),
116.1 (CH2), 63.5 (CH2), 54.0 (2SCH2), 52.9 (CH), 45.5 (CH), 36.5 (CH),
15.8 (CH3), 13.6 (CH3); IR (neat): ñ = 3028, 2964, 2927, 1494, 1455 cm�1;
MS (70 eV, EI): m/z (%): 320 (<1) [M +], 229 (89), 224 (37), 196 (51), 91
(100); HRMS (70 eV): m/z : calcd for C22H18N2: 320.2247, found 320.2248
[M +]; elemental analysis calcd (%) for C22H28N2: C 82.45, H 8.81, N
8.74; found: C 82.65, H 8.99, N 8.65.


(2R,3R,1’S)-1-Allyl-2-[(1’-dibenzylamino)ethyl]-3-ethylaziridine (7bd):
Colorless oil; Rf =0.60 (hexane/EtOAc 3:1); [a]25


D = �16.3 (c = 1.11,
CHCl3);


1H NMR (300 MHz, CDCl3): d = 7.47–7.22 (m, 10H), 6.16–6.02
(m, 1H), 5.28–5.15 (m, 2H), 3.85 (AB syst. , J=14.1 Hz, 4H), 3.38 (dd,
J=13.2, 6.2 Hz, 1H), 2.73–2.59 (m, 2H), 1.58 (dd, J=9.4, 6.4 Hz, 1H),
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1.35–1.20 (m, 3H), 1.10 (d, J=6.8 Hz, 3H), 0.99 (t, J=7.3 Hz, 3H);
13C NMR (75 MHz, CDCl3): d = 140.8 (2SC), 136.4 (CH), 128.7 (4S
CH), 127.9 (4SCH), 126.4 (2SCH), 116.3 (CH2), 64.0 (CH2), 54.1 (2S
CH2), 53.0 (CH), 46.3 (CH), 43.8 (CH), 21.5 (CH2), 15.1 (CH3), 12.4
(CH3); IR (neat): ñ = 3027, 2965, 2927, 1494, 1454 cm�1; MS (70 eV, EI):
m/z (%): 334 (<1) [M +], 243 (69), 224 (32), 196 (42), 110 (36), 91 (100);
HRMS (70 eV): m/z : calcd for C23H30N2: 334.2404, found 334.2403 [M +].


(2R,3S,1’S)-1-Allyl-2-[(1’-dibenzylamino)ethyl]-3-trimethylsilylaziridine
(7be): Colorless oil; Rf =0.38 (hexane/EtOAc 10:1); [a]25


D = �12.3 (c =


3.11, CHCl3);
1H NMR (300 MHz, CDCl3): d = 7.48–7.21 (m, 10H),


6.13–6.00 (m, 1H), 5.25–5.12 (m, 2H), 3.84 (AB syst., J=13.9 Hz, 4H),
3.56 (dd, J=13.3, 5.8 Hz, 1H), 2.54–2.39 (m, 2H), 1.76 (dd, J=9.6,
7.5 Hz, 1H), 1.12 (d, J=6.9 Hz, 3H), 0.32 (d, J=7.3 Hz, 1H), �0.10 (s,
9H); 13C NMR (75 MHz, CDCl3): d = 140.7 (2SC), 136.7 (CH), 128.6
(4SCH), 127.9 (4SCH), 126.4 (2SCH), 116.1 (CH2), 66.7 (CH2), 54.6
(CH), 53.8 (2SCH2), 47.8 (CH), 32.9 (CH), 15.7 (CH3), �1.4 (3SCH3);
IR (neat): ñ = 3027, 2955, 1494, 1454, 1364, 1248 cm�1; elemental analy-
sis calcd (%) for C24H34N2Si: C 76.13, H 9.50, N 7.14; found: C 76.31, H
9.39, N 7.21.


(2R,3R,1’S)-1-Allyl-2-[(1’-dibenzylamino)-3’-(methyl)butyl]-3-deuterio-
aziridine (7da): Colorless oil; Rf =0.41 (hexane/EtOAc 3:1); [a]25


D =


�70.3 (c = 0.92, CHCl3);
1H NMR (200 MHz, CDCl3): d = 7.44–7.20


(m, 10H), 6.17–6.00 (m, 1H), 5.33–5.18 (m, 2H), 3.82 (AB syst. , J=


13.8 Hz, 4H), 3.12 (dd, J=13.6, 5.6 Hz, 1H), 2.86 (dd, J=13.6, 5.6 Hz,
1H), 2.52–2.41 (m, 1H), 1.86–1.74 (m, 1H), 1.62 (apparent t, J=7.1 Hz,
1H), 1.58–1.44 (m, 1H), 1.29 (d, J=4.1 Hz, 1H), 1.08–0.94 (m, 1H), 0.83
(d, J=6.6 Hz, 3H), 0.49 (d, J=6.6 Hz, 3H); 13C NMR (50 MHz, CDCl3):
d = 140.5 (2SC), 135.9 (CH), 128.9 (4SCH), 127.8 (4SCH), 126.5 (2S
CH), 116.2 (CH2), 63.4 (CH2), 57.0 (CH), 53.9 (2SCH2), 39.5 (CH), 38.9
(CH2), 30.4 (CHD, t, J=25.2 Hz), 24.1 (CH), 23.4 (CH3), 21.3 (CH3); IR
(neat): ñ = 3063 3028, 2953, 2866, 1656, 1495, 1454 cm�1; MS (70 eV, EI):
m/z (%): 349 (1) [M +], 266 (37), 258 (38), 196 (75), 91 (100); HRMS
(70 eV): m/z : calcd for C24H31DN2: 349.2622, found 349.2624 [M +]; ele-
mental analysis calcd (%) for C24H31DN2: C 62.47, H 9.52, N 8.01; found:
C 62.61, H 9.44, N 8.10.


(2R,3R,1’S)-1-Benzyl-2-[1’-(dibenzylamino)-3’-(phenyl)ethyl]-3-methyl-
aziridine (7 ic): Colorless oil; Rf =0.47 (hexane/EtOAc 10:1); [a]25


D =


�26.7 (c = 0.19, CHCl3);
1H NMR (300 MHz, CDCl3): d = 7.53–6.97


(m, 20H), 3.93 (d, J=13.3 Hz, 1H), 3.74 (AB syst. , J=13.5 Hz, 4H), 3.37
(d, J=13.3 Hz, 1H), 2.91 (dd, J=12.7, 3.1 Hz, 1H), 2.83–2.76 (m, 1H),
2.69 (dd, J=12.7, 6.9 Hz, 1H), 1.76 (dd, J=9.1, 6.8 Hz, 1H), 1.42–1.32
(m, 1H), 0.75 (d, J=5.6 Hz, 3H); 13C NMR (75 MHz, CDCl3): d = 142.1
(2SC), 140.3 (2SC), 130.0, 129.3, 129.0, 128.8, 128.3, 128.2, 127.4, 126.9,
126.2 (20SCH), 65.4 (CH2), 57.5 (CH), 54.2 (2SCH2), 44.3 (CH), 38.7
(CH2), 38.1 (CH), 13.9 (CH3); IR (neat): ñ = 3062, 3027, 2958, 2925,
1603, 1494, 1454 cm�1; MS (70 eV, EI): m/z (%): 446 (<1) [M +], 356
(56), 355 (95), 300 (62), 264 (48), 173 (45), 91 (100); HRMS (70 eV): m/z :
calcd for C32H34N2: 446.2716, found 446.2708 [M +].


(1R,2S,3R,1’S)-2-[1’-(Dibenzylamino)ethyl]-3-deuterio-3-methyl-1-
propylaziridine(N 1-B)-borane (12aac): Colorless oil; Rf =0.56 (hexane/
EtOAc 3:1); [a]25


D = �59.0 (c = 0.61, CHCl3);
1H NMR (200 MHz,


CDCl3): d = 7.51–7.21 (m, 10H), 3.78 (AB syst., J=14.1 Hz, 4H), 3.64–
3.53 (m, 1H), 2.63 (ddd, J=16.7, 11.5, 4.9 Hz, 1H), 2.34 (ddd, J=17.2,
11.5, 5.6 Hz, 1H), 2.08–1.76 (m, 3H), 1.33 (br s, 3H), 1.31 (s, 3H), 1.12 (d,
J=6.9 Hz, 3H), 0.93 (t, J=7.2 Hz, 3H); 13C NMR (50 MHz, CDCl3): d =


139.8 (2SC), 128.7 (4SCH), 128.0 (4SCH), 126.8 (2SCH), 58.6 (CH2),
56.8 (CH), 54.4 (2SCH2), 52.4 (CH), 51.9 (CHD, d, J=26.5 Hz), 20.0
(CH2), 13.4 (CH3), 11.6 (CH3), 11.5 (CH3); IR (neat): ñ = 3029, 2933,
2366, 1495, 1454 cm�1; MS (70 eV, EI): m/z (%): 336 (1) [M +�H], 232
(36), 231 (42), 224 (51), 196 (36), 91 (100); HRMS (70 eV): m/z : calcd for
C22H31DBN2: 336.2716, found 336.2719 [M +�H]; elemental analysis
calcd (%) for C22H32DBN2: C 78.33, H 10.16, N 8.30; found: C 78.53, H
9.98, N 8.38.


(1R,2S,3R,1’S)-2-[1’-(Dibenzylamino)ethyl]-3-deuterio-3-ethyl-1-
propylaziridine(N 1-B)-borane (12aad): Colorless oil; Rf =0.59 (hexane/
EtOAc 3:1); [a]25


D = �18.4 (c = 1.13, CHCl3);
1H NMR (300 MHz,


CDCl3): d = 7.46–7.24 (m, 10H), 3.79 (AB syst., J=13.8 Hz, 4H), 3.66–
3.59 (m, 1H), 2.73 (ddd, J=16.6, 11.8, 4.8 Hz, 1H), 2.35 (ddd, J=16.9,


11.7, 5.1 Hz, 1H), 2.12–2.00 (m, 1H), 1.95 (d, J=7.0 Hz, 1H), 1.91–1.78
(m, 2H), 1.61 (br s, 3H), 1.44–1.31 (m, 1H), 1.13 (d, J=6.9 Hz, 3H), 1.07
(t, J=7.5 Hz, 3H), 0.94 (t, J=7.5 Hz, 3H); 13C NMR (75 MHz, CDCl3):
d = 139.8 (2SC), 128.8 (4SCH), 128.1 (4SCH), 126.8 (2SCH), 58.9
(CH2), 56.2 (CH), 54.4 (2SCH2), 52.7 (CHD, d, J=26.9 Hz), 52.2 (CH),
20.2 (CH2), 20.0 (CH2), 13.6 (CH3), 11.5 (2SCH3); IR (neat): ñ = 3028,
2931, 2367, 1494, 1454 cm�1; MS (70 eV, EI): m/z (%): 350 (3) [M +�H],
246 (38), 224 (43), 132 (31), 113 (38), 91 (100); HRMS (70 eV): m/z :
calcd for C23H33DBN2: 350.2872, found 350.2874 [M +�H].


(1R,2S,3R,1’S)-2-[1’-(Dibenzylamino)ethyl]-3-deuterio-3-trimethylsilyl-1-
propylaziridine(N 1-B)-borane (12aae): Colorless oil; Rf =0.50 (hexane/
EtOAc 10:1); [a]25


D = �13.9 (c = 0.38, CHCl3);
1H NMR (200 MHz,


CDCl3): d = 7.46–7.24 (m, 10H), 3.80 (AB syst., J=13.9 Hz, 4H), 3.67–
3.52 (m, 1H), 3.01–2.89 (m, 1H), 2.19–1.87 (m, 3H), 1.85–1.70 (m, 1H),
1.30 (br s, 3H), 1.09 (d, J=7.1 Hz, 3H), 0.90 (t, J=6.9 Hz, 3H), 0.15 (s,
9H); 13C NMR (50 MHz, CDCl3): d = 139.9 (2SC), 129.0 (4SCH),
128.1 (4SCH), 126.8 (2SCH), 64.1 (CH2), 54.6 (2SCH2), 54.2 (CH), 53.7
(CH), 20.7 (CH2), 13.9 (CH3), 11.4 (CH3), �1.2 (3SCH3 and CHD, d, J=


26.7 Hz); IR (neat): ñ = 3027, 2963, 2378, 2275, 1494, 1454, 1254 cm�1;
elemental analysis calcd (%) for C24H38DBN2Si: C 72.89, H 10.19, N
7.08; found: C 72.99, H 10.25, N 6.97.
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Molecular Aptamers for Real-Time Protein–Protein Interaction Study


Zehui Cao and Weihong Tan*[a]


The functions of living cells are mostly executed and regu-
lated by proteins. In order to understand how cells fulfill
their functions and how they react to changes in the envi-
ronments, it is necessary to gain insight into how proteins in-
teract with each other under different conditions. It is well
known that the functions of proteins in biological systems
are highly dependent on their tertiary structures. As a
result, chemical modifications to proteins such as dye label-
ing may cause a reduction or even a loss of protein activities
by either directly blocking the active binding sites or affect-
ing the three-dimensional folding of the proteins. Therefore,
it is highly desirable to avoid any modifications of proteins
when monitoring protein–protein interactions in order to
obtain the most “true-to-life” information. However, many
commonly used techniques based on molecular separation
such as gel electrophoresis and capillary electrophoresis
(CE)[1] lack the ability of real-time analysis in homogeneous
solutions. A more recent development in protein–protein in-
teractions is the yeast two-hybrid system that was first re-


ported in 1989.[2] Based on transcription activated in yeast
nuclei by protein–protein interactions, this method has been
widely used to study protein functions, and recently adapted
to map protein interactions on a proteome-wide scale.[3,4]


However, it can not be done in real-time and involves labor-
intensive procedures to fuse the two proteins into a DNA-
binding domain and an activation domain. Another tech-
nique capable of protein–protein interaction monitoring is
based on fluorescence resonance energy transfer (FRET),
where two interacting proteins have to be dye-labeled for
the energy transfer to take place.


A new strategy for real-time protein interaction study,
which requires no protein-labeling, can be developed direct-
ly based on aptamers. Aptamers are nucleic acids that may
be selected by using a systematic evolution of ligands via an
exponential enrichment (SELEX) process.[5,6] Compared
with antibodies, aptamers can have similar affinity to their
protein targets but are usually much smaller and much
easier to reproduce. Quite tolerant to external environment
changes and internal modifications, aptamers can be conven-
iently labeled for various applications. Molecular beacon ap-
tamers combining the superior specificity of aptamers for
proteins and the excellent signal transduction mechanism of
molecular beacons have been developed for analyte detec-
tion without labeling the target.[7,8] Despite being excellent
molecular probes for proteins,[7–11] aptamers have not been


Abstract: Protein–protein interactions
play critical roles in cellular functions,
but current techniques for real-time
study of these interactions are limited.
We report the real-time monitoring of
protein–protein interactions without la-
beling either of the two interacting pro-
teins; this procedure poses minimum
effects on the binding properties of the
proteins. Our strategy uses a protein/
aptamer complex to probe the interac-
tions in a competitive assay where the
binding of an aptamer to its target pro-
tein is altered by a second protein that


interacts with the target protein. Two
signal transduction strategies, fluores-
cence resonance energy transfer
(FRET) and fluorescence anisotropy,
have been designed to study the inter-
actions of human a-thrombin with dif-
ferent proteins by using two aptamers
specific for two binding sites on a-


thrombin. Our method has been shown
to be simple and effective, does not re-
quire labeling of proteins, makes use of
easily obtainable aptamers, provides
detailed protein–protein interaction in-
formation and has excellent sensitivity
for protein detection and protein–pro-
tein interaction studies. The FRET and
the fluorescent anisotropy approaches
complement each other in providing in-
sight into the kinetics, mechanisms,
binding sites and binding dynamics of
the interacting proteins.
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used extensively to study the real-time interactions between
their target proteins and other proteins.


Our new strategy directly uses protein-binding aptamers
for label-free protein–protein interactions. Two signal trans-
duction strategies, FRET and fluorescence anisotropy, are
used to monitor the binding events between the aptamer-
binding protein, the “bait protein”, and a second protein,
the “prey protein”. As illustrated in Figure 1a, an aptamer
can be labeled with a fluorophore and a quencher to have
internal FRET. Binding of the aptamer to the bait protein
causes a quenched fluorescence, while the subsequent bind-
ing of the prey protein to the bait protein may either dis-
place the aptamer and result in a restoration of fluorescence
(sequential incubation) or inhibit the binding of the aptamer
and prevent quenching (co-incubation). Many aptamers can
be easily labeled with a fluorophore and a quencher to form
intramolecular FRET. Folded conformations of many ap-
tamers have been shown to be stabilized by binding to their
target molecules.[12–15] In an alternative approach, FRET can
be formed using added bases even if the original sequence
of the aptamer lacks the necessary conformational changes
accompanying the binding to the target molecules.[9]


In the other approach, shown in Figure 1b, an aptamer is
labeled with only one fluorophore and the fluorescence ani-
sotropy of the aptamer or the aptamer complex is monitored
in real-time. Binding of the aptamer to a much larger bait
protein will result in increased fluorescence anisotropy. Fur-
ther change in the anisotropy of the aptamer-bait complex
can be triggered by the interaction between the bait and
prey proteins. Co-binding of aptamer and a protein on the
same target protein is also possible to be monitored in this
way.


The aptamer based assays were applied to study interac-
tions between human a-thrombin and related proteins. Two
aptamers binding to two different sites on thrombin were


modified to monitor thrombin–protein interactions in real-
time. Binding site information as well as binding kinetics
could be revealed by combination of FRET and anisotropy
based assays.


Results and Discussion


FRET signaling aptamer for protein binding : Human a-
thrombin and its aptamers were used as a model system to
demonstrate the capability of aptamers to probe protein–
protein interactions. a-Thrombin has two positively charged
sites termed Exosite I and II on the opposite sides of the
protein.[16] Exosite I was found to bind to fibrinogen[17] and
hirudin[18] while Exosite II binds to heparin. Two different
aptamers have been identified that have high affinity and se-
lectivity for a-thrombin. The first one is a 15 mer single-
stranded DNA aptamer which was reported to bind to the
fibrinogen-binding site of a-thrombin,[19] namely Exosite I.
The other DNA aptamer, with a 27 mer backbone length,
was determined to bind to the Exosite II of a-thrombin.[12]


Both aptamers were found to adopt a G-quartet structure
when bound to a-thrombin. A 15 mer Exosite I binding ap-
tamer (15Ap, Table 1) and a 27 mer Exosite II binding ap-
tamer (27Ap, Table 1) with similar thrombin-binding affinity
were chosen to study the interactions of a-thrombin with
other proteins.


We previously reported a molecular beacon aptamer for
a-thrombin detection based on the 15Ap.[8] Here a slightly
modified aptamer (FQ-15Ap, Table 1) has been used that in-
corporates a 6-carboxyfluorescein (6-FAM) at the 5’ end of
the DNA as the donor and a Dabcyl at the 3’ end as the
quencher. The quenching of 6-FAM emission is caused by
energy transfer between 6-FAM and Dabcyl in the protein-
binding induced G-quartet structure where the two labels


Figure 1. Dye-labeled protein-binding DNA aptamers reporting protein–protein interactions. a) Dual-labeled aptamer with a fluorophore and a quench-
er. The folded form of the aptamer results in a quenched fluorescence when it binds to the bait protein. The bait–prey protein interaction causes release
of the aptamer from the bait protein, leading to a restored fluorescence. b) Single-labeled aptamer. When bound to the much larger bait protein, the ap-
tamer displays slow rotational diffusion. The interaction between bait and prey proteins displaces the aptamer. The unbound aptamer has much faster ro-
tational diffusion. The change in the rotation rate is reported by fluorescence anisotropy of the dye molecule.
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are in close proximity. When excess a-thrombin was added
to an FQ-15Ap solution at room temperature, the fluores-
cence of 6-FAM dropped about 55 percent (Figure 2). It is
known that high metal ion concentrations, especially the


presence of K+ , can promote the formation of G-quar-
tets.[20,21] It is thus expected that there will be less fluores-
cence change induced by G-quartet formation when throm-
bin is added to such high salt concentrations, which could
reduce the detection capability of the protein–protein assay.
However, by using a buffer without any metal ions was
found to inhibit protein–protein interactions. By keeping a
50 mm NaCl concentration in the buffer, we were able to
sustain the protein activities and get relatively high fluores-
cence quenching induced by protein binding to the aptamer.
When a-thrombin was added into a control 15 mer aptamer
that was labeled only with 6-FAM, no significant fluores-
cence change was observed (Figure 2); this indicates that
the fluorescence decrease in the FQ-15Ap-thrombin binding
experiment was due to the binding-induced conformational
change of the aptamer rather than a direct quenching of the
dye 6-FAM by a-thrombin. We did not observe the quench-
ing i) under conditions where thrombin would not bind the
aptamer beacon, and ii) with a scrambled aptamer beacon to
which thrombin does not bind. This result was consistent
with reported molecular beacon aptamer study.[8]


The sequence of the Exosite
II-binding 27 mer aptamer was
adopted from a previous
report.[16] This aptamer was also
labeled with 6-FAM and
Dabcyl similar to FQ-15Ap.
With the addition of a-throm-
bin, FQ-27Ap displayed de-
creased 6-FAM fluorescence


(Figure 2) because 6-FAM and Dabcyl at the two ends of
the aptamer were brought closer in the quadruplex structure.


Dual-labeled aptamers for thrombin-protein binding study :
The 1:1 molar ratio FQ-15Ap (or FQ-27Ap)/a-thrombin so-
lution (bait solution) was used to identify the interactions of
a-thrombin with other proteins. When a second protein
(prey protein) binds to the same site of a-thrombin as the
FQ-15Ap, the aptamer is expected to be displaced and the
freed aptamer will shift back to a more relaxed conforma-
tion, resulting in restored 6-FAM fluorescence. A sulfated
fragment of hirudin that contained the C-terminal 13-resi-
due[18] (HirF) instead of hirudin was used for binding a-
thrombin. The addition of HirF to the FQ-15Ap bait solu-
tion caused a sharp fluorescence increase (Figure 3a), which
was expected since both HirF and FQ-15Ap bound to the
same site of a-thrombin. Control experiments showed that
there was no fluorescence change when HirF was added to a
FQ-15Ap in the absence of thrombin (data not shown); this
indicates that there was no direct interaction between the
aptamer and HirF. The time course results showed that this
competitive binding reaction was fast as the aptamer depart-
ed within seconds after HirF was added to the aptamer–
thrombin complex solution.


Several other proteins were also investigated for interac-
tions with a-thrombin by using the FQ-15Ap bait solution.
The addition of an antibody, anti-human thrombin (AHT),
caused no significant change in the fluorescence of 6-FAM
(Figure 3a). While this result indicates that AHT does not
compete with the aptamer for the Exosite I of a-thrombin,
we can not exclude the possibility that AHT still binds to a-
thrombin but at a different site of a-thrombin. More experi-
ments were done to address this issue (results are presented
later in this paper). A serine protease inhibitor antithrombin
III (AT3) was also tested in the bait solution. A slow-signal
increasing trend was observed for AT3 (Figure 3a). Addition
of excess AT3 further increased the 6-FAM fluorescence,
but the fluorescence intensity never exceeded that of the
FQ-15Ap solution in the absence of a-thrombin (data not
shown), meaning that the signal change was not due to
direct interaction between the aptamer and AT3. This result
could be explained in that the binding of AT3 to a-thrombin
may have caused a conformational change in a-thrombin
that rendered the binding with the aptamer at Exosite I un-
stable.[22] It has been reported that the interaction of AT3
with the active site of serine proteinases is a multi-step, co-
valent bond forming process,[23] which should be the reason
for the slow reaction rate observed here.


Table 1. Sequences of the fluorophore-labeled aptamers used in the paper.


Oligo name Oligo sequence


FQ-15Ap 5’-(6-FAM)-GGT TGG TGT GGT TGG-(Dabcyl)-3’
T-15Ap 5’-GGT TGG TGT GGT TGG-(TAMRA)-3’
FQ-27Ap 5’-(6-FAM)-ACC CGT GGT AGG GTA GGA TGG GGT GGT-(Dabcyl)-3’
T-27Ap 5’-ACC CGT GGTAGG GTA GGA TGG GGT GGT–(TAMRA)-3’
F-15Ap 5’-GGT TGG TGT GGT TGG-(6-FAM)-3’


Figure 2. Human a-thrombin binding induced relative fluorescence
change of dual-labeled aptamers. 6-FAM florescence intensities of 100 nm


FQ-15Ap, FQ-27Ap and F-15Ap were recorded before (gray bar) and
after (white bar) the addition of 500 nm a-thrombin.
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Bovine serum albumin (BSA) was used as a control pro-
tein for interaction with a-thrombin. No fluorescence
change was observed for BSA (data not shown). Another
set of control experiments were conducted by adding the
prey proteins to be tested to an FQ-15Ap buffer solution
without a-thrombin. None of the proteins affected fluores-
cence of the aptamer (data not shown), meaning they did
not interact with either the aptamer or the fluorophore.


We found that different thrombin to aptamer ratios result-
ed in different sensitivity of the assay for protein–protein in-
teractions. For example, for a thrombin to aptamer ratio of
2:1, it took more prey protein to cause similar quantity of
signal change compared to a 1:1 ratio. For that reason, 1:1
ratio of thrombin to aptamer was used in all our experi-
ments.


Different proteins were investigated in a FQ-27Ap/a-
thrombin bait solution in a similar way as in the FQ-15Ap


based assay. The results for HirF and AHT showed slightly
decreased signals instead of any increase (Figure 3b), indi-
cating no displacement of FQ-27Ap took place. By contrast,
antithrombin III still displayed a gradual increase in 6-FAM
fluorescence, meaning that, contrary to a previous report,[22]


binding between thrombin and the serpin antithrombin III
can also destabilize binding at Exosite II. Again, the slow in-
teraction between AT3 and thrombin caused rather gradual
displacement of FQ-27Ap.


Fluorescence anisotropy (FA) based aptamer probes for
protein interactions : To address some of the unresolved
problems in FRET experiments such as how AT3 binds to
a-thrombin and what happens between AHT and a-throm-
bin, we developed a complementary strategy based on fluo-
rescence anisotropy. Fluorescence anisotropy is widely used
for studying the interactions of biomolecules due to its capa-
bility of sensing changes in molecular size or molecular
weight.[24] We labeled the thrombin aptamers with only one
TAMRA dye at the 3’ end to create anisotropy aptamer
probes, the 15 mer T-15Ap and the 27 mer T-27Ap
(Table 1).


The T-15Ap was first investigated for its ability to probe
protein interactions. When a 1:1 molar ratio of T-15Ap and
a-thrombin was mixed together, the anisotropy of T-15Ap
increased more than 30% (data not shown). This bait solu-
tion was then tested with different prey proteins (Figure 4a).
The anisotropy dropped within seconds upon addition of
HirF to the bait solution and remained almost constant after
that. This result correlates well with the result from the
FRET-based experiment and may be explained as a quick
displacement of the aptamer by HirF at the Exosite I bind-
ing site of a-thrombin. The anisotropy decreased as a result
of the increased concentration of unbound aptamer which
had a much lower molecular weight than that of the aptam-
er–protein complex. The reaction was rapid, indicating non-
covalent bonds were most likely involved in the binding be-
tween HirF and a-thrombin.


The AT3 curve showed a different decreasing trend with
time. It was rather slow and gradual, similar to the FRET-
based result. Even though the FRET assay clearly illustrated
that the aptamer was displaced, it did not provide much in-
formation about how this displacement took place. There
could be several pathways that the AT3/a-thrombin interac-
tion might have taken. One of them is that the AT3 mole-
cules would quickly bind to the active site of a-thrombin,
and a slow conformational change of a-thrombin induced by
AT3 binding then caused FQ-15Ap to leave Exosite I. In an-
other pathway, AT3 would slowly attack thrombin while
such interaction would force the aptamer to leave thrombin
at the same time. The FRET-based method could not differ-
entiate between these two mechanisms. On the other hand,
using fluorescence anisotropy, if the AT3/a-thrombin inter-
action underwent the first pathway, the increased molecular
weight through the binding of AT3 to a-thrombin/aptamer
complex in the first step would introduce an initial anisotro-
py increase. Then, the anisotropy would slowly decrease


Figure 3. Dual-labeled aptamers for a-thrombin/protein interactions.
a) In a solution of mixed 100 nm FQ-15Ap and 100 nm a-thrombin,
200 nm AT3 (^), 500 nm HirF (&) or 300 nm AHT (~) was added at 0 s
and fluorescence of 6-FAM was continuously monitored. b) In a solution
of mixed 100 nm FQ-27Ap and 100 nm a-thrombin, 300 nm AT3 (^),
500 nm HirF (&) or 300 nm AHT (~) was added at 0 s and fluorescence of
6-FAM was continuously monitored.
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from that point on as the T-15Ap slowly became unbound.
However, the real-time anisotropy detection of the AT3/a-
thrombin interaction (Figure 4a) demonstrated no such ini-
tial anisotropy jump. The anisotropy experiments support
the second pathway better as the mechanism for this pro-
tein–protein interaction. The anisotropy approach is shown
here to be able to provide insight into the kinetics and
mechanisms of the targeted interactions, which will be
highly useful in understanding proteinsN functions. It is our
belief that site-directed aptamers enable real-time, sensitive
studies on protein–protein interaction.


In contrast, AHT caused an immediate anisotropy in-
crease of T-15Ap when added to the aptamer/a-thrombin
bait solution (Figure 4a). This anisotropy increase suggested
a binding event between AHT and a-thrombin. Further-
more, it is clear that the binding happened at a different site
than Exosite I, which added extra weight to the aptamer/a-


thrombin complex. This result correlated with the FRET
assay which showed the aptamer was not displaced by AHT.
The binding of AHT and a-thrombin was further confirmed
using gel electrophoresis (Figure 5). One advantage of the
anisotropy-based method over the FRET-based method and
many other techniques might be that it can differentiate in-
teractions at different binding sites.


Bait solutions containing T-27Ap and a-thrombin were
also used to probe protein–protein interactions at the Exo-
site II of a-thrombin (Figure 4b). HirF caused a slightly
lower anisotropy change even though it binds to Exosite I.
Considering HirF is a rather small molecule (MW ~
1.5 kDa), the small anisotropy decrease was likely caused by
HirF displacing T-27Ap. However, this decrease was much
smaller compared with that of T-15Ap. AT3 displayed a
gradually decreasing anisotropy as it slowly replaced T-
27Ap. In contrast, AHT induced an instant anisotropy in-
crease similar to what was found with T-15Ap, suggesting
that AHT does not affect binding at Exosite II and probably
binds to a third site of a-thrombin other than Exosite I and
II.


Quick evaluation of binding constants of protein–protein in-
teractions : By using the aptamer/thrombin system with
known thermodynamic properties, it is possible to obtain
the dissociation constant (Kd) of the protein–protein binding
reactions by doing one single fluorescence measurement in
our competitive assay. In a competitive assay, such as the
HirF/thrombin interaction detection described in this work,
the interaction of aptamer and its target protein is a known
system. The addition of the prey protein may shift the equi-
librium of the aptamer/bait protein binding reaction and
cause a signal change. Based on the known aptamer/a-


Figure 4. TAMRA-labeled aptamers for a-thrombin/protein interactions
based on fluorescence anisotropy. a) In a solution of mixed 100 nm FQ-
15Ap and 100 nm a-thrombin, 200 nm AT3 (^), 500 nm HirF (&) or
300 nm AHT (~) was added at 0 s and anisotropy of TAMRA was re-
corded in real-time. b) Same experiments as in a) using the T-27Ap ap-
tamer. 200 nm AT3 (^), 500 nm HirF (&) or 300 nm AHT (~) was added
to the aptamer/a-thrombin mixture solution at 0 s.


Figure 5. Binding between a-thrombin and anti-human thrombin (AHT)
confirmed by gel electrophoresis on a 7.5% native Tris-HCl gel. Left
lane contained 50 pmole of a-thrombin. Middle lane had 32 pmole of
AHT. Right lane had mixture of 32 pmole of AHT and 50 pmole of a-
thrombin.
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thrombin interaction and equilibrium conditions, theoreti-
cally it was possible to calculate the Kd of a-thrombin/prey
protein binding reaction using a single signal change that oc-
curred when the prey protein was added to the aptamer/a-
thrombin complex solution.


Assume CA molar of the total T-15Ap aptamer concentra-
tion and CT molar of the total a-thrombin concentration,
when CP molar of prey protein is present in the mixture, it
will displace T-15Ap and result in a decreased anisotropy
value of rnew. rnew can be represented using the following
equation:


rA � x þ rAT � ð1�xÞ ¼ rnew


where rA and rAT are anisotropies of the two fluorescent spe-
cies in the solution, T-15Ap and T-15Ap/a-thrombin com-
plex, respectively, andOis fraction of the unbound T-15Ap
aptamer. Since rA and rAT are known properties of the ap-
tamer/a-thrombin system and rnew is the measured new ani-
sotropy, it is easy to find out that:


x ¼ rnew� rAT


rA� rAT


Then the concentrations of unbound and bound T-15Ap are:


½T-15Ap� ¼ CA � x ½T-15Ap=a-thrombin� ¼ CA � ð1�xÞ


Because the dissociation constant of aptamer/a-thrombin re-
action (Kd/AT) is already known, then:


½a-thrombin� ¼
Kd=AT � ½T-15Ap=a-thrombin�


½T-15Ap�


Since CT = [a-thrombin] + [T-15Ap/a-thrombin] + [prey/a-
thrombin], [prey/a-thrombin] = CT � [a-thrombin] � [T-
15Ap/a-thrombin];


similarly, CP = [prey/a-thrombin] + [prey protein], so
[prey protein] = CP � [prey/a-thrombin];


finally, the dissociation constant of a-thrombin/prey protein
binding reaction (Kd/TP) is given by the following Equation:


Kd=TP ¼
½prey protein� � ½a-thrombin�


½prey=a-thrombin�


Using a simple computer program, it is possible to routinely
calculate protein–protein binding affinity by using data ob-
tained from the aptamer-based competitive assay for pro-
tein–protein interactions. Despite the quick and easy evalua-
tion of Kd by using the above described method, it is impor-
tant to note that errors in sample handling and fluorescence
signal measurements as well as inaccuracy in the aptamer/


thrombin binding constant might lead to a considerable
amount of uncertainty in the calculated dissociation con-
stants. In this case, multiple measurements may be required.
We also notice that there is no information about the stoi-
chiometry of binding and the potential of “cooperativity” in
any of the binding reactions in our estimation. This simple
method for evaluating the binding constant can at least be
used as a quick estimation in protein–protein interaction
studies.


We demonstrated this capability by calculating Kd of a-
thrombin/HirF binding reaction using a reported 15 mer ap-
tamer–thrombin Kd/AT of 75 nm.[25] With anisotropy of 100 nm


free 15 mer aptamer and 100 nm 1:1 aptamer/thrombin mix-
ture to be 0.121	0.003 and 0.160	0.003, respectively.
Three measurements of anisotropy after HirF addition re-
sulted in a calculated Kd of 180	50 nm for HirF/thrombin
binding, which is in the range comparable to previously re-
ported (150 nm).[12]


Conclusion


Our results have shown that without any modification to
two proteins, their interaction can be monitored in real-time
by using aptamer-based assays. The FRET and fluorescence
anisotropy approaches used in this paper are found to com-
plement each other. The FRET-based assay relies on direct
measurements of sample fluorescence, which makes it
highly sensitive and selective. It also has the potential to be
easily adapted for binding-site-specific protein interaction
screening with high throughput in an array format. Com-
pared with FRET-based approach, fluorescence anisotropy
has shown to offer a large amount of information about pro-
tein–protein binding that is not readily available by using
other techniques including FRET.


Neither approach requires labeling of the interacting
target protein or the probe protein, allowing true real-time
monitoring of the interactions between the two proteins
based on their unaffected biological activities. While each
one excels in different aspects of protein interaction study,
we found that the combination of the two fluorescence tech-
niques was capable of providing detailed knowledge about
the kinetics of the protein–protein binding as well as the
mechanism and binding site information of the interactions.
This is not possible or at least not easily obtainable with
many other current techniques.


The aptamer competitive assay should also hold the po-
tential for studying interactions between proteins and other
molecules such as small organic molecules, as well as DNA
and RNA. With the development of an automated aptamer
selection system and its capability to carry out aptamer se-
lection for multiple targets in parallel,[26] it is expected that
aptamers can be rapidly developed for a growing number of
proteins. It is thus possible to build a large array of aptamers
for protein-drug candidate interactions in large scale drug
discovery, or in whole cell protein–protein interactions for
disease diagnosis and functional proteomics.
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Experimental Section


Materials : Dye-labeled aptamers were obtained from Integrated DNA
Technologies, Inc. (Coralville, IA). The sequences of the fluorophore-la-
beled 15 and 27 mer thrombin–aptamers used in this paper are listed in
Table 1. All aptamers were purified with HPLC.


Human a-thrombin (MW ~36.7 kDa), human antithrombin III (AT3)
(MW ~58 kDa) and a monoclonal antibody anti-human thrombin (AHT)
(MW ~150 kDa) were obtained from Haematologic Technologies Inc.
(Essex Junction, VT). Bovine serum albumin (BSA) (MW ~67 kDa) and
a sulfated hirudin fragment 54–65, Gly-Asp-Phe-Glu-Glu-Ile-Pro-Glu-
Glu-Tyr(SO3H)-Leu-Gln (HirF) (MW ~1.5 kDa), were from Sigma-Al-
drich, Inc. (St. Louis, MO). All tests were performed in a 20 mm Tris-HCl
buffer with a pH 7.6 that contained 50 mm NaCl and 5% (v/v) glycerol.
All reagents for the buffer were obtained from Fisher Scientific (Pitts-
burgh, PA).


Fluorescence FRET and anisotropy measurements : Fluorescence meas-
urements were performed on a Fluorolog-3 spectrofluorometer (Jobin
Yvon Inc., Edison, NJ). For FRET-based assays, the fluorescence of 6-
FAM was monitored with an excitation wavelength of 488 nm and an
emission wavelength of 515 nm. For anisotropy-based experiments, the
fluorescence of TAMRA was monitored with 555 nm as the excitation
and 580 nm as the emission wavelength. Slit widths were varied to yield
the best signals. All measurements were carried out in a 100 mL cuvette.
In the aptamer/thrombin binding experiments, a very small volume of a-
thrombin at a high concentration was added to an aptamer solution in
the cuvette to make a molar ratio of aptamer and thrombin 1:1, and the
fluorescence signals were recorded before and after the addition. For
protein–protein binding reaction, an aptamer/thrombin mixture at 1:1
molar ratio was placed in the cuvette, and small volumes of the second
protein solution at high concentrations were added to the mixture to
make the desired prey protein concentrations. All dilution effects caused
by the addition of samples to the original solutions were corrected during
data analysis.


Fluorescence anisotropy was also measured with Fluorolog-3 spectro-
fluorometer. The measurements were based on the following equation:[24]


Anisotropy r ¼ IVV �G � IVH


IVV þ 2G � IVH


where the subscripts V and H refer to the orientation (vertical or hori-
zontal) of the polarizers for the intensity measurements, with the first
subscript indicating the position of the excitation polarizer and the
second for the emission polarizer. G is the G factor of the spectrofluor-
ometer, which is calculated as G= IHV/IHH. The G factor represents the
ratio of the sensitivities of the detection system for vertically and hori-
zontally polarized light, and is dependent on the emission wavelength.
For a certain dye, the G factor would be measured and used throughout
the experiments that used the same dye. Then the spectrofluorometer
would keep the excitation polarizer vertical and rotate the emission po-
larizer from vertical to horizontal position to measure the intensities for
anisotropy calculation. For TAMRA, all intensities were measured at an
emission wavelength of 580 nm with an excitation wavelength of 555 nm.
Time-based anisotropy measurements were carried out by continuously
monitoring anisotropy. With an integration time of 1.5 s, each anisotropy
measurement would take about 6.1 s.


Gel electrophoresis : Gel electrophoresis was performed on a Mini-Pro-
tean 3 precast gel system (Bio-Rad Laboratories, Inc., Hercules, CA).
Samples loaded on a 7.5% resolving Tris-HCl native gel (Bio-Rad Labo-
ratories, Inc., Hercules, CA) were run at 150 V for 150 min. The gel was
then taken out, rinsed with ultra-pure water and stained with Coomassie
blue stain reagent (Fisher Scientific, Pittsburgh, PA) for 1 h. A digital
camera was used to image the stained gel.
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Dedicated to Henning Hopf, one of the pioneers of modern cyclophane chemistry, on the occasion of his 65th birthday


Introduction


The synthesis of enantiomerically pure compounds is one of
the major challenges in organic synthesis. Today, based on
the first concepts in the field of asymmetric catalysis using
metal complexes, a large set of transformations can be con-
ducted in a stereo-controlled, enantioselective, and atom-
economic manner by asymmetric transition-metal catalysis.
However, these syntheses rely strongly on the efficiency, se-
lectivity, and availability of the catalysts, which are generally
based on enantiomerically pure ligands. While classical li-
gands have mostly central chirality, planar chirality plays a
pivotal role in many modern ligand systems. The tremen-
dous success of ferrocenyl ligands as catalysts, in particular,
has not been matched by any other chiral backbone to
date.[1] Metallocene- and metalarene-based ligand back-


bones exhibit a common feature: they only adopt planar
chirality upon addition of (at least) two substituents to one
ring fragment. [2.2]Paracyclophanes, however, only need a
single substituent to be inherently chiral. Since the initial re-
ports by Reich and Cram,[2] the field of [2.2]paracyclophane
chemistry has grown considerably.[3] The chemical behavior
of [2.2]paracyclophanes is nowadays well understood, and
this allows this relatively stable class of molecule to be
modified as required. The most prominent example is the
PHANEPHOS ligand developed by Rossen and Pye,[4]


which has found several successful applications in asymmet-
ric hydrogenation reactions. A comprehensive survey of
[2.2]paracyclophane-based ligands can be found in recent re-
views.[5] The use of chiral ligands with planar or central chir-
ality based on paracyclophane systems has increased enor-
mously since the reports by Belokon and Rozenberg
et al. ,[6–8] the Berkessel group,[9] and, notably, the Hopf
group.[7,10] In the past few years, various new paracyclophane
ligands have been introduced in asymmetric catalysis.[11–14] In
particular, hydroxy[2.2]paracyclophane ketimine ligands can
efficiently control the asymmetric 1,2-addition reaction of
zinc reagents[15] such as alkyl-,[8,16,17] alkenyl-,[18] aryl,[19] and
alkynylzinc[20] reagents to aldehydes or imines.[14,16,19]


The well-known ortho-acylated hydroxy[2.2]para-
cyclophanes 2 (R1=methyl, AHPC) and 3 (R1=phenyl,
BHPC) are key intermediates for these ligands.[6,21] They
can also be condensed with primary amines to give
ketimines 11a and 12a. These first-generation ligands, pre-


Keywords: asymmetric catalysis ·
chirality · cyclophanes · ketimines ·
zinc


Abstract: A set of 20 novel [2.2]paracyclophane ketimines with planar and central
chirality has been synthesized from enantiomerically pure and racemic 5-acyl-4-
hydroxy[2.2]paracyclophane and a-branched chiral amines. Their X-ray structures
were determined to elucidate the three-dimensional structures and the absolute
configuration. The ketimines were used as catalysts in the asymmetric 1,2-addition
reactions of diethylzinc with substituted benzaldehydes to furnish chiral alcohols
in up to 95% ee.
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pared in the beginning by the Rozenberg group,[6] contain a
1-phenylethyl side-chain. Its ligand structure, however,
ought to be vastly variable. Steric factors, such as flexibility
of the backbone and side-chains, as well as electronic factors
(e.g. sp2- versus sp3-configuration of the N-donors), can be
easily adjusted. The introduction of central chirality by in-
corporation of chiral amine side-chains is also possible. The
interaction of planar and central chirality, usually referred
to as chiral cooperativity,[22–26] was thus studied in a ligand
system that has elements of both planar and central chirali-
ty.


Results and Discussion


In this paper, we describe the synthesis and evaluation of
second-generation[27] ketimine ligands produced from an ex-
tended set of primary amines and novel 5-acyl-4-hydroxy-
[2.2]paracyclophanes. The key intermediates are the known
compounds 5-acetyl-4-hydroxy[2.2]paracyclophane (AHPC,
2) and 5-benzoyl-4-hydroxy[2.2]paracyclophane (BHPC, 3),
and the novel compounds 5-p-bromobenzoyl-4-hydroxy-
[2.2]paracyclophane (p-BrBHPC, 4), 5-p-iodobenzoyl-4-
hydroxy[2.2]paracyclophane (p-IBHPC, 5), 5-(2-naphthoyl)-
4-hydroxy[2.2]paracyclophane (NHPC, 6), 5-butyryl-4-
hydroxy[2.2]paracyclophane (BuHPC, 7), 5-lauroyl-4-
hydroxy[2.2]paracyclophane (LHPC, 8), 5-isobutyryl-4-
hydroxy[2.2]paracyclophane (9), and 5-cyclohexanoyl-4-
hydroxy[2.2]paracyclophane (10), all of which were synthe-
sized by ortho-selective Friedel–Crafts acylation of the race-
mic phenol 4-hydroxy[2.2]paracyclophane (1) according to
Scheme 1.[21,28]


The resolution of racemic AHPC (2) was conducted ac-
cording to the documented procedure,[21] from the ketimine
11a,[29] by treatment with (S)- or (R)-phenylethylamine.
Enantiomerically pure AHPC (2) could be obtained by hy-
drolysis of the diastereomerically pure imine 11a
(Scheme 2).[30] AHPC-based imines 11a are more stable to-


wards acidic hydrolysis than their 5-formyl-4-hydroxy-
[2.2]paracyclophane (FHPC) analogues. Therefore, the
method using Na2S2O5 published by Rozenberg et al. was
employed.[21] The hydrolysis was presumed to proceed via
the bisulfite addition product. Unfortunately, the hydrolysis
of the more stable BHPC-based ketimines 12 is still proving
to be elusive.


Our starting point for the investigation of the influence of
the side-chain on the catalytic behavior of the ketimine li-
gands was the known intermediates AHPC (2) and BHPC
(3). This allowed a direct comparison of the known ket-
imines 11a and 12a, both of which possess a phenylethyl
side-chain.


From enantiomerically pure (S)- and (R)-AHPC (2) ob-
tained by hydrolysis, several novel imines 11b–g, 11 i, and
11k, were prepared by condensation with chiral amines B–
G, I, and K, respectively (Figure 1, Scheme 3). The reaction
gave good-to-excellent yields of the products and allowed


more in-depth studies of the influence of the size and nature
of the side-chain on the catalytic performance of the ligand.


There are two advantages in using enantiomerically pure
AHPC (2) in this condensation reaction: a tedious chroma-
tographic separation of the diastereomers is not needed, and


Scheme 1. Synthesis of known (2, 3) and novel (4–10) acyl-
[2.2]paracyclophanes.


Scheme 2. Hydrolysis of imine (RP,S)-11a resulting in enantiomerically
pure AHPC [(Rp)-2].


Figure 1. Chiral amines A–K used for the condensation reaction.
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the configuration of the desired product can be deduced
from the starting materials. The configuration of the imines
11 was proven by X-ray structures of (SP,S)-11c (Figure 2,
top), (SP,S)-11 i (middle), and (SP,S)-11k (bottom).


For the BHPC-based ligands 12, however, which were
prepared from racemic 5-benzoyl-4-hydroxy-
[2.2]paracyclophane (3) by condensation with enantiomeri-
cally pure amines A–C and G–J in the presence of the
stronger Lewis acid titanium tetrachloride (Scheme 4), the
diastereomers had to be separated by flash chromatography
on silica gel. The low yields in some cases can be explained
by the difficulty in separating diastereomers by this method.
To determine the configuration of the desired diastereomers,
the crystalline materials were recrystallized from a pentane/
diethyl ether mixture at room temperature and the struc-


tures determined by X-ray crys-
tallography. This allowed their
relative and absolute configura-
tions to be established.


It was possible to acquire at
least one X-ray structure of
each diastereomeric pair (see
Figure 3 for the structures of
(SP,S)-12b, and (SP,S)- and
(RP,S)-12c, Figure 4 for the
structures of (RP,S)- and (SP,S)-
12g, and (RP,S)-12h, and


Scheme 3. Syntheses of planar-chiral and central-chiral imines 11a–g, 11 i,
and 11k.


Figure 2. X-ray structures of imine (SP,S)-11c (top), (SP,S)-11 i, (middle),
and(SP,S)-11k (bottom).


Scheme 4. Synthesis of planar-chiral and central-chiral imines 12a–c and 12g–j.
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Figure 5 for the structures of (RP,S)-12 i and (SP,S)-12 j).
Based on this, we were able to determine the absolute con-
figuration of all the imines prepared and attempted to com-
pare the catalytic results with the determined structural in-


Figure 3. X-ray structure of (SP,S)-12b (top), (SP,S)-12c (middle), and
(RP,S)-12c (bottom).


Figure 4. X-ray structure of (RP,S)-12g (top), (SP,S)-12g (middle), and
(RP,S)-12h (bottom).
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formation. Unfortunately, the X-ray structures of the non-
complexed ligands did not provide direct information about
the structure of the catalytically active metal complex. How-
ever, they did help with the understanding and tuning of the
catalysts. The X-ray structures of the imines (RP,S)-12a


[21]


and (SP,S)-12a,
[21] derived from BHPC (3), and the imine


(RP,S)-11a,
[31] derived from AHPC (2), have already been


reported.
It was also possible to convert the new para-substituted


ketones 4 and 5 into the corresponding ketimines 13a,b and
14 with good to excellent yields (Scheme 5). The purpose of
using para-halide-substituted ketones 4 and 5 was to create
a docking position for the ligand to be attached to solid
phases so that the resulting compounds could be used as im-
mobilized catalysts.[32,33] It was possible to obtain X-ray
structures for the para-bromo substituted ketimines 13a and
13b, (Figure 6), which allowed us to establish the configura-
tion of the diastereomers. However, we were not able to
obtain any single crystals that were suitable for determining


Figure 5. X-ray structure of (RP,S)-12 i (top) and (SP,S)-12 j (bottom).


Scheme 5. Synthesis of planar-chiral and central-chiral imines 13a,b and
14.


Figure 6. X-ray structure of (RP,S)-13a (top) and (RP,S)-13b (bottom).


Chem. Eur. J. 2005, 11, 4509 – 4525 www.chemeurj.org H 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4513


FULL PAPERParacyclophane Ketimines



www.chemeurj.org





the X-ray structures of the para-iodo-substituted ketimines
14.


Although it was not possible to acquire X-ray structures
for the diastereomers 14, we assumed their configuration
based on the ketimines 13b, as 13b and 14 contain the same
cyclohexyl side-chain and differ only in their para substitu-
tion. We used the ketimines 13b and 14 in Heck reactions
with the same protected w-alkenol to yield the same prod-
uct.[33] Therefore, we were able to determine the configura-
tion by comparing the optical rotation of the desired prod-
uct. Furthermore, all SP,S-configured diastereomers based on
AHPC (2), BHPC (3), p-BrBHPC (4), or p-IBHPC (5)
show negative optical rotations, while all RP,S-configured di-
astereomers based on AHPC (2), BHPC (3), p-BrBHPC
(4), or p-IBHPC (5) display positive optical rotations. For
the following examples 15–17, we were unable to obtain an
X-ray structure to solve the configuration, so we determined
the configuration of the diastereomers by assuming that a
negative optical rotation indicates an SP,S-configured diaster-
eomer and a positive optical rotation, an RP,S-configured di-
astereomer.


There is no relation between the Rf values and the rela-
tive configurations of the stereogenic centers. Although in
most cases the RP,S-configured diastereomers display higher
Rf values, this is not the case for the diastereomeric pairs of
11e, 12h, and 12 i. The diastereomers of 11g show the same
Rf values, which demonstrates the need to start from enan-
tiomerically pure ketones.


Racemic 5-(2-naphthoyl)-4-hydroxy[2.2]paracyclophane
(NHPC, 6) could be converted into the corresponding ket-
imines 15 in good yields under the same reaction conditions
employed for the other aromatic ketones (TiCl4, toluene,
reflux, 40 h; Scheme 6).


In contrast to the aliphatic analogues of AHPC (2), it was
impossible to convert the aliphatic 5-butyryl-4-hydroxy-
[2.2]paracyclophane (BuHPC, 7) and 5-lauroyl-4-hydroxy-
[2.2]paracyclophane (LHPC, 8) into the corresponding ket-
imines by treatment with the same Lewis acid (dibutyltin di-
acetate). Treatment with the stronger Lewis acid titanium
tetrachloride, however, yielded the corresponding ketimines
16 and 17, respectively, although formation of the ketimines
17 from the more-congested ketone LHPC (8) requires a
longer reaction time of seven days (Scheme 7). It was there-
fore not surprising that the even more crowded 5-isobutyryl-
4-hydroxy[2.2]paracyclophane (9) and 5-cyclohexanoyl-4-


hydroxy[2.2]paracyclophane (10) did not react at all with an
amine under the same conditions to form the corresponding
ketimines.


Structural discussion : A comparison of known structures
with our new structures showed that they exhibit certain
similarities with respect to the hydroxyimine substructure.
All imines form a short hydrogen bond between the imine
nitrogen and the phenolic oxygen. Interestingly, in structure
(RP,S)-12h (Figure 5), the distance between the phenolic
oxygen atom and the hydrogen atom bound to the nitrogen
N17 is shortened too. This indicates an internal salt forma-
tion. The hydrogen bonds of all ligands create a six-mem-
bered ring that is nearly planar. The only distortion occurs
because of the interaction between the methyl group (C18
for (RP,S)-11c) or the phenyl group ((RP,S)-12b) and the
[2.2]paracyclophane backbone. In the case of the zinc com-
plexes, the zinc atom should be placed between the oxygen
and the nitrogen atoms.[34]


For the ketimine diastereomers based on BHPC and relat-
ed ketones, the X-ray structures show that the aryl substitu-
ent seems to be locked between the [2.2]paracyclophane
backbone, and the different substitution of the amines thus
prevents rotation of the arene ring. By adopting this config-
uration, the phenyl group (nmn=0.57)[35] occupies nearly the
same space as a methyl substituent (nef=0.52) or an ethyl
group (nef=0.56) and is much smaller than an iPr group
(nef=0.76).


Evidently, the aryl- or alkylethyl group of the ligand can
adopt various configurations (free rotation of the C�C
bond) towards the paracyclophane unit, as shown by the dif-
ferent X-ray structures. This might be the reason why, in
most cases, both diastereomers perform equally well in cat-
alysis (see below) and no matched case of the stereogenic
elements is apparent. Moreover, this accounts for the planar
chirality as the determining stereogenic element.


Catalytic evaluation : The 1,2-addition of diethylzinc to alde-
hydes is a powerful method for C�C bond formation and is
mechanistically well understood.[34,36] Due to the variety of


Scheme 6. Synthesis of planar-chiral and central-chiral imine 15.


Scheme 7. Synthesis of planar-chiral and central-chiral imines 16 and 17.
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possible transition states, the reaction is very sensitive to
changes in the ligand structure. For this reason, the diethyl-
zinc addition reaction is a suitable test reaction for develop-
ing and establishing a new class of ligands (Scheme 8).


The novel ligands, synthesized above, were evaluated first
with benzaldehyde in the 1,2-addition with diethylzinc.
Thus, we were able to compare the resultant imines with
those in the literature and each other to determine the influ-
ence of the changed parameter in the catalytic reactivity
and selectivity. The results for the SP,S- and the RP,S-config-
ured ligands are shown in Tables 1 and 2, respectively.


For all reactions, the SP,S-configured imines generate the
R-configured alcohol and all RP,S-configured imines produce
the S-configured alcohol. Hence, the paracyclophane back-
bone also determines the configuration of the desired prod-
uct, as noted earlier. However, these two imines (SP,S and
RP,S) can be differentiated by their yields. Nearly all exam-
ples of the SP,S-configured imines produced a 97–99% yield
of the chiral alcohol, the only exception being the BuHPC-


based ligand (SP,S)-16, which yielded the product in only
68% yield. Conversely, the diastereomeric RP,S ligands often
showed a lower conversion. In addition, a high reactivity is
observed for the RP,S ligands, with a high selectivity.


In general, the AHPC-based diastereomeric imine pairs
show nearly the same selectivity, whereas the BHPC-based
imine pairs often display a difference in their reactivity and
selectivity. The SP,S-configured imines are more selective
and reactive than their counterparts. For example, the SP,S-
configured ligand 12b, which generates an enantiomeric
excess of 90% ee (R), is more selective than the RP,S-config-
ured ligand 12b, which only produces the chiral alcohol in
79% ee (S).


The results shown in Tables 1 and 2 show that the diaster-
eomeric ligands (RP,S)/(SP,S)-11b and (SP,S)-12b have the
highest selectivity and activity. Furthermore, it can be con-
cluded that the imines with the (S)-cyclohexylethyl group in
the side-chain are more selective than the other chiral
amines used in this study. The highest enantiomeric excesses
observed with these ligands were 90% ee for (R)- and (S)-1-
phenylpropanol with the diastereomers (SP,S)/(RP,S)-11b
based on AHPC with a cyclohexyl side-chain. This is an im-
provement of 7% and 8% ee over the known diastereomer-
ic pair 11a, which is also based on AHPC, but with a phenyl
side-chain. Ligands with a cyclohexyl side-chain are more
bulky and more selective than those with a phenyl side-
chain. The same observation was made for the BHPC-based
diastereomers 12a in comparison with 12b. The improve-
ment for the SP,S-configured imine 12b was from the earlier
value of 85% ee to 90% ee in the product. The biggest im-
provement was observed for the RP,S-configured imine 12b,
with an increase of 19% ee from the original (60% ee to
79% ee).


Scheme 8. Diethylzinc addition to benzaldehyde (18a). Conditions: Ben-
zaldehyde (0.5 mmol), ligand (2 mol%), toluene (1 mL), diethylzinc
(1.0 mL, 1.0m in hexane, 2 equiv.), 0 8C, 12 h under argon.


Table 1. Asymmetric 1,2-addition reactions with benzaldehyde as sub-
strate. See Scheme 8 for conditions.


Substrate Ligand Yield[a] ee [%][b]


(config)[c]


1 benzaldehyde (SP,S)-11a >99 83 (R)
2 benzaldehyde (SP,S)-11b >99 90 (R)
3 benzaldehyde (SP,S)-11c >99 81 (R)
4 benzaldehyde (SP,S)-11d >99 81 (R)
5 benzaldehyde (SP,S)-11e >99 78 (R)
6 benzaldehyde (SP,S)-11 f >99 72 (R)
7 benzaldehyde (SP,S)-11g >99 79 (R)
8 benzaldehyde (SP,S)-11 i >99 79 (R)
9 benzaldehyde (SP,S)-11k >99 80 (R)


10 benzaldehyde (SP,S)-12a >99 85 (R)
11 benzaldehyde (SP,S)-12b >99 90 (R)
12 benzaldehyde (SP,S)-12c >99 72 (R)
13 benzaldehyde (SP,S)-12g >99 88 (R)
14 benzaldehyde (SP,S)-12h >99 73 (R)
15 benzaldehyde (SP,S)-12 i >95 81 (R)
16 benzaldehyde (SP,S)-13a >99 83 (R)
17 benzaldehyde (SP,S)-13b >99 87 (R)
18 benzaldehyde (SP,S)-14 >99 88 (R)
19 benzaldehyde (SP,S)-15 97 72 (R)
20 benzaldehyde (SP,S)-16 68 49 (R)
21 benzaldehyde (SP,S)-17 75 55 (R)


[a] Determined by GC after standard work-up. [b] Determined by GC
(CP-Chirasil-Dex). [c] Determined by comparison with authentic sam-
ples.


Table 2. Asymmetric 1,2-addition reactions with benzaldehyde as sub-
strate. See Scheme 8 for conditions.


Substrate Ligand Yield[a] ee [%][b]


(config)[c]


1 benzaldehyde (RP,S)-11a 94 82 (S)
2 benzaldehyde (RP,S)-11b >99 90 (S)
3 benzaldehyde (RP,S)-11c 90 70 (S)
4 benzaldehyde (RP,S)-11d >99 75 (S)
5 benzaldehyde (RP,S)-11e >99 57 (S)
6 benzaldehyde (RP,S)-11 f 95 65 (S)
7 benzaldehyde (RP,S)-11g >99 76 (S)
8 benzaldehyde (RP,S)-12a 36 60 (S)
9 benzaldehyde (RP,S)-12b >99 79 (S)


10 benzaldehyde (RP,S)-12c 95 33 (S)
11 benzaldehyde (RP,S)-12g 25 42 (S)
12 benzaldehyde (RP,S)-12h >99 53 (S)
13 benzaldehyde (RP,S)-12 i 95 56 (S)
14 benzaldehyde (RP,S)-13a 95 56 (S)
15 benzaldehyde (RP,S)-13b >99 86 (S)
16 benzaldehyde (RP,S)-14 95 71 (S)
17 benzaldehyde (RP,S)-15 96 74 (S)
18 benzaldehyde (RP,S)-16 40 56 (S)
19 benzaldehyde (RP,S)-17 69 65 (S)


[a] Determined by GC after standard work-up. [b] Determined by GC
(CP-Chirasil-Dex). [c] Determined by comparison with authentic sam-
ples.
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Notable examples of the different activities and selectivi-
ties in a diastereomeric ligand pair are the imines (SP,S)- and
(RP,S)-12g, which have a bulky 1-tert-butylethyl group at the
side-chain. The SP,S-configured imine 12g produces the
chiral alcohol with a conversion greater than 99% and an
excellent 88% ee (R). In comparison, the RP,S-configured
imine 12g yields (S)-1-phenylpropanol with a 25% conver-
sion rate and with a low enantiomeric excess of 42%. In this
case, a matched and an unmatched pair are formed. These
results show that the choice of the side-chain is crucial to
improve the system and is very sensitive towards modifica-
tions.


The next step was to evaluate these ligands with several
other aromatic aldehydes. The results are shown in Table 3.


Generally, the AHPC-based ketimine 11b shows a higher
selectivity than the BHPC-based ketimine 12b. It is interest-
ing to note that the results with the BHPC ketimine 12b
again show a difference in the selectivity of the two diaster-
eomers with the same substrate (for example, see entries 19
and 20). Furthermore, the ortho- and para-methoxybenzal-
dehydes show only a moderate enantiomeric excess: 44–
73% ee for 11b (entries 5, 6, 9, and 10) and 31–71% ee for
12b (entries 7, 8, 11, and 12). This last effect cannot be ra-
tionalized by steric or electronic effects, since meta-substitut-
ed alkoxy or para-substituted chlorobenzaldehydes show
good enantiomeric excesses.[17a] The other aromatic benzal-
dehyde derivatives show good to excellent enantiomeric ex-
cesses up to 95% ee.


Conclusion


In summary, we have prepared several new 5-acyl-4-
hydroxy[2.2]paracyclophane 4–10, which were used as key
intermediates to create novel N,O-[2.2]paracyclophane keti-
mines with planar and central chirality. The X-ray structures
of these compounds were determined. All configurations of
the diastereomeric ketimines based on AHPC, BHPC, p-
BrBHPC, and p-IHPC could be established by solving their
X-ray structures or by using the enantiomerically pure
AHPC. The new ketimines were examined with respect to
their catalytic activity. It was found to be possible to tune
the N,O-[2.2]paracyclophane ligands to obtain a higher en-
antiomeric excess of up to 95% ee and to increase their se-
lectivity up to 19% ee during the initial generation of these
ligands.


The side-chain has a strong influence on the catalytic per-
formance. The best results are observed with the cyclohexyl-
side chain, which is more crowded than the phenyl side-
chain. However, using a bulkier group such as a tert-butyl
group in the side-chain did not cause any further improve-
ment. The BHPC derivatives show a vast difference in selec-
tivity and activity between the diastereomeric pairs, whereas
the AHPC-based diastereomeric pairs perform with similar
activity and selectivity.


In future studies, we will extend this ligand system to simi-
lar ligand systems (thio analogues)[37] and novel substrates
(a,b-unsaturated carbonyl compounds, imines).


Experimental Section


General : 1H NMR: Bruker DP 300 (300 MHz), Bruker AM 400
(400 MHz), Bruker DRX 500 (500 MHz); d=7.26 ppm for CHCl3. The
spectra were assumed to be first order. All coupling constants are abso-
lute values. 13C NMR: Bruker DP 300 (75 MHz), Bruker AM 400
(100 MHz), Bruker DRX 500 (125 MHz); d =77.00 ppm for CHCl3. IR:
KBr pellets on a Bruker IFS88 IR. MS and EI-HRMS: Thermo Quest
Finnegan MAT 90 (70 eV). Analytical GC (achiral stationary phase):
Hewlett–Packard HP 5890 Series II, 12 mO0.25 mm capillary column HP


Table 3. Asymmetric 1,2-addition reactions with a range of substrates.
See Scheme 8 for conditions.


Substrate Ligand Yield[a] ee [%][b]


(config)[c]


1 4-chlorobenzaldehyde (SP,S)-11b >99 90 (R)
2 4-chlorobenzaldehyde (RP,S)-11b >99 90 (S)
3 4-chlorobenzaldehyde (SP,S)-12b 96 90 (R)
4 4-chlorobenzaldehyde (RP,S)-12b 58 80 (S)
5 4-methoxybenzaldehyde (SP,S)-11b 93 69 (R)
6 4-methoxybenzaldehyde (RP,S)-11b 85 44 (S)
7 4-methoxybenzaldehyde (SP,S)-12b 82 52 (R)
8 4-methoxybenzaldehyde (RP,S)-12b 10 53 (S)
9 2-methoxybenzaldehyde (SP,S)-11b >99 73 (R)


10 2-methoxybenzaldehyde (RP,S)-11b >99 53 (S)
11 2-methoxybenzaldehyde (SP,S)-12b >99 71 (R)
12 2-methoxybenzaldehyde (RP,S)-12b >99 31 (S)
13 3,5-dimethoxybenzaldehyde (SP,S)-11b >99 91 (R)
14 3,5-dimethoxybenzaldehyde (RP,S)-11b >99 95 (S)
15 3,5-dimethoxybenzaldehyde (SP,S)-12b >99 89 (R)
16 3,5-dimethoxybenzaldehyde (RP,S)-12b >99 69 (S)
17 2-naphthaldehyde (SP,S)-11b 91 90 (R)
18 2-naphthaldehyde (RP,S)-11b 89 95 (S)
19 2-naphthaldehyde (SP,S)-12b 89 89 (R)
20 2-naphthaldehyde (RP,S)-12b 23 78 (S)


[a] Determined by GC after standard work-up. [b] Determined by GC
(CP-Chirasil-Dex). [c] Determined by comparison with authentic sam-
ples.
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I (carrier gas N2). Enantiomeric excesses were determined by GC on a
chiral stationary phase (CP-Chirasil-Dex). Optical rotations were deter-
mined on a Perkin–Elmer 241 polarimeter (Na, 589 nm). Melting points
were measured with a MEL-TEMPII instrument from Laboratory Devi-
ces Inc., USA. TLC: silica gel coated aluminum plates (Merck, silica gel
60, F254). Detection under UV light at 254 nm. Solvents and reagents
were purchased from Acros, Aldrich, Fluka, or Merck.


Compounds 1,[21] 2,[21] 3[21] and the diastereomeric pairs 11a,[21] 11b,[27,31]


and 12a[21] were synthesized according to literature procedures.


General procedure for diethylzinc addition to aldehydes : A 1m solution
of diethylzinc in hexane (1.0 mL) was added at room temperature to a
10 mL vial containing 0.01 mmol of the chiral ligand dissolved in 1.0 mL
of dry toluene under an argon atmosphere. The mixture was stirred for
30 min at room temperature and then cooled to 0 8C. After an additional
30 min at 0 8C, the aldehyde (0.5 mmol) was added slowly and the reac-
tion mixture was stirred for 12 h at 0 8C. The reaction mixture was then
quenched with 1m HCl and diluted with diethyl ether. The organic phase
was washed twice with water and once with brine, and then dried with
MgSO4.


Synthesis of 4 : Racemic 4-hydroxy[2.2]paracyclophane (1.13 g,
5.04 mmol) was dissolved in dry dichloromethane under argon and then
cooled to 0 8C. TiCl4 (6.55 mmol; 6.55 mL of a 1m solution in dichlorome-
thane) was added to this solution and the resulting mixture was stirred
for 30 min at 0 8C. para-Bromobenzoylchloride (1.11 g, 5.04 mmol) was
added at 0 8C with a syringe, and the solution was stirred for an addition-
al 2 h at room temperature. The reaction was quenched with water and
stirred for an additional 15 min. The phases were separated and the or-
ganic layer was washed twice with water and brine, and dried with
MgSO4. After removal of the solvent under reduced pressure, the residue
was purified by flash chromatography to yield 5-para-bromobenzoyl-4-
hydroxy[2.2]paracyclophane (2.00 g, 96%) as a yellow solid. Rf=0.46
(pentane/diethyl ether=9:1); m.p. 122 8C; 1H NMR (400 MHz, CDCl3):
d=2.30–2.55 (m, 4H), 2.70–2.80 (m, 1H), 2.95–3.05 (m, 1H), 3.08–3.16
(m, 1H), 3.35–3.44 (m, 1H), 6.20 (d, J=7.6 Hz, 1H), 6.33 (dd, J=7.7,
1.7 Hz, 1H), 6.39 (dd, J=7.8, 1.8 Hz, 1H), 6.45 (dd, J=7.8, 1.8 Hz, 1H),
6.52 (d, J=7.6 Hz, 1H), 6.97 (dd, J=7.8, 1.8 Hz, 1H), 7.50 (s, 4H),
11.70 ppm (s, 1H); 13C NMR (100 MHz, CDCl3): d =30.21, 33.92, 35.27,
37.05, 102.90, 126.85, 127.70, 130.93, 130.96, 131.79, 132.19, 132.86, 140.40,
127.62, 129.01, 137.86, 139.28, 140.79, 143.92, 161.93, 198.62 ppm; IR
(KBr): ñ=3086 (w), 3053 (w), 2935 (m), 2855 (m), 1923 (w), 1892 (w),
1795 (w), 1583 (m), 1415 (m), 1276 (m), 1170 (m), 1069 (m), 798 cm�1


(m); MS (70 eV, EI): m/z (%): 408/406 (5/15) [M+], 327 (30), 309 (55),
223 (100), 195 (20); HRMS-EI: m/z calcd for C23H19BrNO: 406.0568;
found: 406.0571.


Synthesis of 5 : The procedure described above for the preparation of 4
was followed. Racemic 4-hydroxy[2.2]paracyclophane (0.72 g,
3.22 mmol), TiCl4 (4.19 mmol of a 1m solution in dichloromethane), and
para-iodobenzoylchloride (0.85 g, 3.22 mmol) yielded 5-para-iodobenzo-
yl-4-hydroxy[2.2]paracyclophane as a yellow solid (1.01 g, 69%) after pu-
rification by flash chromatography. Rf=0.27 (pentane/diethyl ether=


2:1); m.p. 175 8C; 1H NMR (500 MHz, CDCl3): d=2.42–2.50 (m, 1H),
2.53–2.68 (m, 3H), 2.89 (ddd, J=12.5, 9.6, 2.3 Hz, 1H), 3.08 (ddd, J=


12.8, 10.6, 2.3 Hz, 1H), 3.23 (ddd, J=12.9, 10.5, 5.2 Hz, 1H), 3.49 (ddd,
J=13.0, 10.4, 2.5 Hz, 1H), 6.35 (d, J=7.5 Hz, 1H), 6.45 (dd, J=7.8,
1.4 Hz, 1H), 6.51 (dd, J=7.8, 1.4 Hz, 1H), 6.59 (dd, J=7.8, 1.4 Hz, 1H),
6.64 (d, J=7.5 Hz, 1H), 7.07 (dd, J=7.5, 1.4 Hz, 1H), 7.5 (d, J=8.0 Hz,
2H), 7.83 (d, J=8.0 Hz, 2H), 11.79 ppm (s, 1H); 13C NMR (100 MHz,
CDCl3): d=30.17, 33.87, 35.25, 37.04, 100.21, 120.82, 126.82, 127.65,
128.97, 130.84, 130.89, 131.41, 132.15, 132.83, 137.43, 137.75, 137.84,
139.79, 140.05, 140.38, 143.94, 161.91, 198.89 ppm; IR (KBr): ñ =3049
(w), 2965 (w), 2937 (m), 2854 (w), 1894 (w), 1604 (m), 1578 (m), 1408
(m), 1237 (m), 1169 cm�1 (m); MS (70 eV, EI): m/z (%): 454 (56) [M+],
436 (3), 349 (36), 327 (18), 223 (41), 195 (22), 165 (37), 118 (8), 104 (100),
89 (12), 43 (100); HRMS-EI: m/z calcd for C23H19IO2: 454.0429; found:
454.0432.


Synthesis of 6 : The procedure described above for the preparation of 4
was followed. Racemic 4-hydroxy[2.2]paracyclophane (1.57 g,
6.54 mmol), TiCl4 (8.50 mmol of a 1m solution in dichloromethane), and


2-naphthoyl chloride (1.24 g, 6.54 mmol) yielded 5-(2-naphthoyl)-4-
hydroxy[2.2]paracyclophane as a yellow solid (2.10 g, 84%) after purifica-
tion by flash chromatography. Rf=0.30 (pentane/diethyl ether=9:1);
m.p. 149 8C; 1H NMR (500 MHz, CDCl3): d=2.45–2.51 (m, 1H), 2.58–
2.63 (m, 2H), 2.68 (ddd, J=10.6, 5.1, 2.3 Hz, 1H), 2.81–2.88 (m, 1H),
3.12 (ddd, J=10.6, 4.6, 2.6 Hz, 1H), 3.25–3.32 (m, 1H), 3.56 (ddd, J=


10.4, 5.6, 2.8 Hz, 1H), 6.39 (d, J=7.5 Hz, 1H), 6.52–6.58 (m, 2H), 6.61
(dd, J=7.8, 1.7 Hz, 1H), 6.69 (d, J=7.6 Hz, 1H), 7.2 (dd, J=7.8, 1.8 Hz,
1H), 7.57–7.61 (m, 1H), 7.62–7.67 (m, 1H), 7.86–7.90 (m, 1H), 7.92–7.97
(m, 3H), 8.24–8.29 (m, 1H), 11.99 ppm (br s, 1H); 13C NMR (125 MHz,
CDCl3): d=30.26, 33.92, 35.28, 37.07, 121.36, 126.78, 126.91, 127.70,
127.87, 128.42, 128.84, 129.52, 130.96, 132.17, 132.45, 137.79, 138.03,
140.06, 140.19, 144.32, 161.91, 199.88 ppm; IR (KBr): ñ =3049 (m), 3012
(m), 2977 (m), 2935 (s), 2895 (m), 2852 (m), 1604 (m), 1570 (s),
1232 cm�1 (m); MS (70 eV, EI): m/z (%): 378 (20) [M+], 273 (68), 208
(24), 145 (10), 104 (100), 58 (16), 43 (39); HRMS-EI: m/z calcd for
C23H28O2: 378.1619; found: 378.1616.


Synthesis of 7: The procedure described above for the preparation of 4
was followed. Racemic 4-hydroxy[2.2]paracyclophane (0.50 g,
2.23 mmol), TiCl4 (2.90 mmol of a 1m solution in dichloromethane), and
butyryl chloride (0.23 mL, 2.23 mmol) yielded 5-butyryl-4-hydroxy-
[2.2]paracyclophane as a yellow solid (0.48 g, 73%) after purification by
flash chromatography. Rf=0.37 (pentane/diethyl ether=9:1); m.p. 53 8C;
1H NMR (500 MHz, CDCl3): d =1.01 (t, J=7.6 Hz, 3H), 1.69–1.84 (m,
2H), 2.55–2.63 (m, 1H), 2.74–2.81 (m, 1H), 2.83–2.89 (m, 2H), 3.00–3.06
(m, 2H), 3.16–3.25 (m, 2H), 3.46 (ddd, J=12.8, 10.2, 2.4 Hz, 1H), 3.61
(ddd, J=12.0, 9.8, 2.3 Hz, 1H), 6.30–6.36 (m, 2H), 6.47 (dd, J=7.8,
1.3 Hz, 1H), 6.55 (d, J=7.6 Hz, 1H), 6.64 (dd, J=7.8, 1.3 Hz, 1H), 7.00
(dd, J=7.6, 1.5 Hz, 1H), 12.7 ppm (br s, 1H); 13C NMR (125 MHz,
CDCl3): d=13.85, 19.03, 30.12, 33.76, 35.61, 37.50, 44.89, 122.72, 127.14,
127.58, 131.44, 131.88, 133.03, 133.06, 137.64, 139.35, 140.17, 142.13,
161.73, 207.48 ppm; IR (KBr): ñ =3435 (w), 3011 (w), 2963 (m), 2929
(m), 2853 (m), 1893 (w), 1731 (w), 1606 (m), 1462 (w), 1212 cm�1 (m);
MS (70 eV, EI): m/z (%): 294 (68) [M+], 279 (69), 152 (5), 208 (19), 189
(56), 147 (13), 104 (100), 91 (9), 43 (67); HRMS-EI: m/z calcd for
C20H22O2: 294.1620; found: 294.1623.


Synthesis of 8 : The procedure described above for the preparation of 4
was followed. Racemic 4-hydroxy[2.2]paracyclophane (0.50 g,
2.23 mmol), TiCl4 (2.90 mmol of a 1m solution in dichloromethane), and
lauroyl chloride (0.52 mL, 2.23 mmol) yielded 5-lauroyl-4-hydroxy-
[2.2]paracyclophane as a yellow solid (0.71 g, 79%) after purification by
flash chromatography. Rf=0.54 (pentane/diethyl ether=9:1); m.p. 79 8C;
1H NMR (500 MHz, CDCl3): d =0.90 (t, J=7.0 Hz, 3H), 1.22–1.35 (m,
16H), 1.62–1.72 (m, 2H), 2.57 (ddd, J=13.2, 10.4, 5.0 Hz, 1H), 2.76 (ddd,
J=13.2, 9.5, 7.0 Hz, 1H), 2.82–2.89 (m, 2H), 2.97–3.05 (m, 2H), 3.15–3.23
(m, 2H), 3.44 (ddd, J=13.1, 10.2, 2.7 Hz, 1H), 3.59 (ddd, J=11.8, 9.7,
2.4 Hz, 1H), 6.29–6.34 (m, 2H), 6.46 (dd, J=7.7, 1.8 Hz, 1H), 6.55 (d, J=


7.5 Hz, 1H), 6.64 (dd, J=7.7, 1.8 Hz, 1H), 6.99 (dd, J=7.7, 1.8 Hz, 1H),
12.63 ppm (s, 1H); 13C NMR (125 MHz, CDCl3): d =14.12, 22.68, 25.63,
19.33, 29.34, 29.41, 29.44, 29.59, 30.12, 31.91, 33.77, 35.62, 37.50, 43.06,
127.12, 127.58, 129.34, 131.43, 131.87, 133.02, 133.03, 137.62, 139.33,
140.16, 142.09, 161.69, 207.69 ppm; IR (KBr): ñ =2927 (m), 2854 (m),
1893 (w), 1740 (m), 1621 (m), 1585 (m), 1470 (m), 721 cm�1 (m); MS
(70 eV, EI): m/z (%): 406 (1) [M+], 279 (1), 208 (31), 104 (100), 78 (5);
HRMS-EI: m/z calcd for C28H38O2: 406.2872; found: 406.2867.


Synthesis of 9 : The procedure described above for the preparation of 4
was followed. Racemic 4-hydroxy[2.2]paracyclophane (0.50 g,
2.23 mmol), TiCl4 (2.90 mmol of a 1m solution in dichloromethane), and
isobutyryl chloride (0.23 mL, 2.23 mmol) yielded 5-isobutyryl-4-hydroxy-
[2.2]paracyclophane as a yellow solid (0.35 g, 53%) after purification by
flash chromatography. Rf=0.35 (pentane/diethyl ether=9:1); 1H NMR
(500 MHz, CDCl3): d=1.04 (d, J=6.8 Hz, 3H), 1.33 (d, J=6.8 Hz, 3H),
2.57 (ddd, J=13.3, 7.8, 2.6 Hz, 1H), 2.79–2.86 (m, 1H), 3.03–3.14 (m,
3H), 3.21 (ddd, J=13.0, 7.5, 2.7 Hz, 1H), 3.33 (sept, J=6.8 Hz, 1H),
3.41–3.48 (m, 2H), 6.32 (d, J=7.7 Hz, 1H), 6.35 (dd, J=7.7, 2.0 Hz, 1H),
6.51 (dd, J=7.9, 1.6 Hz, 1H), 6.55 (d, J=7.5 Hz, 1H), 6.64 (dd, J=7.9,
2.0 Hz, 1H), 7.01 (dd, J=7.9, 1.9 Hz, 1H), 12.02 ppm (s, 1H); 13C NMR
(125 MHz, CDCl3): d=18.39, 21.78, 30.35, 33.82, 35.86, 37.08, 40.43,
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122.40, 127.02, 127.70, 129.01, 131.41, 132.16, 132.76, 137.56, 139.46,
140.25, 141.99, 161.02, 212.65 ppm; IR (KBr): ñ =3447 (w), 2965 (m),
2931 (m), 2871 (w), 2853 (m), 1890 (w), 1616 (m), 1412 (s), 1260 (m),
1260 (m), 1221 (m), 104 cm�1 (m); MS (70 eV, EI): m/z (%): 294 (100)
[M+], 189 (67), 175 (64), 147 (16), 104 (56), 91 (7); HRMS-EI: m/z calcd
for C20H22O2: 294.1620; found: 294.1618.


Synthesis of 10 : The procedure described above for the preparation of 4
was followed. Racemic 4-hydroxy[2.2]paracyclophane (0.50 g,
2.23 mmol), TiCl4 (2.90 mmol of a 1m solution in dichloromethane), and
cyclohexanecarbonyl chloride (0.31 mL, 2.23 mmol) yielded 5-cyclohexa-
noyl-4-hydroxy[2.2]paracyclophane as a yellow oil (0.22 g, 30%) after pu-
rification by flash chromatography. Rf=0.40 (pentane/diethyl ether=


9:1); 1H NMR (500 MHz, CDCl3): d =1.25–1.31 (m, 3H), 1.32–1.40 (m,
1H), 1.61–1.67 (m, 1H), 1.71–1.80 (m, 3H), 1.90–1.96 (m, 1H), 1.98–2.05
(m, 1H), 2.57 (ddd, J=13.1, 7.6, 2.6 Hz, 1H), 2.78–2.85 (m, 1H), 2.95–
3.22 (m, 5H), 3.39–3.46 (m, 2H), 6.30–6.35 (m, 2H), 6.50 (dd, J=7.8,
1.6 Hz, 1H), 6.54 (d, J=7.6 Hz, 1H), 6.64 (dd, J=7.8, 2.0 Hz, 1H), 7.01
(dd, J=7.8, 2.0 Hz, 1H), 12.04 ppm (s, 1H); 13C NMR (125 MHz,
CDCl3): d =25.38, 25.76, 26.26, 28.36, 30.32, 32.01, 33.82, 35.93, 37.04,
51.19, 122.56, 126.92, 127.67, 129.02, 131.43, 132.11, 132.74, 137.55, 139.37,
140.25, 141.99, 160.98, 211.56 ppm; IR (KBr): ñ =3437 (w), 3010 (w),
2930 (m), 2854 (m), 1890 (w), 1611 (m), 1412 (m), 1241 cm�1 (w); MS
(70 eV, EI): m/z (%): 334 (100) [M+], 279 (8), 229 (17), 201 (10), 175
(12), 148 (16), 104 (23); HRMS-EI: m/z calcd for C23H26O2: 334.1932;
found: 334.1929.


Synthesis of (SP,S)-11c : Enantiomerically pure (SP)-5-acetyl-4-hydroxy-
[2.2]paracyclophane (2 ; 0.10 g, 0.37 mmol) was dissolved in toluene
(30 mL) and (S)-indan-1-ylamine (C ; 0.15 g, 1.13 mmol) was added. After
adding a catalytic amount of dibutyltin diacetate, the reaction mixture
was refluxed in a Dean–Stark apparatus for 40 h. After removal of the
solvent under reduced pressure, the residue was purified by flash chroma-
tography to yield (SP,S)-11c as an orange solid (92 mg, 65%). Rf=0.16
(pentane/diethyl ether=9:1); m.p. 223 8C; [a]20D =�513 (c=0.30 in
CHCl3);


1H NMR (300 MHz, CDCl3): d =2.05–2.20 (m, 1H), 2.46 (s,
3H), 2.52–2.60 (m, 1H), 2.65–2.72 (m, 1H), 2.85–3.25 (m, 7H), 3.28–3.50
(m, 2H), 5.31 (t, J=7.0 Hz, 1H), 6.21 (d, J=7.8 Hz, 1H), 6.31 (dd, J=


7.7, 1.7 Hz, 1H), 6.39 (d, J=7.7 Hz, 1H), 6.46 (dd, J=7.7, 1.7 Hz, 1H),
6.61 (dd, J=7.7, 1.7 Hz, 1H), 6.81 (dd, J=7.7, 1.7 Hz, 1H), 7.25–
7.35 ppm (m, 4H); 13C NMR (75 MHz, CDCl3): d=20.62, 30.47, 30.95,
33.85, 34.45, 35.53, 37.31, 63.25, 122.49, 123.67, 125.09, 125.71, 126.80,
127.23, 127.84, 129.39, 129.94, 131.51, 132.70, 136.14, 137.53, 139.99,
140.68, 143.58, 162.42, 170.34 ppm; IR (KBr): ñ =3036(m), 3016 (m),
2963 (s), 2927 (s), 2846 (m), 1970 (w), 1579 (s), 1439 (s), 1295 cm�1 (m);
MS (70 eV, EI): m/z (%): 381 (100) [M+], 277 (15), 266 (32), 248 (12),
161 (77), 117 (62), 91 (8); HRMS-EI: m/z calcd for C27H27NO: 381.2093;
found: 381.2086.


Synthesis of (SP,S)-11d : Enantiomerically pure (SP)-5-acetyl-4-hydroxy-
[2.2]paracyclophane (2 ; 0.10 g, 0.37 mmol) was dissolved in toluene
(30 mL) and (S)-1-(4-fluorophenyl)ethylamine (D ; 0.16 g, 1.13 mmol)
was added. After adding a catalytic amount of dibutyltin diacetate, the
reaction mixture was refluxed in a Dean–Stark apparatus for 40 h. After
removal of the solvent under reduced pressure, the residue was purified
by flash chromatography to yield (SP,S)-11d as an orange solid (0.11 g,
78%). Rf=0.07 (pentane/diethyl ether=9:1); m.p. 85 8C; [a]20D =�241
(c=0.31 in CHCl3);


1H NMR (400 MHz, CDCl3): d=1.63 (d, J=6.5 Hz,
3H), 2.23 (s, 3H), 2.34–2.43 (m, 1H), 2.47–2.56 (m, 1H), 2.78–2.88 (m,
1H), 2.91–3.04 (m, 2H), 3.12–3.26 (m, 2H), 3.36–3.46 (m, 1H), 4.85 (q,
J=6.5 Hz, 1H), 6.06 (dd, J=7.8, 1.8 Hz, 1H), 6.17 (d, J=7.6 Hz, 1H),
6.40 (d, J=7.6 Hz, 1H), 6.45 (dd, J=7.8, 1.6 Hz, 1H), 6.55 (dd, J=7.8,
1.8 Hz, 1H), 6.97 (dd, J=7.8, 1.8 Hz, 1H), 7.11 (t, J=8.7 Hz, 2H),
7.49 ppm (dd, J=8.7 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=20.40,
24.99, 30.49, 33.92, 35.41, 37.14, 57.61, 115.58, 115.80, 122.53, 125.87,
127.06, 127.98, 128.06, 128.87, 129.31, 130.07, 131.56, 132.71, 136.31,
137.61, 139.98, 140.45, 140.48, 140.81, 160.74, 162.36, 163.18, 170.10 ppm;
19F NMR (282 MHz, CDCl3): d=�115.70 ppm; IR (KBr): ñ =2957 (m),
2926 (m), 2854 (m), 1881 (w), 1594 (m), 1508 (m), 1431 (m), 1226 cm�1


(m); MS (70 eV, EI): m/z (%): 387 (100) [M+], 283 (37), 248 (5), 161


(34), 149 (6), 123 (32), 103 (10), 91 (4); HRMS-EI: m/z calcd for
C26H26FNO: 387.1998; found: 387.1996.


Synthesis of (SP,S)-11e : Enantiomerically pure (SP)-5-acetyl-4-hydroxy-
[2.2]paracyclophane (2 ; 0.10 g, 0.37 mmol) was dissolved in toluene
(30 mL) and (S)-1-(4-methoxy-phenyl)ethylamine (E ; 0.17 g, 1.13 mmol)
was added. After adding a catalytic amount of dibutyltin diacetate, the
reaction mixture was refluxed in a Dean–Stark apparatus for 40 h. After
removal of the solvent under reduced pressure, the residue was purified
by flash chromatography to yield (SP,S)-11e as an orange solid (81 mg,
55%). Rf=0.13 (pentane/ethyl acetate=19:1); m.p. 96 8C; [a]20D =�187
(c=0.08 in CHCl3);


1H NMR (400 MHz, CDCl3): d=1.61 (d, J=6.5 Hz,
3H), 2.21 (s, 3H), 2.33–2.43 (m, 1H), 2.46–2.55 (m, 1H), 2.74–2.83 (m,
1H), 2.90–3.04 (m, 2H), 3.15–3.25 (m, 2H), 3.38–3.45 (m, 1H), 3.79 (s,
3H), 4.79 (q, J=6.5 Hz, 1H), 6.08 (dd, J=7.7, 1.6 Hz, 1H), 6.13 (dd, J=


7.7, 1.6 Hz, 1H), 6.38 (dd, J=7.7, 1.6 Hz, 1H), 6.44 (dd, J=7.7, 1.6 Hz,
1H), 6.53 (dd, J=7.7, 1.6 Hz, 1H), 6.92–6.99 (m, 6H), 7.38–7.44 ppm (m,
2H); 13C NMR (75 MHz, CDCl3): d=20.29, 25.00, 30.36, 33.92, 35.40,
37.26, 55.33, 57.40, 114.22, 122.19, 125.58, 127.06, 127.54, 129.52, 130.22,
131.45, 132.67, 136.22, 136.77, 137.64, 139.95, 140.84, 158.77, 163.49,
169.85 ppm; IR (KBr): ñ=2925 (s), 2854 (s), 1875 (w), 1739 (w), 1581
(m), 1461 (m), 1246 cm�1 (m); MS (70 eV, EI): m/z (%): 399 (4) [M+],
266 (92), 220 (30), 205 (100), 162 (60), 136 (82), 108 (68), 91 (35);
HRMS-EI: m/z calcd for C27H29NO2: 399.2198; found: 399.2195.


Synthesis of (SP,S)-11 f : Enantiomerically pure (SP)-5-acetyl-4-hydroxy-
[2.2]paracyclophane (2 ; 0.10 g, 0.37 mmol) was dissolved in toluene
(30 mL) and (S)-1-phenylpropylamine (F ; 0.15 g, 1.13 mmol) was added.
After adding a catalytic amount of dibutyltin diacetate, the reaction mix-
ture was refluxed in a Dean–Stark apparatus for 40 h. After removal of
the solvent under reduced pressure, the residue was purified by flash
chromatography to yield (SP,S)-11 f as an orange solid (0.12 g, 81%). Rf=


0.21 (pentane/diethyl ether=9:1); m.p. 165 8C; [a]20D =�357 (c=0.58 in
CHCl3);


1H NMR (400 MHz, CDCl3): d=0.95 (t, J=7.5 Hz, 3H), 1.95–
2.15 (m, 2H), 2.22 (s, 3H), 2.25–2.35 (m, 1H), 2.45–2.55 (m, 1H), 2.75–
2.85 (m, 1H), 2.65–2.75 (m, 1H), 2.95–3.05 (m, 1H), 3.15–3.25 (m, 2H),
3.40–3.50 (m, 1H), 4.58 (t, J=6.3 Hz, 1H), 6.02 (dd, J=7.8, 1.8 Hz, 1H),
6.15 (d, J=7.6, 1.7 Hz, 1H), 6.38 (d, J=7.6 Hz, 1H), 6.44 (dd, J=7.8,
1.7 Hz, 1H), 6.54 (dd, J=7.8, 1.7 Hz, 1H), 7.00 (dd, J=7.7, 1.7 Hz, 1H),
7.30 (tt, J=7.3, 1.5 Hz, 1H), 7.41 (t, J=7.4 Hz, 2H,), 7.48 ppm (dd, J=


7.7, 1.5 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=11.09, 20.55, 30.49,
32.00, 33.90, 35.36, 37.28, 64.74, 122.25, 125.63, 127.03, 127.11, 127.33,
128.71, 128.86, 129.46, 130.27, 130.92, 131.47, 132.46, 136.21, 137.62,
139.93, 140.88, 143.32, 163.29, 170.77 ppm; IR (KBr): ñ =3651 (w), 3030
(m), 2977 (s), 2961 (s), 2927 (s), 2850 (s), 1885 (w), 1582 (s), 1435 (s),
1264 cm�1 (m); MS (70 eV, EI): m/z (%): 383 (10) [M+], 279 (8), 233
(10), 205 (9), 149 (100); HRMS-EI: m/z calcd for C27H29NO: 383.2243;
found: 383.2249.


Synthesis of (SP,S)-11g : Enantiomerically pure (SP)-5-acetyl-4-hydroxy-
[2.2]paracyclophane (2 ; 0.10 g, 0.37 mmol) was dissolved in toluene
(30 mL) and (S)-3,3-dimethyl-2-aminobutane (G ; 0.11 g, 1.13 mmol) was
added. After adding a catalytic amount of dibutyltin diacetate, the reac-
tion mixture was refluxed in a Dean–Stark apparatus for 40 h. After re-
moval of the solvent under reduced pressure, the residue was purified by
flash chromatography to yield (SP,S)-11g as an orange solid (0.10 g,
80%). Rf=0.18 (pentane/diethyl ether=9:1); [a]20D =�572 (c=0.28 in
CHCl3);


1H NMR (500 MHz, CDCl3): d=1.15 (s, 9H), 1.17 (d, J=6.5 Hz,
3H), 2.28 (s, 3H), 2.52 (ddd, J=15.8, 10.1, 5.2 Hz, 1H), 2.72 (ddd, J=


13.2, 9.8, 6.9 Hz, 1H), 2.92–2.99 (m, 1H), 3.00–3.11 (m, 2H), 3.19 (ddd,
J=12.4, 10.1, 5.2 Hz, 1H), 3.35 (ddd, J=12.4, 9.2, 2.5 Hz, 1H), 3.42 (ddd,
J=12.9, 10.1, 2.5 Hz, 1H), 3.50 (q, J=6.5 Hz, 1H), 6.16 (d, J=7.2 Hz,
1H), 6.35 (dd, J=7.4, 1.6 Hz, 1H), 6.41 (d, J=7.2 Hz, 1H), 6.54 (dd, J=


7.7, 1.3 Hz, 1H), 6.65 (dd, J=7.9, 1.8 Hz, 1H), 7.00 (dd, J=7.9, 1.8 Hz,
1H), 16.30 ppm (br s, 1H); 13C NMR (125 MHz, CDCl3): d =16.39, 19.68,
26.67, 30.54, 33.94, 34.70, 35.58, 37.28, 122.05, 125.02, 127.15, 129.57,
130.58, 131.64, 132.62, 136.34, 137.70, 140.21, 140.80, 164.62, 168.73 ppm;
IR (KBr): ñ =3421 (w), 2963 (s), 2927 (s), 2853 (m), 1791 (w), 1580 (m),
1435 (m), 1261 cm�1 (m); MS (70 eV, EI): m/z (%): 349 (64) [M+], 245
(75), 188 (87), 149 (7), 91 (10), 43 (100); HRMS-EI: m/z calcd for
C24H31NO: 349.2406; found: 349.2409.
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Synthesis of (SP,S)-11 i : Enantiomerically pure (SP)-5-acetyl-4-hydroxy-
[2.2]paracyclophane (2 ; 0.10 g, 0.37 mmol) was dissolved in toluene
(30 mL) and (S)-1-naphthyl-2-ylethylamine (I ; 0.19 g, 1.13 mmol) was
added. After adding a catalytic amount of dibutyltin diacetate, the reac-
tion mixture was refluxed in a Dean–Stark apparatus for 40 h. After re-
moval of the solvent under reduced pressure, the residue was purified by
flash chromatography to yield (SP,S)-11 i as an orange solid (0.11 g, 71%).
Rf=0.11 (pentane/diethyl ether=9:1); m.p. 162 8C. [a]20D =�77 (c=0.26
in CHCl3);


1H NMR (400 MHz, CDCl3): d=1.74 (d, J=6.5 Hz, 3H), 2.27
(s, 3H), 2.33–2.41 (m, 1H), 2.49–2.57 (m, 1H), 2.80–2.95 (m, 2H), 2.98–
3.07 (m, 1H), 3.15–3.26 (m, 1H), 3.41–3.52 (m, 1H), 4.99 (q, J=6.5 Hz,
1H), 6.13–6.23 (m, 2H), 6.40 (d, J=7.4 Hz, 1H), 6.47 (dd, J=7.8, 1.6 Hz,
1H), 6.55 (dd, J=7.8, 1.6 Hz, 1H), 7.09 (dd, J=7.8, 1.5 Hz, 1H), 7.45–
7.53 (m, 2H), 7.63–7.67 (m, 1H), 7.83–7.89 (m, 2H), 7.90–7.95 ppm (m,
2H); 13C NMR (100 MHz, CDCl3): d =20.49, 22.69, 30.55, 33.96, 35.40,
37.15, 58.26, 122.44, 12476, 124.91, 125.71, 125.92, 126.40, 127.15, 127.87,
129.46, 130.29, 131.59, 132.66, 136.37, 137.68, 140.05, 140.90, 142.11,
163.12, 170.48 ppm; IR (KBr): ñ =3036 (w), 3018 (w), 2924 (m), 2854
(m), 1583 (m), 1507 (m), 1455 (m), 1245 cm�1 (m). MS (70 eV, EI), m/z
(%): 419 (37) [M+], 315 (10), 161 (16), 155 (61), 58 (35), 43 (100);
HRMS-EI: m/z calcd for C30H29NO: 419.2249; found: 419.2251.


Synthesis of (RP,S)-11c : Enantiomerically pure (RP)-5-acetyl-4-hydroxy-
[2.2]paracyclophane (2 ; 30 mg, 0.11 mmol) was dissolved in toluene
(30 mL) and (S)-indan-1-ylamine (C ; 50 mg, 0.33 mmol) was added.
After adding a catalytic amount of dibutyltin diacetate, the reaction mix-
ture was refluxed in a Dean–Stark apparatus for 40 h. After removal of
the solvent under reduced pressure, the residue was purified by flash
chromatography to yield 39 mg (93%) of 11c as a yellow-orange solid.
Rf=0.25 (pentane/diethyl ether=9:1); m.p. 185 8C; [a]20D =++651 (c=0.83
in CHCl3);


1H NMR (500 MHz, CDCl3): d =2.21–2.30 (m, 1H), 2.47 (s,
3H), 2.50–2.57 (m, 1H), 2.63–2.74 (m, 2H), 2.91–3.01 (m, 2H), 3.03–3.15
(m, 3H), 3.16–3.27 (m, 1H), 3.35–3.50 (m, 2H), 5.31 (t, J=8.2 Hz, 1H),
6.27 (d, J=7.8 Hz, 1H), 6.40 (dd, J=7.8, 1.9 Hz, 1H), 6.45 (d, J=7.8 Hz,
1H), 6.49 (dd, J=7.8, 1.9 Hz, 1H), 6.64 (dd, J=7.8, 1.9 Hz, 1H), 6.94
(dd, J=7.8, 1.9 Hz, 1H), 7.22–7.34 (m, 3H), 7.35–7.39 ppm (m, 1H);
13C NMR (125 MHz, CDCl3): d =20.66, 30.41, 30.91, 33.85, 34.72, 35.48,
37.33, 63.34, 122.65, 123.84, 124.81, 125.89, 127.02, 127.23, 127.74, 129.31,
129.61, 131.48, 132.76, 136.01, 137.58, 140.03, 140.69, 143.99, 161.84,
170.77 ppm; IR (KBr): ñ =3020 (m), 2959 (m), 2929 (s), 1886 (w), 1595
(s), 1581 (s), 1443 (s), 1274 cm�1 (m); MS (70 eV, EI): m/z (%): 381 (70)
[M+], 358 (6), 277 (10), 266 (34), 248 (5), 161 (88), 117 (100), 58 (4), 43
(13); HRMS-EI: m/z calcd for C27H27NO: 381.2093; found: 381.2097.


Synthesis of (RP,S)-11d : Enantiomerically pure (RP)-5-acetyl-4-hydroxy-
[2.2]paracyclophane (2 ; 40 mg, 0.15 mmol) was dissolved in toluene
(30 mL) and (S)-1-(4-fluorophenyl)ethylamine (D ; 60 mg, 0.46 mmol)
was added. After adding a catalytic amount of dibutyltin diacetate, the
reaction mixture was refluxed in a Dean–Stark apparatus for 40 h. After
removal of the solvent under reduced pressure, the residue was purified
by flash chromatography to yield 37 mg (64%) of 11d as a yellow-orange
solid. Rf=0.20 (pentane/diethyl ether=9:1); m.p. 130 8C; [a]20D =++733
(c=0.06 in CHCl3);


1H NMR (500 MHz, CDCl3): d=1.75 (d, J=6.5 Hz,
3H), 2.29 (s, 3H), 2.57 (ddd, J=10.6, 5.0, 2.2 Hz, 1H), 2.63–2.70 (m, 1H),
2.87–2.97 (m, 1H), 3.05 (dt, J=10.8, 2.5 Hz, 1H), 3.10–3.17 (m, 1H),
3.17–3.25 (m, 1H), 3.36–3.48 (m, 2H), 4.90 (q, J=6.5 Hz, 1H), 6.24 (d,
J=7.6 Hz, 1H), 6.46 (dd, J=7.6, 2.6 Hz, 2H), 6.52 (dd, J=8.0, 1.6 Hz,
1H), 6.65 (dd, J=7.9, 1.6 Hz, 1H), 7.02–7.12 (m, 3H), 7.33–7.39 (m, 2H),
15.75 ppm (br s, 1H); 13C NMR (125 MHz, CDCl3): d =20.48, 25.46,
30.47, 30.90, 33.90, 35.48, 37.34, 57.55, 115.61, 115.78, 122.38, 125.82,
127.18, 127.82, 127.88, 129.48, 129.65, 131.53, 132.82, 136.24, 137.64,
139.58, 139.61, 140.06, 140.85, 160.89, 162.84, 170.39 ppm; 19F NMR
(282 MHz, CDCl3): d=�115.70 ppm; IR (KBr): ñ=3734 (w), 2966 (m),
2927 (s), 2851 (m), 1889 (w), 1734 (w), 1586 (m), 1508 (s), 1436 (m),
1225 cm�1 (m); MS (70 eV, EI): m/z (%): 387 (14) [M+], 266 (100), 161
(91), 123 (22), 120 (20), 104 (92), 91 (11), 43 (33); HRMS-EI: m/z calcd
for C26H26NOF: 387.1998; found: 387.1994.


Synthesis of (RP,S)-11e : Enantiomerically pure (RP)-5-acetyl-4-hydroxy-
[2.2]paracyclophane (2 ; 50 mg, 0.19 mmol) was dissolved in toluene
(30 mL) and (S)-1-(4-methoxyphenyl)ethylamine (E ; 90 mg, 0.57 mmol)


was added. After adding a catalytic amount of dibutyltin diacetate, the
reaction mixture was refluxed in a Dean–Stark apparatus for 40 h. After
removal of the solvent under reduced pressure, the residue was purified
by flash chromatography to yield 55 mg (73%) of 11e as an orange solid.
Rf=0.09 (pentane/ethyl acetate=19:1); [a]20D =++918 (c=0.18 in CHCl3);
1H NMR (500 MHz, CDCl3): d =1.62 (d, J=6.5 Hz, 3H), 2.29 (s, 3H),
2.54 (ddd, J=12.9, 10.7, 5.3 Hz, 1H), 2.66 (ddd, J=13.3, 9.3, 7.8 Hz, 1H),
2.90 (ddd, J=14.1, 9.4, 7.4 Hz, 1H), 3.03 (ddd, J=10.8, 4.4, 2.6 Hz, 1H),
3.12 (ddd, J=13.3, 11.0, 2.8 Hz, 1H), 3.20 (ddd, J=12.8, 10.4, 5.3 Hz,
1H), 3.37–3.47 (m, 2H), 3.80 (s, 3H), 4.85 (q, J=6.5 Hz, 1H), 6.19 (d, J=


6.4 Hz, 1H), 6.41–6.46 (m, 2H), 6.51 (dd, J=7.8, 1.7 Hz, 1H), 6.63 (dd,
J=7.8, 1.7 Hz, 1H), 6.89 (dt, J=8.5, 2.1 Hz, 2H), 7.07 (dd, J=7.8,
1.9 Hz, 1H), 7.27–7.31 (m, 2H), 16.00 ppm (br s, 1H); 13C NMR
(125 MHz, CDCl3): d=20.35, 25.44, 30.48, 33.89, 35.47, 37.38, 55.29,
57.44, 114.21, 122.13, 125.53, 127.34, 129.62, 129.68, 131.42, 132.76, 135.86,
136.13, 137.62, 140.06, 140.79, 158.64, 163.62, 170.03 ppm; IR (KBr): ñ=


3733 (w), 2964 (m), 2927 (m), 2850 (m), 1884 (w), 1762 (w), 1581 (m),
1512 (s), 1439 (m), 1246 cm�1 (s); MS (70 eV, EI): m/z (%): 399 (20)
[M+], 266 (10), 161 (11), 135 (100), 124 (9), 104 (17), 91 (5), 58 (26), 43
(85); HRMS-EI: m/z calcd for C27H29NO2: 399.2198; found: 399.2194.


Synthesis of (RP,S)-11 f : Enantiomerically pure (RP)-5-acetyl-4-hydroxy-
[2.2]paracyclophane (2 ; 40 mg, 0.13 mmol) was dissolved in toluene
(30 mL) and (S)-1-phenylpropylamine (F ; 50 mg, 0.39 mmol) was added.
After adding a catalytic amount of dibutyltin diacetate, the reaction mix-
ture was refluxed in a Dean–Stark apparatus for 40 h. After removal of
the solvent under reduced pressure, the residue was purified by flash
chromatography to yield 40 mg (81%) of 11 f as an orange solid. Rf=


0.29 (pentane/diethyl ether=9:1); m.p. 133 8C; [a]20D =++1108 (c=0.43 in
CHCl3);


1H NMR (500 MHz, CDCl3): d=1.16 (t, J=7.5 Hz, 3H), 2.20–
2.23 (m, 2H), 2.25 (s, 3H), 2.55 (ddd, J=12.7, 10.5, 5.1 Hz, 1H), 2.69
(ddd, J=9.4, 7.4, 2.2 Hz, 1H), 2.93 (ddd, J=9.4, 7.4, 2.2 Hz, 1H), 3.05
(ddd, J=12.9, 10.5, 2.5 Hz, 1H), 3.11 (ddd, J=12.7, 9.6, 2.2 Hz, 1H), 3.22
(ddd, J=12.7, 10.5, 5.1 Hz, 1H), 3.40 (ddd, J=12.1, 9.6, 2.5 Hz, 1H), 3.47
(ddd, J=12.9, 10.1, 2.5 Hz, 1H), 4.61 (dd, J=7.8, 5.6 Hz, 1H), 6.19 (d,
J=7.4 Hz, 1H), 6.42–6.46 (m, 1H), 6.53 (dd, J=7.8, 1.7 Hz, 1H), 6.66
(dd, J=7.8, 1.7 Hz, 1H), 7.08 (dd, J=7.8, 1.7 Hz, 1H), 7.22–7.27 (m,
1H), 7.30–7.36 (m, 4H), 16.25 ppm (br s, 1H); 13C NMR (125 MHz,
CDCl3): d=11.34, 20.73, 30.55, 32.68, 33.93, 35.53, 37.42, 64.65, 122.08,
125.43, 126.85, 127.15, 127.21, 128.72, 129.66, 130.03, 131.55, 132.75,
136.34, 137.67, 137.67, 140.14, 140.89, 142.39, 164.22, 171.22 ppm; IR
(KBr): ñ =3733 (w), 3005 (m), 2967 (m), 2924 (m), 1884 (w), 1589 (m),
1450 (m), 1245 cm�1 (m); MS (70 eV, EI): m/z (%): 383 (100) [M+], 279
(65), 250 (9), 160 (38), 119 (12), 91 (39), 58 (29), 43 (86); HRMS-EI: m/z
calcd for C27H29NO: 383.2243; found: 383.2252.


Synthesis of (RP,S)-11g : Enantiomerically pure (RP)-5-acetyl-4-hydroxy-
[2.2]paracyclophane (2 ; 0.10 g, 0.37 mmol) was dissolved in toluene
(30 mL) and (S)-3,3-dimethyl-2-aminobutane (G ; 0.11 g, 1.13 mmol) was
added. After adding a catalytic amount of dibutyltin diacetate, the reac-
tion mixture was refluxed in a Dean–Stark apparatus for 40 h. After re-
moval of the solvent under reduced pressure, the residue was purified by
flash chromatography to yield 0.10 g (80%) of 11g as an orange solid.
Rf=0.16 (pentane/ethyl acetate=19:1); m.p. 102 8C; [a]20D =++408 (c=


0.80 in CHCl3);
1H NMR (500 MHz, CDCl3): d=1.05 (s, 9H), 1.31 (d, J=


6.6 Hz, 3H), 2.33 (s, 3H), 2.49–2.61 (m, 2H), 2.84–2.92 (m, 1H), 3.00
(ddd, J=13.4, 10.7, 2.7 Hz, 1H), 3.10–3.21 (m, 2H), 3.40–3.48 (m, 2H),
3.58 (q, J=6.6 Hz, 1H), 6.21 (d, J=7.6 Hz, 1H), 6.34 (dd, J=7.8, 2.1 Hz,
1H), 6.43 (d, J=7.6 Hz, 1H), 6.47 (dd, J=7.8, 1.7 Hz, 1H), 6.61 (dd, J=


7.8, 1.8 Hz, 1H), 6.99 (dd, J=7.6, 1.8 Hz, 1H), 15.90 ppm (br s, 1H);
13C NMR (125 MHz, CDCl3): d =16.85, 19.44, 26.58, 30.35, 33.86, 34.52,
35.47, 37.28, 62.66, 122.17, 125.55, 127.01, 129.55, 129.62, 131.21, 132.84,
135.76, 137.52, 140.01, 140.61, 163.05, 169.23 ppm; IR (KBr): ñ =3421
(w), 2963 (s), 2927 (s), 2853 (m), 1791 (w), 1580 (m), 1435 (m), 1261 cm�1


(m); MS (70 eV, EI): m/z (%): 349 (83) [M+], 245 (86), 188 (100), 161
(18), 145 (11), 104 (8), 91 (2), 43 (18); HRMS-EI: m/z calcd for
C24H31NO: 349.2406; found: 349.2410.


Synthesis of (RP,S)- and (SP,S)-12b : Racemic 5-benzoyl-4-hydroxy-
[2.2]paracyclophane (3 ; 0.66 g, 2.01 mmol) was dissolved in toluene
(100 mL) under argon and (S)-cyclohexylethylamine (A ; 0.77 g,
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6.03 mmol) and TiCl4 (2.61 mmol of a 1m solution in dichloromethane)
were added. The reaction mixture was refluxed in a Dean–Stark appara-
tus for 40 h. After removal of the solvent under reduced pressure, the di-
astereomers were separated and purified by flash chromatography. The
first band gave the RP,S diastereomer (0.31 g, 35%) as an orange-red
solid. Rf=0.35 (pentane/diethyl ether=9:1); m.p. 162 8C; [a]20D =++630
(c=0.33, CHCl3);


1H NMR (500 MHz, CDCl3): d 0.98–1.07 (m, 1H),
1.10–1.20 (m, 2H), 1.31–1.38 (m, 1H), 1.49 (d, J=6.4 Hz, 3H), 1.54–1.75
(m, 7H), 2.19–2.27 (m, 1H), 2.30–2.37 (m, 1H), 2.55 (ddd, J=10.8, 4.8,
2.3 Hz, 1H), 2.86 (dd, J=13.1, 9.61 Hz, 1H), 3.03 (ddd, J=10.8, 4.8,
2.7 Hz, 1H), 3.10–3.15 (m, 1H), 3.20–3.26 (m, 1H), 3.39 (quin, J=6.5 Hz,
1H), 3.51 (ddd, J=10.4, 5.1, 2.7 Hz, 1H), 6.01 (d, J=7.3 Hz, 1H), 6.44–
6.49 (m, 3H), 6.54–6.60 (m, 2H), 7.07–7.12 (m, 1H), 7.43–7.51 (m, 3H),
7.59–7.63 ppm (m, 1H); 13C NMR (125 MHz, CDCl3): d=20.57, 26.08,
26.14, 26.18, 29.06, 29.62, 30.27, 33.95, 35.47, 36.50, 44.40, 58.67, 124.87,
126.93, 128.75, 129.03, 129.73, 130.03, 130.07, 131.11, 133.02, 135.94,
136.81, 137.90, 139.93, 143.38, 168.24, 170.46 ppm; IR (KBr): ñ =3029
(w), 3007 (w), 2928 (m), 2852 (m), 1892 (w), 1732 (w), 1561 (m), 1437
(m), 1238 cm�1 (w); MS (70 eV, EI): m/z (%): 437 (1) [M+], 278 (2), 223
(9), 149 (100), 120 (2), 105 (3), 71 (2), 57 (5), 43 (1); HRMS-EI: m/z
calcd for C31H35NO: 437.2718; found: 437.2715. The second band gave
the SP,S diastereomer (0.36 g, 41%) as an orange-red solid. Rf=0.24
(pentane/diethyl ether=9:1); m.p. 130 8C; [a]20D =�878 (c=0.47 in
CHCl3);


1H NMR (500 MHz, CDCl3): d=0.93 (d, J=6.5 Hz, 3H), 1.20–
1.48 (m, 6H), 1.63–1.71 (m, 2H), 1.79 (d, J=12.2 Hz, 1H), 1.89 (d, J=


12.2 Hz, 1H), 1.97 (d, J=12.2 Hz, 1H), 2.13 (d, J=12.2 Hz, 1H), 2.20–
2.27 (m, 1H), 2.31–2.40 (m, 1H), 2.55 (ddd, J=10.9, 5.0, 1.7 Hz, 1H),
2.87 (dd, J=13.1, 9.9 Hz, 1H), 3.01–3.08 (m, 1H), 3.21 (ddd, J=10.9, 5.2,
2.4 Hz, 1H), 3.46–3.60 (m, 2H), 5.99 (d, J=7.3 Hz, 1H), 6.42–6.49 (m,
3H), 6.55 (dd, J=7.7, 1.3 Hz 1H), 7.07 (dd, J=7.7, 1.8 Hz, 1H), 7.20–
7.35 (m, 2H), 7.42 �7.55 ppm (m, 3H); 13C NMR (125 MHz, CDCl3): d=


19.26, 26.50, 26.52, 26.67, 29.62, 30.16, 30.36, 33.89, 35.43, 36.33, 44.09,
57.75, 120.43, 124.67, 126.87, 129.27, 129.87, 130.50, 131.15, 133.10, 135.31,
136.94, 137.86, 139.96, 143.24, 168.81, 170.72 ppm; IR (KBr): ñ =3029
(w), 3007 (w), 2928 (m), 2853 (m), 1892 (w), 1730 (w), 1564 (m), 1437
(m), 1238 cm�1 (w); MS (70 eV, EI): m/z (%): 437 (100) [M+], 333 (8),
222 (53), 194 (10), 149 (20), 111 (29), 69 (23), 43 (3); HRMS-EI: m/z
calcd for C31H35NO: 437.2718; found: 437.2722.


Synthesis of (RP,S)- and (SP,S)-12c : Racemic 5-benzoyl-4-hydroxy-
[2.2]paracyclophane (3 ; 0.11 g, 0.33 mmol) was dissolved in of toluene
(50 mL) under argon, and (S)-indan-1-ylamine (C ; 0.13 g, 1.00 mmol) and
TiCl4 (0.44 mmol of a 1m solution in dichloromethane) were added. The
reaction mixture was refluxed in a Dean–Stark apparatus for 40 h. After
removal of the solvent under reduced pressure, the diastereomers were
separated and purified by flash chromatography. The first band gave the
RP,S diastereomer (61 mg, 42%) as an orange solid. Rf=0.33 (pentane/di-
ethyl ether=9:1); m.p. 140 8C; [a]20D =++1347 (c=0.12 in CHCl3);
1H NMR (500 MHz, CDCl3): d=1.86 (dd, J=13.6, 9.5 Hz, 1H), 2.25–2.33
(m, 1H), 2.37–2.45 (m, 1H), 2.49–2.59 (m, 2H), 2.66–2.74 (m, 1H), 2.90
(dd, J=13.1, 9.5 Hz, 1H), 2.96–3.04 (m, 2H), 3.10–3.17 (m, 1H), 3.20–
3.28 (m, 1H), 3.40–3.47 (m, 1H), 5.08 (t, J=7.7 Hz, 1H), 6.10 (d, J=


7.5 Hz, 1H), 6.45 (dd, J=7.6, 1.8 Hz, 1H), 6.49 (d, J=7.6 Hz, 1H), 6.51–
6.58 (m, 2H), 6.97 (d, J=7.5 Hz, 1H), 7.04 (dd, J=7.8, 1.9 Hz, 1H), 7.14
(t, J=7.6 Hz, 1H), 7.22 (t, J=7.2 Hz, 1H), 7.28 (d, J=7.5 Hz, 1H), 7.35–
7.47 (m, 2H), 7.46–7.54 (m, 3H), 16.16 ppm (br s, 1H); 13C NMR
(125 MHz, CDCl3): d=30.24, 30.93, 33.87, 35.43, 36.39, 36.39, 63.74,
120.60, 122.99, 123.98, 124.59, 125.63, 126.88, 127.00, 127.69, 128.29,
129.16, 129.52, 129.86, 131.31, 133.09, 136.12, 136.79, 137.91, 139.91,
142.32, 143.36, 165.07, 171.93 ppm; IR (KBr): ñ =3438 (w), 3067 (w),
2995 (m), 2942 (m), 2849 (w), 2468 (w), 1882 (w), 1561 (m), 1441 (m),
1247 cm�1 (m); MS (70 eV, EI): m/z (%): 443 (100) [M+], 339 (14), 328
(29), 222 (93), 117 (93), 58 (14), 43 (56); HRMS-EI: m/z calcd for
C32H29NO: 443.2249; found: 443.2248. The second band gave the SP,S dia-
stereomer (69 mg, 47%) as an orange-red solid. Rf=0.27 (pentane/dieth-
yl ether=9:1); m.p. 123 8C; [a]20D =�342 (c=0.23 in CHCl3);


1H NMR
(500 MHz, CDCl3): d=1.86 (dd, J=14.0, 9.5 Hz, 1H), 2.06–2.14 (m, 1H),
2.16–2.24 (m, 1H), 2.28–2.35 (m, 1H), 2.46–2.60 (m, 2H), 2.76–2.84 (m,
1H), 2.90–2.93 (m, 1H), 2.94–3.06 (m, 2H), 3.11–3.19 (m, 1H), 3.40–3.44
(m, 1H), 5.19 (t, J=7.9 Hz, 1H), 6.08 (d, J=7.5 Hz, 1H), 6.48 (dd, J=


7.4, 2.2 Hz, 2H), 6.59 (dd, J=7.8, 1.5 Hz, 1H), 6.65 (dd, J=7.6, 1.7 Hz,
1H), 7.00 (dd, J=7.7, 1.7 Hz, 1H), 7.32–7.38 (m, 2H), 7.40–7.55 (m, 6H),
7.63 ppm (d, J=7.6 Hz, 1H); 13C NMR (125 MHz, CDCl3): d=30.07,
30.70, 33.93, 35.56, 35.95, 36.46, 63.46, 120.83, 123.56, 125.06, 125.44,
126.87, 127.16, 127.74, 128.56, 129.36, 129.64, 130.25, 131.31, 133.09,
135.69, 137.02, 137.88, 139.92, 143.50, 144.65, 166.32, 171.10 ppm; IR
(KBr): ñ=3453 (w), 3025 (w), 2989 (w), 2925 (m), 2850 (w), 1876 (w),
1554 (m), 1438 (m), 1253 ppm (w); MS (70 eV, EI): m/z (%): 443 (37)
[M+], 339 (7), 328 (12), 222 (42), 149 (100), 117 (52), 71 (25), 57 (35), 43
(21); HRMS-EI: m/z calcd for C32H29NO: 443.2249; found: 443.2248.


Synthesis of (RP,S)- and (SP,S)-12g : Racemic 5-benzoyl-4-hydroxy-
[2.2]paracyclophane (3 ; 0.30 g, 0.91 mmol) was dissolved in toluene
(100 mL) under argon, and (S)-3,3-dimethyl-2-aminobutane (0.28 g,
2.73 mmol) and TiCl4 (1.18 mmol of a 1m solution in dichloromethane)
were added. The reaction mixture was refluxed in a Dean–Stark appara-
tus for 40 h. After removal of the solvent under reduced pressure, the di-
astereomers were separated and purified by flash chromatography. The
first band gave the RP,S diastereomer (0.10 g, 28%) as an orange solid.
Rf=0.37 (pentane/diethyl ether=9:1); m.p. 182 8C; [a]20D =++1163 (c=


0.13 in CHCl3);
1H NMR (500 MHz, CDCl3): d=0.83 (s, 9H), 1.46 (d, J=


6.6 Hz, 3H), 1.68 (dd, J=13.9, 9.2 Hz, 1H), 2.17–2.25 (m, 1H), 2.29–2.36
(m, 1H), 2.57 (ddd, J=10.8, 4.6, 1.8 Hz, 1H), 2.86 (dd, J=12.8, 9.4 Hz,
1H), 3.02 (ddd, J=10.8, 4.5, 2.9 Hz, 1H), 3.24 (ddd, J=10.3, 5.0, 2.4 Hz,
1H), 3.32–3.38 (m, 1H), 3.49–3.56 (m, 1H), 5.99 (d, J=7.3 Hz, 1H), 6.46
(dd, J=7.7, 1.7 Hz, 3H), 6.56 (dd, J=7.7, 1.7 Hz, 1H), 7.07 (dd, J=7.8,
1.8 Hz, 1H), 7.40–7.54 ppm (m, 4H); 13C NMR (125 MHz, CDCl3): d=


18.10, 26.38, 30.09, 33.95, 34.00, 35.51, 36.58, 62.61, 120.04, 125.05, 126.94,
129.29, 129.68, 130.15, 131.15, 133.01, 136.04, 136.81, 137.91, 140.02,
143.41, 167.78, 170.53 ppm; IR (KBr): ñ =3436 (w), 3011 (w), 2964 (m),
2928 (m), 2869 (w), 1892 (w), 1559 (m), 1438 (m), 1242 cm�1 (s); MS
(70 eV, EI): m/z (%): 411 (5) [M+], 307 (2), 223 (3), 85 (3), 58 (39), 43
(100); HRMS-EI: m/z calcd for C29H33NO: 411.2562; found: 411.2566.
The second band gave the SP,S diastereomer (0.13 g, 34%) as an orange-
red solid. Rf=0.31 (pentane/diethyl ether=9:1); m.p. 206 8C; [a]20D =�420
(c=0.34 in CHCl3);


1H NMR (500 MHz, CDCl3): d=0.83 (d, J=6.6 Hz,
3H), 1.19 (s, 9H), 1.73 (dd, J=13.8, 9.5 Hz, 1H), 2.19–2.27 (m, 1H),
2.34–2.44 (m, 1H), 2.51–2.62 (m, 1H), 2.83–2.91 (m, 1H), 3.06 (dt, J=


10.7, 2.5 Hz, 1H), 3.25 (ddd, J=12.6, 10.2, 4.8 Hz, 1H), 3.47–3.59 (m,
2H), 6.02 (d, J=7.9 Hz, 1H), 6.46 (dt, J=7.5, 1.9 Hz, 4H), 6.56 (dd, J=


7.9, 1.9 Hz, 1H), 7.07 (dd, J=7.5, 1.9 Hz, 1H), 7.44–7.58 ppm (m, 4H);
13C NMR (125 MHz, CDCl3): d =16.93, 26.99, 30.35, 33.92, 34.05, 35.46,
36.28, 61.88, 120.86, 124.89, 126.92, 129.16, 130.78, 131.20, 133.12, 135.51,
136.91, 137.90, 140.03, 143.24, 170.89 ppm; IR (KBr): ñ =3457 (w), 2965
(m), 2926 (m), 1869 (w), 1829 (w), 1558 (m), 1438 (m), 1241 cm�1 (s); MS
(70 eV, EI): m/z (%): 411 (5) [M+], 307 (3), 223 (3), 58 (39), 43 (100);
HRMS-EI: m/z calcd for C29H33NO: 411.2562; found: 411.2566.


Synthesis of (RP,S)- and (SP,S)-12h : Racemic 5-benzoyl-4-hydroxy-
[2.2]paracyclophane (3 ; 0.21 g, 0.63 mmol) was dissolved in toluene
(100 mL) under argon, and (S)-1-naphthyl-1-ylethylamine (0.33 g,
1.90 mmol) and TiCl4 (0.82 mmol of a 1m solution in dichloromethane)
were added. The reaction mixture was refluxed in a Dean–Stark appara-
tus for 40 h. After removal of the solvent under reduced pressure, the di-
astereomers were separated and purified by flash chromatography. The
first band gave the SP,S diastereomer (0.15 g, 48%) as an orange solid.
Rf=0.14 (pentane/ethyl acetate=19:1); m.p. 176 8C; [a]20D =�198 (c=0.55
in CHCl3);


1H NMR (500 MHz, CDCl3): d =1.65 (d, J=6.4 Hz, 3H),
1.68–1.72 (m, 1H), 2.05–2.12 (m, 1H), 2.18–2.25 (m, 1H), 2.63 (ddd, J=


12.7, 11.0, 4.9 Hz, 1H), 2.72 (dd, J=12.7, 9.9 Hz, 1H), 3.15 (ddd, J=12.7,
10.3, 2.3 Hz, 1H), 3.37 (ddd, J=12.7, 10.5, 4.7 Hz, 1H), 3.61 (ddd, J=


12.7, 10.3, 2.3 Hz, 1H), 5.51 (q, J=6.4 Hz, 1H), 6.11 (d, J=7.5 Hz, 1H),
6.19 (dd, J=7.6, 1.5 Hz, 1H), 6.47–6.56 (m, 3H), 7.05–7.15 (m, 3H), 7.33
(dd, J=7.4, 1.1 Hz, 2H), 7.46 (t, J=7.4 Hz, 1H), 7.52 (dt, J=8.4, 1.1 Hz,
1H), 7.57 (t, J=7.0 Hz, 1H), 7.72 (t, J=7.8 Hz, 1H), 7.82 (d, J=8.2 Hz,
1H), 7.90 (d, J=8.0 Hz, 1H), 7.99 (d, J=8.2 Hz, 1H), 8.17 ppm (d, J=


7.0 Hz, 1H); 13C NMR (125 MHz, CDCl3): d =25.63, 30.38, 34.00, 35.27,
36.37, 55.06, 120.93, 122.62, 123.80, 125.61, 125.73, 126.05, 126.17, 126.89,
127.70, 129.20, 129.29, 129.45, 129.66, 130.57, 131.34, 133.15, 134.17,
135.81, 137.11, 138.03, 139.87, 141.97, 143.64, 166.11, 171.09 ppm; IR
(KBr): ñ=3045 (w), 2969 (w), 2930 (m), 2851 (w), 1886 (w), 1740 (m),
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1562 (s), 1436 (m), 1240 cm�1 (m); MS (70 eV, EI): m/z (%): 481 (5)
[M+], 377 (1), 222 (2), 155 (11), 77 (8), 43 (100); HRMS-EI: m/z calcd
for C35H31NO: 481.2406; found: 481.2403. The second band gave the RP,S
diastereomer (0.11 g, 38%) as an orange-red solid. Rf=0.10 (pentane/
ethyl acetate=19:1); m.p. 198 8C; [a]20D =++1585 (c=0.14 in CHCl3);
1H NMR (500 MHz, CDCl3): d =1.75–1.82 (m, 1H), 1.90 (d, J=6.6 Hz,
3H), 2.21–2.29 (m, 1H), 2.42–2.50 (m, 1H), 2.54–2.62 (m, 1H), 2.87–2.92
(m, 1H), 3.05 (dt, J=11.0, 2.8 Hz, 1H), 3.24–3.31 (m, 1H), 3.47–3.54 (m,
1H), 5.73 (q, J=6.6 Hz, 1H), 6.00 (d, J=7.5 Hz, 1H), 6.44 (d, J=7.5 Hz,
1H), 6.50 (dd, J=7.7, 1.5 Hz, 1H), 6.57–6.64 (m, 2H), 7.18–7.25 (m, 3H),
7.27–7.32 (m, 1H), 7.33–7.48 (m, 6H), 7.68 (t, J=7.8 Hz, 2H), 7.76 ppm
(d, J=7.8 Hz, 1H); 13C NMR (125 MHz, CDCl3): d=24.86, 30.18, 33.99,
35.51, 36.53, 52.92, 120.60, 122.27, 123.99, 125. 24, 125.28, 125.67, 125.89,
127.11, 127.52, 128.32, 128.76, 129.38, 129.65, 130.18, 130.36, 131.29,
133.06, 133.61, 135.86, 137.09, 138.00, 139.83, 140.04, 143.56, 176.83,
170.96 ppm; IR (KBr): ñ =3044 (m), 2969 (m), 2929 (m), 2851 (w), 1886
(w), 1739 (w), 1560 (s), 1394 (m), 1241 cm�1 (m); MS (70 eV, EI): m/z
(%): 481 (9) [M+], 377 (3), 328 (3), 308 (23), 223 (4), 165 (25), 155 (100),
105 (27), 91 (17), 58 (16), 43 (40); HRMS-EI: m/z calcd for C35H31NO:
481.2406; found: 481.2406.


Synthesis of (RP,S)- and (SP,S)-12 i : Racemic 5-benzoyl-4-hydroxy-
[2.2]paracyclophane (3 ; 0.11 g, 0.33 mmol) was dissolved in toluene
(100 mL) under argon, and (S)-1-naphth-2-ylethylamine (0.17 g,
1.00 mmol) and TiCl4 (0.44 mmol of a 1m solution in dichloromethane)
were added. The reaction mixture was refluxed in a Dean–Stark appara-
tus for 40 h. After removal of the solvent under reduced pressure, the di-
astereomers were separated and purified by flash chromatography. The
first band gave the SP,S diastereomer (57 mg, 36%) as an orange solid.
Rf=0.27 (pentane/diethyl ether=9:1); m.p. 183 8C; [a]20D =�211 (c=0.37
in CHCl3);


1H NMR (500 MHz, CDCl3): d=1.60 (d, J=6.4 Hz, 3H), 1.70
(dd, J=13.9, 9.4 Hz, 1H), 2.09–2.17 (m, 1H), 2.18–2.27 (m, 1H), 2.67
(ddd, J=12.8, 5.0, 2.1 Hz, 1H), 2.75 (dd, J=12.8, 9.5 Hz, 1H), 3.13 (ddd,
J=12.9, 10.9, 2.3 Hz, 1H), 3.34 (ddd, J=12.9, 10.0, 5.0 Hz, 1H), 3.60
(ddd, J=12.8, 10.3, 2.3 Hz, 1H), 4.86 (q, J=6.4 Hz, 1H), 6.10 (d, J=


7.6 Hz, 1H), 6.39 (dd, J=7.7, 1.7 Hz, 1H), 6.49 (dd, J=7.7, 1.7 Hz, 1H),
6.53–6.63 (m, 2H), 7.21 (d, J=7.5 Hz, 2H), 7.33 (dd, J=7.8, 1.7 Hz, 1H),
7.42 (t, J=7.7 Hz, 2H), 7.50 (d, J=7.7 Hz, 1H), 7.52–7.59 (m, 3H), 7.69
(dd, J=8.4, 1.7 Hz, 1H), 7.92–7.99 (m, 2H), 8.00 ppm (d, J=8.4 Hz, 1H);
13C NMR (125 MHz, CDCl3): d =26.28, 30.42, 33.96, 35.28, 36.31, 58.93,
120.92, 124.45, 124.95, 125.63, 125.94, 126.42, 126.82, 127.83, 128.01,
128.86, 129.27, 129.68, 130.93, 131.35, 132.73, 133.75, 135.75, 137.05,
138.00, 139.85, 139.85, 143.46, 165.90, 171.09 ppm; IR (KBr): ñ =3446
(w), 3056 (w), 2925 (s), 2853 (m), 1728 (m), 1567 (m), 1437 (m),
1289 cm�1 (m); MS (70 eV, EI): m/z (%): 481 (4) [M+], 377 (1), 307 (8),
279 (11), 223 (1), 149 (100), 71 (5), 43 (21); HRMS-EI: m/z calcd for
C35H31NO: 481.2406; found: 481.2401. The second band gave the RP,S di-
astereomer (40 mg, 25%) as an orange-red solid. Rf=0.21 (pentane/di-
ethyl ether=9:1); m.p. 205 8C; [a]20D =++1407 (c=0.20, CHCl3);


1H NMR
(500 MHz, CDCl3): d =1.73–1.82 (m, 1H), 1.94 (d, J=6.4 Hz, 3H), 2.20–
2.27 (m, 1H), 2.39–2.46 (m, 1H), 2.53–2.59 (m, 1H), 2.85–2.93 (m, 1H),
3.01–3.07 (m, 1H), 3.21–3.28 (m, 1H), 3.49 (ddd, J=12.8, 10.3, 2.3 Hz,
1H), 5.05 (q, J=6.4 Hz, 1H), 6.02 (d, J=7.4 Hz, 1H), 6.43 (d, J=7.4 Hz,
1H), 6.46–6.50 (m, 1H), 6.55–6.60 (m, 2H), 7.17 (dd, J=7.4, 2.2 Hz, 1H),
7.27–7.31 (m, 2H), 7.34–7.38 (m, 1H), 7.41–7.51 (m, 6H), 7.66–7.70 (m,
1H), 7.71–7.76 ppm (m, 2H); 13C NMR (125 MHz, CDCl3): d=24.43,
30.18, 33.95, 35.47, 36.47, 57.89, 120.74, 124.59, 124.81, 125.41, 125.68,
125.98, 127.08, 127.54, 127.87, 128.47, 128.85, 129.40, 129.46, 130.22,
130.92, 131.29, 132.58, 133.06, 133.23, 136.01, 136.98, 137.97, 140.01,
140.82, 143.48, 166.83, 170.95 ppm; IR (KBr): ñ =3441 (w), 3055 (w),
2926 (s), 2853 (m), 1887 (w), 1728 (m), 1567 (m), 1437 (m), 1288 cm�1


(m); MS (70 eV, EI): m/z (%): 481 (2) [M+], 307 (6), 279 (10), 251 (4),
149 (100), 71 (5), 57 (9), 43 (12); HRMS-EI: m/z calcd for C35H31NO:
481.2406; found: 481.2400.


Synthesis of (RP,S)- and (SP,S)-13a : Racemic 5-para-bromobenzoyl-4-
hydroxy[2.2]paracyclophane (4 ; 0.25 g, 0.60 mmol) was dissolved in tolu-
ene (75 mL) under argon, and (S)-1-phenylethylamine (0.22 g,
1.80 mmol) and TiCl4 (0.78 mmol of a 1m solution in dichloromethane)
were added. The reaction mixture was refluxed in a Dean–Stark appara-
tus for 40 h. After removal of the solvent under reduced pressure, the di-


astereomers were separated and purified by flash chromatography. The
first band gave the SP,S diastereomer (0.13 g, 43%) as an orange solid.
Rf=0.36 (pentane/diethyl ether 9:1); m.p. 108 8C; [a]20D =�396 (c=0.28 in
CHCl3);


1H NMR (300 MHz, CDCl3): d=1.45 (d, J=6.4 Hz, 3H), 1.68–
1.78 (m, 1H), 2.05–2.30 (m, 2H), 2.52–2.65 (m, 1H), 2.71–2.82 (m, 1H),
3.07 (dt, J=10.6, 2.7 Hz, 1H), 3.18–3.30 (m, 1H), 3.46–3.56 (m, 1H), 4.61
(dq, J=6.4, 1.6 Hz, 1H), 6.07 (d, J=7.7 Hz, 1H), 6.26 (dd, J=7.7, 1.8 Hz,
1H), 6.41–6.52 (m, 3H), 7.01 (d, J=8.5 Hz, 2H), 7.13 (dd, J=7.7, 1.8 Hz,
1H), 7.31–7.39 (m, 1H), 7.43–7.58 ppm (m, 6H); 13C NMR (75 MHz,
CDCl3): d =26.43, 30.29, 33.92, 35.26, 36.45, 59.27, 120.85, 124.04, 125.88,
125.99, 126.90, 127.31, 129.10, 129.23, 130.31, 131.34, 133.12, 134.69,
137.09, 137.75, 139.84, 143.11, 145.63, 165.11, 169.59 ppm; MS (70 eV,
EI): m/z (%): 511/509 (21/19) [M+], 430 (5), 405 (13), 302 (19), 167 (21),
149 (45), 105 (41), 84 (100), 47 (28); HRMS-EI: m/z calcd for
C31H28BrNO: 509.1354; found: 509.1344. The second band gave the RP,S
diastereomer (0.10 g, 34%) as an orange-red solid. Rf=0.26 (pentane/di-
ethyl ether 9:1); m.p. 125 8C; [a]20D =++790 (c=0.60 in CHCl3);


1H NMR
(400 MHz, CDCl3): d =1.77–1.86 (m, 1H), 1.81 (d, J=6.8 Hz, 3H), 2.20–
2.40 (m, 2H), 2.48–2.59 (m, 1H), 2.84–2.92 (m, 1H), 2.96–3.04 (m, 1H),
3.15–3.24 (m, 1H), 3.40–3.48 (m, 1H), 4.76 (q, J=6.8 Hz, 1H), 6.20 (d,
J=7.6 Hz, 1H), 6.41 (d, J=7.6 Hz, 1H), 6.45 (d, J=1.8 Hz, 1H), 6.53
(dq, J=7.8, 1.8 Hz, 2H), 7.01–7.04 (m, 2H), 7.07–7.20 (m, 6H), 7.58 (d,
J=8.3 Hz, 2H), 16.15 ppm (br s, 1H); 13C NMR (100 MHz, CDCl3): d=


24.71, 30.37, 33.95, 35.46, 36.63, 58.13, 120.71, 123.68, 125.75, 126.24,
127.12, 127.18, 128.64, 129.45, 130.10, 131.33, 131.65, 133.11, 134.94,
137.06, 137.77, 140.02, 143.05, 166.03, 169.51 ppm; IR (KBr): ñ =3082
(m), 3028 (m), 3007 (m), 2966 (m), 2934 (m), 2921 (m), 2850 (m), 1871
(w), 1726 (w), 1533 (m), 1248 (m), 1032 cm�1 (m); MS (70 eV, EI): m/z
(%): 511/509 (12/12) [M+], 430 (7), 405 (9), 105 (100); HRMS-EI: m/z
calcd for C31H28BrNO: 509.1354; found: 509.1359.


Synthesis of (RP,S)- and (SP,S)-13b : Racemic 5-para-bromobenzoyl-4-
hydroxy[2.2]paracyclophane (4 ; 0.58 g, 1.42 mmol) was dissolved in tolu-
ene (75 mL) under argon, and (S)-1-cyclohexylethylamine (0.54 g,
4.26 mmol) and TiCl4 (1.84 mmol of a 1m solution in dichloromethane)
were added. The reaction mixture was refluxed in a Dean–Stark appara-
tus for 40 h. After removal of the solvent under reduced pressure, the di-
astereomers were separated and purified by flash chromatography. The
first band gave the RP,S diastereomer (0.27 g, 37%) as an orange solid.
Rf=0.39 (pentane/diethyl ether=9:1); m.p. 156 8C; [a]20D =++781 (c=0.79
in CHCl3);


1H NMR (400 MHz, CDCl3): d=0.53–0.61 (m, 1H), 0.70–0.76
(m, 1H), 0.95–1.05 (m, 1H), 1.05–1.15 (m, 2H), 1.20–1.35 (m, 1H), 1.4 (s,
3H), 1.70–1.75 (m, 1H), 2.20–2.30 (m, 2H), 2.50–2.70 (m, 6H), 2.80–2.90
(m, 1H), 2.95–3.05 (m, 1H), 3.15–3.25 (m, 1H), 3.30 (q, J=6.4 Hz, 1H),
3.45–3.55 (m, 1H), 6.01 (d, J=7.4 Hz, 1H), 6.35 (dd, J=7.8, 1.9 Hz, 1H),
6.47 (d, J=2H), 6.55 (dd, J=7.8, 1.7 Hz, 1H), 6.99 (dd, J=7.6, 1.7 Hz,
1H), 7.15 (br s, 2H), 7.60 ppm (d, J=8.2 Hz, 2H); 13C NMR (100 MHz,
CDCl3): d =20.57, 26.08, 26.13, 26.17, 29.11, 29.92, 30.20, 33.93, 35.44,
36.64, 44.51, 59.51, 120.09, 123.58, 125.34, 126.97, 129.60, 129.93, 131.16,
133.07, 134.98, 136.82, 137.71, 139.94, 142.91, 166.85, 169.15 ppm; IR
(KBr): ñ =3032 (w), 3008 (w), 2959 (w), 2930 (s), 2849 (m), 1732 (m),
1591 (m), 1576 (m), 1486 (m), 1242 cm�1 (w); MS (70 eV, EI): m/z (%):
517/515 (30/31) [M+], 436 (18), 411 (23), 301 (20), 111 (100), 69 (58);
HRMS-EI: m/z calcd for C31H34BrNO: 515.1824; found: 515.1821. The
second band gave the SP,S diastereomer (0.34 g, 46%) as an orange-red
solid. Rf=0.31 (pentane/diethyl ether 9:1); 1H NMR (500 MHz, CDCl3):
d=0.93 (d, J=6.5 Hz, 3H), 1.20–1.35 (m, 6H), 1.75–1.82 (m, 2H), 1.90–
1.98 (m, 3H), 2.07 (d, J=12.7 Hz, 1H), 2.27–2.36 (m, 2H), 2.59 (ddd, J=


12.8, 10.6, 4.8 Hz, 1H), 2.86–2.93 (m, 1H), 3.05 (ddd, J=12.9, 11.0,
2.4 Hz, 1H), 3.21 (ddd, J=12.5, 10.2, 4.8 Hz, 1H), 3.47–3.55 (m, 2H),
6.04 (d, J=7.5 Hz, 1H), 6.43 (dd, J=7.9, 1.9 Hz, 1H), 6.47 (d, J=7.5 Hz,
2H), 6.56 (dd, J=7.9, 1.7 Hz, 1H), 7.05 (dd, J=7.9, 1.6 Hz, 1H), 7.10–
7.25 (m, 2H), 7.63 (d, J=7.9 Hz, 2H), 16.70 ppm (s, 1H); 13C NMR
(125 MHz, CDCl3): d=19.23, 26.45, 26.48, 26.63, 29.65, 30.15, 30.36,
33.85, 35.41, 36.51, 44.08, 58.28, 120.50, 123.75, 125.36, 126.92, 129.83,
130.38, 131.26, 131.68, 133.17, 134.14, 137.26, 137.66, 140.01, 142.95,
169.61 ppm; IR (KBr): ñ=3057 (w), 3008 (w), 2959 (w), 2930 (s), 2849
(m), 1728 (m), 1591 (m), 1576 (m), 1486 (m), 1242 cm�1 (w); MS (70 eV,
EI): m/z (%): 517/515 (4/4) [M+], 293 (5), 279 (23), 167 (28), 149 (76),
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113 (9), 58 (37), 43 (100); HRMS-EI: m/z calcd for C31H34BrNO:
515.1824; found: 515.1827.


Synthesis of (RP,S)- and (SP,S)-14 : Racemic 4-hydroxy-5-para-
iodobenzoyl[2.2]paracyclophane (5 ; 0.40 g, 0.88 mmol) was dissolved in
toluene (75 mL) under argon, and (S)-1-cyclohexylethylamine (0.34 g,
2.64 mmol) and TiCl4 (1.14 mmol of a 1m solution in dichloromethane)
were added. The reaction mixture was refluxed in a Dean–Stark appara-
tus for 40 h. After removal of the solvent under reduced pressure, the di-
astereomers were separated and purified by flash chromatography. The
first band gave the RP,S diastereomer (0.19 g, 39%) as an orange solid.
Rf=0.24 (pentane/diethyl ether=15:1); m.p. 177 8C; [a]20D =++917 (c=


0.25 in CHCl3);
1H NMR (400 MHz, CDCl3): d=0.62 (dq, J=12.2,


3.3 Hz, 1H), 0.77 (dq, J=12.2, 3.3 Hz, 1H), 1.06 (tt, J=12.2, 3.3 Hz, 1H),
1.09–1.21 (m, 2H), 1.35–1.43 (m, 1H), 1.47 (d, J=6.5 Hz, 3H), 1.52–1.70
(m, 5H), 1.72–1.83 (m, 1H), 2.22–2.33 (m, 2H), 2.57 (ddd, J=13.0, 10.7,
4.8 Hz, 1H), 2.83–2.93 (m, 1H), 3.05 (ddd, J=13.5, 11.0, 3.1 Hz, 1H),
3.23 (ddd, J=12.7, 10.2, 4.8 Hz, 1H), 3.34 (p, J=6.6 Hz, 1H), 3.51 (ddd,
J=12.7, 10.2, 2.5 Hz, 1H), 6.04 (d, J=7.5 Hz, 1H), 6.41 (dd, J=7.6,
1.7 Hz, 1H), 6.44–6.48 (m, 2H), 6.55 (dd, J=7.9, 1.7 Hz, 1H), 6.70–7.15
(m, 3H), 7.79 (d, J=7.9 Hz, 2H), 16.50 ppm (br s, 1H); 13C NMR
(100 MHz, CDCl3): d=20.60, 26.06, 26.12, 26.14, 29.06, 29.62, 30.22,
33.91, 35.44, 36.67, 44.46, 59.19, 95.47, 119.98, 125.38, 126.95 (2C), 129.65,
129.91 (2C), 131.19, (2C), 133.08, 135.41, 146.95, 137.73, 139, 94 (2C),
142.98, 166.87, 169.32 ppm; IR (KBr): ñ =3008 (w), 2927 (s), 2851 (m),
1881 (w), 1572 (m), 1500 (w), 1436 (m), 1242 cm�1 (w); MS (70 eV, EI):
m/z (%): 563 (6) [M+], 111 (3), 58 (40), 43 (100); HRMS-EI: m/z calcd
for C31H34INO: 563.1683; found: 563.1686. The second band gave the SP,S
diastereomer (0.21 g, 43%) as an orange-red solid. Rf=0.22 (pentane/di-
ethyl ether=15:1); m.p. 115 8C; [a]20D =�685 (c=0.28 in CHCl3);
1H NMR (400 MHz, CDCl3): d =0.93 (d, J=6.6 Hz, 3H), 1.19–1.45 (m,
5H), 1.62–1.71 (m, 1H), 1.73–1.82 (m, 2H), 1.85–2.00 (m, 3H), 2.05–2.15
(m, 1H), 2.23–2.38 (m, 2H), 2.57 (ddd, J=12.6, 10.3, 4.8 Hz, 1H), 2.86–
2.95 (m, 1H), 3.05 (ddd, J=13.2, 10.7, 2.3 Hz, 1H), 3.21 (ddd, J=12.8,
10.3, 4.8 Hz, 1H), 3.45–3.55 (m, 2H), 6.03 (d, J=7.4 Hz, 1H), 6.42 (dd,
J=7.8, 2.0 Hz, 1H), 6.47 (d, J=7.4 Hz, 2H), 6.56 (dd, J=7.9, 1.7 Hz,
1H), 6.90–7.21 (m, 3H), 7.81 (d, J=7.9 Hz, 2H), 16.80 ppm (br s, 1H);
13C NMR (100 MHz, CDCl3): d =19.27, 26.46, 26.49, 26.65, 29.65, 30.16,
30.32, 33.86, 35.42, 36.53, 44.11, 58.23, 120.44, 125.23, 126.89 (2), 129.76,
130.37 (2), 131.24 (2), 133.17 (2), 134.76, 137.11, 137.68, 139.97, 142.88,
167.45, 169.61 ppm; IR (KBr): ñ=3008 (w), 2926 (s), 2851 (m), 1882 (w),
1572 (m), 1500 (w), 1436 (m), 1241 cm�1 (w); MS (70 eV, EI): m/z (%):
563 (16) [M+], 459 (3), 111 (8), 58 (35), 43 (100); HRMS-EI: m/z calcd
for C31H34INO: 563.1683; found: 563.1688.


Synthesis of (RP,S)- and (SP,S)-15 : Racemic 4-hydroxy-5-(2-naphthoyl)-
[2.2]paracyclophane (6 ; (0.62 g, 1.64 mmol) was dissolved in toluene
(75 mL) under argon, and (S)-1-cyclohexylethylamine (0.63 g, 4.92 mmol)
and TiCl4 (2.13 mmol of a 1m solution in dichloromethane) were added.
The reaction mixture was refluxed in a Dean–Stark apparatus for 40 h.
After removal of the solvent under reduced pressure, the diastereomers
were separated and purified by flash chromatography. The first band
gave the RP,S diastereomer (0.35 g, 44%) as an orange oil. Rf=0.25 (pen-
tane/diethyl ether=9:1); [a]20D =++1003 (c=0.34 in CHCl3);


1H NMR
(500 MHz, CDCl3): d =0.62 (dq, J=12.5, 3.4 Hz, 1H), 0.74 (dq, J=12.2,
3.3 Hz, 1H), 0.95 (tq, J=12.4, 3.2 Hz, 1H), 1.07–1.18 (m, 2H), 1.37–1.46
(m, 1H), 1.55 (d, J=6.3 Hz, 3H), 1.58–1.70 (m, 7H), 2.11–2.18 (m, 1H),
2.31–2.42 (m, 1H), 2.55–2.63 (m, 1H), 2.79 (t, J=11.4 Hz, 1H), 3.05 (dt,
J=11.0, 2.7 Hz, 1H), 3.20–3.28 (m, 1H), 3.49–3.57 (m, 1H), 6.01 (d, J=


7.5 Hz, 1H), 6.47 (d, J=7.5 Hz, 2H), 6.53 (t, J=6.8 Hz, 2H), 7.11 (dd,
J=7.7, 1.7 Hz, 1H), 7.55–7.78 (m, 3H), 7.86–8.05 ppm (m, 4H);
13C NMR (125 MHz, CDCl3): d =20.62, 26.08, 26.13, 29.07, 29.57, 30.29,
30.94, 33.96, 35.44, 36.69, 44.46, 53.44, 58.88, 124.95, 126.87, 126.97,
127.22, 127.93, 128.60, 129.73, 130.06, 131.13, 133.03, 133.28, 136.82,
137.89, 139.95, 168.06, 170.39 ppm; IR (KBr): ñ=3010 (w), 2926 (s), 2851
(m), 2489 (w), 1738 (w), 1566 (m), 1438 (m), 1238 cm�1 (m); MS (70 eV,
EI): m/z (%): 487 (12) [M+], 383 (4), 273 (8), 111 (5), 69 (3), 58 (10), 43
(100); HRMS-EI: m/z calcd for C35H37NO: 487.2875; found: 487.2873.
The second band gave the SP,S diastereomer (0.26 g, 33%) as an orange
oil. Rf=0.17 (pentane/diethyl ether=9:1); [a]20D =�691 (c=0.39 in
CHCl3);


1H NMR (500 MHz, CDCl3): d=0.92 (d, J=6.5 Hz, 3H), 1.22–


1.37 (m, 2H), 1.37–1.52 (m, 3H), 1.60–1.78 (m, 2H), 1.83 (d, J=12.5 Hz,
1H), 1.93 (d, J=12.9 Hz, 1H), 2.02 (d, J=12.5 Hz, 1H), 2.11–2.14 (m,
3H), 2.38–2.47 (m, 1H), 2.53–2.63 (m, 1H), 2.82 (t, J=11.3 Hz, 1H), 3.07
(dt, J=11.2, 2.5 Hz, 1H), 3.21–3.30 (m, 1H), 3.50–3.56 (m, 1H), 6.02 (d,
J=7.5 Hz, 1H), 6.46–6.51 (m, 2H), 6.56 (t, J=5.7 Hz, 2H), 7.13 (dd, J=


7.4, 2.0 Hz, 1H), 7.55–7.70 (m, 3H), 7.90–8.05 ppm (m, 4H); 13C NMR
(125 MHz, CDCl3): d=19.34, 26.52, 26.56, 29.68, 29.68, 30.22, 30.40,
30.95, 33.93, 35.41, 36.54, 44.14, 53.45, 57.94, 124.77, 126.92, 127.24,
127.92, 128.54, 129.85, 130.50, 131.20, 133.12, 133.23, 137.00, 139.90,
168.65, 170.71 ppm; IR (KBr): ñ=3010 (w), 2926 (s), 2851 (m), 2664 (w),
1737 (w), 1567 (m), 1437 (m), 1238 cm�1 (m); MS (70 eV, EI): m/z (%):
487 (100) [M+], 384 (7), 300 (14), 273 (56), 149 (8), 111 (26), 69 (16), 58
(20), 43 (81); HRMS-EI: m/z calcd for C35H37NO: 487.2875; found:
487.2878.


Synthesis of (RP,S)- and (SP,S)-16 : Racemic 5-butyryl-4-hydroxy-
[2.2]paracyclophane (7; 0.15 g, 0.45 mmol) was dissolved in toluene
(75 mL) under argon, and (S)-1-cyclohexylethylamine (0.19 g, 1.30 mmol)
and TiCl4 (0.58 mmol of a 1m solution in dichloromethane) were added.
The reaction mixture was refluxed in a Dean–Stark apparatus for 40 h.
After removal of the solvent under reduced pressure, the diastereomers
were separated and purified by flash chromatography. The first band
gave the RP,S diastereomer (60 mg, 33%) as an orange oil. Rf=0.32 (pen-
tane/diethyl ether=9:1); [a]20D =++230 (c=0.19 in CHCl3);


1H NMR
(500 MHz, CDCl3): d=0.92 (t, J=7.5 Hz, 3H), 1.00–1.10 (m, 2H), 1.16–
1.24 (m, 1H), 1.26–1.30 (m, 1H), 1.35 (d, J=6.5 Hz, 3H), 1.44–1.54 (m,
1H), 1.55–1.65 (m, 2H), 1.67–1.73 (m, 1H), 1.75–1.92 (m, 4H), 2.52 (ddd,
J=10.7, 5.0, 2.3 Hz, 1H), 2.57–2.72 (m, 3H), 2.88–2.94 (m, 1H), 3.01
(ddd, J=13.2, 10.9, 2.6 Hz, 1H), 3.08–3.21 (m, 1H), 3.33 (ddd, J=11.4,
9.8, 2.0 Hz, 1H), 3.42 (ddd, J=13.1, 10.3, 2.6 Hz, 1H), 3.63 (p, J=6.5 Hz,
1H), 6.14 (d, J=7.5 Hz, 1H), 6.33 (dd, J=7.7, 1.8 Hz, 1H), 6.40 (d, J=


7.7 Hz, 1H), 6.49 (dd, J=7.9, 1.8 Hz, 1H), 6.63 (dd, J=7.9, 1.8 Hz, 1H),
6.99 (dd, J=7.7, 1.8 Hz, 1H), 15.93 ppm (br s, 1H); 13C NMR (125 MHz,
CDCl3): d =14.31, 19.94, 22.03, 26.33, 26.35, 26.44, 29.63, 29.96, 30.50,
33.52, 33.88, 35.67, 37.54, 43.91, 58.14, 120.04, 125.14, 127.07, 129.74,
129.99, 131.29, 132.70, 135.85, 137.47, 140.09, 140.32, 164.91, 173.20 ppm;
IR (KBr): ñ=3418 (w), 2929 (m), 2853 (m), 1758 (w), 1582 (m), 1449
(m), 1244 cm�1 (w); MS (70 eV, EI): m/z (%): 403 (29) [M+], 294 (59),
279 (20), 224 (55), 189 (6), 120 (61), 104 (100), 91 (4), 43 (58); HRMS-
EI: m/z calcd for C28H37NO: 403.2875; found: 403.2872. The second band
gave the SP,S diastereomer (53 mg, 29%) as an orange oil. Rf=0.16 (pen-
tane/diethyl ether=9:1); [a]20D =�233 (c=0.13 in CHCl3);


1H NMR
(500 MHz, CDCl3): d=0.87 (t, J=7.5 Hz, 3H), 1.20–1.27 (m, 2H), 1.29
(d, J=6.4 Hz, 3H), 1.35–1.40 (m, 2H), 1.45–1.55 (m, 2H), 1.57–1.65 (m,
2H), 1.76–1.80 (m, 1H), 1.86–1.97 (m, 3H), 1.99–2.05 (m, 1H), 2.47–2.53
(m, 1H), 2.55–2.60 (m, 1H), 2.69–2.77 (m, 2H), 2.95–3.04 (m, 2H), 3.09
(ddd, J=12.6, 10.0, 3.0 Hz, 1H), 3.19 (ddd, J=12.6, 9.4, 2.4 Hz, 1H), 3.29
(ddd, J=12.5, 9.6, 3.1 Hz, 1H), 3.42 (ddd, J=12.7, 10.3, 2.6 Hz, 1H), 3.71
(p, J=6.5 Hz, 1H), 6.12 (d, J=7.5 Hz, 1H), 6.35 (dd, J=7.6, 1.8 Hz, 1H),
6.40 (d, J=7.5 Hz, 1H), 6.52 (dd, J=7.8, 1.6 Hz, 1H), 6.65 (dd, J=7.8,
1.6 Hz, 1H), 6.99 (dd, J=7.8, 1.6 Hz, 1H), 16.00 ppm (br s, 1H);
13C NMR (125 MHz, CDCl3): d =14.22, 19.44, 22.05, 26.40, 26.41, 26.63,
29.05, 29.85, 30.67, 33.86, 34.06, 35.71, 37.37, 44.62, 57.57, 120.37, 124.83,
127.15, 129.69, 130.34, 131.60, 132.58, 136.23, 137.55, 140.19, 140.37,
165.37, 173.01 ppm; IR (KBr): ñ =3383 (w), 2929 (m), 2853 (m), 1880
(w), 1734 (w), 1582 (m), 1449 (m), 1262 cm�1 (w); MS (70 eV, EI): m/z
(%): 403 (33) [M+], 299 (16), 294 (6), 279 (5), 216 (8), 149 (16), 120 (12),
104 (17), 71 (30), 43 (100); HRMS-EI: m/z calcd for C28H37NO:
403.2875; found: 403.2878.


Synthesis of (RP,S)- and (SP,S)-17: Racemic 4-hydroxy-5-lauroyl-
[2.2]paracyclophane (8 ; 0.15 g, 0.37 mmol) was dissolved in toluene
(75 mL) under argon, and (S)-1-cyclohexylethylamine (0.14 g, 1.11 mmol)
and TiCl4 (0.48 mmol of a 1m solution in dichloromethane) were added.
The reaction mixture was refluxed in a Dean–Stark apparatus for 7 d.
After removal of the solvent under reduced pressure, the diastereomers
were separated and purified by flash chromatography. The first band
gave the RP,S diastereomer (39 mg, 20%) as a yellow oil. Rf=0.37 (pen-
tane/diethyl ether=20:1); [a]20D =++233 (c=0.62 in CHCl3);


1H NMR
(500 MHz, CDCl3): d=0.90 (t, J=6.8 Hz, 3H), 1.18–1.31 (m, 26H), 1.35
(d, J=6.5 Hz, 3H), 2.51 (ddd, J=14.0, 10.8, 5.0 Hz, 1H), 2.55–2.65 (m,
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3H), 2.67–2.71 (m, 1H), 2.85–2.94 (m, 1H), 2.97 (ddd, J=13.4, 10.3,
2.7 Hz, 1H), 3.05–3.12 (m, 3H), 3.17 (ddd, J=13.7, 10.3, 5.1 Hz, 1H),
3.31 (ddd, J=11.4, 9.2, 2.0 Hz, 1H), 3.43 (ddd, J=12.94 10.3, 2.4 Hz,
1H), 3.62 (p, J=6.5 Hz, 1H), 6.13 (d, J=7.5 Hz, 1H), 6.34 (dd, J=7.7,
1.7 Hz, 1H), 6.40 (d, J=7.5 Hz, 1H), 6.48 (dd, J=7.8, 1.8 Hz, 1H), 6.63


(dd, J=7.8, 1.7 Hz, 1H), 6.98 (dd, J=7.7, 1.7 Hz, 1H), 15.88 ppm (br s,
1H); 13C NMR (125 MHz, CDCl3): d =14.11, 19.91, 22.68, 26.35, 26.44,
28.51, 29.16, 29.31, 29.40, 29.54, 29.60, 29.63, 29.81, 29.97, 30.51, 31.63,
31.87, 33.87, 35.66, 37.57, 43.91, 58.07, 125.13, 127.07, 129.72, 129.99,
131.29, 132.68, 135.85, 137.45, 140.09, 140.30, 164.99, 173.41 ppm; IR


Table 4. Crystallographic data, structure solution and refinement


(SP,S)-11c (RP,S)-11 i (SP,S)-11k (SP,S)-12b (RP,S)-12c (SP,S)-12c


formula C27H27NO C30H29NO C28H29NO C31H35NO C32H29NO C32H29NO
Mr 381.50 419.54 395.52 437.60 443.56 443.56
size [mm] 0.20O0.40O0.50 0.30O0.50O0.50 0.30O0.40O0.45 0.08O0.16O0.35 0.25O0.30O0.35 0.30O0.40O0.50
crystal system orthorhombic orthorhombic orthorhombic orthorhombic orthorhombic orthorhombic
space group P212121 (no. 19) P212121 (no. 19) P212121 (no. 19) P212121 (no. 19) P212121 (no. 19) P212121 (no. 19)
a [P] 7.5791(1) 9.8252(2) 7.7289(1) 10.3234(1) 8.3149(1) 12.6392(2)
b [P] 14.5153(3) 10.7048(2) 14.7952(2) 11.2280(1) 9.2324(1) 13.3797(2)
c [P] 18.0604(4) 21.0461(5) 18.5079(3) 20.7815(2) 31.4534(4) 28.6812(4)
a [8] 90 90 90 90 90 90
b [8] 90 90 90 90 90 90
g [8] 90 90 90 90 90 90
V [P3] 1986.88(7) 2213.56(8) 2116.39(5) 2408.81(4) 2414.57(5) 4850.24(13)
Z 4 4 4 4 4 8
1calcd [gcm


�3] 1.275 1.259 1.241 1.207 1.220 1.215
m [mm�1] 0.076 0.075 0.074 0.071 0.073 0.072
F(000) 816 896 848 944 944 1888
2qmax [8] 52 50 55 55 50 55
index range �9�h�9 �11�h�11 �10�h�10 �13�h�13 �9�h�9 �15�h�16


�16�k�17 �12�k�12 �19�k�19 �14�k�14 �10�k�10 �17�k�17
�19� l�22 �25� l�25 �24� l�24 �26� l�26 �37� l�37 �37� l�37


measured data 12137 18652 32153 49176 26777 38572
unique data 3840 3891 4758 5524 4239 10827
Rint 0.0347 0.0720 0.0437 0.0431 0.0613 0.0505
parameters/restraints 266/0 293/0 275/0 301/0 310/0 619/0
x 0.1(13) �1.0(17) 0.4(12) 0.1(10) �0.3(13) 0.2(9)
R [I>2s(I)] 0.0353 0.0391 0.0358 0.0338 0.0352 0.0404
wR2 (all data) 0.0780 0.0731 0.0895 0.0855 0.0879 0.0814
max/min difference peak [eP�3] 0.168/�0.176 0.175/�0.201 0.143/�0.176 0.170/�0.197 0.169/�0.194 0.175/�0.212


(SP,S)-12g (RP,S)-12g (RP,S)-12 i (SP,S)-12h (SP,S)-12j (RP,S)-13b (RP,S)-13a


formula C29H33NO C29H33NO C35H31NO C35H31NO C31H28ClNO C31H34BrNO C31H28BrNO
Mr 411.56 411.56 481.61 481.61 465.99 516.50 510.45
size [mm] 0.30O0.45O0.50 0.20O0.30O0.50 0.20O0.30O0.60 0.10O0.45O0.55 0.30O0.40O0.60 0.30O0.45O0.50 0.10O0.15O0.20
crystal system orthorhombic monoclinic orthorhombic orthorhombic orthorhombic monoclinic monoclinic
space group P212121 (no. 19) P21 (no. 4) P212121 (no. 19) P212121 (no. 19) P212121 (no. 19) P21 (no. 4) P21 (no. 4)
a [P] 10.4196(1) 8.6131(2) 9.6992(1) 11.3406(1) 10.2702(1) 9.2280(2) 8.4623(5)
b [P] 12.3668(2) 12.6206(3) 13.1619(2) 13.9049(2) 10.7443(1) 9.4443(2) 10.9824(6)
c [P] 18.1229(3) 11.0941(3) 20.2124(4) 16.1969(2) 22.1974(4) 14.9753(4) 13.2164(10)
a [8] 90 90 90 90 90 90 90
b [8] 90 102.582(1) 90 90 90 99.159(1) 90.095(2)
g [8] 90 90 90 90 90 90 90
V [P3] 2335.26(6) 1177.00(5) 2580.31(7) 2554.09(5) 2449.40(6) 1288.49(5) 1228.28(14)
Z 4 2 4 4 4 2 2
1calcd [gcm


�3] 1.171 1.161 1.240 1.252 1.264 1.331 1.380
m [mm�1] 0.070 0.069 0.073 0.074 0.180 1.619 1.698
F(000) 888 444 1024 1024 984 540 528
2qmax [8] 50 50 50 50 50 55 50
index range �12�h�12 �10�h�10 �11�h�9 �13�h�13 �12�h�12 �11�h�11 �10�h�8


�14�k�14 �15�k�15 �15�k�15 �16�k�16 �12�k�11 �12�k�12 �12�k�13
�21� l�21 �13� l�13 �24� l�24 �19� l�19 �26� l�26 �19� l�19 �15� l�15


measured data 41223 20415 24885 51579 20524 13528 5832
unique data 4098 4137 4543 4499 4301 5686 4085
Rint 0.0516 0.0462 0.0468 0.0439 0.0418 0.0374 0.0352
parameters/restraints 284/0 283/1 338/0 337/0 310/0 310/2 310/2
X 0.1(12) 0.2(12) 0.3(12) 0.4(11) �0.02(5) �0.007(4) �0.009(7)
R [I>2s(I)] 0.0317 0.0344 0.0329 0.0285 0.0307 0.0272 0.0361
wR2 (all data) 0.0777 0.0721 0.0735 0.0687 0.0788 0.0537 0.0605
max/min difference peak
[eP�3]


0.183/�0.159 0.182/�0.212 0.197/�0.171 0.165/�0.147 0.194/�0.267 0.300/�0.348 0.378/�0.297
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(KBr): ñ =3397 (w), 2928 (m), 2854 (m), 1883 (w), 1759 (m), 1500 (m),
1450 (m), 1262 cm�1 (m); MS (70 eV, EI): m/z (%): 515 (78) [M+], 411
(9), 328 (11), 284 (5), 174 (8), 58 (18), 43 (100); HRMS-EI: m/z calcd for
C36H53NO: 515.4127; found: 515.4131. The second band gave the (SP,S)-
diastereomer (30 mg, 16%) as an orange oil. Rf=0.22 (pentane/diethyl
ether=20:1); [a]20D =�76 (c=0.25 in CHCl3);


1H NMR (500 MHz,
CDCl3): d=0.90 (t, J=6.9 Hz, 3H), 1.18–1.27 (m, 21H), 1.31 (d, J=


6.4 Hz, 3H), 1.57–1.63 (m, 3H), 1.73–1.81 (m, 1H), 1.85–1.96 (m, 3H),
1.97–2.06 (m, 1H), 2.46–2.61 (m, 2H), 2.67–2.78 (m, 2H), 2.91–3.10 (m,
3H), 3.17–3.21 (m, 1H), 3.26 (ddd, J=13.3, 8.2, 1.6 Hz, 1H), 3.41 (ddd,
J=12.8, 10.3, 2.4 Hz, 1H), 3.69 (p, J=6.3 Hz, 1H), 6.12 (d, J=7.4 Hz,
1H), 6.35 (dd, J=7.8, 1.7 Hz, 1H), 6.38 (d, J=7.4 Hz, 1H), 6.52 (dd, J=


7.8, 1.6 Hz, 1H), 6.66 (dd, J=7.7, 1.7 Hz, 1H), 6.98 (dd, J=7.7, 1.7 Hz,
1H), 15.97 ppm (br s, 1H); 13C NMR (125 MHz, CDCl3): d =14.11, 19.42,
22.68, 26.41, 26.63, 28.58, 29.05, 29.16, 29.30, 29.38, 29.53, 29.56, 29.76,
29.87, 30.68, 31.88, 32.22, 33.86, 35.71, 37.39, 44.62, 57.54, 120.41, 124.83,
127.15, 129.65, 130.34, 131.60, 132.24, 136.23, 137.55, 140.19, 140.35,
165.39, 173.23 ppm; IR (KBr): ñ =3435 (w), 2927 (m), 2854 (m), 1750
(m), 1653 (m), 1596 (m), 1450 (m), 1373 (w), 1262 cm�1 (m); MS (70 eV,
EI): m/z (%): 515 (100) [M+], 411 (10), 328 (13), 284 (5), 174 (9), 69
(13), 43 (29); HRMS-EI: m/z calcd for C36H53NO: 515.4127; found:
515.4131.


Crystal structure determinations : The data were collected on a Nonius
Kappa CCD diffractometer at �150 8C using MoKa radiation (l=


0.71073 P). The structures were solved by direct methods (SHELXS-
97).[38] The non-hydrogen atoms were refined anisotropically, and H
atoms were refined using a riding model, H(N,O) free (full-matrix least-
squares refinement on F2, SHELXL-97).[39] The absolute structures were
determined by refinement of FlackQs x-parameter[40] for (RP,S)-13a,
(RP,S)-13b, and (SP,S)-12 j. For the other structures, only the relative con-
figuration was determined from the known chiral center. An empirical
absorption correction was applied for (RP,S)-13b and (RP,S)-13a. For
(RP,S)-12 i an extinction correction was applied. Details of data collection
and refinement are given in Table 4. CCDC-261588 [(SP,S)-11c], CCDC-
261600 [(RP,S)-11 i], CCDC-261599 [(SP,S)-11k], CCDC-261589 [(SP,S)-
12b], CCDC-261591 [(RP,S)-12c], CCDC-261590 [(SP,S)-12c], CCDC-
261592 [(SP,S)-12g], CCDC-261593 [(RP,S)-12g], CCDC-261595 [(RP,S)-
12j), CCDC-261594 [(RP,S)-12j), CCDC-261598 [(SP,S)-12 j], CCDC-
261597 [(RP,S)-13b], and CCDC-261596 [(RP,S)-13a] contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data request/cif.
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Introduction


The discovery of new and efficient synthetic methods for
the formation of bonds between main group elements is of
considerable interest for the general development of molec-
ular and polymeric main group chemistry.[1–3] Transition
metal catalyzed reactions are of widespread importance in
organic chemistry whereas their use in preparative inorganic
chemistry is much less explored. However, examples of the
use of transition metal catalyzed dehydrocoupling reactions
for the preparation of a variety of homo- and heteronuclear
bonds between main group elements have been demonstrat-
ed beginning with the use of titanocene complexes to con-
vert primary silanes to polysilanes in 1986.[4] New classes of
inorganic macromolecules such as polystannanes[5] have
been generated via catalytic dehydrocoupling methods while
several examples of P�P,[6] B�Si,[7] Sn�Te,[8] Si�P,[9] Si�N[10]
and Si�O[11] bond-forming reactions have also been report-
ed.[12] As part of our continuing program to develop novel
extended structures based on main group elements,[13] we
have studied the late transition metal (e.g. rhodium) cata-


Abstract: The dehydrocoupling of the
fluorinated secondary phosphine–
borane adduct R2PH·BH3 (R = p-
CF3C6H4) at 60 8C is catalyzed by the
rhodium complex [{Rh(m-Cl)(1,5-
cod)}2] to give the four-membered
chain R2PH-BH2-R2P-BH3. A mixture
of the cyclic trimer [R2P-BH2]3 and tet-
ramer [R2P-BH2]4 was obtained from
the same reaction at a more elevated
temperature of 100 8C. The analogous
rhodium-catalyzed dehydrocoupling of
the primary phosphine–borane adduct
RPH2·BH3 at 60 8C gave the high mo-


lecular weight polyphosphinoborane
polymer [RPH-BH2]n (Mw = 56170,
PDI = 1.67). The molecular weight
was investigated by gel permeation
chromatography and the compound
characterized by multinuclear NMR
spectroscopy. Interestingly, the elec-
tron-withdrawing fluorinated aryl sub-
stituents have an important influence


on the reactivity as the dehydrocou-
pling process occurred efficiently at the
mildest temperatures observed for
phosphine–borane adducts to date.
Thin films of polymeric [RPH-BH2]n
(R = p-CF3C6H4) have also been
shown to function as effective nega-
tive-tone resists towards electron beam
(e-beam) lithography (EBL). The re-
sultant patterned bars were character-
ized by scanning electron microscopy
(SEM), atomic force microscopy
(AFM) and time-of-flight secondary
ion mass spectrometry (TOF-SIMS).
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lyzed formation of phosphorus�boron bonds, and its appli-
cation to the dehydrocoupling of phosphine–borane adducts
of the type R2PH·BH3 and RPH2·BH3. This has resulted in
the development of new synthetic routes to phosphine–
borane rings, chains and macromolecules.[14–17] In addition,
the catalytic dehydrocoupling approach has been extended
to amine–borane adducts to yield cyclic products with B�N
skeletons.[18]


The electronic nature of the substituents at phosphorus in
phosphine–borane adducts might be expected to significant-
ly influence both the rate of dehydrocoupling and the poly-
mer properties. The observation that the catalytic dehydro-
coupling of PhPH2·BH3 and Ph2PH·BH3 is more facile com-
pared with that of iBuPH2·BH3 and iBu2PH·BH3


[16] as well
as tBu2PH·BH3


[19] is likely associated with differences in the
polarity of the P�H bonds. The strong (+)-inductive effect
of the alkyl group attached to phosphorus is expected to de-
crease the polarity of the P-H functionality, which in turn,
would be anticipated to render the bond less reactive for
catalytic dehydrocoupling with Bd+�Hd� bonds.[16] Converse-
ly, the presence of electron withdrawing substituents on
phosphorus would be expected to make metal-catalyzed de-
hydrocoupling reactions more favourable. Furthermore, the
presence of the fluorinated substituents would represent a
significant new structural variation for polyphosphinobor-
anes as this would be expected to introduce additional
useful properties.[20] With these considerations in mind, in
this paper we report our work on the synthesis and catalytic
dehydrocoupling behaviour of the fluoroaryl-substituted
phosphine–borane adducts (p-CF3C6H4)2PH·BH3 and (p-
CF3C6H4)PH2·BH3. Furthermore, we describe preliminary
investigations into the use of polymeric fluorinated phosphi-
noboranes as resists towards electron beam (e-beam) lithog-
raphy (EBL).


Results and Discussion


Synthesis and characterization of secondary and primary
phosphine-borane adducts 1 and 2 : We have previously
shown that primary phosphine–borane adducts RPH2·BH3
(R = Ph, iBu, p-nBuC6H4, p-dodecylC6H4) undergo rhodi-
um-catalyzed dehydrocoupling between 90–130 8C to yield
moderate to high molecular weight polyphosphinobor-
anes.[15,16] The synthesis of these polymers was most effec-
tively achieved using rhodium (pre)catalysts [{Rh(m-Cl)(1,5-
cod)}2], [Rh(cod)2]OTf, anhydrous RhCl3, or RhCl3·xH2O
(ca. 1–2 mol% Rh). Previously, it was shown by 31P and
11B NMR spectroscopy that in the absence of Rh catalyst,
the reactions are very slow and yield poorly defined oligo-
meric materials that appear to have branched structures.[15]


To investigate whether aryl-substituted monomers bearing
electronegative groups are indeed more reactive than those
previously studied, we synthesized and investigated the
para-substituted phosphine–borane adducts (p-
CF3C6H4)2PH·BH3 1 and (p-CF3C6H4)PH2·BH3 2. The secon-
dary phosphine–borane adduct 1 was isolated as a colorless


oil in 72% overall yield in four steps from PCl3 by using a
protection–deprotection sequence (Scheme 1).
The primary phosphine–borane adduct 2 was prepared in


an analogous manner to 1 and was isolated as a white solid
in 64% overall yield via the procedure shown in Scheme 2.


Characterization of 1 and 2 was achieved by 1H, 31P, 13C,
19F and 11B NMR spectroscopy and mass spectrometry,
which afforded spectra completely consistent with the as-
signed structures. For example, the 31P NMR spectrum of 1
displayed a doublet (1JPH=386 Hz) due to coupling to one
PH proton while 2 exhibited a triplet (1JPH=370 Hz) due to
the presence of the PH2 moiety when the


1H coupled spec-
trum was recorded. The 1H NMR spectrum of 2 reflected
the greater acidity of the PH2 protons relative to those in
PhPH2·BH3 in accordance with the electron withdrawing tri-
fluoromethyl functionalities on the phenyl ring of 2. The
signal for the PH2 protons in PhPH2·BH3 was observed at d


5.51 ppm[21] while the signal for 2 was detected further
downfield at d 5.60 ppm.
Single crystals of 1 suitable for X-ray analysis were ob-


tained by cooling the neat compound to �30 8C. The geome-
try around phosphorus and boron is approximately tetrahe-
dral, and their substituents are oriented in a staggered con-
formation (Figure 1). The smallest angle at phosphorus is
101.1(9)8 (H(1P)-P(1)-C(1)), and the largest is 115.6(9)8
(H(1P)-P(1)-B)1)) while the angles at boron range from
103.8(13) to 115(2)8. The P�B bond length of 1.917(2) K in
1 is typical for a P�B single bond (1.90–2.00 K)[22] and no in-
termolecular hydrogen bonding between P�H and B�H sub-
stituents was observed.
Single crystals of 2 suitable for X-ray analysis were also


obtained by cooling the neat phosphine–borane adduct (to
�35 8C) over several days (Figure 2a and b). Compound 2
was also found to possess a staggered geometry around the


Scheme 1.


Scheme 2.
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tetrahedral phosphorus and boron atoms with a P�B bond
length of 1.900(3) K. In a similar manner to the molecular
structure of PhPH2·BH3,


[15] close intermolecular P-Hd+


···d�H-B contacts were found between two molecules of 2
creating a centrosymmetric dimer. The closest contacts were
found to be 2.308 K, however, these distances are underesti-
mated due to the systematic error in determining hydrogen
positions in X-ray structures. After standardization with a
value of 1.21 K used for B�H bonds (established by neutron
diffraction)[23] and 1.40 K for P�H bonds (determined by mi-
crowave spectroscopy),[24] the H···H distances were found to
be 2.230 K. This value is significantly shorter than the sum
of the van der Waals radii for two hydrogen atoms (2.4 K)
suggesting an attractive P-Hd+ ···d�H-B interaction exists as a
result of the oppositely charged hydrogen atoms. Further-
more, the P-H···H angle (165.86(2.37)8) is more linear rela-
tive to the B-H···H angle (134(3)8), which is also observed
for most compounds with an N-Hd+ ···d�H-B interaction.[23]


Rhodium-catalyzed dehydrocoupling of the secondary phos-
phine–borane adduct (p-CF3C6H4)2PH·BH3 (1)—Synthesis
and characterization of (p-CF3C6H4)2PH-BH2-(p-
CF3C6H4)2P-BH3 (3): The dehydrocoupling of 1 was found
to be catalyzed by the rhodium complex [{Rh(m-Cl)(1,5-
cod)}2] at 60 8C over 15 h affording the linear dimer (p-
CF3C6H4)2PH-BH2-(p-CF3C6H4)2P-BH3 (3) (Scheme 3) in
69% yield. Pure 3 was obtained by recrystallization from di-
ethyl ether as a colorless, air- and moisture-stable crystalline
solid.
The 31P{1H} NMR spectrum of 3 in CDCl3 showed two


broad resonances at d �2.1 [(p-CF3C6H4)2PH] and at d


�14.7 ppm [(p-CF3C6H4)2P]. The resonance at d �2.1 ppm
was further split into a doublet in the 1H coupled 31P NMR
spectrum (1JPH=437 Hz). The 11B{1H} NMR spectrum of 3
also showed two broad lines centered at d �33.6 ppm [BH2]
and d �37.8 ppm [BH3]. The


1H NMR spectrum of 3


showed a doublet of multiplets centered at d 6.98 ppm
(1JPH=425 Hz, PH proton) and two sets of broad resonances
assigned to the BH2 and BH3 protons centered around 1.00
and 2.40 ppm, respectively. When compared with Ph2PH-
BH2-PPh2-BH3, obtained from heating neat Ph2PH·BH3 at
90 8C with a Rh (pre)catalyst, we observed almost indistin-
guishable 1H NMR spectroscopic data.[15]


Figure 1. Molecular structure (p-CF3C6H4)2PH-BH3 (1). Selected bond
lengths [K] and angles [8]: P(1)�B(1) 1.917(2), P(1)�H(1P) 1.37(2),
B(1)�H(1B) 1.12(2), B(1)�H(2B) 1.07(3), B(1)�H(3B) 1.09(3); H(1P)-
P(1)-B(1) 115.6(9), H(1B)-B(1)-P(1) 103.8(13), H(2B)-B(1)-P(1)
104.5(15), H(3B)-B(1)-P(1) 105.8(15).


Figure 2. a) Molecular structure p-CF3C6H4PH2-BH3 (2) and its symme-
try-related neighbour. Selected bond lengths [K] and angles [8]: P(1)�
B(1) 1.900(3), P(1)�H(1P) 1.29(3), P(1)�H(2P) 1.42(3), B(1)�H(1B)
1.11(3), B(1)�H(2B) 1.16(3), B(1)�H(3B) 1.11(4); H(1P)-P(1)-B(1)
111.8(12), H(2P)-P(1)-B(1) 112.5(11), H(1B)-B(1)-P(1) 108.4(14), H(2B)-
B(1)-P(1) 108.2(16), H(3B)-B(1)-P(1) 98.9(19); b) molecular structure p-
CF3C6H4PH2-BH3 (2) and its symmetry-related neighbour (symmetry
code “A”: x, 0.5�y, 0.5+z), showing weak intermolecular H···H interac-
tions; selected bond angles [8]: B(2)-H(5B)-H(4PA) 134(3), P(2A)-H-
(4PA)-H(5B) 165.9(2.4).


Scheme 3.
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Single-crystal X-ray analysis of compound 3 confirmed
the assigned structure based on a PBPB chain (Figure 3).
The geometries around B(1), B(2), P(1) and P(2) are ap-
proximately tetrahedral, with bond angles varying from
104.1(18) to 112.4(16)8, 106.8(18) to 113(3)8, 103.3(12) to
115.46(18)8 and 102.83(15) to 112.95(19)8, respectively. All
three P–B distances are in the single bond range with P(1)–
B(1) 1.916(4), P(2)–B(1) 1.935(4) and P(2)–B(2) 1.929(4) K.


Interestingly, no transformation of 1 into 3 occurs when
the compound is heated in the melt in the absence of Rh
catalyst under the same conditions (60 8C, 15 h) verifying
the crucial role the catalyst plays in the dehydrocoupling re-
action at this temperature. Moreover, the catalytic reaction
conditions employed to form Ph2PH-BH2-PPh2-BH3 from
Ph2PH·BH3 (90 8C, 15 h) are more forcing compared to
those required to form 3. This significant difference in reac-
tion temperature can likely be attributed to the presence of
the electron-withdrawing trifluoromethyl substituents on the
phenyl rings of the phosphorus atom of 1 compared with
Ph2PH-BH3 as this is the only variance in composition be-
tween the two compounds.


Synthesis and characterization of [(p-CF3C6H4)2P-BH2]3
(4a) and [(p-CF3C6H4)2P-BH2]4 (4b): When neat 1 and �
1–2 mol% [{Rh(m-Cl)(1,5-cod)}2] were heated at 100 8C for
15 h, the linear compound 3 was no longer observed as the
reaction product. Instead a mixture of cyclic trimer 4a and
cyclic tetramer 4b was isolated (Scheme 4).
Multinuclear NMR studies of 4a and 4b revealed that


there are virtually no differences in their 31P and 11B NMR
spectra. For example, the 31P NMR spectrum of the mixture
revealed a broad signal centered at d �18.5 ppm, which is
similar to that of [Ph2P-BH2]3 and [Ph2P-BH2]4 centered at d


�18.2 ppm.[15] However, the 1H NMR spectrum in [D8]THF
showed two sets of aromatic protons that were assigned to
4a and 4b, respectively, in the ratio of 4:1.
It was possible to isolate pure samples of the cyclic tet-


ramer 4b, which is significantly less soluble in dichlorome-
thane than trimer 4a. Although we have been unable to iso-
late single crystals of 4a for X-ray analysis from diethyl
ether and THF solutions, single crystals of 4b were obtained
from the slow evaporation of a THF solution. From these
crystals, an X-ray diffraction study was carried out which
proved the eight-membered ring structure of 4b (Figure 4).


In an analogous manner to the structure of [Ph2P-BH2]4,
molecules of 4b were found to exist in a boat–boat confor-
mation and possess similar bond lengths and bond angles to
those found in the former compound.[15] The P–B single
bond lengths are 1.933(5) and 1.956(5) K. The B-P-B and
the P-B-P bond angles are 120.5(3) and 112.9(2)8, respec-
tively. The B-P-B bond angle deviates from the expected tet-
rahedral value (ca. 1098) possibly due to steric interactions
between the aryl groups.


Figure 3. Molecular structure (p-CF3C6H4)2PH-BH2-(p-CF3C6H4)2P-BH3
(3). Selected bond lengths [K] and angles [8]: P(1)�B(1) 1.916(4), P(2)�
B(1) 1.935(4), P(2)�B(2) 1.929(4), P(1)�H(1P) 1.30(3), B(2)-P(2)-B(1)
112.95(19), H(1P)-P(1)-B(1) 114.9(12), P(1)-B(1)-P(2) 108.7(2). Hydro-
gen atoms attached to phenyl rings are omitted.


Scheme 4.


Figure 4. Molecular structure [(p-CF3C6H4)2P-BH2]4 (4b). Selected bond
lengths [K] and angles [8]: P(1)�B(1) 1.956(5), P(1)�B(1)#1 1.933(5),
P(1)#2�B(1) 1.933(5), B(1)#1-P(1)-B(1) 120.5(3), P(1)#2-B(1)-P(1)
112.9(2). Hydrogen atoms attached to phenyl rings are omitted.
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Heating 1 alone at 100 8C for 15 h in the absence of Rh
catalyst does not lead to the ring systems 4a and 4b. How-
ever, approximately 50% of the monomer does undergo de-
hydrocoupling at this temperature to afford 3. The reaction
conditions employed to prepare [Ph2P-BH2]x (x=3, 4) in-
volved heating Ph2PH·BH3 with RhI (pre)catalysts to
120 8C.[15] In comparison, it is likely that the decrease in de-
hydrocoupling temperature by 20 8C reflects the increased
acidity and reactivity of the P-H functionality in 1 compared
with that in Ph2PH·BH3.


Rhodium-catalyzed dehydrocoupling of the primary phos-
phine-borane adduct (p-CF3C6H4)PH2·BH3 (2): Synthesis
and characterization of polyphosphinoborane [(p-
CF3C6H4)PH-BH2]n (5): Upon treatment of neat 2 with a
catalytic amount (2.5 mol%) of [{Rh(m-Cl)(1,5-cod)}2] at
60 8C for 9 h, dehydrocoupling was observed with the reac-
tion mixture gradually becoming viscous after several hours.
Dissolution of the orange residue in THF and subsequent
precipitation into pentane gave light brown fibers, which
were identified as the polyphosphinoborane 5 (Scheme 5).


The 31P NMR spectrum of 5 showed three resonances that
resemble a 1:2:1 triplet at d �46.9 ppm, which are in close
proximity to the resonance of monomer 2 (d �48.3 ppm).
The appearance of three peaks is consistent with the forma-
tion of an atactic polymer with resolution of the triad struc-
ture. Thus, the possible triad configurations in 5 involve four
distinct tacticity environments composed of two successive
dyads, namely mm, mr, rm, and rr, where m and r are the
meso (adjacent units of the same configuration) and racemic
(adjacent units of opposite configuration) forms, respective-
ly. Since mr and rm configurations are mirror images, they
are indistinguishable by NMR and this leads to the expected
statistical distribution of 1:2:1 in the 31P NMR spectrum.[25]


The resonance centered at d �46.9 ppm split into a broad
doublet (1JPH=354 Hz) when the 1H coupled 31P NMR spec-
trum was recorded, which supported the presence of a single
hydrogen substituent at the phosphorus.
The 1H NMR spectrum of 5 is also consistent with the as-


signed structure and contains broad peaks for the aromatic
protons (d 7.9–6.9) and the BH2 protons (d 1–2), as well as a
broad doublet centered at d 4.42 for the PH group (1JPH=


354 Hz). The 11B NMR spectrum of 5 showed a single broad
resonance at d �34.3, which is consistent with a four-coordi-
nate boron center attached to two phosphorus atoms.[26] The
19F NMR resonance for 5 at d �62.5 ppm differs slightly
from that of monomer 2 (d �63.7 ppm). As previously re-


ported for other polyphosphinoboranes,[15,16] polymer 5 is
also air- and moisture-stable in the solid state.
We have investigated the molecular weight of polymer 5


through gel permeation chromatography (GPC) experi-
ments. Previous studies on solutions of high molecular
weight polymers [RPH-BH2]n (R=Ph, iBu) in THF by using
GPC for molecular weight characterization were found to
be problematic due to facile aggregation and/or adsorption
of the polymer chains to the GPC columns. This behavior is
not surprising as low angle light scattering studies showed
that THF is a q solvent under these conditions.[15,16] Howev-
er, in contrast, GPC analysis of other polyphosphinoboranes
(R = p-nBuC6H4, p-dodecylC6H4) in THF revealed Mw


values that were in fairly good agreement with estimates
provided by hydrodynamic radius data obtained from dy-
namic light scattering.[16] Initial GPC studies of 5 were con-
ducted in THF but consistently indicated long elution times
consistent with column adsorption effects. However, increas-
ing the ionic strength of the eluent by addition of
[Bu4N]Br


[27] was found to lead to well-defined GPC peaks
which showed that the material was of high molecular
weight (Mw = 56170, PDI = 1.67). We presume that the
use of the 3 mm salt solution lowers the affinity of polymeric
5 for the column.[27]


Due to the step-growth nature of the polycondensation
reaction used to form polyphosphinoboranes, very high con-
version (>99%) of the phosphine–borane adducts is re-
quired to obtain high molecular weights. Unfortunately,
there was a general tendency for the neat reaction mixture
to become increasingly viscous during the course of the de-
hydrocoupling reaction and for stirring (using a magnetic
stir bar) to ultimately cease. It was found that for Rh cata-
lyst loadings greater than 5 mol%, rapid solidification of the
reaction mixture occurred at 60 8C and resulting GPC analy-
sis revealed the presence of only oligomeric soluble materi-
al. However, for loadings of 1–3 mol%, high molecular
weight polymer was generated. This may be due to a smaller
number of initiation sites, which would favour the formation
of longer chains before monomer was consumed.
In the absence of catalyst, no reaction was detected at


60 8C under the same conditions. In addition, as noted for
the formation of the linear dimer 3 and cyclic systems 4a
and 4b from fluorinated adduct 1, the dehydrocoupling tem-
perature of 60 8C for the conversion of 2 to 5 in the presence
of a Rh catalyst is much lower than that previously reported
for the conversions of PhPH2·BH3 to [PhPH-BH2]n (90–
130 8C for 6 h) and iBuPH2·BH3 to [iBuPH-BH2]n (120 8C
for 15 h).[16] This demonstrates the significant influence of
changing the substituent at phosphorus in the phosphine–
borane adduct on the reaction conditions. In particular, this
result is important as a high molecular weight polyphosphi-
noborane 5 can now be accessed at a relatively low tempera-
ture. Once again it is likely that the electron-withdrawing p-
CF3C6H4 group increases the polarity of the P�H bond com-
pared with the unsubstituted Ph substituents, rendering the
proton more acidic and therefore more reactive towards de-
hydrocoupling with the hydridic B�H bonds. With a conven-


Scheme 5.
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ient synthetic route to polyphosphinoborane 5 firmly estab-
lished, we performed a preliminary investigation into litho-
graphic applications of thin films of this material.


Direct writing of patterned bars by using electron-beam lith-
ography (EBL) and [(p-CF3C6H4)PH-BH2]n 5 as a resist :
Patterning is of intense current interest in many areas of sci-
ence and technology. This has led to the development of a
wide variety of fabrication methods that accompany a wide
range of available feature sizes.[28,29] For example, techniques
employing focused beams of high energy particles such as
electrons can be used to generate high resolution patterns in
the sub 100 nm range.[30] Furthermore, direct-write EBL is a
mask-less lithography in which a processible resist is re-
quired. A variety of substances have been shown to act as
resists towards EBL including inorganic materials[31,32] and
polymers.[33] An example of the latter is poly(methyl metha-
crylate) (PMMA) which has been used extensively. For in-
stance, monolayer films ranging from one to nine monolay-
ers of PMMA have been shown to act as positive resists by
using relatively low electron beam energies.[33]


We decided to explore the use of 5 as a resist towards
EBL in an effort to modify the characteristics of the surface.
In addition, a thin patterned film of 5 on a Si substrate
could yield excellent control over hydrophobic versus hydro-
philic surfaces. One would expect that the p-CF3 substitu-
ents at phosphorus of 5 would render it relatively hydropho-
bic. Also, preliminary work in our group has indicated that
polyphosphinoboranes are promising preceramic polymers
as they can give high ceramic yields upon pyrolysis at
1000 8C.[16] Consequently, we were motivated to extend this
to a pre-fabricated design of 5 in order to lay the ground-
work for the preparation of patterned boron–phosphide ce-
ramics.
Solutions of 5 in toluene were spin-coated onto silicon


substrates affording uniform films. The thickness and refrac-
tive index of the films were characterized using ellipsometry
and were determined to be 121 � 2 nm and 1.53, respective-
ly. The refractive index value is very close to the fluoroaryl
organic analogue poly(4-trifluoromethylstyrene) which has
been determined as 1.50.[34] E-beam lithography was carried
out by using a converted thermionic DSM 940 (Zeiss) scan-
ning electron microscope (SEM) with an accelerating volt-
age of 25 kV and controlled by a Raith ELPHY lithography
system. Samples were developed through 1 min sonication
in THF prior to characterization. Indeed, resists of 5 were
found to act in a negative-tone fashion as the material that
was exposed to the e-beam was firmly attached to the sub-
strate while unexposed polymer was removed by sonication.
This type of behavior may result from crosslinking of poly-
mer chains via homolytic cleavage of sigma bonds and radi-
cal dimerization in the presence of the e-beam rendering
them insoluble in organic solvents.
Well-ordered arrays of micron-scale bars about 4.0 mmT


0.7 mm (as determined by SEM) were prepared with a dose
of 25 mCcm�2 and a beam current of 5.4 nA. They were
characterized by using SEM, atomic force microscopy


(AFM) and time-of-flight secondary ion mass spectrometry
(TOF-SIMS). As can be seen by SEM, the vast majority of
the bars are well-formed and intact (Figure 5).
Analysis by AFM over a 20 mmT20 mm area of bars gave


an average height of 113 � 2 nm and an average width at
half height of 1.19 � 0.02 mm (Figure 6). As can be seen by
the cross sectional analysis in Figure 6b, the bars exhibit ex-
cellent uniformity both in height and width.


The elemental composition of the array of bars was inves-
tigated using TOF-SIMS. Boron and fluorine elemental
maps over a 40 mmT40 mm area of the array of bars on the
Si substrate were obtained and clearly revealed that boron
and fluorine were concentrated within the bars (Figure 7).
These results show the promising use of 5 as a resist for
EBL. In addition, polyphosphinoboranes are potential pre-
cursors to boron-based ceramics.[16] Future work will involve


Figure 5. SEM image of bars fashioned by EBL using 5 as a resist.


Figure 6. a) Tapping-mode AFM image of lithographically patterned bars
of 5 and b) cross-sectional analysis.


Chem. Eur. J. 2005, 11, 4526 – 4534 www.chemeurj.org D 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4531


FULL PAPERPhosphinoboranes



www.chemeurj.org





studies of the conversion of micro- and nanopatterned
arrays of 5 and related polyphosphinoboranes into ceramic
replicas.[32,35, 36]


Conclusion


The desire to induce catalytic dehydrocoupling of phos-
phine–borane adducts under more mild conditions prompted
our investigations into the use of electron-withdrawing fluo-
rinated phenyl substituents at phosphorus. We anticipated
that the (+)-inductive effect of these substituents on the
protons bound to the phosphorus renders them more acidic
and therefore more reactive towards dehydrocoupling. This
approach was successful, as supported by the Rh catalyzed
dehydrocoupling of neat (p-CF3C6H4)2PH·BH3 1 at 60 8C to
afford the linear dimer (p-CF3C6H4)2PH-BH2-(p-
CF3C6H4)2P-BH3 (3) while at 100 8C, the cyclic species [(p-
CF3C6H4)2P-BH2]3 (4a) and [(p-CF3C6H4)2P-BH2]4 (4b)
were obtained. The temperatures required for all of these
transformations are 20–40 8C less than that of the corre-
sponding dehydrocoupling of Ph2PH·BH3. Analogously,
whereas high molecular weight poly(phenylphosphinobor-
ane) is formed upon heating PhPH2·BH3 at 90–130 8C for 6 h
in the presence of a small quantity of Rh (pre)catalyst,[15, 16]


heating (p-CF3C6H4)PH2·BH3 (2) with the same (pre)catalyst
at 60 8C for 9 h affords high molecular weight polyphosphi-
noborane 5. Lastly, we have shown that thin films of 5 func-
tion as negative-tone resists for EBL as well-ordered, pat-
terned arrays of micron-sized bars were generated by the
direct-write method. AFM indicated that the bars have ex-
cellent structural uniformity while TOF-SIMS confirmed the
elemental composition as the boron and fluorine maps
proved that these elements were localized within the bars.
Future work will involve studies of the pyrolysis of these
and related materials in order to prepare patterned boron
phosphide ceramics.


Experimental Section


General methods : All reactions were performed under an atmosphere of
nitrogen using dry solvents. Workup of all phosphinoborane compounds
was carried out in air. PCl3, HNEt2, p-CF3C6H4Br, nBuLi (1.6m solution
in hexanes), HCl (2.0m solution in diethyl ether), Li[BH4] (Aldrich) were
purchased and used as received. [{Rh(m-Cl)(1,5-cod)}2]


[37] was prepared
following literature procedures. Hexanes was purified using the Grubbs
method.[38] Diethyl ether was dried over Na/benzophenone and distilled
prior to use. Pentane, tetrahydrofuran and dichloromethane were ACS
grade and used as received from ACP Chemicals Inc. NMR spectra were
recorded on a Varian Gemini or Mercury 300 MHz spectrometer. Chemi-
cal shifts are referenced to residual protonated solvent resonances (1H,
13C) or external BF3·Et2O (11B), CFCl3 (


19F) or H3PO4 (
31P) standards.


Mass spectra were obtained with a VG 70–250S mass spectrometer oper-
ating in electron impact (EI) mode. The molecular weight of 5 was esti-
mated by gel permeation chromatography (GPC) using a Viscotek GPC
MAX liquid chromatograph equipped with a Viscotek Triple Detector
Array consisting of a differential refractometer and Ultrastyragel col-
umns with pore sizes of 103–105 K. Polystyrene standards were purchased
from American Polymer Standards and were used for calibration purpos-
es. A flow rate of 1.0 mLmin�1 was used, and the eluent was a 3 mm solu-
tion of tetra-n-butylammonium bromide in THF.


X-ray structural characterization : Diffraction data were collected on a
Nonius Kappa-CCD with graphite-monochromated MoKa radiation (l=


0.71073 K). The data were integrated and scaled with the Denzo-SMN
package.[39] The structures were solved and refined with the SHELXTL-
PC V5.1 software package.[40] Refinement was by full-matrix least-
squares on F 2 of all data (negative intensities included). All molecular
structures are presented with thermal ellipsoids at a 30% probability
level. In all structures, hydrogens bonded to carbon atoms were included
in calculated positions and treated as riding atoms. For structures 1, 2, 3
and 4b the hydrogen atoms attached to boron and phosphorus were lo-
cated and refined with isotropic thermal parameters.


CCDC-258352 (2), -258353 (1), -258354 (3) and -258355 (4b) contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif


Substrate preparation : Silicon (100) substrates were purchased from
Wafer World Inc. and cleaned by successive sonication for 10 min in
CH2Cl2, 2-propanol, piranha solution (30% H2O2/concentrated H2SO4,
1:3 vol%, CAUTION : extremely corrosive!) and deionized water prior
to drying in a jet of filtered air.


Spin-coating : [(p-CF3C6H4)PH-BH2]n (5) was dissolved in dry toluene
(20 mgmL�1) that was filtered with a Whatman 13 mm GD/X nylon sy-
ringe filter (0.45 mm pore size) immediately prior to spin-coating. The
�2 cm2 Si wafer was coated with the polymer solution and immediately
accelerated to 600 rpm for 18 s followed by an increase to 1000 rpm for
60 s.


Ellipsometry : A Sopra (GES-5) spectroscopic ellipsometer acquired y


and D data from 0.62 to 4.00 eV by using the analyzer in a previous
tracking mode and with the integration time for each data point deter-
mined by either the minimum threshold of 2000000 detector counts or
10 s. A Levenberg–Marquardt algorithm was used to fit a three-layer
model of the sample to the experimentally acquired cos(2y)/(sin(2y)-
cos(D)) curves. The three-layer model consisted of a homogeneous crys-
talline Si substrate with 2 nm of native oxide underneath the polymer
layer that was described by a Cauchy dispersion law.


Electron-beam lithography (EBL): The e-beam lithography system was a
converted thermionic DSM 940 (Zeiss) scanning electron microscope.
The system had been converted by implementing an electrostatic beam
blanker and a low hysteresis beam scanning coil. Exposures were carried
out at room temperature on a stage without temperature control capabil-
ities in a vacuum of 10�5 Torr or better. A remote computer (PC), using a
fast IEEE interface drove the beam and the system stage motor through
the Raith Elphy-Plus Pattern generator (32 bits architecture). The system
stage also had a joystick for manual control and its position was moni-


Figure 7. TOF-SIMS elemental maps for B and F of a 40 mmT40 mm
area of bars patterned by EBL using 5 as a resist.
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tored by a laser interferometer (with 5 nm resolution) and read by the
computer. A Faraday cup located on the stage connected to a multimeter
allowed measurement of the beam current by using the remote computer.


Satisfactory results were obtained by using an accelerating voltage of
25 kV and a current of 5.4 nA with a dose of 25 mCcm�2. The sample was
a small silicon wafer (1 cm2) with a [(p-CF3C6H4)PH-BH2]n (5) layer with
a thickness of 121 nm. The sample was developed through 1 min sonica-
tion in THF. The selected pattern was an array of bars (0.5 mmT4.0 mm)
spaced 2.0 mm apart horizontally and 3.0 mm apart vertically.


Scanning electron microscopy (SEM): SEM images were obtained a Hita-
chi S-5200 field-emission electron microscope.


Scanning probe microscopy : Tapping mode atomic force microscopy
(AFM) was performed on a Digital Instruments Multimode IIIa Nano-
scope system using silicon cantilevers with resonant frequencies near
166 kHz. The substrates were mounted on steel sample pucks and
imaged in air by using an E-scanner. Image analysis was performed by
using the Digital Instruments Nanoscope software. All AFM data sets
were collected as 512T512 pixel data sets with a scan rate of ca. 1 Hz.
Images were processed using Digital Instruments Nanoscope software
version 4.42r9 and were flattened using a zero order flatten command.
Noise was filtered out using a low-pass filter command.


Time-of-flight secondary ion mass spectrometry (TOF-SIMS): SIMS anal-
ysis was carried out with a TOF-SIMS IV instrument (Ion-TOF GmbH,
Munster). Surfaces were pre-sputtered with 6 nA Ar+ (500 eV) over a
300T300 mm2 area while monitoring contaminant signals (polydimethyl-
siloxane) for the purposes of cleaning. Analysis was performed with a
pulsed primary ion beam of focused 25 keV 69Ga+ ions incident on the
sample at 458. Boron was mapped by analyzing for the 10B and 11B +
10BH fragments. Fluorine was mapped by analyzing for F� . High spectral
resolution spectra (m/Dm=10000) and high spatial resolution images
(Dl=200 nm) were collected separately. Both high spectral resolution
spectra (“bunched mode”) and high-spatial-resolution spectra (“burst
alignment”-exhibiting unit mass resolution) were collected with a pri-
mary ion current of 2.5 pA over a 40 mmT40 mm area. For both experi-
ments, principal ion dose exceeded the static limit.


(p-CF3C6H4)2PCl : Et2NPCl2 required for this experiment was prepared
according to a literature procedure.[41] nButyllithium (35.4 mL of a 1.6m


solution in hexanes, 56.7 mmol) was slowly added to a solution of p-
CF3C6H4Br (12.8 g, 56.7 mmol) in diethyl ether (400 mL) at 5 8C. The
mixture was stirred for 3 h, and Et2NPCl2 (4.93 g, 28.3 mmol) was slowly
introduced into the flask at 5 8C. The contents of the flask were brought
to room temperature and the mixture was stirred overnight. (p-
CF3C6H4)2PNEt2 was not isolated but rather used in situ.


31P{1H} NMR
(121 MHz, D2O insert in Et2O): d=61.5.


HCl (35 mL of a 2.0m solution in diethyl ether, 71 mmol) was added to
the reaction mixture containing (p-CF3C6H4)2PNEt2 at �78 8C. The mix-
ture was allowed to warm to room temperature and the solvent was re-
moved in vacuo. The residue was dissolved in hexanes (400 mL) and fil-
tered. The filtrate was concentrated and the remaining residue was distil-
led (85 8C, 0.001 mmHg) to yield a colorless oil (16.25 g, 80%). 1H NMR
(300 MHz, C6D6): d=7.17–7.13 (brm, Ar-H); 31P{1H} NMR (121 MHz,
C6D6): d =76.7 (s, (p-CF3C6H4)2PCl);


19F NMR (282 MHz, C6D6): d=


�63.3 (s, (p-CF3C6H4)2PCl).
(p-CF3C6H4)PCl2 : (Et2N)2PCl required for this experiment was prepared
according to a literature procedure.[42] nButyllithium (69 mL of a 1.6m so-
lution in hexanes, 110 mmol) was slowly added to a solution of p-
CF3C6H4Br (25 g, 110 mmol) in diethyl ether (500 mL) at 5 8C. The mix-
ture was stirred for 1 h and (Et2N)2PCl (23.2 g, 110 mmol) was slowly
added to the mixture at 5 8C. The contents of the flask were brought to
room temperature and the mixture was stirred for 2 h. (p-CF3C6H4)P-
(NEt2)2 was not isolated but rather used in situ.


31P{1H} NMR (121 MHz,
D2O insert in Et2O): d =130.


HCl (275 mL of a 2.0m solution in diethyl ether, 550 mmol) was added to
the reaction mixture containing (p-CF3C6H4)P(NEt2)2 at �78 8C. The mix-
ture was allowed to warm to room temperature and stirred for 12 h. The
solvent was removed in vacuo, the solid dissolved in hexanes (500 mL)
and then filtered. The filtrate was concentrated and the remaining oil


was distilled (85 8C, 11 mmHg) to yield a colorless liquid (20.9 g, 77%).
1H NMR (300 MHz, C6D6): d=7.30 (dd, 2H, 3JPH=8.02 Hz, Ar-Hpara),
7.10 (d, 2H, 3JHH=7.95 Hz, Ar-Hmeta); 31P{1H} NMR (121 MHz, C6D6):
d=157 (s, (p-CF3C6H4)PCl2).


(p-CF3C6H4)2PH·BH3 (1): Neat (p-CF3C6H4)2PCl (1.70 g, 4.60 mmol) was
added dropwise to a diethyl ether (20 mL) suspension of LiBH4 (0.10 g,
4.80 mmol) cooled to 5 8C with an ice bath. The mixture became cloudy
immediately and was allowed to stir for 1 h. The diethyl ether was re-
moved in vacuo, the residue dissolved in hexanes (20 mL) and filtered
through Celite. Removal of all volatiles under reduced pressure afforded
(p-CF3C6H4)2PH·BH3 (1) as a colourless oil (1.47 g, 4.37 mmol, 95%).
Single crystals of 1 for X-ray analysis were obtained by cooling the neat
compound to �30 8C. 1H NMR (300 MHz, CDCl3): d = 7.9–7.7 (m, Ar-
H), 6.41 (dm, 1JPH=340 Hz, PH), 1.8–0.6 (brm, BH); 31P NMR
(121 MHz, CDCl3): d = 3.12 (brd, 1JPH=386 Hz, (p-CF3C6H4)2PH);
11B{1H} NMR (160 MHz, CDCl3): d = �40.6 (br, BH3); EI-MS (70 eV):
m/z (%): 322 (100) [M +�BH3].
(p-CF3C6H4)PH2·BH3 (2): Neat (p-CF3C6H4)PCl2 (1.04 g, 4.21 mmol) was
added dropwise to a slurry of Li[BH4] (182 mg, 8.35 mmol) in diethyl
ether (20 mL) at 5 8C. The mixture became cloudy immediately and was
stirred for 1.5 h. The solvent was removed in vacuo, the residue re-dis-
solved in hexanes (20 mL) and then filtered in the presence of Celite. Re-
moval of hexanes under vacuum afforded a colourless oil. Sublimation of
this oil overnight at 25 8C under vacuum gave (p-CF3C6H4)PH2·BH3 (2)
as a white solid (0.654 g, 3.41 mmol, 81%). Single crystals of 2 suitable
for X-ray analysis were obtained by cooling the oil to �35 8C. 1H NMR
(300 MHz, CDCl3): d=7.90–7.74 (m, Ar-H), 5.60 (dm, 2H, 1JPH=370 Hz,
PH2), 0.91 (br (1:1:1:1) q, 3H,


1JBH=104 Hz, BH3);
31P NMR (121 MHz,


C6D6): d=�48.3 (br t, 1JPH=370 Hz, PH2);
11B{1H} NMR (160 MHz,


C6D6): d=�33.6 (brd, 1JPB=49 Hz, BH3);
11B NMR (160 MHz, C6D6):


d=�33.6 (d of q, 1JBH=126 Hz, BH3);
19F NMR (282 MHz, CDCl3): d=


�63.7 (s, CF3); EI-MS (70 eV): m/z (%): 178 (100) [M +�BH3].
(p-CF3C6H4)2PH-BH2-(p-CF3C6H4)2P-BH3 (3): Neat 1 (0.60 g, 1.79 mmol)
and [{Rh(m-Cl)(1,5-cod)}2] (ca. 10 mg, 2 mol% Rh) were stirred at 90 8C
for 14 h. During this period the orange solution gradually solidified. Re-
crystallization from diethyl ether gave colourless crystals of 3 (0.828 g,
1.24 mmol, 69%), which were suitable for single crystal X-ray analysis.
M.p. 155–157 8C; 1H NMR (400 MHz, CDCl3): d = 7.74–7.45 (m, aromat-
ic), 6.98 (dm, 1JPH=425 Hz, PH), 1.9–2.8 (br, BH2), 1.5–0.5 (br, BH3);
31P{1H} NMR (121 MHz, CDCl3): d = �2.13 (br, (p-CF3C6H4)2PH),
�14.7 (br, (p-CF3C6H4)2P); 31P NMR (121 MHz, CDCl3): d = �2.13
(brd, 1JPH=437 Hz, (p-CF3C6H4)2PH);


11B{1H} NMR (160 MHz, CDCl3):
d = �33.6 (br, BH2), �37.8 (br, BH3); 19F NMR (282 MHz, CDCl3): d =


�63.6 (s, (p-CF3C6H4)2P-BH3), �64.0 (s, (p-CF3C6H4)2PH); EI-MS
(70 eV): m/z (%): 656 (21) [M +�BH3], 127 (100) [C6H4CF2+].


Catalytic dehydrocoupling of (p-CF3C6H4)2PH·BH3 at 100 8C : Neat 1
(0.41 g, 1.22 mmol) and [{Rh(m-Cl)(1,5-cod)}2] (4 mg, ca. 1 mol% Rh)
were heated at 100 8C for 15 h, and the resulting solid material was puri-
fied and analyzed as mentioned below.


[(p-CF3C6H4)2P-BH2]3 (4a): Dichloromethane (5 mL) was added to the
above reaction mixture and the suspension was filtered followed by sol-
vent removal giving 4a as a light yellow solid (0.978 g, 0.976 mmol,
80%). M.p. 206–210 8C; 1H NMR (300 MHz, [D8]THF): d = 7.8–7.6
(brm, Ar-Hmeta), 7.53 (d, 3JHH=8.1 Hz, Ar-Hortho), 2.5–1.8 (br, BH2);
31P{1H} NMR (121 MHz, CDCl3): d = �18.1; 11B{1H} NMR (160 MHz,
CDCl3): d = �33.7 (br, BH2); EI-MS (70 eV): m/z (%): 681 (100) [M +


�(p-CF3C6H4)2P].
[(p-CF3C6H4)2P-BH2]4 (4b): To a mixture containing [(p-CF3C6H4)2P-
BH2]3 and [(p-CF3C6H4)2P-BH2]4, prepared by the above procedure, was
added CH2Cl2 (�10 mL) and the mixture stirred for 10 min. The suspen-
sion was filtered and a colourless solid was collected (0.326 g,
0.244 mmol, 20%). Single crystals of 4b for X-ray analysis were obtained
from the slow evaporation of a THF solution. M.p. 260 8C (decomp);
1H NMR (300 MHz, [D8]THF): d = 7.56–7.48 (brm, Ar-Hmeta), 7.30 (d,
3JHH=8.1 Hz, Ar-Hortho), 3.2–2.2 (br, BH2);


31P{1H} NMR (121 MHz,
CDCl3): d = �17.8; 11B{1H} NMR (160 MHz, CDCl3): d = �31.3 (br,
BH2); EI-MS (70 eV): m/z (%): 1334 (19) [M


+], 300 (100) [PC6H3CF3-
(C6H3CF2)


+].
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High molecular weight [(p-CF3C6H4)PH·BH2]n (5): In a typical experi-
ment, neat (p-CF3C6H4)PH2·BH3 (2) (0.155 g, 0.81 mmol) and [{Rh(m-Cl)-
(1,5-cod)}2] (ca. 0.010 g, 2.5 mol% Rh) were stirred for 9 h at 60 8C, gas
evolution was observed and the contents of the flask slowly solidified.
After cooling to room temperature, the resulting dark yellow solid was
dissolved in THF (1 mL), filtered to remove residual catalyst and precipi-
tated into pentane (ca. 150 mL). The light brown fibrous product 5 was
dried under vacuum at 25 8C for 18–24 h and isolated (0.109 g,
0.567 mmol, 70%). GPC analysis (3 mm solution of [Bu4N]Br in THF,
polystyrene standards): Mw=56170, PDI=1.67; 1H NMR (300 MHz,
CDCl3): d = 7.9–6.5 (br, Ar-H), 4.42 (brd, 1JPH=354 Hz, PH), 2.2–0.8
(br, BH2);


11B{1H} NMR (160 MHz, CDCl3): d = �34.3 (br, BH2);
31P{1H} NMR (121 MHz, CDCl3): d = �46.9 (t); 19F NMR (282 MHz,
CDCl3): d = �62.5 (s, CF3).
No reaction was detected by 31P NMR when neat 2 was heated at 60 8C
for 9 h. However, approximately 20% conversion to polyphosphinobor-
ane 5 was observed when neat 2 was heated at 75 8C for 9 h.
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Luminescent Platinum(ii) Terpyridyl Complexes: Effect of Counter Ions on
Solvent-Induced Aggregation and Color Changes


Vivian Wing-Wah Yam,* Kenneth Hoi-Yiu Chan, Keith Man-Chung Wong,* and
Nianyong Zhu[a]


Introduction


The spectroscopic and photophysical behavior of square-
planar platinum(ii) complexes has been extensively studied
in the past few decades, due to their intriguing spectroscopic
and luminescence properties,[1–7] as well as their propensity
to exhibit metal–metal interactions.[2–4] One class of such
compounds is the platinum(ii) terpyridyl complexes, the lu-
minescence behavior of which has been reported.[3–7] Some
of these complexes exhibit rich polymorphism in the solid
state, with their luminescence properties highly dependent
upon the temperature, type of counter ions, and solvents
used for crystallization.[7] It has been suggested that the
solid-state polymorphic behavior of these complexes and the
variation in their luminescence colors are associated with


the extent of metal–metal interactions and p–p stacking of
the polypyridyl ligands.[4,7,8]


Recently, we reported the interesting solid-state poly-
morphism and “solvatochromism” of a platinum(ii) alkynyl
complex, [Pt(tpy)(C�C�C�CH)]OTf (tpy=2,2’:6’,2’’-terpyri-
dine, OTf= trifluoromethanesulfonate).[4] Remarkable color
change and emission enhancement were observed due to
solvent-induced aggregation upon increasing the diethyl
ether content in an acetonitrile/diethyl ether mixture.[4] Al-
though the aggregation properties of platinum(ii) terpyridyl
complexes are known, most of the studies on metal–metal
interactions and p–p stacking have focused on the structures
and crystal packing of these complexes in the solid state,
and the aggregate formation in solution has remained rela-
tively less explored. As an extension of our previous studies,
which showed that solvent-induced aggregation in solution,[4]


as well as the nature of the counter ion in the solid state,
may significantly influence the colors and spectroscopic
properties of these compounds,[5] we investigated the effect
of the nature of the counter ion on the solvent-induced ag-
gregation properties of these platinum(ii) terpyridyl alkynyl
complexes. Herein we describe the preparation and photo-
physical studies of a series of platinum(ii) terpyridyl alkynyl
complexes with various counter anions: [Pt(tpy)(C�C�C�
CH)]X, 1-X (X=OTf� ; PF6


� ; ClO4
� ; BF4


� ; BPh4
�); [Pt-


(tpy)(C�CC6H5)]X, 2-X (X=OTf� ; PF6
� ; ClO4


� ; BF4
�); [Pt-
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(tpy)(C�CC6H4OCH3-4)]OTf, 3-OTf, and Pt(4’-CH3O-tpy)-
(C�CC6H5)]OTf 4-OTf (tpy=2,2’:6’,2’’-terpyridine)
(Figure 1). The effect of counter ions on the characteristics


of the electronic absorption and emission spectra, in re-
sponse to solvent-induced aggregation, is also reported.
Some of these complexes have also been shown to exhibit
anion-induced color changes and may serve as potential
anion probes upon solvent-induced aggregate formation.


Results and Discussion


Syntheses and characterization : Complexes 1-OTf, 2-OTf,
and 3-OTf were synthesized as described previously.[4,5a] The
corresponding derivatives of 1 and 2 containing different
counter anions were prepared by the metathesis reaction in
methanol, by using the respective ammonium or lithium
salts. Interestingly, reaction of [Pt(4’-Cl-tpy)(MeCN)](OTf)2]
with phenylacetylene in refluxing methanol, in the presence
of triethylamine, afforded 4-OTf in satisfactory yield, in
which the chloro group on terpyridine was replaced by the
methoxy moiety. The identities of all complexes were fully
established by performing 1H NMR spectroscopy, IR spec-
troscopy, FAB mass spectrometry, and elemental analyses.


X-ray crystallography : Single crystals of 2-ClO4 (orange
form) were obtained by the slow diffusion of diethyl ether
vapor into an acetonitrile solution of 2-ClO4, and the crystal
structure was determined by conducting X-ray crystallo-
graphic analysis. The molecular structure of the complex
cation of 2-ClO4 is almost identical to that of 2-PF6,


[5a] in
which the platinum metal center adopts a slightly distorted
square-planar geometry, coordinating with one terpyridyl
ligand and one phenylacetylide ligand. Although the molec-
ular structures of the complex cations of 2-PF6 and 2-ClO4


are very similar, their crystal colors (2-PF6, dark brown; 2-
ClO4, orange) are remarkably different. Such drastic color
differences are ascribed to the differences in the crystal
packing as a result of the influence of the counter anions.
According to our previous studies,[5a] the dark brown form


of 2-PF6 showed an extended linear array of molecules in
the crystal packing, with short intermolecular Pt···Pt distan-
ces of between 3.36 and 3.38 L. On the other hand, the crys-
tal packing of 2-ClO4 revealed a head-to-tail stacking that
formed a dimeric structure (Figure 2) with alternating


“short” and “long” Pt···Pt distances of 3.452 and 7.727 L, re-
spectively. In addition, the molecules were arranged in a
zigzag fashion with a Pt-Pt-Pt angle of 103.2o. The dimeric
structure in the crystal packing of 2-ClO4 (orange form) sug-
gests intermolecular Pt···Pt interactions that are confined
mainly within the two metal centers. In contrast, a larger
extent of metal–metal interactions is anticipated in the infin-
ite linear-chain array of 2-PF6 (dark brown form), with
nearly identical short Pt···Pt distances. Similar findings have
also been reported in the crystal packing of the two crystal
forms of 1-OTf, the dark green form and the red form,
which have been obtained by different recrystallization
methods.[4] In general, crystal color that is characteristic of
lower energy absorption would indicate the presence of
shorter Pt···Pt distances or a larger extent of Pt···Pt interac-
tions. Such polymorphism has been well studied in [Pt-
(bpy)Cl2],


[8a,c,d] which exhibits both red and yellow crystal
forms, and in other platinum terpyridyl systems with varia-
tions in either the type of counter ion or the crystal forms.[7a]


Electrochemistry : The cyclic voltammograms of 1-OTf, 2-
OTf, 3-OTf, and 4-OTf in acetonitrile (0.1m nBu4NPF6)
show two quasi-reversible reductions at around �0.96 and
�1.47 V (vs saturated calomel electrode, SCE), and one ir-
reversible oxidation at +1.02 to +1.64 V (vs SCE). The elec-
trochemical data of selected complexes are summarized in
Table 1. In view of the similar potentials for the reductions
and oxidations in 2-OTf and 2-PF6, it is suggested that there
is no significant influence of counter anions on the electro-
chemical processes. In comparison to 2-OTf, 4-OTf, with an
electron-rich, methoxy-substituted terpyridine ligand,
showed more negative potentials for the reduction couples,
whereas in the case of 3-OTf, bearing a methoxy-substituent
on the alkynyl group, a less positive potential for the oxida-
tion wave was observed. With reference to previous studies
on related platinum(ii) complexes,[5a,d,6c] together with the
trend observed in 2-OTf, 3-OTf, and 4-OTf, the two reduc-
tion couples are assigned as the successive one-electron re-
duction of the terpyridine ligand, with some mixing of the


Figure 1. Schematic drawing of platinum(ii) terpyridyl alkynyl complexes
with various counter anions.


Figure 2. Crystal packing diagram of the complex cations of 2-ClO4.
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platinum(ii) metal character. In contrast, the irreversible
anodic waves are assigned as the metal-centered oxidation
from PtII to PtIII, probably mixed with some alkynyl ligand-
centered oxidation. Such assignments are in line with obser-
vations that the reduction of 4-OTf is more difficult relative
to that of 2-OTf, probably because of the presence of an
electron-donating methoxy substituent on the terpyridine
ligand, which would render the p*(tpy) orbital to a higher
energy level. The increased ease of oxidation of 3-OTf is as-
cribed to an increase in the energy of the dp(Pt) orbital,
due to its interaction with the higher-energy, electron-rich
methoxy-substituted alkynyl ligand.


Electronic absorption and emission studies : Dissolution of
complexes 1–4 in acetonitrile gave yellow to orange solu-
tions with similar UV/Vis absorption patterns that included
an intense absorption band at about 280–350 nm and a low-
energy absorption band at around 405–477 nm at 298 K. The
low-energy absorption band shows an energy trend of 3-OTf
(lmax 477 nm)<2-OTf (434 nm)<4-OTf (423 nm). The pho-
tophysical data for these complexes are summarized in
Table 2. With reference to previous spectroscopic work on
platinum(ii) terpyridyl alkynyl systems[3–7] and the observed
energy trend, the higher-energy absorption band is assigned
as intraligand (IL) [p!p*] transitions of the terpyridyl and
alkynyl ligands. The lower-energy absorption band is as-
signed to a metal-to-ligand charge-transfer (MLCT)
[dp(Pt)!p*(tpy)] transition, with some mixing of an alkyn-
yl-to-terpyridine ligand-to-ligand charge-transfer (LLCT)
transition. This is in line with the better electron-donating
ability of C�CC6H4OCH3-4 relative to C�CC6H5, and the
poorer p-accepting ability of 4’-CH3O-tpy relative to tpy.
Complex 2-BF4 was selected for the study of the concentra-
tion effect on electronic absorption spectroscopy, due to it
having the best solubility in acetonitrile solution amongst
the complexes studied. Different concentrations of 2-BF4 in
acetonitrile were prepared, ranging from 5P10�3 to 5P
10�5m, and the UV/Vis absorption spectra of each concen-
tration were recorded (Figure 3). At dilute concentrations
(10�5m), the lowest-energy absorption band was found to be
at around 434 nm, and the growth of an absorption tail


beyond 500 nm was observed for concentrated sample solu-
tions. A plot of the absorbance of 2-BF4 at 560 nm versus
concentration showed a nonlinear relationship that deviates
from BeerQs law. Such a deviation is suggestive of ground-
state complex aggregation in acetonitrile at concentrations
�10�3m.[3a, 7a] The electronic absorption at l>500 nm proba-
bly originates from metal–metal-to-ligand charge-transfer
(MMLCT) transition as a result of the presence of intermo-
lecular Pt···Pt contacts and p–p interactions in solutions of
such high concentrations.


Because different colors of microcrystalline solid samples
were obtained for different counter anions, solid-state ab-
sorption studies of each complex were performed, and the
data are summarized in Table 2. The lowest-energy absorp-
tion band showed a red-shift in energy (ca. 488 nm–685 nm)
relative to that in the solution state, which is probably due
to the presence of Pt···Pt interactions and/or p–p stacking in
the solid microcrystalline samples. A lower absorption
energy was found in the solid-state absorption of 2-PF6


(642 nm) relative to that of 2-ClO4 (488 nm). This is in line
with the stronger Pt···Pt and p–p stacking interactions in 2-
PF6, as revealed by the extended linear array of closely
spaced platinum centers in the crystal packing. The origin of
these low-energy solid-state absorption bands is tentatively
assigned as MMLCT transitions.


Our previous studies on 1-OTf showed that a dramatic
color change of the complex solution from yellow to blue
occurred upon an increase in the diethyl ether composition
in an acetonitrile/diethyl ether mixture.[4] Similar studies
were performed on all other complexes, which showed (with
the exception of 1-BPh4) similar changes in the UV/Vis ab-
sorption spectra. Remarkable color changes from yellow to
blue, magenta, pink, and orange were also observed upon
introduction of diethyl ether to the solutions of complexes
1-OTf, 1-PF6, 1-ClO4, and 1-BF4, respectively. The spectro-
scopic data for these complexes are listed in Table 2. In gen-
eral, the absorbance of the band at 370–470 nm decreases as


Table 1. Electrochemical data.


Complex Oxidation Epa [V]
vs SCE


Reduction E1/2 [V]
vs SCE


1-OTf +1.64 �0.96
�1.43


2-OTf +1.26 �1.06
�1.40


2-PF6
[a] +1.22 �0.97


�1.46
3-OTf +1.07 �1.05


�1.42
3-PF6


[a] +1.02 �1.05
�1.46


4-OTf +1.20 �1.17
�1.47


[a] From reference [5a].


Figure 3. UV/Vis absorption spectral changes of 2-BF4 as concentration
increases from 5P10�5 to 5P10�3m. Inset: plot of absorbance at 560 nm
as a function of concentration.
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a new absorption band at 526–736 nm grows, with well-de-
fined isosbestic points for complexes having OTf� and BF4


�


as the counter ion, upon increasing the diethyl ether con-
tent. The proportions of diethyl ether required to induce for-
mation of the new absorption band and to reach saturation
are about 65–70 and 85–90%, respectively, depending on
the nature of the complex cations and their counter anions.
Figure 4 depicts the representative changes in the electronic
absorption spectra of 1-BF4 and 2-PF6 in various composi-
tions of an acetonitrile/diethyl ether mixture. The dramatic
color changes are ascribed to ground-state oligomerization
or aggregate formation of the complex in solution as a
result of reduced solvation, arising from an increase in the


diethyl ether content. The origin of the new absorption
bands that impart the dramatic color change is tentatively
assigned as MMLCT transition, due to the presence of
Pt···Pt interactions and/or p–p stacking arising from the ag-
gregate formation or oligomerization. Similar to the MLCT
absorptions, the low-energy MMLCT absorptions also show
energy trends, 3-OTf<2-OTf and 2-OTf<4-OTf, which fol-
lows the degree of electron-richness of the substituent on
the alkynyl ligand and the p-accepting ability of the terpyri-
dine group. Interestingly, unlike the MLCT bands in which
the lmax values for the same complex, but with different
anions, are almost identical, the absorption energies of the
MMLCT bands, and hence the associated colors, would vary


Table 2. Photophysical data for 1–4.


Complex Medium (T [K]) Appearance of sample[a] Absorption data Emission
lmax


[b] [nm] (e [dm3mol�1 cm�1]) lem
[c] [nm] (to [ms]) Flum


1-OTf CH3CN (298) 238 (29950), 287 (21360), 312 (11130), 336 (13200),
406 (3940), [614]


670 (0.2), [785] 0.011


solid (298) dark green 685 –[e]


solid (77) dark green –[e]


1-PF6 CH3CN (298) 238 (28420), 286 (20190), 312 (10570), 335 (12290),
405 (3840), [570]


670 (0.2), [726] 0.002


solid (298) dark red 596 800 (0.2)
solid (77) dark red –[e]


1-ClO4 CH3CN (298) 239 (26390), 286 (19520), 312 (10400), 330 (11310),
405 (3540), [542]


670 (0.2), [738] 5P10�4


solid (298) dark red 586 785 (0.2)
solid (77) dark red –[e]


1-BF4 CH3CN (298) 238 (27080), 286 (19560), 311 (11150), 331 (12000),
405 (3610), [526]


670 (0.2), [735] 6P10�4


solid (298) dark brown 556 770 (0.2)
solid (77) dark brown –[e]


1-BPh4 CH3CN (298) 238 (25390), 288 (21080), 312 (11210), 336 (13320),
406 (4050), [–[d]]


–[f] , [–[f]]


solid (298) dark brown –[d] –[f]


solid (77) dark brown –[f]


2-OTf CH3CN (298) 245 (36120), 262 (36980), 284 (23780), 312 (12820),
328 (12595), 342 (14250), 434 (4530), [630]


630 (0.5), [796] 0.012


solid (298) dark green 662 –[e]


solid (77) dark green –[e]


2-PF6 CH3CN (298) 272 (33410), 286(23860), 312 (12450), 328 (12280),
342 (14440), 432 (4430), [650]


630 (0.5), [782] 0.012


solid (298) dark brown 642 –[e]


solid (77) dark brown –[e]


2-ClO4 CH3CN (298) 245 (33620), 262 (34400), 283 (22160), 312 (11880),
328 (11670), 342 (13190), 434 (4180), [634]


630 (0.4), [760] 0.012


solid (298) orange 488 608 (<0.1)
solid (77) orange 640 (0.7)


2-BF4 CH3CN (298) 245 (34480), 262 (35600), 283 (22950), 312 (12490),
328 (12240), 342 (13830), 434 (4380), [724]


630 (0.5), [–[e]] 0.012


solid (298) dark brown 608 787 (<0.1)
solid (77) dark brown 824 (0.7)


3-OTf CH3CN (298) 268 (39570), 307 (13110), 329 (12640), 344 (12160),
418 sh (3240), 477 (4560), [736]


–[f] , [–[e]]


solid (298) dark red 610 784 (<0.1)
solid (77) dark red 813 (0.9)


4-OTf CH3CN (298) 247 (40370), 260 (40060), 283 (33360), 304 (13920),
319 (12750), 337 (13030), 423 (5140), [624]


607 (0.5), [769] 0.025


solid (298) dark red 674 –[e]


solid (77) dark red –[e]


[a] Appearance of the microcrystalline samples. [b] Values in square parentheses refer to absorption bands formed due to solvent-induced aggregation.
[c] Values in square parentheses refer to emission bands formed upon excitation at the isosbestic points of the UV/Vis spectral traces in solution.
[d] MMLCT absorption band not observed. [e] Emission maximum (>850 nm) not located because it is beyond the range of the detector. [f] Non-emis-
sive.
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with the nature of the counter anions involved. Upon sol-
vent-induced aggregation, the solution colors change from
yellow to blue in 1-OTf, to magenta in 1-PF6, to pink in 1-
ClO4, and to orange in 1-BF4. Figure 5 illustrates the color
changes of these four complexes in an acetonitrile/diethyl
ether mixture, and their corresponding electronic absorption
spectra. A strong dependence of the color of the aggregates
of 1 on the nature of the counter anions is observed. Similar-
ly, a change in the MMLCT absorption energies was ob-
served in 2, although these are less readily detected as a
visual color change in response to a change in the nature of
the counter ions. To the best of our knowledge, the present
work represents the first study of its kind on the effect of
counter ion on the aggregation or oligomerization properties
of molecules in the solution state. We suggest that the varia-
tions in the absorption energies of the new bands as a func-
tion of counter ions are due to the different degrees of
Pt···Pt and p–p interactions, depending on the Pt···Pt dis-
tance and the p–p stacking, as well as the degree of aggrega-
tion or oligomerization. The size and shape of the counter
anions probably play crucial roles in governing the degree
of the metal–metal and p–p interactions and oligomeriza-


tion. The less-sensitive shifts in the MMLCT energies in the
series of complexes 2 relative to those of 1 may be ascribed
to the larger steric bulk of the C�CC6H5 group relative to
C�C�C�CH, which reduces the effect of the counter ions
on the packing of the aggregates or oligomers. In addition,
the possibility of interactions or hydrogen bonding between
the acetylenic proton and the anions should also not be ex-
cluded in view of the possible complexation between HX
(X=Br, Cl, F) and acetylene molecules predicted by theo-
retical calculations, and the observation of interactions be-
tween anions and protons attached to unsaturated carbon
backbones.[9] The lack of solvent-induced aggregation in 1-
BPh4, in which a larger size and noncoordinating BPh4


anion was employed, further supports this hypothesis. In
general, assuming that the aggregates or oligomers contain
the same number of repeating units, a lower MMLCT
energy would imply the presence of a stronger Pt···Pt and
p–p interaction. Notably, although the molecular structures
and crystal packings of the related platinum(ii) terpyridyl
complexes [Pt(tpy)Cl]X (X=OTf� , PF6


� , ClO4
� , and Cl�)


have been revealed by X-ray crystallography, no simple sys-
tematic correlation between the nature of anions and their
solid-state colors could be made.[7a] Aggregate solutions of
complexes 2–4 were not as stable as solutions of 1; precipi-
tates were formed upon prolonged standing, probably due
to the poorer solubility of 2–4 in the presence of the aryl al-
kynyl moiety.


In acetonitrile solution at 298 K and upon excitation at
l>400 nm, 1 and 2 (3.5P10�5m), with the exception of 1-
BPh4, exhibit emission bands at around 670 and 630 nm, re-
spectively (Table 2). These probably originate from an excit-
ed state of predominantly 3MLCT character. The blue-shift
in both the absorption and emission bands of 4-OTf relative
to those of 2-OTf is consistent with an assignment of pre-
dominantly MLCT character, as the electron-donating me-
thoxy substituent on the terpyridyl ligand would render the


Figure 4. Changes in UV/Vis absorption of a) 1-BF4 and b) 2-PF6 in ace-
tonitrile (concentration=7P10�5m) as the percentage of diethyl ether in-
creases. Insets: plots of absorbance as a function of diethyl ether compo-
sition.


Figure 5. UV/Vis absorption spectra of 1-OTf, 1-PF6, 1-ClO4, and 1-BF4


in an acetonitrile/diethyl ether mixture (concentration=7P10�5m) at
room temperature. Inset: Photograph of the corresponding solutions dis-
playing the remarkable color differences upon solvent-induced aggrega-
tion. The diethyl ether content from left to right: 86%, 86%, 82%, 82%.
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p*(tpy) orbital to a higher energy level, and hence give rise
to a higher MLCT transition energy. Because the electronic
absorption spectrum of 2-BF4 in acetonitrile showed a
growth in the absorption tail upon increasing the concentra-
tion beyond 10�3m, corresponding studies of this concentra-
tion effect on the emission properties were also performed
within the concentration range 10�6–10�3m. At concentra-
tions higher than 10�3m, a new emission band was formed
with lem beyond 850 nm. Based on the UV/Vis absorption
studies, together with the observation that the corresponding
excitation spectra monitored at 830 nm also showed a tail at
about 650 nm, the new emission band was suggested tenta-
tively to be derived from the 3


MMLCT excited state result-
ing from aggregate formation.


The solid-state emission properties of 1-X were studied.
Although the emission of 1-OTf had a band maximum
beyond the range of the instrument response (>850 nm), 1-
PF6, 1-ClO4, and 1-BF4 displayed a weak emission band at
around 770–800 nm at 298 K, with a shift in the emission en-
ergies to the red at 77 K upon excitation at l>550 nm.
Complex 1-BPh4 was non-emissive at both temperatures. In
contrast, complexes 2–4 showed intense emission bands in
the solid state, with the emission maximum of 2-OTf occur-
ring at wavelengths >850 nm. The solid-state emission
properties appeared to be closely related to the solid-state
absorption properties, with the solid-state emission energy
trend of 2-X closely aligned to that of the absorption energy
trend. Similarly, the low-energy emissions beyond 680 nm in
the solid state probably originate from triplet states of
MMLCT character, associated with the presence of Pt···Pt
interactions.


Apart from the drastic solution color changes resulting
from the formation of a new band in the electronic absorp-
tion spectra of 1–4 (except 1-BPh4) with increasing diethyl
ether content, a new intense emission band with mem beyond
700 nm appeared and grew in intensity with a concomitant
diminishment of the 3MLCT emission band at about 600–
670 nm in solution upon excitation at the isosbestic points
of the UV/Vis spectral traces. The emission changes of 1-
BF4 and 2-PF6 in different compositions of acetonitrile/di-
ethyl ether mixtures are shown in Figure 6, and their excita-
tion bands were observed at 530 and 650 nm, respectively,
upon monitoring at the near infra-red (NIR) emission. The
new absorption bands in the electronic absorption spectra,
and the excitation bands in the excitation spectra monitored
at the corresponding new intense emission bands beyond
700 nm, closely resemble each other. The close resemblance
of the new absorption bands in the electronic absorption
spectra and the excitation bands in the excitation spectra
monitored at the corresponding new intense emission bands
beyond 700 nm, together with the consistency of emission
intensity changes with absorbance changes as a function of
diethyl ether content (Figure 4 inset and Figure 6 inset), sug-
gested that they are derived from the same origin. Accord-
ingly, the new emission bands of 1–4 are probably derived
from states of 3


MMLCT character, resulting from solvent-in-
duced aggregate formation. The occurrence of a higher-


energy emission in 4-OTf relative to that in 2-OTf is also
consistent with the 3MMLCT assignment. In accordance
with the observation of electronic absorption spectral
changes, the emission energies of the new band of 1-OTf, 1-
PF6, 1-ClO4, and 1-BF4 upon formation of aggregates are de-
pendent on the nature of the associated counter anions
(Table 2).


Anion-induced color changes : Addition of 1.5m equivalent
or more of NH4PF6, LiClO4, and NH4BF4 to an acetonitrile
solution of 1-OTf (4P10�5m), followed by the subsequent
addition of diethyl ether to induce aggregate formation,


Figure 6. Corrected emission spectral changes of a) 1-BF4 and b) 2-PF6 in
acetonitrile (concentration=7P10�5m) as the percentage of diethyl ether
increases. Insets: plots of corrected emission intensity versus diethyl
ether composition.
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gave rise to a clear color change from blue to magenta,
pink, and orange, respectively. Similarly, addition of AgOTf
and NH4BF4 to an acetonitrile solution of 1-PF6, followed
by addition of diethyl ether, converted the aggregate so-
lution from magenta to blue and orange, respectively. These
findings demonstrate that these complexes show anion-in-
duced color changes and may have potential as colorimetric
anion probes upon solvent-induced aggregation.


Conclusion


Solvent-induced aggregation of platinum(ii) terpyridyl al-
kynyl complexes gave rise to drastic color changes and emis-
sion enhancement in the NIR region. Counter ions were
shown to play an important role in governing the degree of
aggregation and the extent of interactions within these ag-
gregates. Such dependence of aggregate colors on the nature
of the anions may be explored for applications in the devel-
opment of colorimetric anion probes.


Experimental Section


Materials and reagents : Dichloro(1,5-cyclooctadiene)platinum(ii),
2,2’:6’,2’’-terpyridine, ammonium hexafluorophosphate and ammonium
tetrafluoroborate were obtained from Strem Chemicals. Lithium perchlo-
rate and 4’-chloro-2,2’:6’,2’’-terpyridine (4’-Cl-tpy) were purchased from
Acros Organics. Phenylacetylene and 1,4-bis(trimethylsilyl)-1,3-butadiyne
were obtained from Aldrich Chemical and GFS Chemicals, respectively.
(4-Methoxyphenyl)acetylene was purchased from Maybridge Chemical,
[Pt(tpy)(MeCN)](OTf)2 and [Pt(4’-Cl-tpy)(MeCN)](OTf)2 were synthe-
sized by modification of the literature method.[7b] All solvents were puri-
fied and distilled before use by using standard procedures. All other re-
agents were of analytical grade and were used as received.


Safety note : Perchlorate salts of metal complexes with organic ligands
and LiClO4/MeOH are potentially explosive and should be handled with
care.


Physical measurements and instrumentation : 1H NMR spectra were re-
corded by using a Bruker DPX 300 (300 MHz) or Bruker DPX 400
(400 MHz) Fourier transform NMR spectrometer, with chemical shifts
reported relative to tetramethylsilane (Me4Si). Positive-ion FAB mass
spectra were recorded by using a Finnigan MAT95 mass spectrometer.
IR spectra were obtained as Nujol mulls on KBr disks and a Bio-Rad
FTS-7 Fourier transform infrared spectrophotometer (4000–400 cm�1).
Elemental analyses were performed by using a Carlo Erba 1106 elemen-
tal analyzer at the Institute of Chemistry, Chinese Academy of Sciences.
The electronic absorption spectra were obtained by using a Hewlett–
Packard 8452 A diode array spectrophotometer and a 1 cm or 1 mm
path-length quartz cuvette. The concentrations of solution samples for
electronic absorption measurements were typically in the range of 4P
10�4 to 8P10�5m. Solid samples were freshly recrystallized and the micro-
crystalline samples were sonicated in a beaker containing diethyl ether
solution for five minutes. The finely dispersed sample suspensions were
directly used for solid-state electronic absorption measurements. Steady-
state excitation and emission spectra at room temperature and at 77 K
were recorded by using a Spex Fluorolog-2 Model F111 fluorescence spe-
trofluorometer. Solid-state photophysical studies were carried out with
solid samples contained in a quartz tube inside a quartz-walled Dewar
flask, and all solid samples were freshly recrystallized. Measurements of
the solid-state samples at 77 K were similarly recorded by using liquid ni-
trogen filled in the optical Dewar flask. All solutions for photophysical
studies, with the exception of solution samples for solvent-induced aggre-


gation studies, were degassed on a high-vacuum line in a two-compart-
ment cell consisting of a 10 mL Pyrex bulb and a 1 cm path-length quartz
cuvette, and sealed from the atmosphere by using a Bibby Rotaflo HP6
Telflon stopper. The solutions were rigorously degassed with at least four
successive freeze-pump-thaw cycles. Luminescence quantum yields of 1-
OTf, 1-PF6, 1-ClO4, and 1-BF4 were measured by the optical dilute meth-
od,[10a] using a degassed aqueous solution of [Ru(bpy)3]Cl2 (F=0.042, ex-
citation wavelength at 455 nm)[10b] as the standard, and yields of 2-OTf, 2-
PF6, 2-ClO4, 2-BF4, and 4-OTf were measured by using a degassed aceto-
nitrile solution of [Ru(bpy)3]Cl2 (F =0.062, excitation wavelength at
436 nm)[10c] as the standard. Emission lifetime measurements (concentra-
tion=3.5P10�5m) were performed by using a conventional laser system.
The excitation source used was a 355 nm output (third harmonic) from a
Spectra-Physics Quanta-Ray Q-switched GCR-150–10 pulsed Nd-YAG
laser. Luminescence decay signals were detected by using a Hamamatsu
R928 PMT and recorded on a Tektronix Model TDS-620 A (500 MHz,
2 GSs�1) digital oscilloscope, then analyzed by using a program for expo-
nential fits. Cyclic voltammetric measurements were performed by using
a CH Instruments model CHI 750 A Electrochemical Analyser. Electro-
chemical measurements were performed by using acetonitrile solutions
with 0.1m nBu4NPF6 (TBAH) as the supporting electrolyte at room tem-
perature. The reference electrode was a Ag/AgNO3 (0.1m in acetonitrile)
electrode and the working electrode was a glassy carbon electrode
(Model No. CHI 104, CH Instruments) with a platinum wire as the coun-
ter electrode. The working electrode surface was first polished with 1 mm
alumina slurry (CH Instruments) on a microcloth (Buehler). It was then
rinsed with ultrapure, deionized water and sonicated in a beaker contain-
ing ultrapure water for five minutes. The polishing and sonicating steps
were repeated twice and the working electrode was finally rinsed under a
stream of ultrapure, deionized water. The ferrocenium/ferrocene couple
(FeCp2


+ /0) was used as the internal reference. All solutions for electro-
chemical studies were deaerated with prepurified argon gas prior to
taking measurements.


Crystal structure determination : Single crystals of 2-ClO4 were obtained
by the slow diffusion of diethyl ether vapor into an acetonitrile solution
of the complex. A crystal of dimensions 0.4P0.15P0.1 mm mounted in a
glass capillary was used for data collection at �20 8C by using a MAR
diffractometer with a 300 mm image plate detector and graphite mono-
chromatized MoKa radiation (l =0.71073 L). Data was collected by using
a 28 oscillation step of f, 10 min exposure time, and scanner distance at
120 mm. 100 images were collected. The images were interpreted and in-
tensities integrated by using program DENZO.[11a] The structure was
solved by direct methods employing the SHELXS-97 program.[11b] Pt, Cl,
and most non-hydrogen atoms were located according to direct methods.
The positions of the other non-hydrogen atoms were found after success-
ful refinement by full-matrix least-squares analysis using program
SHELXL-97.[11c] According to this program,[11c] all 3518 independent re-
flections (Rint


[11d] equal to 0.0372, 3085 reflections larger than 4s(Fo))
from a total of 14865 reflections participated in the full-matrix least-
squares refinement against F2. These reflections were in the range �9�
h�9, �21�k�21, �15� l�15, with 2qmax equal to 50.98. One crystallo-
graphic asymmetric unit consists of one formula unit, including one per-
chlorate anion. Convergence ((D/s)max=0.001, average 0.001) for 289 var-
iable parameters by full-matrix least-squares refinement on F2 reaches to
R1=0.0264 and wR2=0.0751, with a goodness-of-fit of 1.107. The final
difference Fourier map shows maximum rest peaks and holes of 0.870
and �1.708 eL�3, respectively. The perspective drawing of the complex
cation of 2-ClO4 and text describing details of crystal and structure re-
finement data are given as Supporting Information. CCDC-261575 (2-
ClO4) contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Center via www.ccdc.ac.uk/data_request/cif.


Syntheses of platinum(ii) complexes [Pt(tpy)(C�C�C�CH)]OTf (1-
OTf): The complex was synthesized as described previously.[4] 1,4-Bis(tri-
methylsilyl)-1,3-butadiyne (304 mg, 1.56 mmol) and potassium fluoride
(136 mg, 2.35 mmol) were placed in a round-bottomed flask and metha-
nol (50 mL) was added. The resultant solution was heated to 50 8C for
30 min. Complex [Pt(tpy)(MeCN)](OTf)2 (300 mg, 0.39 mmol) was added
to the reaction mixture, and the orange solution was stirred at 50 8C for
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5 h. The solvent was then evaporated under reduced pressure. The resi-
due was washed with a small amount of methanol and was then dissolved
in acetonitrile. Subsequent recrystallization by diffusion of diethyl ether
vapor into an acetonitrile solution of the product gave 1-OTf as dark
green crystals. Yield: 150.2 mg (62%). 1H NMR (300 MHz, CD3CN,
298 K): d =8.70 (d, J=5.6 Hz, 2H; tpy), 8.40 (t, J=8.1 Hz, 1H; tpy),
8.32–8.18 (m, 6H; tpy), 7.64 (dt, J=1.5, 5.6 Hz, 2H; tpy), 2.26 ppm (s,
1H; acetylenic H); IR (Nujol): ñ=3480(br) n(O-H), 2156(m), 2010(w) n-
(C�C), 1150(s) cm�1 n(S=O); positive-ion FAB-MS: m/z : 1103
[2M�OTf]+ , 477 [M�OTf]+ ; elemental analysis calcd (%) for
C20H12N3F3SO3Pt·H2O: C 37.34, H 2.17, N 6.52; found: C 37.42, H 1.86,
N 6.68.


[Pt(tpy)(C�CC6H5)]OTf (2-OTf): The complex was prepared according
to modification of a method previously reported by us.[5a] Sodium hydrox-
ide (42 mg, 1.05 mmol) was added to a stirred solution of phenylacety-
lene (80 mg, 0.78 mmol) in methanol (25 mL). The resultant solution was
stirred at room temperature for 30 min. Complex [Pt(tpy)(MeCN)](OTf)2
(543 mg, 0.71 mmol) was added to the reaction mixture, which immedi-
ately became a deep red solution that was then stirred for 12 h at room
temperature. The mixture was filtered and the filtrate was evaporated
under reduced pressure. The product was dissolved in acetonitrile and fil-
tered. Subsequent recrystallization by diffusion of diethyl ether vapor
into an acetonitrile solution of the product gave 2-OTf as dark green
crystals. Yield: 351.4 mg (73%). 1H NMR (400 MHz, CD3CN, 298 K): d=


9.10 (d, J=6.1 Hz, 2H; tpy), 8.37–8.17 (m, 7H; tpy), 7.73 (t, J=6.1 Hz,
2H; tpy), 7.48–7.29ppm (m, 5H; C6H5); IR (Nujol): ñ=2122(m) n(C�C),
1150(s) cm�1 n(S=O); positive-ion FAB-MS: m/z : 529 [M�OTf]+; ele-
mental analysis calcd (%) for C24H16F3N3SO3Pt: C 42.48, H 2.38, N 6.19;
found: C 42.47, H 2.44, N 6.19.


[Pt(tpy)(C�CC6H4-4-OCH3)]OTf (3-OTf): The procedure was similar to
that for 2-OTf, except that (4-methoxyphenyl)acetylene (103 mg,
0.78 mmol) was used in place of phenylacetylene. Yield: 402.1 mg (80%).
1H NMR (400 MHz, CD3CN, 298 K): d=8.81 (d, J=6.5 Hz, 2H; tpy),
8.25–8.17 (m, 3H; tpy), 8.05–7.99 (m, 4H; tpy) 7.60 (t, J=6.6 Hz, 2H;
tpy), 7.26 (d, J=8.8 Hz, 2H; Ph), 6.92 (d, J=8.8 Hz, 2H; C6H4),
3.86 ppm (s, 3H; acetylenic H); IR (Nujol): ñ=3494(br) n(O-H), 2120(w)
n(C�C), 1169(s) cm�1 n(S=O); positive-ion FAB-MS: m/z : 559
[M�OTf]+ ; elemental analysis calcd (%) for C25H18N3F3O4SPt·1.5H2O: C
40.82, H 2.88, N 5.71; found: C 40.75, H 2.80, N 5.83.


[Pt(4’-CH3O-tpy)(C�CC6H5)]OTf (4-OTf): The procedure was similar to
that for 2-OTf, except that [Pt(4’-Cl-tpy)(MeCN)](OTf)2 (568 mg,
0.71 mmol) was used in place of [Pt(tpy)(MeCN)](OTf)2, and the reac-
tion was heated to reflux in methanol for 12 h. Yield: 326.7 mg (65%).
1H NMR (300 MHz, CD3CN, 298 K): d=9.09 (d, J=5.40 Hz, 2H; tpy),
8.31–8.19 (m, 4H; tpy), 7.76 (s, 2H; tpy), 7.69 (t, J=5.7 Hz, 2H; tpy),
7.49–7.28 (m, 5H; C6H5), 4.06 ppm (s, 3H; OCH3); IR (Nujol): ñ=


3450(br) n(O-H), 2122(m) n(C�C), 1147(m) cm�1 n(S=O); positive-ion
FAB-MS: m/z : 559 [M�OTf]+ ; elemental analysis calcd (%) for
C25H18N3F3O4SPt·0.5H2O: C 41.84, H 2.66, N 5.86; found: C 41.71, H
2.56, N 5.76.


General procedure for metathesis reactions : The corresponding deriva-
tives of 1-OTf and 2-OTf containing different counter anions were pre-
pared by metathesis reaction. A saturated methanolic solution of the re-
spective ammonium or lithium salts of the anion was added to a solution
of 1-OTf (100 mg, 0.16 mmol) or 2-OTf (100 mg, 0.15 mmol) in a mini-
mum amount of methanol. The product was isolated by filtration, washed
with methanol, and dried. Subsequent recrystallization of the complexes
was performed by diffusion of diethyl ether vapor into an acetonitrile so-
lution of the metathesized products.


[Pt(tpy)(C�C�C�CH)]PF6 (1-PF6): Yield: 60.7 mg (61%). 1H NMR
(300 MHz, CD3CN, 298 K): d=8.87 (d, J=5.4 Hz, 2H; tpy), 8.42 (t, J=


8.1 Hz, 1H; tpy), 8.33–8.22 (m, 6H; tpy), 7.71 (dt, J=1.5, 5.5 Hz, 2H;
tpy), 2.26 ppm (s, 1H; acetylenic H); IR (Nujol): ñ=3455(br) n(O-H),
2159(m), 2012(w) n(C�C), 840(s) cm�1 n(P-F); positive-ion FAB-MS: m/
z : 477 [M�PF6]


+ ; elemental analysis calcd (%) for
C19H12F6N3PPt·1.5H2O: C 35.14, H 2.22, N 6.47; found: C 35.08, H 1.92,
N 6.62.


[Pt(tpy)(C�C�C�CH)]ClO4 (1-ClO4): Yield: 76.6 mg (83%). 1H NMR
(400 MHz, CD3CN, 298 K): d=8.99 (d, J=5.0 Hz, 2H; tpy), 8.43 (t, J=


8.1 Hz, 1H; tpy), 8.36–8.25 (m, 6H; tpy), 7.76 (dt, J=1.5, 5.6 Hz, 2H;
tpy), 2.24 ppm (s, 1H; acetylenic H); IR (Nujol): ñ=3470(br) n(O-H),
2158(m), 2012(w) n(C�C), 1097(s) cm�1 n(Cl-O); positive-ion FAB-MS:
m/z : 477 [M�ClO4]


+ ; elemental analysis calcd (%) for
C19H12N3ClO4Pt·1.5H2O: C 37.79, H 2.50, N 6.96; found: C 37.50, H 2.19,
N 6.96.


[Pt(tpy)(C�C�C�CH)]BF4 (1-BF4): Yield: 76.7 mg (85%). 1H NMR
(400 MHz, CD3CN, 298 K): d=9.01 (d, J=5.3 Hz, 2H; tpy), 8.44 (t, J=


8.2 Hz, 1H; tpy), 8.38–8.26 (m, 6H; tpy), 7.77 (dt, J=1.5, 5.6 Hz, 2H;
tpy), 2.24 ppm (s, 1H; acetylenic H); IR (Nujol): ñ=3485(br) n(O-H),
2158(m), 2012(w) n(C�C), 1046(s) cm�1 n(B-F); positive-ion FAB-MS:
m/z : 477 [M�BF4]


+ ; elemental analysis calcd (%) for
C19H12F4N3BPt·2H2O: C 38.02, H 2.69, N 7.00; found: C 37.87, H 2.30, N
6.98.


[Pt(tpy)(C�C�C�CH)]BPh4 (1-BPh4): Yield: 99.3 mg (78%). 1H NMR
(400 MHz, CD3CN, 298 K): d=8.95 (d, J=5.4 Hz, 2H; tpy), 8.45 (t, J=


8.1 Hz, 1H; tpy), 8.40–8.25 (m, 6H; tpy), 7.76 (dt, J=1.5, 5.8 Hz, 2H;
tpy), 2.29 ppm (s, 1H; acetylenic H); IR (Nujol): ñ=2156(m),
2010(w) cm�1 n(C�C); positive-ion FAB-MS: m/z : 477 [M�BPh4]


+ ; ele-
mental analysis calcd (%) for C43H32N3BPt: C 64.83, H 4.05, N 5.27;
found: C 64.63, H 3.95, N 5.54.


[Pt(tpy)(C�CC6H5)]PF6 (2-PF6): Yield: 60.7 mg (60%). 1H NMR
(300 MHz, CD3CN, 298 K): d=8.67 (d, J=6.1 Hz, 2H; tpy), 8.25–8.02
(m, 7H; tpy), 7.55 (t, J=6.5 Hz, 2H; tpy), 7.43–7.19 ppm (m, 5H; C6H5);
IR (Nujol): ñ=2126(m) n(C�C), 841(s) cm�1 n(P-F); positive-ion FAB-
MS: m/z : 529 [M�PF6]


+ ; elemental analysis calcd (%) for
C23H16F6N3PPt: C 40.90, H 2.37, N 6.23; found: C 40.87, H 2.36, N 6.23.


[Pt(tpy)(C�CC6H5)]ClO4 (2-ClO4): Yield: 62.2 mg (66%). 1H NMR
(300 MHz, CD3CN, 298 K): d=9.16 (d, J=6.2 Hz, 2H; tpy), 8.41–8.17
(m, 7H; tpy), 7.75 (t, J=6.5 Hz, 2H; tpy), 7.51–7.30 ppm (m, 5H; C6H5);
IR (Nujol): ñ =2122(m) n(C�C), 1095(s) cm�1 n(Cl-O); positive-ion FAB-
MS: m/z : 529 [M�ClO4]


+ ; elemental analysis calcd (%) for
C23H16ClN3O4Pt: C 43.92, H 2.56, N 6.68; found: C 43.69, H 2.62, N 6.35.


[Pt(tpy)(C�CC6H5)]BF4 (2-BF4): Yield: 69.3 mg (75%). 1H NMR
(300 MHz, CD3CN, 298 K): d=9.02 (d, J=6.3 Hz, 2H; tpy), 8.35–8.12
(m, 7H; tpy), 7.69 (t, J=6.0 Hz, 2H; tpy), 7.45–7.29 ppm (m, 5H; C6H5);
IR (Nujol): ñ =3450(br) n(O-H), 2122(m) n(C�C), 1056(s) cm�1 n(B-F);
positive-ion FAB-MS: m/z : 529 [M�BF4]


+ ; elemental analysis calcd (%)
for C23H16F4N3BPt·0.5H2O: C 44.18, H 2.74, N 6.72; found: C 44.30, H
2.74, N 6.72.
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Does a Stabilising Interaction Favouring the Z,Z Configuration of
�S-N=S=N-S� Systems Exist?


Karla Tersago,[a] Marcos Mandado,[a] Christian Van Alsenoy,[a] Irina Yu. Bagryanskaya,[b]


Mikhail K. Kovalev,[c] Alexander Yu. Makarov,[b] Yuri V. Gatilov,[b]


Makhmut M. Shakirov,[b] Andrey V. Zibarev,*[b, d] and Frank Blockhuys*[a]


Introduction


Polyconjugated sulfur–nitrogen compounds of the type Ar-
Sk-(N=S=N-S)l-N=S=N-Sm-Ar, where k, m 2 [0, 1] and l 2
[0, 1, 2, 3, …] and in particular the extended chains with l �
1,[1–4] are oligomeric analogues of poly(sulfur nitride) or
(SN)x, a molecular metal and low-temperature superconduc-
tor.[5,6] These materials have possible applications as molecu-


lar wires in the field of molecular electronics.[2,7,8] It is
known that the molecular geometry of catenated sulfur–ni-
trogen compounds, based on the three possible orientations
of the substituents at each N=S=N fragment—Z,E, Z,Z and
E,E, of which the Z,E configuration usually is the most
stable[9,10]—depends on the stereoelectronic demand of the
a,w-substituents in an unpredictable way. In many cases se-
verely nonplanar molecular conformations were ob-
served[11,12] which are in effect useless for molecular elec-
tronics due to the broken p-conjugation.


Previously, it was found for derivatives of 1,5-diaryl-2,4-
diaza-1,3,5-trithia-2,3-pentadiene (Ar-S-N=S=N-S-Ar, k =


m = 1 and l = 0) for which the peripheral aryl groups are
C6H5 and 4-ClC6H4, that in the crystal they adopt the Z,Z
configuration featuring a planar sulphur–nitrogen fragment
in which the SII···SII distance is significantly shorter than the
sum of the van der Waals radii of the atoms.[13,14] This con-
figuration was later rationalised by Rzepa et al. in terms of
MO theory: according to the data of MNDO and HF/6-
31G* calculations on model compounds such as H-S-N=S=


N-S-H, the Z,Z configuration was said to be stabilised by
the interaction of the n(N) orbitals with the n[SII] orbi-
tals.[15,16] This s,s interaction should logically lead to the
presence of bonding electron density in the area between
the two SII atoms due to which the SII···SII distance is short-
ened to about 3.20 A,[13,14] while the sum of the van der


Abstract: The existence of the orbital
interaction presented in the literature
as being the cause for the stabilisation
of the Z,Z configuration of Ph-S-N=S=


N-S-Ph (1) and its derivatives in the
crystal phase, has been investigated.
The results of theoretical calculations
at the DFT/B3LYP/6-311+G* level of
theory suggest that such a stabilising
interaction might not exist or be ex-
tremely weak and that packing forces


must be the main cause of the observed
Z,Z configuration in the solid. To
reach this conclusion structural and en-
ergetic parameters were combined to
study the bonding in these -S-N=S=N-
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the variable-temperature 77Se NMR
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Waals radii is 3.60 A; for a minireview of weakly bonding in-
teractions in organochalcogen chemistry, see reference [17].


It is interesting to note that in a number of the more
recent publications[7,10–12] regarding the conformation of sim-
ilar systems, the authors consistently refer to RzepaPs
work[15,16] for the explanation of the S···S interaction deter-
mining the conformational preference, even though this in-
formation is now over a decade old and the conclusions
were based on the results of low-level quantum chemical
methods. Additionally, Leitch suggested in his original paper
on the crystal structure of 1,5-diphenyl-2,4-diaza-1,3,5-tri-
thia-2,3-pentadiene from 1973, that “the outer sulfur atoms
open out the systems rather than pull it together”;[13] his
conclusion was based on a careful interpretation of the va-
lence angles in the -S-N=S=N-S- fragment and almost sug-
gests a repulsive effect. To deal with these apparent incon-
sistencies we have thoroughly re-investigated the different
possible configurations and conformations of 1,5-diphenyl-
2,4-diaza-1,3,5-trithia-2,3-pentadiene, Ph-S-N=S=N-S-Ph (1)
(see Figure 1), by means of high-level quantum chemical cal-


culations at the DFT/B3LYP/6-311+G* level of theory. The
suggested interaction between the sulfur atoms has been
studied by combining structural and energetic parameters
but no definitive proof of its existence was found. Investiga-
tion of the bonding in the diselena derivative of 1, 1,5-di-
phenyl-2,4-diaza-1,5-diselena-3-thia-2,3-pentadiene, Ph-Se-
N=S=N-Se-Ph (2) (see Figure 1), in combination with varia-
ble-temperature 77Se NMR in solution strengthens the idea
that the proposed[15,16] stabilising interaction might not exist
and that packing forces are the main cause of the observed
Z,Z configuration in the solid.


Results and Discussion


X-ray molecular structures : As is the case for the parent
compound 1, for derivative 2 the conformer with the Z,Z
configuration is found in the crystal as can be seen in
Figure 2 and from the data in Table 1; the chalcogen–nitro-
gen moiety is nearly planar to within 0.021 A. The dihedral


angles between the -Se-N=S=N-Se- plane and the two
planes of the aromatic rings are 28.03(14) and �28.03(14)8,
while the dihedral angle between the planes of the phenyl
rings is 55.33(14)8. The lengths of the Se�N and S�N bonds
are 1.833(5) and 1.520(4) A, respectively; based on these
values the former can be described as a single and the latter
as a double bond. The latter value is close to the one found
for the dithia analogue 1 of which the experimental geomet-
rical data[13] can be found in Table 2; yet the S=N distance is
longer by about 0.01 A (XRD) in the parent compound 1.
The nonbonded Se···Se distance of 3.418(1) A is considera-
bly shorter than the sum of the van der Waals radii (3.80 A).
The N=S=N bond angle is 125.7(4)8 and is also compatible
with the value of the sulfur system. The angles in the
SeNSNSe fragment in the diselena derivative 2 are consis-
tently larger than in the corresponding SNSNS fragment in
1; in contrast, the angles with the phenyl rings are smaller in
2 than in 1. The conformations of these peripheral phenyl
rings, expressed by the torsion angles, are similar for both
compounds.


Overall, the substitution of SII by SeII atoms does not
seem to affect the Z,Z configuration and conformation of
the parent Ph-S-N=S=N-S-Ph (1) to any great extent. A pos-
sible reason for this may be the close similarity of the elec-
tronic (the energies of valence atomic orbitals) and the spa-
tial (van der Waals radius) characteristics of sulfur and sele-
nium atoms. Furthermore, all other structurally character-


Figure 1. Structural formulas of the Z,Z-anti,anti conformers of com-
pounds 1 and 2 ; representative formulas of the Z,E-anti,anti and Z,E-an-
ti,syn have also been given.


Figure 2. X-ray molecular structure of compound 2. For selected bond
lengths and bond angles see Table 1.


Table 1. Selected data comparing solid-state (XRD) and calculated
(B3LYP, re) geometries of compound 2 ; bond lengths in A and bond
angles in degrees. Computational results for the three lowest-energy con-
formers [Z,Z-anti,anti (C2), Z,E-anti,anti (C1) and Z,E-anti,syn (C1)] are
given. See text for details.


Z,Z-a,a Z,E-a,a Z,E-a,s XRD


Se1�N2 1.851 1.842 1.848 1.833(5)
N2�S3 1.566 1.564 1.570 1.520(4)
S3�N4 1.566 1.597 1.581 1.520(4)
N4�Se5 1.851 1.888 1.870 1.833(5)
Se1�C 1.938 1.937 1.935 1.912(5)
Se5�C 1.938 1.936 1.945 1.912(5)
Se1···Se5 3.523 4.880 4.854 3.418(1)
C-Se1-N2 96.7 96.1 96.1 95.9(2)
Se1-N2-S3 128.5 119.1 118.8 128.3(3)
N2-S3-N4 125.7 110.1 110.8 125.7(3)
S3-N4-Se5 128.5 112.8 123.3 128.3(3)
N4-Se5-C 96.7 98.2 104.6 95.9(2)
C-Se1-N2-S3 156.5 176.3 180.0 176.2(3)
Se1-N2-S3-N4 �3.6 0.7 0.0 2.2(5)
N2-S3-N4-Se5 �3.6 �170.6 �180.0 2.2(5)
S3-N4-Se5-C 156.5 �123.6 �0.1 176.2(3)
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ised derivatives of Ar-S-N=S=N-S-Ar (with Ar = 4-
ClC6H4


[14] and 2,4,6-(tert-C4H9)3C6H2, C6F5 and 4-CF3C6F4)
[18]


and Ar-Se-N=S=N-Se-Ar (with Ar = C6F5
[18]) as well as de-


rivatives of R-S-N=S=N-S-R (with R = Ph2C=N)[19] possess
the same Z,Z configuration in the crystal. Thus, in the solid
state this configuration seems to be intriguingly stable to-
wards significant variations in the stereoelectronic demand
of the a,w-substituents.


Calculated gas-phase structures : Calculations on all possible
conformers and isomers of 1 were performed to assess
which are energy minima and which are transition states. In
order to have a complete list of minimum-energy conform-
ers of Ph-S-N=S=N-S-Ph (1) the full potential energy sur-
face was scanned at discrete points by calculating the
energy, the geometry and the force field of every possible
conformer of this compound in every possible symmetry. An
overview of the 25 calculated conformers and the number of
imaginary frequencies can be found in Table 3. The entries
under the heading “configuration” determine the two con-
figurations of the two consecutive S=N bonds, while the en-
tries under the heading “conformation” determine the two
conformations around the two peripheral S�N bonds: anti
denotes an antiperiplanar conformation, while syn a synperi-
planar one. The structures with D2h, D2d and D2 symmetry
contain a linear -S-N=S=N-S- chain, and the two conformers
with C2h symmetry, contain a linear -N=S=N- fragment,
which is clearly unacceptable. Of the 20 remaining possibili-
ties only seven are energy minima—these are the Z,Z-anti,
anti and Z,Z-syn,syn forms with C2 symmetry and the C1-
E,E-anti,syn, C1-Z,E-anti,anti, C1-Z,E-syn,syn, C1-Z,E-anti,
syn and C1-Z,E-syn,anti conformers with C1 symmetry. The
relative energies of these seven conformers have been com-
piled in Table 4.


The data for 1 in Table 4 indicate that the Z,Z-anti,anti
conformer with C2 symmetry is indeed the lowest-energy


one and this is the one that is found in the crystal. Neverthe-
less, there are two other Z,E conformers with an energy low
enough so that they will be present in the gas phase (or in
solution) at room temperature. Based on the results of our
calculations the equilibrium conformer composition at
293 K is 89% C2-Z,Z-anti,anti, 10% C1-Z,E-anti,anti and
1% C1-Z,E-anti,syn. Importantly RzepaPs previous work[15,16]


does not mention the possibility of other low-energy con-
formers besides the Z,Z conformer.


For the diselena derivative only six of the seven confor-
mations found for 1 were calculated and their relative ener-
gies are also given in Table 4; the C2-Z,Z-syn,syn conformer


Table 2. Selected data comparing solid-state (XRD, taken from ref. 13)
and calculated (B3LYP, re) geometries of compound 1; bond lengths in A
and bond angles in degrees. Computational results for the three lowest-
energy conformers [Z,Z-anti,anti (C2), Z,E-anti,anti (C1) and Z,E-anti,syn
(C1)] are given. See text for details.


Z,Z-a,a Z,E-a,a Z,E-a,s XRD


S1�N2 1.688 1.681 1.688 1.659(6)
N2�S3 1.571 1.570 1.574 1.530(4)
S3�N4 1.571 1.599 1.585 1.530(4)
N4�S5 1.688 1.718 1.700 1.659(6)
S1�C 1.789 1.788 1.786 1.758(7)
S5�C 1.789 1.785 1.802 1.758(7)
S1···S5 3.471 4.682 4.648 3.231(6)
C-S1-N2 100.4 99.8 99.7 101.0(2)
S1-N2-S3 129.3 120.9 120.4 126.6(3)
N2-S3-N4 124.7 109.8 110.5 124.8(3)
S3-N4-S5 129.3 115.6 125.7 126.6(3)
N4-S5-C 100.4 100.6 107.2 101.0(2)
C-S1-N2-S3 162.2 176.3 179.5 �173.5(4)
S1-N2-S3-N4 �3.3 �0.8 �1.1 1.4(6)
N2-S3-N4-S5 �3.3 �172.8 177.5 1.4(6)
S3-N4-S5-C 162.2 �141.1 5.6 �173.5(4)


Table 3. Overview of the B3LYP/6-311+G* calculations on all possible
configurations and conformations of compound 1: the configuration, con-
formation, symmetry and number of imaginary frequencies n for each
are given. See text for details.


Symmetry Configuration Conformation n


D2h – – 5
D2d – – 8
D2 – – 7
C2h – – 3


– – 3
C2v Z,Z anti,anti 1


Z,Z syn,syn 3
E,E anti,anti 4
E,E syn,syn 3


C2 Z,Z anti,anti 0
Z,Z syn,syn 0
E,E anti,anti 1


Cs Z,Z anti,anti 1
E,E syn,syn 1
E,E anti,syn 3
Z,E anti,anti 1
Z,E syn,syn 3
Z,E anti,syn 1
E,E anti,anti 1[a]


C1 E,E anti,syn 0
Z,E anti,anti 0
Z,Z anti,syn 0[b]


Z,E syn,syn 0
Z,E anti,syn 0
Z,E syn,anti 0


[a] Converts to Cs-E,E-syn,syn. [b] Converts to C2-Z,Z-anti,anti.


Table 4. Calculated energies E (H) and relative energies DE [kJmol�1]
of the different conformers of compounds 1 and 2 at the B3LYP/6-
311+G* level of theory.


Conformer E DE


1 C2-Z,Z-a,a �1767.4825 0.00
C1-Z,E-a,a �1767.4805 5.18
C1-Z,E-a,s �1767.4779 12.07
C1-Z,E-s,a �1767.4712 29.62
C1-Z,E-s,s �1767.4697 33.69
C2-Z,Z-s,s �1767.4655 44.56
C1-E,E-a,s �1767.4613 55.73


2 C2-Z,Z-a,a �5774.1506 0.00
C1-Z,E-a,a �5774.1505 0.38
C1-Z,E-a,s �5774.1491 4.00
C1-Z,E-s, s �5774.1407 26.08
C1-Z,E-s,a �5774.1400 27.81
C1-E,E-a,s �5774.1325 47.57
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was not calculated since the three lowest-energy conformers
had already been found and since it would also be a higher-
energy conformer, as for 1. The results of these calculations
lead to the following conclusions. Again the Z,Z-anti,anti
conformer with C2 symmetry is the lowest-energy one and is
found in the crystal, and again there are two other low-
energy conformers present with even lower relative energies
than in the case of 1. Based on these values the equilibrium
conformer composition at 293 K for 2 is 49% C2-Z,Z-anti,
anti, 42% C1-Z,E-anti,anti and 9% C1-Z,E-anti,syn. It is
clear that in the case of the diselena derivative 2 due consid-
eration has to be given to the presence of two conformers in
almost equal abundance. The energies of the other four pos-
sible conformers of both compounds are quite high and
these can be confidently excluded from further consider-
ation.


The calculated geometries of the three lowest-energy con-
formers of both the parent (1) and the diselena derivative
(2) have been compiled in Tables 1 and 2, respectively. A
comparison of the different calculated stable conformations
of the two compounds reveals that when changing the con-
formation and/or configuration of the molecule the geomet-
rical changes are quite substantial for the parameters direct-
ly involved in the change, that is, S3–N4, N4–X5 and the
three angles in the XNSNX fragment (X = S,Se): differen-
ces of up to 0.037 A for N4–Se5 and 15.68 for N2-S3-N4 in 2
have been found. Of particular importance to the rest of dis-
cussion are the changes in the nonbonded distances when
going from one conformer to the other; this will be dis-
cussed in the Section on the Intramolecular S···S and Se···Se
Interactions.


Comparing the XRD data in Tables 1 and 2 with those of
the relevant gas-phase conformers (i.e., Z,Z-anti,anti) it is
clear that the qualitative agreement between the calculated
and experimental structures is quite good: the differences
between single and double bonds are well reproduced as are
the different angles and torsion angles (disregarding the
signs) in the heteroatomic fragment. A quantitative compar-
ison indicates that the calculations overestimate the bond


lengths but this is mainly due to the fact that rXRD are ra-
type distances while the rcalcd are re distances by defini-
tion.[20,21] The deviations are larger for the non-bonded
Se···Se and S···S distances but since these are more sensitive
to the crystal environment than the bonded ones, this is to
be expected.


Variable-temperature 77Se NMR spectroscopy : The presence
of two NMR-active selenium nuclei in 2 makes it possible to
verify the presence of more than one isomer in solution.
Even though solvent effects can not be ruled out and one
must be very careful when transferring the calculated
energy differences to a different aggregation state, we as-
sumed, based on the values of the latter, that more than one
isomer should be visible in the 77Se NMR spectrum of 2.
The 77Se NMR spectra of Ph-Se-N=S=N-Se-Ph (2) in tolu-
ene at 353, 323 and 203 K are given in Figure 3. At 353 K
there is just one relatively narrow signal at 936 ppm which
significantly broadens at 323 K and splits into three well-re-
solved signals at 999, 960 and 902 ppm, at 203 K. The rela-
tive intensities of the latter three signals are 1.4, 2.2 and 1.0,
respectively. Similarly, Table 5 compiles the calculated
chemical shifts of the selenium atoms of the three lowest-
energy conformers of 2. At 203 K the calculated equilibrium
conformer composition is 53% C2-Z,Z-anti,anti, 42% C1-
Z,E-anti,anti and 5% C1-Z,E-anti,syn.


Based on the calculated chemical shifts in Table 5 it is rea-
sonable to assign the signal at 960 ppm to the Z,Z-anti,anti
conformer. The signals at 999 and 902 ppm would then be
assigned to the Z,E-anti,anti and Z,E-anti,syn conformers:
both selenium nuclei of the Z,E-anti,syn and one [Se1] of
the Z,E-anti,anti conformer would then jointly contribute to


Figure 3. 77Se NMR spectrum of Ph-Se-N=S=N-Se-Ph (2) at 353 (top), 323 (middle) and 203 K (bottom).


Table 5. Calculated 77Se NMR chemical shifts of the three lowest-energy
conformers of compound 2 [in ppm vs (CH3)2Se].


Z,Z-a,a Z,E-a,a Z,E-a,s


Se1 939 1076 1010
Se5 939 873 1044
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the low-field signal at 999 ppm while the remaining one
[Se5] of the Z,E-anti,anti conformer would generate the
signal at 902 ppm. It is quite reasonable to assume that the
three selenium nuclei contributing to the signal at 999 ppm
would not be able to be resolved. We note that for the
signal of the Z,Z isomer (960 ppm) and the high-field signal
of the Z,E isomers (902 ppm, for which direct comparison of
experiment and theory is possible) the difference between
experimental and calculated 77Se chemical shifts is only 21
and 29 ppm, respectively; these are deviations of 2 and 3%,
respectively. The combination of theory and experiment
leads to conclusion that both in solution and in the gas
phase the Z,Z and the lowest-energy Z,E isomer of 2 are
present in a (roughly) 1:1 equilibrium.


There is no reason to assume that a similar equilibrium
does not exist for the parent compound 1. Even though it is
shifted more to the Z,Z-anti,anti conformer due consider-
ation has to be given to the presence of a considerable
amount of Z,E-anti,anti conformer.


Intramolecular S···S and Se···Se interactions : The informa-
tion presented above can now be applied to the issue of the
stabilising interaction between S1 and S5 in 1 and between
Se1 and Se5 in 2. As was mentioned before, both in the crys-
tal and in the lowest-energy conformer in the gas phase the
distances between S1 and S5 [3.231(6) and 3.471 A, respec-
tively] and between Se1 and Se5 [3.418(1) and 3.523 A, re-
spectively] are well below the sum of the van der Waals
radii (3.60 and 3.80 A, respectively). This does suggest some
sort of bonding interaction between those atoms. However,
the energy difference between the conformer which has the
interaction, that is, C2-Z,Z-anti,anti, and one which does not,
for example, C1-Z,E-anti,anti is only of the order of
5.18 kJmol�1 for 1 and 0.38 kJmol�1 for 2 (Table 4). That
the C1-Z,E-anti,anti conformer does not display an interac-
tion between S1 and S5 or Se1 and Se5 can be clearly seen
from the S···S and Se···Se distances in Tables 1 and 2 which
are well above the sum of the van der Waals radii. These
small energy differences suggest that the observed Z,Z con-
figuration is not stabilised to a greater extent than the
lowest-energy Z,E configuration and that the supposed S···S
and Se···Se interactions do not play an important stabilising
role.


Additional evidence comes from a plot of the deforma-
tion electron density of 1 in the plane of the N=S=N frag-
ment which is given in Figure 4a. The Figure contains all the
expected features: the bond maxima for the two S�C, the
two S�N and the two S=N bonds and the free electron pairs
on the five heteroatoms. What it does not contain is any
electron density between S1 and S5. Again, this does not
suggest any bonding interaction between these two atoms.
Similar conclusions can be drawn for the diselena derivative
2 ; its deformation electron density plot is given in Figure 4b.


Thirdly, the Hirshfeld bond orders of the different bonds
in both molecules were calculated and the results are given
in Table 6. The data reproduce the different types of bond-
ing in the molecules equally well for the six conformers of 1


(X = S) and 2 (X = Se): the XC bonds are clearly single
while the S=N bonds are virtually double. For the parent
compound 1 some of the electron density of the latter has
flowed to the neighbouring SN bonds which are clearly
stronger than regular single bonds; in 2 the SeN bonds
remain single. It seems that within the SNSNS fragment
some delocalisation of p density has taken place. Of greater
importance here is the value for the S···S and Se···Se con-
tacts. For all conformers of both compounds these values
are negative, which is a result of the scaling procedure,[22]


and this indicates that the bond orders of these bonds are
very small. The unscaled values for the Z,Z-anti,anti con-
formers for 1 and 2 are 0.04 and 0.06, respectively, and these
can be directly compared to the unscaled values for the XC
bonds which are 0.39 and 0.36, respectively. The bonding in
the S···S and Se···Se contacts is about ten and six times
lower, respectively, than in a regular single bond; the inter-


Figure 4. Deformation electron density of a) compound 1 and b) com-
pound 2 in the plane of the N=S=N fragment. c : positive electron den-
sity, a : electron density and g : zero electron density. Isodensity
lines were plotted every 0.05 eA�3.


Table 6. Hirshfeld bond orders for the three lowest-energy conformers of
compounds 1 (X = S) and 2 (X = Se). See text for details.


1 2
Z,Z-a,a Z,E-a,a Z,E-a,s Z,Z-a,a Z,E-a,a Z,E-a,s


X1�N2 1.25 1.24 1.22 1.03 1.02 1.01
N2�S3 1.81 1.77 1.76 1.85 1.81 1.79
S3�N4 1.81 1.60 1.68 1.85 1.61 1.70
N4�X5 1.25 1.14 1.28 1.03 0.91 1.04
X1�C 1.07 1.07 1.08 0.93 0.93 0.94
X5�C 1.07 1.09 1.03 0.93 0.94 0.91
X1···X5 �0.52 �0.68 �0.68 �0.43 �0.68 �0.68
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action between the two atoms must therefore be extremely
weak.


Finally, a topological analysis of the total molecular elec-
tron density was performed using the atoms-in-molecules
(AIM) theory.[23] The quantum theory of atoms in molecules
(QTAIM)[23,24] provides a definition of the chemical bond
based on physical observables. Two atoms are bonded when
there is a (3,�1) critical point of the molecular charge densi-
ty (a so-called bond critical point or BCP) that gives rise to
a bond path connecting these atoms.[25] A similar definition
can be formulated for a ring and a ring critical point (RCP).
The electron densities 1(r) of a number of relevant BCPs
and RCPs of the three lowest-energy conformers of com-
pounds 1 and 2 were calculated and the results are given in
Table 7. The topological analysis of 1 shows that there is an


interaction between S1 and S5 but that this interaction is ex-
tremely weak. This conclusion is based on the fact that the
density in the BCP is about two times lower than in the
BCP of the N···H contact. The latter can even be considered
very weak in comparison with hydrogen interactions such as
the O···H contact in creatine for which a value of 0.0350 au
was found.[26] The density in the BCP of the S···S bond is
thus about five times lower than in the latter contact and
about 25 times lower than in the BCP of the SC single bond.
The situation for 2 is similar even though the Se···Se contact
seems a bit stronger as it is only 15 times weaker than the
SeC single bond; this observation corroborates the conclu-
sion regarding the bond orders. The values of the RCPs con-
firm that the interaction should be very weak: the values for
the phenyl rings and even the weakly bound XCCH···N
rings are about three and two times larger, respectively, for
both compounds. We conclude by noting that in the case of
very low values for the electron density in a BCP associated
with an intramolecular bond, these BCPs tend to disappear
when the basis set is enlarged.[27] We have not tested this for
the compounds studied here due to computational restric-
tions, but it suggests that the BCP we found may be artifacts
of the basis set used.


The combination of the above mentioned four criteria
leads to the logical conclusion that the proposed stabilising
intramolecular interaction might not exist or at least be ex-
tremely weak. Therefore, it must be intermolecular forces


that are the main cause of the observed Z,Z configuration
in the solid.


Intermolecular S···S and S···Se interactions : A reasoned ex-
amination of the forces working in the solid state—as we
have just done for an isolated molecule in the gas phase—is
virtually impossible: short intermolecular contacts can be
observed but not readily quantified. Nevertheless, as the
final part of this work, we would like to present a concise
description of the intermolecular contacts that may possibly
be the cause of the observed configuration in 1,5-diphenyl-
2,4-diaza-1,3,5-trithia-2,3-pentadiene (1) and its derivatives.
A closer look at the crystal packing of seven structurally
characterised Ar-X-N=S=N-X-Ar (X = S, Se) compounds
(this work and refs. [13,14,18]) reveals the general tendency


of the chalcogen atoms to en-
large their coordination number
via short intermolecular con-
tacts. For compounds 1 and 2
these have been represented in
Figure 5. In all crystal lattices
the molecules seem to form rib-
bons or layers connected by
short X···X (X = S,Se) inter-
molecular contacts (details will
be given elsewhere).[18] As said,
whether or not these contacts
stabilise the overall structure
can not be easily determined.


Table 7. Values of the electron density 1(r) (in au) of the relevant BCPs and RCPs for the three lowest-
energy conformers of compounds 1 (X = S) and 2 (X = Se).


1 2
Z,Z-a,a Z,E-a,a Z,E-a,s Z,Z-a,a Z,E-a,a Z,E-a,s


BCP X1�C 0.1914 0.1922 0.1926 0.1495 0.1506 0.1508
CH···N2 0.0137 0.0136 0.0137 0.0128 0.0128 0.0127
CH···N4 0.0137 0.0140 – 0.0128 0.0128 –
X1···X5 0.0078 – – 0.0099 – –


RCP C6H5 0.0216 0.0216 0.0216 0.0217 0.0217 0.0217
XCCH···N 0.0133 0.0133 0.0133 0.0118 0.0116 0.0117
NSNX···X 0.0069 – – 0.0078 – –


Figure 5. Short intermolecular contacts (distances in A) in the crystal
structure of a) the parent compound 1 and b) compound 2. The atoms in-
volved in the contacts have been labeled.
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The only comment that can be made about them is that
probably the Z,Z configuration allows for a larger number
of stabilising intermolecular contacts per molecule com-
pared to the Z,E configuration.


Conclusions


1,5-Diphenyl-2,4-diaza-1,5-diselena-3-thia-2,3-pentadiene,
Ph-Se-N=S=N-Se-Ph, crystallises in the Z,Z configuration
with a nearly planar heteroatomic fragment; this configura-
tion is identical to those of 1,5-diphenyl-2,4-diaza-1,3,5-tri-
thia-2,3-pentadiene, Ph-S-N=S=N-S-Ph, and its derivatives.
To investigate the existence of the orbital interaction pre-
sented in the literature as being the cause for the stabilisa-
tion of the Z,Z configuration all possible conformations and
configurations of the parent Ph-S-N=S=N-S-Ph were studied
theoretically by quantum chemical calculations at the DFT/
B3LYP level of theory with the 6-311+G* basis set. The oc-
currence of the Z,Z configuration in the crystal can not be
explained by stabilising intramolecular interaction between
the SII atoms but is more likely due to packing forces in the
crystal. Four arguments have been presented which suggest
that such a stabilising interaction does not exist or is ex-
tremely weak and can not be the cause of the occurrence of
the Z,Z configuration in the solid. The logical conclusion is
that the observed configuration is the result of packing
forces or intermolecular effects rather than of intramolecular
effects. Since the former can not easily be quantified at this
moment the final proof of this conclusion will have to wait
until they can.


Experimental and Computational Details


Theoretical calculations were performed by using Gaussian 03[28] applying
standard gradient techniques at the DFT/B3LYP level of theory using the
6-311+G* basis set on all atoms; the basis set was used as it was imple-
mented in the program. Calculations to determine the stability of the
wave functions were performed by using the same level and basis set and
all wave functions were found to be stable. Force field calculations were
used to ascertain whether the resulting structures were energy minima.
All subsequent calculations of molecular properties were performed at
the B3LYP/6-311+G* geometries. Deformation densities were calculated
by subtracting the pro-molecular density from the total molecular densi-
ty. Chemical shielding factors were calculated at all atomic positions at
the DFT/B3LYP/6-311+G* level of theory by using the GIAO method
implemented in Gaussian 03. The chemical shift for the selenium atom
was obtained by subtracting the chemical shielding value of this atom
from the one calculated for dimethylselenide which is 1623.1500 ppm at
the B3LYP/6-311+G* level of theory, based on the corresponding geome-
try (C2v symmetry, anti,anti-conformer). Bond orders were calculated ac-
cording to the Hirshfeld scheme.[22] QTAIM bond and ring properties
were calculated using the AIMPAC suite of programs.[29]


1,5-Diphenyl-2,4-diaza-1,5-diselena-3-thia-2,3-pentadiene (2) was pre-
pared as described previously.[30] Its 77Se NMR spectra were recorded on
a Bruker DRX-500 spectrometer at a frequency of 95.38 MHz in [D8]tol-
uene; chemical shifts d are given in ppm referenced to Me2Se. The
single-crystal X-ray structure determination of compound 2 was carried
out at 23 8C on a Bruker P4 diffractometer by using MoKa radiation and a
graphite monochromator. The structure was solved by direct methods


using SHELXS-86[31] and refined by a least-squares method in the full-
matrix anisotropic (isotropic for the hydrogen atoms) approximation by
using SHELXL-97.[31] The parameters of the hydrogen atoms were given
geometrically. The structure obtained was analysed for short contacts be-
tween nonbonded atoms with the PLATON program.[32, 33]


CCDC-261563 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif


Crystal data for 1,5-diphenyl-2,4-diaza-1,5-diselena-3-thia-2,3-pentadiene
(2): C12H10N2SSe2, Mw=372.20, monoclinic, a=30.263(4), b=5.7280(8),
c=7.6217(9) A, b=100.295(7)8, V=1299.9(3) A3, space group C2/c, Z=


4, 1cald=1.902 gcm�3, m(MoKa)=5.817 mm�1, 1491 unique reflections (Rint


= 0.0366) measured. Final R1 [1108 F=2s(I)]=0.0451, wR(all F 2)=


0.1323.
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Polystyrene-Supported Organotin Dichloride as a Recyclable Catalyst in
Lactone Ring-Opening Polymerization: Assessment and Catalysis Monitoring
by High-Resolution Magic-Angle-Spinning NMR Spectroscopy


Ga"lle Deshayes,[b] Kevin Poelmans,[a] Ingrid Verbruggen,[a]


Carlos Camacho-Camacho,[a, c] Philippe Deg*e,[b] Vanja Pinoie,[a] Jos* C. Martins,[d]


Martial Piotto,[e] Monique Biesemans,*[a] Rudolph Willem,[a] and Philippe Dubois[b]


Introduction


Aliphatic (co)polyesters, prepared by ring-opening polymer-
ization (ROP) of (di)lactones, are versatile polymers with at-
tractive and valuable properties as polymeric and composite
materials. In addition, they are biocompatible and degrada-
ble by enzymatic and/or hydrolytic chain cleavage of ester
bonds, properties that have contributed to their success in
biomedical and pharmaceutical applications, such as their
use as temporary implant materials and resorbable carriers
for controlled drug delivery.[1] Extensive research efforts
have focused on the development of effective initiator/cata-
lyst systems for the controlled ROP of (di)lactones. These
systems include many organometallic compounds that acti-
vate the synthesis of aliphatic polyesters according to anion-
ic or coordination–insertion mechanisms.[2] The main draw-
back of these organometallic initiators or catalysts results


Abstract: Dialkyltin dichloride grafted
to a cross-linked polystyrene, with the
formula [P�H](1�t)[P�(CH2)nSnBuCl2]t
(P= [CH2CH(pC6H4)], t= the degree of
functionalization, and n=6 or 11), is
investigated as a recyclable catalyst in
the ring-opening polymerization
(ROP) of e-caprolactone (CL). It is
demonstrated that high-resolution
magic-angle-spinning (HR-MAS)
NMR spectroscopy is an invaluable
tool to characterize completely the sup-
ported catalyst. The 2D 1H–13C HSQC
HR-MAS spectrum, in particular, al-
lowed extensive assignment of the 1H
and 13C resonances, as well as accurate
measurement of the nJ(1H–117/119Sn) and
nJ(13C–117/119Sn) coupling constants. 1H


and 119Sn HR-MAS NMR spectroscopy
is presented as a monitoring tool for
catalytic processes based on organotin
compounds, particularly for the investi-
gation of the extent to which polymeri-
zation residues are observable in situ in
the material pores and for the assess-
ment of the chemical integrity and re-
cycling conditions of the grafted cata-
lyst. From polymerization experiments
with CL, initiated by n-propanol and
with [P�H](1�t)[P�(CH2)nSnBuCl2]t of
various compositions as the supported


catalyst, it appears that a partial :burst:
of the polystyrene support occurs when
the length of the alkyl spacer is limited
to n=6, as a result of polymer chains
growing within the pores of the sup-
port. However, extension of the length
of the aliphatic polymethylene spacer
from 6 to 11 carbon atoms preserves
the support integrity and allows the
production of catalyst-deprived poly(e-
caprolactone) (PCL) oligomers. A pre-
liminary attempt to recycle the hetero-
geneous catalyst has shown that very
good reproducibility can be obtained,
in terms of both catalyst activity and
molecular-weight parameters of the as-
recovered PCL polyester chains.


Keywords: catalysis · lactones ·
NMR spectroscopy · polymeri-
zation · supported catalysts
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from their typical heavy-metal toxicity. Consequently, the
remnants have to be removed before use, particularly for
biomedical and pharmaceutical applications. In order to al-
leviate this serious shortcoming, some lower toxicity
metals[3] and also enzymes have been used as initiators or
catalysts for ROP of (di)lactones, with variable success in
terms of control of molecular parameters and the range of
number-average molar masses available.[4] An alternative
strategy involves grafting the initiator/catalyst systems onto
an insoluble support, which is easy to separate from the
liquid polymerization medium by filtration and to recycle
without systematic mineralization of the organometallic
active species. As early as 1994, Spitz and co-workers
worked on this concept by developing a system based on
aluminum alkoxides grafted onto porous silica that were
used as immobilized initiators for the ROP of ethylene
oxide, in a case in which homogeneous aluminum triisoprop-
oxide was quite inefficient.[5] After thermal treatment of the
silica in order to control the nature and amount of silanol
groups, the active aluminum alkoxide centers were grafted
according to a two-step procedure involving the reaction of
triethylaluminum on the silanol groups followed by the sub-
sequent alcoholysis of the remaining alkylaluminum groups
into aluminum alkoxides. When used for the ROP of e-cap-
rolactone (CL) in the presence of a large excess of alcohol
molecules relative to aluminum atoms, a rapid exchange re-
action occurred between the grafted active centers and the
free alcohol molecules in such a way that poly(e-caprolac-
tone) (PCL) oligomers were formed and functionalized by
end groups originating from the alcohol.[6] Higher metal ac-
tivities were observed with rare earth alkoxides, with func-
tionalized PCL oligomers being obtained within 5 minutes
at 50 8C in toluene by using a silica support preliminarily
treated at 450 8C and treated with yttrium trialkoxides.[7]


More recently, a further step towards the controlled ROP of
CL initiated by yttrium isopropoxide grafted onto silica was
achieved by treating preformed diisopropoxide yttrium
(hexamethyldisilyl)amide, (iPrO)2Y[N(SiMe3)2], with previ-
ously thermally treated silica.[8] In the presence of 2-propa-
nol, the degree of polymerization could be predicted from
the initial monomer-to-(alcohol+alkoxide) molar ratio,
while the molar-mass distribution of the PCL oligomers re-
covered by washing the support with 2-propanol was re-
markably narrow (Mw/Mn=1.1).[9] Sudo and Endo also re-
ported on the immobilization of 2-(N-methylamino)ethanol
on acryloyl-functionalized cross-linked polystyrene, followed
by acid-catalyzed ROP of CL in the presence of molecular
sieves. After polymerization of CL, which was actually initi-
ated by the grafted hydroxy functions, a-allyl, w-hydroxy
PCL oligomers were isolated from the support by selective
cleavage of the b-amino ester linker by using various halo-
genated alkyl and allyl derivatives.[10]


The similarity between these strategies is the preliminary
grafting of the true initiating species onto an insoluble sup-
port, which required both the PCL oligomers to be selec-
tively untied from the support in order to isolate them, and


the active centers to be regenerated prior to recycling the
support.


The present paper aims at testing a recently proposed di-
alkyltin dichloride grafted to a cross-linked polystyrene sup-
port,[11] with the formula [P�H](1�t)[P�(CH2)nSnBuCl2]t (P=


[CH2CH(pC6H4)], n=6 or 11, t=degree of functionaliza-
tion), as a catalyst in a ROP of CL that is actually being ini-
tiated by n-propanol molecules. Analogous heterogeneous
polystyrene-supported organotin dichloride catalysts (1 or
0.1 mol%) have already been shown to be efficient in
model transesterification reactions between ethyl acetate
and 1-octanol under refluxing conditions; the catalyst can be
easily recycled without any decrease in catalytic activity.[12,13]


Moreover, some of us have reported a mechanistic study of
the dibutyltin dichloride (Bu2SnCl2)-mediated ROP of CL in
the presence of 1-propanol (nPrOH) by using multinuclear
spectroscopy, mainly based on the 119Sn nucleus.[14] At 100 8C
in toluene, CL coordinates the tin atom and brings, at least
partially, the four-coordinate Bu2SnCl2 into five- and/or six-
coordinate configurations that are more favorable for initia-
tion of the coordination–insertion polymerization. Although
nPrOH is the actual initiator, it is prone neither to coordi-
nating irreversibly nor to reacting substantially with
Bu2SnCl2 to form tin alkoxide species such as Bu2Sn(Cl)(2�n)-
(OC3H7)n. Indeed, no additional single resonance accounting
for tin(iv) alkoxide and no significant 119Sn chemical-shift
modification indicating possible fast exchange can be detect-
ed by 119Sn NMR spectroscopy. At high monomer conver-
sion, the polyester remains partially coordinated to the tin
atom, at the expense of hydroxy groups end-capping the
PCL chains, and this will decrease the occurrence of noxious
transesterification reactions (Scheme 1). As a result, the
molar mass of PCL can be predicted from the initial [CL]0/
[nPrOH]0 molar ratio corrected for monomer conversion
(Mntheor= ([CL]0/[nPrOH]0PconvPMWCL)+MWnPrOH, in
which Mntheor is the theoretical number-average molar mass
of PCL, conv is the monomer conversion, and MWCL and
MWnPrOH are the molecular weights of CL and nPrOH, re-
spectively) and a remarkably narrow polydispersity index
can be reached (weight-average/number average molar mass
Mw/Mn<1.1).


In parallel to these goals, the present paper also demon-
strates how 1H and 119Sn HR-MAS NMR spectroscopy, a
method recently applied to the characterization of synthe-
sized target organotins grafted to insoluble supports,[11,13, 15]


can be used as a tool to monitor catalytic processes. More
particularly, it is demonstrated how HR-MAS NMR spec-
troscopy enables one to evaluate the status of the catalyst
after its use, to investigate to what extent reaction residues,
whether desired or not, are observable in situ in the material
pores after a catalytic run, and to assess the chemical integ-
rity and recycling conditions of the grafted catalyst.
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Results and Discussion


Synthesis and characterization : Polystyrene-supported di-
organotin dichloride catalysts of general formula [P�H](1�t)-
[P�(CH2)nSnBuCl2]t (n=6 or 11) have been synthesized
from Amberlite XE-305, that is, cross-linked polystyrene
beads (P�H) with a diameter in the range of 500–850 mm,
according to procedures previously described.[11–13] The im-
portance of the spacer choice was likewise discussed previ-
ously.[11,13] We present here (Figure 1) a nice example of the
suitable use of so-called diffusion-filtered[11,15] 1H HR-MAS
NMR spectroscopy, which enables one to monitor the suc-
cession of reaction conversions (Scheme 2), as well as to
assess the completeness of the reactions.


Actually, HR-MAS NMR spectroscopy is a powerful tool
that allows the application of most high-resolution tech-
niques, well known from solution-phase NMR spectroscopy,
to the direct characterization of molecules grafted onto
solid-phase supports in situ, at the heterogeneous solid–
liquid interface.[15–18] This is achieved by removing the con-
tribution of magnetic-susceptibility-induced line broaden-
ings, which are present in such heterogeneous systems,
through spinning at the magic angle.[15–18] The use of longitu-
dinal eddy current delay (LED) diffusion-filtered 1D HR-
MAS NMR spectroscopy[19] enables one to distinguish reso-
nances arising from grafted species that are translationally
immobile from those of translationally mobile species, that
is, all free reagents, free products, and unbound solvent mol-


ecules, with the signals from all the latter species being com-
pletely suppressed.


The chlorinated alkyl chains of the organotin precursor
compounds 1 and 2 provide well-separated resonances at
characteristic 1H chemical shifts of around 3.5 ppm for the
methylene moieties at the CH2Cl end of the spacer. The in-
troduction of the organotin moiety in 3–6 complicates the
spectrum of the grafted moiety, as the 1H resonances of the
methylene spacer are now obscured by those from the tin


Scheme 1. Mechanism of ring-opening polymerization (ROP) of e-capro-
lactone (CL), catalyzed by Bu2SnCl2 in solution. PCL=poly(e-caprolac-
tone).


Figure 1. Diffusion-filtered HR-MAS 1H NMR spectrum of compound 2,
P�(CH2)11Cl (top), compound 4, P�(CH2)11SnBuPh2 (middle), and com-
pound 6, P�(CH2)11SnBuCl2 (bottom). PS=polystyrene.


Scheme 2. Synthesis of organotins grafted to cross-linked polystyrenes.
TMEDA= tetramethylethylenediamine, THF= tetrahydrofuran, DIA=


diisopropylamine.
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butyl fragment. However, the presence or absence of the
characteristic fingerprint resonances from one synthesis step
to the next enables one to ascertain the degree of comple-
tion of the reaction, as well as the purity of the compounds,
in a very short time. The complete disappearance of the
CH2Cl signal of 1 (or 2) in step 2 and of the signals from the
tin phenyl groups of 3 (or 4) in step 3 of the synthesis route
indicates that a high level of conversion has indeed been
achieved (Figure 1). The power of 1D 119Sn HR-MAS NMR
spectroscopy as a means of detecting and identifying possi-
ble grafted impurities or incomplete conversions at the level
of the tin functionality is illustrated in Figure 2, which dis-


plays the 119Sn HR-MAS spec-
tra of compounds 3 and 5.
Small amounts of tin-containing
impurities, if present, can be
identified and quantified from
these spectra.


Although the 1H HR-MAS
spectra for these compounds
are complex due to overlapping
resonances of the methylene
groups, from which extraction
of nJ(1H–119Sn) coupling con-
stants is not possible, a 2D 1H-13C HSQC[15,20] HR-MAS
spectrum recorded on a 700 MHz instrument allowed us to
assign extensively the 1H and 13C resonances, as well as to
measure accurately the nJ(1H–117/119Sn) and nJ(13C–117/119Sn)
coupling constants from the E.COSY pattern of the cou-
pling satellites.[21] These constants are, together with the
119Sn chemical shifts, extremely valuable parameters for a
positive identification of the exact chemical nature of the
grafted organotin functionality, as well as of the coordina-
tion state of the tin atom. Figure 3 (top) shows a detail of
the 2D 1H-13C HSQC HR-MAS spectrum of 6, which re-


veals the fine structure arising from scalar couplings involv-
ing the 117/119Sn nucleus. The chemical shifts and coupling
constants obtained in this way for 4 and 6 are summarized
in Table 1. These data illustrate the power of the 2D 1H-13C
HSQC HR-MAS technique, as even the a-carbon atoms of


the spacer and the butyl groups, with very similar chemical
environments and, accordingly, very similar chemical shifts,
can be differentiated and their 1J(13C–117/119Sn) coupling con-
stants determined separately (Figure 3, bottom). The numer-
ical values are all unambiguous indicators of four coordina-
tion at the tin center, as is expected both from the proper-
ties of the grafts and from the measurement conditions
used.


Catalysis in ring-opening polymerization of e-caprolactone :
Table 2 shows monomer conversion and molecular-weight
parameters of PCL samples obtained by initiating the ROP


of CL with nPrOH in the presence of the polystyrene-sup-
ported diorganotin dichloride catalyst with a hexamethylene
spacer, [P�H](1�t)[P�(CH2)6SnBuCl2]t, for two different func-
tionalization degrees and polymerization temperatures. In
the absence of n-propanol, no substantial polymerization
occurs at 100 8C within 72 h, and the support, when allowed
to settle and separated from the supernatant, is recovered
intact. In practical terms, monomer conversion has been de-
termined gravimetrically by weighing the PCL after selec-
tive precipitation of the polyester chains from heptane and
drying. The Mntheor value has been calculated from the initial


Figure 2. 119Sn HR-MAS spectra of [P�H](1�t)[P�(CH2)6SnBuPh2]t (3) and
[P�H](1�t)[P�(CH2)6SnBuCl2]t (5). The two small signals flanking the
major resonance in the spectrum of the SnCl2 compound 5 are spinning
side bands.


Table 1. Chemical shifts (d) in ppm and 117/119Sn unresolved nJ(1H-
117/119Sn) and nJ(13C-117/119Sn) coupling constants in Hz (given in square
brackets) of the polymer-supported organotin compounds 4 and 6.


4 6
1H 13C 1H 13C


butyl a(CH2) 1.29 10.8 [361] 1.97 [48] 27.6 [416]
butyl b(CH2) 1.61 29.6 1.98 [103] 25.5 [22]
butyl g(CH2) 1.34 27.9 [56] 1.57 26.9 [84]
butyl d(CH3) 0.84 14.1 1.10 14.1
CH(o) 7.48 137.2 – –
CH(m) 7.23 128.7 – –
C(ipso) – 141.0 – –
spacer a(CH2) 1.30 11.1 [357] 1.98 [50] 27.9 [412]
spacer b(CH2) 1.63 29.4 1.96 [104] 27.6 [25]
spacer g(CH2) 1.34 34.8 [57] 1.55 33.8 [81]


Table 2. Monomer conversion and molecular-weight parameters of PCL as obtained by ROP of CL initiated
by nPrOH and catalyzed by [P�H](1�t)[P�(CH2)6SnBuCl2]t in toluene for 72 h ([CL]0=4.51 molL�1, [CL]0/[n-
PrOH]0=100, [PrOH]0/[Sn]0=20).


Entry t T Conv[a] Mntheor
[a] Mnexp


[a] Mw/Mn
[a]


[8C] [%] NMR SEC


1 0.32 100 58 6700 8300 8200 4.40
2 0.32 70 10 1200 1800 1150 4.80
3 0.11 100 >99 11500 17100 17000 2.42


[a] Conv=monomer conversion, Mntheor = theoretical number-average molar mass, Mnexp =experimental
number-average molar mass, Mw=weight-average molar mass, Mn =number-average molar mass.
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monomer-to-alcohol molar ratio with the assumption of a
living coordination–insertion mechanism initiated by n-pro-
panol molecules (Mntheor= ([CL]0/[nPrOH]0PconvP
MWCL)+MWnPrOH). Experimental number-average PCL
molar masses (Mnexp) have been determined either by size-
exclusion chromatography (SEC) with reference to polysty-


rene standards and with the
Mark–Houwink–Sakaruda rela-
tionship, or by 1H NMR spec-
troscopy in CDCl3 from the rel-
ative intensity of the signals of
methylene protons of the CL
repetitive units (CH2-O-CO) at
d=4.1 ppm and a-hydroxy
methylene protons (CH2-OH)
at d=3.6 ppm (Figure 4). When
the results are compared to pre-
viously reported data on the
homogeneous polymerization
of CL carried out in similar ex-
perimental conditions by substi-
tuting Bu2SnCl2 for (P�H)(1�t)-
[P�(CH2)6SnBuCl2]t,


[12] the most
striking features are that the
molar mass distribution (Mw/
Mn) is broader and bimodal
(Figure 5) and the Mnexp value is
systematically higher than the
theoretical value. As an exam-
ple, the Mnexp(SEC) value reached
6100 for a monomer conversion
of 47% (Mntheor=5900) and the
Mw/Mn value was 1.05 under
homogeneous catalysis condi-
tions at 100 8C. A decrease in
the polymerization temperature
from 100 to 70 8C does not
afford a better control over the
molecular parameters, but does
contribute to decreasing the
polymerization rate (entry 2,
Table 2). In contrast, a reduc-
tion in the molar fraction of sty-
rene repetitive units grafted by
organotin dichloride species (t)
accelerates the ROP, a result
that is probably due to an en-
hancement of the accessibility
of the diorganotin dichloride
functions, but the molar mass
distribution remains broad and
bimodal (Figure 6). It is worth
pointing out that partial Qburst:
of the polystyrene-supported
catalyst has been indicated by
optical microscopy whatever
the temperature and t value


(Figure 7). This phenomenon is well known in heterogene-
ous Phillips and Ziegler–Natta catalyses, and results from
polymer chains growing within the pores of the support.[22]


Growth of polyester chains within the meshes of the func-
tionalized polystyrene network is probably responsible for
such similar behavior, and this prompts us to limit the molar


Figure 3. Top: Detail of various 1H–13C cross-peaks in the 700 MHz HSQC spectrum of 6. The resonances of
interest are labeled over the separately recorded 1H and 13C spectra, shown on top and to the left of the 2D
spectrum. Horizontal dashed lines connect the E.COSY[21] peaks to their associated 117/119Sn unresolved nJ(1H–
117/119Sn) couplings, while vertical dashed lines indicate the unresolved nJ(13C–117/119Sn) couplings. Bottom: Ex-
pansion of the a-CH2 cross-peaks with their E.COSY satellites.
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mass of the PCL chains by reducing the initial monomer-to-
alcohol molar ratio from 100 to 10 (entry 1, Table 3).


Surprisingly, a reduction in the number-average molar
mass of PCL chains to approximately 1000, through reduc-
tion of the CL/initiator ratio, does not avoid the burst of the
polystyrene-supported catalyst when using the hexamethy-
lene spacer; however, by contrast, the integrity of the cata-
lyst beads is preserved when the undecamethylene spacer is
used (entries 2–4 in Table 3 and Figure 8). Also, the polydis-
persity index is highly reduced with values close to 1.8–1.9,
although two populations can still be distinguished by SEC
(Figure 9). An attempt to recycle the heterogeneous catalyst
has shown that very good reproducibility can be obtained in
terms of both the catalyst activity and the molecular-weight
parameters (entries 2 and 3 in Table 3). Extension of the re-
action time above 5 h allows higher monomer conversion to
be reached, and also tends to reduce the discrepancy be-
tween the theoretical and experimental molar masses, a
result that might be consistent with a quite slow initiation
rate compared to that of the propagation (entry 4 in
Table 3).


The following data illustrate the power of 1H and 119Sn
HR-MAS NMR spectroscopy for the purpose of monitoring
possible consequences of the catalytic processes on the tin
coordination pattern of the grafted organotin catalysts.
When compared to the spectra of unused, fresh catalyst,
some additional signals show up in the 1H HR-MAS NMR


Figure 4. 1H NMR spectrum of PCL as obtained by polymerization of CL
initiated by n-propanol in the presence of [P�H]0.68[P�(CH2)6SnBuCl2]0.32
(5) in toluene at 100 8C for 72 h (entry 1, Table 2).


Figure 5. SEC of PCL as obtained by ROP of CL initiated by n-propanol
in the presence of [P�H]0.68[P�(CH2)6SnBuCl2]0.32 in toluene at 100 8C for
72 h (entry 1 in Table 2).


Figure 6. SEC of PCL as obtained by ROP of CL initiated by n-propanol
in the presence of [P�H]0.89[P�(CH2)6SnBuCl2]0.11 in toluene at 100 8C for
72 h (entry 3 in Table 2).


Figure 7. Optical microscopy of [P�H]0.89[P�(CH2)6SnBuCl2]0.11 after
ROP of CL initiated by n-propanol in toluene at 100 8C for 72 h (entry 3
in Table 2).


Table 3. Monomer conversion and molecular-weight parameters of PCL as obtained by ROP of CL initiated by nPrOH and catalyzed by [P�H](1�t)[P�
(CH2)nSnBuCl2]t in toluene at 100 8C ([CL]0=4.51 molL�1, [CL]0/[nPrOH]0=10, [nPrOH]0/[Sn]0=20).


Entry t n time Conv Mntheor Mnexp Mw/Mn


[h] [%] NMR SEC


1 0.32 6 5 75 900 2000 1400 5.18
2 0.26 11 5 59 700 1700 1200 1.93
3[a] 0.26 11 5 59 700 1800 1300 1.77
4 0.26 11 7 72 900 1500 1100 1.89


[a] After recycling of the supported catalyst used in entry 2.
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spectra for the catalyst sample after one catalytic run of
ring-opening polymerization (Figure 10, middle). Broad and
interfering 1H resonances in both the aliphatic and aromatic
spectral ranges, arising from the cross-linked polymer
matrix, were suppressed by applying a T2 filter, consisting of
a Carr–Purcell–Meiboom–Gill echo sequence. The addition-
al resonances could be assigned to residual poly(e-caprolac-
tone) that was not completely removed from the beads after
the reaction and the succinct washing of the support with a
small volume of toluene (see the Experimental Section).


A careful estimation of the NMR spectrum integration
data reveals that only 1% of the product of the total mass
of isolated PCL had remained in the pores of the beads.


In order to assess the extent to which this residual PCL
can be extracted further from the beads, the organotin cata-
lyst 6 was submitted to a Soxhlet extraction for 72 h at
110 8C in toluene. Under such conditions, more than 85% of
the remaining PCL was removed. Also, the characteristic


fingerprint of the grafted organotin catalyst was almost com-
pletely regained (Figure 10, bottom) in the proton spectra,
with only small proton resonances from the PCL remaining
visible; this residual PCL was therefore not amenable to ex-
traction after 72 h. Some minor additional species resulting
from the rather drastic Soxhlet extraction conditions were
also visible, in addition to residual CHCl3 from the CDCl3
NMR solvent and also a small amount of water (d=


1.5 ppm) from the latter. The LED diffusion filter identifies
them all to be nongrafted.


119Sn HR-MAS spectra were likewise recorded for all the
catalysts. In the unused organotin derivatives (5, 6), the tin
atom does not, of course, undergo coordination from the
CDCl3 NMR solvent molecules; in both cases, a rather
broad 119Sn resonance results at the well-known chemical
shift of about 124 ppm, which is characteristic for nonpolar
media (Figure 11, top). In a former study by our group with
the homogenous organotin Bu2SnCl2 catalyst, it was demon-
strated[14] that in the presence of CL or PCL, a significant
low-frequency shift is observed for the 119Sn chemical shift
of Bu2SnCl2, which is larger with CL than with PCL. This
was explained by the fact that the monomer coordinates the
tin atom more strongly than the polymer.[14] Furthermore,
the single 119Sn resonance observed in both cases indicates
fast exchange between noncomplexed Bu2SnCl2 and tin di-


Figure 8. Optical microscopy of [P�H]0.74[P�(CH2)11SnBuCl2]0.26 after
ROP of CL initiated by n-propanol in toluene at 100 8C for 5 h (entry 3
in Table 3). The white bar represents 500 mm.


Figure 9. SEC of PCL as obtained by ROP of CL initiated by n-propanol
in the presence of [P�H]0.74[P�(CH2)6SnBuCl2]0.26 in toluene at 100 8C for
5 h (entry 2 in Table 3).


Figure 10. 1D 1H HR-MAS NMR spectra of fresh, unused organotin cat-
alyst 6 (top), used catalyst 6 after one run of polymerization of CL
(middle), and catalyst 6 after Soxhlet extraction for 72 h at 110 8C in tolu-
ene (bottom), with the assignment of the 1H resonances from both resid-
ual PCL (a–e) and grafted catalyst (x, y, and z).
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chloride complexed by monomer, polymer, or both, depend-
ing on the composition of the solution from which the 119Sn
NMR spectrum was recorded. By using these findings, the
1D 119Sn HR-MAS NMR spectrum found in the present
work for catalyst 6 after one poly(e-caprolactone) synthesis
run (Figure 11, middle) can be readily explained. Thus, in
the presence of PCL in the pores, the interaction between
the polymer and the tin atom of the grafted P�(CH2)11�
BuSnCl2 catalyst causes a slight low-frequency shift. With
the latter polymer being present in the pores only residually
and hence, in rather low molar amounts with respect to the
catalyst, when compared to the reaction conditions in the
homogeneous phase, the low-frequency shift remains limited
to approximately 16 ppm; this is in contrast to the shift of
40–50 ppm observed for the higher ratios of polymer-to-
Bu2SnCl2 in the homogeneous-solution catalysis. The same
low relative amount of residual PCL in the pores is respon-
sible for the kinetics of the exchange between the uncom-
plexed grafted P�(CH2)11�BuSnCl2 catalyst and its analogue
complexed by the polymer, an exchange that is significantly
slower than in the case of the homogeneous poly(e-caprolac-
tone)/Bu2SnCl2 mixture. This explains the observed broad-
ened asymmetric 119Sn resonance, characteristic for a not-
yet-complete coalescence regime that approaches exchange-
averaging for the residual PCL/grafted P�(CH2)11�BuSnCl2
system, rather than the narrow resonance that is characteris-
tic for a fast-exchange regime in the case of the homogene-
ous PCL/Bu2SnCl2 reaction mixture. When Soxhlet extrac-
tion is complete, however, and sufficient polymer has been
extracted away from the bead pores, it appears that the
119Sn resonance (Figure 11, bottom) virtually completely re-


covers the characteristic features for unused, freshly synthe-
sized catalyst, thereby demonstrating its robustness.


These data indicate that the catalyst can be recycled, al-
though this is not absolutely necessary because only a
minute amount of PCL appears to be present in the bead
pores after isolation from the catalyst and this does not
hamper reuse of the catalyst, a fact that was also indicated
by our previous study with the homogeneous model
Bu2SnCl2 catalyst.[14]


In conclusion, HR-MAS NMR spectroscopy appears to
be an extremely powerful tool for monitoring catalytic proc-
esses of organometallic compounds grafted to cross-linked
insoluble polymeric supports, amenable to swelling by an
appropriate solvent. The monitoring HR-MAS NMR tool
presented here is not restricted to organotins, and is indeed
applicable to any grafted organometallic catalyst amenable
to NMR spectroscopy, provided the material to which it is
anchored is amenable to swelling in the appropriate solvent,
so as to induce sufficient molecular mobility at the interface,
in order to generate the line narrowing needed for high-res-
olution NMR spectroscopy.


Experimental Section


Materials : e-Caprolactone (CL, Acros, 99%), tetramethylethylenedia-
mine (TMEDA, Aldrich, 99.5+ %), diisopropylamine (DIA, Aldrich,
99%), and 1-propanol (nPrOH, Aldrich, 99.5%) were dried over calcium
hydride at room temperature for 48 h and then distilled under reduced
pressure. Toluene (Labscan, 99%) was dried by refluxing over calcium
hydride and distilled just before use under an inert atmosphere. Prior to
polymerization experiments, the polystyrene-supported organotin dichlor-
ide catalysts were dried by two successive azeotropic distillations of tolu-
ene. For the sake of accuracy, the nPrOH solution in dry toluene was pre-
pared just before use ([nPrOH]=0.45 molL�1 and 2.70 molL�1). Amber-
lite XE305 was purchased from PolySciences Inc. and was washed thor-
oughly before use.[23] Cyclohexane (Aldrich, 99%) was dried over sodium
at room temperature and distilled just before the reaction under an inert
atmosphere. 2.5m Butyl lithium in a hexane solution, triphenyltin chlo-
ride (95%), 1,6-bromochlorohexane, and 11-bromo-1-undecanol (98%)
were purchased from Aldrich. Tetrahydrofuran (THF, Aldrich, 99+ %)
was dried over lithium aluminum hydride (LiAlH4) under reflux condi-
tions and distilled just before use.


Catalyst preparation : The catalysts were prepared according to a proce-
dure described previously, as summarized in Scheme 2.[11–13] In all cases,
divinylbenzene cross-linked polystyrene (Amberlite XE305) was used as
the insoluble support (P�H). In short, a hexa- or undecamethylene
spacer with a terminal chloride functionality was grafted onto the insolu-
ble P�H (compounds 1 and 2), which had been preliminarily lithiated in
the para position. Next, a stannylation reaction with Ph2SnBuLi in dry
THF substituted the chlorine atom for the BuPh2Sn group (compounds 3
and 4). The BuCl2Sn functionalities in compounds 5 and 6 were obtained
by conversion of compounds 3 and 4, as previously described.[13]


Characterization of [P�H](1�t)[P�(CH2)nCl]t (1, 2): IR: ñ=651 cm�1


(CCl; w); 1H HR-MAS NMR: d =3.48 ppm ((CH2)Cl); elemental analy-
sis: [P�H](1�t)[P�(CH2)6Cl]t (1a): calcd: H 8.23, C 82.74, Cl 9.03; found:
H 8.58, C 82.82, Cl 8.88; t=0.38; [P�H](1�t)[P�(CH2)6Cl]t (1b): calcd: H
8.03, C 86.66, Cl 5.32; found: H 7.82, C 86.74, Cl 4.97; t=0.19; [P�H](1�t)-
[P�(CH2)11Cl]t (2): calcd: H 8.94, C 84.59, Cl 6.47; found: H 8.93, C
84.34, Cl 5.97; t=0.29.


Characterization of [P�H](1�t)[P�(CH2)nSnBuPh2]t (3, 4): IR: ñ =1074
(Sn�Ph, m), 507 ((Sn�Bu)sym, w), 595 ((Sn�Bu)asym, w), 656 cm�1 ((Sn�
C)rock, w), doop=727 cm�1 ((C�C)mono, w); 119Sn HR-MAS NMR: d=


Figure 11. 1D 119Sn HR-MAS NMR spectra of unused, freshly prepared
catalyst 6 (top), catalyst 6 after one run of polymerization, with PCL re-
maining in the pores (middle), and catalyst 6 after Soxhlet extraction
(bottom). In the bottom spectrum, the broad satellites are spinning side
bands.
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�71 ppm; elemental analysis: [P�H](1�t)[P�(CH2)6SnBuPh2]t (3a): calcd:
H 7.50, C 76.01, Sn 16.50, Cl 0; found: H 7.96, C 75.79, Sn 16.09, Cl 0.37;
t=0.34; [P�H](1�t)[P�(CH2)6SnBuPh2]t (3b): calcd: H 7.61, C 83.66, Sn
8.73, Cl 0; found: H 7.72, C 83.19, Sn 7.56, Cl 0.72; t=0.11; [P�H](1�t)[P�
(CH2)11SnBuPh2]t (4): calcd: H 8.07, C 78.50, Sn 13.43, Cl 0; found: H
7.87, C 78.27, Sn 12.61, Cl <0.2; t=0.26.


Characterization of [P�H](1�t)[P�(CH2)nSnBuCl2]t (5, 6): IR: ñ =340
(Sn�Cl, m), 515 ((Sn�Bu)sym, w), 595 cm�1 ((Sn�Bu)asym, w); 119Sn HR-
MAS NMR: d =124 ppm; elemental analysis: [P�H](1�t)[P�
(CH2)6SnBuCl2]t (5a): calcd: H 6.92, C 64.15, Sn 18.11, Cl 10.82; found:
H 6.92, C 63.97, Sn 18.22, Cl 10.89; t=0.32; [P�H](1�t)[P�(CH2)6SnBuCl2]t
(5b): calcd: H 7.32, C 77.83, Sn 9.30, Cl 5.55; found: H 7.34, C 77.47, Sn
9.53, Cl 6.32; t=0.11; [P�H](1�t)[P�(CH2)11SnBuCl2]t (6): calcd: H 7.65, C
68.67, Sn 14.83, Cl 8.86; found: H 7.71, C 68.49, Sn 13.77, Cl 8.72; t=
0.26.


Table 4 shows the functionalization degree (t) and the molar tin content
(x) of the [P�H](1�t)[P�(CH2)nSnBuCl2]t compounds (5, 6) synthesized
and used in catalytic experiments, expressed in mmolg�1. The variation


in functionalization degree (t, molar fraction of styrene repetitive units
functionalized with the grafted dialkyltin dichloride species) of the tin
catalyst was actually embodied in the first lithiation step.


Synthesis of molecular tin precursors : The molecular tin precursor
Ph2BuSnLi was prepared as described previously from Ph3SnCl (Al-
drich).[24]


Synthesis of Cl(CH2)11Br : This compound was prepared from Br-
(CH2)11OH by a reaction with SOCl2, by an established literature proce-
dure:[25] MW=269.65 gmol�1; b.p. 126 8C at 0.4 mmHg; 1H NMR: d=


3.52 (t, CH2Cl), 3.40 ppm (t, CH2Br); IR: ñ=651 cm�1 (CCl, w).


Polymerization procedure : Typically, polystyrene-supported catalyst
(90.2 mg; 0.138 mmol of tin, entry 1 in Table 2) was introduced into a
preliminarily flame-dried and nitrogen-purged round-bottomed flask
equipped with a three-way stopcock and a rubber septum. After three
cycles of vacuum/nitrogen purging and an azeotropic distillation of tolu-
ene, toluene (2 mL) and CL (3 mL, 27.07 mmol) were injected into the
flask. The reaction medium was heated up to 100 8C before adding
nPrOH (1 mL) in toluene solution (2.71 mmol). After 5 h of polymeri-
zation time with slow-speed shaking, the reaction medium was rapidly
cooled down with tap water and dry toluene (50 mL) was added. The
polystyrene-supported catalyst was allowed to settle, and the supernatant
was poured through a preliminarily flamed capillary into an excess of
heptane in order to precipitate the PCL. An additional toluene volume
was used to wash the polystyrene particles. The precipitate was recovered
by filtration and dried under reduced pressure at 30 8C until constant
weight. The polystyrene-supported catalyst was dried under reduced
pressure for 18 h at room temperature and maintained under an inert at-
mosphere to be either observed by optical microscopy or reused in a fur-
ther polymerization experiment.


Characterization : Size-exclusion chromatography (SEC) was performed
in THF at 35 8C by using a Polymer Laboratories liquid chromatograph
equipped with a PL-DG802 degasser, an isocratic LC1120 HPLC pump
(flow rate=1 mLmin�1), a Marathon autosampler (loop volume=


200 mL, solution concentration=1 mgmL�1), a PL-DRI refractive-index
detector, and three columns: a PL gel 10-mm guard column and two PL
gel Mixed-B 10-mm columns (linear columns for the separation of poly-
styrene with molecular weights of 500–106 Da). Molar masses were calcu-
lated by reference to a polystyrene standard calibration curve, by using
the Mark–Houwink–Sakaruda relationship: [h]= intrinsic viscosity in


THF at 35 8C, M=number-average molar mass, K and a=Mark–Hou-
wink–Sakaruda constants for PS (polystyrene) (KPS=1.25P10�4 dLg�1,
aPS=0.707) and PCL (poly(e-caprolactone)) (KPCL=1.09P10�3 dLg�1,
aPCL =0.600). The polystyrene particles were observed by optical micro-
scopy with a Leica MZ8 stereoscopic microscope equipped with an opti-
cal fiber Euromex EK-1. A specific adapter allows the use of a photo-
graphic-extension Nikon Coolpix 990 MDC lens.


IR and Raman spectroscopy : IR spectra were recorded on a Bruker
Equinox 55 FT-IR spectrometer, equipped with an MIR source, a KBr
beam splitter, and a DGTS detector, from dry KBr (200 mg) pellets with
approximately 5 mg of substance. The RAMAN spectra were recorded
on a Perkin–Elmer 2000 NIR FT-RAMAN spectrometer by using a Ram-
an dpy2 beam with 310 mW power.


NMR spectroscopy : The 1H and 119Sn HR-MAS NMR spectra were re-
corded on a Bruker AMX500 instrument operating at 500.13 and
186.50 MHz, respectively, with a specially dedicated Bruker 1H/13C/119Sn
HR-MAS probe equipped with gradient coils, by using full rotors con-
taining approximately 20 mg of resin beads, swollen in approximately
100 mL of CDCl3 and with magic angle spinning at 4000 Hz. (CH3)4Sn
was used as an internal reference.


The 13C HR-MAS NMR spectra and the 2D 1H–13C HSQC[15,20] spectra
of compound 6 were recorded on a 700 MHz Bruker Avance spectrome-
ter equipped with a gradient 1H/13C/2H HR-MAS probe at 298 K, while
spinning with a rotation frequency of 4 kHz. 2048 and 256 complex
points were acquired in the acquisition dimension and the indirect di-
mension, respectively. 32 scans were used for each t1 increment, thereby
resulting in a total acquisition time of 10 h. Sine-shaped gradient pulses
of 1.3 ms length and with 40 Gcm�1 and 10.05 Gcm�1 of strength were
used to select the correct coherence order pathway. The sample was pre-
pared by adding compound 6 (6 mg) to a HR-MAS rotor (50 mL). Swel-
ling of the resin was achieved by adding CD2Cl2 directly into the rotor.
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