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Illuminating Zinc in Biological Systems**


Nathaniel C. Lim,[a] Hedley C. Freake,[b] and Christian Br+ckner*[a]


Introduction


Physiology of zinc : Zinc is only moderately abundant in
nature, ranking 23rd of the elements. Zinc is, however, fol-
lowing iron, the second most abundant transition metal in
the body. In total, the adult human body contains 2–3 g zinc.
The pronounced Lewis acid characteristics of the Zn2+ ion,
its single redox state, and the flexibility of its coordination
sphere with respect to geometry and number of ligands asso-
ciated, combined with the kinetic lability of coordinated li-
gands, are responsible for its broad utility within proteins of


the body. While other trace elements may share some of
these properties, none share them all.


Probably thousands of proteins contain zinc.[1] All six In-
ternational Union of Biochemistry class of enzymes are rep-
resented. The structures of well over 200 zinc-containing en-
zymes have now been characterized.[2] Zinc proteins can be
divided into several groups according to the role played by
zinc within the protein. In the catalytic group (e.g., carbonic
anhydrase and carboxypeptidase A), zinc is a direct partici-
pant in the catalytic function of the enzyme. In enzymes
with structural zinc sites (e.g., protein kinase C), one or
more metal ions ensure appropriate folding for bioactivity.
Enzymes in which zinc serves a co-catalytic function (e.g.,
superoxide dismutase), one or several zinc ions may be used
for catalytic, regulatory, and structural functions. In addi-
tion, there are a large number of transcription factors that
utilize zinc, the so-called zinc fingers.[3] Zinc is found associ-
ated with membrane lipids, DNA, and RNA, but the func-
tions of these zinc pools are not clear.


Considering the wide variety of metabolic functions re-
quiring zinc, it is not surprising that any zinc deficiency or
imbalanced zinc distribution within the body, organ or cell,
leads to a broad range of pathologies. Human zinc deficien-
cy was first discovered almost 50 years ago by Prasad and
co-workers.[4] They described a syndrome of stunted growth
and sexual immaturity in adolescent boys. The extent to
which zinc deficiency conditions persist today is difficult to
estimate because of the lack of a suitable biochemical
marker of zinc status. However, the World Health Organiza-
tion estimates that more than 40% of young children in
many parts of Africa and Asia have stunted growth and this
can often be associated with limited dietary zinc.[5] Zinc has
also been reported to increase growth rates in children in
the United States.[6] In addition to growth, numerous other
body functions are affected, including immune, endocrine,
and gastro-enterological systems.[1] These effects often inter-
act with other diseases ranging from diarrhea to AIDS, wor-
sening the resultant pathologies.[7]


While the structural biochemistry of zinc within proteins
and the pathology of zinc deficiency have both been reason-
ably well described, large gaps in understanding the connec-
tions between the two exist. In addition, the roles that zinc
play in many physiological processes, ranging from insulin
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Abstract: Zinc is the second most abundant transition
metal in the human body, fulfilling a multitude of bio-
logical roles, but the mechanisms underlying its physiol-
ogy are poorly understood. The lack of knowledge is, in
part, due to the hitherto limited techniques available to
track zinc in biological systems. The recent emergence
of a number of zinc-specific molecular sensors has pro-
vided a new tool to image zinc in live cells and tissue
samples. This contribution highlights the concepts
behind using zinc-specific fluorescent molecular sensors
to gain information about zinc action in biological sam-
ples, and provides representative examples of images re-
corded.
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secretion, apoptosis, neurodegenerative disorders, taste, and
smell function are not well understood. Understanding of
zinc homeostasis and the regulation of its passage into and
out of cells is improving with the discovery zinc transport-
ers,[8] but many questions remain about how zinc is supplied
to its protein partners.[9] Much more needs to be learned
about zinc speciation, compartmentalization, and the regula-
tion and the mechanisms of the intracellular trafficking of
zinc.[10]


While the total concentration of zinc in a cell is relatively
high, the concentration of “free” zinc, that is, the fraction of
Zn2+ not strongly bound to proteins, is extremely low and
tightly controlled.[11,12] In fact, the measurement of the extra-
ordinary affinity of the bacterial zinc sensor/regulatory pro-
tein ZntR has led to an apparent physiological paradox. The
concentrations of free Zn2+ that activate the ZntR are
about six orders of magnitude lower than one zinc ion per
cell![11, 13] ZntR turns on the expression of zinc efflux pumps.
This then raises the question of how zinc-dependent proteins
of lower affinity to zinc than ZntR receive their required
zinc if extremely low zinc concentrations already engage the
zinc efflux pumps. The paradox is solved when considering
that a cell is not at thermodynamic equilibrium. Thus em-
ploying a kinetic model that involves ligand exchange reac-
tions between a number of zinc-binding proteins, including
zinc chaperones, can explain the control of the intracellular
zinc quota.[11,13]


Total cellular zinc can be relatively easily determined by
standard analytical techniques such as AAS or ICP-MS, but
the determination of the “free” or “available” Zn2+ concen-
trations has proved difficult using classic techniques. This is
because cell fractionation can readily lead to cross-contami-
nation of the kinetically labile metal ion between intracellu-
lar sites. Thus, the knowledge gap between the structural
chemistry of zinc and zinc homeostasis and action is, at least
in part, due to the lack of techniques for tracking Zn2+ in
biological systems. This has led to the emergence of zinc-
specific molecular sensors, which can make zinc “visible” in
tissue or even in live cells.[14]


Spectroscopically silent zinc : The d10 electron configuration
of the Zn2+ ion, the only zinc ion found in biological sys-
tems, has a number of practical implications for its detec-
tion. Zn2+ is colorless as it is devoid of d–d transitions. The
Zn2+ ion is very stable and undergoes redox reactions only
under extreme conditions, excluding the occurrence of
ligand-to-metal charge-transfer bands in its complexes.
These effects render UV-visible spectroscopy unsuitable for
the detection of “free” or complexed Zn2+ . Zinc is also dia-
magnetic in all its compounds, prohibiting, for instance,
EPR spectroscopy or magnetometric measurements. The d10


ion is not subject to ligand field stabilization effects, making
it extremely flexible with respect to the coordination geome-
tries it can adopt in its complexes, and rendering it kinetical-
ly labile, allowing for rapid ligand exchange reactions. Final-
ly, the major naturally occurring isotopes have zero nuclear
spin, they are NMR silent.


Much of what is known about the structure and function
of Zn2+-containing proteins has been gleaned from X-ray
crystal structures, X-ray absorption data (EXAFS), and iso-
morphous substitution experiments in which the Zn2+ was
replaced by traceable metal ions.[12] None of these tech-
niques are suitable for the tracking of Zn2+ in cells and or-
ganisms. The use of the zinc radioisotope 65Zn has allowed
cell studies on bulk zinc uptake and egress, but this does not
permit the direct observation of the temporal and spatial
distribution of zinc in live cells and questions of isotope
equilibration with internal pools arise.[15] One technique to
spectroscopically visualize zinc is the use of zinc-specific
fluorescent molecular sensors.


Molecular sensors : A molecular sensor (also referred to as a
chemosensor) is a molecule capable of transforming chemi-
cal information, such as presence or concentration of a spe-
cific sample component, into an analytically useful
signal.[16,17] A metal-ion chemosensor comprises a metal-ion
recognition site and a signal transduction domain that is
triggered upon metal-ion binding. For instance, metal bind-
ing triggers intense fluorescence in the sensor, while the un-
bound sensor is nonfluorescent (Figure 1).


One realization of such a “switch-on” probe relies on a
photoinduced electron-transfer (PET) mechanism. Such a
mechanism involves the deactivation of the excited state of
a fluorophore by addition of an electron to one of its excit-
ed-state frontier orbitals. This leaves the fluorophore in a re-
duced, nonemissive state. For example, the free electron
pair of an amino group attached in a benzylic position to a
fluorophore may quench its fluorescence intramolecularly as
a result of a PET process. Metal coordination to the amino
group renders it a less efficient electron donor. This makes
PET-type fluorescence quenching less probable or interrupts
it all together. Thus, the native fluorescence of the fluoro-
phore is restored. This signaling event should be highly sen-
sitive and selective for the analyte. Sensors operating ac-
cording to this principle have become known as CHEF-type
sensors (chelation-enhanced fluorescence).[16,17]


Chemosensors principally allow the tracking of zinc in
live cells or organ preparations using fluorescence microsco-
py.[18] The enormous utility of metallochemosensors in biol-
ogy has been previously demonstrated for Ca2+ , another
spectroscopically silent metal ion.[19]


Figure 1. Schematic representation of CHEF-type fluorescent molecular
metal sensor.
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Fluorescent Sensing of Zinc in Biological Systems


Requirements for a zinc chemosensor suitable to probe
biological samples


Desired optical properties : The ideal chemosensor for zinc is
nonfluorescent in the free-base form and highly fluorescent
when coordinated to zinc. The best established zinc chemo-
sensors, the 8-aminoquinoline-based sensors 1–3, show
about a 300-fold increase in their fluorescence intensity
upon N,N-chelation of zinc, an increase rarely matched by
other sensors.[20–22] Further, these sensors are exquisitely sen-
sitive for zinc, capable of detecting concentrations down to
4pm.[21]


Figure 2 shows a typical, more moderate, increase of fluo-
rescence upon titration with increasing amounts of Zn2+ ,
here illustrated using the fluorescein-based sensor Zinpyr-1


(4), introduced by Lippard and co-workers.[23] Upon binding
of Zn2+ , no spectral shift is observed, merely a gradual
switching on of the fluorescence with increasing zinc con-


centration until the limiting stoichiometry of the metal–
ligand complex is reached. Despite the smaller increase in
fluorescence intensity, Zinpyr (and other rhodamine- and
fluorescein-based sensors)[24–26] have a major advantage over
aminoquinoline-based systems, such as 1 and 2 and related
sensors.[27,28] The excitation wavelength lexcitation for Zinpyr-1
is 507 nm, while the quinoline 2 requires an excitation wave-
length of 369 nm (lemission at 535 nm). This much shorter
wavelength raises concern about UV-induced cell damage.
This shortcoming of zinquin is shared by many other anthra-
cene-, coumarin-, pyrene-, or dansyl-based sensors.[29]


Longer wavelengths penetrate tissue better with less scatter-
ing, giving rise to higher resolution images, and do not re-
quire UV-grade optics in the fluorescence microscopes used
to observe biological samples.


One other consideration in the design of chemosensors is
matching of the lexcitation and lemission with the laser and filter
sets of the fluorescence microscopes to be used in the bio-
logical studies. Likewise, if co-staining experiments are to be
performed, the optical properties of the sensor and the co-
stains need to be distinctly different from each other to
allow their independent probing. Chemosensors may be
compared by using a sensitivity index based on the product
of the quantum yield f, that is, the ratio of emitted photons
per photons used to excite a fluor, and the extinction coeffi-
cient e of the sensor.[27] The higher the sensitivity index, the
lower the sensor concentration required to obtain a signal.


Selectivity for zinc : In chemosensors for metal ions, the se-
lectivity of the fluorescence response is achieved by a judi-
cious choice of the metal binding site. Zinc is a borderline
hard/soft metal with a variety of known coordination num-
bers, geometries, and donor atom sets.[2] This makes the
design of zinc-selective chelates somewhat difficult, but the
number and concentration of competing metal ions in bio-
logical systems is limited, simplifying the task in practice.
Figure 3 shows the fluorescence response of the “zinc-selec-


tive” cyclen-appended coumarin-based sensor 5 upon addi-
tion of a range of metal ions.[30] In addition to zinc, the
other divalent ions of Group 12 elicit a fluorescence re-
sponse. Also, the soft-ion Pb2+ is found to bind. These re-
sults are typical for cyclen-, DPA-, or aminocarboxylate-
based sensors, though exceptions are also known.[22] In the


Figure 2. A: Fluorescence emission response of Zinpyr-1 (4) to buffered
Zn2+ solutions. B: Fluorescence response obtained by integrating the
emission spectra between 509 and 650 nm. lexcitation at 507 nm. For further
experimental details, see Walkup et al.[23] (figure used with permission).


Figure 3. Metal-dependent relative integrated emission intensity increase
after addition of a tenfold excess of metal to 5. lexcitation at 345 nm, fluo-
rescence measured after 30 h. For further experimental details, see Lim
et al.[30] (figure used with permission).
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biological setting, however, none of these toxic ions are ex-
pected to be present in any significant amount, excluding a
false positive signal for zinc. On the other hand, the ions oc-
curring in relatively large concentrations, such as Ca2+ ,
Mg2+ (and Na+ , K+ , not shown) do not bind to cyclen, and
therefore do not induce any fluorescence, even when pres-
ent in a large molar excess. Transition metals such as Mn2+ ,
Fe2/3+ , and Cu2+ bind to many cyclen, and DPA- or amino-
carboxylate-based sensors.[31] However, they do not give a
false positive fluorescence response as these paramagnetic
ions quench the induced CHEF-type fluorescence. In a re-
fined and more relevant experiment, it is necessary to inves-
tigate how Zn2+ ions directly compete with varying concen-
trations of other transition-metal ions for the sensor binding
site.


Other zinc-specific sensors show different selectivity pro-
files, particularly the quinoline-based sensors which are
much less susceptible to interference with metals such as
Hg2+ or Cd2+ . The selectivity of the binding sites can, in
principle, be improved by ligand designs that support or en-
force square-pyramidal or trigonal-bipyramidal coordination
modes, which are more readily accessible to Zn2+ than to
most other transition metals.


Affinity for zinc : A fluorescence titration of a given sensor
with Zn2+ identifies the zinc concentration range in which
the sensor can be used to measure relative concentrations of
zinc. If the zinc concentration is too low, no enhanced fluo-
rescence is measured because no significant binding takes
place. In the upper limit range, the sensor is saturated and
cannot give any information about relative concentration
changes of zinc (for other limitations in determining zinc
concentrations using chemosensors, see below). Thus, every
sensor is characterized by a useful working range of zinc
concentrations. The ideal dissociation constant Kd of the
sensor for the analyte should be a value close enough to the
projected concentration of the analyte to allow monitoring
of changes in its concentration.


Binding kinetics : If the temporal resolution of changing zinc
concentrations is desired, it is obligatory that the reversible
metal binding event to the sensor is adequately fast. For in-
stance, the binding of Zn2+ to the cyclen-based sensor 5 is
very slow (t1/2=60 min).[30] This is presumably due to the re-
organization required to accommodate the metal in its con-
voluted binding site. Most sensors utilize non-macrocyclic


polydentate chelates with fast binding kinetics. Rapidly
binding sensors have been successfully used in time-resolved
studies, as will be shown below.


pH-Dependence of the sensors : Protons potentially compete
with zinc for the lone pair(s) of the Lewis basic metal bind-
ing site. If the lone pair responsible for the PET process
gets protonated, it becomes also less available for the
quenching process, and fluorescence is switched on even in
the absence of the metal ion. Hence the working pH range
for any chemosensor needs to be determined to allow a
judgment whether the sensor can operate within the pH
range expected in the biological system studied.[32]


Biodistribution properties : Ideally, the chemosensor is taken
up by the cell or tissue, thus avoiding micro-injection tech-
niques. An indication whether endocytotic mechanisms or
passive diffusion through the cell membrane is responsible
for the uptake of the sensor can be derived by observing the
temperature-dependence of its uptake. If incubation of the
cells with the sensor at 4 8C results in cell uptake, it provides
a strong indication for a passive diffusion mechanism, since
endocytosis at this temperature is greatly inhibited.[20] Once
in the cell, the sensor may be excreted or metabolized, lead-
ing to gradually diminishing fluorescence.


The nature of pendant arms of the sensors can alter their
uptake properties. For instance, it was proposed that the
ester functionality on the more lipophilic zinquin ester 2
allows passive diffusion into the cell. It may also improve
the retention of the probe inside cells, since the ester may
be hydrolyzed by cytoplasmic esterases, with the resulting
charged and more hydrophilic acid species unable to diffuse
out.[33] Likewise, the sensor triacid 6 does not stain cells,
whereas the triester 5 is taken up readily.[30] On the other
hand, other zinquin derivatives that lack the ester function-
ality also get taken up,[20] indicating that while esterase-acti-
vated “prodrug” designs are an elegant way of manipulating
the biodistribution properties of a sensor,[31] they are not a
mandatory requirement for the making of successful intra-
cellular zinc-specific stains.


Cell-permeable zinc chemosensors : A range of cultured
mammalian cell types (e.g., mouse fibroblasts, rat pituitary
tumor cells, COS, HeLa, Chinese hamster ovary cells) as
well as yeast cells, exhibit punctuate staining patterns upon
incubation with a number of structurally different, cell-per-
meable chemosensors (e.g., 2-Me-TSQ, 7), as exemplified in
Figure 4, recorded by OPHalloran and co-workers.[20] The
nature of these discrete, intracellular, vesicular zinc pools re-
mains unclear, but they appear to be an ubiquitous aspect of
eukaryotic cell biology.[20]


A standard set of experiments is required to link the
staining to intracellular zinc pools, and to minimize the po-
tential for observing artifacts:[20]


1) The cells should show little or no fluorescence in the ab-
sence of the sensor.
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2) The observed stains should be sensitive to an exogenous-
ly altered zinc status of the cell. Addition of the iono-
phore pyrithione (2-mercaptopyridine N-oxide) in con-
junction with exogenously added zinc is known to load
the cells with zinc. Correspondingly, the observed fluo-
rescence intensity of the stains should increase. Con-
versely, the addition of the membrane-permeable zinc
scavenger TPEN (N,N,N’,N’-tetra(2-picolyl)ethylenedi-
amine) to the cell culture reduces the intracellular
“free” zinc concentration and, correspondingly, the ob-
served fluorescence should diminish or vanish all togeth-
er (see, for example, Figure 10 and Figure 13 later).


3) The staining should also be shown not to be due to
sensor–zinc complexes preformed outside of the cell.
Thus, the cell medium should be very zinc-poor or it
should be shown that incubation of cells with the
sensor–zinc complex does not result in any uptake or
staining.[30]


Double-labeling experiments have identified some cell or-
ganelles in which select sensors preferentially accumulate.
For instance, the sensor RhodZin-3 (8) has been shown to
be selective for mitochondria in neurons (Figure 5).[34] On
the other hand, the bright perinuclear staining pattern in
COS cells using Zinpyr-1 (4) was found to be associated
with acidic cell compartments identified as Golgi or Golgi-
associated vesicles.[23,24]


The ability to obtain images of zinc pools in cells, espe-
cially when using chemosensors of relatively low affinity for
zinc, is surprising in light of the demonstrated absence of cy-
tosolic “free” zinc pools in, for instance, E. coli.[11] However,
since the nature of the observed zinc pools are not clear, it
is too early to offer an explanation for this apparent discrep-
ancy.


One caveat needs to be considered when using chemosen-
sors to image zinc in cells or tissues. Each sensor can meas-
ure zinc only in the compartment(s) in which it accumulates.
A lack of fluorescence enhancement in any given cell com-
partment does not necessarily imply that no zinc is present;
it may merely mean that no sensor is present. Each sensor
possesses unique biodistribution properties. This underlines
the need for a range of sensors of varying biodistribution
properties, in order to gain a comprehensive understanding
of the distribution of zinc in cells.


Cell-impermeable zinc chemosensors : The utility of cell-per-
meable sensors for the imaging of cytosolic zinc is self-evi-
dent (for an example of the NO-triggered release of intra-
cellular zinc, see Figure 10 below). However, non-cell-per-
meable dyes can also provide valuable biological informa-
tion. For instance, it is known that insulin and Zn2+ are co-
stored in pancreatic b-cells in secretory vesicles and are co-
released by exocytosis. This process can be visualized by
using the non-cell-permeable chemosensor FluoZin-3
(9).[35–37] Figure 6A shows the bursts of fluorescence ob-


Figure 4. Microscopy images of mouse fibroblast cells by fluorescence in
the presence of 10 mm sensor 7. For further experimental details, see
Nasir et al.[20] (figure used with permission).


Figure 5. Co-localization of RhodZin-3 (8, red fluorescence) and the mi-
tochondrial selective probe MitoTracker Green (green fluorescence) in
cultured murine forebrain cells. Co-localization is indicated by the yellow
color of the combined emission of the probes. For further experimental
details, see Sensi et al.[34] (figure courtesy of K. R. Gee, used with permis-
sion).
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served by Kennedy and co-workers following the addition
of glucose to pancreatic b-cells.[35] The time-lapse images fol-
lowing the burst show the fluorescence decrease due to dif-
fusional dilution of the zinc concentration.


Non-cell-permeable sensors have also been used to differ-
entiate damaged from undamaged brain cells. Figure 7A
shows a fluorescence microscopic image of a specific section


of brain tissue, stained with ZP4 (10), a non-cell-permeable,
high-affinity zinc sensor from the Lippard laboratories.[26]


The tissue was taken from rats after chemical-induced seiz-
ure. Distinctly visible are zinc-positive neurons, which are
absent in tissue of animals which had not experienced a seiz-


ure. Figure 7B illustrates the advantage of using ZP4 (10) as
compared to TSQ (1). This image is of much lesser diagnos-
tic value. The identification of the damaged cells is made
difficult because TSQ also stains Zn2+-containing vesicles in
the neuropil, the dense matrix interspersed among the nerve
cells in the gray matter of the central nervous system.


Single-wavelength excitation ratiometric zinc chemosensors :
Currently, a most dynamic aspect in the development of
zinc-specific chemosensors is the drive towards the realiza-
tion of ratiometric sensors. The signal derived from a fluo-
rescence microscopy image of a cell stained with a zinc-spe-
cific chemosensor allows the determination of the presence
of zinc. Relative lemission increases can reasonably be corre-
lated with increases of [Zn2+]free, especially when the intensi-
ty has been shown to be modulated by externally induced
changes of zinc availability (see above). However, the fluo-
rescence quantum yield f of the sensor is in most cases sol-
vent-dependent. Since the solvent properties of the local en-
vironments in which the sensors accumulate are not known,
the absolute lemission measured cannot be correlated directly
with a particular [Zn2+]free. However, the measurement of
absolute [Zn2+]free can be achieved by using a ratiometric
sensor.


The principle of a ratiometric sensor is depicted in
Figure 8. A ratiometric probe responds upon binding to an
analyte with a shift in its lmax-emission, which may or may not
be concomitant with an increase in lemission. This lmax-emission


shift should be enough to distinguish the lmax-emission of the
co-existing Zn2+-free and Zn2+-bound species, allowing the
determination of the ratio of lemission of the Zn2+-free to
Zn2+-bound species. Together with the known binding con-
stant of the sensor, the unknown zinc concentration can be
derived.[38] Assuming identical solvent influences on f for
the Zn2+-free and Zn2+-bound species, a ratiometric signal
is internally calibrated. Further, neither light-source fluctua-
tions nor photobleaching effects affect the signal ratio of
bound to unbound sensor.


In principle, ratiometric-sensing behavior can be expected
when the binding of the analyte changes the electronic prop-
erties of the chromophore. Ratiometric sensors for zinc are
potentially very useful, but their realization is nontrivial.
Consider, for instance, the rhodamine–fluoresceine hybrid
dye 11, introduced by Burdette and Lippard (shown in its


Figure 6. Imaging of Zn2+ secretion from pancreatic b-cells. Cells were
incubated in buffer containing 2mm FluoZin-3 (9) and stimulated to se-
crete by the application of 20 mm glucose (at 50 s). A: Colors indicate
ratios of fluorescence intensities. B: The temporal responses of Zn2+ se-
cretion were analyzed using the four regions of interest indicated as 1, 2,
3, 4 in A. For further experimental details, see Gee et al.[35] (figure used
with permission).


Figure 7. Hilus of dentate gyrus stained with Zinpyr-4, 10 (A) and TSQ, 1
(B). The brain tissue is taken from a rat following seizure activity. For
further experimental details, see Burdette et al.[26a] (figure used with per-
mission).
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zinc-bound form 11-Zn), in its two limiting resonance forms,
aminoquinone 11-I and iminophenoxide 11-II.[25] Involve-
ment of the amine functionality in the coordination to zinc


can reasonably be expected to shift the tautomeric equilibri-
um and, thus, the optical properties of the fluor. However,
though 11 has been found to possess zinc chemosensory
properties, it did not show any wavelength shift upon zinc
binding. The explanation was found to lie in the high basici-
ty of the chelate. Therefore, the sensor exists in a protonat-
ed state over a wide pH range, thus mimicking the presence
of zinc and presumably also shifting the tautomeric equili-
brium of the dye already to the aminoquinone form such
that coordination to zinc causes no further shift.


The realization of a ratiometric sensor based on the zinc-
induced shift of a tautomeric equilibrium was later accom-
plished by the group of Lippard using a less basic plat-
form.[31] Phenoxynaphthoquinone 12-I shares optical charac-
teristics with naphthofluorescein, while its naphthoxyqui-
none tautomer 12-II is fluorescein-like. Chemosensor 13
(ZNP1) was synthesized and its optical properties reveal
two weak bands, footprints of both tautomeric forms
(Figure 9). Coordination of 13 to zinc increases the overall
fluorescence intensity of the sensor and, more significantly,
it shifts the spectrum to one dominant broad peak, indica-


tive of the phenoxynaphthoqui-
none tautomer 12-I. This re-
sponse provided the basis for
the use of 13 in the single-exci-
tation, dual-emission ratiomet-
ric sensing of zinc.


The biological value of this
probe has been demonstrated.
The diacetate derivative of 13
was found to be taken up by
cells and, by using the standard
tests described above, to be


suitable to measure changes in intracellular zinc concentra-
tions in living mammalian cells. Figure 10 shows the images
of live COS cells stained with ZNP1 acetate. The pseudocol-
ors depict the ratio of the fluorescence intensities at the two
emission wavelengths at 612 and 526 nm. The larger the
ratio, the more zinc is present. In resting cells, little if any,
“free”, that is, imageable, endogenous zinc is present (Fig-
ure 10A). Figure 10B shows the result of the addition of S-


Figure 8. Schematic representation of the ratiometric measurement of metal concentration.


Figure 9. Ratiometric fluorescence spectroscopic response of ZNP1 to
buffered Zn2+ solutions (lexcitation at 499 nm). For further experimental de-
tails, see Chang et al.[31] (figure used with permission).
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nitrosocyctein, an NO-delivery agent. The ratio I612/I526 in-
creased, indicating the intracellular NO-triggered release of
zinc. The cytosolic zinc was then chelated by TPEN, result-
ing in the complete loss of imageable zinc in the cells (Fig-
ure 11C). This experiment is a powerful demonstration of
the ability of the signaling molecule NO to make Zn2+ avail-
able from tightly protein-bound, non-imageable zinc in the
cytosol.


The design of ratiometric sensors is fraught with many
surprises, highlighting the fact that the design algorithm for
sensors in general is not all understood. For instance, the
DPA-derivatized (DPA=di(2-picolyl)amine) coumarin-
based chemosensor 14 prepared by Lim and BrDckner is
structurally related to their sensor 5 discussed above, but
utilizes an open-chain chelate.[39] This promised to alleviate
the slow binding kinetics observed for the cyclen-based ana-


logue 5. In fact, fast Zn2+-binding characteristics were ob-
served. Figure 11A shows the chemosensory response of
sensor 14. Addition of one equivalent of Zn2+ increases the
integrated fluorescence intensity a surprising 23-fold as com-
pared to the 4.4-fold increase observed for 5. In a further
development, the position of attachment of the DPA-ligand
was moved from the 4-position in 14 to the 3-position of the
coumarin framework, generating sensor 15.[39] This shift is
most important in the context of the design of a ratiometric
sensor. The chelate attached directly adjacent to the lactone
functionality of the coumarin framework allows the forma-
tion of the zinc complex 15-Zn shown in which the three ni-
trogen atoms of the DPA and the lactone carbonyl oxygen
atom coordinate to the Zn2+ ion (the coordination of one
additional water molecule to complete a pseudo-trigonal-bi-
pyramidal N3O2 coordination sphere around the metal ion
in 15-Zn cannot be excluded). This chelation mode may per-
turb the chromophore, giving rise to a ratiometric probe.


Figure 11B shows the results of spectrophotometric titra-
tions of Zn2+ to a solution of 15. Indeed, a ratiometric re-
sponse was observed but the CHEF-type fluorescence in-
crease was almost entirely lost. Further, the ratiometric re-
sponse proved to be solvent dependent. The peak separation
degrades presumably as the solvent competes with the car-
bonyl group for coordination to the metal center. Thus, the
observed Dlmax-emission is only barely discernible in H2O. This
illustrates that the coordinating group on the fluor must not
only be a crucial part of the chromophore, it must also be a
competent ligand, withstanding the competition for the
metal ion with the solvent and other potential donors pres-
ent in biological media.


One intriguing approach toward the realization of a
single-wavelength ratiometric sensor for Zn2+ relies on the
cation-induced inhibition of excited state intramolecular
proton transfer (ESIPT), most recently utilized by Fahrni
and co-workers for the development of a ratiometric sensor
for Zn2+ .[40,41] Certain chromophores, such as the 2-(2’-ben-
zenesulfonamidophenyl)benzimidazole derivative 16-I, un-
dergo ESIPT to yield the emission of the proton-transfer
tautomer 16-II. This emission is generally highly StokesP
shifted. Removing the transferred proton by metal coordina-
tion (such as in 16-Zn) makes ESIPT impossible. Since emis-
sion of the metal-coordinated species occurs with normal


Figure 10. Ratio confocal fluorescence imaging of NO-triggered release
of endogenous Zn2+ in live COS-7 cells. Fluorescence was collected in
optical windows centered at 612 and 526 nm. Pseudocolor figures depict
the ratio of fluorescence intensities at these two emission wavelengths.
A: Incubation of cells with ZNP1-Ac. B: ZNP1-stained cells treated with
S-nitrosocyctein. C: Reversal of the observed ratio increases with TPEN.
For further experimental details, see Chang et al.[31] (figure used with per-
mission).


Figure 11. A: Solid trace: Emission spectrum of 14 ; broken trace: 14 +


1 equiv Zn2+ (MeOH, lexcitation at 343 nm). B: Solid line, left spectra: UV-
vis spectral titration of 15 with Zn2+ (0–1 equiv). Dashed line, right spec-
tra: Fluorescence response upon titration of 15 with Zn2+ (0–1 equiv),
lexcitation at 410 nm. For further experimental details, see Lim et al.[39]


(figure used with permission).
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StokesP shift, the wavelength separation of lmax-emission of the
Zn2+-bound and free base species can be expected to be
large (here, 46 nm). Good separation of lmax-emission of the
Zn-bound and unbound species allows for a simplified and
potentially very sensitive ratiometric measurement. It is also
important to note that using this concept, a modulation of
Iemission of the chromophores upon metal binding is not re-
quired, enabling the use of chromophores with a high f and
resulting in a bright sensor.


Dual-wavelength ratiometric zinc chemosensors : Woodroofe
and Lippard have introduced an innovative approach to al-
leviate most of the problems associated with the design of a
ratiometric probe operating by interference of the chromo-
phore upon zinc binding.[42] The principle behind their two-
fluorophore approach is illustrated in Figure 12. Two fluors


are conjugated through an ester functionality. A conjugate is
composed of a zinc-sensitive (the fluorescein-based sensor
moiety, similar to Zinpyr-1, 4) and a zinc-insensitive compo-
nent (a coumarin moiety). The conjugate is essentially non-
fluorescent and cell-membrane permeable. Once in the cell,
esterases cleave the conjugate, separating the chemosensor
and the coumarin, and rendering them both fluorescent in
the process. Both fluors possess characteristic excitation and


emission wavelengths. They can thus be probed indepen-
dently of each other. Excitation of the coumarin (at 445 nm)
and measurement of the emission intensity at 488 nm pro-
vides information on the concentration of cleaved sensor.
Measurement of the emission intensity at 534 nm (excitation
at 505 nm) affords information about the amount of zinc
present. In the absence of zinc, the ratio of the emission in-
tensity I534/I488 is 0.5 and it increases to 4.0 upon saturation
of the chemosensor with zinc.


Figure 13 shows the results of a dual filter microscopy ex-
periment.[42] HeLa cells were incubated with conjugate 17.
Figure 13B shows the image resulting from the specific exci-


tation of the coumarin and the measurement of its emission,
while Figure 13C shows the image resulting from a chemo-
sensor-specific excitation/emission. Increase of the intracel-
lular zinc concentration increased the emission intensity at
543 nm, but not that recorded at 488 nm. While the intensity
ratio was not correlated to an absolute zinc concentration,
the result demonstrates the co-localization of the fluors. The
esterase processing of the conjugate generates the two
fluors in an exact 1:1 ratio. The presence of a defined ratio
of co-localized sensors is an essential condition for ratiomet-
ric sensing.


Two-photon (ratiometric) sensors : Instead of only being
able to absorb one photon of a certain wavelength to reach
an excited state, some chromophores possess the ability to
absorb simultaneously two photons of double the wave-
length (half the energy) to reach the same excited state.


Figure 12. Schematic representation of the two-fluorophore approach to
a ratiometric measurement of metal concentration.


Figure 13. Phase contrast (A) and fluorescence (B, C) microscopy images
of HeLa cells incubated with Coumazin-1 (17) with the addition of ZnCl2
and sodium pyrithione. Fluorescence images were acquired with lexcitation
at 400–440 nm, band-pass of 475 nm (B) or with lexcitation at 460–500 nm,
band-pass of 510–560 nm (C). For further experimental details, see
Woodroofe et al.[42] (figure used with permission).
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Identical fluorescence is observed upon relaxation of the
chromophore back to the ground state, irrespective of the
means by which the excited state was reached. Two-photon
absorption is a nonlinear optical property due to its quadrat-
ic dependence on the intensity of the incident light. This
nonlinearity allows for high spatial resolution of the absorp-
tion (and, therefore, the fluorescence) event.[43] This recom-
mends two-photon dyes for use in single-molecule detection
devices and three-dimensional sub-micron resolution imag-
ing techniques in fixed and living tissues.


The use of two-photon dyes absorbing especially in the
range above 700 nm has a number of practical advantages:


1) Use of commercial near-IR femtosecond sources; the fs
pulse also minimizes photo-damage to the tissue under
investigation.


2) Good tissue penetration of the excitation and emission
photons.


3) High spatial resolution allowing the excitation of femto-
liter focal volumes.


4) Low background signal, as few materials would be ex-
pected to undergo multi-photon events at these wave-
lengths.


Thus, for the purpose of obtaining high-resolution images
of zinc distribution in, for example, thick tissue sections, the
development of fluorescent sensors for zinc with appreciable
two-photon absorption cross sections is desirable.


OPHalloran and co-workers have introduced an example
of a zinc-specific chemosensor suitable for two-photon mi-
croscopy.[44] Moreover, the sensor benzoxazole (Zinbo-5, 18)
proved to exhibit a ratiometric response (Figure 14A). This
allows the construction of a plot of the zinc-concentration
dependence of the intensity ratio of the lmax of the zinc-free
(407 nm) and zinc-bound species (443 nm), see Figure 14B
(excitation was performed with one wavelength near the iso-
sbestic point, thus exciting both species equally well). The
ratiometric response of the sensor is also the basis for the
recording of pseudocolor images such as those obtained of
fibroblast cells stained with 18, shown in Figure 14D–F. The
varying ratios of Iemission at 445 and 402 are color coded,
showing clearly the effects of the externally induced varia-
tion of the zinc status of the cells.[44]


Conclusions


In summary, the quest to learn more about zinc biochem-
istry has spawned significant conceptual advances in the
design of zinc-selective chemosensors, and their application
to interrogate biological systems in a remarkably short time
span. The emergence of the field of metalloneurochemistry
is but one impressive example of how the contributions of
bioinorganic chemist can advance the knowledge of biologi-
cal systems.[45,46] The synthetic and mechanistic basis for the
synthesis of sensors with varying photophysical, binding, and
biodistribution properties continues to be developed. As


known and novel sensors are utilized to interrogate biologi-
cal systems, there is no doubt that chemosensors will contin-
ue to significantly further the knowledge of the biochemistry
of zinc.


Figure 14. A: Emission spectra of Zinbo-5 (18), lexcitation at 356 nm in a
Zn2+-buffered system. B: Plot of the fluorescence intensity ratio I443/I395.
C-F: Emission ratio images of fibroblast [L(TK)�] cells in Zinbo-5 (17).
C: Brightfield transmission image. D: Ratio of images collected at lemission


at 445 and 402 nm. E: Ratio image following treatment with Zn2+/pyri-
thione, followed by wash with Zinbo-5 (17) stock. F: Ratio image of the
same field after treatment with TPEN. For further experimental details,
see Taki et al.[44] (figure used with permission).
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Supported Ionic Liquid Catalysis


Christian P. Mehnert*[a]


Introduction


The popularity of ionic liquids has significantly increased
over the last decade. Many of these ionic phases have been
investigated in a variety of different areas reaching from
material synthesis to separation science to alternative reac-
tion media. In this respect, several review articles have cap-
tured a broad scope of catalytic applications and corre-
sponding separation approaches.[1] Although the first cataly-
sis experiment by using an ionic liquid (at the time referred
to as molten salts) goes back more than 30 years,[2] the field


has experienced a tremendous growth especially over the
last 10 years. Some of the physical properties of these ionic
liquids, for example significantly reduced vapor pressures
and tunable polarities, have distinguished them from other
liquid systems such as organic, aqueous, or fluorous
phases.[3,4] Due to the polar nature of ionic liquids, biphasic
systems tend to form with either unpolar organic solvents or
in certain cases also with aqueous media. It is these particu-
lar features which make ionic liquids very attractive liquid
media for biphasic catalysis.
The ideal case for a liquid–liquid biphasic catalysis system


is given when the ionic liquid is able to dissolve the active
species while also being partially miscible with the substrate.
In addition, the resulting products should have limited solu-
bility in the ionic phase allowing for their removal via
simple decantation without affecting the catalyst. Although
this general separation procedure has been used for the ma-
jority of catalytic investigations, an alternative approach has
recently been established which uses solid supports for the
immobilization of the ionic liquids. The prepared materials
exhibit similar or advanced chemical behaviors and have the
advantage of being a solid. This is an important feature as it
facilitates the convenient separation of catalysts from reac-
tion mixtures. The preference for heterogeneous catalyst
systems is primarily motivated by the advantages of easy
separation and the ability to use fixed bed reactors. Another
advantage of supported ionic liquid phases over biphasic re-
action systems is that biphasic systems always require larger
amounts of ionic liquid which is costly and may effect the
economic viability of a potential process.
The following concept article describes the latest efforts


in which ionic liquid phases have been combined with solid
support materials and the ensuing catalysis and separation
investigations.


Ionic Liquids Supported on Solid Supports


In a very early example of supported ionic liquid catalysis
an eutectic mixture of palladium chloride/copper chloride
was supported on a porous silica gel and investigated for the
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ExxonMobil Chemical Company
Baytown Technology and Engineering Complex
5200 Bayway Drive
Baytown, TX 75200 (USA)
Fax: (+1)281-834-2371
E-mail : christian.p.mehnert@exxonmobil.com


Abstract: Supported ionic liquid catalysis is a concept
which combines the advantages of ionic liquids with
those of heterogeneous support materials. The viability
of this concept has been confirmed by several studies
which have successfully confined various ionic phases to
the surface of support materials and explored their po-
tential catalytic applications. Although the majority of
the evaluated supports were silica based, several studies
focused on polymeric materials including membranes.
The preparation of these materials was achieved by
using two different immobilization approaches. The first
approach involves the covalent attachment of ionic liq-
uids to the support surface whereas the second simply
deposits the ionic liquid phases containing catalytically
active species on the surface of the support. Herein
recent advances made in this area are described.


Keywords: heterogeneous catalysis · ionic liquids ·
membranes · supported catalysts · supported ionic
liquids
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partial oxidation of olefin (Wacker catalysis).[5] Although
the melting point of this supported molten salt (423 K) was
slightly higher than of room temperature ionic liquids, the
potential of such supported ionic systems was recognized
thereby contributing to their further exploration. Further-
more the related field of supported aqueous phase catalysis
was investigated at the same time and further helped to ad-
vance the area of supported catalysis.[6]


Following this approach the first supported Lewis acidic
ionic liquid systems were prepared and explored for cataly-
sis applications.[7,8] Here a solid support material was im-
pregnated with a pre-formed ionic liquid which was also the
catalytically active species. Most commonly these ionic liq-
uids consisted of aluminum chloride derivatives and were
largely tested for Friedel–Crafts reactions.[9] Although most
of the research focused on alkylation reactions, some work
was also carried out to evaluate the acylation of arene com-
plexes.[10]


In a typical catalyst preparation a previously dried sup-
port was treated with a chloroaluminate ionic liquid until its
appearance changed from a dry to a wet powder
(Scheme 1).[11] Then the mixture was stirred for an extended


period of time before the excess ionic liquid was removed
via Soxhlet extraction. The resulting ionic liquids were an-
chored onto the surface via its chloroaluminate-based anions.
The confinement of the ionic liquid to the surface is due to
the formation of covalent bonds between the aluminum
atoms and the surface OH groups. Detailed surface science
analysis and extensive comparison studies with AlCl3 bound
on silica gel supported the covalent attachment of the ionic
liquids.[12] Depending on the characteristics of the support
material different concentrations of ionic liquid could be
maintained on the corresponding surfaces (Figure 1). As ex-
pected, the low surface area and the reduced amount of OH
groups in ZrO2 and TiO2 led to reduced loading.[9a] Al-
though most of the supported ionic liquid materials retained
respectable surface areas, X-ray
diffraction analysis of the crys-
talline materials showed the par-
tial destruction of the structure.
This pore damage was caused
by the formation of hydrochloric
acid during the bond formation
between the chloroaluminum-
based ionic liquid and the sur-
face OH groups.
In the alkylation reaction of


benzene with dodecene these


supported Lewis acidic ionic liquid catalysts showed im-
proved activity and selectivity as compared to the free ionic
liquid.[9] As catalyst lifetime is an important feature for het-
erogeneous catalysis, these materials were also tested for
their durability. Leaching studies showed only a negligible
loss of the active species. Despite this minimal loss, reduced
catalyst activity was observed in consecutive runs which was
attributed to the presence of moisture and the possible ad-
sorption of reactants.
To circumvent the formation of hydrochloric acid in the


synthesis of the supported Lewis acidic ionic liquids, an al-
ternative immobilization route was devised which focused
on the confinement of the cation.[13] In this approach, in-
stead of adding the preformed ionic liquid to the solid sup-
port, an organic anchor group was covalently attached to
the surface and was used as the cation in the formation of
the ionic liquid. In this preparation the aluminum halide
was introduced in the second step which generated a highly
acidic ionic complex on the surface of the support
(Scheme 2). The resulting catalysts, which were investigated
for the alkylation of benzene with different olefins, exhibit-
ed excellent activities and selectivities.
A related immobilization approach was employed for the


preparation of an acidic tin catalyst.[14] Here, the new cata-
lyst was synthesized by anchoring SnCl4 on silica that was
previously functionalized with an organic quaternary ammo-
nium chloride species. Similar to the formation of the chloro-
aluminate-based ionic liquids, the addition of tetraalkylam-
monium halides to SnCl4 resulted in the formation of the
pentacoordinated anionic tin species. Such complexes of the
general formula [NR4][SnCl5] have similar physical proper-
ties of ionic liquids and can be used as effective Friedel–


Scheme 1. Immobilization of chloroaluminate-based ionic liquid via im-
pregnation.[11]


Figure 1. Immobilization of chloroaluminate ionic liquids via impregna-
tion onto different support materials.[9a]


Scheme 2. Immobilization of chloroaluminate-based ionic liquid by grafting of imidazolium chloride followed
by the addition of AlCl3.


[13]
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Crafts reagents. Also, these materials were proved to be
viable catalysts for the condensation of alkenes with formal-
dehyde for the production of unsaturated alcohol
(Scheme 3). In this application, various silica-based catalysts
were tested for the selective synthesis of 3-methyl-3-butene-
1-ol (MBOH) (Table 1). The catalysts which were immobi-
lized via the organic quaternary ammonium species exhibit-
ed the highest selectivity for MBOH (88–93%). Leaching
studies confirmed full retention of the catalyst on the sup-
port and subsequent reactions with the same catalyst did not
show any significant drop in activity.


An interesting approach was reported for the preparation
of a support material containing a cationic group such as an
imidazolium chloride derivative which was prepared via sol–
gel synthesis.[15] Here, the complex 1-(triethoxysilylpropyl)-
3-methylimidazolium chloride was added to a mixture of a
tetraethylorthosilicate and dodecylamine. After the hydro-
thermal synthesis and the removal of the amine template,
the metal halide was introduced leading to the formation of
an ionic complex. Catalysts prepared by using this method
have been investigated for Friedel–Crafts reactions. The cat-
alytic performance of these solids in the alkylation of ben-
zene was reduced in comparison to materials prepared by
the grafting of an organic anchor group followed by the in-
troduction of the metal halide.


Another immobilization ap-
proach involved treatment of a
solid with a substantial amount
of ionic phase (5–50 wt%). In
contrast to the earlier studies,
the ionic liquids used here were
non-acidic and did not undergo
reactions with the support. This
approach resulted in the forma-
tion of multiple layers of free
ionic liquid on the carrier which
then acted as an inert reaction
phase to dissolve various homo-
geneous catalysts.[16] Although
the resulting material was a
solid, the active species dis-
solved in the ionic liquid phase


and acted like a homogeneous catalyst (Figure 2).


This concept of supported ionic liquid catalysis combined
the advantages of ionic liquid phases with those of heteroge-
neous support materials and is related in nature to support-
ed aqueous-phase catalysis.[6a] More importantly, this novel
methodology overcomes the main limitation of supported
aqueous-phase catalysis, namely the depletion of the aque-
ous layer. This improvement is due to the favourable misci-
bility characteristics and the low volatility of the ionic liq-
uids.
Although several studies have focused on the evaluation


of biphasic hydroformylation reactions in ionic liquids,[17]


this was the first time that a homogeneous catalyst in an
ionic liquid was actually immobilized onto a heterogeneous
support material. In this catalyst preparation a solution of
the precursor [Rh(CO)2(acac)] (acac=acetylacetonate) was
either treated with the ligand tri(m-sulfonyl)triphenyl phos-
phine trisodium salt (tppts) or tri(m-sulfonyl)triphenyl phos-
phine tris(1-butyl-3-methyl-imidazolium) salt (tppti) (Rh/P
ratio 1:10). The ligand tppti dissolved in both ionic media,
[BMIM][BF4] and [BMIM][PF6], while the ligand tppts only
exhibited solubility in [BMIM][BF4]. The resulting solutions
were combined with the ionic liquid phases and added to
the corresponding support materials. After the solvent was
removed the catalysts were obtained as free-flowing pow-
ders. To further enhance the interaction between the free


Table 1. Condensation of isobutene and formaldehyde to give 3-methyl-3-buten-1-ol (MBOH) over silica-
based catalysts and with catalyst recycling.[16], [a]


Entry Catalyst SnCl4 loading Conver- MBOH MBOH
[mmolg�1 sion of selectivi- yield [%]
support] formaldehyde [%] ty [%]


1 SIL-TPA+SnCl5
�[b] 0.32 64.1 88.1 56.4


2 SIL-TPA+SnCl5
�[c] 0.32 57.0 79.8 45.5


3 silica/SnCl4 0.95 77.9 63.2 49.2
4 recycle 1[d] 0.78 63.3 91.1 57.6
5 recycle 2 – 61.9 91.0 56.3
6 SIL-NR4


+SnCl5
�[e] 0.78 100 76.1 76.1


7 SIL-Py+SnCl5
�[f] 0.48 66.3 91.9 60.9


8 SIL-Py+SnCl5
�[e] 0.48 97.8 82.6 80.7


[a] 56 g isobutene, 3 g paraformaldehyde, catalyst containing 4 mmol SnCl4, and 40 g chloroform were intro-
duced into the reactor and stirred for 2 h at 60 8C. [b] Tetrapropylammonium chloride functionalized silica
complex. [c] Direct immobilization of complex on silica. [d] Recycling of SIL-NR4


+SnCl5
� after exhaustive


washing with dichloromethane. [e] Reaction continued for 3.5 h. [f] Pyridinium chloride functionalized silica
complex.


Scheme 3. Prins condensation of isobutene with formaldehyde. MBD=3-
methylbutane-1,3-diol, DMD=4,4-dimethyl-1,3-dioxane, MBOH=3-
methyl-3-buten-1-ol.[14]


Figure 2. The concept of supported ionic liquid catalysis used in the hy-
droformylation reaction of hexene-1 to form n,i-heptanal.[16a]
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ionic liquid and the surface, a modified support material
with a monolayer of covalently attached ionic liquid frag-
ments can be used.
The prepared catalysts were investigated for the hydrofor-


mylation reaction of hexene-1 to produce n,i-heptanal
(Table 2). A comparison between the supported ionic liquid
catalyst and the biphasic ionic liquid reaction showed that
the supported system exhibited a slightly enhanced activity
with comparable selectivity (n/i ratio). The supported
system containing the ionic liquid [BMIM][BF4] produced
n,i-heptanal with a TOF of 65 min�1, while the biphasic ionic
liquid system showed a value of 23 min�1. This improved ac-
tivity was attributed to a higher concentration of the active
rhodium species at the interface and to the generally larger
interface area of the solid support as compared to the bipha-
sic system. For further comparison, the aqueous biphasic re-
action and the conventional homogeneous catalyst in tolu-
ene were investigated under similar reaction conditions. As
expected the aqueous system was significantly less active
due to the low solubility of hexene-1 in the aqueous phase.
With respect to the homogeneous catalyst system, a TOF of
400 min�1 was recorded. Although the homogeneous system
is clearly favored due to its higher activity, the supported
ionic liquid system is very attractive based on its convenient
product separation.


The concept of supported ionic liquid catalysis has been
further extended to hydrogenation reactions.[18] In this study
the complex [Rh(nbd)(PPh3)2]PF6 (NBD=norbornadiene,
PPh3= triphenylphosphine) was investigated in ionic liquids
and organic media and was then compared to the supported
catalyst system. The catalyst evaluation revealed enhanced
activity for the supported ionic liquids in comparison to
both the homogeneous and the biphasic reaction systems.
For example the homogeneous base case with hexene-1 as a
substrate showed an initial rate constant kh of 0.4 min�1 at a
reaction temperature of 50 8C, while the supported ionic
liquid catalyst achieved a kh of 11.2 min�1 for the same reac-
tion at 30 8C. The enhanced activity of the rhodium complex
in an ionic liquid phase has been previously observed and
may be explained by the absence of any coordinating sol-
vent.[17c] In addition to the higher activity, the supported
ionic liquid catalysts also showed excellent long-term stabil-


ity. The same catalyst was reused for 18 batch runs with-
out any significant loss of activity. The level of the leeched
rhodium remained below the detection limit and the iso-
lated organic phases did not exhibit any further reactivity,
which additionally verified full retention of the active
species.
As a further extension of the concept of supported ionic


liquid catalysis rhodium, palladium, and zinc complexes in
ionic liquids have been confined on heterogeneous supports
and investigated for hydroamination reactions.[19] The cata-
lytic performance of the supported ionic liquid system for
the direct addition of 4-isopropylaniline to phenylacetylene
was higher than for the corresponding homogeneous catalyst.
In a continuing effort to explore the potential of support-


ed ionic liquids the concept has also been extended to con-
tinuous gas-phases reactions.[20] Rhodium catalyst precursor
and biphoshine ligands such as sulfoxanthpos were support-
ed in the presence of [BMIM][PF6] or [BMIM][n-octylsul-
fate] on silica and tested for the hydroformylation of pro-
pene. As expected the supported rhodium sulfoxantphos
catalyst proved to be more regioselective than the catalysts
without any ligand. Furthermore, the performance of the
catalyst was strongly influenced by the catalyst composition.
Low activities and low selectivities were obtained for cata-
lysts with low ligand to rhodium ratios. It is believed that


under such reaction conditions
most of the active rhodium spe-
cies are ligand-free complexes.
In contrast, the catalyst with a
high ligand to rhodium ratio of
10 and 20 showed a higher se-
lectivity giving an n/i ratio of
up to 23.7. Furthermore, the in-
creased ionic liquid loading led
to a decrease in activity, which
indicated that the catalysts
were operating under mass-
transfer limitations.
In a series of experiments


carried out under continuous
reaction conditions a variety of monodentate phoshine li-
gands were investigated for the hydroformylation of pro-
pene and 1-octene.[21] The rhodium precursor together with
bis(m-phenylguanidinium)phenylphoshine or NORBOS was
immobilized in a multiple layer of ionic liquid on the surface
of silica gel. The catalysts were tested in the continuous gas-
and liquid-phase hydroformylation of propene and 1-octene,
exhibiting TOF values of up to 88 h�1. Despite the respecta-
ble activities, the selectivity for the n-aldehyde was reduced
to only 74% (n/i ratio 2.8); this emphasizes the advantages
of multidentate phosphine ligands for the production of
highly linear aldehydes.
In a different approach ionic liquid phases have been im-


mobilized in membrane materials. Although the primary
driver of this work was the use of these materials as electro-
chemical devices, they have also been investigated for cata-
lytic applications.[22] Membrane materials composed of air-


Table 2. Evaluation of the hydroformylation reaction of hexene-1 to form n,i-heptanal using supported ionic
liquid catalysis (silc), biphasic catalysis, and homogeneous catalysis.[16a]


Entry Condition[a]/ Solvent t/ Yield/ n/i TOF[b]/
ligand min % min�1


1 silc/tppti [BMIM][BF4] 300 33 2.4 65
2 silc/tppts [BMIM][BF4] 240 40 2.4 56
3 silc/tppti [BMIM][PF6] 270 46 2.4 60
4 silc/no ligand [BMIM][PF6] 180 85 0.4 190
5 biphasic/tppti [BMIM][BF4] 230 58 2.2 23
6 biphasic/tppti [BMIM][PF6] 180 70 2.5 22
7 biphasic/tppts H2O 360 11 23 2.4
8 homog./PPh3 toluene 120 95 2.6 400


[a] Reaction conditions: All runs were conducted at 100 8C with a Rh/P ratio of 1:10, silc runs were evaluated
in a 70 mL autoclave at 1500 psi and biphasic and homogeneous catalyst systems were evaluated in a 300 mL
autoclave at 600 psi. [b] TOF defined as mol(aldehyde) per mol(rhodium) per minute (full reaction time).
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stable, room temperature ionic liquids and poly(vinylidene
fluoride)-hexafluoropropylene copolymers were prepared
with the incorporation of an active catalyst species in the
form of palladium on activated carbon. Optical imaging re-
vealed that the prepared membranes contained a high disper-
sion of the palladium catalyst particles. Studies on the materi-
als included evaluating their gas permeability and their cata-
lytic activity for the hydrogenation reaction of propylene.
In a more recent study palladium-based nanoparticles


have been stabilized with the help of ionic liquid phases in
molecular sieve materials.[23] The resulting catalysts have
been investigated for the solvent-free hydrogenation reac-
tion and exhibited enhanced activity, selectivity, and durability.
A further example for a hydrogenation study using sup-


ported ionic liquids involved the incorporation of a homoge-
neous catalyst into the porous framework of the mem-
brane.[24] A series of different imidazolium-based ionic liq-
uids with perfluoroanions were treated with the complex
[Rh(nbd)(PPh3)2]PF6 and loaded into poly(vinylidene fluo-
ride) filter membranes. During the investigation, the olefin
was maintained at atmospheric pressure on the feed side of
the membrane, while hydrogen at the same pressure was
swept over the permeate side and sent through a sampling
loop for product analysis. Hydrogenation of the olefin to the
corresponding alkane took place as the olefin diffused
through the ionic liquid region of the composite membrane
structure. A detailed analysis of reaction rates was carried
out and showed that the maximum rates for the propene hy-
drogenation to propane in different ionic liquids followed
the order [EMIM][NTf2]> [EMIM][OTf]> [EMIM][BF4]>
[BMIM][PF6]. The rates for the propene hydrogenation
using the supported ionic liquid membranes compare fa-
vourably to the rates determined for the hydrogenation of
pentene-1 in the liquid–liquid biphasic catalysis reaction
using the identical rhodium catalyst.[17c]


In addition to hydrogenation catalysis, supported ionic
liquid membranes were also studied for use as oligomeriza-
tion catalysts. Membranes were prepared by loading porous
polyethersulfone support membranes with chloroaluminate-
based ionic liquids with and without a nickel dimerization
catalyst.[25] Although both catalyst types converted ethylene
with high activity, the nickel containing membrane exhibited
the higher selectivity for butene production.
Apart from catalysis, supported ionic liquid membranes


have also been investigated for a variety of separation appli-
cations.[26] These applications ranged from the separation of
isomeric amines[27] to the enzyme-facilitated transport of
(S)-ibuprofen through a supported liquid membrane.[28] The
latter study demonstrated the selective separation of the
(S)-enantiomer from the racemic mixture (Figure 3). The
idea was that by employing certain enzymes, such as lipase,
it would be possible to enantioselectively catalyze the hy-
drolysis or the esterification of ibuprofen. In this investiga-
tion lipase from Candida rugosa facilitated selective esterifi-
cation in the feed phase while lipase from Porcine pancrea
was responsible for hydrolysis of the ester. The formed ibu-
profen ester dissolved in the supported ionic liquid mem-


brane and diffused across to the receiving phase where it
was hydrolysed.
Other carriers have also been explored as potential sup-


ports for ionic liquids in catalytic applications.[29] In one
preparation, a transition metal catalyst and the ionic liquid
were impregnated into a polymeric material such as poly-
(diallyldimethylammonium chloride). In the system, the poly-
meric phase simultaneously heterogenized the catalyst and
the ionic liquid. The resulting material displayed activity for
a variety of liquid-phase hydrogenation reactions. For exam-
ple, the substrates 2-cyclohexene-1-one and 1,3-cycloocta-
diene were hydrogenated with WilkinsonLs catalyst
[RhCl(PPh3)3] in a polymer supported [BMIM][PF6] matrix.
In all evaluations the polymer supported ionic liquid cata-
lysts showed higher activities than the unsupported ionic
liquid system. The improved behaviour of the polymeric
system was attributed to improved mass transfer between
the ionic liquid phase and the substrates. Furthermore, anal-
ysis of the products did not show any metal content and
confirmed the full retention of the catalyst on the polymeric
support.
In a different approach a polymer-supported ionic liquid


was prepared via the covalent anchoring of an imidazolium
salt to a polystyrene resin.[30] In this multi-step synthesis a
Merrifield peptide resin was modified with 1-n-hexyl-3-
methylimidazolium cations (Scheme 4) and investigated for
nucleophilic substitution reactions including fluorinations.
These novel materials together with alkali-metal fluorides
proved to be highly efficient catalysts, which converted vari-
ous haloalkanes and sulfonylalkanes to their corresponding
fluorinated products. Furthermore, the polymer-supported
systems showed a much higher activity than if the catalysis
were to be carried out in free ionic liquids.


Summary and Outlook


The concept of supported ionic liquid catalysis has been suc-
cessfully demonstrated for a variety of catalysis and separa-
tion areas. By supporting ionic liquids, the required amount
of the ionic phase can be significantly reduced and it opens
the possibility to use fixed-bed reactor systems. Due to the


Figure 3. Schematic diagram of enantioselective transport of (S)-ibupro-
fen through a lipase-facilitated supported liquid membrane based on an
ionic liquid.[26a]
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low volatility of the ionic liquids these supported catalysts
are especially attractive for gas-phase reactions. Further-
more by using structured supports like membranes or large
pore-size zeolites, novel catalyst systems can be designed
and prepared which combine the advantages of homogene-
ous and heterogeneous catalysis. The recent advances in
supported ionic liquid catalysis have showed a tremendous
potential and will help to accelerate their introduction into
commercial processes. Continuing research in the area of
catalysis and separation will inspire novel applications of
supported ionic liquid systems and hopefully demonstrate
that ionic liquids have the ability to rival or even surpass
conventional solvent systems.
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Scheme 4. Preparation of polymer-supported imidazolium salts
PS[HMIM][BF4] and PS[HMIM][OTf] with PS=polymer support.[28]


� 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 50 – 5656


C. P. Mehnert



www.chemeurj.org






Chem. Eur. J. 2005, 11, 57 – 68 DOI: 10.1002/chem.200400485 � 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 57


FULL PAPER







The Versatile, Efficient, and Stereoselective Self-Assembly of Transition-
Metal Helicates by Using Hydrogen-Bonds


Shane G. Telfer*[a, c] and Reiko Kuroda*[a, b]


Introduction


Transition-metal helicates have served as a pillar for the de-
velopment of metallo-supramolecular chemistry over the
past decade.[1,2] Helicates have formed the basis for numer-


ous investigations that have contributed significantly to our
understanding of metal-based self-assembly processes,[3] and
to the stereoselective synthesis of metallo-supramolecular
architectures.[4,5] The conventional synthetic route to heli-
cates involves the mixing of a preformed ligand strand with
an appropriate metal ion. In such systems, the ligand strand
is almost always a covalent organic compound that has been
synthesized by conventional methods. In a few cases, metal
ions have been used to build up the ligand strand.[6]


We have recently presented a novel synthesis of transi-
tion-metal helicates that employs hydrogen bonding be-
tween the oxygen atoms of pyridyl-alcohol compounds (e.g.,
1 to build up the ligand strands (Scheme 1).[7] These heli-
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Abstract: A diverse range of dinuclear
double-stranded helicates in which the
ligand strand is built up by using hy-
drogen-bonding has been synthesized.
The helicates, formulated as
[Co2(L)2(L-H)2X2], readily self-assem-
ble from a mixture of a suitable pyri-
dine–alcohol compound (L; for exam-
ple, 6-methylpyridine-2-methanol, 1),
and a CoX2 salt in the presence of
base. Nine such helicates have been
characterized by X-ray crystallography.
For helicates derived from the same
pyridine–alcohol precursor, a remark-
able regularity was found for both the
molecular structure and the crystal
packing arrangements, regardless of
the nature of the ancillary ligand (X).
A notable exception was observed in


the solid-state structure of [Co2(1)2(1-
H)2(NCS)2] for which intermolecular
nonbonded contacts between the sulfur
atoms (S···S=3.21 K) lead to the for-
mation of 1D chains. Helicates derived
from (R)-6-methylpyridine-2-methanol
(2) are soluble in solvents such as
CH3CN and CH2Cl2, and their self-as-
sembly could be monitored in solution
by 1H NMR, UV/Vis, and CD titra-
tions. No intermediate complexes were
observed to form in a significant con-
centration at any point throughout


these titrations. The global thermody-
namic stability constant of [Co2(2)2-
(2-H)2(NO3)2] was calculated from spec-
trophotometric data to be logb=8.9(8).
The stereoisomerism of these helicates
was studied in some detail and the self-
assembly process was found to be
highly stereoselective. The chirality of
the ligand precursors can control the
absolute configuration of the metal
centers and thus the overall helicity of
the dinuclear assemblies. Furthermore,
the enantiomers of rac-6-methylpyri-
dine-2-methanol (3) undergo a self-rec-
ognition process to form exclusively
homochiral helicates in which the four
pyridine–alcohol units possess the same
chirality.


Keywords: chirality · cobalt ·
helical structures · N,O ligands ·
self-assembly · supramolecular
chemistry
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cates self-assemble from eight simple components—four
ions and four small molecules—and are stabilized by a vari-
ety of supramolecular interactions: coordination bonds, hy-
drogen bonds, and p–p interactions. This work compliments
other recent advances in the fields of catalysis,[8] crystal en-
gineering,[9] and other supramolecular assemblies,[10] which
benefit from a fruitful combination of coordination and hy-
drogen bonding.
This approach has several notable advantages over the


conventional synthesis of transition-metal helicates. The
self-assembly step is a very rapid and straightforward “one-
pot” procedure that simply involves combining suitable pyri-
dine–alcohol precursors with cobalt(ii) salts. A wide variety
of such precursors is readily available, either commercially
or by simple synthetic methods. This latter point means that
the influence of the structure of the ligand strand precursor
on the self-assembly process may be systematically investi-
gated. Further diversity may potentially be introduced into
the dinuclear assemblies by changing the metal ion and/or
the ancillary ligand.
Herein, we present the full details of our recent investiga-


tions into the use of hydrogen-bonding as a construction ele-
ment for the ligand strands of transition-metal helicates. We
have focused on the reaction of precursors 1–3 with a wide
range of cobalt(ii) salts (Scheme 1). We have found that the
self-assembly process is both versatile and high-yielding, and
complete diastereoselectivity may be observed in both so-
lution and the solid state.


Results


Synthesis of helicates derived from 1–3 : The original syn-
thetic route that we reported for the hydrogen-bonded heli-
cates derived from 1 and 2 involved the reaction of these
precursors with CoCl2·6H2O and Co(OAc)2·4H2O in a
MeOH/dioxane solvent mixture.[7] Whilst this method leads
to a good yield of [Co2(1)2(1-H)2Cl2], the yield of other
[Co2(1)2(1-H)2X2] helicates (e.g., X=Br, I, NO3) was much
lower (<15%). The reason for these low yields is not clear,
though we suspect that the acetate ions may promote the
formation of cluster complexes.
A number of variations were introduced into the synthetic


scheme in an effort to improve these yields and to formulate
a more general synthetic route. The replacement of the ace-
tate ions by the alternative bases NaOH and NEt3 led to


mixtures of crystalline products that were identified by X-
ray crystallography as [Co2(1)2(1-H)2X2] and [Co4(1-
H)4X2(MeOH)2]. The formation of the tetranuclear cluster
complexes, which will be detailed in a separate publication,
can be ascribed to the stronger basicity of both NaOH and
NEt3 as compared to acetate. To circumvent the formation
of these clusters, we supposed that compound 1 may be able
to act as the requisite base. Indeed, the reaction of a variety
of CoX2 salts with four equivalents of 1 in CH3CN was
found to lead to the rapid crystallization of analytically pure
[Co2(1)2(1-H)2X2] helicates. The insolubility of these heli-
cates greatly facilitates their isolation—they are easily sepa-
rated from [1-H]+ (which can be recovered if necessary)
and any side products by simple filtration and washing. This
synthetic route proved to be both general and straightfor-
ward. The yield of the helicates was high, ranging from 73%
for X=NO3 to 90% for X=Br. X-ray quality crystals of the
[Co2(1)2(1-H)2X2] helicates were prepared by performing
the same reaction in MeOH, although the overall yields
were somewhat depressed using this solvent.
Using the general method of Ikariya et al.,[11] we were


able to prepare the chiral compound (R)-2 (henceforth re-
ferred to as 2) in 93% ee by the asymmetric hydrogenation
of 2-acetyl-6-methylpyridine. The reaction of 2 with CoX2


salts in the presence of base also leads to the formation of
dinuclear double-stranded helicates that can be formulated
as [Co2(2)2(2-H)2X2]. We found that compound 2 is far less
disposed than 1 to the formation of high nuclearity cluster
complexes in the presence of strong bases such as NEt3. The
highest yielding synthetic procedure, however, involved the
combination of one equivalent each of CoX2 and Co(OAc)2
with two equivalents of 2. Upon concentration of the so-
lution, crimson-colored (X=Cl, Br) or rose-colored (X=


NO3) crystals of [Co2(2)2(2-H)2X2] deposited in good yield.
Similar observations were made when compound 3 (the rac-
emic analogue of 2) was used to prepare the helicates.
All of the new compounds described herein are air-stable


in the solid state and may be stored over long periods with-
out noticeable decomposition. The solubilities of the heli-
cates derived from 1–3 in non-aqueous polar solvents are
noticeably different, decreasing in the order 2 (generally
highly soluble), 3 (somewhat soluble), 1 (virtually insoluble).
Where soluble, the helicates were found to fairly stable (at
high concentrations, vide infra) in solvents such as CH3OH,
CH3CN, CH3NO2, and CH2Cl2, however they decomposed in
DMSO, probably due to rupture of the hydrogen bonds.


Solid-state structures of helicates derived from 1: The solid-
state structures of a range of [Co2(1)2(1-H)2X2] helicates
(X=Cl, Br, I, NO3, SCN) has been determined by X-ray
crystallography (Table 1). The structures of the first four of
these helicates are remarkably similar, and will be discussed
first. The packing arrangement of the SCN-containing heli-
cate is particularly interesting and will be discussed subse-
quently.
The molecular structure of the hydrogen-bonded helicates


is exemplified by the structure of [Co2(1)2(1-H)2Br2]


Scheme 1. The self-assembly of helicates using hydrogen bonding to build
up the ligand strands.
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(Figure 1). The ligand strands are composed of a pair of hy-
drogen-bonded molecules of 1, and this strand coordinates
to two cobalt(ii) atoms in a bis(bidentate) fashion through


its pyridyl and alcohol donor groups. Two such ligand
strands wrap around an axis defined by the two cobalt(ii)
centers. When the ancillary ligand coordinates in a mono-
dentate fashion (X=Cl, Br, I), the geometry of these metal
centers is roughly trigonal bypyramidal with the N-Co-N
vector describing the psuedo-C3 axis. The nitrate ion was
found to adopt a bidentate coordination mode, and the ge-
ometry of the metal centers in [Co2(1)2(1-H)2(NO3)2] is best
described as distorted octahedral.
The structural similarity of the series of helicates derived


from compound 1 (X=Cl, Br, I and NO3) is highlighted by
Figure 2 which shows an overlay of the solid-state structures
of these four complexes. Many geometrical parameters are
observed to be fairly constant within this series, for example,
the metal–ligand bond lengths, the Co···Co separation, and


the distance between the hydrogen-bonding oxygen atoms
(Table 1). As expected, the bidentate coordination mode of
the NO3


� ligand leads to a slight compression of the Opy-Co-
Opy angles (Opy=coordinating oxygen atom of the pyridine–
alcohol ligand), and the Co···Co distance is slightly elongat-
ed as a consequence.
These four [Co2(1)2(1-H)2X2] helicates (X=Cl, Br, I,


NO3) are virtually isostructural : they crystallize in the same
space group (Pbcn) and display very similar unit cell dimen-
sions and packing arrangements. A packing diagram of
[Co2(1)2(1-H)2XBr2] is shown as an example in Figure 3. It
can be seen that the helicates align in and Qend-to-endR fash-
ion to form rows along the crystallographic b axis. These


Table 1. Crystallographic data for the [Co2(1)2(1-H)2X2] helicates.


X Cl Br I NO3 SCN


crystal system orthorhombic orthorhombic orthorhombic orthorhombic orthorhombic
space group Pbcn Pbcn Pbcn Pbcn Pca21
a [K] 14.4508(7) 14.498(1) 14.6153(7) 14.681(1) 16.850(1)
b [K] 15.1817(8) 15.243(1) 15.2092(7) 15.643(1) 13.664(1)
c [K] 13.5843(7) 13.483(1) 13.7119(6) 13.506(1) 14.021(1)
V [K3] 2980.2(3) 2979.9(3) 3048.0(2) 3101.7(4) 3228.2(4)
R 0.0495 0.0336 0.0242 0.0370 0.0298
wR2 (all data) 0.1538 0.0861 0.0586 0.0880 0.0760


Selected distances [K]


Co···Co 4.38 4.37 4.34 4.43 4.36
Opy�Opy[a] 2.42 2.43 2.41 2.42 2.42
Co�N 2.13, 2.15 2.13, 2.15 2.13, 2.16 2.13, 2.16
Co�Opy 1.99, 2.00 1.99, 2.00 1.99, 2.00 1.99, 2.00 1.99
Co�X 2.31, 2.34 2.47 2.67, 2.70 2.20, 2.21 1.98
Co�X···X�Co[b] 10.80 10.87 10.87 11.21 12.52


Selected angles [8]


N-Co-N 167.9, 171.7 167.2, 172.8 166.9, 172.9 167.6, 174.1 174.0, 174.6
Opy-Co-Opy 113.8, 117.9 114.0, 118.7 114.6, 118.5 111.4, 116.9 115.7, 116.2
Opy-H-Opy 173.3 179.4 175.5 170.0 177.2, 177.4


[a] Opy refers to the oxygen atoms of 1. [b] The Co�X···X�Co distance refers to intermolecular separation of the Co centers of the rows of helicates
aligned along the crystallographic b axis.


Figure 1. X-ray crystal structure of the [Co2(1)2(1-H)2Br2] helicate. Hy-
drogen atoms omitted for clarity. Co: orange; N: blue; O: red; Br: dark
red. Figure 2. Overlay of the skeletons of the molecular structures of four


[Co2(1)2(1-H)2X2] helicates. X=Cl: green; X=Br: yellow; X= I: pink;
X=NO3: blue.
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rows are homochiral, that is each constituent helicate has
the same (P or M) helicity. Alternating rows of P and M
helicates build up the layer (the crystal is racemic overall).
The intermolecular Co···Co distance between the helicates
aligned along the b axis is 10.87 K, and a similar distance is
observed for the other helicates in this series (Table 1).
Closer contact is prevented by intermolecular interactions
of the pyridyl groups of the helicates of neighboring rows.
Within each row, there is a significant gap between the an-
cillary bromo ligands of the individual helicates and a dis-
tinct cavity is formed in the vicinity of these ligands. The
presence of this cavity offers a plausible explanation for the
conservation of the packing arrangement in this series of
helicates: ancillary ligands of different sizes may occupy
sites near this cavity without disturbing the overall packing
arrangement.[12]


The X-ray crystal structure of the [Co2(1)2(1-H)2(NCS)2]
helicate reveals that its molecular structure is nearly identi-
cal to the other helicates formed from precursor 1 (Table 1).
As expected, the SCN auxiliary ligand coordinates through
its nitrogen atom. Although this helicate crystallizes in a dif-
ferent space group, its overall packing arrangement is rough-
ly similar to the other members of this series of helicates. In
this case, however, the S atoms of the SCN ligands of neigh-
boring helicates are separated by a distance of 3.21 K. This
is considerably shorter than sum of the van der Waals radii
of these atoms (3.60 K),[13] and is indicative of attractive
contacts between these S atoms. These contacts link the hel-
icates into a 1D chain along the crystallographic a axis
(Figure 4). These chains are homochiral, that is, contacts
exist only between helicates of the same left- or right-
handed chirality. Overall the crystal is racemic: chains of al-


ternating chirality are arranged in zigzag rows in the crystal-
lographic ab plane.


Solid-state structures of helicates derived from 2 : The solid
state structures of a series of [Co2(2)2(2-H)2X2] helicates
(X=Cl, Br, NO3) were determined by X-ray crystallography
and selected crystallographic data are presented in Table 2.


The molecular structure of [Co2(2)2(2-H)2(NO3)2] is shown
as a representative example in Figure 5. The molecular
structures of the chloride- and bromide-containing helicates
were found to be very similar. Similarities may also be
noted between the helicates derived from 2 and those de-
rived from 1. This is highlighted by Figure S1 in the Sup-


Figure 3. The [Co2(1)2(1-H)2Br2] helicates forms homochiral rows of heli-
cates along the crystallographic b axis. Hydrogen atoms omitted for clari-
ty. Co: orange; N: blue; O: red; Br: dark red.


Figure 4. Formation of a 1D chain along the a axis in the solid state struc-
ture of [Co2(1)2(1-H)2(NCS)2]. Co: orange; N: blue; O: red; S: yellow.


Table 2. Crystallographic data for [Co2(2)2(2-H)2X2] helicates.


Ancillary ligand (X) Cl Br NO3


crystal system orthorhombic monoclinic monoclinic
space group P21212 P21 P21
a [K] 11.4404(2) 12.2145(6) 12.263(2)
b [K] 17.704(2) 11.2358(5) 11.587(2)
c [K] 9.4371(1) 12.8948(6) 12.980(2)
b [8] N/A 98.258(1) 98.723(3)
V [K3] 1911.4(3) 1751.3(1) 1822.9(5)
R 0.0654 0.0260 0.0455
wR2 (all data) 0.1415 0.0537 0.0939


Selected distances [K]


Co···Co 4.325 4.384 4.507
O�O 2.424, 2.441 2.427, 2.422 2.428
Co�N 2.125, 2.146 2.138–2.147 2.137–2.152
Co�O 1.964, 2.000 1.967–1.984 1.973–2.216
Co�X 2.344 2.473, 2.480 2.216–2.253


Selected angles [8]


N-Co-N 170.1 167.9, 169.79 169.3, 170.6
O-Co-O 118.2 116.48, 116.56 110.6, 112.2
O-H-O 179.9 172.97, 177.01 170.0


Figure 5. X-ray crystal structure of [Co2(2)2(2-H)2(NO3)2]. Co: orange;
N: blue; O: red.
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porting Information, which shows an overlay of the skele-
tons of [Co2(1)2(1-H)2Br2] and [Co2(2)2(2-H)2Br2].
Only one diastereomer is observed in the solid state struc-


tures of the three helicates derived from compound 2. In all
cases, the chirality of the ligand precursor 2 is efficiently
transferred to the helicate structure: the cobalt(ii) centers
adopt the L absolute configuration and the ligand strands
wrap around the Co···Co axis in a right-handed (P) fashion.


Solution behavior of [Co2(2)2(2-H)2X2] helicates


Spectroscopic characterization of [Co2(2)2(2-H)2X2] (X=Cl,
Br, NO3) helicates in solution : The 1H NMR spectra of the
three [Co2(2)2(2-H)2X2] helicates (X=Cl, Br, NO3) dissolved
in CD3CN all display a set of six peaks paramagnetically
shifted over a range of around 60 ppm. This suggests that
the structure observed by X-ray crystallography is main-
tained in solution and that the complexes have average D2


symmetry. Furthermore, the observation of just one set of
peaks in all cases demonstrates that the three [Co2(2)2(2-
H)2X2] helicates are formed in solution with high (>95%)
diastereoselectivity.
CD spectroscopy also reflects both the similarity of the


solid state and solution structures and the high diastereose-
lectivity of helicate formation. The CD spectra of
[Co2(2)2(2-H)2Cl2] recorded in CH3CN solution and as a
KBr disc are presented in Figure 6. The spectra show a close
resemblance, displaying three Cotton effects in the range
300–900 nm which can be assigned to d–d transitions of the
cobalt(ii) centers.


The electrospray mass spectra of the three helicates were
measured in CH3CN. Although the neutral helicates cannot
be observed directly, very intense peaks corresponding to
the fragmentation products [Co2(2)(2-H)2X]


+ were ob-
served.


Monitoring the formation of [Co2(2)2(2-H)2X2] in solution :
A series of titration experiments was performed in order to


investigate the self assembly reaction leading to the
[Co2(2)2(2-H)2X2] helicates in solution. The reaction could
be monitored by UV/Vis, CD, and 1H NMR spectroscopies.
Spectral changes were monitored as CoX2 salts were added
to a solution of 2 using either NEt3 (method 1 ) or
Co(OAc)2 (method 2) as the requisite base. The two meth-
ods produced similar results.


4 2þ 2NEt3 þ 2CoCl2 ! ½Co2ð2Þ2ð2�HÞ2Cl2� þ 2HNEt3Cl


ðmethod 1Þ


4 2þ CoCl2 þ CoðOAcÞ2 ! ½Co2ð2Þ2ð2�HÞ2Cl2� þ 2HOAc


ðmethod 2Þ


The results of the 1H NMR titration using Method 1 are
presented in Figure 7. As the titration progressed, the dia-
magnetic peaks of free (R)-2 were steadily replaced by a
single set of paramagnetically shifted peaks. These paramag-
netically shifted peaks can be assigned to the [Co2(2)2(2-
H)2Cl2] helicate by comparison with the spectrum of an au-
thentic sample, and represent the only detectable product at
all stages of the titration. A small amount of free 2 remains
observable at a Co/2 ratio of 1/2, however the addition of
further cobalt(ii) led to severe broadening of the signals.


The formation of [Co2(2)2(2-H)2Cl2] could be monitored
by CD spectroscopy in the visible wavelength range (400–
800 nm) using titration method 1 (see Figure S3 in the Sup-
porting Information). A solution with a fairly high concen-
tration of 2 (ca. 0.014m) was employed due to the rather
weak intensity of the CD spectrum in this region. A steady
increase in signal intensity was observed up to a Co/2 ratio
of 1/2, with an isosbestic point appearing at 410 nm. The
similarity in the shape of all these spectra, and the presence
of the isosbestic point, strongly suggest that only one chiral
product is formed when CoCl2, 2, and NEt3 are combined in
CH3CN. The identity of this product—[Co2(2)2(2-H)2Cl2]—
was confirmed by measuring the CD spectrum of an inde-
pendent sample.
Although only minor changes were observed in the high


energy (200–350 nm) region of the UV/Vis spectrum, the
formation of [Co2(2)2(2-H)2(NO3)2] could be conveniently
monitored in the visible (380–900 nm) region. An absorb-
ance band around 500 nm, along with weaker bands at
lower energies, were observed to steadily rise in intensity as
the titration progressed (see Figure S2 in the Supporting In-
formation).
A series of careful spectrophotometric titrations were car-


ried out in order to determine the global stability constant
of [Co2(2)2(2-H)2(NO3)2]. The data were analysed with the
Specfit program,[14] and were successfully fitted using a
chemical model with [Co2(2)2(2-H)2(NO3)2] and “free” co-
balt(ii) as the absorbing species.[15] The inclusion of other ab-
sorbing species such as [Co(2)2] dramatically worsened the
fit to the data. The global stability constant calculated for
[Co2(2)2(2-H)2(NO3)2] was logb24=8.9(8) (Eq. (1)). The ab-
sorption spectra predicted by the fitting process for


Figure 6. CD spectra of [Co2(2)(2-H)2Cl2] in solution (5.5S10�3m,
CH3CN, full line) and in the solid state (KBr disc, dotted line). The solid-
state spectrum has been normalized to the solution spectrum at 532 nm.
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[Co2(2)2(2-H)2(NO3)2] and free cobalt(ii) were in very good
agreement with independently measured spectra.


2CoII þ 4 2 Ð
K24


½Co2ð2Þ2ð2-HÞ2� þ 2Hþ ð1Þ


Speciation curves showing the distribution of free 2 and
[Co2(2)2(2-H)2(NO3)2] were simulated using the calculated
stability constant (Figure 8). For an initial concentration of 2


of 0.12m, the addition of
Co(NO3) initially leads to a
near-linear rise in the concen-
tration of [Co2(2)2(2-H)2-
(NO3)2]. The formation of this
complex tails off at higher Co/2
ratios. Despite its high concen-
tration, only around 80% of 2
is coordinated at a Co/2 ratio of
1/2. This is in full accord with
the 1H NMR titrations present-
ed above where signals corre-
sponding to free 2 were still ob-
servable at a Co/2 ratio of 1/2
(Figure 7).


Behavior of the [Co2(2)2(2-
H)2X2] helicates in dilute so-
lution : The behavior of the
[Co2(2)2(2-H)2Cl2] helicate in
dilute solution was probed by
CD, UV/Vis, and 1H NMR
spectroscopies. CD spectra of
this complex recorded in the
concentration range 22.0–0.1S
10�3m are presented in Figure 9.
The ordinate scale corresponds


to De values based on the total concentration of 2. A dra-
matic change was observed in the CD spectra as the solution
was diluted: the positive Cotton effect centred around
270 nm inverted to give a negative Cotton effect. The
changes to the UV spectrum in this concentration range
were much more subtle with a slight (ca. 10%) rise in inten-
sity noted for the peak at 263 nm.
By comparison with an independent sample, the CD spec-


trum recorded at the lowest concentration can be attributed


Figure 7. 1H NMR spectra monitoring the titration of R-2 with CoCl2 and NEt3 in CD3CN. The intense peaks
in the region 0–4 ppm are due to residual solvent and HNEt3


+ and obscure one of the signals of [Co2(2)2(2-
H)2Cl2]. [2]=ca. 0.1m.


Figure 8. Simulated speciation curve showing distribution of free 2 (full
line) and [Co2(2)2(2-H)2Cl2] (dotted line) during the titration of 2/NEt3
(2/1 ratio) with Co(NO3)·6H2O in CH3CN. Curves calculated using a
logb24 value of 8.9, and with an initial concentration of 2 of 0.12m.


Figure 9. The inversion of the CD spectrum of [Co2(2)2(2-H)2Cl2] as the
concentration is lowered. Spectra measured in CH3CN with effective con-
centrations of 2 of 22.0, 4.0, 2.0, 1.0, 0.5, 0.2, and 0.1S10�3m.
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to free 2. This is supported by corresponding 1H NMR ex-
periments where the paramagnetic peaks due to the
[Co2(2)2(2-H)2Cl2] helicate were gradually replaced by a set
of diamagnetic peaks corresponding to free 2 as the sample
was diluted (see Figure S4 in the Supporting Information).


Helicates derived from 3 : Hydrogen-bonded helicates could
also be prepared from the racemic pyridine-ethanol precur-
sor 3. Crimson-colored prismatic crystals of [Co2(3)2(3-
H)2Cl2] suitable for X-ray crystallography were obtained by
recrystallisation from hot CH3NO2. The helicate was found
to crystallize in the space group P21/n, and although the
poor quality of the diffraction data preclude analysis of the
fine details of the structure, the overall geometry and pack-
ing arrangement of the complex is clear. Selected crystallo-
graphic data and geometrical parameters are listed in
Table 3, and by comparison with the geometrical parameters
of the enantiopure [Co2(2)2(2-H)2X2] helicates (Table 2), it
can be seen that the molecular structures of the two types of
helicates are very similar.


The crystal structure is composed of an enantiomeric pair
of helicates: L,L-[Co2((R)-3)2((R)-3-H)2Cl2] and D,D-
[Co2((S)-3)2((S)-3-H)2Cl2]. The ligand strands in these com-
plexes describe right- and left-handed helices (i.e., P and M
helices) respectively. Helicates of the same helicity pack in
an end-to-end fashion to form homochiral columns along
the crystallographic a axis. Columns of alternating chirality
are held together by p–p interactions between the pyridyl
groups (interplane distances=ca. 3.6 K) of neighboring heli-
cates to form sheets in the ac crystallographic plane
(Figure 10). This packing arrangement is reminiscent of that
observed for the racemic [Co2(1)2(1-H)2X2] helicates.


1H NMR spectroscopy shows that [Co2(3)(3-H)2Cl2] re-
mains intact in solution at relatively high concentrations. A
spectrum of dissolved crystals recorded in CD2Cl2 displays a
set of five peaks paramagnetically shifted over a range of


65 ppm. Six peaks are expected if the D2 symmetry of the
helicates structure is maintained in solution, however it ap-
pears that one of the peaks is obscured by the signal due to
residual H2O around 1.5 ppm. This spectrum is practically
identical to the spectrum of [Co2(2)(2-H)2Cl2] recorded in
CD2Cl2, with the same peaks observed at the same chemical
shifts (	0.3 ppm). No signals corresponding to any other
paramagnetic complexes were detected.


The attempted synthesis of helicates using precursor 5 : The
pyridyl-alcohol ligand precursor 5, which has a bromo sub-
stituent in place of the usual methyl group, is easily pre-
pared via reduction of commercially available 2-bromo-6-
acetylpyridine with NaBH4. Upon mixing 5 with 0.25 equiv-
alents each of CoCl2 and Co(OAc)2, either a blue solution
(CH3CN) or a practically colorless solution (CH3OH) was
observed. Blue oils formed when these solutions were con-
centrated under reduced pressure. Crystalline products
could not be obtained from solutions of these oils in spite of
attempts at crystallization under a variety of conditions. The
1H NMR spectra of these oils in CD3CN did not reveal the
presence of any paramagnetically shifted peaks, in contrast
to analogous experiments performed with 2 or 3. Several
broad peaks were observed in the region 1–8 ppm which can
probably be ascribed to free ligand. The ES-MS spectra of
these solutions displayed a strong peak at m/z 231 which
corresponds to [Co(5)]2+ , however no polynuclear com-
plexes were detectable.


Table 3. Crystallographic data for the [Co2(3)2(3-H)2Cl2] helicate.


crystal system monoclinic
space group P21/n
a [K] 14.401(1)
b [K] 16.311(1)
c [K] 16.771(1)
b [8] 90.187(1)
V [K3] 3941.9(5)
R 0.1489
wR2 (all data) 0.3478


Selected distances [K]


Co···Co 4.402
O�O 2.43
Co�N 2.13–2.14
Co�O 1.97–1.99
Co�Cl 2.32–2.33


Selected angles [8]


N-Co-N 169.7–170.0
O-Co-O 114.9–116.5


Figure 10. The packing arrangement of L,L-[Co2((R)-3)2((R)-3-H)2Cl2]
(blue) and D,D-[Co2((S)-3)2((S)-3-H)2Cl2] (red) in the solid state. The
double-headed white arrows indicate p-p interactions between the pyrid-
yl groups of neighboring helicates, and the dotted blue lines represent hy-
drogen bonds. Solvent molecules (CH3NO2) which fill the voids between
the helicates are omitted.
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Discussion


The combination of the pyridyl-alcohol compounds 1–3 with
CoX2 salts and a suitable base leads to the self-assembly of
a range of structurally similar dinuclear double-stranded hel-
icates. This represents a straightforward, general and high-
yielding synthetic route to transition-metal helicates.
Whilst the desired self-assembly pathway appears to be


followed for 2 and 3 regardless of the nature of the base, it
was noted compound 1 has a propensity to form cubane-like
clusters in the presence of strong bases such as NEt3.


[16] The
formation of cubane-like structures by pyridine–alcohol li-
gands is well documented in the literature.[17]


A wide variety of mono-anionic ancillary ligands (X) were
successfully introduced into the [Co2(1)2(1-H)2X2] (X=Cl,
Br, I, NO3, SCN) and [Co2(2)2(2-H)2X2] (X=Cl, Br, NO3)
helicates. Within each set of helicates, there is a remarkable
regularity in both the molecular structure and the packing
of the helicates in the crystal structure. We also investigated
the reaction of 2 with CoSO4 to see whether a similar heli-
cate may form with a di-anionic ancillary ligand. 1H NMR
spectroscopy indicated, however, that helicate formation
was unsuccessful. Instead, this reaction produced crystals of
a 1D coordination polymer, [Co(1)SO4]8, in which the mon-
omeric units are linked by hydrogen bonding between the
alcohol moieties and the coordinated SO4


2� ions.[16] These
result indicate that the overall charge neutrality of the heli-
cates may be an important factor in their formation and/or
crystallization.
A diverse array of substituents (R=H, CH3, CH2NO2)


may be introduced at the a-carbon atom of the pyridine–al-
cohol precursor without disrupting the self-assembly process
or the general structure of the helicates. On the other hand,
helicate formation is rather sensitive to the nature of the
substituent at the 6-position of the pyridine ring. Helicates
were observed to form readily from compounds with a CH3


group at this position, however we saw no evidence for the
formation of such structures starting from compounds which
have a bromine (5) or hydrogen (6, 7) in this position. The
van der Waals radius of Br is similar to that of CH3,


[13] thus
the failure of 5 to produce a helicate structure is unlikely to
be due solely to steric effects. As the pKNH of 5 is around
0.87,[18] while the pKNH of 1 is 4.56,


[19] these observations can
probably be ascribed to the poor coordinating ability of 5.
We tentatively attribute the failure of 6 and 7 to form heli-
cates to the existence of competing reaction pathways, and
we are currently working to establish the exact nature of the
actual products. It is noteworthy that potentiometric titra-
tions have shown that, although the pKNH of 6 (4.16) is
lower than that of 1, the formation of [CuII(6-H)2] is thermo-
dynamically more favored than the formation of [CuII(1-
H)2] due to destabilizing steric effects in the latter.


[19]


The self-assembly of the hydrogen-bonded helicates de-
rived from 2 and 3 is remarkably stereoselective in both so-
lution and the solid state. One salient aspect of this diaster-
eoselectivity is the self-association of ligand precursors of
the same chirality in [Co2(3)(3-H)2Cl2]. As the precursor


compound 3 is racemic, there are two potential homochiral
diastereomers of this helicate (in which all the units of 3
have the same absolute configuration), and four potential
heterochiral diastereomers (in which both (R)-3 and (S)-3
are present). The X-ray crystal structure of [Co2(3)(3-
H)2Cl2] reveals that a self-recognition process takes place
amongst the ligand precursors to generate exclusively the
two homochiral diastereomers (as a racemic mixture). Simi-
lar behavior is exhibited by [Co2(4)(4-H)2Cl2].


[7] The
1H NMR spectrum of [Co2(3)(3-H)2Cl2] shows that this self-
sorting phenomenon also occurs in solution. It appears that
the homochiral diastereoisomers of [Co2(3)(3-H)2Cl2] are
thermodynamically more stable than their heterochiral
counterparts, and this can be rationalized on steric grounds.
Inspection of a molecular model clearly shows that the re-
placement of one units of 3 with its enantiomer will lead to
an unfavorable interaction between the a-CH3 group and a
pyridyl group of the other ligand strand. The enantiomeric
self-recognition of ligands in transition-metal complexes has
previously been observed by ourselves[20] and others,[21] and
general self-sorting phenomena in supramolecular systems
have been explored in detail by Isaacs et al.[22]


A second noteworthy point concerning the diastereoselec-
tive assembly of these helicates is the interplay between the
point chirality of the ligand precursors, the absolute configu-
rations of the metal centers, and the helicity described by
the ligand strands. Both metal centers in the [Co2(2)(2-
H)2Cl2] complex adopt the L configuration in both solution
and the solid state which demonstrates that the point chirali-
ty of the pyridyl-alcohol groups controls (or predeter-
mines[5]) the absolute configuration of the metal centers.
Similarly, the cobalt(ii) centers in the helicates that contain
(R)-3 are L, whilst those associated with (S)-3 adopt the D


configuration. The control of the absolute configuration of
the metal centers in helicates by the chirality of the ligand
strands has previously been observed in conventional heli-
cates.[1,4, 5,23] The steric effects discussed above in the context
of homochiral self-sorting may also be invoked to explain
the observation of the present case of stereoselectivity, and
indeed the phenomenon of self-sorting and chirality prede-
termination are closely related: The observed L,L-[Co2((R)-
3)((R-)3-H)2Cl2] diastereomer may be converted to D,D-
[Co2((R)-3)((R-)3-H)2Cl2] by inverting the metal centers, or
it may be converted to the enantiomer of the latter helicate
(L,L-[Co2((S)-3)((S-)3-H)2Cl2]) by replacing the (R)-3 units
with (S)-3. The overall helicity of the dinuclear assemblies is
intimately related to the absolute configurations of the
metal centers,[1] thus the ligand strands of the D,D complexes
describe M (left-handed) helices, whereas those of the L,L
complexes describe P (right-handed) helices.
The self assembly process leading to the [Co2(2)2(2-H)2X2]


helicates could be conveniently monitored by 1H NMR, UV/
Vis and CD spectroscopies. At all Co/2 ratios, there was no
spectroscopic evidence for the formation of any complexes
(other than the helicates) in significant concentration. In
accord with these observations, the spectrophotometric titra-
tion of 2 with Co(NO3)2 could be fitted with just [Co2(2)2(2-
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H)2] (which serves as a model for [Co2(2)2(2-H)2(NO3)2] as
we did not treat the anion explicitly) and free cobalt(ii) as
the absorbing species. Although our hypotheses concerning
the exact mechanism of the self-assembly process remain
speculative, we envisage that the helicates assemble by a hi-
erarchical process[24] in which coordination of two pyridine–
alcohol units to a cobalt(ii) ion is followed by a deprotona-
tion/dimerisation step to give the final assembly [Eq. (2)].
This proposal is based on the fact that metal-ligand bonding
is significantly stronger than hydrogen bonding therefore
the CoL2 building blocks are more likely to form prior to
any hydrogen-bonded species such as a putative preformed
ligand strand “[L(L-H)]”. Further, the alcohol moieties are
rendered more acidic by coordination to the metal ion, and
are well positioned for dimerization as two hydrogen bonds
may form in a concerted step. Hydrophobic interactions be-
tween pyridine rings of different ligand strands, as detected
by X-ray crystallography, may play a role in the final step by
stabilizing the helicate structure. The fact that mononuclear
complexes are not detected in significant quantities may in-
dicate that the self-assembly process is cooperative, although
the accurate assessment of relevant stepwise equilibrium
constants would be required to examine this point in more
detail.[25]


2Coþ 4L Ð
K1


2½CoL2� Ð
K2


½Co2L2ðL�HÞ2� þ 2Hþ ð2Þ


The stability constant calculated for formation of
[Co2(2)2(2-H)2(NO3)2] indicates that these assemblies are
only formed in appreciable amounts at relatively high con-
centrations. This was verified experimentally by monitoring
the CD and 1H NMR spectra of [Co2(2)(2-H)2Cl2] upon dilu-
tion. These results indicate that dissociation of the helicates
is significant at concentrations below about 0.01m, and that
the equilibria in Equation (2) are driven to the far left-hand
side to produce free 2 (rather than any mononuclear com-
plexes).


Conclusion


A wide range of dinuclear double-stranded helicates in
which the ligand strands are built up using hydrogen bond-
ing self-assemble upon mixing precursors 1–3 with CoX2


salts. The straightforward synthesis of these helicates ena-
bled us to undertake a systematic investigation of the self-
assembly process. In the present report, we have focused on
the variables highlighted in Figure 11.
We have found that a range of mono-anionic ancillary li-


gands (X) can be incorporated into these complexes. Heli-
cate formation is also not particularly sensitive to the nature
of the R group connected to the a-carbon center; precursors
with R=H, CH3, and CH2NO2 all led to similar structures.
For pyridyl-alcohol compounds where this carbon is a ster-
eogenic center, the chirality at this point can control the ab-
solute configuration of the metal centers and the sense of


helicity of overall structure. The nature of the substituent at
the 6-position of the pyridyl ring is of significance, however,
with precursors featuring H or Br substituents failing to pro-
duce hydrogen-bonded helicates.
The [Co2(2)2(2-H)2X2] were found to be soluble and


stable in a certain polar solvents which enabled spectroscop-
ic characterization of the self-assembly process. These re-
sults showed that the helicates are the only complexes to be
formed; however, their self-assembly is only efficient at rela-
tively high concentrations. At lower concentrations, the heli-
cates dissociate to give free 2 and cobalt(ii).
The major remaining point at which diversity may be in-


troduced into these structure—the identity of the metal
ion—is the focus of current investigations in our laboratory.
We are also interested in the possible applications of these
helicates as building blocks for extended multidimensional
arrays, and the intriguing prospect that the helicate chirality
may be able to be controlled by chiral ancillary ligands.


Experimental Section


General : 1H NMR spectra were recorded on a JEOL Alpha spectrometer
at 500 MHz at 21 8C and referenced to the residual solvent peak
(CD3CN, d=1.95 ppm; CD2Cl2, d=5.32; CDCl3, d=7.26 ppm).


13C NMR
were recorded at 125 MHz and were reference to the residual solvent
peak (CDCl3, d=77.2 ppm). UV/Vis absorbance data were recorded by
using a Shimadzu UV-3150 spectrometer, and extinction coefficients are
given in units of m


�1 cm�1. Solution CD spectra were recorded on a
JASCO J720 spectropolarimeter at 25 8C, and De values are given in
units of m�1 cm�1. Solid state CD spectra were measured as KBr discs on
the purpose-built JASCO J800-KCM spectrophotometer,[26] and were cor-
rected for artifacts arising from linear dichroism and linear birefringence.
ES-MS spectra were recorded on a Applied Biosystems Mariner spec-
trometer with a flow rate of 5 mLmin�1. Nozzle potentials and tempera-
ture (40–70 8C) were kept to a minimum to reduce fragmentation. Micro-
analyses were performed by Toray Research Centre, Eigiyoo, Tokyo.
Unless otherwise stated, chemicals were purchased from Wako, TCI, or
Aldrich and used as received. Dried solvents were used for all reactions
and measurements.


Preparation of R-(6-methylpyridn-2-yl)ethan-1-ol (2): Compound 2 was
prepared by the asymmetric hydrogenation of 2-acetyl-6-methylpyri-
dine[27] according to the method reported by Ikariya et al.[11] for similar
acetyl compounds. The compound was purified by column chromatogra-
phy on SiO2 using ethyl acetate/methanol (98/2) as the eluent. The ee was
determined to be 93% by HPLC analysis using a Diacel AD-H column
(150 mmS4.6 mm, hexane/2-propanol/NEt3 98/2/0.1, 35 8C, flow rate=
1.0 mLmin�1). The retention times of both enantiomers were determined


Figure 11. The variables in the self-assembly of hydrogen-bonded heli-
cates discussed herein.
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using a sample of 3 (S=7.27 min and R=8.03 min).[28] 1H NMR
(500 MHz, CDCl3): d=1.53 (m, 3H; CH3), 2.60 (s, 3H; py-CH3), 4.81 (br,
1H; OH), 4.93 (q, 2H; CH), 7.11–7.15 (m, 2H), 7.66 ppm (t, 1H);
13C NMR (125 MHz, CDCl3): d=24.32, 24.44, 68.77, 117.31, 122.33,
137.92, 157.22, 162.46 ppm; ORD: [a]D26=19.6 (c=0.30 in CHCl3); UV
(CH3CN): 265 nm (3350); CD (CH3CN): 267 nm (�1.54).
Preparation of rac-(6-bromopyridn-2yl)ethan-1-ol (5): 6-Bromo-2-acetyl-
pyridine (600 mg, 3.0 mmol) was dissolved in dry CH3OH (8 mL) and
cooled in an ice-water bath. NaBH4 (340 mg, 9.0 mmol) was added in
portions with stirring, and the evolution of a gas was apparent. The reac-
tion mixture was warmed to room temperature and stirred for 2 h. The
solvent was then removed and the colorless residue partitioned between
CH2Cl2 and H2O. The organic layer was separated, dried over MgSO4


and the solvent removed to give 5 as a colorless oil. Yield: 540 mg
(89%). 1H NMR (CDCl3): d=1.50 (d, 3H; CH3), 3.35 (br s, 1H; OH),
4.87 (q, 1H; CH), 2.29 (d, 1H), 7.38 (d, 1H), 7.55 ppm (t, 1H); 13C NMR
(CDCl3): d=24.24, 69.27, 118.70, 126.77, 139.39, 141.23, 165.35 ppm.


Complexes of 1


[Co2(1)2(1-H)2Cl2]: CoCl2·6H2O (45.6 mg, 0.157 mmol) and 1 (77.2 mg,
0.627 mmol) were mixed in CH3CN (1.5 mL) to give a crimson precipi-
tate which was filtered off and washed with MeOH and diethyl ether.
Yield 39.2 mg (73%). Elemental analysis calcd (%) for [Co2(1)2(1-
H)2Cl2]·H2O (C28H36N4O5Co2Cl2): C 48.2, H 5.2, N 8.0; found: C 48.7, H
5.4, N 7.7; IR (KBr): ñ=3433 (br m), 1607 (s), 1578 (m), 1472 (s), 1375
(m), 1171 (m), 1126 (br m), 1097 (m), 1015 (s), 949 (br s), 926 (m), 787
(m) cm�1.


[Co2(1)2(1-H)2Br2]: CoBr2·6H2O (46.4 mg, 0.142 mmol) was added to a
solution of 1 (70.0 mg, 0.568 mmol) in CH3CN (1.5 mL). A crimson crys-
talline precipitate formed rapidly. The reaction mixture was refrigerated
overnight and the precipitate was isolated by filtration and washed with
MeOH and Et2O. Yield: 49.0 mg (90%). Elemental analysis calcd (%)
for C28H34Br2Co2N4O4: C 43.77, H 4.46, N 7.29; found: C 44.0, H 4.6, N
6.4; IR (KBr disc): ñ=3423 (br m), 2851 (m), 1607 (s), 1578 (m), 1472
(s), 1375 (m), 1279 (w), 1244 (m), 1171 (m), 1128 (br m), 1097 (m), 1015
(m), 949 (br s), 926 (m), 858 (m), 779 (m), 733 (w) cm�1.


[Co2(1)2(1-H)2I2]: CoI2·2H2O (65.6 mg, 0.188 mmol) was added to a so-
lution of 1 (92.6 mg, 0.752 mmol) in CH3CN (1.5 mL). The deposition of
a crimson-violet precipitate began almost immediately. The reaction mix-
ture was refrigerated overnight and the precipitate isolated by filtration
and washed with MeOH and Et2O. Yield: 72.9 mg (90%). Elemental
analysis calcd (%) for C28H34Co2I2N4O4: C 39.00, H 3.97, N 6.50; found:
C 39.6, H 4.2, N 5.5; IR (KBr disc): ñ=3423 (br m), 2848 (m), 1605 (m),
1578 (m), 1470 (s), 1375 (m), 1242 (m), 1169 (m), 1126 (br m), 1097 (m),
1015 (m), 947 (br s), 923 (m), 854 (m), 789 (m), 731 (w) cm�1.


[Co2(1)2(1-H)2(NO3)2]: Co(NO3)2·6H2O (45.6 mg, 0.157 mmol) was added
to a solution of 1 (77.2 mg, 0.627 mmol) in MeOH (400 mL). The deposi-
tion of a rose-coloured precipitate began almost immediately. The reac-
tion mixture was refrigerated overnight and the precipitate isolated by
filtration and washed with MeOH and Et2O. Yield: 42.0 mg (73%). Ele-
mental analysis calcd (%) for C28H34Co2N6O10: C 45.91, H 4.68, N 11.47;
found: C 46.0, H 4.8, N 11.0; IR (KBr disc): ñ=3414 (br m), 2826 (m),
1605 (m), 1578 (m), 1466 (s), 1385 (s), 1294 (s), 1163 (m), 1114 (br m),
1082 (m), 1013 (m), 957 (br m), 926 (w), 839 (w), 779 (m), 731 (w), 660
(m), 517 (m) cm�1.


[Co2(1)2(1-H)2(SCN)2]: Co(SCN)2 (44.4 mg, 0.25 mmol) and Co(OAc)2
(63.1 mg, 0.25 mmol) were combined in CH3OH (2 mL) and 1 (124.8 mg,
1.01 mmol) was added to give a crimson precipitate which was filtered
off, washed with MeOH and diethyl ether, and air dried. Refrigeration of
the filtrate produced violet crystals which were suitable for X-ray crystal-
lography. Total yield: 110 mg (60%). Elemental analysis calcd for
C30H34Co2N6O4S2: C 49.73, H 4.73, N 11.60; found: C 49.4, H 4.8, N 11.4;
IR (KBr): ñ=3423 (br m), 2849 (m), 2073 (vs), 1607 (m), 1580 (m), 1472
(s), 1375 (w), 1171 (m), 1124 (br m), 1096 (m), 1015 (m), 953 (br m), 926
(m), 868 (m), 779 (m), 735 (w) cm�1.


Complexes of 2


[Co2(2)2(2-H)2Cl2]: Compound 2 (188 mg, 1.37 mmol) was dissolved in
MeOH (4 mL) and CoCl2·4H2O (81.5 mg, 0.343 mmol) and


Co(OAc)2·4H2O (85.3 mg, 0.343 mmol) to give a violet solution. The
solution was concentrated slowly under reduced pressure until crimson-
violet crystals began to form. Et2O was layered on top of this solution
which was refrigerated for 48 h. The crystals were then filtered off,
washed with a minimum amount of cold (�10 8C) MeOH then Et2O.
Yield: 180 mg (71%). Elemental analysis calcd (%) for [Co2(2)2(2-
H)2Cl2]·2(CH3OH) (C34H50N4O6Co2Cl2): C 51.1, H 6.3, N 7.0; found: C
50.7, H 5.8, N 6.7; 1H NMR (CD3CN, 0.01m): d=�27.65 (3H), �8.06
(1H), 21.14 (1H), 22.79 (1H), 34.92 ppm (3H); UV/Vis (CH3CN, 5.5S
10�3m): e=628 nm (94.3), 525 nm (61.6), 264 nm (13200); CD (CH3CN,
5.5S10�3m): De=746 nm (1.16), 532 nm (1.49), 502 (sh, 1.23), 311 nm
(�1.70), 269 nm (22.3); ES-MS (CH3CN, 0.01m): 703.0 ([Co2(2)2-
(2-H)2Cl]


+ , 2%), 562.0 ([Co2(2)(2-H)2Cl]
+ , 100%), 332.1 ([Co222-


(2-H)2]
2+ , 12%); IR (KBr disc): ñ=3420 (br m), 2852 (m), 1605 (s), 1578


(m), 1468 (s), 1362 (s), 1312 (m), 1190 (br s), 951 (br s), 793 (m) cm�1.


[Co2(2)2(2-H)2Br2]: Compound 2 (67.5 mg, 0.49 mmol) was dissolved in
MeOH (4 mL) and CoBr2·4H2O (40.2 mg, 0.123 mmol) and
Co(OAc)2·4H2O (30.6 mg, 0.123 mmol) were added to give a violet
solution which was concentrated slowly under reduced pressure until
crimson-violet crystals began to form. Et2O was layered on top of this so-
lution which was then refrigerated for 48 h. The crystals were then fil-
tered off and the filtrate put aside. The crystals were washed with a mini-
mum amount of cold (�10 8C) MeOH then Et2O, and air-dried. The first
filtrate was layered with more Et2O and refrigerated to give a second
crop of product. Total yield: 59 mg (58%). Elemental analysis calcd (%)
for [Co2(2)2(2-H)2Br2]·H2O (C32H44Br2Co2N4O5): C 45.63, H 5.26, N 6.65;
found: C 45.8, H 5.2, N 6.1; 1H NMR (CD3CN, 0.01m): d=�26.87 (3H),
�7.14 (1H), 2.20 (obscured by solvent peak), 22.20 (1H), 24.25 (1H),
33.96 ppm (3H); UV/Vis (CH3CN, 4.6S10


�3
m): e=745 nm (sh, 29.8),


633 nm (91.0), 604 nm (92.2), 533 nm (70.2), 263 nm (16000); CD
(CH3CN, 4.6S10


�3
m): De=747 nm (1.71), 533 nm (2.16), 502 nm (sh,


1.91), 310 nm (�2.26), 271 nm (24.1), 252 nm (�2.90); ES-MS (CH3CN,
0.01m): 606.0 ([Co2(2)(2-H)2Br]


+ , 100%); IR (KBr disc): ñ=3415 (br m),
2968 (m), 2866 (m), 1605 (s), 1578 (m), 1468 (s), 1364 (m), 1312 (w), 1244
(m), 1161 (m), 1128 (br m), 937 (br s), 872 (m), 793 (m), 752 (m) cm�1.


[Co2(2)2(2-H)2(NO3)2]: Compound 2 (68.7 mg, 0.50 mmol) was dissolved
in CH3CN (1 mL) and was added to a solution of Co(NO3)2·4H2O
(35.8 mg, 0.123 mmol) and Co(OAc)2·4H2O (30.6 mg, 0.123 mmol) in
MeOH (150 mL) to give a violet solution which was concentrated slowly
under reduced pressure. A rose-coloured crystalline precipitate deposit-
ed. The precipitate was suspended in a mixture of CH3CN and Et2O (1/3)
and was isolated by filtration, washed with cold (�10 8C) CH3CN then
Et2O, and air-dried. Yield: 57.0 mg (58%). Elemental analysis calcd (%)
for [Co2(2)2(2-H)2(NO3)2]·CH3OH (C33H46Co2N6O11): C 48.30, H 5.65, N,
10.24; found: C 48.6, H 5.7, N 9.7; 1H NMR (CD3CN, 0.01m): d=�41.86
(3H), �2.15 (1H), 1.13 (1H), 25.61 (1H), 26.11 (1H), 50.27 ppm (3H);
UV/Vis (CH3CN, 4.6S10


�3
m): e=514 nm (48.1), 265 nm (15 200). CD


(CH3CN, 4.6S10
�3
m): De=615 nm (0.58), 517 nm (0.99), 471 nm (0.71),


292 nm (�2.72), 269 nm (19.0); ES-MS (CH3CN, 0.01 molL�1): 589.1
([Co2(2)(2-H)2NO3]


+ , 100%); IR (KBr disc): ñ=3433 (br m), 2978 (m),
2866 (m), 1607 (m), 1466 (m), 1385 (s), 1285 (m), 1165 (m), 1084 (m),
1013 (m), 935 (w), 870(w), 806 (m), 754 (w), 681 (w) cm�1.


Complexes of 3


[Co2(3)2(3-H)2Cl2]: This helicate was prepared as described above for 2.
X-ray quality crystals could be grown by recrystallisation from hot
CH3NO2.


1H NMR (CD2Cl2): d=�27.94 (3H), �8.24 (1H), 21.21 (1H),
22.91 (1H), 35.11 ppm (3H).


Spectrophotometric titrations : All operations were performed at 25 8C in
a controlled-temperature environment using the UV/Vis instrumentation
described above. A solution of Co(NO3)2·6H2O (ca. 0.4 molL�1) was ti-
trated into a solution of 2 and NEt3 (2/1 ratio, [2]=ca. 0.04 molL


�1) to
give a final Co/2 ratio of 1/2. Spectra were recorded following the addi-
tion of each aliquot in the wavelength region 380–860 nm. A cell with a
1 cm pathlength was used. Data were analyzed with the Specfit pro-
gram,[14,29] and the titration was repeated in order to obtain three stability
constants which agreed with each other within the error limits estimated
by the software.
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X-ray crystallography : Data were collected using a Bruker APEX system
with MoKa radiation, and were corrected for Lorentzian, polarisation,
and absorption. Structures were solved by direct methods, and refined
against jF j 2 using anisotropic thermal displacement parameters for all
non-hydrogen atoms. Hydrogen atoms were placed in calculated posi-
tions except for the alcohol protons involved in hydrogen bonding
which were located on the electron density difference map (except for
the structure of [Co2(3)2(3-H)2Cl2]·(CH3NO2) where these protons
could not be located). CCDC-244233–CCDC-244239 contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallo-
graphic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax:
(+44)1223-336-033. The structures of [Co2(1)2(1-H)2Cl2]·H2O, [Co2(2)2-
(2-H)2Cl2], [Co2(4)2(4-H)2Cl2] have been published previously.


[7]
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A New Class of Non-Racemic Chiral Macrocycles:
A Conformational and Synthetic Study
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Introduction


The architecture of macrocyclic compounds naturally pro-
vides them with cavities suitable for a range of functions
such as the formation of inclusion complexes, leading to ap-
plications in host–guest chemistry,[1] asymmetric catalysis,[2]


mimicry of natural enzymes,[3] and chiral molecular recogni-
tion.[4] The pharmaceutical activity of certain classes of mac-
rocycles has also given them a role in drug development.[5]


Their stereochemistry is fascinating, and control of the inter-
play between planar and tetrahedral chirality within macro-
cyclic species is still in its infancy.[6]


Our interest in using the intramolecular Heck reaction to
synthesise medium-sized rings[7] recently led us to the seren-
dipitous discovery of a head-to-tail coupling reaction that
gave a range of macrocycles containing dehydrophenylala-
nine units.[8] Analysis of our approach revealed that the
macrocycles were generated from two units, variation of


which might be expected to affect the architecture of the re-
sulting macrocycle, that is, a disubstituted benzene and an
w-hydroxyalkene, and a further unit whose contribution to
macrocylic architecture might be expected to be relatively
constant, that is, an ester of serine (Figure 1a). In order to
exemplify the flexibility in the synthesis and to explore the
effect of varying the disubstituted benzene and the w-hy-
droxyalkene, macrocycles were generated using 1,4-diiodo-
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Abstract: Amino alcohols have been used to introduce non-racemic chirality into
macrocycles using a modular approach that relies on a Heck macrocyclisation re-
action. A wide variety of macrocycles have been synthesised, and their structures
studied using X-ray crystallography and molecular modelling. A fragmentation re-
action encountered during the use of (S)-1,1-dimethylvalinol revealed that carbox-
ylic acids generate acylals under reaction conditions often used for Heck reactions.


Figure 1. Analysis of macrocycle synthesis based on a) an ester of serine,
and b) amino alcohols derived from amino acids.
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benzene and 1,3-diiodobenzene, and a range of w-hydroxyal-
kenes. Examination of the macrocycles produced by X-ray
crystallography and molecular modelling revealed two dis-
tinct classes of structure, one of which resembled a “barrel”
and the other of which was elongated and “staggered” with
respect to the arene rings.[8b]


In view of the interest and potential of non-racemic chiral
macrocycles in for example catalysis and molecular recogni-
tion, we decided to modify the approach summarised in Fig-
ure 1a to allow us to introduce non-racemic chiral centres.
Not only did we wish to retain the flexibility associated with
the aromatic ring and the distance between the aromatic
ring and the amino acid derived functionalities, but we also
wished to develop an approach that was versatile with re-
spect to the chiral centres that were to be introduced. An
analysis of our new approach is presented in Figure 1b, and
its realisation is presented herein. Some of the macrocycles
described below were included in a preliminary communica-
tion of this topic,[9] but the unexpected generation of an
acylal during the course of a routine Heck reaction, and the
single crystal X-ray and molecular modelling analyses are
presented for the first time in this full account of our work.


Results and Discussion


We initially decided to test the viability of the proposed
macrocyclic synthesis outlined in Figure 1b by using 1,4-diio-
dobenzene, 4-hydroxy-1-butene, valinol, and three different
alkenes as potential Heck partners. 1,4-Diiodobenzene and
4-hydroxy-1-butene react under palladium catalysis to give
4-(4-iodophenyl)butanal (4);[8b] alternatively aldehyde 4 may
be prepared in three straightforward steps from 4-phenylbu-
tanoic acid (Scheme 1).[8b] In principle, a large number of
analogues of 4 containing different carbon chain lengths and
para, meta or ortho disubstituted arenes are accessible via
the palladium catalysed zipper reaction between an appro-
priate di-iodoarene and an w-hydroxyalkene.[8b,10] Aldehyde
4 was subjected to reductive amination with (S)-valinol to
give the secondary amine 4v, which was protected as its
benzyl derivative 4v(Bn). Alcohol 4v(Bn) was then primed
with three alkenes that could potentially act as Heck part-
ners in the proposed macrocyclisation step. It was thus treat-
ed with appropriate electrophiles to give its 2-carboxyprop-
2-enyl, allyl and prop-2-enoyl derivatives, 4v(Bn)c, 4v(Bn)a
and 4v(Bn)p. Subjecting these three compounds to Heck re-
action conditions gave different outcomes: the carboxyprop-
2-enyl primed system 4v(Bn)c cyclised to give a product
that arises from two head-to-tail Heck coupling reactions,
m2-4v(Bn)c, the allyl primed system proved to be insuffi-
ciently activated for a reaction to occur, and the prop-2-
enoyl primed system reacted to give two products, one aris-
ing from two head-to-tail Heck coupling reactions, m2-
4v(Bn)p, and the other arising from three head-to-tail Heck
coupling reactions, m3-4v(Bn)p. In each successful cyclisa-
tion, isolated macrocyclisation products accounted for 40%
of the substrate.


Attempts to increase this yield using different catalysts
and reaction conditions did not deliver any significant im-
provement. The 60% of substrate that was unaccounted for
was tentatively assumed to have been converted into intract-
able polymeric material.


The three macrocycles were characterised by elemental
analysis, IR and NMR spectroscopy (1H and 13C), and mass
spectrometry. In addition, m2-4v(Bn)p was characterised by
X-ray crystallography which showed the 30-membered mac-
rocycle to adopt an elongated ellipse-like conformation
(Figure 2) with a nitrogen···nitrogen separation of about
14.4 N. The structure is disordered in the vicinity of ring B,
there being two partial occupancy conformations for ring B
and its adjacent -CH2-CH2- unit (see Supporting Informa-
tion, especially Figures S1–S3); the major (ca. 58%) occu-
pancy orientation is shown in Figure 2. The centroid···cent-
roid separation between the two aromatic rings A and B is
about 5.39 N [4.91 N for the minor occupancy conforma-
tion]. Although the molecule could have adopted C2 sym-
metry about an axis perpendicular to the plane of the 30-
membered macrocycle, it has not done so. The most obvious
departure from this possible symmetry lies in the inclina-
tions of the aromatic rings A and B with respect to the
plane of the macrocycle (as defined by the mean plane of
the centroids of rings A and B, and the other 22 atoms that
form the macrocycle) with ring A being near parallel to the
macrocycle (ca. 238) whilst ring B is near orthogonal (ca.
778). Though the A···B and A···B’ centroid···centroid separa-
tions of about 5.39 and 4.91 N suggest a degree of trans-
macrocycle p–p edge-to-face interaction, the mutual inclina-
tion of the two rings (ca. 54 and 52’ for A/B and A/B’, re-
spectively) combined with the presence of the disorder
itself, make this interaction unlikely to be a determining
factor in the overall conformation.


Having established that our new approach to macrocycles
was viable, we chose to examine the effect on the macrocyc-
lisation step of varying a) the length of the carbon chain be-
tween the aromatic residue and the amino alcohol residue,
and b) the amino alcohol.


The effect of varying the length of the carbon chain be-
tween the aromatic residue and the amino alcohol residue
was probed by using 4-iodobenzaldehyde 1 (Scheme 2). This
was synthesised from 4-iodobenzoic acid, 2, by reduction to
alcohol 3 and oxidation to the required aldehyde 1.


Aldehyde 1 was reductively aminated with (S)-valinol to
give secondary amine 1v, which was protected as its benzyl
derivative 1v(Bn). Alcohol 1v(Bn) was then primed for the
Heck reaction with 1-bromo-2-carbomethoxy-2-propene and
2-propenoyl chloride, and the substrates formed, 1v(Bn)c
and 1v(Bn)p, were subsequently subjected to Heck reaction
conditions. The products isolated from these reactions, m2-
1v(Bn)c, m2-1v(Bn)p and m3-1v(Bn)p, revealed that macro-
cyclisation had indeed occurred with the shorter one carbon
tether between the aryl group and the amine, albeit in sig-
nificantly lower isolated yield than observed for the systems
with a four-carbon tether between the aryl group and the
amine.


E 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 69 – 8070



www.chemeurj.org





It was noted that the 2-carboxy-2-propenyl system again
gave just a two unit cyclisation product, whilst the prop-2-
enoyl system again gave both two unit and three unit cycli-
sation products.


It is interesting to compare the generation of the two unit
and three unit cyclisation products in this Heck cyclisation,


with two recently reported and related transition metal cata-
lysed macrocyclisations. Subjecting a range of dienes repre-
sented by structure 5 (Figure 3) to ring-closing metathesis
conditions, led to quite different and as yet unexplained out-
comes. When n=1, only the “dimer” was isolated, when n=
2, the “dimer” and “trimer” were isolated, when n=3 only


Scheme 1. a) (S)-valinol (1.5 equiv), MgSO4, CH2Cl2, rt, 24 h; then NaBH4 (2.0 equiv), MeOH, rt, 24 h; b) K2CO3 (1.5 equiv), [18]crown-6 (0.1 equiv),
BnBr (1.5 equiv), acetone, rt, 20 h; c) NaH (1.1 equiv), THF, reflux, 5 h; then Bu4NI (0.02 equiv), methyl 2-(bromomethyl)acrylate (1.2 equiv), 0 8C to rt,
3 h; d) NaH (1.1 equiv), THF, reflux, 5 h; then Bu4NI (0.02 equiv), allylBr (1.5 equiv), rt, 14 h; e) Et3N (1.1 equiv), hydroquinone (0.01 equiv), acryloyl-
Cl (1.1 equiv), 0 8C, 2 h; f) Pd(OAc)2 (0.1 equiv), Bu4NCl (1.0 equiv), NaHCO3 (2.5 equiv), DMF (0.05m), 110 8C, 16 h.
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the dimer was isolated and when n=9 the dimer and mono-
mer were isolated.[11] In each case the total product yield fell
in the range 74–81%.


In a separate study, aimed initially at the synthesis of the
paracyclophane natural product, pondaplin, but subsequent-
ly at the structural properties of the interesting macrocycles
produced, aryl iodide 6 was subjected to Heck reaction con-
ditions. The head-to-tail coupling product of two units, refer-
red to as a pondaplin dimer, was isolated under a range of
reaction conditions in yields of up to 38%, whilst under
very concentrated reaction conditions, it proved possible to
isolate the “dimer” and a pondaplin trimer, albeit in quite
low yield (7% of each).[12]


Returning to our study, the effect on cyclisation of varying
the amino alcohol component was examined next using two
amino alcohols containing conformational constraints that it
was anticipated might favour intramolecular reactions that
is, cyclisations, over intermolecular reactions that is, poly-
merisation.


The first such amino alcohol to be examined was (S)-pro-
linol. Aldehyde 1 was thus reductively aminated with (S)-
prolinol to give tertiary amine 1p (Scheme 3). The primary
alcohol of 1p was then primed, as before, with 1-bromo-2-
carbomethoxy-2-propene and 2-propenoyl chloride to give
Heck substrates 1pc and 1pp.


Although 1pc and 1pp did undergo Heck macrocyclisa-
tion, the yields of the macrocycles isolated, m2-1pc, m2-1pp
and m3-1pp, revealed that the conformational constraints in-
troduced by the prolinol residue had no significant effect on
the course of the Heck macrocyclisation.


Attention then turned to a second conformationally limit-
ed amino alcohol, (S)-1,1-dimethylvalinol (7), which was de-
rived from the methyl ester of (S)-valine using a modifica-
tion of a literature procedure.[13] Protection of the amine of
the valine ester gave the Boc-derivative 8, which was treated
with four equivalents of methylmagnesium iodide to give
the tertiary alcohol 9 (Scheme 4). Deprotection gave the re-
quired amino alcohol 7. Reductive amination of aldehyde 1
with (S)-1,1-dimethylvalinol 7 proceeded smoothly to give
the secondary amine 1vMe2


, which was protected to give its
benzyl derivative 1vMe2


(Bn). Reaction of the tertiary alcohol
of 1vMe2


(Bn) with 2-propenoyl chloride gave the potential
Heck macrocyclisation substrate 1vMe2


(Bn)p. Subjecting
1vMe2


(Bn)p to Heck conditions identical to those used in all
the previous macrocyclisations (0.1 equiv Pd(OAc)2, 1 equiv
Bu4NCl, 2.5 equiv NaHCO3, 0.05m DMF, 110 8C, 16 h), how-
ever, gave none of the expected macrocycles.


Instead a product that was tentatively identified as the
acylal 10, on the basis of its analytical data, was isolated in
46% yield.


Figure 2. ORTEP view of the 30-membered macrocyle m2-4v(Bn)p.


Scheme 2. a) BH3·THF (2 equiv), THF, rt, 16 h; b) MnO2 (26 equiv),
CHCl3, reflux, 72 h; c) (S)-valinol (1.5 equiv), MgSO4, CH2Cl2, rt, 24 h;
then NaBH4 (2.0 equiv), MeOH, rt, 24 h; d) K2CO3 (1.5 equiv),
[18]crown-6 (0.1 equiv), BnBr (1.5 equiv), acetone, rt, 20 h; e) NaH
(1.1 equiv), THF, reflux, 5 h; then Bu4NI (0.02 equiv), methyl 2-(bromo-
methyl)acrylate (1.2 equiv), 0 8C, 3 h; f) Et3N (1.1 equiv), hydroquinone
(0.01 equiv), acryloylCl (1.1 equiv), 0 8C, 2 h; g) Pd(OAc)2 (0.1 equiv),
Bu4NCl (1.0 equiv), NaHCO3 (2.5 equiv), DMF (0.05m), 110 8C, 16 h.
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Examination of the structure of compound 10 led to the
postulation that its formation was a result of the instability
of the expected products under the reaction conditions.
Thus, it was proposed that the expected products of the re-
action, for example, m2-1vMe2


(Bn)p, underwent elimination
to give compound 11 containing a 1,1-disubstituted alkene
and a carboxylic acid derived from the elimination process
(Scheme 5). It was proposed that carboxylic acid 11 was sub-


sequently converted into the observed acylal 10 under the
reaction conditions.


In order to test the feasibility of the proposed carboxylic
acid to acylal conversion under the reaction conditions,
model compound cinnamic acid 12 was subjected to identi-
cal reaction conditions to those used for the formation of 10
(Scheme 5). Under these conditions it proved possible to
isolate a small amount (10%) of the cinnamic acylal 13,
thus providing support for the proposed pathway for the
conversion of 1vMe2


(Bn)p to acylal 10.
Acylals, also known as geminal dicarboxylates and di-


esters of 1,1-diols have been synthesised by several ap-
proaches. The most common involves reacting aldehydes
with carboxylic anhydrides in the presence of a catalyst.[14]


Figure 3. Related macrocylisation: diene 5 has been subjected to ring
closing metathesis conditions,[11] aryl iodide 6 has been subjected to Heck
reaction conditions.[12]


Scheme 3. a) (S)-Prolinol (1.5 equiv), MgSO4, CH2Cl2, rt, 24 h; then
NaBH4 (2.0 equiv), MeOH, rt, 24 h; b) NaH (1.1 equiv), THF, reflux, 5 h;
then Bu4NI (0.02 equiv), methyl 2-(bromomethyl)acrylate (1.2 equiv),
0 8C to rt, 3 h; c) Et3N (1.1 equiv), hydroquinone (0.01 equiv), acryloyl-Cl
(1.1 equiv), 0 8C, 2 h; d) Pd(OAc)2 (0.1 equiv), Bu4NCl (1.0 equiv),
NaHCO3 (2.5 equiv), DMF (0.05m), 110 8C, 16 h.


Scheme 4. a) Boc2O (1.5 equiv), THF/MeOH (4:1), rt, 16 h; b) MeMgI
(4 equiv), THF, rt, 16 h; c) HCl (3n)/EtOAc, rt, 16 h; then NaHCO3, rt;
d) 7 (1.5 equiv), MgSO4, CH2Cl2, rt, 24 h; then NaBH4 (2.0 equiv),
MeOH, rt, 24 h; e) NaH (1.2 equiv), DMF, rt, 6 h; then BnBr (1.5 equiv),
rt, 16 h; f) Et3N (1.1 equiv), hydroquinone (0.01 equiv), acryloyl-Cl
(1.1 equiv), 0 8C, 2 h; g) Pd(OAc)2 (0.1 equiv), Bu4NCl (1.0 equiv),
NaHCO3 (2.5 equiv), DMF (0.05m), 110 8C, 16 h.
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Symmetric acylals are also readily formed by reacting 1,1-di-
haloalkanes with carboxylates. For example, tetrabutylam-
monium carboxylates react with dichloromethane to give
the corresponding methanal acylals in excellent yield.[15]


The reaction conditions used to form 10 and convert 12
into 13 are significantly different to any of the methods cur-
rently used for synthesising acylals.[14] We thus thought it
would be of interest to study the conversion of carboxylic
acid 12 into acylal 13 with a view to gaining more insight
into the process. After some experimentation, it became
clear that the palladium acetate was unnecessary for the suc-
cess of the reaction. Optimisation of the reaction conditions
(1.5 equiv Bu4NCl, 1.5 equiv NaHCO3, 0.05m DMF, 40 h,
110 8C) gave a significantly increased yield of acylal 13
(58%) (Scheme 5). Under similar conditions, 3,3-diphenyl-
propanoic acid 14 was converted into its methanal acylal 15
in 60% yield, indicating that a,b-unsaturation in the acid
component is unnecessary for the success of this reaction.
With respect to the mechanism of this reaction it is pro-
posed that the carboxylic acid reacts via its tetrabutylammo-
nium salt. This is consistent with the known participation of
such salts in the formation of acylals from dichloromethane
(see above). The source of methanal or a methanal surro-
gate is assumed to be DMF[16] which degrades via hydrolysis
and reduction processes under the harsh reaction conditions.


Returning to the macrocycles, with a view to their future
applications, we wished to develop conditions to reduce the
alkenes and perhaps produce some more flexible ligands,
and to remove the nitrogen protecting groups so that we
could access ligands containing two secondary amine bind-
ing sites. After some experimentation, it proved possible to
identify hydrogenation conditions that led to the clean re-
duction of the two alkenes to give m2-4v(Bn)p-H4


(Scheme 6), and conditions that led to both alkene reduction
and amine deprotection to give m2-4vp-H4.


Finally a modelling study was undertaken in order to
probe the architectures of the macrocycles produced. The
structures of eight molecules were examined. All structures
were minimised and then subjected to molecular dynamics
and a conformation hunt that collected all the resulting con-
formations occurring within a 15 kcal range. The conforma-
tions that lay within 3 kcal of the global minimum that is,
99% of the conformations that occur at physiological tem-
perature, were then examined. The lowest energy conforma-
tions are depicted in Figure 4. Modelling of the valinol de-
rivative m2-4v(Bn)p gave three conformations within 3 kcal
of the global minimum, all of which had a broadly similar
structure to that observed when the solid state was probed
by X-ray crystallography (see Figure 2 for comparison).


Scheme 5. a) Pd(OAc)2 (0.1 equiv), Bu4NCl (1.0 equiv), NaHCO3


(2.5 equiv), DMF (0.05m), 110 8C, 16 h; b) Bu4NCl (1.5 equiv), NaHCO3


(1.5 equiv), DMF (0.05m), 110 8C, 40 h; c) Bu4NCl (1.2 equiv), NaHCO3


(1.2 equiv), DMF (0.05m), 110 8C, 72 h.


Scheme 6. a) H2 (50 psi), Pd/C (10% w/w), EtOAc, 24 h, rt; b) H2 (100 psi), Pd/C (10% w/w), EtOAc, 48 h, rt.
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Modelling of the alkene hydrogenation product, m2-
4v(Bn)p-H4, and the alkene hydrogenation/debenzylated
product, m2-4vp-H4, produced four and five conformations,
respectively, within 3 kcal of the global minimum, a result
consistent with the increased flexibility expected in these
systems. Modelling m2-4v(Bn)c and comparing it with m2-
4v(Bn)p suggests that the change in Heck acceptor leads to
a more extended turn element and hence a less elongated
cavity. Examination of m2-1v(Bn)p alongside m2-4v(Bn)p
revealed quite similar turn elements. The differing carbon
chain lengths, however, altered the relationship between the
aromatic rings significantly. Comparison of m2-1v(Bn)p with
the “trimer” m3-1v(Bn)p, which is a bucket-like structure
containing six aromatic units, revealed that the turn motifs
in these systems were slightly different. In contrast the proli-


nol unit in m2-1pp and m3-1pp gave a well-defined and con-
sistent turn motif. In fact modelling of the prolinol system,
m2-1pp, produced only one conformation within 3 kcal of
the global minimum, suggesting that this macrocycle has a
relatively well defined structure.


Conclusion


We have developed a short and versatile route to non-race-
mic chiral macrocycles based on amino alcohols derived
from amino acids. A range of macrocycles have been readily
synthesised in good quantities, and their structures have
been examined by X-ray crystallography and molecular
modelling. Fragmentation of macrocycles based on (S)-1,1-


Figure 4.
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dimethylvalinol generated an acylal product, which revealed
that carboxylic acids are unstable to Heck reaction condi-
tions involving DMF, Bu4NCl and NaHCO3 and prolonged
heating. We are now in a position to start to investigate the
catalytic and host-guest properties of the macrocycles.


Experimental Section


All reactions were carried out under an inert atmosphere of dry nitrogen
using standard vacuum line and Schlenk tube techniques[17] unless other-
wise noted. THF was distilled from sodium/benzophenone. CHCl3 and
CH2Cl2 were distilled from calcium hydride (CaH2). Methanol (MeOH)
was distilled from calcium hydride and stored over 3 N molecular sieves.
Acetone was distilled and stored over activated potassium carbonate
(K2CO3). Triethylamine (Et3N) was distilled and stored over potassium
hydroxide (KOH). The hydrogen used in the hydrogenation experiments
was BOC grade 0. All remaining chemicals were used as received from
commercial sources. Thin layer chromatography was performed on
Merck silica gel glass plates (60 F254) using UV light (254 nm) as visualiz-
ing agent and/or vanillin or potassium permanganate and heat as devel-
oping agents. Flash column chromatography was performed using Merck
silica gel (60, particle size 0.040–0.063 mm). Melting points were recorded
in open capillaries on a BPchi 510 melting point apparatus, and are un-
corrected. Optical rotations were performed on a Perkin–Elmer 241 Po-
larimeter using a 1 dm path length and concentrations are given as
gmL�1. IR spectra were recorded on a Perkin–Elmer 1600 FT-IR spec-
trometer. NMR spectra were recorded on Bruker AC300F, AM360,
DRX400, AM500 or DRX500 instruments in CDCl3 unless otherwise
stated. Chemical shifts are reported in ppm relative to residual undeuter-
ated solvent as an internal reference. The following abbreviations are
used to define the multiplicities: s= singlet, d=doublet, t= triplet, q=
quartet, br=broad. The carbons have been assigned with the aid of
DEPT and 1H/13C correlation experiments wherever necessary. For the
sake of clarity in the assignment of the NMR spectra, the carbons of the
arene ring of the aldehydes through to the macrocyclic products are num-
bered as shown in Figure 5.


Mass spectra were recorded on JEOL AX 505W and Kratos MS890MS
spectrometers at KingQs College London and Micromass Quattro II and
Waters Micromass ZQ4000 spectrometers at the EPSRC mass spectral
facility, Swansea. Elemental analyses were performed by the London
Metropolitan University microanalytical service and the University of
Cambridge microanalytical service. BH3·THF=borane/tetrahydrofuran
complex in THF. Boc2O=di-tert-butyl dicarbonate.


Where similar procedures have been used, a general method is given to-
gether with data for one representative product. Data for the remaining
products are provided in the Supporting Information.


General procedure for reductive amination : The appropriate amino alco-
hol l-valinol, l-prolinol or 7 (90.0 mmol) and anhydrous magnesium sul-
fate (6.0 g) were added to a solution of aldehyde 4 or 1 (60.0 mmol) in
dry dichloromethane (110 mL). The mixture was stirred under a slight
over pressure of nitrogen, at room temperature for 24 h. The reaction
mixture was then transferred via filter cannula to another flask. The so-
lution was concentrated in vacuo and the resulting residue was redis-
solved in dry methanol (110 mL), cooled to 0 8C and sodium borohydride
(4.5 g, 120 mmol) was added cautiously. After the addition was complete,


the ice bath was removed and the solution was stirred at room tempera-
ture for 24 h. The reaction mixture was quenched with distilled water
(100 mL) and extracted with ethyl acetate (3T200 mL). The combined
extracts were washed with brine (50 mL), dried over MgSO4 and concen-
trated in vacuo.


Compound 4v : Purification of the crude product by flash column chro-
matography (silica gel; hexane/ethyl acetate/triethylamine 4:1:0.01 !
1:1:0.1) afforded 4v as a pale yellow oil (16.3 g, 75%). Rf=0.2 (silica gel;
hexane/ethyl acetate/triethylamine 1:1:0.01); [a]20D =++2.9 (c=0.01 in
CH2Cl2); IR: ñmax=3200–3600 cm�1 (NH and OH); 1H NMR (360 MHz,
CDCl3): d=0.87 (d, J=7.0 Hz, 3H; CHCH3), 0.92 (d, J=7.0 Hz, 3H;
CHCH3), 1.39–1.45 (m, 2H; NHCH2CH2), 1.55 (quintet, J=8 Hz, 2H;
ArCH2CH2), 1.67–1.73 (m, 1H; CH3CHCH3), 2.26–2.28 (m, 1H; NHCH),
2.45–2.51 (m, 2H; ArCH2), 2.57–2.62 (m, 2H; NHCH2), 3.19 (dd, J=7.5,
10.5 Hz, 1H; CHHOH), 3.50 (dd, J=2.0, 10.5 Hz, 1H; CHHOH), 6.83–
6.87 (m, 2H; ArH2,6), 7.48–7.53 ppm (m, 2H; ArH3,5);


13C NMR
(90 MHz, CDCl3): d=18.7 (CH3), 20.0 (CH3), 29.2 (CH3CHCH3), 29.3
(ArCH2CH2), 30.4 (NHCH2CH2), 35.7 (ArCH2), 47.2 (NHCH2), 60.7
(CH2OH), 64.8 (NHCH), 91.1 (CArI), 130.9 (CAr2,6H), 137.7 (CAr3,5H),
142.3 ppm (CArCH2); MS (CI): m/z (%): 362 (100) [M ++H], 275 (10)
[M +�(CH3)2CHCH2OH], 257 (9) [M +�(CH3)2CHCH2OHNH4], 190
(11) [M +�(CH3)2CH�I]; elemental analysis calcd (%) for C15H24INO
(361.26): C 49.87, H 6.7, N 3.88; found: C 50.04, H 6.65, N 3.91.


General procedure for benzylation of 4v and 1v : The aminoalcohol 4v
or 1v (40.0 mmol) in dry acetone (160 mL) was placed in a 500 mL flask
under an inert atmosphere of nitrogen. Activated potassium carbonate
(60.0 mmol) and [18]crown-6 (4.0 mmol) were added while stirring the re-
action mixture at room temperature. Benzyl bromide (60.0 mmol) was
then added to the mixture and the reaction vessel was left stirring at
room temperature for 20 h. The reaction was then quenched with water
(50 mL) and the organics extracted with diethyl ether (100 mLT3). The
combined extracts were washed with brine (50 mL), dried over MgSO4


and concentrated in vacuo.


Compound 4v(Bn): Purification of the crude product by flash column
chromatography (silica gel; hexane/ethyl acetate 9:1 ! 3:1) afforded
4v(Bn) as a pale yellow oil (16.2 g, 90%). Rf=0.5 (silica gel; hexane/
ethyl acetate 4:1); [a]20D =++13.4 (c=0.0097 in CH2Cl2); IR: ñmax=


3453 cm�1 (OH); 1H NMR (360 MHz, CDCl3): d=0.83 (d, J=7.0 Hz,
3H; CHCH3), 1.07 (d, J=7.0 Hz, 3H; CHCH3), 1.27–1.29 (m, 1H;
NCH2CHH), 1.38–1.45 (m, 3H; ArCH2CH2 and NCH2CHH), 1.89–1.95
(m, 1H; CH3CHCH3), 2.38–2.42 (t, J=7.0 Hz, 2H; NCH2CH2), 2.50–2.53
(m, 1H; NCH), 2.62–2.69 (m, 2H; ArCH2), 3.26 (t, J=10.5 Hz, 1H;
CHCHHOH), 3.41 (br s, 1H; OH), 3.58 (dd, J=5, 10.5 Hz, 1H;
CHCHHOH), 3.61 (d, J=13.5 Hz, 1H; NCHHAr), 3.85 (d, J=13.5, 1H;
NCHHAr), 6.79–6.83 (m, 2H; ArH2,6), 7.25–7.34 (m, 5H; NCH2Ar),
7.52–7.57 ppm (m, 2H; ArH3,5);


13C NMR (90 MHz, CDCl3): d=20.1
(CH3), 22.6 (CH3), 28.3 (CH3CHCH3), 28.6 and 29.1 (NHCH2CH2 and
ArCH2CH2), 35.0 (ArCH2), 50.8 (NCH2Ar), 55.3 (NCH2), 59.7 (CH2OH),
67.6 (NCH), 90.6 (CArI), 127.1 (NCH2CArH), 128.5 (NCH2CArH), 128.9
(NCH2CArH), 130.5 (CAr2,6H), 137.2 (CAr3,5H), 140.3 and 141.9 ppm
(NCH2CArCH2 and CArCH2); MS (EI): m/z (%): 451 (2) [M +], 420 (100)
[M +�CH2OH], 408 (38) [M +�(CH3)2CH]; elemental analysis calcd (%)
for C22H30INO (451.38): C 58.54, H 6.70, N 3.10; found: C 58.63, H 6.70,
N 3.08.


General procedure for the formation of carboxypropenyl alkenes
4v(Bn)c, 1v(Bn)c and 1pc : Compound 4v(Bn), 1v(Bn) or 1p (1.0 mmol)
in tetrahydrofuran (1 mL) was added at 0 8C to a solution of sodium hy-
dride (60% dispersion in mineral oil) (1.1 mmol), previously washed with
hexane, in tetrahydrofuran (3.0 mL). The reaction mixture was heated to
reflux under nitrogen for 5 h. The flask was then allowed to cool to 0 8C
in an ice bath and tetrabutylammonium iodide (0.02 mmol) and methyl
2-(bromomethyl)acrylate (1.2 mmol) were added in succession. The reac-
tion mixture was stirred for 3 h allowing the ice to melt. The reaction was
then quenched with water (1 mL) and extracted with dichloromethane
(2T10 mL). The combined extracts were washed with brine (10 mL),
dried over magnesium sulphate and then concentrated in vacuo to afford
the crude product. All reactions were performed on a 5–20 mmol scale.


Figure 5.
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Compound 4v(Bn)c : Purification of the crude product by flash column
chromatography (silica gel; hexane/ethyl acetate 100:0 ! 95:5) afforded
4v(Bn)c as a colourless oil (4.90 g, 60%). Rf=0.4 (silica gel; hexane/
ethyl acetate 95:5); [a]20D =++4.9 (c = 0.003 in CH2Cl2); IR: ñmax=1732
(C=O), 1637 cm�1(C=C); 1H NMR (360 MHz, CDCl3): d=0.88 (d, J=
7 Hz, 3H; CHCH3), 1.0 (d, J=7 Hz, 3H; CHCH3), 1.36–1.58 (m, 4H;
NCH2CH2 and ArCH2CH2), 1.83–1.88 (m, 1H; CH3CHCH3), 2.33–2.42
(m, 2H; NCH2), 2.47–2.56 (m, 2H; ArCH2), 3.38 (d, J=13.5 Hz, 1H;
NCHHAr), 3.55–3.56 (m, 2H; NCHCH2OCH2), 3.66 (s, 3H; COOCH3),
3.79 (d, J=13.5 Hz, 1H; NCHHAr), 4.05–4.07 (m, 2H; OCH2C=CH2),
5.87 (dd, J=1.5, 3.3 Hz, 1H; CHH=C, trans-C(=O)O-R), 6.28 (dd, J=
1.5, 2.8 Hz, 1H; CHH=C, cis-C(=O)O-R), 6.79–6.82 (m, 2H; ArH2,6),
7.16–7.32 (m, 5H; NCH2Ar), 7.51–7.54 ppm (m, 2H; ArH3,5);


13C NMR
(90 MHz, CDCl3): d=20.9 (CH3CHCH3), 21.8 (CH3CHCH3), 28.6
(ArCH2CH2), 28.9 (CH3CHCH3), 29.2 (NHCH2CH2), 35.6 (ArCH2), 51.0
(NCH2), 52.2 (COOCH3), 56.0 (NCH2Ar), 65.2 (NCHCH), 69.6 and 69.7
(CHCH2OCH2 and CHCH2OCH2), 90.9 (CArI), 125.0 (CH2=C), 127.10
(NCH2CArH), 128.5 (NCH2CArH), 128.9 (NCH2CArH), 130.9 (CAr2,6H),
137.6 (CAr3,5H), 137.9 (CH2=C), 141.9 and 142.7 (CArCH2 and CArCH2N),
166.7 ppm (COOCH3); MS (EI): m/z (%): 549 (3) [M +], 506 (100) [M +


�(CH3)2CH], 421 (97) [M +�(CH3)2CH�CH2=CCOOCH3], 294 (10)
[M +�(CH3)2CH�CH2=CCOOCH3�I]; elemental analysis calcd (%) for
C27H36INO3 (549.48): C 59.02, H 6.60, N 2.55; found: C 59.09, H 6.76, N
2.79.


Compound 4v(Bn)a : Compound 4v(Bn) (0.90 g, 2.0 mmol) in tetrahydro-
furan (4 mL) was added at 0 8C to a solution of sodium hydride (60%
dispersion in mineral oil) (0.096 g, 2.2 mmol), previously washed with
hexane, in tetrahydrofuran (6 mL). The reaction mixture was heated to
reflux under nitrogen for 5 h. The flask was then allowed to cool to 0 8C
in an ice bath. Tetrabutylammonium iodide (0.015 g, 0.039 mmol) and
allyl bromide (0.26 mL, 3.0 mmol) were added in succession and the reac-
tion mixture was left stirring for 14 h allowing the ice to melt. The reac-
tion was then quenched with water (5 mL) and extracted with dichloro-
methane (2T20 mL). The combined extracts were washed with brine (2T
10 mL) dried over magnesium sulphate and then concentrated in vacuo
to afford the crude product as pale oil. Purification of the crude product
by flash column chromatography (silica gel; hexane/diethyl ether 10:0 !
4:1) afforded 4v(Bn)a as a colourless oil (0.95 g, 97%). Rf=0.5 (silica
gel; hexane/diethyl ether 4:1); [a]20D =�48.8 (c=0.06 in CH2Cl2); IR:
ñmax=1646 cm �1 (C=C); 1H NMR (360 MHz, CDCl3): d=0.81 (d, J=
7.0 Hz, 3H; CHCH3), 0.92 (d, J=7.0 Hz, 3H; CHCH3), 1.29–1.38 (m,
4H; NCH2CH2 and ArCH2CH2), 1.73–1.76 (m, 1H; CH3CHCH3), 2.26–
2.47 (m, 5H; NCH2, ArCH2 and NCHCH), 3.41 (d, J=14 Hz, 1H;
NCHHAr), 3.49 (d, J=4.5 Hz, 2H; OCH2CH=CH2), 3.79 (d, J=14 Hz,
1H; NCHHAr), 3.84–3.87 (m, 2H; NCHCH2OCH2), 5.08 (ddd, J=1.5,
4.5, 12.0 Hz, 1H; CH=CHH, cis), 5.84 (dd, J=1.5, 17.0 Hz, 1H; CH=


CHH, trans), 5.80–5.87 (m, 1H; CH=CH2), 6.73–6.75 (m, 2H; ArH2,6),
7.11–7.25 (m, 5H; NCH2Ar), 7.44–7.46 ppm (m, 2H; ArH3,5);


13C NMR
(90 MHz, CDCl3): d=19.4 (CH3CHCH3), 20.3 (CH3CHCH3), 27.1
(ArCH2CH2), 27.6 (CH3CHCH3), 27.8 (NHCH2CH2), 34.2 (ArCH2), 49.7
(NCH2), 54.5 (NCH2Ar), 63.8 (NCHCH), 67.6 (NCHCH2O), 70.9
(CHCH2O), 89.4 (CArI), 115.3 (CH=CH2), 125.3 (NCH2CArH), 127.0
(NCH2CArH), 127.8 (NCH2CArH), 129.4 (CAr2,6H), 134.1 (CH2=CH), 136.1
(CAr3,5H), 140.6 (CArCH2N), 141.3 ppm (CArCH2); MS (CI): m/z (%): 492
(100) [M ++H], 448 (7) [M +�(CH3)2CH]; elemental analysis calcd (%)
for C25H34INO (491.45): C 61.10, H 6.97, N 2.85; found: C 61.25, H 6.96,
N 2.84.


General procedure for the formation of propenoyl alkenes 4v(Bn)p,
1v(Bn)p, 1pp and 1vMe2


(Bn)p : Aminoalcohol 4v(Bn), 1v(Bn), 1p or
1vMe2


(Bn) (1.0 mmol) was dissolved in dry dichloromethane (4 mL) and
cooled to 0 8C under an inert atmosphere of nitrogen. Triethylamine
(1.1 mmol) was slowly added followed by hydroquinone (0.01 mmol).
Keeping the reaction mixture at 0 8C, acryloyl chloride (1.1 mmol) was
added drop-wise over 15 minutes. The reaction was left stirring at the
same temperature for 2 h and was then poured into a separating funnel
containing 1.50 mL of cold water. The aqueous phase was extracted with
dichloromethane (2T8 mL) and the combined extracts, to which more
hydroquinone (0.01 mmol) was added, were dried over magnesium sul-


phate and then concentrated in vacuo to afford the crude product. All re-
actions were performed on 1.8–20 mmol scale.


Compound 4v(Bn)p : Purification of the crude product by flash column
chromatography (silica gel; hexane/thyl acetate 9:1 ! 7:1) afforded
4v(Bn)p as a colourless oil (5.71 g, 75%). Rf=0.5 (silica gel; hexane/
ethyl acetate 7:1); [a]20D =�45.3 (c=0.01 in CH2Cl2); IR: ñmax=1739 (C=
O), 1642 cm�1 (C=C); 1H NMR (360 MHz, CDCl3): d=0.84 (d, J=
7.0 Hz, 3H; CHCH3), 0.95 (d, J=7.0 Hz, 3H; CHCH3), 1.30–1.48 (m,
4H; NCH2CH2 and ArCH2CH2), 1.80–1.82 (m, 1H; CH3CHCH3), 2.33–
2.52 (m, 5H; NCH2 and ArCH2 and NCHCH), 3.43 (d, J=14 Hz, 1H;
NCHHAr), 3.80 (d, J = 14 Hz, 1H; NCHHAr), 4.22–4.33 (m, 2H;
NCHCH2O), 5.76 (dd, J = 1.5, 10.5 Hz, 1H; CH=CHH, cis), 6.05 (dd, J
= 10.5, 17.5 Hz, 1H; CH=CH2), 6.31 (dd, J = 1.5, 17.5 Hz, 1H; CHH=


CH, trans), 6.75–6.77 (m, 2H; ArH2,6), 7.12–7.26 (m, 5H; NCH2Ar), 7.46–
7.49 ppm (m, 2H; ArH3,5);


13C NMR (90 MHz, CDCl3): d=20.7
(CH3CHCH3), 21.7 (CH3CHCH3), 28.7 (ArCH2CH2), 28.9 (CH3CHCH3),
29.1 (NCH2CH2), 35.5 (ArCH2), 50.7 (NBnCH2), 55.7 (NCH2Ar), 63.0
(CHCH2O), 64.1 (NBnCHCH), 90.9 (CArI), 127.0 (CH=CH2), 128.6
(NCH2CArH), 128.7 (NCH2CArH), 128.9 (NCH2CArH), 130.9 (CAr2,6H),
131.1 (CH2=C), 137.6 (CAr3,5H), 141.2 (CArCH2N), 142.6 (CArCH2),
166.6 ppm (OC=OCH); MS (CI): m/z (%): 506 (83) [M ++H], 464 (50)
[M +�(CH3)2CH+2H], 355 (100) [M +�I�CH2=CH+4H]; elemental
analysis calcd (%) for C25H32INO2 (505.43): C 59.41, H 6.38, N 2.77;
found: C 59.56, H 6.25, N 2.83.


Typical procedure for the Heck coupling reactions : A flask containing a
stirrer bar and fitted with a condenser was placed under an inert atmos-
phere of nitrogen and charged with the appropriate Heck acceptor
alkene 4v(Bn)c, 4v(Bn)a, 4v(Bn)p, 1v(Bn)c, 1v(Bn)p, 1pc, 1pp or
1vMe2


(Bn)p (1.0 mmol), palladium(ii) acetate (0.1 mmol), sodium hydro-
gencarbonate (2.5 mmol) and tetra-n-butyl ammonium chloride
(1.0 mmol). Dry DMF (0.05m) was then added and the mixture was satu-
rated with nitrogen. The flask was lowered into a preheated oil bath held
at 110 8C and stirred for 16 h. After cooling, the product mixture was di-
luted with diethyl ether (40 mL) and the precipitate filtered. The filtrate
was concentrated in vacuo to afford the crude products. Reactions were
performed on 0.7–12.0 mmol scale.


Compound m2-4v(Bn)c : Purification of the crude product by careful
flash column chromatography (silica gel; hexane/diethyl ether 10:0!4:1)
afforded m2-4v(Bn)c as a white feathery solid (0.464 g, 40%). Rf=0.32
(silica gel; hexane/diethyl ether 1:1); m.p. 96–98 8C; [a]20D =�21.7 (c=
0.011 in CH2Cl2); IR: ñmax=1708 (C=O), 1644 cm�1 (C=C); 1H NMR
(360 MHz, CDCl3): d=0.79 (d, J=6.5 Hz, 3H; CHCH3), 0.92 (d, J=
6.5 Hz, 3H; CHCH3), 1.30–1.43 (m, 4H; NCH2CH2 and ArCH2CH2),
1.77–1.80 (m, 1H; CH3CHCH3), 2.29–2.45 (m, 4H; NCH2CH2 and
ArCH2CH2), 2.56–2.60 (m, 1H; NCHCH), 3.39–3.52 (m, 2H;
CHCH2OCH2), 3.44 (d, J=14.0 Hz, 1H; NCHHAr), 3.60 (s, 3H; OCH3),
3.78 (d, J=14.0 Hz, 1H; NCHHAr), 4.02 (dd, J=6.5, 10.5 Hz, 1H;
CHCHHOCH2), 4.19 (dd, J=2.0, 10.5 Hz, 1H; CHCHHOCH2), 6.83–
6.85 (m, 2H; ArH2,6), 7.04–7.06 (m, 2H; ArH3,5), 7.11–7.27 (m, 5H;
NCH2Ar), 7.39 ppm (s, 1H; ArCH=C); 13C NMR (90 MHz, CDCl3): d=
20.7 (CH3CHCH3), 21.7 (CH3CHCH3), 28.4 (CH3CHCH3), 29.74, 29.78
and 29.95 (NCH2CH2, ArCH2CH2 and CHCH2OCH2), 35.9 (ArCH2CH2),
51.5 (NCH2CH2), 51.6 (COOCH3), 55.6 (NCH2Ar), 64.7 (NCH), 73.4
(NCHCH2), 110.6 (C=CHCAr), 127.1, 128.4, 128.5, 128.7, 129.0
(CH2CH2CAr3,5, CH2CH2CAr2,6H and NCH2Ar), 138.0 (ArCH2=C), 140.5
and 141.1 (NCH2CAr and CArCH2CH2), 158.7 (ArCH=C), 169.1 ppm (C=
O); MS (FAB, positive): m/z (%): 844 (100) [M ++H], 800 (32) [M +


�(CH3)2CH]; elemental analysis calcd (%) for C54H70N2O6 (843.14): C
76.92, H 8.37, N 3.32; found: C 76.93, H 8.40, N 3.40.


Compounds m2-4v(Bn)p and m3-4v(Bn)p : Purification of the crude prod-
ucts by careful flash column chromatography (silica gel; hexane/diethyl
ether 10:1 ! 3:1) afforded m2-4v(Bn)p as a fluffy white solid (0.475 g,
25%) and m3-4v(Bn)p as a bright yellow fluffy solid (0.284 g, 15%).
Data for m2-4v(Bn)p : Rf=0.45 (silica gel; hexane/diethyl ether 3:1); m.p.
88–90 8C; [a]20D =�43.5 (c=0.08 in CH2Cl2); IR: ñmax=1709 (C=O),
1635 cm�1 (C=C); 1H NMR (360 MHz, CDCl3): d=0.87 (d, J=6.5 Hz,
3H; CHCH3), 0.97 (d, J=6.5 Hz, 3H; CHCH3), 1.28–1.38 (m, 1H;
NCH2CHH), 1.39–1.52 (m, 3H; ArCH2CH2 and NCH2CHH), 1.89–1.95
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(m, 1H; CH3CHCH3), 2.38–2.45 (m, 2H; NCH2CH2), 2.49–2.59 (m, 2H;
ArCH2CH2), 2.60–2.75 (m, 1H; NCHCH), 3.58 (d, J=14 Hz, 1H;
NCHHAr), 3.73 (d, J=14 Hz, 1H; NCHHAr), 4.19 (dd, J=7, 12 Hz,
1H; CHHOC=O), 4.40 (dd, J=2, 12 Hz, 1H; CHHOCH2), 6.25 (d, J=
16 Hz, 1H; CH=CHC=O), 6.90–6.93 (m, 2H; ArH2,6), 7.08–7.21 (m, 5H;
NCH2Ar), 7.25–7.27 (m, 2H; ArH3,5), 7.50 ppm (d, J=16, 1H; ArCH=
CH); 13C NMR (90 MHz, CDCl3): d=20.9 (CH3), 22.2 (CH3), 27.9
(CH3CHCH3), 28.8 (NCH2CH2), 29.8 (ArCH2CH2), 36.1 (ArCH2), 51.3
(NCH2CH2), 55.6 (NCH2Ar), 62.4 (CHCH2O), 64.1 (NCH), 117.7 (CH=


CHC=O), 127.1 (CH2CH2CAr3,5H), 128.53, 128.55, 129.0, 129.2
(CH2CH2CAr2,6H and NCH2Ar), 132.1 (CH=CHCAr), 141.3 (NCH2CAr),
145.1 (ArCH=CH), 146.2 (CH2CH2CAr), 167.4 ppm (C=O); MS (ESI):
m/z (%): 755 (98) [M +], 452 (50) [M +�(CH2)4(NBn)CH(CH3)2-
CHCH2OC=OCH=CH�2H], 410 (35) [M +�(CH2)4(NBn)CH(CH3)2-
CHCH2OC=OCH=CH�(CH3)2CH�H], 242 (69) [CH2CH(CH3)2CHN-
(CH2)4ArCH=CH+], 119 (100) [CH2NBn+]; elemental analysis calcd
(%) for C50H62N2O4 (755.04): C 79.54, H 8.28, N 3.71; found: C 79.49,
H 8.08, N 3.67.


Data for m3-4v(Bn)p : Rf=0.35 (silica gel; hexane/diethyl ether 3:1); m.p.
78–80 8C; [a]20D =�59.4 (c=0.05 in CH2Cl2); IR: ñmax=1711 (C=O),
1634 cm�1 (C=C); 1H NMR (360 MHz, CDCl3): d=0.84 (d, J=6.5 Hz,
3H; CHCH3), 0.95 (d, J=6.5 Hz, 3H; CHCH3), 1.32–1.50 (m, 4H;
ArCH2CH2 and NCH2CH2), 1.78–1.80 (m, 1H; CH3CHCH3), 2.43–2.59
(m, 5H; NCH2CH2, ArCH2CH2 and NCHCH), 3.50 (d, J=14 Hz, 1H;
NCHHAr), 3.77 (d, J=14 Hz, 1H; NCHHAr), 4.22 (dd, J=7, 12 Hz,
1H; CHHOC=O), 4.34 (dd, J=2, 12 Hz, 1H; CHHOCH2), 6.25 (d, J=
16 Hz, 1H; CH=CHC=O), 6.94–6.96 (m, 2H; ArH2,6), 7.08–7.21 (m, 5H;
NCH2Ar), 7.30–7.33 (m, 2H; ArH3,5), 7.57 ppm (d, J=16.0, 1H; ArCH=
CH); 13C NMR (90 MHz, CDCl3): d=19.3 (CH3), 20.4 (CH3), 27.3
(NCH2CH2), 27.6 (CH3CHCH3), 27.7 (ArCH2CH2), 34.6 (ArCH2), 49.9
(NCH2), 54.2 (NCH2Ar), 62.1 (CHCH2O), 62.8 (NCH), 116.1 (CH=


CHC=O), 125.6 (CH2CH2CAr3,5H), 127.1, 127.6, 127.7, 128.2,
(CH2CH2CAr2,6H and NCH2Ar), 130.8 (CH=CHCAr), 139.9 (NCH2CAr),
143.8 (ArCH=CH), 144.5 (CH2CH2CAr), 166.1 ppm (C=O); MS (ESI): m/z
(%): 1132 (13) [M +], 510 (27) [Ar(CH2)4(NBn)CH(CH3)2CHCH2OC=
OCH=CHAr(CH2)4+H+], 326 (25) [CH2OC=OCH=CHAr(CH2)4NCH-
CH2OC=OCH=CH+ �H], 119 (100) [CH2NBn+]; elemental analysis
calcd (%) for C75H93N3O6 (1132.56): C 79.54, H 8.28, N 3.71; found: C
79.35, H 8.19, N 3.59.


Compound 10 : Purification of the crude products by careful flash column
chromatography (silica gel; hexane/diethyl ether 10:0 ! 4:1) afforded 10
as a white waxy solid (0.11 g, 46%). Rf=0.70 (silica gel; hexane/diethyl
ether 1:1); m.p. 65–67 8C; [a]20D =++88.7 (c=0.0023 in CH2Cl2); IR: ñmax=


1734 (C=O), 1633 (C=C), 1607 cm�1 (C=C); 1H NMR (500 MHz, CDCl3):
d=0.65 (d, J=6.5 Hz, 6H; CHCH3), 1.05 (d, J=6.5 Hz, 6H; CHCH3),
1.67 (s, 6H; CH2=CCH3), 1.89–1.99 (m, 2H; CH3CHCH3), 2.49 (d, J=
11.0 Hz, 2H; NCHC), 3.27 (d, J=14.5 Hz, 2H; NCHHAr), 3.30 (d, J=
14.5 Hz, 2H; NCHHAr), 3.79 (d, J=16.5 Hz, 2H; NCHHAr), 3.81 (d,
J=16.5 Hz, 2H; NCHHAr), 4.43 (s, 2H; CHH=CCH3 cis), 4.97 (s, 2H;
CHH=CCH3 trans), 5.93 (s, 2H; C=OOCH2OC=O), 6.35 (d, J=16 Hz,
2H; C=OCH=CH), 7.06–7.39 (m, 18H; ArH2,6, NCH2Ar and ArH3,5),
7.68 ppm (d, J=16 Hz, 2H; C=OCH=CHAr); 13C NMR (125 MHz,
CDCl3): d=20.9 (CH3CHCH3), 21.1 (CH3CHCH3), 21.8 (CH2=CCH3),
27.4 (CH3CHCH3), 54.3 and 54.6 (NCH2ArT2), 70.7 (NCHCH2), 79.7
(C=OOCH2OC=O), 116.3 (CH=CHCAr), 116.9 (CH2=CCH3), 127.1,
128.67, 128.69, 128.9, 129.4 (CH2CH2CAr3,5H CH2CH2CAr2,6H and
NCH2Ar), 132.9 (CArCH=CH), 140.8 and 141.6 (NCH2CArT2), 144.6
(CH2=CCH3), 147.2 (ArCH=CH), 166.2 ppm (C=O); MS (ESI, Na+):
m/z (%): 762 (100) [M ++Na], 739 (52) [M +], 609 (20) [M +�Bn�CH2=


CCH3+2H], 346 (12) [ArCH=CHC=OOCH2OC=OCH=


CHArCH2NCH+�H]; elemental analysis calcd (%) for C49H58N2O4


(739.00): C 79.64, H 7.91, N 3.79; found: C 79.65, H 7.90, N 3.84.


Alcohol 3 :[18] A 1.0m solution of BH3·THF complex (200 mL) was added
via a cannula over 20 minutes under an inert atmosphere of nitrogen to a
solution of 4-iodobenzoic acid 2 (25.0 g, 100 mmol) in dry tetrahydrofur-
an (200 mL). The reaction mixture was left stirring at rt for 16 h and was
then quenched with a 2n HCl solution (500 mL). The organic product
was extracted with dichloromethane (2T700 mL), washed with saturated


sodium hydrogencarbonate (2T400 mL), brine (2T400 mL) dried over
magnesium sulphate and concentrated in vacuo to afford 3 as a white
solid (23.2 g, 99%). M.p. 65–67 8C; IR (nujol): ñmax=3280 cm�1 (OH);
1H NMR (360 MHz, CDCl3): d=4.64 (d, J=6 Hz, 2H; ArCH2OH), 7.10–
7.13 (m, 2H; ArH2,6), 7.68–7.70 ppm (m, 2H; ArH3,5);


13C NMR
(90 MHz, CDCl3): d=69.5 (ArCH2OH), 95.6 (CArI), 129.0 (CAr2,6H),
137.1 (CAr3,5H), 140.5 ppm (CArCH2OH); MS (CI, NH3): m/z (%): 252
(100) [M ++NH4], 234 (9) [M +]; HMRS (EI, Na): calcd for C7H7IO:
256.9420, found 256.9421 [M ++Na].


Aldehyde 1:[18] MnO2 (224.0 g, 2570 mmol) was added to a solution of al-
cohol 3 (23.2 g, 99.2 mmol) in dry chloroform (900 mL). The reaction
mixture was refluxed for 3 d and then filtered through a pad of Celite.
The filtrate was concentrated in vacuo to yield 1 as a white solid (22.7 g,
99%). M.p. 72–74 8C; IR (nujol): ñmax=1705 cm�1 (C=O); 1H NMR
(360 MHz, CDCl3): d=7.58–7.60 (m, 2H; ArH2,6), 7.90–7.92 (m, 2H;
ArH3,5), 9.96 ppm (s, 1H; CHO); 13C NMR (90 MHz, CDCl3): d=103.2
(CArI), 131.1 (CAr2,6H), 135.9 (CArCHO), 138.8 (CAr3,5H), 191.9 ppm
(CHO); MS (CI, NH3): m/z (%): 250 (100) [M ++NH4], 232 (91) [M +];
HMRS (EI): calcd for C7H5IO: 232.0185, found 232.0187 [M +].


Ester 8 :[19] Solid sodium hydrogencarbonate (14.4 g, 170 mmol) was
added in one portion to a stirred solution of l-valine methyl ester hydro-
chloride (9.5 g, 56.7 mmol) in dry tetrahydrofuran/methanol (4:1)
(150 mL) at 0 8C, immediately followed by addition of solid Boc2O
(18.5 g, 84.9 mmol). The reaction was allowed to warm to room tempera-
ture, stirred for 20 h and then quenched with water (100 mL). The organ-
ic product was extracted with diethyl ether (2T300 mL), washed with sa-
turated sodium hydrogencarbonate (2T100 mL), brine (2T100 mL),
dried over magnesium sulphate and concentrated in vacuo. Purification
of the crude product by flash column chromatography (silica gel; hexane/
ethyl acetate 9:1 ! 6:1) afforded 8 as a colourless oil (13.0 g, 99%). Rf=


0.3 (silica gel; hexane/ethyl acetate 6:1); [a]20D =++13.2 (c=0.025 in
CH2Cl2); IR: ñmax=1741, 1694 cm�1 (C=OT2); 1H NMR (360 MHz,
CDCl3): d=0.88 (d, J=7.0 Hz, 3H; CHCH3), 0.94 (d, J=7.0 Hz, 3H;
CHCH3), 1.43 (s, 9H; C(CH3)3), 2.09–2.14 (m, 1H; (CH3)2CH), 3.78 (s,
3H; OCH3), 4.21 (dd, J=4.8, 9.1 Hz, 1H; NHCH), 5.03 ppm (brd, J=
9.0 Hz, 1H; NH); 13C NMR (90 MHz, CDCl3): d=17.9 (CHCH3), 20.0
(CHCH3), 28.6 C(CH3)3, 31.6 (CH3CHCH3), 52.4 (OCH3), 58.9 (NHCH),
80.1 (C(CH3)3), 156.0 (COOC(CH3)3), 173.3 ppm (COOCH3); MS (EI):
m/z (%): 231 (20) [M +], 130 (100) [M +�COOtBu]; HRMS (EI): calcd
for C11H21NO4: 231.1471, found 231.1477 [M +].


Alcohol 9 :[13] Ester 8 (13.0 g, 56.2 mmol) was dissolved in freshly distilled
THF (250 mL) and cooled to 0 8C. Methylmagnesium iodide (3.0m so-
lution in diethyl ether) (74.9 mL, 224.8 mmol) was added dropwise under
nitrogen over 30 min and the reaction was warmed to room temperature
and left stirring for 20 h. The reaction mixture was then cooled to 0 8C,
and cautiously quenched with a saturated aqueous solution of NH4Cl
(250 mL). The organics were extracted with diethyl ether (3T300 mL),
washed with brine (2T200 mL), dried over magnesium sulphate and con-
centrated in vacuo. Purification of the crude product by flash column
chromatography (silica gel; hexane/ethyl acetate 9:1 ! 4:1) afforded 9 as
a white solid (9.9 g, 76%). Rf=0.4 (silica gel; hexane/ethyl acetate 4:1);
m.p. 46–48 8C; [a]20D =++9.1 (c=0.01 in CH2Cl2); IR (nujol): ñmax=3444
(OH), 1696 cm�1 (C=O); 1H NMR (360 MHz, CDCl3): d=0.90 (d, J=
7.0 Hz, 3H; CHCH3), 0.94 (d, J=7.0 Hz, 3H; CHCH3), 1.22 (s, 3H;
C(CH3)OH), 1.25 (s, 3H; C(CH3)OH), 1.44 (s, 9H; C(CH3)3), 2.06–2.09
(m, 1H; CH3CHCH3), 3.48 (dd, J=2.5, 10.0 Hz, 1H; NHCH), 4.87 ppm
(brd, J=10 Hz, 1H; NH); 13C NMR (90 MHz, CDCl3): d=16.8
(CHCH3), 17.2 (CHCH3), 22.7 (CCH3), 23.02 (CCH3), 28.7 CH(CH3)3,
29.4 (CH3CHCH3), 62.1 (NHCH), 74.1 (C(CH)3OH), 79.4 (C(CH3)3),
157.3 ppm (COOC(CH3)3); MS (EI): m/z (%): 231 (5) [M +], 130 (100)
[M +�COOtBu]; HMRS (EI): calcd for C12H25NO3: 231.1834, found
231.1838 [M +].


Amino alcohol 7:[20] A 3m HCl/EtOAc (150 mL) solution (1:1) was added
to 9 (9.0 g, 39.0 mmol) and the mixture was left stirring for 16 h at room
temperature. The reaction was then stopped and the volatiles were re-
moved in vacuo. The residue was dissolved in EtOAc (300 mL) and cau-
tiously washed with saturated NaHCO3 (4T300 mL). The organic layer
was dried (MgSO4) and concentrated in vacuo to give 7 (5.02 g, 98%) as
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a white solid. M.p. 40–42 8C; [a]20D =�13.9 (c=0.033 in CH2Cl2); IR
(nujol): ñmax=3339 and 3400 cm�1 (OH and NH2);


1H NMR (360 MHz,
CDCl3): d=0.87 (d, J=7.0 Hz, 3H; CHCH3), 0.96 (d, J=7.0 Hz, 3H;
CHCH3), 1.10 (s, 3H; C(CH3)OH), 1.18 (s, 3H; C(CH3)OH), 1.87–1.98
(m, 1H; CH3CHCH3), 2.02 (br s, 2H; NH2), 2.40 ppm (d, J=2.8 Hz, 1H,
NH2CH); 13C NMR (90 MHz, CDCl3): d=17.2 (CH3), 23.2 (CH3), 24.5
(CH3), 28.3 CH(CH3)2, 28.9 (CH3), 65.1 (NH2CH), 72.1 ppm
(C(CH3)2OH); MS (CI): m/z (%): 149 (100) [M ++NH4], 132 (45) [M +


+H]; HMRS (EI): calcd for C7H17NO: 131.1310, found 131.1311 [M +].


Compound 1vMe2
(Bn): 1vMe2


(0.900 g, 2.60 mmol) in DMF (5 mL) was
added at 0 8C to a solution of sodium hydride (60% dispersion in mineral
oil) (0.125 g, 3.12 mmol), previously washed with hexane, in DMF
(10 mL). The reaction mixture was allowed to reach room temperature
and stirred under nitrogen for 6 h. The flask was then cooled to 0 8C in
an ice bath and benzyl bromide (0.460 mL, 3.89 mmol) was added. The
reaction mixture was warmed to room temperature and stirred under ni-
trogen for 16 h. The reaction was then quenched with water (5 mL) and
the organics extracted with dichloromethane (2T10 mL). The combined
extracts were washed with brine (15 mL), dried over magnesium sulphate
and then concentrated in vacuo to afford the crude product. Purification
of the crude product by flash column chromatography (silica gel; hexane/
ethyl acetate 10:0 ! 6:1) afforded 1vMe2


(Bn) as a pale yellow oil
(0.795 g, 70%). Rf=0.45 (silica gel; hexane/ethyl acetate 8:1); [a]20D =


�8.57 (c=0.006 in CH2Cl2); IR: ñmax=3450 cm�1 (OH); 1H NMR
(360 MHz, CDCl3): d=0.97 (d, J=7.0 Hz, 3H; CHCH3), 1.01 (s, 3H;
CH3CCH3), 1.13 (d, J=7.0 Hz, 3H; CHCH3), 1.16 (s, 3H; CH3CCH3),
2.02–2.16 (m, 1H; CH3CHCH3), 2.30 (d, J=8 Hz, 1H; NCH), 3.56 (d, J=
18 Hz, 2H; NCHHAr), 3.58 (d, J=18 Hz, 2H; NCHHAr), 3.84 (d, J=
20.5 Hz, 2H; NCHHAr), 3.86 (d, J=20.5 Hz, 2H; NCHHAr), 4.75 (s,
1H; OH), 6.84–6.86 (m, 2H; ArH2,6), 7.13–7.24 (m, 5H; NCH2Ar), 7.46–
7.49 ppm (m, 2H; ArH3,5);


13C NMR (90 MHz, CDCl3): d=23.4 (CH3),
24.6 (CH3), 26.8 (CH3), 29.1 (CH3CHCH3), 31.8 (CH3), 56.8 and 57.2
(NCH2ArT2), 71.2 (CH3CCH3), 72.9 (NCH), 93.2 (CArI), 127.4
(NCH2CArH), 128.9 (NCH2CArH), 129.8 (NCH2CArH), 131.7 (CAr2,6H),
137.9 (CAr3,5H), 139.61 and 139.65 ppm (CArCH2T2); MS (CI): m/z (%):
438 (100) [M ++H], 421 (40) [M +�OH+H]; elemental analysis calcd
(%) for C21H28INO (437.36): C 57.67, H 6.45, N 3.20; found: C 57.71, H
6.47, N 3.20.


Compound 13 :[14] A flask containing a stirrer bar and fitted with a con-
denser was placed under an inert atmosphere of nitrogen and charged
with 12 (1.00 g, 6.75 mmol), sodium hydrogencarbonate (0.855 g,
10.1 mmol) and tetra-n-butyl ammonium chloride (2.81 g, 10.1 mmol).
Dry DMF (135 mL, 0.05m) was added and the mixture was saturated
with nitrogen. The flask was lowered into a preheated oil bath held at
110 8C and stirred for 40 h. The reaction was stopped, quenched with
water (50 mL) and the organics extracted with diethyl ether (100 mLT2).
The organic layer was then washed with water (100 mLT2), brine
(100 mL), dried over magnesium sulphate and the volatiles were removed
in vacuo. Purification of the crude product by flash column chromatogra-
phy (silica gel; hexane/ethyl acetate 10:0 ! 4:1) afforded 13 as a white
solid (0.612 g, 58%). Rf=0.40 (silica gel; hexane/ethyl acetate 4:1); m.p.
86–88 8C; IR: ñmax=1734 (C=O), 1630 cm�1 (C=C); 1H NMR (360 MHz,
CDCl3): d=5.90 (s, 2H; OCH2O), 6.31 (d, J=16.0 Hz, 2H; C=OCH=
CH), 7.22–7.23 (m, 6H; Ar), 7.34–7.37 (m, 4H; Ar), 7.65 ppm (d, J=
16 Hz, 2H; C=OCH=CH); 13C NMR (90 MHz, CDCl3): d=79.8
(OCH2O), 117.2 (CH=CHAr), 128.7, 129.4, 131.1 (Ar), 137.7 (CArCH=


CH), 147.2 (CH=CHAr), 165.9 ppm (C=O); MS (EI, Na): m/z (%): 331
(100) [M ++Na], 308 (40) [M +]; HMRS (EI): calcd for C19H16O4:
331.0946, found 331.0949 [M ++Na].


Compound 15 : A flask containing a stirrer bar and fitted with a condens-
er was placed under an inert atmosphere of nitrogen and charged with 14
(0.300 g, 1.32 mmol), sodium hydrogencarbonate (0.134 g, 1.58 mmol)
and tetra-n-butyl ammonium chloride (0.439 g, 1.58 mmol). Dry DMF
(25 mL, 0.05m) was added and the mixture was saturated with nitrogen.
The flask was lowered into a preheated oil bath held at 110 8C and stirred
for 72 h. The reaction was stopped, quenched with water (10 mL) and the
organics extracted with diethyl ether (30 mLT2). The organic layer was
then washed with water (30 mLT2), brine (30 mL), dried over magnesi-


um sulphate and the volatiles removed in vacuo. Purification of the crude
product by flash column chromatography (silica gel; hexane/ethyl acetate
10:0 ! 4:1) afforded 15 as a white solid (0.184 g, 60%). Rf=0.45 (silica
gel; hexane/ethyl acetate 4:1); m.p. 89–91 8C; IR: ñmax=1759 cm�1 (C=
O); 1H NMR (360 MHz, CDCl3): d=2.90 (d, J=8.0 Hz, 4H;
Ar2CHCH2), 4.41 (t, J=8.0 Hz, 2H; Ar2CHCH2), 5.46 (s, 2H; OCH2O),
7.04–7.19 ppm (m, 20H; Ar); 13C NMR (90 MHz, CDCl3): d=40.7
(Ar2CHCH2), 47.1 (Ar2CHCH2), 79.2 (OCH2O), 127.1, 128.0 and 129.0
(Ar), 143.4 (CArCH), 170.8 ppm (C=O); MS (EI, Na): m/z (%): 487 (100)
[M ++Na], 239 (10) [Ar2CHCH2C=OOCH2


+]; elemental analysis calcd
(%) for C31H28O4 (464.55): C 80.15, H 6.08; found: C 80.10, H 6.10.


Compound m2-4v(Bn)p-H4 : A pressure vessel was charged with m2-
4v(Bn)p (0.0501 g, 0.0663 mmol) and 10% palladium on charcoal
(0.0050 g, 10% w/w) in degassed EtOAc (4 mL). The reaction vessel was
then evacuated and filled with hydrogen (10T). The reaction was stirred
for 24 h under a hydrogen pressure of 50 psi, followed by filtration
through Kieselguhr and evaporation in vacuo to afford m2-4v(Bn)p-H4 as
a white fluffy solid (0.0502 g, 99%). M.p. 80–82 8C; [a]20D =�41.1 (c=
0.0058 in CH2Cl2); IR: ñmax=1733 cm�1 (C=O); 1H NMR (360 MHz,
CDCl3): d=0.74 (d, J=6.5 Hz, 3H; CHCH3), 0.89 (d, J=6.5 Hz, 3H;
CHCH3), 1.20–1.46 (m, 4H; NCH2CH2 and ArCH2CH2), 1.61–1.73 (m,
1H; CH3CHCH3), 2.30–2.54 (m, 7H; NCH2CH2, ArCH2CH2, NCHCH
and ArCH2CH2C=O), 2.83 (t, J=7.5 Hz, 2H; ArCH2CH2C=O), 3.35 (d,
J=14.0 Hz, 1H; NCHHAr), 3.70 (d, J=14.0 Hz, 1H; NCHHAr), 4.10
(dd, J=6, 12 Hz, 1H; CHHOC=O), 4.17 (dd, J=3.5, 12 Hz, 1H;
CHHOCH2), 6.92–7.00 (m, 2H; ArH2,6 and ArH3,5), 7.10–7.28 ppm (m,
5H; NCH2Ar);


13C NMR (90 MHz, CDCl3): d=19.3 (CH3), 20.3 (CH3),
27.3 (CH3CHCH3), 27.4 (ArCH2CH2C=O), 27.9 (NCH2CH2), 29.5
(ArCH2CH2), 34.3 and 35.1 (ArCH2 and ArCH2CH2C=O), 49.45
(NCH2CH2), 54.1 (NCH2Ar), 61.6 (CHCH2O), 62.3 (NCH), 125.6, 127.0,
127.2, 127.4 and 127.9 (CAr3,5, CAr2,6 and NCH2Ar), 136.5 (NCH2CAr),
139.5 and 139.8 (CH2CH2CAr and CArCH2CH2C=O), 171.9 (C=O); MS
(ESI): m/z (%): 759 (60) [M +], 675 (40) [M +�2T(CH3)2CH+2H], 362
(100) [C=O(CH2)2Ar(CH2)4(NBn)CH(CH3)2CHCH2


+�H]; elemental
analysis calcd (%) for C50H66N2O4 (759.07): C 79.11, H 8.76, N 3.69;
found: C 79.15, H 8.82, N 3.71.


Compound m2-4vp-H4 : A pressure vessel was charged with m2-4v(Bn)p
(0.750 g, 0.993 mmol) and 10% palladium on charcoal (0.075 g, 10% w/
w) in degassed EtOAc (4 mL). The reaction vessel was then evacuated
and filled with hydrogen (x 10). The reaction was stirred for 48 h under a
hydrogen pressure of 100 psi, followed by filtration through Kieselguhr
and evaporation in vacuo to afford m2-4vp-H4 as a white fluffy solid
(0.574 g, 99%). M.p. 70–72 8C; [a]20D =++12.0 (c=0.0042 in CH2Cl2); IR:
ñmax=1737 (C=O), 3359 cm�1 (NH); 1H NMR (360 MHz, CDCl3): d=


0.86 (d, J=6.5 Hz, 3H; CHCH3), 0.95 (d, J=6.5 Hz, 3H; CHCH3), 1.48–
1.61 (m, 4H; NCH2CH2 and ArCH2CH2), 1.61–1.73 (m, 1H;
CH3CHCH3), 2.26–2.30 (m, 1H; NHCH), 2.48–2.67 (m, 6H; NCH2CH2,
ArCH2CH2, ArCH2CH2C=O), 2.92 (t, J=7.5 Hz, 2H, ArCH2CH2C=O),
4.10 (dd, J=7, 12 Hz, 1H; CHHOC=O), 4.17 (dd, J=4.5, 12 Hz, 1H;
CHHOCH2), 7.10 ppm (s, 4H; ArH2,6 and ArH3,5);


13C NMR (90 MHz,
CDCl3): d=18.3 (CH3), 19.8 (CH3), 29.5 (CH3CHCH3), 29.6
(ArCH2CH2C=O), 30.0 (NCH2CH2), 31.0 (ArCH2CH2), 35.7 and 36.6
(ArCH2 and ArCH2CH2C=O), 47.4 (NCH2CH2), 61.8 (NHCH), 65.2
(CHCH2O), 128.6 and 128.8 (CAr3,5,CAr2,6), 137.9 and 140.8 (CH2CH2CAr


and CArCH2CH2C=O), 173.3 (C=O); MS (ESI): m/z (%): 578 (5) [M +],
534 (20) [M +�(CH3)2CH�H], 290 (100) [(CH3)2CHCHCH2OC=
O(CH2)2Ar(CH2)4NH2


+]; elemental analysis calcd (%) for C36H54N2O4


(578.83): C 74.70, H 9.40, N 4.84; found: C 74.75, H 9.46, N 4.85.


X-ray crystallography of m2-4v(Bn)p : Crystal data for m2-4v(Bn)p :
C50H62N2O4, M=755.02, monoclinic, P21 (no. 4), a=14.873(3), b=
6.3127(17), c=24.225(5) N, b=97.973(13)8, V=2252.5(9) N3, Z=2,
1calcd=1.113 gcm�3, m(CuKa)=0.541 mm�1, T=293 K, colourless platy
needles; 4215 independent measured reflections, F 2 refinement, R1=


0.060, wR2=0.172, 2905 independent observed absorption corrected re-
flections [ jFo j > 4s(jFo j ), 2qmax=1308], 515 parameters. The absolute
structure of m2-4v(Bn)p could not be determined by crystallographic
methods [R factor tests: R1


+ =0.0599, R1
�=0.0599; Flack parameter: x + =
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+1.1(15), x�=++0.00(15)] and so was assigned by internal reference on
the a-valine carbon atoms.


CCDC-233091 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.a-
c.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB 1EZ, UK; fax: (+44) 1223–336–
033; or e-mail : deposit@ccdc.cam.ac.uk).


Molecular modelling : Molecular modelling was carried out using a Sili-
con Graphics O2 workstation running under IRIX. The software used
was a proprietary package, which incorporated a modified version of
COSMIC equipped with XED (eXtended Electronic Distribution) charg-
es[21] rather than the original atom-centred charges.
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Homocoenzyme B12 and Bishomocoenzyme B12: Covalent Structural Mimics
for Homolyzed, Enzyme-Bound Coenzyme B12
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Dedicated to Professor Heinz Falk on the occasion of his 65th birthday


Introduction


Nature has evolved a variety of radical-based strategies for
dealing with metabolic problems that require chemistry
which is considered “difficult” (see, for example, ref. [1]).
Coenzyme B12 dependent enzymes catalyze complex and


particularly fascinating rearrangements in apparently well-
controlled enzymatic radical reactions (see, for example,
refs. [2–6]). In these enzymes, coenzyme B12 (1, 5’-deoxy-5’-
adenosyl-cob(iii)alamin; see Scheme 1A,) undergoes sub-
strate-induced homolysis of its organometallic bond to pro-
duce the catalytically active 5’-deoxyadenosyl radical (and
the “spectator” cob(ii)alamin). Coenzyme B12 is thus a “pre-
catalyst” and serves as a “reversibly functioning source” of
the 5’-deoxyadenosyl radical.[7] The critical “activation” of
the protein-bound coenzyme B12 towards rapid homolytic
cleavage of its organometallic bond is still a puzzling prob-
lem (see, for example, refs. [8–12]). An “upwards conforma-
tional deformation” and an increased “folding” of the corrin
moiety were considered to be crucial structural factors in
this respect.[7] However, the corrinoid homolysis product of
coenzyme B12, cob(ii)alamin, and the corrinoid moiety of the
intact coenzyme have a strikingly similar structure.[13,14] This
finding rendered a deformation of the corrin ligand very un-
likely as a significant means for the enigmatic enzyme-in-
duced activation towards homolysis of the Co�C bond and
suggested the binding and the mutual positioning of the pro-
tein-bound homolysis products to be critical.[13] Indeed,
some analogues of coenzyme B12, in which flexible and satu-
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Abstract: Efficient electrochemical
syntheses of “homocoenzyme B12” (2,
Cob-(5’-deoxy-5’-adenosyl-methyl)-
cob(iii)alamin) and “bishomocoenzyme
B12” (3, Cob-[2-(5’-deoxy-5’-adenosyl)-
ethyl]-cob(iii)alamin) are reported
here. These syntheses have provided
crystalline samples of 2 and 3 in 94 and
77% yield, respectively. In addition, in-
depth investigations of the structures
of 2 and 3 in solution were carried out
and a high-resolution crystal structure
of 2 was obtained. The two homo-
logues of coenzyme B12 (2 and 3) are
suggested to function as covalent struc-
tural mimics of the hypothetical


enzyme-bound “activated” (that is,
“stretched” or even homolytically
cleaved) states of the B12 cofactor.
From crude molecular models, the cru-
cial distances from the corrin-bound
cobalt center to the C5’ atom of the
(homo)adenosine moieties in 2 and 3
were estimated to be about 3.0 and
4.4 K, respectively. These values are
roughly the same as those found in the
two “activated” forms of coenzyme B12


in the crystal structure of glutamate
mutase. Indeed, in the crystal structure
of 2, the cobalt center was observed to
be at a distance of 2.99 K from the C5’
atom of the homoadenosine moiety
and the latter was found to be present
in the unusual syn conformation. In so-
lution, the organometallic moieties of 2
and 3 were shown to be rather flexible
and to be considerably more dynamic
than the equivalent group in coenzy-
me B12. The homoadenosine moiety of
2 was indicated to occur in both the
syn and the anti conformations.


Keywords: coenzyme B12 · crystal
structures · electrochemistry ·
enzyme inhibitors · radicals
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rated long chains connect the corrin and the adenine or
adenosine moieties were found to bind well to the apo
forms of coenzyme B12 dependent enzymes and to function
as inhibitors.[15,16] Several such analogues of coenzyme B12


were suggested to mimic the transition-state geometry of
coenzyme B12 dependent reactions.


[15,17]


Deeper structural insights into the puzzling B12 problems
have recently been provided by several atomic-resolution
crystal structures of coenzyme B12 dependent en-
zymes.[8,9,18–20] Indeed, in all of the structures, the corrin
ligand of the protein-bound corrinoid cofactor, if deformed


at all to a significant degree, ap-
peared to be slightly flatter
than in the unbound coenzyme.
However, X-ray crystal analysis
of the coenzyme B12 dependent
glutamate mutase revealed the
activated cofactor to occur in
two structures, in which the or-
ganometallic bond was appar-
ently (partially) broken: The
cobalt center and the adenosyl
C5’ atom were at distances of
about 3.2 and 4.2 K, respective-
ly, in these protein-bound, acti-
vated forms of coenzyme B12,
whose interconversion was ac-
companied by a pseudorotation
of the adenosine ribose unit,
(Figure 1).[9,21] The crystal struc-
tures of the related coen-
zyme B12 dependent enzymes,
diol-dehydratase[22] and ribonu-
cleotide reductase[20] were
solved in the presence of the
flexible coenzyme B12 analogue
5’-(9-adeninyl)-pentyl-cobala-
min and showed electron densi-
ty corresponding to an intact
bound organometallic corri-
noid. Based on the crystallo-
graphic studies with diol-dehy-
dratase and other investigations
with various organometallic an-
alogues of coenzyme B12 (1),
the existence of an “adenine-
binding pocket” was suggested
in diol-dehydratase.[16] The af-
finity of the “adenine-binding
pocket” for the adenine hetero-
cycle would help displace the
organometallic ligand from the
cobalt center of protein-bound
1, by stretching the Co�C bond
of 1 (to a calculated value of
about 3.0 K) and by activating
it towards homolysis.[4]


We have set out to examine homologues of coenzyme B12


that might function as covalent structural mimics of the hy-
pothetical enzyme-bound “activated” (that is, “stretched” or
even homolytically cleaved) states of the B12 cofactor. Here
we report, 1) on the synthesis of “homocoenzyme B12” (2,
Cob-(5’-deoxy-5’-adenosyl-methyl)-cob(iii)alamin) and on in-
depth investigations of the structure of 2 in solution and in
the crystalline state, as well as 2) on the synthesis and on de-
tailed studies of the solution structure of “bishomocoen-
zyme B12” (3, Cob-[2-(5’-deoxy-5’-adenosyl)-ethyl]-cob(iii)-
alamin), which was also obtained in crystalline form


Scheme 1. A) Structural formulae of coenzyme B12 (1), homocoenzyme B12 (2), and bishomocoenzyme B12 (3);
B) atom numbering used for coenzyme B12 derivatives.


[23]
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(Scheme 1A). From crude molecular models, the crucial dis-
tances from the corrin-bound cobalt center to the C5’ atom
(labeled C5RL in Scheme 1B[23]) in 2 and 3 were estimated
to be about 3.0 and 4.4 K, respectively; these values are
roughly the same as those found in the two “activated”
forms of coenzyme B12 (1) in glutamate mutase.[9] Bishomo-
coenzyme B12 (3) was first prepared by Hogenkamp and co-
workers,[24,25] who identified it by UV/visible spectroscopy
and paper chromatography only. This coenzyme B12 homo-
logue was found at that time to be a competitive inhibitor of
adenosylcobalamin-dependent ribonucleotide reductase
(with an inhibition constant, Ki(3), of 5.5 mmol, relative to
an apparent Michaelis constant, Km(1), of 4.7 mmol for coen-
zyme B12 (1) itself)[26] and diol-dehydratase (with an Ki(3)
value of 0.58 mmol, relative to an apparent Km(1) value of
0.80 mmol).[27]


Results


Electrochemical reduction of aquocob(iii)alamin chloride
(4) and cobalt alkylation of the highly nucleophilic cob(i)ala-
min formed in situ is an established means for the efficient
synthesis of pure organometallic B12 derivatives.


[28] The syn-
thesis of the coenzyme B12 homologues 2 and 3 was thus
planned to be achieved by in situ alkylation of electrochemi-
cally produced cob(i)alamin with proper alkylation agents
(Scheme 2). Accordingly, the preparation of 5’-(chloro-
methyl)-5’-deoxyadenosine (5) and of the homologue 5’-(2-
chloroethyl)-5’-deoxyadenosine (7) were first worked out to
provide properly functionalized derivatives of 5’-deoxyade-
nosine. Adenosine was a convenient starting material for
the synthesis of the adenosine derivative 5 (in 6 steps and
5% yield overall) via 5’-homoadenosine (6),[29] as well as for


the synthesis of the homologue
7 (in 6 steps and 9% yield over-
all) via 5’-(2-hydroxyethyl)-5’-
deoxyadenosine (8).[25, 29] The
substitutive refunctionalizations
of the adenosine-homologues 6
and 8 to give the chlorodeoxy-
derivatives 5 and 7 were ach-
ieved in 74 and 80% yields, re-
spectively, by using thionyl
chloride in hexamethylphos-
phortriamidate.[30]


Crystalline homocoenzyme
B12 (2) was obtained in 94%
yield from electrochemical re-
duction of aquocob(iii)alamin
chloride (4) to cob(i)alamin and
in situ alkylation of the latter
with 5’-(chloromethyl)-5’-deoxy-
adenosine (5). The molecular
formula of the light-sensitive


red corrinoid was confirmed by FAB mass spectrometry and
the structure was established by using the relevant spectro-
scopic means. The purity (in terms of B12 content) of crystal-
line 2 was shown to be high (>98%) by analysis of a high-
quality 500 MHz 1H NMR spectrum (Figure 2A), which also
confirmed the sample of 2 to contain no detectable amount
(less than 0.2%) of coenzyme B12 (1).


Analysis of the structure of 2 in aqueous solution by one-
dimensional and two-dimensional (heteronuclear) NMR
spectroscopy[31,32] provided firm signal assignments for all
relevant hydrogen and carbon nuclei. The data were consis-
tent with the expected insignificant structural differences of
the cobalt–corrin moiety in 2 compared to that in coen-
zyme B12 (1; Table 1). In contrast, investigations with NOE
studies (ROESY spectra) clearly showed the organometallic
moiety to be rather flexible in 2 and to exist in various ori-
entations with respect to the corrin ring. Several such fea-
tures were of particular interest: NOE contacts of both of
the two adenine protons H(2L) and H(8L) with H(1RL),
H(2RL), and H(3RL) of the ribose ring of the adenosine
moiety were not compatible with an exclusive existence of
the nucleoside in the “classical” anti conformation, but
pointed to a significant population of the unusual syn con-
formation[33] (Tables 2 and 3). NOE contacts between the
diastereotopic methylene protons Ha/b(5RL) and Ha/b(6RL)
of the organometallic-bound linker and protons H(71),
H(12B), H(17B), and H(19) of the corrin moiety clearly in-
dicated the linker to be oriented predominantly “south-
east” (that is, near ring C of the corrin ligand), with a mean
torsion angle N4�Co�C6RL�C5RL of roughly 70–808.
While NOE contacts of the adenine proton H(2L) were ob-
served to reporter protons of all segments of the “top” face
of the corrin ligand, the major contacts of H(2L), as well as
of H(8L), were observed with H(17B). The NOE data thus
suggested the adenine moiety to be positioned mainly above
ring D. In this respect the orientation of the organometallic


Figure 1. Coenzyme B12 bound to glutamate mutase from Clostridium cochlearium. The two conformers (A
and B) of the adenosyl moiety as observed in the crystal structure (PDB code: 1i9c[9]) are shown in magenta.
The substrate glutamate is drawn in blue, the B12 core in orange, and selected amino acid residues in grey. Po-
tential hydrogen bonds are indicated by green dashes. Figures 1, 3, and 4 were produced by using the PyMol
program (http://www.pymol.org/).
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ligand of 2 clearly differs from that of coenzyme B12, where
the adenine unit is situated near ring C.[34–38] The chemical-
shift data for relevant protons on the corrin ring also point-
ed to differing shielding effects of the adenine unit, consis-
tent with the indicated altered conformational preferences:
Compared to the signals in the 1H NMR spectrum of 1,[34]


the signals of the methyl protons H(17B) and of H(19) in
the spectrum of 2, were shifted by nearly 0.4 ppm to higher
field, those of the methyl protons H(12B) and of H(13) are
at lower field (see Table 1). Less pronounced shifts in the
same directions were observed in 3 (see below) and in ana-
logues of coenzyme B12 with longer connecting chains.[17]


In the NOE spectra of 2 in aqueous solution, correlations
between the diastereotopic methylene protons Ha/b(5RL)
and Ha/b(6RL) of the organometallic-bound linker and pro-
tons H(71), H(12B), H(17B), and H(19) at the corrin moiety
helped to assign Ha(5RL) as Hpro-S(5RL) and Ha(6RL) as
Hpro-R(6RL) (and the two Hb protons correspondingly).
However, the NOE correlations of H(2L) and H(8L) with
H(71) and H(21) are inconsistent with a single major orien-
tation of the organometallic moiety with respect to the
corrin macrocycle. They indicate that the 6’-deoxy-5’-homo-
adenosine group of 2 also samples orientations that place
the adenine heterocycle more closely to the acetamide side
chains extending from the C2 and C7 atoms. In solution, the
organometallic moiety of homocoenzyme B12 (2) is thus con-
siderably more flexible than in coenzyme B12 (1): The homo-


adenosine group in 2 is observed in syn and anti conforma-
tions and in a more extended array of orientations with re-
spect to the corrin ligand.


Crystals of homocoenzyme B12 (2) were grown from aque-
ous acetone and were studied by X-ray crystal analysis. Syn-
chrotron radiation was used to record the diffraction pattern
of a cryo-cooled crystal specimen to a crystallographic reso-
lution of 0.85 K. Anisotropic refinement of the structure
against these diffraction data led to a crystallographic resid-
ual of 0.0585 for all reflections, as described in the experi-
mental section, thereby revealing a well-ordered (single)
molecular structure for crystalline 2 (Figure 3). Not unex-
pectedly, the cobalt–corrin moiety of 2 showed structural
features similar to those in coenzyme B12 (1): In 2 the fold-
ing angle of the corrin ligand is only slightly larger than in 1
(15.58 in 2, 13.38 in 1), the lengths of the axial Co�N3N and
Co�C6RL bonds were only slightly shorter than in 1 (2.192
and 2.003 K in 2, 2.24 and 2.04 K in 1), and the base tilt is
similar (9.58 versus 10.18).[38] Coenzyme B12 (1) and its ho-
mologue 2 differ in an interesting and significant way with
respect to the structures of the homologous organometallic
ligands (Figure 4A): Whereas the Co�C5RL�C4RL bond
angle in 1 has the remarkable and much discussed value of
125.48, the corresponding Co�C6RL�C5RL angle in 2 is
only about 115.08, closer to the tetrahedral value. In crystal-
line 2, the critical C5RL atom (C5’ of the adenosine ribose
moiety) is at a distance of 2.99 K from the cobalt center and


Scheme 2. The synthesis of the coenzyme B12 homologues 2 and 3 by in situ alkylation of electrochemically produced cob(i)alamin with alkylation agents
5 and 7, respectively: a) reduction potential �1.1 V versus 0.1 n CE, CH3OH, 0.1m TBAHFP, RT; b) reduction potential �1.1 V versus 0.1 n CE, H2O,
tBuOH (1:1), 0.1m LiClO4, RT.
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is therefore remarkably close to where it is in the “short”
stretched state of bound and “activated” coenzyme B12 (1)
in glutamate mutase[9] (Figure 4B). The organometallic
ligand of 2 exhibits a nearly tetrahedral bond angle at the
C5RL carbon atom (C6RL�C5RL�C4RL 110.18) and both
torsion angles around the corresponding C�C bonds corre-
spond closely to ideal antiplanar conformations (Co�
C6RL�C5RL�C4RL 177.28 ; C6RL�C5RL�C4RL�C3RL
175.88). In the structure of coenzyme B12 (1) the Co-C5RL�
C4RL�C3RL torsion angle equals �1698 ; this places the
ring oxygen atom O4L nearly synclinal to the cobalt center
(Co�C5RL�C4RL�O4RL 778). The observed N4�Co�
C6RL�C5RL torsion angle of 107.28 positions the organo-
metallic ribofuranose segment of 2 near ring C and a re-
markable (roughly) 808 counterclockwise, when compared
to the situation of the same moiety in coenzyme B12 (where
the N4�Co�C5RL�C4RL angle equals 168 ; Figure 4A). In
both crystal structures (1 and 2) the ribofuranose moieties
are present in 3’-endo conformations. However, in 2 the ade-


Figure 2. 500 MHz 1H NMR spectra of A) homocoenzyme B12 (2) and
B) bishomocoenzyme B12 (3) in D2O (26 8C).


Table 1. List of assigned signals in the 500 MHz 1H and 125 MHz
13C NMR spectra of coenzyme B12 (1),[a] homocoenzyme B12 (2),[b] and
bishomocoenzyme B12 (3)


[b] (in D2O).


1 2 3
d(1H) d(13C) d(1H) d(13C) d(1H) d(13C)


C(1A) 0.34 23.5 0.33 23.2 0.37 23.3
C(1) 88.5 87.9 87.8
C(2A) 1.24 19.9 1.21 19.4 1.23 19.5
C(2) 49.5 48.8 48.9
C(21) 2.30 46.2 2.01 45.9 1.78/2.15 45.7
C(3) 3.99 58.5 3.82 58.3 3.92 58.0
C(31) 1.85/1.95 29.2 1.83/1.92 28.8 1.84/1.92 28.8
C(32) 2.38 38.3 2.32/2.37 37.6 2.33–2.42 37.7
C(5) 108.4 108.7 108.1
C(51) 2.34 18.3 2.34 17.9 2.35 18.0
C(7A) 1.59 21.7 1.66 21.3 1.64 21.5
C(7) 53.1 52.7 52.5
C(71) 1.61/2.08 45.3 1.85/2.35 45.2 1.78/2.27 45.1
C(8) 3.18 57.5 3.29 57.3 3.21 57.3
C(81) 0.69/1.64 28.7 0.75/1.73 28.7 0.66/1.70 28.4
C(82) 0.81/1.61 34.8 0.93/1.64 34.3 0.87/1.62 33.9
C(10) 5.81 97.7 5.91 97.4 5.88 97.1
C(12) 49.5 49.1 49.2
C(12A) 1.19 23.9 1.32 22.6 1.28 22.5
C(12B) 0.72 34.2 0.93 34.2 0.74 34.1
C(13) 2.76 55.8 2.95 56.0 2.66 56.0
C(131) 1 .89/2.09 30.3 1.93 30.4 1.84 30.3
C(132) 2.43 38.1 2.51 37.6 2.33–2.42 37.7
C(15) 106.9 106.4 106.3
C(151) 2.33 18.8 2.24 17.9 2.06 17.7
C(17B) 1.23 19.6 0.98 18.8 1.09 19.3
C(17) 60.8 60.3 60.2
C(171) 1.95/2.33 34.4 1.64/2.32 34.3 2.27/2.47 34.4
C(172) 1.71/2.43 34.6 1.91/2.32 34.2 1.89/2.27 34.7
C(18) 2.52 42.5 2.51 42.1 2.48 42.0
C(181) 2.52 34.8 2.45/2.50 34.2 2.46 34.4
C(19) 4.24 76.8 3.80 76.3 3.86 76.5
C(175) 3.03/3.43 47.8 3.01/3.44 47.5 3.04/3.40 47.2
C(176) 4.22 76.0 4.22 75.6 4.22 75.6
C(177) 1.09 21.7 1.10 21.0 1.09 21.2
C(R1) 6.13 89.4 6.13 88.8 6.10 88.9
C(R2) 4.22 72.0 4.11 71.7 4.10 71.6
C(R3) 4.60 76.2 4.61 75.7 4.60 75.5
C(R4) 4.10 84.6 3.97 84.1 3.95 83.9
C(R5) 3.77/3.62 63.4 3.63/3.79 63.1 3.61/3.75 62.8
C(2N) 6.83 144.7 6.80 144.5 6.79 144.2
C(4N) 6.13 121.4 6.11 120.8 6.10 121.7
C(5N) 134.5 136.7 136.2
C(10N) 2.08 22.5 2.09 21.8 2.09 22.1
C(6N) 136.8 134.5 133.9
C(11N) 2.08 22.3 2.09 21.8 2.09 21.8
C(7N) 7.04 113.5 7.07 113.3 7.03 113.0
C(8N) 133.3 133.3 133.0
C(9N) 141.0 141.3 140.8
C(1RL) 5.46 91.0 5.75 92.0 5.76 98.6
C(2RL) 4.42 75.6 4.65 75.6 4.73 75.2
C(3RL) 3.63 76.6 3.98 76.3 3.86 76.8
C(4RL) 2.53 88.6 3.48 85.7 3.75 86.2
C(5RL) 0.44/1.40 27.3 �0.09/0.22 38.2 1.09/1.25 35.1
C(6RL) 0.36/1.24 24.6 �0.38/0.22 29.2
C(7RL) 0.23/1.25 30.0
C(2L) 8.08 156.0 8.13 156.1 8.15 155.6
C(4L) 151.8 151.6 151.9
C(5L) 121.8 121.7 121.1
C(6L) 158.7 158.6 158.4
C(8L) 7.89 143.8 7.95 143.1 8.10 143.0


[a] Adapted from ref. [34]. [b] Results from this work.
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nine unit is in a unique syn conformation (O4RL�C1RL�
N9L�C4L 66.28)[33] and is turned by about 1808 relative to
its anti conformation in 1 (O4RL�C1RL�N9L�C4L �1098).
This unusual conformational feature of 2 in the crystal is
clearly not merely a consequence of crystal packing as it
had already been revealed by NMR spectroscopy as a char-
acteristic of the (dynamic) structure in solution.


Crystalline bishomocoenzyme B12 (3) was obtained in
77% yield from alkylation of electrochemically produced
cob(i)alamin with 5’-(2-chloroethyl)-5’-deoxyadenosine (7).
In fact, a first synthesis of 3 was described by Hogen-
kamp,[24] who prepared coenzyme B12 (1) and several or-
ganometallic analogues in apparently good yield (70–85%)
by use of cob(i)alamin, generated in situ by sodium borohy-
dride reduction of aquocob(iii)alamin (4). Alkylation with
5’-(2-chloroethyl)-5’-deoxyadenosine (7) produced in situ
gave 3, identified by UV/visible spectroscopy and paper
chromatography. A more thorough analysis and structural
characterization was apparently not carried out at that time.
In the present work, the structure of bishomocoenzyme B12


(3) was established by the relevant set of spectroscopic data:


The molecular formula of the
light-sensitive red corrinoid was
confirmed by FAB mass spec-
trometry again. Crystalline 3
contained no detectable
amount (less than 0.2%) of
coenzyme B12 (1) and was
highly pure in terms of its B12


content (>98%), as revealed
by careful analysis of a
1H NMR spectrum (Figure 2B).


Analysis of the structure of 3
in aqueous solution by one-di-
mensional and two-dimensional
(heteronuclear) NMR spectro-
scopy again provided firm
signal assignments for most rel-
evant hydrogen and carbon
nuclei and was consistent with
the expected insignificant struc-


tural differences of the cobalt–corrin moiety of 3 in compar-
ison with the analogous moiety in coenzyme B12 (1; Table 1).
Investigations with NOE studies (ROESY spectra) showed
the organometallic ligand to be rather flexible in 3, but the
accumulated spectral data suggested it to exist in a rather
narrow range of orientations with respect to the corrin ring
(Tables 4 and 5): NOE contacts between the proton H(2L)
and the adenine ring are seen for H(1RL) but not for
H(2RL) and H(3RL) of the ribose ring of the adenosine
moiety. These findings are compatible with the anti confor-
mation of the nucleoside of 3 and exclude significant popu-
lations of a syn conformation. However, hydrogen atoms at
all positions of the extended ribose unit exhibit NOE con-
tacts with H(8L), a fact indicating otherwise considerable
flexibility within the organometallic ligand. NOE contacts
between the adenine unit and the corrin ligand were gener-
ally weaker than those observed in the homologue 2. The
more intensive NOE cross-peaks correlated H(2L) and
H(8L) with H(12B), as well as H(8L) with H(71); these re-
sults suggest the adenine moiety to be positioned mainly
above ring C, with similar orientations to those in coenzyme
B12 (1).[34] NOE contacts were again observed between
various protons at the b-face of the corrin ligand and the di-
astereotopic methylene protons H(5RL), H(6RL), and
H(7RL) of the organometallic linker (which could not indi-
vidually be assigned due to signal overlap). These data, as
well as the chemical-shift data available for all relevant pro-
tons at the corrin ring all pointed to rather similar (but
weaker) shielding effects of the adenine unit in 3 to those in
1 (Table 1). The data are all consistent with a predominant
“south to south-east” orientation of the linker (near rings C
and D of the corrin ligand). In bishomocoenzyme B12 (3) the
organometallic moiety thus exists predominantly in an anti
conformation of the adenine ring and appears to be bound
in a rather flexible way but mainly populating a rather
narrow range of orientations (“south to south-east”) with re-
spect to the corrin ligand.


Table 2. Relevant NOE contacts[a] between the corrin ligand and homoadenosine moiety of 2.


H(2L) H(8L) H(1RL) H(4RL) Ha(5RL) Hb(5RL) Ha(6RL) Hb(6RL)


H(21) 3 2 nd[b] nd[b]


H(71B) 3 3 6
H(71A) 2 5 12 nd[b]


H(8) 2 1 1
H(10) 2 6 2 4 nd[b]


H(12B) 24 15 8 nd[b]


H(13) 6 3 4 2 1 1 nd[b]


H(151) 8 4 4 2
H(17B) 27 21 5 6 24 nd[b] nd[b]


H(181) 11 2 nd[b]


H(19) 2 nd[b] 1 24 2 34


[a] Given in % of NOE intensity of cross-peak Ha/Hb(C6RL). [b] nd=not detected due to signal overlap.


Table 3. Selected NOE contacts[a] within the homoadenosine moiety of 2.


H(1RL) H(2RL) H(3RL) H(4RL) Ha(5RL) Hb(5RL) Ha(6RL) Hb(6RL)


H(2L) 3 3 3
H(8L) 33 91 69 3 2 5 2 2


[a] Given in % of NOE intensity of cross-peak Ha/Hb(C6RL).


Figure 3. Crystal structure of homocoenzyme B12 (2) in two perpendicular
views. The B12 core is shown in grey and the organometallic ligand in
light blue. Hydrogen atoms have been omitted for clarity.
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Discussion


Human, animal, and microbial metabolism depends upon
coenzyme B12 dependent enzymatic reactions to achieve
transformations whose chemistry is considered “difficult”[1]


through mechanistically intriguing sequences of apparently
well-controlled radical steps.[2,4–6,21] As outlined (for exam-
ple, for glutamate mutase;[9,39–42] Scheme 3), the rearrange-


ment reaction catalyzed by
these enzymes proceeds
through (a minimum of) five
steps involving radicals and rad-
icaloid species. In most of these
enzymes, substrate loading trig-
gers the cascade of radical steps
by inducing the bound organo-
metallic cofactor, coenzyme B12


(1) to undergo homolysis of its
Co�C bond and to produce a
5’-deoxyadenosyl radical. In an
intriguing and highly controlled
manner, this radical abstracts
the HSi atom from the substrate
(step a), to produce a substrate
radical in suitably activated
form for rearrangement to a
product radical (step b). The
product radical then reabstracts
a hydrogen atom from the 5’-
methyl group of 5’-deoxyadeno-
sine to give the product and to
furnish the 5’-deoxyadenosyl
radical (step c). The latter radi-
cal is generated in the vicinity
of the corrinoid homolysis frag-
ment cob(ii)alamin and may re-
combine with the latter to re-
generate the organometallic co-
factor 1. The high reactivity of
carbon-centered radicals and
the frequent lack of selectivity
in reactions with such radicals
would be expected to require
tight binding of the reacting
species by the protein matrix,
in order to control the enzy-
matic radical steps. Selectivity
in radical reactions would thus
be achieved by exact geometric
support for the main reaction
channel, as well as by steric in-
hibition of competing reac-
tions, along the lines of the
concept of “negative cataly-
sis”.[43, 44]


Coenzyme B12 dependent
enzyme reactions thus must
provide the structural and dy-


namical prerequisites for the completely controlled opera-
tion of a complex and exquisite machinery. The extent to
which such radical machineries tolerate structural changes
of the protein, the substrate, or the cofactor is of considera-
ble interest. By studying single-point mutations (for exam-
ples, see refs. [45–51]) or by using substrate ana-
logues[6,39,52,53] the questions on the former two aspects have


Figure 4. Superposition of the crystal structures of homocoenzyme B12 (2) and coenzyme B12 (1) in its free
form[38,62] (A) and bound to glutamate mutase[9] (B). 2 is shown in grey, whereas 1 is drawn in blue (free) and
orange (protein-bound). In the case of the protein-bound cofactor, only conformation A (see Figure 1A) is
shown. The central cobalt and the four corrin nitrogen atoms were used for superimposing the structures.


Table 4. Relevant NOE contacts[a] between the corrin ligand and bishomoadenosine moiety of 3.


H(2L) H(8L) H(1RL) H(4RL) Ha(5RL) Ha(6RL) Hb(6RL) Hb(7RL)
Ha(7RL)


H(21) nd[b] nd[b] 12 nd[b]


H(71) 3 2 nd[b] 7 12 nd[b]


H(10) 1 6 nd[b]


H(12B) 5 8 2 2 17 14 nd[b]


H(13) 2 2 nd[b]


H(17B) 3 28 3 nd[b]


H(181) 3 17
H(19) 17 2 9 12


[a] Given in % of NOE intensity of cross-peak Ha/Hb(C7RL). [b] nd=not detected due to signal overlap.
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been addressed. Likewise, H/D-isotope effects were investi-
gated to probe the mechanisms[54–57] and the transition states
of hydrogen-atom transfer reactions.[4,44,50,58]


The present work is intended to provide close homologues
of coenzyme B12 as an entry to test the structural tolerance
with respect to the geometric properties of the adenosyl
group of the radical-generating B12 cofactors. Changing the
hydrogen-bonding interaction capacity of the adenine het-
erocycle by the use of corresponding analogues of 1 had sig-
nificant effects on their binding and cofactor activities, for
example, in studies with diol-dehydratase.[4,16] However,
when the adenosine ribose unit of 1 was substituted by oli-
gomethylene chains of suitable lengths, analogues of 1 were
obtained with the properties of inhibitors in a variety of
coenzyme B12 dependent enzymes.[20,22,26, 27,59] In a related
fashion, intermediate- and long-chain homologues of 1 were
prepared, in which oxa-oligomethylene chains (O(CH2)n,
with n=3–7) were inserted, formally, between cobalt and
C5RL (of the adenosine moiety) of 1, and these homologues
were investigated as inhibitors of coenzyme B12 dependent
enzymes.[15,17] At that time, these homologues of 1 were con-
ceived as transition-state mimics for adenosylcobamide-de-


pendent reactions with a long
hypothetical distance (of about
10 K) between cobalt and
C5RL in the activated form of
protein-bound 1.[17]


The mentioned recent crys-
tallographic work on glutamate
mutase[21] and on methylmalon-


yl-CoA-mutase[8] supported two major modes of deforma-
tion of the bound corrinoid cofactor, in which the adenosine
function was displaced from its known position in unstrained
coenzyme B12 by reorientation and by stretching the Co�C
bond. Specifically, in the activated, protein-bound forms of
coenzyme 1 in glutamate mutase C5RL was found to be at
distances of about 3.2 and 4.2 K from the cobalt center[9,21]


(Figure 1). Similarly, in diol-dehydratase, the evidence point-
ed to the existence of an “adenine-binding pocket”, which
apparently helped to stretch the Co�C bond of the bound
cofactor to a distance of about 3.0 K.[4,11] The synthetic work
reported here thus concerned the preparation of close ho-
mologues of 1, in which such distances between the C5RL
and cobalt atoms would be available in an intact covalent
mimic. Indeed, “homocoenzyme B12” (2) and “bishomocoen-
zyme B12” (3) appeared to meet these criteria very closely.
Such homologues of coenzyme B12 thus could already have a
geometric resemblance to the hypothetical strained enzyme-
bound forms of the coenzyme (see Scheme 4). In keeping
with the idea that a mechanochemical effect would be a
major contributor to the activation of the cofactor, homo-
coenzyme B12 (2) and similar homologues of coenzyme B12


would be much less prone to homolysis of their Co�C bond
and would bind better to the apoproteins. A first basic ques-
tion, to be addressed with such homologues, therefore, could
concern the enigmatic activation of the enzyme-bound co-
factor towards homolysis of its Co�C bond. When bishomo-
coenzyme B12 (3) was used earlier in enzyme assays with ri-
bonucleotide reductase and with diol-dehydratase, it was
found—as expected—to be a good competitive inhibi-
tor.[26,27]


The preparation of natural and unnatural organometallic
B12 derivatives, in line with the organometallic nature of
coenzyme B12 (1),[60] has attracted considerable inter-
est.[12,28, 61,62] Most of the standard procedures developed
were based on the cobalt alkylation of the highly nucleophil-
ic CoI corrins with organic alkylating agents[63] and rely,
therefore, both on methods for the efficient reduction of
CoIII corrins to cob(i)alamin and similar CoI corrins (and
their in situ alkylation) and on the low tendency of alkyl
CoIII corrins to be reduced themselves under these condi-
tions.[28, 64] In cases where alkyl CoIII corrins are themselves
susceptible to reduction, sufficiently reactive alkylating
agents can alternatively be used to alkylate CoII corrins.[65]


In the present work, homocoenzyme B12 (2) and bishomo-
coenzyme B12 (3) were prepared in pure crystalline form,
free of coenzyme B12 (1). Cobalt alkylation of the highly nu-
cleophilic cob(i)alamin, which was produced by controlled
potential electrolysis of aquocob(iii)alamin chloride (4),[28]


Table 5. Selected NOE contacts[a] within the bishomoadenosine moiety of 3.


H(1RL) H(2RL) H(3RL) H(4RL) Ha(5RL) Hb(5RL) Ha(6RL) Hb(6RL)


H(2L) 3
H(8L) 32 35 15 8 12 2 5


[a] Given in % of NOE intensity of cross-peak Ha/Hb(C7RL).


Scheme 3. Suggested mechanism (in three steps: a, b, c) of the enzyme-
catalyzed isomerization reaction of (2S)-glutamate and (2S,3S)-2-methyl-
aspartate, a reversible carbon-skeleton rearrangement, catalyzed by the
coenzyme B12 dependent enzyme glutamate mutase.[41,42]
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provided the organometallic coenzyme B12 analogues 2 and
3 in 94 and 77% yield, respectively, after crystallization
from aqueous acetone.


Modern means of spectroscopic analysis allow the reliable
structural characterization in solution of B12 derivatives


[31,32]


and the analogues were examined to highlight the advances
possible through the use of new NMR spectroscopic[34] and
mass spectrometric methods.[66] However, in earlier times,
the basis for the identification and characterization fre-
quently was of a more qualitative nature (such as UV/visible
spectra),[60,61,67, 68] supplemented, in a few cases, with analysis
of the crystal structure.[36] In the present work, the structures
of 2 and of 3 in aqueous solution were analyzed in detail, by
heteronuclear NMR spectroscopy and mass spectrometric
methods in particular. These studies first of all confirmed
the homologous nature of (the organometallic ligands of) 1–
3. At the same time, they revealed characteristic differences
in the orientation, conformations, and (deduced) flexibility
of the organometallic group. In the crystalline state, structur-
al studies with coenzyme B12 (1)


[35–38] suggest the organome-
tallic 5’-deoxyadenosyl group to be held in the position of
minimal steric interactions and the adenine heterocycle to
be positioned rather tightly above ring C. Steric impediment
of such an arrangement, for example, by an inverted config-
uration at C13 and b orientation of the propionamide side
chain, as in neocoenzyme B12, eliminated such a minimum
and was found to result in an increased flexibility of the or-
ganometallic ligand.[69] When “rationalizing” the structure of
vitamin B12


[70] it is thus tempting to interpret the presence of
the methyl group C(12B) (which is the result of a remark-
able decarboxylation of an acetic acid side chain in the
course of the B12 biosynthesis


[71,72]) as a “deletion” from the
ligand structure of natural corrinoids to reduce steric strain
near ring C in coenzyme B12 (1).


In 2 and 3, one or two methylene units are inserted, for-
mally, between the cobalt center and the adenosine moiety,
to give the two closest homologues of coenzyme B12. An in-
teresting consequence of this “stretching” of the organome-
tallic function, first of all, is a considerably enhanced flexi-


bility, as similarly observed, for example, in 9-(3-propyl)-ad-
eninylcobalamin.[59] A mobile and apparently rather un-
strained (homo)adenosine function is observable in the (so-
lution) structure of homocoenzyme B12 (2), in which the
organometallic adenosine group exists in both the anti and
syn conformations. NOE contacts of the adenine moiety
with b side chains from all four sectors of the corrin ligand
indicate a dynamic organometallic moiety and the absence
of a pronounced conformational minimum.


X-ray analysis of crystals of 2 provided a high-resolution
crystal structure (Figure 3). It revealed the organometallic
(homo)adenosine group of 2 to be present in a syn confor-
mation and the adenine heterocycle in an unencumbered
and possibly rather floppy “tuck-in” position near the junc-
tion between rings C and D. Aside from these conformation-
al features, the organometallic ligand appeared to have the
characteristics of a rather unstrained group, with close to
standard values for bond lengths, bond angles, and torsion
angles. As expected, the critical C5RL atom was observed
to be at a distance of about 3.0 K from the cobalt center,
that is, at a similar distance to that found for C5RL in “acti-
vated” coenzyme B12 in the crystals of glutamate mutase
(Figure 4B).[9] The crystal structure thus supported the
notion that homocoenzyme B12 could be a promising struc-
tural mimic of protein-bound and activated coenzyme B12.


The crystals obtained for bishomocoenzyme B12 (3) have
not, so far, been suitable for X-ray analysis. However, exten-
sive heteronuclear NMR spectroscopy in aqueous solution
revealed 3 also to be a rather unstrained and flexible
“stretched” homologue of coenzyme B12 (1), in which the or-
ganometallic ligand was actually oriented mainly in the
same direction as in 1. From a structural model of 3, with an
antiperiplanar arrangement of the organometallic chain Co�
C7RL�C6RL�C5RL, C5RL was calculated to be at a dis-
tance of about 4.4 K from the cobalt center, that is, at a sim-
ilar distance as is found in one form of homolyzed co-
enzyme B12 in the crystals of glutamate mutase.[9]


Homocoenzyme B12 (2) and bishomocoenzyme B12 (3) are
two homologues of coenzyme B12 (1), in which the adeno-


Scheme 4. The protein part of coenzyme B12 dependent enzymes is suggested to assist the Co�C bond homolysis by providing stabilization to “activated”
(homolyzed) coenzyme B12 (center), but not to intact, unstrained coenzyme B12 (1, left). The structure of enzyme-bound “activated” coenzyme B12 may
be mimicked by intact homocoenzyme B12 (2), which would thus be bound with less strain (right). Nucl.=nucleotide moiety.
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sine function is attached in a “stretched” and conformation-
ally flexible way: The formal insertion of one or two methy-
lene units into the Co�C bond of 1 positioned the C5RL
atom at a distance from the cobalt center in the intact or-
ganometallic analogues 2 and 3 where the radical center in
the 5’-deoxyadenosyl radical of enzyme-bound “activated”
(homolyzed) 1 has been observed. Secondly, the observed
flexible nature of the organometallic group in 2 and in 3
would also be helpful for the adaptation of their structure to
the holoenzyme. Two structural features are thus present in
2 and 3 that are expected to help adapt their structures to
the protein surface of the unstrained enzyme (Scheme 4).
The intact homologues 2 and 3 would thus be likely to have
an increased binding affinity to the apoproteins of coen-
zyme B12 dependent enzymes and, in this way, to act as
(competitive) inhibitors of such enzymes by displacing the
“real” B12 cofactor from the active site. This behavior has
been observed for 3 in earlier studies with ribonucleotide re-
ductase and with diol-dehydratase.[26,27] On the other hand,
the expected ability of the two homologues of coenzyme B12


to bind more effectively to the protein part of coenzyme B12


dependent enzymes would also render them suitable as
mimics of coenzyme B12 with a lesser sensitivity to be acti-
vated towards homolysis and thus with a higher stability in
the enzymes, a property useful for crystallographic purposes.
Experiments examining the possible roles of 2 and 3 as co-
catalysts or inhibitors and their ability to stabilize the pro-
tein structure in a variety of coenzyme B12 dependent en-
zymes thus appear of particular interest: So far, studies with
the coenzyme B12 dependent enzymes glutamate mutase[73]


and with diol-dehydratase[74] have been carried out, and
these studies will be reported in due course.


Experimental Section


General : Chemicals and solvents: Aquocob(iii)alamin chloride (4, vita-
min B12a; pyrogen-free Fr. Ph. BP; 10.7% loss on drying; <2% cyano-
cobalamin) was obtained from Roussel Uclaf. Tetra-n-butylammonium
hexafluorophosphate (TBAHFP; Fluka, Neu-Ulm, Germany; puriss.) was
recrystallized once from dichloromethane/diethyl ether and once from
methanol/diethyl ether. All other chemicals were of the highest available
purity from Fluka (Neu-Ulm, Germany), Merck (Darmstadt, Germany),
Aldrich (Steinheim, Germany), Roth (Karlsruhe, Germany), or Sigma
(Deisendorf, Germany). Thionyl chloride was distilled before use,
CH3OH (Fluka; puriss.) was distilled from magnesium, and dichlorome-
thane was filtered over basic aluminum oxide (Fluka; for chromatogra-
phy; activity grade 1). Chromatography materials were purchased from
Merck (Darmstadt, Germany) and Macherey–Nagel (D>ren, Germany).
XAD-4 and aluminum oxide were purchased from Sigma (Deisendorf,
Germany).


Spectral measurements : UV/Vis spectra (lmax [nm], loge
[dm3mol�1 cm�1]): in H2O, Hitachi U-3000 apparatus. CD spectra (lmax/min


[nm], De [dm3mol�1 cm�1]): in H2O, Jasco-J715 spectropolarimeter. FTIR
spectra (ñ [cm�1]): Mattson 3000 Galaxy Series instrument. NMR:
Varian 500 UNITY Plus spectrometer, equipped with a pulse-field gradi-
ent unit, 5 mm indirect-detection probe, and 5 mm broadband direct-de-
tection probes; apparent coupling constants J [Hz]. 1D 1H NMR and
13C NMR experiments: in [D6]DMSO, d([D6]DMSO)=2.49 ppm; in D2O,
d(HDO)=4.68 ppm. For 2D NMR homonuclear experiments spin-locked
NOE (ROESY)[75,76] and total correlation spectroscopy (TOCSY)[77–79]


was applied. For heteronuclear experiments, pulsed field gradient en-
hanced hetero-single-quantum coherence experiments (PFG-HSQC)
were used for indirect detection of the low-g carbon nuclei,[80,81] while
pulsed field gradient enhanced 1H-detected multiple-bond heteronuclear
multiple-quantum coherence experiments (PFG-HMBC) were done with
the standard gradient-enhanced HMQC pulse sequence[80] with an addi-
tional low-pass filter as in the original HMBC experiment.[82] FAB MS
spectra (m/z (rel. int.)): Finnigan MAT95 spectrometer, with nitrobenzyl
alcohol (NOBA) matrix and Cs+ bombardment.


Electrosynthetic experiments : All preparative electrochemical experi-
ments were carried out in a glove box (Mecaplex GB-80) containing less
than 10 ppm of oxygen. The work up of the reactions was done outside
of the glove box in a dark room under dim light. Electrolysis: PAR
model 170, two-compartment electrolysis cell, Hg-pool working elec-
trode, Pt-counter electrode, 0.1n calomel reference electrode (0.1n CE).
(See ref. [28] for a general discussion of these methods.)


Syntheses and analyses


Preparation of 5’-(chloromethyl)-5’-deoxyadenosine (5): With protection
from air, hexamethylphosphortriamidate (HMPT; 3 mL) was added to a
dry 10 mL 2-necked round-bottom flask, which was flushed with argon
and cooled to 0 8C (external ice bath). Then, freshly distilled thionyl chlo-
ride (300 mL, 4.12 mmol, 491 mg) was added and the yellow solution was
stirred for 20 min. After addition of dry 5’-homoadenosine (6 ; 290 mg,
1.03 mmol), the resulting mixture was stirred at 0 8C for 6 h, whereupon a
homogeneous solution was formed. The reaction mixture was poured on
to ice, 25% aqueous NH3 (1 mL) was added, and the solvents were re-
moved by using a rotatory evaporator and water-aspirator vacuum. Moni-
toring by TLC (silica gel 60; CH2Cl2/CH3OH 5:1) indicated complete
conversion. The remaining solvents were removed under high vacuum
and the solid residue was suspended in CH2Cl2/CH3OH, to remove inor-
ganic salts. The dissolved product mixture was purified by column chro-
matography (dimensions: 3V15 cm; silica gel 60 (50 g); CH2Cl2/CH3OH
5:1) and by using a rotatory evaporator and water-aspirator vacuum to
remove the solvents from the homogeneous fractions of 5. By using high
vacuum, the solid white residue of 5 was dried (227 mg, 757 mmol, 74%).
M.p. 85 8C (recrystallized from H2O); Rf=0.58 (CH2Cl2/CH3OH 5:1);
1H NMR ([D6]DMSO): d=2.02–2.25 (m, 2H; 5’), 3.57–3.99 (m, 2H; 6’),
4.03 (m, J�4.5 Hz, 1H; 4’), 4.12 (m, J1�J2�J3�5.6 Hz, 1H; 3’), 4.69 (m,
J1�J2�J3�5.6 Hz, 1H; 2’), 5.26 (d, J=5.4 Hz, 1H; OH3’), 5.47 (d, J=
5.9 Hz, 1H; OH2’), 5.86 (d, J=5.4 Hz, 1H; L’), 7.27 (br s; NH2), 8.13 (s,
1H; A2), 8.32 ppm (s, 1H; A8); 13C NMR ([D6]DMSO): d=36.2 (t; 5’),
42.2 (t; 6’), 73.0/73.3 (d; 2’ and 3’), 80.9 (d; 4’), 87.9 (d; L’), 119.4 (s; A5),
140.3 (d; A8), 149.5 (s; A4), 152.8 (d; A2), 156.3 ppm (s; A6); IR (KBr):
ñ=3422 (vs), 3218 (s), 2926 (m), 2855 (w), 1647 (vs), 1605 (s), 1578 (m),
1478 (m), 1421 (m), 1383 (w), 1333 (m), 1300 (m), 1248 (w), 1205 (w),
1177 (w), 1128 (m), 1093 (w), 1055 cm�1 (m); UV/Vis (CH3OH, c=6.54V
10�4


m): lmax (loge)=260 nm (4.15 dm3mol�1 cm�1); CD (CH3OH, c=
1.92V10�4


m): lmax/min (De)=267 (�0.59), 259 (sh) (�0.50), 228 nm
(+0.27 dm3mol�1 cm�1); MS (EI pos.): m/z (%): 299.1 (2) [M+]
(C11H14ClN5O3), 264.1 (6), 194.1 (8), 180.1 (7), 179.1 (6), 178.1 (23), 166.1
(18), 165.1 (18), 164.1 (95) [M�adenine]+ , 136.1 (100) [adenine+H]+ ,
135.2 (95), 108.0 (29), 91.0 (52).


Preparation of 5’-(2-chloroethyl)-5’-deoxyadenosine (7): With protection
from air, HMPT (4.8 mL) was added into a dry 25 mL 2-necked round-
bottom flask, which was flushed with argon and cooled to 0 8C (external
ice bath). Then, freshly distilled thionyl chloride (595 mL, 8.2 mmol,
976 mg) was added and the yellow solution was stirred for 20 min. After
addition of dry 5’-(2-hydroxyethyl)-5’-deoxyadenosine (8 ; 604 mg,
2.05 mmol), the resulting mixture was stirred at 0 8C for 1 h and then
overnight at room temperature. The reaction mixture was poured on to
ice, 25% aqueous NH3 (4 mL) was added, and the solvents were removed
by using a rotatory evaporator and water-aspirator vacuum. Monitoring
by TLC (silica gel 60; CH2Cl2/CH3OH 5:1) indicated complete conver-
sion. The concentrated aqueous solution of the product was stored in a
refrigerator at 4 8C to yield a microcrystalline white precipitate, which
was dried under high vacuum to give pure 7 (425 mg, 1.35 mmol). The
solvents were removed from the mother liquor under high vacuum and
the solid residue was purified by column chromatography (dimensions:
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3V15 cm; silica gel 60 (50 g); CH2Cl2/CH3OH 6:1). By using a rotatory
evaporator and water-aspirator vacuum the solvents were removed from
the homogeneous fractions of 7 to provide (after drying under high
vacuum) a second crop of solid white 7 (89 mg). 7 was obtained in an
overall yield of 514 mg (1.64 mmol, 80%). Rf=0.42 (CH2Cl2/CH3OH
5:1); 1H NMR ([D6]DMSO): d=1.60–1.90 (m, 4H; 5’ and 6’), 3.60–3.70
(m, 2H; 7’), 3.84 (m, J1=4.4 Hz, 1H; 4’), 4.05 (m, J�4.5 Hz, 1H; 3’),
4.63 (m, J�4.9 Hz, 1H; 2’), 5.17 (d, J=4.9 Hz, 1H; OH3’), 5.43 (d, J=
5.4 Hz, 1H; OH2’), 5.83 (d, J=5.4 Hz, 1H; 1’), 7.26 (br s, 2H; NH2), 8.13
(s, 1H; A2), 8.29 ppm (s, 1H; A8); 13C NMR ([D6]DMSO): 28.9 (t; 6’),
30.6 (t; 5’), 45.5 (t; 7’), 73.2 (d; 3’), 73.4 (d; 2’), 83.2 (d; 4’), 87.9 (d; 1’),
119.4 (q; A5), 140.1 (d; A8), 149.5 (q; A4), 152.8 (d; A2), 156.2 ppm (q;
A6); IR (KBr): ñ=3331 (vs), 3146 (vs), 2932 (m), 1674 (vs), 1645 (vs),
1607 (vs), 1576 (m), 1476 (m), 1445 (w), 1422 (m), 1385 (m), 1337 (m),
1300 (m), 1246 (m), 1206 (m), 1177 (w), 1125 (m), 1094 (m), 1067 cm�1


(m); UV/Vis (CH3OH, c=8.03V10�4
m): lmax (loge)=260 nm


(4.09 dm3mol�1 cm�1); CD (CH3OH, c=1.75V10�3
m): lmax/min (De)=265


(�0.86), 233 nm (+0.05 dm3mol�1 cm�1); MS (CI pos., isobutane): m/z
(%): 316.0 (29), 315.0 (12), 314.0 (100) [M+H]+ (C12H17ClN5O3), 278.1
(6), 136.0 (14).


Preparation of homocoenzyme B12 (2): Aquocobalamin chloride (4 ;
50 mg, 36.2 mmol) was dissolved in 0.1m TBAHFP6 in CH3OH (approxi-
mately 4 mL). The red solution was placed into the cathode chamber of a
two-compartment electrolysis cell and was stirred magnetically. It was re-
duced at an Hg electrode at a potential of �1.1 V versus a 0.1n calomel
electrode. After 4 h of reduction and under protection from light, 5’-
chloromethyl-5’-deoxyadenosine (5 ; 16.2 mg, 54.2 mmol, 1.5 equiv) was
added, while the cathode was kept at the same potential. The reduction
was continued for 6 h (10 h total time of electrolysis), after which time
the current had dropped to 0.02 mA and 6.7 C had been consumed. The
mixture was transferred into a separating funnel charged with water
(15 mL; with protection from light) and extracted three times with an
equal volume of dichloromethane. The aqueous layer was transferred
into a round-bottom flask and the solvents were removed under vacuum.
The residue was taken up in a minimal amount of water, and acetone
was added dropwise until a slight turbidity appeared. After storage in a
refrigerator overnight, crystalline homocoenzyme B12 (2 ; 54.3 mg, 94%)
was obtained. The purity of recrystallized 2 was checked by running an
1H NMR spectrum (500 MHz, c=5mm, D2O, 26 8C, 4096 scans), in which
13C satellites could be observed as reference signals. Rf=0.22 (CH3OH/
H2O 9:1); 1H NMR and 13C NMR data (D2O): see Table 1; IR (KBr): ñ=
3407 (vs), 3202 (s), 2963 (m), 2928 (m), 1665 (vs), 1657 (vs), 1562 (m),
1489 (m), 1476 (m), 1404 (m), 1350 (w), 1306 (w), 1223 (m), 1155 (w),
1107 (w), 1069 cm�1 (m); UV/Vis (H2O, c=4.42V10�4


m): lmax (log e)=
519 (3.90), 500 (sh) (3.88), 442 (sh) (3.60), 376 (3.97), 344 (4.07), 318
(4.10), 289 (4.21), 263 nm (4.46 dm3mol�1 cm�1); CD (H2O, c=4.42V
10�4


m): lmax/min (De)=553 (�6.9), 488 (+7.9), 435 (�3.6), 387 (+6.5), 359
(�7.1), 336 (+0.4), 299 (+6.2), 273 (+6.5), 257 (�2.0), 241 nm
(+2.7 dm3mol�1 cm�1); MS (FAB pos., NOBA): m/z (%): 1597.4 (7),
1596.4 (20), 1595.4 (40), 1594.4 (37) [M+H]+ (C73H103CoN18O17P), 1331.4
(42), 1330.4 (100) [M�C11H13N5O3]


+ .


Preparation of bishomocoenzyme B12 (3): Aquocobalamin chloride (4 ;
50 mg, 36.2 mmol) was dissolved in 0.1m LiClO4 in water/tert-butanol (1:1;
approximately 5 mL). The red solution was placed into the cathode
chamber of a two-compartment electrolysis cell and was stirred magneti-
cally. It was reduced at an Hg electrode at a potential of �1.1 V versus a
0.1n calomel electrode. After 11 h of reduction, 6.0 C was consumed
(about 1.7 Fmol�1). Under protection from light, 5’-(2-chloroethyl)-5’-de-
oxyadenosine (7; 19.0 mg, 60.6 mmol, 1.67 equiv) was added as a suspen-
sion in electrolyte solution, while the cathode was kept at the same po-
tential. The reaction was continued overnight for 15 h, after which time
the mixture was transferred into a round-bottom flask (with protection
from light). The solvents were evaporated (under vacuum and at room
temperature), then the residue was dissolved in a small amount of water
and precipitated with acetone. The red solid (containing a small amount
of starting material) was purified by column chromatography with RP18
(15.6 g) in a 2 cmV8.5 cm column and with an acetonitrile/water eluent
(gradient from 8% to 18% acetonitrile in steps of 1%, 30 mL of each).
The product fraction was evaporated, the residue was taken up in a mini-


mal amount of water, and acetone was added dropwise until a slight tur-
bidity appeared. After storage in a refrigerator overnight, crystalline
bishomocoenzyme B12 (3 ; 45.0 mg, 77.3%) was obtained. The purity of
recrystallized 3 was checked by observation of 13C satellites as the refer-
ence in a 1H NMR spectrum (500 MHz, c=5 mm, D2O, 26 8C, 4096
scans). Rf=0.32 (CH3OH/H2O 9:1); 1H NMR and 13C NMR data (D2O):
see Table 1; IR (KBr): ñ=3413 (vs), 3214 (s), 2961 (w), 2926 (m), 1855
(w), 1636 (vs), 1568 (m), 1489 (m), 1476 (m), 1405 (w), 1255 (w), 1157
(w), 1082 cm�1 (w); UV/Vis (H2O, c=3.08V10�4


m): lmax (loge)=512
(3.95), 445 (sh) (3.63), 377 (sh) (3.96), 346 (4.11), 316 (4.13), 289 (4.22),
263 nm (4.47 dm3mol�1 cm�1); CD (H2O, c=3.08V10�4


m): lmax/min (De)=
554 (�5.3), 496 (+8.6), 437 (�5.1), 387 (+5.8), 329 (�2.4), 299 (+5.2),
271 (+7.6), 247 nm (+1.6 dm3mol�1 cm�1); MS (FAB pos., glycerin): m/z
(%): 1608 (24) [M+H]+ (C74H105CoN18O17P), 1331 (100), 1330.3 (80)
[M�C12H15N5O3]


+ .


X-ray crystal structure analysis of homocoenzyme B12 : Crystals of 2 were
grown from water/acetone. A crystal specimen was immersed in hydro-
carbon oil, picked up with a rayon loop, and quickly cooled to cryotem-
perature by immersing in liquid nitrogen. Diffraction experiments were
carried out on the EMBL beamline BW7b instrument, at DESY in Ham-
burg (Germany), equipped with a MAR345 imaging-plate detector and a
gas-stream low-temperature (103(2) K) device.


Indexing of diffraction images, intensity integration, and data scaling
were performed with the Denzo/Scalepack programs.[83] The structure
was solved by direct methods to yield the Co atoms plus most remaining
atoms of the structure. Missing atoms (mostly in the solvent region) were
located in subsequent electron-density maps. Full-matrix least-squares re-
finement on F2 was performed with the program SHELXL-97.[84] No ab-
sorption correction was applied to the data. Scattering factors including
real and imaginary dispersion corrections were taken from the WInterna-
tional Tables of CrystallographyX. Hydrogen atom positions were calculat-
ed and refined as XridingX on their respective non-hydrogen atoms.
Methyl torsion angles were chosen to maximize the electron density at


Table 6. Crystallographic data for homocoenzyme B12 (2)


Homocoenzyme B12 (2)


empirical formula C73H102N18O17PCo
H2O sites 29
sum of partial occupancies 17.5
acetone sites 3
formula weight 2083.1
crystal system monoclinic
space group P21
unit cell dimensions:
a [K] 14.896(3)
b [K] 24.544(5)
c [K] 15.119(3)
b [8] 111.35(3)
V [K3] 5148(2)
Z 2
1calcd [gcm


�3] 1.344
m [mm�1] 0.27
F(000) 2230
crystal size [mm3] 0.4V0.3V0.05
q range for data collection [8] 2.2–29.8
wavelength [K] 0.8431
reflections collected 30267
data reduction programs Denzo/Scalepack
independent reflections 8903
R(int) 0.047
completeness to q=29.88 98.7%
data/restraints/parameters 8890/168/1340
final R indices (all data):
R1 0.0585
wR2 0.1640
largest difference peak/hole [eK�3] 0.69/�0.67
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the three calculated hydrogen-atom positions and were allowed to refine
within the program. An analogous procedure was applied to the two
ribose hydroxy groups. The isotropic adp for each hydrogen atom was set
to 1.5 times the equivalent isotropic adp of the adjacent non-hydrogen
atom. The solvent electron density was modeled with 3 acetone mole-
cules and 29 partially occupied H2O sites. Data pertaining to data collec-
tion and structure refinement and crystallographic residuals at the close
of the refinement are given in Table 6.[85]
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Hierarchical Self-Assembly of Supramolecular Spintronic Modules into
1D- and 2D-Architectures with Emergence of Magnetic Properties


Mario Ruben,[a, b] Ulrich Ziener,[a, c] Jean-Marie Lehn,*[a] Vadim Ksenofontov,[d]


Philipp G,tlich,*[d] and Gavin B. M. Vaughan[e]


Introduction


A major present thrust in supramolecular chemistry con-
cerns the processes underlying self-organization, the goals
being to understand their origin and operation, to induce
the emergence of novel properties at each level of complexi-
ty, and to achieve their implementation in artificial function-
al systems.[1]


The generation of organization levels of increasing com-
plexity, diversity and functionality relies on a set of basic
building blocks and subunits, interconnected through a mul-
titude of relatively weak, non-covalent interactions (e.g. hy-
drogen, van der Waals and coordinative bonding, etc.).[1,2] It
rests on the progressive build-up of more and more complex
entities by multiple, sequential and hierarchical self-organi-
zation steps, following a conditional pathway, each step set-
ting the base for the next one. Hierarchical self-organiza-
tion[3,4] may be driven by more or less pronounced positive
cooperativity, up to a phase change, such as the formation of
a liquid crystalline or a solid state.
In recent years, more and more powerful self-assembly


strategies have been developed for the controlled access to
a variety of nano-sized objects of increasing complexity.
Much work was addressed to the understanding and manip-
ulation of the parameters which give access to a variety of
nano-architectures, in particular of metallo-supramolecular
type, such as rods, squares, circles, cages, clamps, emphasiz-
ing mainly structural aspects like size, symmetry and chirali-
ty of the products.[5] Less attention has been paid to self-as-
sembled architectures exhibiting discrete functional proper-
ties (switching, moving etc.).[6]


Such functional architectures may derive from three prin-
cipal routes: i) the functionality may result as “emerging”
property from the assembly of the building modules; ii) the
functionality may be encoded on the isolated modules and
persist as unchanged property in the self-assembled architec-
ture or iii) the two approaches above may also partially
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Abstract: Hierarchical self-assembly of
complex supramolecular architectures
allows for the emergence of novel
properties at each level of complexity.
The reaction of the ligand components
A and B with FeII cations generates the
[2K2] grid-type functional building
modules 1 and 2, presenting spin-tran-
sition properties and preorganizing an


array of coordination sites that sets the
stage for a second assembly step.
Indeed, binding of LaIII ions to 1 and


of AgI ions to 2 leads to a 1D columnar
superstructure 3 and to a wall-like 2D
layer 4, respectively, with concomitant
modulation of the magnetic properties
of 1 and 2. Thus, to each of the two
levels of structural complexity generat-
ed by the two sequential self-assembly
steps corresponds the emergence of
novel functional features.


Keywords: functional emergence ·
metallosupramolecular grids · self-
assembly · spin transition · supra-
molecular chemistry


L 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200400584 Chem. Eur. J. 2005, 11, 94 – 10094







merge, since the molecular surroundings can alter or tune
an original, “module-based”, functionality to a large extent
and lead to the gradual appearance of new functional fea-
tures.[7–9]


Herein, we report on the hierarchical self-assembly of the
magnetic molecular architectures 3 and 4. It involves in a
first step the assembly of the ligand components A and B
and FeII ions into the supramolecular spintronic modules[9b]


1 and 2, displaying magnetic properties based on the spin-
transition phenomenon and preorganizing an array of bind-
ing sites that sets the stage for a second step. This newly
gained “collective” property is modulated through a subse-
quent, higher order self-assembly process induced by bind-
ing of a new set of cations and generating the 1D and 2D ar-
chitectures 3 and 4, respectively. The structural and magnet-
ic properties of the four architectures 1–4 were investigated
in detail at the two hierarchical organisation levels.


Results and Discussion


Synthesis and structures of the [2 92] grid-type complexes
[FeII


4 L4]
8+ , 1 and 2 : It has been shown that tetranuclear mo-


lecular systems of the [2K2] grid type with four precisely lo-
cated transition metal ions are accessible by self-organisa-
tion and exhibit interesting electrochemical, magnetic and
optical properties.[8,9] The nature of the substitutions of the
ligand can induce for MII = Fe the occurrence of spin tran-
sition in the [FeII4 L4]


8+ units.[9]


We designed ligand components A and B, which should
be able to undergo two hierarchical self-assembly steps
through the stepwise coordination of different metal ions,
such as FeII and LaIII (for A) or FeII and AgI (for B), gener-
ating first the respective [2K2]FeII4 grids, as building mod-
ules, and interconnecting thereafter these units via coordina-
tion of a second type of metal ion. In a earlier study, a relat-
ed ligand contained sites for a second assembly step through
hydrogen bonding.[10] The synthesis and first results of the
coordination behaviour of the ligands A and B were report-
ed earlier.[11]


The compounds, [Fe4A4](BF4)8 (1) and [FeII4 B4](BF4)8 (2),
were obtained by assembly from the corresponding ligand A
or B and [Fe(BF4)2]K6H2O in acetonitrile at reflux for eight
hours, followed by precipitation with diisopropyl ether
(Figure 1). The composition of 1 and 2 was confirmed by
FAB-mass spectrometry and elemental analysis. No evi-
dence for higher-mass polymeric products was found in ES-
mass spectrometry investigations.
The 1H NMR spectra of 1 and 2 at 298 K both exhibit


fourteen singlets covering a range from d=�10 to 150 ppm.
The number of signals is indicative of C2v symmetry of the
coordinated ligands A or B and of a hindered rotation of
the phenyl groups with free rotation of the pyridine units.
The spread-out chemical shift domain covered by the signals
results from paramagnetic contact shifts of FeII(HS) ions.[12]


The structure of [FeII4 B4]
8+ (2) (as the perchlorate com-


pound) was determined by single crystal X-ray diffraction at
120 K (Figure 2). It consists of a tetranuclear complex in
which each of the FeII ions is in a pseudo-octahedral ar-
rangement with a pronounced axial distortion. Each metal
ion is surrounded by six nitrogen atoms from the pyrimidine
and bipyridine groups. The Fe�N bond lengths of d(Fe�
N)=1.898(6)–2.103(6) P indicate that at 120 K all four FeII


ions are in their LS state.[9] A single chloride anion, coming
presumably from impurities of the [Fe(ClO4)2]K6H2O salt
used, is bound in the central cavity of the [FeII4 B4]


8+ cation,
while the remaining seven ClO4 anions are found together
with solvent and water molecules in the crystal lattice
around the complex cation.
The four ligands B are bound to the FeII ions by their ter-


pyridine-type coordination sites formed from lateral four
pyridine and the central pyrimidine groups, while the eight
4-pyridyl units point orthogonally above and below the
main molecular plane containing the four metal ions. The
central C–C axes connecting the terpy moieties with the
exo-directed 4-pyridines deviate by 5.2 up to 29.58 from
ideal orthogonality. As a consequence, all pyridine groups
are slightly bent outside, and the free nitrogen atoms are
easily accessible for further coordination.
The first self-assembly process incorporates the four li-


gands B in the complex [FeII4 B4]
8+ (2) and, at the same time,


pre-organizes them in a disposition which enables further


Abstract in French: L�autoassemblage hi�rarchis� d�architec-
tures supramol�culaires conduit � l��mergence de nouvelles
propri�t�s � chaque niveau de complexit�. La r�action des li-
gands A et B avec des cations FeII g�n!re des modules fonc-
tionnels de type grille [2&2], 1 et 2, qui pr�sentent des pro-
pri�t�s de transition de spin, et pr�disposent un ensemble de
sites de coordination pour une deuxi!me �tape d�assemblage.
En effet, la complexation d�ions LaIII par 1 et d�ions AgI par
2 conduit respectivement � une superstructure colonnaire 3
1D et � un arrangement en feuillet 2D, avec une modulation
concomittante des propri�t�s magn�tiques de 1 et 2. Ainsi, �
chaque niveau de complexit� structurale g�n�r� par les deux
�tapes d�autoassemblage s�quentiel, correspond l��mergence
de nouvelles propri�t�s fonctionnelles.
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metal ion coordination to the building module generated,
for a higher order second self-assembly step.
The analytical data for the complex [FeII4 A4]


8+ (1) are
very similar to those obtained for complex 2 (see Experi-
mental Section) and point to an identical composition.


Synthesis and structures of the extended coordination archi-
tectures {[FeII


4 A4]-(LaIII)4}n
11+ (3) and {[FeII


4 B4]-(AgI)4}n
12+


(4): The generation of a second order coordination assembly
was achieved by connecting the tetranuclear grid modules
[FeII4 A4]


8+ (1) through binding of lanthanum(iii) ions. The
reaction was performed by layering an acetonitrile solution
of 1 (as its ClO4


� salt) with a six-fold excess of a [La(ClO4)3]
in methanol resulting in deep-green, triangular-shaped crys-
tals of assembly 3. Elemental analysis of these crystals point


to a {-[FeII4 A4]-(La
III)}(ClO4)11


composition with additional six-
teen water and two acetonitrile
molecules. Single crystal X-ray
investigations reveal an one-di-
mensional columnar motif in-
volving aligned alternating
[FeII4 (A)4]


8+ and coordinated
LaIII ions. The data reveal the
tetranuclear FeII4 modules, inter-
connected in a linear fashion by
the coordination of a LaIII ion
to two four-fold sets of 3-pyrid-
yl groups above and below the
FeII4 plane of two neighbouring
modules. Unfortunately, due to
the bad quality of the crystals
and despite several attempts to
improve the quality of the data,
the resulting elevated R factor
does not allow a more detailed
discussion of the molecular
structure of {[FeII4 A4]-
(LaIII)4}n


11+ (3). However, the
overall motif described above is
secure.
To achieve a second order as-


sembly of module [FeII4 B4]
8+


(2), a solution of its BF4
� salt in


acetonitrile was layered with a
solution of methanol containing
six equivalents of AgBF4. After
several weeks, pine-green
prisms of compound 4 had
grown at the diffusion interface
of the two solutions. The over-
all composition of the com-
pound was determined as
{[FeII4 B4]-(AgI)4}(BF4)10(SiF6) by
elemental analysis and its struc-
ture was determined by X-ray
investigations of the crystalline


material. The structure of the cationic [FeII4 B4]
8+ subunits


within 4 is of [2K2] grid type, very similar to that deter-
mined for 2 with Fe�N bond lengths of d(Fe�N)=1.890(7)–
2.092(6) P, indicating the presence of exclusively FeII(LS)
ions at 120 K. All eight exo-4-pyridyl groups of each
[FeII4 B4]


8+ unit were coordinated to AgI ions (Figures 1 and
3). Attempts to dissolve the complex in polar solvents
(DMF, DMSO) resulted in the break-up of 4 into the tetra-
nuclear [FeII4 B4]


8+units and solvated AgI ions.
The AgI ions are dicoordinated in an approximately linear


coordination manner with d(Ag�N) = 2.130(12)–
2.228(14) P; a(N-Ag-N) = 166.4(7) and 168.8(8)8, and in-
terconnect successive tetranuclear [FeII4 B4]


8+ units through
four pyridine–AgI–pyridine bridges. Following this coordina-
tion scheme, an infinite coordination polymer is generated


Figure 1. Two-step hierarchical self-assembly of metallosupramolecular architectures with emergence of mag-
netic properties. From ligands A and B to the magnetic [2K2] grid-type building modules [FeII4 A4]


8+ (1) and
[FeII4 B4]


8+ (2) (self-assembly I), and on to the columnar 1-D architecture {[-FeII4 A4]-(La
III)4}n


11+(3) and the wall-
like 2-D architecture {[-FeII4 B4]-(AgI)4}n


12+ (4) (self-assembly II). Red spheres: FeII, green spheres (top): LaIII,
green spheres (bottom) AgI. Bottom: emerging magnetic properties.


Figure 2. Top and side view of the [2K2] grid-type complex [FeII4 B4]
8+ (2) in the crystal structure (anions, sol-


vent molecules, hydrogen atoms and the rotational disorder of the pyridine groups are omitted for clarity).
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as a meander-like interwoven, two-dimensional network
(Figure 3). Within this wall-like array, the [FeII4 B4]


8+ building
modules are aligned in rows at 2.15 nm apart, while the dis-
tance between two neighbouring “walls” is about 1.56 nm.
The central and peripheral cavities within the [FeII4 B4]


8+


units, but not the hollow space around the AgI ions, are
filled with the BF4


� anions and solvent molecules (Figure 3).


Magnetic properties of the units 1 and 2 and of the assem-
blies 3 and 4 : The magnetic properties of module
[FeII4 A4](ClO4)8 (1) and of the extended assembly {-[FeII4 A4]-
(LaIII)}(ClO4)(11)n (3) are represented in Figure 4a as cMT/4
versus T plots, cM being the molar magnetic susceptibility,
corrected for diamagnetic contributions (cD = �357.8K
10�6 cm3mol�1) using PascalTs constants, and T the tempera-
ture. At room temperature, cMT/4 of 1 is equal to
3.2 cm3Kmol�1, close to the spin-only value expected for
four high-spin FeII ions. On lowering the temperature, cMT/4
progressively decreases reaching a value of 1.2 cm3Kmol�1


at 30 K, calling for the presence of one to two HS FeII (a sit-
uation already found in other [FeII4 L4]


8+ units).[9a] Below this
temperature, cMT/4 drops, which can be attributed to zero-
field splitting of the FeII(HS) ions.[13] The very gradual in-
crease and the absence of any hysteresis in the cMT/4 versus
T plot suggests that the cooperative interactions accompany-
ing spin transition are rather weak. This was already ob-
served for other members of this class of compounds and is
apparently characteristic for the spin transition behaviour of
these systems.[9,14] The magnetic properties of 1 (as well as
of 2, below) emerge from the assembly and are absent in
the components, the ligands and metal ions.
Upon aligning the [FeII4 A4]


8+ modules into the one-dimen-
sional coordination polymer {-[FeII4 A4]-(La


III)}n(ClO4)(11)n (3),
the unit-based spin transition behaviour persists, but the
whole magnetic curve is shifted towards stabilization of the
LS state (Figure 4a). At low temperature, below 50 K, a pla-


teau with almost no remaining
magnetic moment and the ab-
sence of any FeII(HS)-based
zero-field splitting indicates a
completely diamagnetic situa-
tion only involving four
FeII(LS) (each with S=0). At
room temperature, a maximum
value of 1.8 cm3Kmol�1 evokes
an incomplete spin transition in
accordance with the shift of Tc


to higher temperatures.
The magnetic properties of


module [FeII4 B4](BF4)8 (2) and
its assembly {-[FeII4 B4]-
(AgI)4}n(BF4)(12)n (4) are repre-
sented in Figure 4b. At room
temperature, cMT/4 for 2 is
equal to 2.4 cm3Kmol�1 and
thus in the range of values ex-
pected for three HS and one LS


Figure 3. X-ray single crystal structure of {[FeII4 B4]-(AgI)4}n
12+ (4) displaying the wall-like 2D interconnection


of the [FeII4 B4]
8+ [2K2] grid-type building modules (red) by the AgI ions (green): a) cross section; b) frontal el-


evation of the 2D wall-like array (anions and solvent molecules are omitted for clarity; carbon: grey, nitrogen:
blue, iron: red).


Figure 4. cMT/4 versus temperature plots of a) the module [FeII4 A4](ClO4)8
(1) and the columnar assembly {[FeII4 A4]-(La


III)}(ClO4)(11)n (3); b) the
module [FeII4 B4](BF4)8 (2) and the wall-like assembly {-[FeII4 B4]-
(AgI)4}n(BF4)(12)n (4).
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FeII ions; it decreases on lowering the temperature reaching
a value of 1.4 cm3Kmol�1 at 30 K, calling for the presence
of two FeII(HS). The magnetic data show a very gradual
and, in comparison with 1, a very incomplete spin transition
process as already observed for other members of this class
of compounds.[9]


The magnetic behaviour of the two-dimensional, wall-like
assembly 4 {[FeII4 B4]-(AgI)4}n(BF4)(12)n is shown in Figure 4b.
At room temperature, cMT/4 of 4 is equal to 1.4 cm3Kmol�1


which is significantly lower than found for the constituting
complex 2 itself and points at a magnetic situation involving
two FeII(LS) and two FeII(HS) ions. On lowering the tem-
perature the magnetic moment of 4 remains almost un-
changed before showing a slight increase to cMT/4
=1.5 cm3Kmol�1 at T=30 K. Below that temperature, once
more, a sharp drop due to the zero field splitting of FeII(HS)
ions is observed.[13]


The spin transition in the assembly 4 is, in comparison
with module 2, inhibited over the whole temperature range
studied, possibly due to steric hindrance in the interconnect-
ed, two-dimensional network. Since the conversion of
FeII(LS) to FeII(HS) is accompanied by a volume increase,
each spin transition would have to expand against the, more
rigid, 2D network of 4.[14, 15] As a result, the magnetic
moment remains close to the value of the non-bridged
“monomer” 2 at low temperature (30 K). The observed
slight decrease of the cMT versus T curve between 300 and
150 K may be due to weak antiferromagnetic intramolecular
interaction as already observed in the analogous [CoII4 L4]


8+


compounds.[8b] The increase of cT below about 150 but
above 30 K, might result from ferromagnetic intermolecular
exchange coupling between the neighbouring 2D-networks
(Figure 4b), although such coupling should be very weak
over a distance of 15 P.


Conclusion


The present results show that hierarchically ordered self-as-
sembly processes using suitably designed molecular compo-
nents can be implemented to construct the metallosupramo-
lecular [2K2] grid-type modules [Fe4A4]


8+ (1) and [Fe4B4]
8+


(2), presenting spin transition behaviour and displaying a
collectively generated coordination array, that prepares the
structural prerequisites enabling 1 and 2 to undergo a
second self-assembly process. This second process leads in
both cases to an extended architecture displaying either a
one-dimensional columnar {-[FeII4 A4]-(La


III)}n
11+ (3), or a


two-dimensional wall-like {-[FeII4 B4]-(AgI)4}n
12+ (4) arrange-


ment. In both higher-order architectures, the magnetic be-
haviour of the [FeII4 L4]


8+ modules exhibits a progressive hin-
drance of the spin transition process with increasing dimen-
sionality.
The generation and variation of a certain molecular func-


tionality (here magnetism) at different organisational levels,
as realized here in the supramolecular spintronic modules
1/2 and arrays 3/4, show how the architectural parameters


feed-back actively on intrinsic functionalities of complex
supramolecular assemblies. It relates to the progressive
build-up of functional nanostructured supramolecular devi-
ces by sequential self-organization, with concomitant emer-
gence of novel (optical, electronic, magnetic) properties at
different levels of system complexity.[1]


Experimental Section


Synthesis of complexes 1 and 2 : A solution of ligand A[11] (30 mg,
48 mmol) (or B[11]) and [Fe(BF4)2]K6H2O (16 mg, 48 mmol) in acetonitrile
(50 mL) was stirred under reflux for 12 h. Complex 1 (or 2) was isolated,
respectively, as dark green solid by precipitation with diisopropyl ether in
quantitative yields (18.0 mg).


The ClO4 salts of 1 and 2 were synthesized by the same procedure by
using [Fe(ClO4)2]K6H2O. The products obtained exhibit identical spec-
troscopic properties as the BF4 salts.


[FeII
4 A4](BF4)8 (1): 1H NMR (200 MHz, CD3CN, 298 K): d=118.6, 62.4,


55.2, 49.9, 47.3, 42.8, 14.5, 7.8, 7.1, 5.6, 4.3, 4.0, 0.7, �7.3; FAB-MS
(NBA): m/z : 3132.4 [M�3BF4]


+ , 3046.5 [M�4BF4]
+ , 2959.6 [M�5BF4]


+ ,
2871.5 [M�6BF4]


+ ; UV/Vis (acetonitrile, e in 103 cm2mol�1): l=274
(189), 365 (41.6), 497 (14.8), 662 nm (15.3); elemental analysis calcd (%)
for C160H104N32B8Fe4F32K19H2O: C 51.45, H 3.83, N 12.00; found: C
51.47, H 3.36, N 11.70 (for the perchlorate salt C160H104N32Cl8Fe4O32K
3CH3CNK4H2O: C 54.05, H 3.31, N 13.29; found: C 54.80, H 3.52, N
13.18.).


[FeII
4 B4](BF4)8 (2): 1H NMR (200 MHz, CD3CN, 298 K): d=145.0, 109.8,


60.4, 52.7, 47.6, 45.9, 41.3, 13.5, 8.1, 4.0, 3.6, 3.5, �1.4, �6.6; FAB-MS
(NBA): m/z : 3284.9 [M�BF4]


+ , 3219.8 [M�2BF4]
+ , 3131.8 [M�3BF4]


+ ,
3045.8 [M�4BF4]


+ , 2958.8 [M�5BF4]
+ , 2871.8 [M�6BF4]


+ ; UV/Vis (ace-
tonitrile, e in 103 cm2mol�1): l=271 (147), 335 (62.4), 380 (57.0), 496
(9.7), 666 nm (8.7); elemental analysis calcd (%) for
C160H104N32B8F32Fe4K6CH3CNK5H2O: C 55.40, H 3.57, N 14.27; found:
C 55.18, H 3.43, N 13.94 (for the perchlorate salt C160H104N32Cl8Fe4O28K
10CH3CNK2H2O: C 55.77, H 3.59, N 15.18; found: C 55.40, H 3.63, N
15.11).


Synthesis of assemblies 3 and 4


{-[FeII
4 A4]-(LaIII)}n(ClO4)(11)n (3): A solution of 1 (as its ClO4


� salt; 5 mg,
1.43 mmol) in CH3CN was layered with a solution containing a six-fold
excess of [La(ClO4)3] (3.8 mg, 8.6 mmol) in methanol (3 mL). After two
days, triangle-shaped dark-green prisms of compound 3 were found float-
ing on the solution. An amount of 5.2 mg (1.3 mmol, 92%) of the crystal-
line material of 3 was collected and directly used in the structural and
magnetic investigations. Elemental analysis calcd (%) for
C160H104N32Fe4LaCl11O44K2CH3CNK16H2O: C 45.79, H 3.33, N 11.07;
found: C 44.90, H 3.41, N 10.58.


{-[FeII
4 B4]-(AgI)4}n(BF4)(12)n (4): A solution of 2 (5 mg, 1.47 mmol) in


CH3CN was layered with a solution of a six-fold excess of AgBF4


(1.8 mg, 8.84 mmol) in methanol (3 mL). After several weeks right-angled
pine-green prisms of compound 4 were found at the diffusion interface of
the two solutions. An amount of 4.8 mg (1.1 mmol, 75%) of the crystal-
line material of 4 was collected and directly used in the structural and
magnetic investigations. Elemental analysis calcd (%) for
C160H104N32Fe4Ag4B10SiF46K12CH3CNK2H2O: C 47.34, H 3.11, N 13.20;
found: C 46.95, H 3.22, N 13.01.


Magnetic measurements : They were carried out with a SQUID magneto-
meter working in the 4.2–300 K temperature range. The applied magnetic
field was 1 Tesla. FAB mass spectra were performed on a Fisons TRIO-
2000 (Manchester) and a Micromass AUTOSPEC-M-HF spectrometer
using 3-nitrobenzylic alcohol as matrix. Microanalyses were carried out
by the Service de Microanalyse, Facult; de Chimie, Strasbourg.


X-ray structural analysis of 2 and 4 : The data for both compounds were
recorded at 120.0(2) K on Beamline ID11 at the European Synchroton
Research Facility in Grenoble. Phi rotation images (1 s per frame) were
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recorded with a Bruker Smart 6500 camera and a Si(111) monochromat-
ed wavelength of 0.45085 P. The data were integrated with the Bruker
data reduction suite Saint and the absorption correction applied via
SADABS. Structure solution was performed by direct methods
(SHELXS) and refinement against F 2 (SHELXL). The hydrogen atoms
were refined with a riding model. As the small size, poor diffracting
power of the crystals and volatility of the incorporated solvent molecules
led to a low number of strong observations, geometric constraints were
applied in order to keep the data/parameter ratio acceptable. The final
structures are relatively low resolution and quality, contain disordered
counterions and solvent molecules and probably lack further solvent mol-
ecules, the positions of which could not be resolved.


The perchlorate salt of 2 was recrystallized by vapour diffusion of ben-
zene into a nitromethane solution of 2 and the obtained green crystals
were used in the X-ray investigations.


X-ray structural data for 2 : A suitable pine-green prism (0.02K0.02K
0.04 mm) of 2 [C160H104N32Fe4]


8+ K7ClO4KCl
�K7CH3NO2K6H2O was


obtained from nitromethane/benzene. Complex 2 (at 120 K) monoclinic,
C2/c, a=17.346(2), b=40.015(6), c=31.120(4) P, b=99.150(6), V=


21326(5) P3, Z=4, 1calcd=1.324 gcm�3, 2qmax=28.368, m(MoKa)=
0.241 mm�1. 70634 reflections were collected of which 12315 were
unique; 10676 of these had I > 2s(I). The final R values were R=


0.1120, wR2=0.2588 [I > 2s(I)], R=0.1271, wR 2=0.2662 (all data) for
1348 parameters and 434 restraints. A final difference map displayed the
highest electron density of 0.983 eP�3.


Crystals of 4 were obtained by layering a solution of the BF4
� salt of 2 in


acetonitrile with a solution of methanol containing six equivalents of
AgBF4. After several weeks, pine-green prisms of compound 4 had
grown at the diffusion interface of the two solutions.


X-ray structural data for 4 : Green prisms (0.01K0.01K0.03 mm) of
[C160H104N32Fe4Ag4]


12+ K10BF4
�K1SiF6


2�K2CH3CNK4H2O were ob-
tained from acetonitrile/methanol. Complex 4 (at 120 K) monoclinic, C2/
c, a=17.0199(11), b=43.104(3), c=30.9306(18) P, b=99.981(3), V=


22348(2) P3, Z=4, 1calcd=1.276 gcm�3, 2qmax=24.688, m(MoKa)=
0.365 mm�1. Of 42249 collected reflections, 11311 were unique and 8279
had I > 2s(I). The final R values were R=0.1200, wR2=0.2879 [I >


2s(I)], R=0.1528, wR 2=0.3050 (all data) for 1470 parameters and 2844
restraints. Although the SiF6


2� anions were not introduced initially, they
probably form by reaction with the glass container when BF4


� ions are
present and are incorporated in the crystals. This is not uncommon (see
for instance ref. [10]).


CCDC-238750 (2) and -238751 (4) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: (+44)1223-336033; or email : deposit@ccdc.cam.ac.uk.
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Titanium(iv) and Zirconium(iv) Sulfato Complexes Containing the Kl�ui
Tripodal Ligand: Molecular Models of Sulfated Metal Oxide Surfaces


Qian-Feng Zhang,[a] Tony C. H. Lam,[a] Xiao-Yi Yi,[a] Eddie Y. Y. Chan,[a]


Wai-Yeung Wong,[b] Herman H. Y. Sung,[a] Ian D. Williams,[a] and Wa-Hung Leung*[a]


Introduction


Sulfated metal oxides and related inorganic solid acids[1]


have attracted much attention due to their high catalytic ac-
tivity in the industrially important conversion of hydrocar-
bons. Of particular significance is sulfated zirconia, which is
capable of catalyzing the isomerization of alkanes such as n-
butane at low temperatures.[1,2] Sulfated zirconia catalysts


suffer from a drawback of fast deactivation presumably due
to coke formation. The stability and activity of sulfated zir-
conia are found to be enhanced when a metal promoter, no-
tably Pt, is added and catalytic reactions are carried out
under hydrogen.[3] The role of the metal promoter in bifunc-
tional sulfated zirconia catalysts is a subject of debate.[1c]


Sulfated zirconia supported organometallic catalysis is well
documented. For example, Group 4 and 5 alkyls chemisorb-
ed on sulfated zirconia surfaces were found to exhibit high
catalytic activity in arene hydrogenation and alkene poly-
merization reactions,[4] demonstrating the rich organometal-
lic chemistry of bimetallic M/SO4


2�/ZrO2 systems. To better
understand the catalytic chemistry of sulfated zirconia, it is
essential to elucidate the structures and reactivity of their
active sites at the molecular level. Of particular interest is
the nature of sulfur species on sulfated zirconia surfaces. It
is generally believed that the sulfate species is covalently
bonded to zirconia surfaces and the sulfur oxidation state
for the catalysts is +6. In previous studies, surface sulfur


[a] Dr. Q.-F. Zhang, Dr. T. C. H. Lam, X.-Y. Yi, Dr. E. Y. Y. Chan,
Dr. H. H. Y. Sung, Prof. Dr. I. D. Williams, Prof. Dr. W.-H. Leung
Department of Chemistry
The Hong Kong University of Science and Technology
Clear Water Bay, Kowloon, Hong Kong (China)
Fax: (+852)2358-1594
E-mail : chleung@ust.hk


[b] Prof. Dr. W.-Y. Wong
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Hong Kong Baptist University
Waterloo Road, Kowloon, Hong Kong (China)


Abstract: Treatment of titanyl sulfate
in about 60 mm sulfuric acid with
NaLOEt (LOEt


�= [(h5-C5H5)Co-
{P(O)(OEt)2}3]


�) afforded the m-sulfato
complex [(LOEtTi)2(m-O)2(m-SO4)] (2).
In more concentrated sulfuric acid
(>1m), the same reaction yielded the
di-m-sulfato complex [(LOEtTi)2(m-O)(m-
SO4)2] (3). Reaction of 2 with HOTf
(OTf= triflate, CF3SO3) gave the tris-
(triflato) complex [LOEtTi(OTf)3] (4),
whereas treatment of 2 with Ag(OTf)
in CH2Cl2 afforded the sulfato-capped
trinuclear complex [{(LOEt)3Ti3(m-
O)3}(m3-SO4){Ag(OTf)}][OTf] (5), in
which the Ag(OTf) moiety binds to a
m-oxo group in the Ti3(m-O)3 core. Re-
action of 2 in H2O with Ba(NO3)2 af-
forded the tetranuclear complex


(LOEt)4Ti4(m-O)6 (6). Treatment of 2
with [{Rh(cod)Cl}2] (cod=1,5-cyclooc-
tadiene), [Re(CO)5Cl], and [Ru(tBu2-
bpy)(PPh3)2Cl2] (tBu2bpy=4,4’-di-tert-
butyl-2,2’-dipyridyl) in the presence of
Ag(OTf) afforded the heterometallic
complexes [(LOEt)2Ti2(O)2(SO4){Rh-
(cod)}2][OTf]2 (7), [(LOEt)2Ti(O)2-
(SO4){Re(CO)3}][OTf] (8), and
[{(LOEt)2Ti2(m-O)}(m3-SO4)(m-O)2{Ru-
(PPh3)(tBu2bpy)}][OTf]2 (9), respec-
tively. Complex 9 is paramagnetic with
a measured magnetic moment of about
2.4 mB. Treatment of zirconyl nitrate
with NaLOEt in 3.5m sulfuric acid af-


forded [(LOEt)2Zr(NO3)][LOEtZr(SO4)-
(NO3)] (10). Reaction of ZrCl4 in 1.8m
sulfuric acid with NaLOEt in the pres-
ence Na2SO4 gave the m-sulfato-bridged
complex [LOEtZr(SO4)(H2O)]2(m-SO4)
(11). Treatment of 11 with triflic acid
afforded [(LOEt)2Zr][OTf]2 (12), where-
as reaction of 11 with Ag(OTf) afford-
ed a mixture of 12 and trinuclear
[{LOEtZr(SO4)(H2O)}3(m3-SO4)][OTf]
(13). The ZrIV triflato complex [LOEtZr-
(OTf)3] (14) was prepared by reaction
of LOEtZrF3 with Me3SiOTf. Complexes
4 and 14 can catalyze the Diels–Alder
reaction of 1,3-cyclohexadiene with
acrolein in good selectivity. Complexes
2–5, 9–11, and 13 have been character-
ized by X-ray crystallography.


Keywords: O ligands · P ligands ·
sulfates · titanium · zirconium
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species such as bidentate sulfate 1a with two S=O groups,
tridentate sulfate 1b with one S=O group, and bisulfate
HSO4


� 1c have been proposed for sulfated zirconia cata-


lysts.[5–8] Nevertheless, the issue as to how metal ions/metal
hydrocarbyls interact with the sulfated zirconia active sites,
and the mechanisms of organometallic reactions occurring
on sulfated zirconia surfaces are not well understood.[8] In
this connection, we set out to model sulfated zirconia surfa-
ces by molecular Group 4 sulfato complexes in oxygen
ligand environments.
The most extensively studied models of Group 4 metal


oxides are homo- and heterometallic compounds with
oxygen ligands such as alkoxides,[9] aryloxides,[9a,10] silox-
ides,[11] silsesquixane,[12] and calixarene macrocycles,[13] as
well as organometallic oxo clusters supported by cyclopenta-
dienyl ligands.[14,15] However, molecular Group 4 sulfato
compounds with oxygen ligands are uncommon. Examples
of structurally characterized TiIV sulfato complexes include
the cyclopentadienyl compounds [{Cp*3 Ti3(m-SO4)Cl}(m-
O)3]


[16] and [Cp2Ti(m-SO4)Ti(H2O)Cp2]
[17] (Cp=h5-C5H5,


Cp*=h5-C5Me5). Toward this end, sulfated zirconia models
based on Group 4 sulfato complexes containing the KlNui
oxygen tripodal ligand, [CpCo{P(O)(OR)2}3]


� (denoted as
LOR


� , R=alkyl)[18] were prepared and investigated. Owing


to the high affinity of Ti and Zr for the P=O group, reac-
tions of ZrIV and TiIV compounds with LOR


� in organic sol-
vents were reported to afford the bis(tripod) compounds
[(LOR)2M]2+ readily.[19–21] Half-sandwich [(LOR)MCl3] com-
pounds (M=Ti, Zr) were prepared by reaction of NaLOEt


with [CpZrCl3]
[20] or [Ti(OiPr)2Cl2]/HCl.[21] Previously, we


found that in aqueous media titanyl and zirconyl compounds
could be stabilized by LOEt


� , and the resulting LOEtM
IV(aq)


species abstract fluoride from HBF4 to give LOEtMF3.
[21] In


the absence of a fluoride-containing ligand, reaction of zir-
conyl nitrate with NaLOEt yielded tetranuclear
[(LOEt)4Zr4(m3-O)2(m-OH)4(H2O)2][NO3]4 that reacted with
[PO4]


3� to give trinuclear and tetranuclear m3-phosphato
cluster compounds.[22] This result demonstrates that it is pos-


sible to construct LOEtM
IV-based cluster compounds with


core structures similar to those of metal oxides by condensa-
tion of M4+(aq) with LOEt


� in the presence of appropriate
oxyanions in water. Herein, we report on the synthesis of di-
nuclear and trinuclear TiIV and ZrIV sulfato complexes sup-
ported by LOEt


� , the core structures of which are relevant to
the proposed sulfated zirconia active sites. A heterometallic
complex containing a Ti2Ru(m-O)3(m3-SO4) core has been
isolated and structurally characterized.


Results and Discussion


TiIV sulfato and triflato complexes : Treatment of titanyl sul-
fate in H2SO4 (60 mm ca. 60 mm) with one equivalent of
NaLOEt and Na2SO4 gave a yellow solution. Upon extraction
with CH2Cl2 and recrystallization from CH2Cl2–hexane, pale
yellow crystals identified as the sulfato-bridged complex
[(LOEtTi)2(m-O)2(m-SO4)] (2) were isolated (Scheme 1). When


the same reaction was carried out in more concentrated sul-
furic acid (>1m), the di-m-sulfato-bridged complex
[(LOEtTi)2(m-O)(m-SO4)2] (3) was obtained. The IR S=O
stretching frequencies for 2 and 3 of 1259 and 1281 cm�1, re-
spectively, are lower than that for [{Cp*3 Ti3Cl(m-O2SO2)}(m-
O)3] (1310 cm


�1).[17] The n1 vibrational mode[23] for the sulfa-
to ligand could not be assigned due to overlap with the in-
tense signals of the LOEt


� ligand in the 1000–1100 cm�1


region. Both 2 and 3 are air stable in organic solvents such
as CH2Cl2 and acetone, and are easily identified by their
characteristic 31P NMR spectra (in CDCl3, for 2 : d=119.0
(s) ppm; for 3 : d=119.4 (t), 125.8 (d) ppm). They could be
dissolved in water (solubility of ca. 10�5m at room tempera-
ture) to give acidic solutions. Addition of Ba(NO3)2 to 2 or
3 in water resulted in precipitation of BaSO4, indicating that
the sulfato ligands of these complexes dissociate in solution.
According to 31P NMR spectroscopy, 2 and 3 could be inter-
converted to each other in aqueous solution (Scheme 1).
Solutions of 3 in sulfuric acid at 0.5<pH<3.2 were found to


Scheme 1. Preparations of dinuclear Ti sulfato complexes 2 and 3.
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contain predominately 2 (d=123.9 (t), 131.5 (d) ppm).
When the pH was lowered to about 0.5, the conversion of 2
to 3 was found to occur (d=123.9 (d), 131.1 (t) ppm). At
pH>4, a new LOEtTi


IV species that exhibited a resonance at
d=122.5 ppm in the 31P NMR spectrum, which is identical
with that of tetranuclear 6 (vide infra), was found.
The solid-state structure of 2 is shown in Figure 1. The


structure of 2 consists of a Ti2(O)2 core with the average
Ti�O bond length (1.831(4) P) and Ti-O-Ti angle (95.3(2)8)


that are typical for Ti2O2 titanoxane compounds, for exam-
ple, [{Ti(acac)2}2(m-O)2] (Hacac=pentane-2,4-dione).[24] The
average Ti�O(SO4) distance of 1.986(4) P for 2 is similar to
that in [{Cp*3 Ti3Cl(m-O2SO2)}-
(m-O)3] (1.953(8) P).[17] The
average Ti�O(LOEt) bond
length of 2.036(5) P for 2 is
similar to that in LOEtTiCl3
(1.975(6) P).[21] Compound 3
has also been characterized by
X-ray diffraction (Figure 2).
Unlike [{LOEtTi(Cl4cat)}2(m-O)]
(Cl4catH2= tetrachlorocate-
chol)[21] compound 3 possesses
a bent Ti-O-Ti unit. While the
identity of 3 has been con-
firmed, its bond lengths and
angles have not been analyzed
given the high R values due to
the disorder of the structure.
Treatment of 2 with excess


triflic acid in CH2Cl2 afforded
the tris(triflato) complex [LOEt-
Ti(OTf)3] (4), which was isolat-


ed as an air-sensitive orange solid. Alternatively, 4 could be
prepared in good yield by the reaction of [LOEtTiCl3] or
[LOEtTi(iOPr)2Cl]


[21] with triflic acid. Complex 4 is soluble in
CH2Cl2 and THF but insoluble in Et2O and hexane.
The 19F NMR spectrum shows a singlet at d=�77.7 ppm
attributed to the triflato ligands. The structure of 4 is
shown in Figure 3. The geometry around Ti is pseudo-
octahedral with the average Ti�O(OTf) distance of
1.998(3) P that is similar to that in [{Ti(OtBu)(OTf)-


(H2O)}(m-O)(m-OTf)2] (Ti�OTf-
(terminal) 1.995 P).[25] The Ti�
O(LOEt) bonds in 4 (1.884(3) P)
are apparently shorter than
those in [LOEtTiCl3] (av
1.975(6) P) and [LOEtTiF3]
(2.020(2) P),[21] indicating the
weak trans influence of the tri-
flato ligands.


Heterometallic complexes :
Treatment of 2 with Ag(OTf) in
CH2Cl2 afforded the TiIV-AgI


complex [(LOEt)3Ti3(m-O)3(m3-
SO4){Ag(OTf)}][OTf] (5)
(Scheme 2). On the other hand,
sulfate abstraction of 2 by
Ba(NO3)2 in water resulted in
precipitation of BaSO4 and the
isolation of yellow crystals ana-
lyzed as tetranuclear [(LOEt)4-
Ti4O6]·1.5HNO3 (6).[26] A pre-
liminary X-ray diffraction study
revealed that 6 contains an ada-


mantane-like Ti4(m-O)6 core similar to that in [Cp*4 Ti4(m-
O)6].


[27] 31P NMR spectroscopy indicated that the AgI-in-
duced conversion of 2 to 5 in CDCl3 is a clean, rapid reac-


Figure 1. Molecular structure of 2. The ellipsoids are drawn at 30% probability level. Selected bond lengths
[P] and angles [8]: Ti�O(LOEt) 1.971(4)–2.118(4), Ti1�O7 1.797(4), Ti1�O8 1.845(4), Ti2�O7 1.862(4), Ti2�O8
1.819(4), Ti1�O71 1.994(4), Ti2�O72 1.977(4), Ti1�Ti2 2.7050(13), S1�O71 1.523(4), S1�O72 1.524(5), S1�O73
1.438(5), S1�O74 1.427(5); Ti1-O7-Ti2 95.3(2), Ti1-O8-Ti2 95.2(2), Ti1-O71-S1 127.6(3), Ti2-O72-S1 128.3(3).


Figure 2. Molecular structure of 3. The ellipsoids are drawn at 30% probability level.
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tion (<15 min). Although the mechanism for formation of 5
is not clear, it probably involves the combination of 2 with a
Ti triflato species, possibly [(LOEt)2Ti2(m-O)2(OTf)2]. Indeed,
treatment of 2 with 4 in CH2Cl2 afforded 5 as the major iso-
lated product. Thus, it appears that the conversion of unsa-
turated (LOEt)2Ti2O2 species to the Ti3(m-O)3(m3-SO4) core in
CH2Cl2 solution is a favorable, facile process. Complex 5 has
been characterized by X-ray crystallography. Transition-
metal complexes containing m3-SO4


2� ligands are rather un-
common.[28] To our knowledge, this is the first structurally
characterized Ti m3-sulfato complex. It may be noted that re-
action of [{Cp*TiCl(m-O)}3] with Ag2SO4 afforded a trinu-
clear complex [{Cp*3 Ti3(m-O2SO2)Cl}(m-O)3] containing a bi-
dentate bridging sulfato ligand.[17] The IR S=O stretching
frequency for the m3-SO4


2� group in 5 was determined to be
1265 cm�1, which is similar to those found for [Cr4(m4-O)(m3-
SO4)2(m-Cl)5Cl4]


3� (1268 and 1275 cm�1).[28a] The structure of
the cation [(LOEt)3Ti3(m-O)3(m3-SO4){Ag(OTf)}]+ in 5 con-
sists of a Ti3(m-O)3 core capped by a m3-SO4


2� ligand
(Figure 4). A similar Ti3O3 core was found in [{Cp*TiCl(m-


O)}3].
[29] However, unlike [{Cp*TiCl(m-O)}3], the six-mem-


bered Ti3O3 ring in 5 is nonplanar and has a pseudo-chair
conformation (Figure 5). In addition, the Ti�O bond lengths


in 5 are not equivalent (average short and long Ti�O distan-
ces of 1.795(3) and 1.891(3) P, respectively), indicative of
asymmetrical Ti=O�Ti bridges in the Ti3O3 ring. The Ag
atom was found to be disordered and was split in two sites,
Ag1A and Ag1B, with occupancies of 0.8 and 0.2, respec-
tively. The position of Ag1A is shown in Figure 4. The


Figure 3. Molecular structure of 4. The ellipsoids are drawn at 30% prob-
ability level. Selected bond lengths [P] and angles [8]: Ti1�O10 1.985(3),
Ti1�O20 2.005(3), Ti1�O30 2.005(3), Ti1�O7 1.878(3), Ti1�O8 1.888(3),
Ti1�O9 1.887(2); O10-Ti1-O30 84.35(11), O10-Ti1-O20 89.04(11), O30-
Ti1-O20 86.64(11).


Scheme 2. Preparations of trinuclear Ti suflato complexes 5 and 9.


Figure 4. Molecular structure of the cation [(LOEtTi)3(m-O)3(m3-SO4)-
(AgOTf)]+ in 5. The ellipsoids are drawn at 30% probability level.
Selected bond lengths [P] and angles [8]: Ti�O(LOEt) 1.974(3)–2.085(3),
Ti1�O12 1.891(3), Ti1�O13 1.785(3), Ti1�O14 2.014(3), Ti2�O12
1.800(3), Ti2�O16 2.005(3), Ti2�O23 1.887(3), Ti3�O13 1.895(3),
Ti3�O15 2.022(3), Ti3�O23 1.799(3), S1�O14 1.487(4), S1�O15 1.492(3),
S1�O16 1.495(3), S1�O17 1.413(3); Ti1-013-Ti3 136.8(2), Ti2-O12-Ti1
135.7(2), Ti3-O23-Ti2 136.6(2), S1-O14-Ti1 128.5(2), S1-O15-Ti3 127.9(2),
S1-O16-Ti2 128.2(2).


Figure 5. View of the Ti3O3 ring in 5 showing the chair conformation.
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Ag1A�O23 separation of 2.488(3) P suggests donor–accep-
tor-type interactions between the Ag and the m-oxo group.
The average Ti�O(m3-SO4) distance of 2.024(4) P is slightly
longer than the Ti�O(m-SO4) distances in 2. The S�Ot dis-
tance of 1.417(5) P in 5 is significantly shorter than the
S�O(Ti) distances (av 1.495(4) P), consistent with a S=O
double bond.
Chloride abstraction of [{Rh(cod)Cl}2] (cod=1,5-cyclooc-


tadiene) and [Re(CO)5Cl] with Ag(OTf) followed by treat-
ment with 2 afforded the bimetallic complexes [(LOEt)2-
Ti2(O)2(SO4){Rh(cod)}2][OTf]2 (7) and [(LOEt)2Ti2(O)2-
(SO4){Re(CO)3}][OTf] (8), respectively, which were charac-
terized by NMR spectroscopy and mass spectrometry. Un-
fortunately, despite several attempts, we have not been able
to obtain X-ray quality crystals to elucidate the coordination
modes of the {Rh(cod)} and {Re(CO)3} moieties for the two
compounds. It seems probable that the Rh and Re atoms
bind to the m-oxo group(s) in the Ti3O3 core. It may be
noted that bimetallic complexes [Cp*Ti3(m3-CR)(m3-
O)3{Mo(CO)3}] (R=H or Me), in which the fac-Mo(CO)3
moiety binds to the three m-oxo groups, have been isola-
ted.[15b]


Treatment of 1 with [Ru(tBu2bpy)(PPh3)2Cl2]
[30]


(tBu2bpy=4,4’-di-tert-butyl-2,2’-dipyridyl) in the presence of
two equivalents of Ag(OTf) in CH2Cl2 afforded a formally
TiIV–RuIV complex [{(LOEt)2Ti2(m-O)}(m3-SO4)(m-O)2{Ru-
(tBu2bpy)(PPh3)}][OTf]2 (9) (Scheme 2). Although the
mechanism for the formation of 9 has not been elucidated,
it seems likely that the rearrangement of the dinuclear
M2(m-O)2(m-SO4) to trinuclear M3(m-O)3(m3-SO4) core similar
to that of 5 is involved. The oxidation of RuII to RuIV was
probably caused by AgI and/or by a Ru disproportionation
reaction because 9 was isolated even if the synthesis and
workup were carried out under N2. The FAB mass spectrum
shows the parent ion peak at m/z 1944 corresponding to
[M�2OTf]+ . Compound 9 is paramagnetic with a measured
solid-state magnetic moment of about 2.4 mB at 298 K, which
is less than the spin-only value for two unpaired electrons.
The cyclic voltammogram of 9 exhibits a reversible couple
at about 0.04 V versus Cp2Fe


+ /0 (0.1m [nBu4N][PF6] in
CH2Cl2, glassy carbon electrode, scan rate=100 mVs�1) that
is tentatively assigned as the RuIV/RuIII couple because
RuIV/RuV couples for oxo-RuIV complexes with amine li-
gands are usually found at higher potentials (e.g. 1.39 V
versus Cp2Fe


+ /0 for trans-[Ru(py)4(O)Cl]+ (py=pyridine) in
MeCN[31]). However, additional evidence is needed to con-
firm this assignment. The solid-state structure of 9 has been
established by X-ray diffraction (Figure 6).
The dication [{(LOEt)2Ti2(m-O)}(m3-SO4)(m-O)2{Ru-


(tBu2bpy)(PPh3)}]
2+ contains a Ti2Ru(m-O)3 core that is


capped by a m3-SO4
2� ligand. Alternatively, this dication can


be viewed as a six-coordinate RuIV complex containing a di-
anionic, tridentate-fac-O,O,O(sulfato) [{(LOEt)2Ti2(m-O)}(m-
O)2(m3-SO4)]


2� ligand along with one tBu2bpy and one PPh3.
Related neutral, tridentate-O,O,O [Cp*3Ti(m3-CR)(m-O)]
(R=H or Me) metalloligands were found in heterometallic
cubane complexes [Cp*Ti3(m3-CR)(m3-O)3{Mo(CO)3}].


[15b]


The Ti�O(Ti) bond (1.719(6) P) is shorter than the Ti�
O(Ru) bonds (av 1.974 P), while the Ti-O-Ti angle
(130.8(3)o) is smaller than the Ti-O-Ru angles (av 139.4(3)o).
The long Ru�Ti separations (av 3.469 P) suggest the ab-
sence of direct Ti�Ru interactions. The Ru�O(Ti) distances
(av 1.974 P) are longer than the Ru�O(Ru) distances in
[(LOMe)2Ru2(H2O)2(m-O)2][OTf]2 (av 1.918 P).[32] The aver-
age Ru�N (2.049(7) P) and Ru�P (2.302(2) P) distances are
slightly shorter than those of the RuII compound [Ru(Me2b-
py)(PPh3)2(C�CtBu)Cl] (2.086 and 2.359 P, respectively).[30]


ZIV sulfato and triflato complexes : Treatment of zirconyl ni-
trate in ca. 3.5m sulfuric acid with NaLOEt in the presence of
excess Na2SO4 afforded [(LOEt)2Zr(NO3)][LOEtZr(NO3)2-
(SO4)] (10) (Scheme 3). Despite the high sulfate concentra-
tion in the reaction mixture, it was not possible to displace
all nitrato ligands from Zr. It may be noted that depending
upon experimental conditions reaction of zirconyl nitrate
with NaLOEt in nitric acid led to the isolation of [(LOEt)Zr-
(NO3)3], [(LOEt)2Zr(NO3)][NO3], or [(LOEt)4Zr4(m3-O)2(m-
OH)4(H2O)2][NO3]4.


[22] The 1H NMR spectrum of 10 shows
two Cp proton resonances at d=5.46 and 5.42 ppm, consis-
tent with the solid-state structure. The IR spectrum shows a


Figure 6. Molecular structure of the dication [{(LOEt)2Ti2(m-O)}(m3-SO4)-
(m-O)2{Ru(PPh3)(tBu2bpy)}]


2+ in 9. The ellipsoids are drawn at 30%
probability level. Ethyl groups in LOEt


� and phenyl ring in the PPh3 are
omitted for clarity. Selected bond lengths [P] and angles [8]: Ru1�N1
2.049(7), Ru1�N2 2.048(7), Ru1�O4 2.163(5), Ru1�O5 1.973(6), Ru1�O6
1.975(5), Ru1�P1 2.302(2), Ti�O(LOEt) 1.959(6)–2.103(6), Ti1�O3
2.029(6), Ti1�O5 1.732(5), Ti1�O7 2.009(6), Ti2�O2 2.032(6), Ti2�O6
1.719(6), Ti2�O7 2.040(6), S1�O1 1.431(6), S1�O2 1.488(6), S1�O3
1.491(6), S1�O4 1.485(6); O5-Ru1-P1 93.90(18), O6-Ru1-P1 91.45(17),
N2-Ru1-P1 95.9(2), N1-Ru1-P1 92.6(2), O4-Ru1-P1 174.98(17), Ti1-O5-
Ru1 138.5(3), Ti2-O6-Ru1 140.2(3), Ti1-O7-Ti2 130.8(3).


Scheme 3. Preparation of 10.
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peak at 1305 cm�1 that is assigned as the N=O stretch of the
chelating nitrato ligand. The S=O stretching frequency for
the chelating sulfato ligand was observed at 1248 cm�1. The
solid-state structures of the complex cation and anion in 10
are shown in Figure 7 and Figure 8, respectively. In the com-


plex cation [(LOEt)2Zr(NO3)]
+ , which is identical with that in


[(LOEt)2Zr(NO3)][NO3],
[22] the Zr is eight-coordinate and the


Zr�O(nitrato) distances are 2.340(3) and 2.399(4) P. In the
complex anion [LOEtZr(NO3)2(SO4)]


� , the nitrato ligands
bind to Zr in an asymmetrical, bidentate fashion (average


long and short Zr�O(nitrate) distances of 2.300(3) and
2.439(4) P, respectively), whereas a more symmetrical bind-
ing mode was found for the chelating sulfato group (Zr�O
distances of 2.164(4) and 2.232(3) P). The asymmetric, bi-
dentate binding mode for nitrato ligands is well documented
and is attributed to the strain in the four-membered MO2N
ring.[33] The Zr�O(LOEt) distances in 10 in the range of
2.099(3) to 2.177(3) P are comparable to those in
[(LOEt)4Zr4(m3-O)2(m-OH)4(H2O)2][NO3]4.


[22]


To prepare a nitrate-free LOEtZr sulfato complex, ZrCl4
was treated with NaLOEt in sulfuric acid (ca. 1.8m). Upon ex-
traction with CH2Cl2 and recrystallization from CH2Cl2–
hexane, yellow crystals of the sulfato-bridged dinuclear com-
plex [{LOEtZr(SO4)(H2O)}2(m-SO4)]·5H2O (11·5H2O) were
isolated (Scheme 4). The IR spectrum of 11 shows the S=O


band at 1274 cm�1. However, we were not able to determine
whether this band is due to the chelate or bridging sulfato
ligand. It may be noted that the symmetric O=S=O vibra-
tion for bidentate sulfate species on zirconia surfaces was
observed in the range 1150–1250 cm�1.[6] Complex 11 is air
stable in CH2Cl2 but is somewhat hydroscopic in the solid
state. In aqueous solution at pH 4, 11 shows a similar
31P NMR spectrum to that of [(LOEt)4Zr4(m3-O)2(m-
OH)4(H2O)2][NO3]4 (d=121.9 ppm),[22] suggesting that 11
hydrolyzed to tetranuclear [(LOEt)4Zr4(m3-O)2(m-
OH)4(H2O)2]


4+ , which appears to be the most stable
LOEtZr


IV species in weakly acidic solution. The solid-state
structure of 11·5H2O consists of two [LOEtZr(SO4)(H2O)]+


moieties bridged by a bidentate SO4
2� ligand (Figure 9). The


Zr�O distances for the bridging sulfato ligand (av
2.055(8) P) are shorter than those for the chelate sulfato li-
gands (av 2.179 (8) P), which are similar to those in 10. The
assignment of the oxygen atoms O14 and O19 as aqua li-
gands is consistent with the charge balance for the complex.
The Zr�O(aqua) distances (av 2.217(8) P) are comparable
to those in [(LOEt)4Zr4(m3-O)2(m-OH)4(H2O)2][NO3]4
(2.207(7) P)[22] and [ZrF4(Me2SO)(H2O)2] (2.220(2) P),[34]


Figure 7. Molecular structure of the cation [(LOEt)2Zr(NO3)]
+ in 10. The


ellipsoids are drawn at 30% probability level. Selected bond lengths [P]
and angles [8]: Zr2�O(LOEt) 2.099(3)–2.177(3) , Zr2�O41 2.340(3), Zr2�
O42 2.399(4), O41�N3 1.269(6), O42�N3 1.281(5); O43-N3 1.202(5),
O41-Zr2-O42 53.87(12).


Figure 8. Molecular structure of the anion [(LOEt)Zr(NO3)2(SO4)]
� in 10.


The ellipsoids are drawn at 30% probability level. Selected bond lengths
[P] and angles [8]: Zr1�O(LOEt) 2.114(3)–2.175(4), Zr1�O31 2.300(3),
Zr1�O32 2.439(4), Zr1�O34 2.403(4), Zr1�O35 2.294(4), Zr1�O37
2.232(3), Zr1�O38 2.164(4), O31�N1 1.289(6), O32�N1 1.269(6), O33�
N1 1.219(5), O35�N2 1.292(6), O36�N2 1.205(6), S1�O37 1.499(4), S1�
O38 1.521(4), S1�O39 1.437(4), S1�O40 1.438(4); O31-Zr1-O32
53.98(13), O35-Zr1-O34 54.04(13), O38-Zr1-O37 62.77(13).


Scheme 4. Preparations of dinuclear and trinuclear Zr sulfato complexes.
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but longer than typical terminal Zr�OH distances (e.g. 2.124
and 2.152 P in [Zr(OH)2(CrO4)].


[35]


In an attempt to prepare a Zr analogue of 4, 11 in CH2Cl2
was treated with triflic acid. However, instead of the triflato
complex, the bis(tripod) complex [(LOEt)2Zr][OTf]2 (12) was
isolated. Sulfate abstraction of 11 with Ag(OTf) in CH2Cl2
afforded a mixture of 12 and the trinuclear sulfato complex
[{LOEtZr(H2O)(SO4)}3(m3-SO4)][OTf] (13) (Scheme 4). The
IR S=O bands for the sulfato ligands and triflate ion were
observed at 1261 and 1290 cm�1, respectively. Compound 13
has been unambiguously characterized by an X-ray diffrac-
tion study. The structure of the cation [{LOEtZr(H2O)-
(SO4)}3(m3-SO4)]


+ in 13, which consists of three [LOEtZr-
(SO4)(H2O)]+ cationic moieties bridged by a tridentate
SO4


2� ligand, is shown in Figure 10. While the identity of the
trinuclear core in 13 has been confirmed, its bond lengths
and angles have not been analyzed given the high R values
due to the disorder of the structure.
Finally, it was found that the triflato compound [LOEtZr-


(OTf)3] (14) could be synthesized by reaction of
[LOEtZrF3]


[21] with Me3SiOTf in CH2Cl2, a method that has
been used for the preparation of [Cp*2 Zr(OTf)2].


[36] The 19F
resonance for the triflato ligands in 14 (d=�78.5 ppm) is
similar to that for 4 but more upfield than that for
[Cp*2Zr(OTf)2] (d=�75.8 ppm).[36] Like other TiIV and ZrIV


triflato compounds, 4 and 14 are Lewis acidic and can cata-
lyze organic reactions. For example, in the presence of 0.5
mol% of 4, 1,3-cyclohexadiene reacted with acrolein in
30 min to afford the Diels–Alder product in 83% yield and
an endo :exo ratio of about 95:5 (Scheme 5). A slightly lower
yield was found for the Zr catalyst 14 (68% yield, endo :exo
ratio of ca. 90:10). The reactivity and selectivity of the LOEt-
based catalysts are comparable to those for the metallocene
analogues [Cp2M(OTf)2].


[37] Efforts are being made to ex-


plore other catalytic activity of the Ti and Zr triflato com-
plexes.


Conclusion


In summary, we have synthesized and structurally character-
ized dinuclear and trinuclear TiIV and ZrIV compounds con-
taining chelating and bridging sulfato ligands in oxygen-only
coordination environments. The core structures of these
compounds are relevant to the proposed models of sulfated
zirconia active sites. We found that the in aqueous solution,
the [Ti2(m-O)2(m-SO4)] and [Ti2(m-O)(m-SO4)2] cores could be
interconverted to each other. In CH2Cl2 solution, facile
Ag(OTf)-induced conversion of bidentate to tridentate sul-
fato ligand in the Ti and Zr sulfato complexes, that is, the
[Ti2(m-O)2(m-SO4)]![Ti3(m-O)3(m3-SO4)] and [Zr2(SO4)2(m-
SO4)]![Zr3(SO4)3(m3-SO4)] conversions, was observed. It
may be noted that the change in binding mode from biden-
tate to tridentate has been suggested to occur for the surface
sulfato group when the calcination temperature of sulfated
zirconia is increased from 673 to 923 K.[6a,8] The TiIV sulfato
compound 2 can serve as a building block for heterometallic
sulfato-bridged compounds. In the Ru/Ti compound 9, the


Figure 9. Molecular structure of 11. The ellipsoids are drawn at 25%
probability level. Selected bond lengths [P] and angles [8]: Zr�O(LOEt)
2.076(7)–2.146(7), Zr�O(bridging sulfate) 2.151(7)–2.210(7), Zr1�O14
2.248(8), Zr1�O15 2.063(8), Zr2�O18 2.047(8), Zr2�O19 2.187(7), S�
O(Zr) (chelate) 1.495(8)–1.517(8), S�Ot (chelate) 1.412(9)–1.451(8), S2�
O15 1.489(9), S2�O16 1.423(9), S2�O17 1.419(9), S2�O18 1.486(8); O11-
Zr1-O10 63.9(3), O30-Zr2-O29 53.4(3), S2-O15-Zr1 152.7(5), S2-O18-Zr2
168.2(5). Figure 10. Molecular structure of the cation [{LOEtZr(SO4)(H2O)}3(m3-


SO4)]
+ in 13.


Scheme 5. Ti- and Zr-catalyzed Diels–Alder reaction.
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Ti2O2(m-SO4) core acts as a tridentate, dianionic ligand that
binds to Ru in a fac-O,O,O(SO4) fashion. Whether such a
binding mode may play a role in bifunctional M/sulfated zir-
conia catalysts is not clear. In addition, we found that the
triflato complexes 4 and 14 are Lewis acidic and capable of
catalyzing organic reactions such as the Diels–Alder reac-
tion. Thus, it may be possible to model zirconia-based acid-
catalyzed reactions using oxygen-rich LOEt–Ti and LOEt–Zr
complexes. Currently, efforts are being made to investigate
the interactions between transition metal alkyls and hy-
drides and LOEt–Ti and LOEt–Zr sulfato compounds, which
may provide insight into mechanisms of organometallic re-
actions occurring on sulfated zironia surfaces.


Experimental Section


General procedures : Unless otherwise stated, all reactions were carried
out in air. NMR spectra were recorded on a Bruker ALX 300 spectrome-
ter operating at 300, 75, 282.5, and 121.5 MHz for 1H, 13C, 19F, and 31P, re-
spectively. Chemical shifts (d, ppm) were reported with reference to
SiMe4 (


1H and 13C), CF3C6H5 (
19F), and 85% H3PO4 (


31P). Infrared spec-
tra (KBr) were recorded on a Perkin-Elmer 16 PC FT-IR spectrophotom-
eter and mass spectra on a Finnigan TSQ 7000 (FAB) and Applied Bio-
system QSTAR (ESI) spectrometer. Elemental analyses were performed
by Medac Ltd, Surrey, UK.


The ligand NaLOEt,
[38] [{Rh(cod)Cl}2],


[39] [Ru(tBu2bpy)(PPh3)2Cl2],
[30] and


[LOEtZrF3]
[21] were prepared according to literature methods. Titanyl sul-


fate (~15 wt% in dilute sulfuric acid) and zirconyl nitrate (~35 wt% in
dilute nitric acid) were obtained from Aldrich and used as received. A
stock solution of titanyl sulfate in sulfuric acid ([Ti]~0.13m) was freshly
prepared by diluting commercial titanyl sulfate (Aldrich; 1 mL) with dis-
tilled water (9 mL) and used for the following preparations.


[(LOEtTi)2(m-O)2(m-SO4)] (2): To the stock solution of titanyl sulfate
(1.0 mL, 0.095 mmol) were added water (7 mL) and NaLOEt (48 mg,
0.086 mmol) in water (3 mL). The mixture was stirred at room tempera-
ture for 10 min and Na2SO4 (60 mg, 0.423 mmol) in water (1 mL) was
added. The resulting solution was stirred for 2 h, extracted with CH2Cl2
(2S10 mL), and dried with anhydrous Na2SO4. The solvent was removed
in vacuo and the residue was recrystallized from acetone–hexane to
afford yellow crystals that were suitable for X-ray analysis. Yield: 56 mg
(50%). 1H NMR (300 MHz, [D6]acetone, 25 8C, TMS): d=1.43 (t,
J(H,H)=7 Hz, 36H; CH3), 4.28 (m, 24H; OCH2), 5.30 ppm (s, 10H;
Cp); 31P {1H} NMR (121.5 MHz, [D6]acetone, 25 8C, H3PO4): d=


119.3 ppm (m); 31P {1H} NMR (121.5 MHz, CDCl3, 25 8C, H3PO4): d=
119.0 ppm (m); 31P {1H} NMR (121.5 MHz, D2O, pD ~0.5, 25 8C, H3PO4):
d=123.2 (d, J(P,P)=1.3 Hz), 131.1 ppm (t, J(P,P)=1.2 Hz); IR (KBr):
ñ=1259 cm�1 (S=O); MS (FAB): m/z : 1294 [M]+ ; elemental analysis
calcd (%) for C34H70Co2O24P6STi2: C 31.5, H 5.45; found: C 31.5, H 5.41.


[(LOEt)2Ti2(m-SO4)2(m-O)] (3): To the titanyl sulfate stock solution
(0.64 mL, 0.06 mmol) were added 10% H2SO4 (10 mL) and NaLOEt


(30 mg, 0.054 mmol) in water (3 mL). The mixture was stirred for 5 min
and concentrated H2SO4 (0.48 g) was added. The resulting solution was
stirred for 2 h, extracted with CH2Cl2 (2S10 mL), and dried over anhy-
drous Na2SO4. The solvent was removed in vacuo. Recrystallization from
THF–hexane afforded yellow crystals, which were suitable for X-ray
analysis. Yield: 36 mg (48%). 1H NMR (300 MHz, [D6]acetone, 25 8C,
TMS): d=1.50 (t, J(H,H)=7 Hz, 36H; CH3), 4.28–4.44 (m, 24H; OCH2),
5.38 ppm (s, 10H; Cp); 31P {1H} NMR (121.5 MHz, [D6]acetone, 25 8C,
H3PO4): d=120.6 (t, J(P,P)=1.3 Hz), 125.9 ppm (d, J(P,P)=1.3 Hz); 31P
{1H} NMR (121.5 MHz, CDCl3, 25 8C, H3PO4): d=119.4 (t, J(P,P)=
1.1 Hz), 125.8 ppm (d, J(P,P)=1.1 Hz); 31P {1H} NMR (121.5 MHz, D2O,
pD ~0.5, 25 8C, H3PO4): d=124.5 (t, J(P,P)=1 Hz), 131.5 ppm (d,
J(P,P)=1 Hz); IR (KBr): ñ=1281 cm�1 (S=O); elemental analysis calcd


(%) for C34H70Co2O27P6S2Ti2·CH2Cl2: C 28.0H, 4.83; found: C 27.8, H
4.75.


[LOEtTi(OTf)3] (4): To a solution of 2 (40 mg, 0.03 mmol) in CH2Cl2
(10 mL) at �40 8C was added triflic acid (0.05 mL) under nitrogen. The
reaction mixture was slowly warmed to room temperature at which it
was stirred for 2 h. To the resulting orange solution was added Et2O/
hexane (1:1) until an orange precipitate was formed. The solid was col-
lected and recrystallized from CH2Cl2–Et2O–hexane under nitrogen to
give orange crystals that were suitable for X-ray diffraction. Yield: 31 mg
(48%). 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=1.39 (t, J(H,H)=
7 Hz, 18H; CH3), 4.33–4.43 (m, 12H; CH2), 5.34 ppm (s, 5H; Cp); 19F
{1H} NMR (282.5 MHz, CDCl3, 25 8C, CF3C6H5): d=�77.7 ppm (s);31P
{1H} NMR (121.5 MHz, CDCl3, 25 8C, H3PO4): d=134.0 ppm (s); elemen-
tal analysis calcd (%) for C20H35CoF9O18P3S3Ti: C 23.3, H 3.39; found: C
23.4, H 3.49.


[(LOEt)3Ti3(m-O)3(m3-SO4){Ag(OTf)}][OTf] (5): To a solution of 2 (76 mg,
0.06 mmol) in CH2Cl2 (10 mL) was added AgOTf (60 mg, 0.23 mmol),
and the mixture was stirred at room temperature for 2 h. The volatiles
were removed in vacuo and the residue was extracted into toluene. Re-
crystallization from THF–hexane afforded pale yellow crystals that were
suitable for X-ray diffraction. Yield: 27 mg (30%). 1H NMR (300 MHz,
CDCl3, 25 8C, TMS): d=1.31 (t, J(H,H)=7 Hz, 54H; CH3), 3.90–4.04 (m,
6H; CH2), 4.05–4.20 (m; 24H, CH2), 4.21–4.38 (m, 6H; CH2), 5.10 ppm
(s, 15H; Cp); 19F {1H} NMR (282.5 MHz, CDCl3, 25 8C, CF3C6H5): d=
�78.2 ppm (s); 31P {1H} NMR (121.5 MHz, CDCl3, 25 8C, H3PO4): d=
120.9 (d, J(P,P)=1.2 Hz), 129.2 ppm (t, J(P,P)=1.2 Hz); MS (FAB): m/z :
2044 [M�AgOTf]+ , 1894 [M�AgOTf�OTf]+ ; IR (KBr): ñ=1263 cm�1


(S=O); elemental analysis calcd (%) for C53H105AgCo3F6O40P9S3Ti3: C
27.6, H 4.60; found: C 27.8, H 4.75.


[(LOEtTi)4(m-O)6]·1.5HNO3 (6·1.5HNO3): Ba(NO3)2 (11.4 mg,
0.044 mmol) in water (4 mL) was added dropwise to an aqueous solution
(30 mL) of 2 (30 mg, 0.022 mmol), and the mixture was stirred in air at
room temperature for 30 min. The solution was filtered, extracted into
CH2Cl2, and evaporated to dryness. Recrystallization from CH2Cl2–hex-
anes gave yellow crystals. Yield: 13 mg (25%). 1H NMR (300 MHz,
CDCl3, 25 8C, TMS): d 1.28 (t, J(H,H)=9 Hz), 72H; CH3), 3.93–4.23 (m,
48H; OCH2), 5.08 ppm (s, 20H; Cp); 31P {1H} NMR (121.5 MHz, CDCl3,
25 8C, TMS): d 122.5 ppm (s); elemental analysis calcd (%) for
C68H140Co4O42P12Ti4·1.5HNO3·2H2O: C 31.0, H 5.88, N 0.80; found: C
30.78, H 5.58, N 0.77; MS (ESI): m/z : 1214.966 [M + 1]2+ .


[(LOEtTi)2(O)2(SO4){Rh(cod)}2][OTf]2 (7): A mixture of 2 (30 mg,
0.022 mmol), [{Rh(cod)Cl}2] (9.8 mg, 0.010 mmol), and AgOTf (10.2 mg,
0.020 mmol) in CH2Cl2 (5 mL) was stirred for at room temperature under
nitrogen for 4 h and filtered. The orange filtrate was layered with hexane
overnight to give orange needles. Yield: 15 mg (75%). 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=1.22 (m, 8H; cod), 1.35 (m, 36H;
CH3), 1.64 (d, J(H,H)=7.8 Hz, 4H; cod), 2.36 (m, 4H; cod), 4.01 (m,
8H; cod), 4.19 (m, 24H; CH2), 5.24 ppm (s, 10H; Cp); 19F {1H} NMR
(282.5 MHz, CDCl3, 25 8C, CF3C6H5): d=�78.5 ppm (s); 31P {1H} NMR
(121.5 MHz, CDCl3, 25 8C, H3PO4): d=122.0 pm (m); IR (KBr): ñ=1275,
1265 cm�1 (S=O); elemental analysis calcd (%) for C52H94Co2-
F6O30P6Rh2S3Ti2: C 31.0, H 4.70; found: C 30.9, H 5.21.


[(LOEtTi)2(O)2(SO4){Re(CO)3][OTf] (8): To solution of [Re(CO)5Cl]
(59 mg, 0.16 mmol) in CH2Cl2 (5 mL) was added AgOTf (46.6 mg,
0.18 mmol) under nitrogen, and the mixture was stirred for 2 h and fil-
tered. To the filtrate was added 2 (109 mg, 0.08 mmol) and resulting so-
lution was stirred at room temperature under nitrogen for three days.
The volatiles were pumped off and the residue was extracted into Et2O.
Recrystallization from Et2O–hexane afforded yellowish orange needles.
Yield: 89.0 mg (63%). 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=1.34
(t, 18H; CH3), 4.27 (m, 12H; CH2), 5.25 ppm (s, 5H; Cp); 19F {1H} NMR
(282.5 MHz, CDCl3, 25 8C, CF3C6H5): d=�79.4 ppm (s); 31P {1H} NMR
(121.5 MHz, CDCl3, 25 8C, H3PO4): d=119.4 (br. s), 125.6 (br. s),
128.2 ppm (d); IR (KBr): ñ=2025 cm�1 (C=O), 1278, 1294 cm�1 (S=O);
MS (FAB): m/z : 1566 [M�OTf + 1]+.


[{(LOEt)2Ti2(m-O)}(m3-SO4)(m-O)2{Ru(tBu2bpy)(PPh3)}][OTf]2 (9): A mix-
ture of [Ru(tBu2bpy)(PPh3)2Cl2] (29.3 mg, 0.04 mmol) and AgOTf
(40.0 mg, 0.16 mmol) in CH2Cl2 (20 mL) was stirred at room temperature
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under nitrogen for 1 h and filtered. To the filtrate was added 2 (77.9 mg,
0.06 mmol) and the brown mixture was stirred overnight and evaporated
to dryness. Recrystallization from CH2Cl2–hexane afforded reddish
brown needles that were suitable for X-ray analysis. Yield: 49 mg (50%).
meff (solid, 25 8C)=2.40 mB; IR (KBr): ñ=1271 cm�1 (S=O); MS (FAB):
m/z : 1944 [M�2OTf]+ ; E1/2 (0.1m [nBu4N][PF6] in CH2Cl2, glassy carbon
electrode, scan rate=100 mVs�1)=++0.04 V versus Cp2Fe


+ /0 ; elemental
analysis calcd (%) for C72H109N2O31P7S3F6Co2Ti2Ru·4H2O: C 37.4, H
5.10, N 1.21; found: C 37.8, H 5.12, N 1.17.


[(LOEt)2Zr(NO3)][(LOEt)Zr(NO3)2(SO4)] (10): To zirconyl nitrate (0.7 mL
of a 3.5 wt% solution, Aldrich, 0.107 mmol) was added H2SO4 (20%,
10 mL) and NaLOEt (53 mg, 0.095 mmol) in water (3 mL) and the reaction
mixture was stirred at room temperature for 10 min. The solution was ex-
tracted into CH2Cl2, dried over anhydrous Na2SO4, and evaporated to
dryness. Recrystallization from acetone-hexane afforded yellow crystals
that were suitable for X-ray analysis. Yield: 40 mg (41%). 1H NMR
(300 MHz, [D6]acetone, 25 8C, TMS): d=1.46 (t, J(H,H)=7 Hz, 54H;
CH3), 4.31 (m, 36H; CH2), 5.42 (s, 5H; Cp), 5.46 ppm (s, 10H; Cp); 31P
{1H} NMR (121.5 MHz, [D6]acetone, 25 8C, H3PO4): d=120.9 (m),
122.4 ppm (m); IR (KBr): ñ=1248 cm�1 (S=O); elemental analysis calcd
(%) for C51H105N3Co3O40P9SZr2·CH2Cl2·5H2O: C 27.9, H 5.25, N 1.87;
found: C 28.4, H 5.17, N 1.47.


[LOEtZr(H2O)(SO4)]2(m-SO4)·5H2O (11·5H2O): A stock solution of “zir-
conyl sulfate” in H2SO4 was prepared by dissolving ZrCl4 (0.5 g) in 10%
H2SO4 (10 mL). To the “zirconyl sulfate” stock solution (0.5 mL, [Zr]
~0.1 mmol) was added NaLOEt (48 mg, 0.086 mmol) in water (20 mL),
and the mixture was stirred at room temperature for 5 min. Then concen-
trated H2SO4 (0.5 mL) was added and the solution was stirred for 2 h and
extracted with CH2Cl2. The organic layer was dried over Na2SO4 and
evaporated to dryness. Recrystallization from THF–hexane afforded
yellow blocks suitable for X-ray crystallography. 1H NMR (300 MHz,
[D6]acetone, 25 8C, TMS): d=1.44 (t, J(H,H)=7 Hz, 36H; CH3), 4.37 (m,
24H; CH2), 5.40 ppm (s, 10H; Cp); 31P {1H} NMR (121.5 MHz, [D6]ace-
tone, 25 8C, H3PO4):d=121.1 ppm (m); IR (KBr): ñ=1274 cm�1 (S=O);
elemental analysis calcd (%) for C34H72Cl2Co2O30P6S3Zr2·2(Me2CO)·5-
H2O: C 26.9H, 5.43; found: C 26.8, H
5.79.


[(LOEt)2Zr][OTf]2 (12): To a solution
of 11·5H2O (43 mg, 0.025 mmol) in
CH2Cl2 (20 mL) was added triflic acid
(0.05 mL) at �78 8C under nitrogen.
The mixture was slowly warmed to
room temperature and stirred for 1 h.
The volatiles were pumped off and the
residue washed with hexane. Recrys-
tallization from CH2Cl2–hexane af-
forded yellow crystals. Yield: 11 mg
(30%). 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d=1.35 (t, J(H,H)=
7 Hz, 36H; CH3), 4.16 (m, 24H; CH2),
5.31 ppm (s, 10H; Cp); 31P {1H} NMR
(121.5 MHz, CDCl3, 25 8C, H3PO4):
d=124.5 ppm (m); MS (FAB): m/z :
1160 [M�2OTf]+ .


Reaction of 11·5H2O with Ag(OTf):
To 11·5H2O (48.8 mg, 0.029 mmol) in
CH2Cl2 at 0 8C was added two equiva-
lents of Ag(OTf), and the mixture was
stirred at room temperature for 1 h.
After filtration and extraction with
CH2Cl2, an inseparable mixture of 12
and [{LOEtZr(SO4)(H2O)}3(m3-SO4)]
[OTf] (13) (in 3:2 ratio, according to
NMR spectroscopy) was isolated. Re-
crystallization from CH2Cl2–hexane
gave a small amount of single crystals
of 13 that were subjected to an X-ray
diffraction study. Spectroscopic data


for 13 : 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=1.29 (t, J(H,H)=
7 Hz, 54H; CH3), 4.18 (m, 36H; CH2), 5.42 ppm (s, 15H; Cp); 31P {1H}
NMR (121.5 MHz, CDCl3, 25 8C, H3PO4): d=122.4 ppm (m); IR (KBr):
ñ=1261, 1290 cm�1 (S=O).


[LOEtZr(OTf)3] (14): To a solution (8 mL) of [LOEtZrF3] (80 mg,
0.117 mmol) in CH2Cl2 in a flame-dried Schlenk was added Me3SiOTf
(70 mL, 0.39 mmol) under nitrogen, and the mixture was stirred at room
temperature. The reaction was complete in about 2 h according to 19F
and 31P NMR spectroscopy (d=�175.4 and 121.5 ppm, respectively). The
volatiles were pumped off and the residue washed with hexanes. Recrys-
tallization from THF–hexane gave a yellow crystalline solid. Yield: 75 mg
(60%). 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d 1.37 (t, J(H,H)=
7 Hz, 18H, CH3), 4.17 (m, 12H, OCH2), 5.34 ppm (s, 5H, C5H5);


31P {1H}
NMR (121.5 MHz, CDCl3, 25 8C, H3PO4), d 127.7 ppm (m); 19F {1H}
NMR (282.5 MHz, CDCl3, 25 8C, CF3C6H5): d �78.5 ppm (s); elemental
analysis calcd (%) for C20H35CoF9O18P3S3Zr·C4H10O·0.5C6H14·4H2O: C
25.7, H 4.64; found: C 25.7, H 4.76.


Catalytic Diels–Alder reaction of acrolein with 1,3-cyclohexadiene : To a
solution of 4 or 14 (2.4 mol) in CH2Cl2 (1 mL) were added successively
acrolein (32 mL, 0.48 mmol) and 1,3-cyclohexadiene (40 mL, 0.48 mmol)
under nitrogen, and the mixture was stirred at room temperature for
30 min. The organic products were analyzed by GLC with a HP-1
column and quantified by internal standard method.


X-ray crystallography : Crystal data collection and refinement are sum-
marized in Table 1 and Table 2. Preliminary examinations and intensity
data collection were carried out on a Bruker SMART-APEX 1000 area-
detector diffractometer using graphite-monochromated MoKa radiation
(l=0.70173 P). The collected frames were processed with the software
SAINT.[40] The data was corrected for absorption using the program
SADABS.[41] Structures were solved by direct methods and refined by
full-matrix least-squares on F2 using the SHELXTL software package.[42]


Unless stated otherwise, non-hydrogen atoms were refined with aniso-
tropic displacement parameters. Carbon-bonded hydrogen atoms were in-
cluded in calculated positions and refined in the riding mode using


Table 1. Crystallographic data and experimental details for [{LOEtTi}2(m-O)2(m-SO4)]·1.5H2O (2·1.5H2O),
[{LOEtTi}2(m-O)(m-SO4)2]·1.5H2O (3·1.5H2O), [LOEtTi(OTf)3] (4) and [{LOEtTi}3(m-O)3(m3-SO4){AgOTf}][OTf]
(5).


2·1.5H2O 3·1.5H2O 4 5


formula C34H74Co2 C34H74Co2O28.5 C20H35CoF9O18 C53H105Ag
O25.5P6STi2 P6STi2 P3S3Ti Co3FO40P9S3


Mr 1330.47 1410.53 1030.40 2299.64
a [P] 10.1917(5) 14.4929(5) 11.849(2) 16.511(1)
b [P] 18.3201(9) 19.3251(7) 17.180(3) 16.587(1)
c [P] 15.2348(8) 23.3879(8) 19.180(4) 20.239(1)
a [o] 90 90 90 86.440(1)
b [o] 106.583(1) 90 95.00(3) 68.192(1)
g [o] 90 90 90 61.172(1)
V [P3] 2726.2(2) 6550.4(4) 3889.5(13) 4461.7(5)
Z 2 4 4 2
crystal system monoclinic orthorhombic monoclinic triclinic
space group P21 P212 121 P21/n P1̄
1calcd [gcm


�3] 1.621 1.430 1.760 1.712
T [K] 100(2) 100(2) 100(2) 100(2)
m [mm�1] 1.175 0.964 1.028 1.342
F(000) 1380 2598 2088 2348
no. of refln 16818 34450 18601 39753
no. of 10273 11476 6677 15008
indep.
Rint 0.0238 0.0577 0.0797 0.0426
R1, wR2 0.0715, 0.0932, 0.0479 0.0465,
(I>2.0s(I)) 0.1773 0.2474 0.0610 0.1073
R1, wR2 0.0833, 0.1508, 0.0538, 0.0695,
(all data) 0.1889 0.2898 0.0669 0.1137
GoF on F2 [a] 1.012 1.054 0.957 1.042


[a] GoF= [(�w jFo j� jFc j )2/(Nobs�Nparam)]
1/2.
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SHELXL97 default parameters. In 2·1.5H2O, 3·1.5H2O, 5, 9, and
11·5H2O, some of the ethoxy groups in the LOEt


� ligands were disordered.
In 1·1.5H2O, the phosphorus atoms in one LOEt


� ligand were found to be
disordered and the two sites were refined with occupancies 0.8 and 0.2.
In 5, the disordered Ag atom was refined with two sites Ag1A and
Ag1B with occupancies of 0.8 and 0.2, respectively. Both the triflato
ligand and triflate anion were also found to be disordered. The triflato
ligand was refined with the carbon atom split into three sites C1A,
C1B, and C1C with occupancies of 0.6, 0.25, and 0.15, respectively. In 9
and 13·1.5H2O, the triflate anions are disordered and were refined
isotropically. CCDC-242961 (2·1.5H2O), CCDC-242962 (3·1.5H2O),
CCDC-242963 (4), CCDC-242964 (5), CCDC-242965 (9), CCDC-242966
(10·Me2CO)), CCDC-242967 (11·5H2O), and CCDC-242968 (13·1.5H2O)
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge via www.ccdc.cam.ac.
uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-
033; or deposit@ccdc.cam.ac.uk).
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Preparation and Redox Properties of N,N,N-1,3,5-Trialkylated Flavin
Derivatives and Their Activity as Redox Catalysts


Auri A. Lind"n, Nina Hermanns, Sascha Ott, Lars Kr)ger, and Jan-E. B.ckvall*[a]


Introduction


Flavins have proven to be efficient mediators in a range of
oxidation reactions. The chemical processes that use flavin
catalysts mimic enzymatic processes mainly performed by
Baeyer–Villiger monooxygenases (BVMOs).[1] In particular
the cyclohexanone monooxygenase,[2] cyclopentanone mono-
oxygenase,[3] and 4-hydroxyacetophenone monooxygenase[4]


catalyze the oxidation of organic sulfides to sulfoxides as
well as Baeyer–Villiger oxidations.[1] Also monoamine oxy-
genases that catalyze oxidative deamination are dependent
on a flavin co-factor.[5]


The first example of the participation of a flavin in stoi-
chiometric amounts in the oxidation of organic substrates
was provided by Mager and co-workers[6] in a reaction of
phenylalanine with dihydroalloxazine in the presence of O2


and H2O2 almost four decades ago. Bruice and co-workers
later reported on the oxidations of aldehydes,[7] sulfides,[8]


and tertiary amines[9] by stoichiometric 4a-hydroperoxy-5-
alkyl-3-methyllumiflavins. The latter group also studied
monooxygen donation to iodide, tertiary amines, and sul-
fides[10] from the 4a-hydroperoxy-5-ethyl-3-methyllumiflavin
and its analogues. In the same article they reported on the
monooxygen donation potentials of 4a-hydroperoxyflavins


relative to those of percarboxylic acids and other hydroper-
oxides.[10]


The catalytic use of flavins is still quite limited, but exam-
ples of catalytic oxidations of secondary amines to ni-
trones,[11] tertiary amines to N-oxides,[12] and sulfides to sulf-
oxides[13] by hydrogen peroxide as stoichiometric oxidant
have been reported. Flavins have also been employed as cat-
alysts in Baeyer–Villiger oxidations of activated ketones[14]


and in the dihydroxylation of alkenes as part of the biomim-
etic triple catalytic oxidation system.[15] Recently, Murahashi
et al. reported on the flavin-catalyzed oxidation of sulfides
and amines with molecular oxygen as terminal oxidant.[16]


To fully understand the mechanism of flavin-catalyzed ox-
idations and to be able to modify and design efficient flavins
for oxidation reactions, an intimate knowledge of their
chemical and electronic properties is highly desira-
ble.[7,8a, 9,10,17] The substituent effect on chemical properties
and redox potentials of a range of flavins has been studied
by a number of groups.[18] Our group has previously studied
the reactivity of different flavins as catalysts in oxidation of
sulfides and tertiary amines.[13a]


A very stable and efficient flavin catalyst 1, alkylated at
the 1-, 3-, and 5-positions, was discovered by our group.[12]


Mager and co-workers had previously reported on the au-
toxidative behavior of a similarly substituted dihydrofla-
vin.[17a] It was found that not only is 1 more robust than any
of the previously reported flavins, it also has superior cata-
lytic activity.


Since then, this catalyst has been successfully applied in
oxidations of tertiary amines to N-oxides[12,13a,15] and sulfides
to sulfoxides (Scheme 1).[13] It has also been successfully in-
corporated into the osmium-catalyzed dihydroxylation of
olefins resulting in an efficient and environmentally friendly,
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Abstract: Eight different flavin derivatives have been synthesized and the elec-
tronic effects of substituents in various positions on the flavin redox chemistry
were investigated. The redox potentials of the flavins, determined by cyclic voltam-
metry, correlated with their efficiency as catalysts in the H2O2 oxidation of methyl
p-tolyl sulfide. Introduction of electron-withdrawing groups increased the stability
of the reduced catalyst precursor.
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triple-catalytic system in which
hydrogen peroxide is employed
as the terminal oxidant.[15]


In previous work by our
group,[13a] we have shown that
electron-withdrawing fluorine
substituents in the 7- and 8-po-
sitions of the flavin result in an
even more stable catalyst pre-
cursor, with the drawback that
a somewhat longer time is re-
quired for activation of the cat-
alyst. The longer induction
period is rationalized by the
need of an initial oxidation of
the catalyst precursor with mo-
lecular oxygen (Scheme 1), and
this step is slower for the elec-
tron deficient 7,8-difluoro ana-
logue 2. Once the catalyst has
entered the catalytic cycle as I
it can transfer its electrophilic oxygen to the substrate via
transition state II forming the hydroxyflavin intermediate
III. The hydroxyl group is then eliminated from III restoring
the aromatic 1,4-diazine form IV. To complete the cycle, IV
reacts with hydrogen peroxide to regenerate the active cata-
lyst species I.


In this paper we report on the preparation and the cata-
lytic and electronic properties of a range of 6,9- and 7- and/
or 8-substituted N,N,N-1,3,5-trialkylated flavin derivatives.
Cyclic voltammetry was used to determine the redox poten-
tials of the novel flavins.


Results and Discussion


Eight different flavin derivatives 1–8 were synthesized and
examined. Three of these (1–3) have previously been stud-
ied as catalysts for the oxidation of sulfides[13] and tertiary
amines[12,13a] in our group.


Dihydroflavins 1–7 were prepared in three steps as depict-
ed in Scheme 2. The first step involves a condensation of the
respective diamine 9 a–f with 10, resulting in the tricyclic al-
loxazine ring system 11 a–f in good yields. Subsequent N-al-
kylation with methyl or ethyl iodide in the second step gives
the N,N-1,3-dimethyl- or -diethylalloxazine in good yields.
The final step is a reductive alkylation of the N5-position
with acetaldehyde (butanal for 4) and H2 with Pd on activat-
ed charcoal.


When the 7/8-trifluoromethyl alloxazine 11 f was treated
with ethyl iodide the 1,3-diethyl 7-trifluoromethyl alloxazine
12 f was obtained in 57% yield. Substrates 12 d and 12 e
were obtained as mixtures of the 7- and 8-regioisomers. In
the final step, in which an ethyl group is introduced at N5,
the methoxy- and butoxy carbonyl dialkyl alloxazines 12 d
and 12 e reacted somewhat differently. The dihydroflavin 5
was obtained mainly as the 7-isomer with only about 10%


contamination of the 8-isomer in 64% combined yield,
whereas dihydroflavin 6 (from 12 e) afforded the 7- and 8-
isomers in a 1.7:1 ratio in 29% combined yield. The isomer-
ic mixtures were used as such for the electrochemical meas-
urements, since the products are too air sensitive for column
chromatography or other means of purification after the
final step.


A different approach had to be used for the synthesis of
6,9-dimethylalloxazine 17, since the 2,5-dimethyl-1,2-diami-
nobenzene is not commercially available (Scheme 3). Reac-
tion of 2,5-dimethylaniline hydrochloride 13 with 1,3-di-
methyl-6-aminouracil 15 in 2,5-dimethylaniline 14 at 160 8C


Scheme 1. The proposed catalytic cycle.


Scheme 2. General pathway to the reduced catalyst precursors 1–7.


Chem. Eur. J. 2005, 11, 112 – 119 www.chemeurj.org H 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 113


FULL PAPER



www.chemeurj.org





resulted in the formation of the product (16) in 28% yield.
Cyclization with NaNO2 to the tricyclic alloxazine ring struc-
ture yielded product 17 in 70% isolated yield. For the for-
mation of the reduced catalyst precursor the standard reduc-
tive alkylation was applied as described above and the cata-
lyst 8 was obtained in 50% yield.


Kinetics : We have previously observed an induction period
in the oxidation of methyl p-tolyl sulfide with 7,8-difluoro
dihydroflavin 2 as catalyst[13a] (Scheme 4, Figure 1a). This is
thought to arise from the fact that the electron-deficient di-
hydroflavin catalysts are less susceptible towards oxidation
by molecular oxygen.[19]


In order to verify this behavior we conducted the follow-
ing study: after completed oxidation of methyl p-tolyl sul-
fide, we added another equivalent each of sulfide and hydro-
gen peroxide to the reaction mixture. The conversion was
followed by 1H NMR spectroscopy. A total of three runs
were conducted and a remarkable enhancement of the reac-
tion rate was observed in the second run (Figure 1b). This
indeed supports our hypothesis that during the first run
there is an induction period during which the active catalyst
species is slowly generated from 2 by reaction with molecu-
lar oxygen. Once the active species is formed the reaction is
fast and follows the typical first-order rate expression.


The activity of dihydroflavins 3–8 was also studied and
the results are summarized in Table 1. The N5-butyl-substi-
tuted dihydroflavin 4 and 5 showed good catalytic activity.
The results for dihydroflavin 3 have been published before
by our group and are included for comparison. In the case
of 3 the reaction does not proceed further than ~40% due
to oxidative degradation of the catalyst. The dihydroflavin 6
showed very low activity due to that the catalyst fell out of
the reaction mixture.


Redox potentials of flavin derivatives from cyclic voltamme-
try : To gain a better understanding of the electronic proper-
ties of the different flavin catalysts, we measured their half-
wave potentials by cyclic voltammetry. As described above,
the catalyst precursor is oxidized when it enters the catalytic
cycle. Since direct investigation of the oxidation process of
the dihydroflavins as it enters the catalytic cycle is difficult,
we concentrated on the simple one-electron oxidation de-
picted in Scheme 5. The acquired data reflect the thermody-
namics for the activation step of the flavin catalyst precur-
sor. The results are summarized in Table 2.


The oxidations of all flavins presented herein were fully
reversible on the electrochemistry timescale. They are one-
electron processes, evident from a peak split larger than
60 mV and from the bulk electrolysis of dihydroflavin 1,
which gave a charge of approximately 1 F per mole of 1.[20]


The potentials reflect our observation on the catalytic activi-
ty of the flavins studied.


Scheme 3. Synthesis of pre-catalyst 8.


Scheme 4. The reaction for the kinetic study.


Figure 1. Oxidation of sulfide 18 to sulfoxide 19 by H2O2, a) with flavins
1 and 2 as catalysts, b) with flavin 2 in three consecutive runs.
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The catalyst precursor 3 (Table 2, Entry 1), with electron-
donating methyl groups in the 7- and 8-positions is most sus-
ceptible towards oxidation, as evident from the most nega-
tive oxidation potential of the derivatives studied. As previ-
ously observed, this catalyst shows good initial activity in
catalysis, but the reaction slows down remarkably at around
40% due to sensitivity towards autoxidative degradation.[13a]


Upon introduction of an electron-withdrawing group at
the 7-position (flavins 5–7) or at the 7- and 8-positions
(flavin 2), the oxidation potential becomes less negative,
and, hence, the catalyst precursors are more difficult to oxi-
dize. As described above, the 7,8-difluoro derivative is less
susceptible towards oxidation by molecular oxygen and
needs an activation period, which is in agreement with the
higher oxidation potential relative to 1 and 3.


It is important to note that though pre-catalysts 5 and 6
were used as the isomeric mixtures for the measurements,
the observed oxidation potential is for the major isomer.
The signal for the impurity is buried under that of the major
isomer.


The catalyst precursor 7, which has an oxidation potential
between those for 5 and 8, showed poor catalytic activity;
this result is surprising since its oxidation potential is close
to that of 5, and the latter is active in catalysis. The tri-
fluoromethyl group is strongly electron withdrawing and this


may make the loss of OH� from III to IV much less favora-
ble for catalyst 7, rendering the poor activity of the catalyst.
This catalyst also showed poor solubility in the reaction
media. The 6,9-dimethyl-substituted dihydroflavin 8 is oxi-
dized at highest potential. This is consistent with the results
obtained from the catalytic reactions, where 8 also showed
poor catalytic activity (see above). If we compare this with
flavin 3, which also has two methyl substituents, the differ-
ence in oxidation potential is about 0.25 V. Although the
effect of the 6,9-substituent pattern is ambiguous, the high
oxidation potential of 8 cannot be explained solely by the
electronic effect of the substituents, but other factors need


Table 1. The results for the dihydroflavin activity in oxidation of 18 to
19.[a]


Dihydroflavin t Conversion kobs Rel. rate[b]


[min] [%] [M10�4 s�1]


1 1 60 96 9.0 1
2 2[c] 60 67 –[d] 0.3


80 97 –[d]


2[e] 34 100 –[d] 1.4
2[f] 21 100 21.9 2.4


3[g] 3 60 40 –[d] 0.7
4 4 60 99 15.2 1.7
5 5 60 81 –[d] 0.4


90 95
6 6 60 15 –[d] 0.07
7 7 60 10 –[d] 0.04
8 8 – n.r.[h] – –


[a] The reactions were run with substrate 18 (0.223 mmol), catalyst
(1.8 mol%), and H2O2 (1.75 equiv) in CD3OD (0.6 mL). [b] The relative
rates were obtained from the pseudo-first-order rate constant kobs or esti-
mated from the rate in the early phase of the reaction. [c] First addition.
[d] Cannot be determined due to change of the concentration of the
active catalyst during the reaction. [e] Second addition. [f] Third addition.
[g] Taken from reference [13a]. [h] n. r.=no reaction detected within
20 min.


Table 2. Redox potentials of flavins 1–8.[a]


Entry Flavin E0 [V]


1 �0.414


2 �0.305


3 �0.304


4 �0.207


5[b] �0.182


6[c] �0.182


7 �0.176


8 �0.162


[a] For conditions see the Experimental Section. [b] Main isomer, 9:1
ratio of 7- and 8-isomers. [c] 1.7:1 ratio of 7- and 8-isomers.


Scheme 5. Electrochemical oxidation/reduction of flavin 1 to 1’ (model
catalyst).
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to be considered. For this particular derivative the effect of
the methyl substituents at the 6- and 9-positions is to a large
extent steric rather than electronic as illustrated in
Scheme 6.


There is theoretical evidence provided by VNzquez
et al.[21] on the conformation of flavins in their reduced and
oxidized forms. The reduced form has a significant antiaro-
matic character, which leads to distortion from the plane of
the molecule. This makes the catalyst precursor 8 quite
stable, since the N5-ethyl group is oriented away from the 6-
methyl group. The oxidized form 8’ on the other hand is aro-
matic and planar, bringing the C6 and N5 substituents closer
to one another in space, introducing steric repulsion that re-
sults in an increased free-energy of 8’. In 8’’, the active cata-
lytic species in the oxidation, the 4a-carbon atom is an sp3


hybridized carbon atom and not part of the aromatic
system. However, the double bond between N10 and C10a
together with the electron pair on N5 that is conjugated to
the p-system makes the molecule relatively flat. Rizzo et al.
have reported a similar effect in an analogous system with
methyl groups on the N9 and N10 atoms.[18d]


Linear free-energy relationship : To find the correlation be-
tween the oxidation potentials of the dihydroflavins 1–7 and
the electronic effects of their susbstituents, we plotted the
log [Eox/Eox


0 ] against their respective Hammett s values. Eox


is the oxidation potential of the catalyst precursors and Eox
0


is the oxidation potential of the unsubstituted dihydroflavin
1, which is set as the standard reaction. Since the proton ab-
straction occurs at N10, we defined the substituent at C8 as
meta and that at C7 as para. This assignment was used for
the calculation of the s values. Since the oxidation poten-
tials reflect the free energy of the reaction for the different
substrates, we can use them directly for the Hammett plot,
presented in Figure 2.


As evident from Figure 2, there is an excellent linear cor-
relation between log [Eox/Eox


0 ] and s with a deviation R=


0.997. The Hammett 1 value, which reflects the sensitivity of
the substrate to the electronic effect of the substituent in
the reaction, is the slope of the line obtained from the
plot.[22] The negative slope of �0.418 indicates that electron-
donating groups render the electrochemical oxidation of the
dihydroflavin more facile; this result is consistent with the
kinetic studies as well as the direct conclusions drawn from
the oxidation potentials.


The trend for the substituent effect on the redox poten-
tials found in this study fit well with what has been reported
earlier by Rizzo[18c] and Rotello[18i,j] for analogous flavin sys-


tems. They have shown good linear free-energy relationship
correlation between the electronic properties provided by
the substituents on positions 7 and/or 8 and the reduction
potentials for the flavins studied. Rotello et al. showed in
there study that the substituent on C7 has a greater effect
on the reduction of a flavin in a nonaqueous environ-
ment.[18j]


Conclusion


The results obtained from the cyclic voltammetry are in
good agreement with our results on the relative catalytic ac-
tivity of the reduced flavin analogues 1–8. We conclude that
electron-donating groups facilitate the oxidation of dihydro-
flavins and that there is a linear free-energy relationship be-
tween the oxidation potentials and the Hammet s values.
The different susceptibility toward oxidation may affect the
catalytic activity in two respects. The electron-rich dihydro-
flavin 3, which is most easily oxidized, enters the catalytic
cycle without any detectable induction period. However, its
performance as catalyst is hampered by autoxidative degra-
dation. The electron-deficient catalyst precursor 2, on the
other hand, needs a long induction period, but once it is ac-
tivated it is a fast and efficient catalyst that is stable toward
autoxidative degradation. This is clearly demonstrated in
the multiple addition experiment, with three consecutive
catalytic runs without adding more catalyst. The reaction
was in fact faster in the second and third run.


Experimental Section


General methods : 1H (300 or 400 MHz) and 13C (75 or 100 MHz) NMR
spectra were recorded on a Varian Mercury spectrometer. Chemical
shifts (d) are reported in ppm, with residual solvent as internal standard
and coupling constants (J) are given in Hz. Merck silica gel 60 (240–


Scheme 6. Illustration of the steric effect of the 6-methyl group.


Figure 2. The Hammett plot of log [Eox/Eox
0 ] against Hammett s values.
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400 mesh) was used for flash chromatography, and analytical thin-layer
chromatography was performed on Merck pre-coated silica gel 60-F254


plates. Cyclic voltammograms were recorded on an Autolab Potentiostat
(Ecochimie Netherlands), controlled by GPES software (version 4.8). A
glassy carbon disc electrode (diameter 3 mm) was used as the working
electrode and was polished prior to each experiment by using an aqueous
alumina powder slurry. A platinum wire served as a counter electrode
and nonaqueous Ag/Ag+ was used as the reference electrode. All poten-
tials are half-wave potentials and are given versus the Fc+ /0 couple.
Cyclic voltammograms were obtained for approximately 1mm solutions
of the analyte in dry acetonitrile, containing 0.1m tetrabutylammonium
hexafluorophosphate as supporting electrolyte. Unless otherwise noted,
all chemicals were obtained from commercial suppliers and used without
further purification.


Reductive alkylation of alloxazines 11 and 17—general procedure : All
the steps are performed under strict argon atmosphere, unless otherwise
noted! The 1,3-alkylated alloxazines (0.037m) were mixed in the de-
gassed solvent (1.25:1 volume ratio of EtOH/H2O), together with the Pd/
C catalyst (0.081 mg/22.5 mL solvent), acetaldehyde (32 equiv) and con-
centrated hydrochloric acid (55 equiv), while passing a gentle stream of
argon through the solvent mixture. The mixture was subjected to 30 psi
hydrogen pressure on an autoclave. After the reaction was complete the
mixture was filtered through a 3–4 cm thick Celite layer (flushed with
argon prior) placed in a Schlenk fritt. The liquids were collected in a
proper sized Schlenk flask. The Celite was washed with degassed ethanol
(20–40 mL) while maintaining the argon atmosphere. After the filtration
the Schlenk fritt was removed and concentrated NH4OH (~6 mL to
0.83 mmol starting material) and Na2S2O4 (~2 g to 0.83 mmol starting ma-
terial) were added. A splash head connected to a glass tube, which in
turn was connected to a solvent trap with a gas outlet cooled by N2(l)
was connected to the Schlenk flask, and the solvents were removed
under vacuum. The remaining solids were suspended in a small amount
of degassed water and filtered through another Schlenk fritt equipped
with a tap, under argon. The solids were washed carefully with small por-
tions (to avoid loss of product due to a slight solubility in water) of de-
gassed water. The product was dried under vacuum and used as such.


Dihydroflavins 1–3 were prepared using the previously published proce-
dure .[12,13a]


Reductive butylation of 1,3-dimethylalloxazine (12 a)—synthesis of 1,3-di-
methyl-5-butyl-5,10-dihydroalloxazine (4): By following the general pro-
tocol, but by employing freshly distilled butanal, compound 4 was ob-
tained as a bright yellow solid in 64% yield (156 mg). 1H NMR
(300 MHz, CDCl3, 25 8C): d=6.83 (m, 1H; Ar-H), 6.54 (m, 1H; Ar-H),
5.74 (br s, 1H; NH), 3.47 (s, 3H; CH3), 3.41 (t, 3J(H,H)=7.8 Hz, 2H;
CH2), 3.34 (s, 3H; CH3), 1.59 (m, 2H; CH2), 1.25 (m, 2H; CH2),
0.842 ppm (t, 3J(H,H)=7.2 Hz, 3H; CH3).


13C NMR (75 MHz, CDCl3,
25 8C): d=157.98, 150.51, 146.20, 137.18, 134.81, 125.22, 123.28, 122.11,
114.80, 100.49, 55.76, 29.08, 28.79, 28.46, 20.27, 14.19 ppm.


1,3-Dimethyl-5-ethyl-7-methoxycarbonyl-5,10-dihydroalloxazine (5): This
compound was prepared using the general procedure on a 1.35 mmol
scale, with 12d (0.406 g), acetaldehyde (2.3 mL), hydrochloric acid
(2.3 mL), Pd/C (0.133 g) in ethanol/water (20/16 mL). Reaction time was
44 h. The reaction was worked up by using the general procedure after
which the product, a 9:1 mixture of the 7- and 8-isomers, was isolated as
an orange powder in 64% combined yield. Data for the major isomer (7-
isomer): 1H NMR (300 MHz, CDCl3, 25 8C): d=7.46–7.49 (dd, 4J(H,H)=
1.8 Hz, 3J(H,H)=8.4 Hz, 1H; Ar-H), 7.44 (apps, 1H; Ar-H), 6.59–6.61
(d, 3J(H,H)=8.4 Hz, 1H; Ar-H), 6.33 (br s, 1H; NH), 3.85 (s, 3H; CH3),
3.46–3.54 (q, 3J(H,H)=7.2 Hz, 2H; CH2), 3.48 (s, 3H; CH3), 3.34 (s, 3H;
CH3), 1.15–1.19 ppm (t, 3J(H,H)=7.2 Hz, 3H; CH3).


13C NMR (75 MHz,
CDCl3, 25 8C): d=166.4, 158.1, 150.4, 145.6, 139,5, 136.7, 127.1, 125,7,
123.1, 114.5, 114.4, 52.2, 50.7, 29.0, 28.5, 11.8 ppm; HRMS (FAB): m/z
calcd for C16H18N4O4: 330.1328; found: 330.1313.


1,3-Dimethyl-5-ethyl-7/8-butoxycarbonyl-5,10-dihydroalloxazine (6): This
compound was prepared by following the general procedure on a
0.83 mmol scale with 1,3-dimethyl-7/8-butoxycarbonyl alloxazine
(0.283 g), acetaldehyde (1.6 mL), hydrochloric acid (1.6 mL), Pd/C
(0.081 g) in ethanol/water (12.5/10 mL). Reaction time was 24 h. After


workup the product was isolated as a mixture of the 7- and 8- isomers,
1.7:1 ratio, in 29% combined yield.


Data for the 7-isomer : 1H NMR (400 MHz, CD2Cl2, 25 8C): d=7.46–7.48
(d, 3J(H,H)=8 Hz, 1H; Ar-H), 7.43 (s, 1H; Ar-H), 6.62–6.64 (d,
3J(H,H)=8 Hz, 1H; Ar-H), 6.2 (br s, 1H; NH), 4.20–4.27 (m, 2H; CH2),
3.44–3.49 (q, 3J(H,H)=6.8 Hz, 2H; CH2), 3.43 (s, 3H; CH3), 3.28 (s, 3H;
CH3), 1.64–1.72 (m, 2H; CH2), 1.42–1.48 (m, 2H; CH2), 0.95–0.98 ppm (t,
3J(H,H)=7.2 Hz, 3H; CH3).


Data for the 8-isomer : 1H NMR (400 MHz, CD2Cl2, 25 8C): d=7.50–7.52
(d, 3J(H,H)=8.4 Hz, 1H; Ar-H), 7.14 (s, 1H; Ar-H), 6.70–6.72 (d,
3J(H,H)=8.4 Hz, 1H; Ar-H), 5.97 (br s, 1H; NH), 4.20–4.27 (m, 2H;
CH2), 3.54–3.59 (m, 2H; CH2), 3.42 (s, 3H; CH3), 3.26 (s, 3H; CH3),
1.64–1.72 (m, 2H; CH2), 1.42–1.48 (m, 2H; CH2), 0.95–0 98 ppm (t, J=
7.2 Hz, 3H; CH3); HRMS (FAB): m/z calcd for C19H24N4O4 [M+]:
372.1798; found: 372.1705.


1,3,5-Triethyl-7-trifluoromethyl-5,10-dihydro alloxazine (7): This com-
pound was prepared on a 0.68 mmol scale with 1,3-diethyl-7-trifluoro-
methyl alloxazine (0.229 g), acetaldehyde (1.4 mL), hydrochloric acid
(1.4 mL), Pd/C (0.081 g) in ethanol/water (12.5/10 mL) as described in
the general procedure. Reaction time was 47 h. The reaction was worked
up by using the general procedure, after which the product, a mixture of
the desired product together with some nonalkylated product, was isolat-
ed as yellow powder in 54% yield. Spectral data for the desired product
7: 1H NMR (400 MHz, CDCl3, 25 8C): d=7.08–7.10 (d, 3J(H,H)=8 Hz,
1H; Ar-H), 6.77–6.79 (d, 3J(H,H)=8 Hz, 1H; Ar-H), 6.74 (s, 1H; Ar-H),
6.12 (br s, 1H; NH), 3.96–4.02 (q, 3J(H,H)=7.2 Hz, 4H; 2CH2), 3.52–3.57
(q, 3J(H,H)=7.2 Hz, 2H; CH2), 1.32–1.35 (t, 3J(H,H)=7.2 Hz, 3H; CH3),
1.19–1.23 (t, 3J(H,H)=7.2 Hz, 3H; CH3), 1.18–1.21 ppm (t, 3J(H,H)=
7.2 Hz, 3H; CH3);


13C NMR (100 MHz, CDCl3, 25 8C): d=157.53, 149.58,
145.46, 140.9, 135.31, 125.06, 124.72 (d, 2J(C, F)=33 Hz), 122.3 (q, 3J=
4 Hz), 120.76, 112.6, 111.58 (q, 3J=3.8 Hz), 100.17, 49.77, 37.41, 37.04,
14.02, 13.26, 12.32 ppm; HRMS (FAB): m/z calcd for C17H19F3N4O2 [M+]:
368.1460; found: 368.1452.


Data for the nonalkylated product : 1H NMR (400 MHz, CDCl3, 25 8C):
d=6.85–6.87 (d, J=8 Hz, 1H; Ar-H), 6.49 (s, 1H; Ar-H), 6.18–6.20 (d,
J=8 Hz, 1H; Ar-H), 5.58 (br s, 1H; NH), 4.9 (s, 1H; NH) 3.86–3.92 (q,
J=7.2 Hz, 2H; CH2), 3.69–3.75 (q, J=7.2 Hz, 2H; CH2), 1.29–1.33 (t, J=
7.2 Hz, 3H; CH3), 1.23–1.26 ppm (t, J=7.2 Hz, 3H; CH3).


1,3,6,9-Tetramethyl-5-ethyl-5,10-dihydroalloxazine (8): By following the
standard procedure for reductive alkylation of alloxazine compound 17
(100 mg) was converted into compound 8 in 50% yield (55.5 mg). The
product was obtained as a bright yellow powder. 1H NMR (300 MHz,
CDCl3, 25 8C): d=6.78 (d, 3J(H,H)=7.5 Hz, 1H; Ar-H), 6.71 (d,
3J(H,H)=7.5 Hz, 1H; Ar-H), 5.67 (br s, 1H; NH), 3.50 (s, 3H; CH3), 3.35
(s, 3H; CH3), 3.1 (br s, 2H; CH2), 2.26 (s, 3H; CH3), 2.17 (s, 3H; CH3),
1.04 ppm (t, 3J(H,H)=6.9 Hz, 3H; CH3);


13C NMR (75 MHz, CDCl3,
25 8C): d=158.42, 150.83, 147.48, 135.62, 133.54, 130.98, 126.68, 126.02,
119.27, 100.70, 49.11, 29.82, 28.29, 17.41, 16.17, 11.16 ppm; HRMS (FAB):
m/z calcd for C16H20N4O2 [M++H]: 300.1665; found: 301.1661.


Methyl 3,4-diaminobenzoate (9 d): 3,4-Diaminobenzoic acid (2.28 g,
15 mmol) was dissolved in methanol (50 mL). Sulfuric acid (2 mL) was
added to the solution, which was stirred over night. The reaction was
quenched by addition of 2m NaOH solution (200 mL) and extracted with
CH2Cl2 (3M150 mL). The organic phases were separated and dried over
Na2SO4, evaporated, and dried under vacuum. The product was isolated
without further purification as pale orange solid in 73% yield. 1H NMR
(400 MHz, CDCl3, 25 8C): d=7.44–7.469 (dd, 4J(H,H)=2 Hz, 3J(H,H)=
8.4 Hz, 1H; Ar-H), 7.39–7.40 (d, 4J(H,H)=2 Hz, 1H; Ar-H), 6.65–6.67
(d, 3J(H,H)=8.4 Hz, 1H; Ar-H), 3.84 (s, 3H; CH3), 3.6 ppm (br s, 4H;
2NH2);


13C NMR (100 MHz, CDCl3, 25 8C): d=167.47, 140.53, 133.22,
123.36, 121.17, 118.44, 115.0, 51.77 ppm.


Butyl 3,4-diaminobenzoate (9 e): The 3,4-diaminobenzoic acid (2.28 g,
15 mmol) was dissolved in butanol (10 mL) and concentrated sulfuric
acid (2 mL) was added while stirring. The reaction was stirred over night
and worked up as described above. After column chromatography (gradi-
ent CH2Cl2/EtOAc, 400:60, 400:80, 200:60 mL) the product was isolated
as light brown powder in 64% yield. 1H NMR (300 MHz, CDCl3, 25 8C):
d=7.45–7.48 (dd, 4J(H,H)=2.1 Hz, 3J(H,H) 8.1 Hz, 1H; Ar-H), 7.40–7.41
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(d, 4J=2.1 Hz, 1H; Ar-H), 6.65–6.67 (d, 3J(H,H)=8.1 Hz, 1H; Ar-H),
4.23–4.27 (t, 3J(H,H)=6.6 Hz, 2H; CH2), 3.6 (br s, 4H; 2NH2), 1.69–1.74
(m, 2H; CH2), 1.41–1.51 (m, 2H; CH2), 0.93–0.98 ppm (t, 3J(H,H)=
7.5 Hz, 3H; CH3);


13C NMR (75 MHz, CDCl3, 25 8C): d=167.1, 140.4,
133.2, 123.3, 121.6, 118.4, 115.0, 64.4, 64.2, 31.0, 30.3, 19.4, 13.9 ppm.


General procedure for the formation of the alloxazine ring structure : A
mixture of alloxane monohydride (10) (1.05 equiv) and boric acid,
H3BO3, (1.12 equiv) in glacial acetic acid was added to a solution of the
diamine in glacial acetic acid. The mixture was stirred for 1–24 h at 50 8C
or room temperature. For the symmetric diamines, the condensation was
conducted under heating in shorter reaction time, whereas for the unsym-
metric diamines the reaction temperature was decreased to room temper-
ature to avoid a 1:1 regioisomeric mixture of the product. The products
were isolated by filtration, and the filtrate was washed with acetic acid
followed by diethyl ether, water, and again diethyl ether.


7/8-Methoxycarbonyl alloxazine (11 d): A mixture of 10 (0.1204 g,
0.752 mmol) and H3BO3 (0.0496 g, 0.8018 mmol) in glacial acetic acid
(6 mL) was added to a stirred solution of 9d (0.119 g, 0.716 mmol) in gla-
cial acetic acid (4 mL). The resulting mixture was stirred over night. The
precipitated product was filtered off and washed with acetic acid fol-
lowed by diethyl ether. The washing was continued with water and finally
diethyl ether. After drying under vacuum the product, a yellow powder,
was obtained in 66% yield as a mixture of 7-and 8-regio isomers in 44:56
ratio.


Data for the 7-methoxycarbonyl isomer : 1H NMR (400 MHz, [D6]DMSO,
25 8C): d=11.9 (br s, 2H; 2NH), 8.61 (dd, 5J(H,H)=0.6 Hz, 4J(H,H)=
2.0 Hz, 1H; Ar-H), 8.28–8.32 (dd, 4J(H,H)=2.0 Hz, 3J(H,H)=8.9 Hz,
1H; Ar-H), 7.94–7.97 (dd, 5J(H,H)=0.6 Hz, 3J(H,H)=8.9 Hz, 1H; Ar-
H), 3.97 ppm (s, 3H; CH3)


Data for the 8-methoxycarbonyl isomer : 1H NMR (400 MHz, [D6]DMSO,
25 8C): d=11.9 (br s, 2H; 2NH), 8.35 (dd, 5J(H,H)=0.6 Hz, 4J(H,H)=
1.9 Hz, 1H; Ar-H), 8.22–8.25 (dd, 5J(H,H)=0.6 Hz, 3J(H,H)=8.8 Hz,
1H; Ar-H), 8.12–8.16 (dd, 4J(H,H)=1.9, 3J(H,H)=8.8 Hz, 1H; Ar-H),
3.97 ppm (s, 3H; CH3).


7/8-Butoxycarbonyl alloxazine (11 e): Compound 9 e (0.8316 g, 4 mmol)
was dissolved in glacial acetic acid (70 mL). Compound 10 (0.8415 g,
5.25 mmol) and H3BO3 (0.344 g, 5.55 mmol) were added and the mixture
was stirred for 7 h. The precipitated product was filtered off, washed as
above and dried under vacuum. A mixture of the 7- and 8-regioisomers
in 45:55 ratio was obtained in 75% combined yield as yellow powder.


Data for the 7-butoxycarbonyl isomer : 1H NMR (300 MHz, [D6]DMSO,
25 8C): d=12.07 (br s, 1H; NH), 11.85 (br s, 1H; NH), 8.63 (d, 4J(H,H)=
1.8 Hz, 1H; Ar-H), 8.29–8.33 (dd, 4J(H,H)=1.8 Hz, 3J(H,H)=8.7 Hz,
1H; Ar-H), 7.96–7.99 (d, 3J(H,H)=8.7 Hz, 1H; Ar-H), 4.34–4.38 (t,
3J(H,H)=6.5 Hz, 2H; CH2), 1.71–1.80 (m, 2H; CH2), 1.41–1.53 (m, 2H;
CH2), 0.94–0.96 ppm (t, 3J(H,H)=7.5 Hz, 3H; CH3);


13C NMR (75 MHz,
[D6]DMSO, 25 8C): d=164.9, 160.1, 150.0, 147.6, 144.9, 138.1, 133.7,
133.3, 129.0, 128.5, 126.9, 65.0, 30.2, 18.8, 13.6 ppm.


Data for the 8-butoxycarbonyl isomer : 1H NMR (300 MHz, [D6]DMSO,
25 8C): d=12.07 (br s, 1H; NH), 11.85 (br s, 1H; NH), 8.36 (d, 4J(H,H)=
1.8 Hz, 1H; Ar-H), 8.24–8.27 (d, 3J(H,H)=8.7 Hz, 1H; Ar-H), 8.14–8.17
(dd, 4J(H,H)=1.8 Hz, 3J(H,H)=8.7 Hz, 1H; Ar-H), 4.36–4.39 (t,
3J(H,H)=6.5 Hz, 2H; CH2), 1.71–1.80 (m, 2H; CH2), 1.41–1.53 (m, 2H;
CH2), 0.94–0.96 ppm (t, 3J(H,H)=7.5 Hz, 3H; CH3);


13C NMR (75 MHz,
[D6]DMSO, 25 8C): d=164.9, 160.1, 150.0, 148.1, 140.8, 133.3, 131.8,
131.7, 130.8, 127.6, 65.2, 30.1, 18.8, 13.6 ppm.


7/8-Trifluoromethyl alloxazine (11 f): Compound 9 f (0.1321 g, 0.75 mmol)
in hot acetic acid (1.5 mL) was added to a mixture of 10 (0.1265 g,
0.79 mmol) and H3BO3 (0.0513 g, 0.83 mmol) in hot acetic acid (4.4 mL).
The reaction time was 3 h. After filtration and washing as above the
product, a mixture of 7- and 8-isomers in a ratio of 84:16, was isolated in
53% yield as off white powder (one should be careful with the washing
here because the product is more soluble in diethyl ether).


Data for the 7-trifluoromethyl isomer : 1H NMR (400 MHz, [D6]DMSO,
25 8C): d=12.1 (br s, 1H; NH), 11.9 (br s, 1H; NH), 8.34–8.39 (d,
3J(H,H)=8.7 Hz, 1H; Ar-H), 8.22 (s, 1H; Ar-H), 7.97–8.01 ppm (dd,
4J(H,H)=1.7 Hz, 3J(H,H)=8.7 Hz, 1H; Ar-H).


Data for the 8-trifluoromethyl isomer : 1H NMR (400 MHz, [D6]DMSO,
25 8C): d=12.1 (br s, 1H; NH), 11.9 (br s, 1H; NH), 8.54 (s, 1H; Ar-H),
8.12–8.15 (dd, 4J(H,H)=1.5 Hz, 3J(H,H)=8.9 Hz, 1H; Ar-H), 8.06–
8.09 ppm (d, 3J(H,H)=8.9 Hz, 1H; Ar-H).


1,3-Dimethyl-7/8-methoxycarbonyl alloxazine (12 d): Compound 11d
(0.5 g, 1.8 mmol) was dissolved in dimethylformamide (DMF; 76 mL).
Potassium carbonate (0.8125 g, 5.88 mmol) and methyl iodide (0.267 g,
2.02 mmol) were added, and the mixture was stirred for 4 h. The inorgan-
ic solids were filtered off and the solvent was evaporated. The remaining
solids were suspended in CH2Cl2 (200 mL) and extracted with diluted
brine (100 mL) and brine (100 mL). The organic phases were separated
and dried over MgSO4. The product, a yellow powder, was isolated as
54:46 mixture of the 7- and 8-isomers in 76% yield. IR (film): ñ=3004,
2956, 1725, 1681, 1620, 1566 cm�1.


Data for the 1,3-dimethyl-7-methoxycarbonyl isomer : 1H NMR (300 MHz,
CDCl3, 25 8C): d=8.98 (dd, 5J(H,H)=0.6 Hz, 4J(H,H)=1.8 Hz, 1H; Ar-
H), 8.41–8.44 (dd, 4J(H,H)=1.8 Hz, 3J(H,H)=8.9 Hz, 1H; Ar-H), 8.01–
8.04 (dd, 5J(H,H)=0.6 Hz, 3J(H,H)=8.9 Hz, 1H; Ar-H), 4.0 (s, 3H;
CH3), 3.81 (s, 3H; CH3), 3.58 ppm (s, 3H; CH3);


13C NMR (75 MHz,
CDCl3, 25 8C): d=165.9 (2), 159.5, 150.8, 146.2, 142.9, 134.8, 133.6, 133.5,
130.8, 128.7, 53.0, 30.0, 29.5 ppm.


Data for the 1,3-dimethyl-8-methoxycarbonyl isomer : 1H NMR (300 MHz,
CDCl3, 25 8C): d=8.67–8.68 (dd, 5J(H,H)=0.6 Hz, 4J(H,H)=1.8 Hz, 1H;
Ar-H), 8.32–8.35 (dd, 5J(H,H)=0.6 Hz, 3J(H,H)=8.7 Hz, 1H; Ar-H),
8.25–8.29 (dd, 4J(H,H)=1.8 Hz, 3J(H,H)=8.7 Hz, 1H; Ar-H), 4.01 (s,
3H; CH3), 3.81 (s, 3H; CH3), 3.58 ppm (s, 3H; CH3);


13C NMR (75 MHz,
CDCl3, 25 8C): d=165.9 (2), 159.6, 150.6, 145.5, 141.7, 139.2, 131.4, 131.2,
130.5, 128.3, 53.1, 29.9, 29.6 ppm.


1,3-Dimethyl-7/8-butoxycarbonyl alloxazine (12 e): The starting alloxa-
zine 11 e (0.4715 g, 1.5 mmol) was dissolved in DMF (70 mL). First
K2CO3 (0.6634 g, 4.8 mmol) and then methyl iodide (0.449 g, 3.165 mmol)
were added to the solution. The mixture was stirred over night and the
product worked up as described above. Flash column purification (pen-
tane/EtOAc 1:2) yielded the product, a yellow powder, as a 1:1 mixture
of 7- and 8-regioisomers in 96% yield. IR (film): ñ=3051, 2960, 2936,
1732, 1683, 1621, 1567 cm�1.


Data for the 1,3-dimethyl-7-butoxycarbonyl isomer : 1H NMR (300 MHz,
CDCl3, 25 8C): d=9.0 (d, 4J(H,H)=1.8 Hz, 1H; Ar-H), 8.41–8.44 (dd,
4J(H,H)=1.8 Hz, 3J(H,H)=9 Hz, 1H; Ar-H), 8.00–8.02 (d, 3J(H,H)=
9 Hz, 1H; Ar-H), 4.36–4.41 (t, 3J(H,H)=6.3 Hz, 2H; overlap with 8-
isomer, CH2), 3.81 (s, 3H; CH3), 3.58 (s, 3H; overlap with 8-isomer,
CH3), 1.74–1.83 (m, 2H; overlap with 7-isomer, CH2), 1.45–1.58 (m, 2H;
overlap, CH2), 0.97–1.02 ppm (t, 3J(H,H)=7.5 Hz, 3H; CH3).


13C NMR
(75 MHz, CDCl3, 25 8C): d=165.4, 159.4, 150.7, 146.5, 145.4, 139.1, 133.4,
133.3, 131.0, 130.8, 128.1, 65.8, 30.8, 29.9, 29.4, 19.4, 13.9 ppm.


Data for the 1,3-dimethyl-8-butoxycarbonyl isomer : 1H NMR (300 MHz,
CDCl3, 25 8C): d=8.66–8.67 (d, 4J(H,H)=1.8 Hz, 1H; Ar-H), 8.33–8.36
(d, 3J(H,H)=8.7 Hz, 1H; Ar-H), 8.26–8.30 (dd, 4J(H,H)=1.8 Hz,
3J(H,H)=8.7 Hz, 1H; Ar-H), 4.39–4.43 (t, 3J(H,H)=6.6 Hz, 2H; overlap
with 7-isomer, CH2), 3.82 (s, 3H; CH3), 3.58 (s, 3H;overlap with 7-
isomer, CH3), 1.74–1.83 (m, 2H; overlap with 7-isomer, CH2), 1.45–1.58
(m, 2H; overlap, CH2), 0.98–1.03 ppm (t, 3J(H,H)=7.5 Hz, 3H; CH3).


1,3-Diethyl-7-trifluoromethyl alloxazine (12 f): Compound 11 f (0.34 g,
1.20 mmol) was dissolved in DMF (60 mL). Ethyl iodide and K2CO3


were added as above and the mixture was stirred for 3 h. After the usual
workup the product was isolated as a single isomer in 57% yield as
yellow powder. IR (film): ñ=3042, 2973, 2939, 1726, 1674, 1633, 1566,
1505 cm�1; 1H NMR (400 MHz, CDCl3, 25 8C): d=8.44–8.46 (d,
3J(H,H)=8.8 Hz, 1H; Ar-H), 8.34 (s, 1H; Ar-H), 7.88–7.91 (dd,
4J(H,H)=1.9 Hz, 3J(H,H)=8.8 Hz, 1H; Ar-H), 4.49–4.54 (q, 3J(H,H)=
7.0 Hz, 2H; CH2), 4.23–4.28 (q, 3J(H,H)=7.1 Hz, 2H; CH2), 1.39–1.43 (t,
3J(H,H)=7.0 Hz, 3H; CH3), 1.34–1.38 ppm (t, 3J(H,H)=7.1 Hz, 3H;
CH3);


13C NMR (100 MHz, CDCl3, 25 8C): d=159.0, 149.6, 145.8, 142.7,
140.8, 138.8, 134.8 + 135.2 (d, 2J(C, F)=33 Hz), 132.2, 131.9 + 129.3 (d,
1J(C, F)=260 Hz), 126.0 (q, 3J(C, F)=3 Hz), 124.7 (q, 3J(C, F)=3 Hz),
38.5, 38.2, 13.2, 13.0 ppm. 19F NMR (400 MHz, CDCl3, 25 8C): d=


�63.6 ppm.
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6-(2,5-Dimethylphenylamino)-1,3-dimethyl-1H-pyrimidine-2,4-dione (16):
Compounds 13 (1.0 g, 6.37 mmol) and 15 (987 mg, 6.37 mmol) were sus-
pended in 14 (1.5 mL). The mixture was heated to 160 8C for one hour,
while gas evolution was observed. The mixture was allowed to cool to
room temperature and water was added. The mixture was then filtered
and the filtrate extracted with diethyl ether. After drying with MgSO4


the solvent was removed under reduced pressure. Addition of diethyl
ether to the residue resulted in precipitation of the product as a white
solid (470 mg, 28%). When the experiment was repeated, addition of
water to the cool mixture and filtration directly yielded the product as a
white solid. 1H NMR (300 MHz, CDCl3, 25 8C): d=7.09 (d, 3J(H,H)=
7.5 Hz, 1H; Ar-H), 7.04 (d, 3J(H,H)=7.8 Hz, 1H; Ar-H), 6.93 (s, 1H;
Ar-H), 5.82 (br s, 1H; NH), 4.61 (s, 1H; CH), 3.56 (s, 3H; CH3), 3.29 (s,
3H; CH3), 2.30 (s, 3H; CH3), 2.17 ppm (s, 3H; CH3);


13C NMR (75 MHz,
CDCl3, 25 8C): d=163.26, 153.10, 152.24, 137.47, 134.89, 131.90, 131.45,
129.05, 128.11, 78.33, 29.32, 28.02, 21.01, 17.33 ppm.


1,3,6,9-Tetramethylalloxazine (17): Compound 16 (151 mg, 0.6 mmol) was
dissolved in hot glacial acetic acid (1.2 mL). The mixture was then cooled
to �10 8C. NaNO2 (60 mg, 0.87 mmol) in of water (0.3 mL) was added
dropwise to the reaction mixture over a period of 1 min. The color
changed to brown-red and a precipitate formed. The mixture was stirred
for an additional 15 min at room temperature. After filtration the re-
maining solid was washed with small amounts of water and then dried in
vacuo. Compound 17 was obtained as a yellow solid in 70% yield. IR
(film): ñ=3028, 3005, 2954, 2923, 1724, 1679, 1562 cm�1; 1H NMR
(300 MHz, CDCl3, 25 8C): d=7.54 (d, 3J(H,H)=7.2 Hz, 1H; Ar-H), 7.40
(d, 3J(H,H)=6.8 Hz, 1H; Ar-H), 3.74 (s, 3H; CH3), 3.55 (s, 3H; CH3),
2.78 (s, 3H; CH3), 2.63 ppm (s, 3H; CH3);


13C NMR (75 MHz, CDCl3,
25 8C): d=160.11, 151.05, 144.12, 142.69, 139.63, 137.26, 133.82, 133.61,
128.74, 127.80, 29.51, 29.23, 17.49, 17.14 ppm.
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Anion Receptors Containing -NH Binding Sites: Hydrogen-Bond Formation
or Neat Proton Transfer?


Valeria Amendola,[a] Massimo Boiocchi,[b] Luigi Fabbrizzi,*[a] and Arianna Palchetti[a]


Introduction


Anions play an important role in medicine, biology, environ-
mental and food sciences,[1] accounting for the increasing in-
terest in the design of synthetic anion receptors. Methodolo-
gies for the prompt detection and quantitative determina-
tion of anions are being developed and, within the last
decade, a variety of molecular sensors for anions have been
synthesised.[2] Most of these sensors contain chromogenic or
fluorogenic groups that are covalently or non-covalently
linked to the receptor moiety, thus enabling the colorimetric
and fluorimetric sensing of anions with both temporal and
spatial resolution.[3] The nature of the anion–receptor inter-
action is a matter of choice for the designer; it can be elec-
trostatic, in which case the receptor must be equipped with
positively charged groups (e.g., ammonium, alkylammoni-
um, pyridinium, guanidinium),[4] or it can be based on hy-
drogen bonding. In the latter case, the receptor must pro-
vide hydrogen-bond-donor groups, in most cases the -NH
fragment of carboxyamides, sulfonamides, ureas, thioureas
and pyrroles.[5] Receptors based on hydrogen bonding are
expected to interact principally with anions containing the


most electronegative atoms, fluoride and oxygen (in the
form of inorganic and organic oxo anions), while recognition
studies are preferably carried out in aprotic media (e.g., di-
methyl sulfoxide (DMSO), MeCN, CHCl3), to avoid compe-
tition of the solvent (e.g., water or alcohols) as a hydrogen-
bond donor.
From this perspective, we considered the possibility of de-


signing anion receptors that contained both a positively
charged group and a hydrogen-bond-donor group. The rea-
sons for this approach were two-fold: firstly, the presence of
a proximate, positive charge should enhance the tendency of
the -NH group to act as a hydrogen-bond donor, and sec-
ondly, the positively charged group itself should provide ad-
ditional electrostatic interaction with the negatively charged
analyte. We prepared the molecular ions 1+ (1-benzyl-3-(tol-
uene-4-sulfonylamino)pyridinium; -NH binding site from
the p-toluenesulfonamide moiety, positive charge from the
benzylpyridinium fragment), and 2+ (2-benzyl-9H-b-carbo-
lin-2-ium; -NH from the pyrrole subunit, positive charge
again from a benzylpyridinium fragment).


The interaction of 1+ and 2+ with a variety of anions was
investigated by performing titration experiments in DMSO,
and analysing the products by UV/Vis spectrophotometry
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Abstract: When the amide-containing
receptor 1+ is in a solution of dimethyl
sulfoxide (DMSO) in the presence of
basic anions (CH3COO� , F� , H2PO4


�),
it undergoes deprotonation of the -NH
fragment to give the corresponding
zwitterion, which can be isolated as a
crystalline solid. In the presence of less


basic anions (Cl� , Br� , NO3
�), 1+ es-


tablishes true hydrogen-bond interac-
tions of decreasing intensity. The less


acidic receptor 2+ undergoes neat
proton transfer with only the more
basic anions CH3COO� and F� , and es-
tablishes hydrogen-bond interactions
with H2PO4


� . An empirical criterion
for discerning neutralisation and hydro-
gen bonding, based on UV/Vis and
1H NMR spectra, is proposed.


Keywords: anions · hydrogen
bonds · molecular recognition ·
proton transfer · receptors
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and 1H NMR spectroscopy. We demonstrated that anion–re-
ceptor interactions may involve either a neat proton transfer
or hydrogen-bond interactions, depending on the intrinsic
acidity of the -NH group and the basic tendencies of the
anion.


Results and Discussion


Both 1+ and 2+ were obtained as hexafluorophosphate salts,
following reaction of the parent molecules with benzylbro-
mide and subsequent recrystallisation in the presence of
[NH4]PF6. The crystalline form of 1-PF6 was isolated and its
molecular structure was determined by X-ray diffraction
studies (Figure 1). The structure reveals the reciprocal inter-


action of two 1+ ions, by means of hydrogen bonds involving
the -NH group from one ion and a sulfonamide oxygen
atom from the other. Each 1+ ion exhibits a conformation
that may minimise the intermolecular steric repulsions
within the hydrogen-bonded dimer. In any case, interactions
do not involve the PF6


� ion, which was deliberately chosen
to act as a very poor hydrogen-bond acceptor.
Next, a solution of 1-PF6 in DMSO was titrated with a so-


lution of a [Bu4N]X salt in DMSO, in which X� represented
the F� , CH3COO� , H2PO4


� , NO3
� , Cl� or Br� ion. In all


cases, the resulting solution had a yellow colour of greater
or lesser intensity; however, the UV/Vis absorption spectra
differed significantly from salt to salt. Figure 2 shows, as an


example, the family of spectra obtained during the titration
of 1+ with acetate. The intensity of the bands at 290 and
360 nm (the latter being responsible for the yellow colour)
progressively increased, reaching a limiting value of the
molar absorbance (15700 and 3100m�1 cm�1, respectively)
after the addition of one equivalent of acetate.
The titration profile shows a steep curvature, which


should correspond to a particularly high equilibrium con-
stant; however, the p parameter, (p= [concentration of com-
plex]/[maximum possible concentration of complex]) was
greater than 0.8, which prevents the reliable determination
of an equilibrium constant.[6] Therefore, we can only state
that logK is greater than 6. Notably, even in the case of a
more dilute solution (e.g., 5I10�6m, as shown in the inset of
Figure 2), a steep curvature was obtained and p was greater
than 0.8.
Similar results were obtained following the titration of 1+


with F� and H2PO4
� ; the bands at 290 and 360 nm increased


in intensity and the same limiting values of the molar absor-
bances were reached (15700 and 3100m�1 cm�1, respectively,
see also Table 1). In all cases, a 1:1 reaction stoichiometry
was apparent; however, the steep curvature of the titration


Figure 1. The ORTEP view of the 1-PF6 molecule shows that two sym-
metrically equivalent 1+ ions (related by an inversion centre) are linked
by hydrogen bonds (dashed lines) to form a molecular dimer (thermal el-
lipsoids are drawn at the 30% probability level, hydrogens bonded to
carbon atoms were omitted for clarity). Features of the N�H···O interac-
tion are N(1)···O(1)’=2.938(3) L, H(1N)···O(1)’=2.074(24) L, N(1)�
H(1N)···O(1)’=172.8(23)8 (symmetry code ’=�x, �y+1, �z).


Figure 2. Spectrophotometric titration of a solution of 1+ (4I10�5m) in
DMSO with a standard solution of tetrabutylammonium acetate in
DMSO. Inset: molar absorbance at 360 nm versus number of equivalents
of acetate (n) for a 5I10�6m solution of 1+ .


Table 1. The equilibrium constants (logarithmic values) determined by
the spectrophotometric titration of 1+ (=LH+) with anions X� , and the
molar absorbances (m�1 cm�1) at 290 and 360 nm of the solutions contain-
ing 1+ and excess of the anion in DMSO.


equilibrium: LH+ +X�ÐL+HX
Anion logK e290 e360


CH3COO� >6 15700 3100
F� >6 15700 3100
H2PO4


� >6 15700 3100


equilibrium: [LH]+ +X�Ð[LH···X]�


Anion logK e290 e360


Cl� 4.52�0.02 4500 450
Br� 3.55�0.02 3100 310
NO3


� 2.97�0.04 3500 350
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profile prevented determination of the equilibrium constant
(logK>6).
Different results were obtained following titration of 1+


with NO3
� , Cl� and Br� . Although the intensity of absorp-


tion at 290 and 360 nm increased, the limiting values ob-
tained after addition of excess anion were distinctly lower
than those in the above examples, and varied according to
the nature of the anion (see Table 1). As an example,
Figure 3 displays the family of spectra obtained from the ti-


tration with Cl� . In all cases, nonlinear least-squares analysis
of the titration data indicated a 1:1 stoichiometry. In addi-
tion, the titration profiles displayed gentle curvature and the
p parameter was less than 0.8.
The equilibrium constants, calculated from the nonlinear


fitting of titration profiles, are reported in Table 1. The logK
values for the 1+/X� interaction decrease along the series:
CH3COO� , F� , H2PO4


� > Cl� > Br� > NO3
� .


Further insights into the nature of receptor–anion interac-
tions were provided by the analysis of 1H NMR spectra.
Figure 4 displays the spectra for titration of a 10�2m
[D6]DMSO solution of 1-PF6 with a [D6]DMSO solution of
[Bu4N]CH3COO. Upon addition of acetate, the -NH signal
at d=11.6 ppm disappears and the majority of signals perti-
nent to the -CH hydrogens shift distinctly upfield, with the
greatest shift observed for -C(3)-H (Dppm=�0.64). Similar
results were obtained for F� and H2PO4


� , in particular, the
same limiting d values (obtained after the addition of one or
more equivalents of anion) were recorded.
A different behaviour was observed with the remaining


anions. Figure 5 shows the spectra obtained in the course of
titration of 1+ with benzyltributylammonium chloride in
[D6]DMSO. In contrast to the results for CH3COO� , F� and
H2PO4


� , the peak relative to the amide group (peak 1), did
not disappear, but instead was shifted significantly down-
field. The protons in positions 2, 3 and 5 were shifted down-
field, whereas those in positions 4 and 6 remained un-


changed. Similar results, although with less pronounced
shifts, were observed upon titration with bromide.
The slow evaporation of a water/acetonitrile (2:1 v/v) so-


lution containing equimolar amounts of 1-PF6 and
[Bu4N]CH3COO yielded pale yellow crystals. X-ray diffrac-
tion revealed that these crystals contained no anions; rather,
the positive charge of the benzyl pyridinium group was bal-
anced by the negative charge resulting from deprotonation
of the -NH fragment of the amide subunit. The zwitterion is
shown in Figure 6. Comparison with 1+ revealed significant
changes in the geometry of the sulfonamide group (Table 2).
Following deprotonation, the N(1)�S(1) bond length de-


creases, whereas the S=O distance increases. This suggests
that the lone pair on the deprotonated nitrogen atom is
partly delocalised by a p mechanism over the >SO2 frag-
ment. This is described in part by the resonance representa-
tion in Scheme 1 (formula b). On the other hand, some elec-
tronic charge must also delocalise through a p mechanism
over the pyridinium ring, as suggested by the distinct reduc-
tion of the N(1)�C(1) distance and accounted for by the res-


Figure 3. Spectrophotometric titration of a solution of 1+ (9I10�4m) in
DMSO with a standard solution of benzyltributylammonium chloride in
DMSO. Inset: molar absorbance at 360 nm versus number of equivalents
of chloride (n).


Figure 4. 1H NMR titration of 1+ in [D6]DMSO (10�2m) with a standard
solution of tetrabutylammonium acetate in [D6]DMSO. The spectra were
recorded after the addition of a) 0, b) 0.25, c) 0.5 and d) 1.0 equivalents
of acetate.
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onance formula c in Scheme 1 (which is one of the several
possible). The geometrical features of the sulfonamide
group of the zwitterion are very similar to those of an analo-


gous zwitterion, in which a methylpyridinium fragment is
linked to a methylsulfonamide group (N�C: 1.372 L; N�S:
1.581 L; S=O: 1.455 and 1.448 L; S�C: 1.765 L).[7] Most in-
terestingly, a DMSO solution of the zwitterionic compound
showed the same spectroscopic features (UV/Vis and NMR
spectroscopy) as a solution containing the 1-PF6 salt and a
slight excess of [Bu4N]X (in which X�=F� , CH3COO� or
H2PO4


�). This unequivocally demonstrates that, on addition
of F� , CH3COO� or H2PO4


� to a solution of 1-PF6, a proton
is neatly transferred from 1+ to X� . In other words, a neu-
tralisation process takes place between the acid 1+ (or BH+)
and the base X� (or A�), according to the classical Brønsted
proton transfer equilibrium (1).


BHþ þA� Ð BþHA ð1Þ


The zwitterionic nature of 1 accounts for the spectroscop-
ic properties observed: The deprotonation of -NH causes
the formation of an electrical dipole with an especially large
moment, which explains the hyperchromic effect observed
in the absorption spectrum. Partial p delocalisation of the
negative electrical charge over the entire molecular frame-
work of the zwitterion accounts for an increase in the shield-
ing effect and the consequential general upfield shift of -CH
signals.


On the other hand, it is suggested that for Cl� , Br� and
NO3


� ions, a genuine hydrogen-bond interaction is establish-
ed with the receptor 1+ . The occurrence of such an interac-


Figure 5. 1H NMR titration of 1+ in [D6]DMSO (10�2m) with a standard
solution of benzyltributylammonium chloride in [D6]DMSO. The spectra
were recorded after the addition of a) 0 and b) 10 equivalents of the
anion solution.


Figure 6. An ORTEP plot of the zwitterion 1+ (thermal ellipsoids are
drawn at the 30% probability level, hydrogens bonded to carbon atoms
were omitted for clarity). The deprotonation of the N(1) atom ensures
the electroneutrality of the molecule.


Table 2. Selected bond lengths [L] and angles [8] for the sulfonamide
group in 1-PF6 and zwitterion 1.


1-PF6 zwitterion 1


N(1)�C(1) 1.411(3) 1.374(5)
N(1)�S(1) 1.644(3) 1.570(3)
S(1)�O(1) 1.439(2) 1.451(3)
S(1)�O(2) 1.419(2) 1.451(3)
S(1)�C(13) 1.748(3) 1.779(3)
C(1)-N(1)-S(1) 124.36(20) 120.51(26)
N(1)-S(1)-O(1) 103.14(13) 113.78(16)
N(1)-S(1)-O(2) 107.57(14) 106.39(16)
N(1)-S(1)-C(13) 106.24(14) 109.38(18)
O(1)-S(1)-O(2) 120.51(14) 114.84(16)
O(1)-S(1)-C(13) 109.46(14) 105.79(15)
O(2)-S(1)-C(13) 108.92(14) 106.36(16)


Scheme 1. Resonance representation of the deprotonated form of recep-
tor 1+ . Formula b accounts for the shortening of the N�S bond and for
the lengthening of the S=O bonds. Formula c accounts for the shortening
of the N�C bond.
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tion removes charge density from the receptor, which gener-
ates a general deshielding of protons. This effect is especial-
ly detectable for the amide proton, which is directly in-
volved in the interaction, and for C(6)�H, C(2)�H and
C(3)�H, which are adjacent to the positively charged pyridi-
nium nitrogen atom. The downfield shift is less pronounced
for Br� , which, in view of the smaller electronegativity of
bromine, competes to a lesser extent for the -NH proton,
thus inducing a smaller deshielding effect.
The sequence of logK values (Cl�>Br�>NO3


�) reflects
the decreasing intensity of the anion–receptor hydrogen-
bond interaction. Notably, the different hydrogen-bond in-
teraction energies correspond to the different molar absor-
bances of the UV/Vis bands, even if e values do not corre-
late closely to logK values.
On the basis of this evidence, the following empirical cri-


terion for discerning neat proton transfer and true hydro-
gen-bond formation, following the interaction between an
-NH-containing receptor and an anion, is tentatively pro-
posed: a) A general upfield shift of proton signals within the
NMR spectrum, together with high and constant limiting ab-
sorbance of UV/Vis bands, indicate deprotonation; b) a se-
lective downfield shift and lower and variable e values indi-
cate authentic hydrogen-bond formation.
Next, we attempted to explain why receptor 1+ transfers


a proton to some anions (e.g., CH3COO�), but establishes
hydrogen-bond interactions with others (e.g., Cl�). The
equilibrium constant (K) for the acid–base neutralisation
equilibrium (1) results from the ratio of the two acidity con-
stants (KBH+ /KHA), and the pKHA values for some organic
and inorganic anions are known (e.g., pKHA for CH3COO�


is 12.3[8]). Therefore, having established that logK for
CH3COO� is >6, the pKBH+ value for 1+ is calculated to be
<6.3. In Figure 7, pKa(HA/A�) values for the anions investi-
gated are tentatively positioned on the vertical scale on the
right (CH3COO� and F� have been set at the same level,
even though acetate is slightly more basic). On the vertical
scale on the left, the pKa value of 1+ is indicated. The two
vertical lines are juxtaposed in such a way that the pKa of
1+ lies somewhere between the pKHA of H2PO4


� and the
pKHA of Cl� . For anions whose pKHA values are higher than
the pKBH+ of 1+ , the equilibrium constant for the acid–base
neutralisation equilibrium (1) is distinctly higher than 1 and
proton transfer occurs. On the other hand, for anions whose
pKa values are lower than the pKa of 1+ , the neutralisation
equilibrium is not favoured and the hydrogen-bond interac-
tion is not followed by definitive proton transfer. Therefore,
the occurrence of a Brønsted acid–base equilibrium or the
establishment of a hydrogen-bond interaction in a given
medium depends simply on the acidity of the receptorOs
-NH group with respect to the basicity of the anion. Anions
whose pKHA value is lower than the pKa of the -NH acid
(i.e., below the solid horizontal line in Figure 7) will estab-
lish a true hydrogen-bond interaction, whereas anions with
higher pKa values (above the dashed line) will induce defini-
tive -NH deprotonation and the formation of HA.


We tested the reliability of this approach by considering a
further -NH-containing receptor 2+ . This possesses a pyr-
role-type -NH fragment, whose intrinsic acidity is lower
than that of sulfonamide, and should be enhanced by the
presence of a proximate pyridinium group. In this receptor,
the -NH fragment is separated from the >N� group by two
benzene carbon atoms, as in 1+ .
Figure 8 displays the family of spectra obtained when a


solution of 2-PF6 in DMSO (8.4I10�4m) was titrated with a


Figure 7. Matching of the acidity scale for the receptor [BH]+ and the ba-
sicity scale for A� (pKa values for anions are tentative; CH3COO� and
F� have been arbitrarily assigned the same pKa value). Receptor 1+


transfers a proton to anions that lie above the solid horizontal line and
establishes a true hydrogen-bond interaction with the anions that lie
below the line. Receptor 2+ transfers a proton to anions that lie above
the dashed horizontal line and establishes a true hydrogen-bond interac-
tion with the H2PO4


� ion, which remains below the dashed horizontal
line. Cl� and anions that lie below this line exhibit a basicity that is too
low and a hydrogen-bond-acceptor tendency that is too poor to enable
them to interact with 2+ .


Figure 8. Spectrophotometric titration of a solution of 2+ in DMSO (8.4I
10�4m) with a standard solution of tetrabutylammonium acetate in
DMSO. Inset: molar absorbance at 454 nm versus the number of equiva-
lents of acetate (n) for a 1I10�4m solution of 2+ .
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standard solution of [Bu4N]CH3COO. Upon acetate addi-
tion, the absorption band at 380 nm decreases, whereas a
new band at 454 nm develops and increases in intensity to a
plateau after the addition of one equivalent of anion (the ti-
tration profile in the inset of Figure 8 refers to a solution of
1I10�4m). The smooth curvature of the titration profile ena-
bles the accurate determination of the equilibrium constant
(see Table 3).


Figure 9 shows the 1H NMR spectra obtained during the
titration of a [D6]DMSO solution of 2+ with [Bu4N]CH3-
COO. All of the -CH signals are shifted upfield; the most
significant shifts are for the carbolinium unit, due to the de-
creasing positive charge on the pyridinium fragment (maxi-
mum Dppm=�0.4 for -C(5)�H and -C(6)�H). Similar re-
sults for limiting absorbance and d of -CH signals (upfield
shift) were obtained upon titration with fluoride. The logK
value, calculated from the titration profile, is 4.77�0.02.
These results indicate neutralisation and proton transfer, fol-
lowing the interaction of 2+ with acetate and fluoride. In ad-
dition, using the relationship K=KBH+/KHA and the reported
pKHA value for CH3COO� in DMSO, the pKBH+ for 2+ is
calculated to be 7.2. Therefore, the higher acidity of sulfona-
mide with respect to pyrrole is maintained in the presence
of a proximate, positively charged group. Deprotonation of
a pyrrole subunit in the presence of F� in a CH2Cl2 solution
has been recently observed.[9]


Figure 10 shows the family of UV/Vis spectra obtained
upon titration of a solution of 2+ in DMSO with
[Bu4N]H2PO4 (titration profile in the inset, calculated
logK=3.11�0.01). The limiting value of the molar absorb-
ance at 454 nm is notably lower than that observed upon ti-
tration with CH3COO� and F� (see Table 3).
Figure 11 displays the 1H NMR spectra obtained during


the titration of a solution of 2+ in DMSO with
[Bu4N]H2PO4. There is a significant downfield shift of the
proton in position 5 (Dppm=++0.27); in addition, the up-
field shifts of the other carbolinium protons are less intense
than those observed in the titration with acetate. No shift is
observed for the aliphatic group -CH2-, which is bound di-
rectly to the positively charged nitrogen atom. On the basis
of this, we suggest that a true hydrogen-bond interaction is
established between 2+ and H2PO4


� , and that -C(5)�H is di-
rectly involved in this interaction. Notably, addition of the


Table 3. The equilibrium constants (logarithmic values) determined by
the spectrophotometric titration of 2+ (=LH+) with anions X� , and the
molar absorbances (m�1 cm�1) at 454 nm of the solutions containing 2+


and excess of the anion in DMSO.


equilibrium: LH+ +X�ÐL+HX
Anion logK e454


CH3COO� 5.10�0.05 2300
F� 4.77�0.02 2300


equilibrium: [LH]+ +X�Ð[LH···X]�


Anion logK e454


H2PO4
� 3.11�0.01 1800


Figure 9. 1H NMR spectra for the titration of 2+ in [D6]DMSO (10�2m)
with a standard solution of tetrabutylammonium acetate in [D6]DMSO.
The spectra were recorded after the addition of a) 0, b) 0.25, c) 0.75, d)
1.0 and e) 2.0 equivalents of acetate.


Figure 10. Spectrophotometric titration of a solution of 2+ in DMSO
(8.2I10�4m) with a standard solution of tetrabutylammonium monobasic
phosphate in the same solvent. Inset: the molar absorbance at 454 nm
versus the number of equivalents of phosphate (n).
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butylammonium salts of other anions (NO3
� and halides)


caused no significant modification of the UV/Vis and
1H NMR spectra, indicating a lack of interaction. Therefore,
the less acidic receptor 2+ can still transfer a proton to the
moderately strong bases CH3COO� and F� , establish hydro-
gen-bond interactions with H2PO4


� , and does not interact at
all with the weakly basic anions Cl� , Br� and NO3


� . This
scenario is represented in Figure 7. The pKBH+ of 2+ must
now be positioned between the pKHA values of CH3COO� ,
F� and H2PO4


� , thus distinguishing between acid–base neu-
tralisation (above the dashed horizontal line) and hydrogen-
bond formation (below). Cl� and other anions exhibit a ba-
sicity that is too low and a hydrogen-bond-acceptor tenden-
cy that is too poor to enable them to interact with 2+ .


Conclusion


Figure 7 is generally applicable for the solvent used in this
study (DMSO); however, a qualitatively similar diagram


would be expected for an analogous solvent, for example,
MeCN. Although most of the significant anions are repre-
sented on the right-hand vertical line, a number of -NH re-
ceptors of varying acidity have yet to be placed and correct-
ly juxtaposed on the left-hand vertical line. This diagram
should be helpful in the design of anion receptors. For ex-
ample, to increase the hydrogen-bond-donor tendency of
the receptor, particularly acidic -NH groups could be
chosen, or acidity could be enhanced by using electron-with-
drawing substituents (e.g., -NO2, -CF3, -CN). However, high
receptor acidity may induce neat proton transfer, which is
beyond the realm of supramolecular chemistry and within
the domain of classical Brønsted acid–base reactions. Ideal-
ly, the pKa of the -NH-containing receptor should be coinci-
dent with (or slightly more positive than) the pKHA of the
A� anion, corresponding to the premise that the strongest
hydrogen-bond interactions are established between an
anion A� and its conjugate acid HA (which indeed refer to
the same pKa value).


[10]


Experimental Section


4-Methyl-N-pyridin-3-yl-benzensulfonamide : A solution containing 3-
aminopyridine (1.5 g, 15.9 mmol) in pyridine (70 mL) and 4-methylben-
zenesulfonyl chloride (3.8 g, 19.9 mmol) was refluxed for 2 h, then the re-
action mixture was poured onto iced water (150 mL). The white precipi-
tate was collected by filtration under vacuum and washed with pure
water (yield 3.35 g; 85%). The product purity was controlled by perform-
ing TLC (SiO2, 100% AcOEt: Rf=0.5). C12H12N2SO2 (248 gmol�1).
1H NMR (400 MHz, [D6]DMSO): d=10.50 (s, 1H; NH), 8.28 (d, 1H;
CH py), 8.25 (d, 1H; CH py), 7.63 (d, 2H; CH bz), 7.50 (dd, 1H; CH
py), 7.36 (d, 2H; CH bz), 7.28 (dd, 1H; CH py), 2.4 ppm (s, 3H; CH3).


1-Benzyl-3-(toluene-4-sulfonylamino)pyridinium hexafluorophosphate (1-
PF6): An amount of 4-methyl-N-pyridin-3-yl-benzensulfonamide (0.4 g,
1.6 mmol) was dissolved in CHCl3 (70 mL). An excess of benzyl bromide
(0.41 g, 2.4 mmol) was added and the resulting solution was refluxed for
24 h. The solvent was then removed by using a rotary evaporator to give
an oily residue, which was dissolved in hot water and treated with a satu-
rated aqueous solution of NH4PF6. The white precipitate of 1-PF6 was re-
covered by filtration under vacuum (yield 0.45 g; 83%). C19H17N2SO2PF6


(484 gmol�1). 1H NMR (400 MHz, [D6]DMSO): d=11.65 (s, 1H; NH),
8.86 (d, 1H; CH(7)), 8.68 (s, 1H; CH(4)), 8.11 (d, 1H; CH(5)), 8.01 (dd,
1H; CH(6)), 7.65 (d, 2H; CH(2)), 7.46 (m, 5H; bz), 7.34 (d, 2H; CH(1)),
(d, 2H; CH(2)), 5.84 (s, 2H; CH2(8)), 2.4 ppm (s, 3H; CH3).


2-Benzyl-9H-b-carbolin-2-ium (2-PF6): An amount of b-carboline (0.11 g,
0.65 mmol) was dissolved in CHCl3 (70 mL). An excess of benzyl bro-
mide (0.16 g, 0.98 mmol) was added and the resulting solution was re-
fluxed for 24 h. The solvent was then removed by using a rotary evapora-
tor to give a yellow solid residue, which was dissolved in hot water and
treated with a saturated, aqueous solution of NH4PF6. The white precipi-
tate of 1-PF6 was recovered by filtration under vacuum (yield 0.21 g;
80%). C18H15N2PF6 (404 gmol�1). 1H NMR (400 MHz, CD3CN): d=9.1
(s, 1H; CH(5)), 8.55 (d, 1H; CH(7)), 8.45 (s, 1H; CH(6)), 8.40 (d, 1H;
CH(4)), 7.80 (dd, 2H; CH(1)-CH(2)), 7.50 (m, 6H; CH(3), bz), 5.85 ppm
(s, 2H; CH2(8)).


General procedures and materials : All reagents for syntheses were pur-
chased from Aldrich/Fluka and used without further purification. UV/Vis
spectra were recorded on a Varian CARY 100 spectrophotometer with a
quartz cuvette (path length: 1 cm). NMR spectra were recorded on a
Bruker Avance 400 spectrometer, operating at 9.37 T. Spectrophotomet-
ric titrations were performed at 25 8C on 10�4 and 10�5m solutions of 1-
PF6 and 2-PF6 in DMSO (polarographic grade). Aliquots of a fresh


Figure 11. 1H NMR spectra for the titration of 2+ in [D6]DMSO (10�2m)
with a standard solution of tetrabutylammonium monobasic phosphate in
[D6]DMSO. The spectra were recorded after the addition of a) 0, b) 0.25,
c) 0.75, d) 1.0 and e) 2.0 equivalents of phosphate.
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Bu4NX standard solution were added and the UV/Vis spectra of the sam-
ples were recorded. Spectrophotometric titration curves were fitted by
using the HYPERQUAD program.[11] 1H NMR titrations were carried
out in [D6]DMSO at moderately high concentrations of 1-PF6 and 2-PF6


(10�2m).


X-ray crystallographic studies : Diffraction data were collected at ambient
temperature by using an Enraf–Nonius CAD4 four-circle diffractometer,
working with graphite-monochromatised MoKa radiation (l=0.71073 L).
Crystal data for the 1-PF6 complex and for the 1+ zwitterion are reported
in Table 4. Data reductions (including intensity integration, background,


Lorentz and polarisation corrections) were performed with the WinGX
package.[12] Absorption effects were evaluated with the psi-scan
method,[13] and absorption correction was applied to the data (min./max.
transmission factors were 0.865/0.938 for 1-PF6 and 0.931/0.970 for 1).


Crystal structures were solved by direct methods (SIR 97),[14] and refined
by full-matrix least-square procedures on F2 using all reflections


(SHELXL 97).[15] Anisotropic displacement parameters were refined for
all non-hydrogen atoms. Hydrogens bonded to carbon atoms were placed
at calculated positions with the appropriate AFIX instructions and re-
fined by using a riding model; hydrogens bonded to the N(1) atom of 1-
PF6 were located in the DF map and refined, constraining the N�H dis-
tance to be 0.89�0.02 L.


CCDC-237092 and CCDC-237093 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax:
(+44)1223-336-033; or deposit@ccdc.cam.ac.uk).
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Table 4. Crystallographic data for 1-PF6 and zwitterion 1.


1-PF6 zwitterion 1


formula C19H19F6N2O2PS C19H18N2O2S
M 484.40 338.42
colour colourless pale yellow
dimension [mm] 0.80I0.43I0.21 0.80I0.28I0.11
crystal system triclinic orthorhombic
space group P1̄ (no. 2) P21 (no. 4)
a [L] 6.1779 (8) 10.3645(16)
b [L] 12.8573(17) 8.5655(12)
c [L] 13.3607(18) 10.7356(14)
a [8] 83.866(12) –
b [8] 87.840(16) 115.083(12)
g [8] 82.756(22) –
V [L3] 1046.5(2) 863.2(2)
Z 2 2
1calcd [gcm


�3] 1.537 1.302
mMoKa [mm�1] 0.303 0.201
scan type w-2q scans w-2q scans
q range [8] 2–26 2–26
measured reflections 5213 2181
unique reflections 4104 2084
Rint


[a] 0.0116 0.0213
strong data [Io>2s(Io)] 2673 1685
R1, wR2 (strong data)[b] 0.0492, 0.1136 0.0393, 0.0849
R1, wR2 (all data)[b] 0.0879, 0.1323 0.0594, 0.0941
GoF[c] 1.040 1.029
refined parameters 320 217
max./min. residuals [eL�3] 0.22/�0.17 0.22/�0.17


[a] Rint=S jF2
o�F2


o(mean) j /SF2
o. [b] R1=S j jFo j� jFc j j /S jFo j , wR2=


{S[w(F2
o�F2


c)
2]/S[w(F2


o)
2]}1/2, in which w=1/[s2F2


o+ (aP)2+bP] and P=
[max(F2


o,0)+2F2
c]/3. [c] GoF= {S[w(F2


o�F2
c)


2]/(n�p)}1/2, in which n is the
number of reflections and p is the total number of refined parameters.
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Discrepancy between the Spin Distribution and the Magnetic Ground State
for a Triaminoxyl Substituted Triphenylphosphine Oxide Derivative


Oscar Benedi Borobia,[a] Philippe Guionneau,[a] Henrike Heise,[b, f] Frank H. Kçhler,*[b]


Laurent Ducasse,[c] Jose Vidal-Gancedo,[d] Jaume Veciana,*[d] St-phane Golhen,[e]


Lahc.ne Ouahab,[e] and Jean-Pascal Sutter*[a]


Introduction


It is usually considered that the knowledge of the spin densi-
ty distribution for a paramagnetic compound is the ultimate
information to account for the magnetic behavior exhibited
by a molecule or an assembly of molecules in the crystal.
For a paramagnetic compound the mixing of the SOMO
(single occupied molecular orbital) with several orbitals lo-
calized on the molecular fragments may lead to the delocali-
zation of the unpaired electron.[1] As a consequence, the
spin is not exclusively located on one atom or functionality
but distributed over the molecule. Starting from the core
group bearing the unpaired electron, this spin delocalization
over the entire molecule leads to a pattern which reflects
the polarization of the s- and p-bonding electrons. Thus,
two neighboring atoms will respectively bear a spin (posi-
tive spin) and b spin (negative spin) density, and this sign al-
ternation is spread over the whole molecule. For instance,
for a molecule containing two radical units in ferromagnetic
interaction, the spin polarization pattern developed on the
molecular moiety linking them yields the same sign for both
the radicals. On the contrary, when they are in antiferromag-
netic interaction the sign of their respective spin is opposite.
This spin polarization scheme which can be observed experi-
mentally by spectroscopic techniques,[1–4] is also used as
straightforward predictive tool to determine a priori the sign
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author: Field depend-
ence of the magnetization at 2 K, temperature dependence of the
variation of the Dms=2 signal between 5 and 80 K, detailed solid-
state NMR data, and selected geometrical parameters for the
UB3LYP/6-31g* optimized structure for compound 1.


Abstract: The magnetic interaction and
spin transfer via phosphorus have been
investigated for the tri-tert-butylami-
noxyl para-substituted triphenylphos-
phine oxide. For this radical unit, the
conjugation existing between the p* or-
bital of the NO group and the phenyl p
orbitals leads to an efficient delocaliza-
tion of the spin from the radical to the
neighboring aromatic ring. This has
been confirmed by using fluid solution
high-resolution EPR and solid state
MAS NMR spectroscopy. The spin
densities located on the atoms of the
molecule could be probed since 1H,
13C, 14N, and 31P are nuclei active in


NMR and EPR, and lead to a precise
spin distribution map for the triradical.
The experimental investigations were
completed by a DFT computational
study. These techniques established in
particular that spin density is located at
the phosphorus (1=�15M10�3 au),
that its sign is in line with the sign al-
ternation principle and that its magni-
tude is in the order of that found on


the aromatic C atoms of the molecule.
Surprisingly, whereas the spin distribu-
tion scheme supports ferromagnetic in-
teractions among the radical units, the
magnetic behavior found for this mole-
cule revealed a low-spin ground state
characterized by an intramolecular ex-
change parameter of J=�7.55 cm�1 as
revealed by solid state susceptibility
studies and low temperature EPR. The
X-ray crystal structures solved at 293
and 30 K show the occurrence of a
crystallographic transition resulting in
an ordering of the molecular units at
low temperature.


Keywords: EPR spectroscopy ·
magnetic properties · NMR
spectroscopy · radicals · spin
distribution
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of the intramolecular exchange interaction in p-conjugated
organic polyradicals.[5–7]


We recently reported on a family of open-shell phosphine
derivatives which were envisaged because of the possibility
offered by these molecules to coordinate to transition-metal
ions by the mean of the phosphine moiety and the aminoxyl
radical groups.[8–13] The information gathered for a series of
nitronyl nitroxide substituted phosphine derivatives estab-
lished the presence of spin density at phosphorus and, more
important, a spin distribution in accordance with high-spin
ground states for the polyradical derivatives.[14] Unfortunate-
ly, too weak intramolecular exchange interactions due to the
poor spin delocalization for nitronyl nitroxide radicals ham-
pered the observation of the actual magnetic behavior ex-
hibited by the molecules.


In order to gain further and conclusive information on the
capability of a P atom to mediate the exchange interaction
between the paramagnetic centers it bridges, we designed a
molecule with an increased strength of the interaction be-
tween the spin carriers. This was achieved by enhancing the
spin density located on the triphenylphosphine core and
choosing a spin distribution scheme such as the C atoms
bound to P bear positive spin. The molecule investigated in
the present study is the tri-tert-butylaminoxyl substituted tri-
phenylphosphine oxide. For this radical unit, the conjugation
that exists between the p* orbital of the NO group and the
phenyl p orbitals leads to an efficient delocalization of the
spin from the radical on the aromatic ring. This has been
confirmed by the spin distribution mapping undertaken by
fluid solution high-resolution EPR[4] and NMR[1] spectrosco-
py which have proven to be very efficient tools in assessing
the magnitude and sign of the spin density borne by the
atoms of organic open-shell molecules. The spin densities lo-
cated on all atoms of the molecule could be probed since all
are active nuclei in NMR and EPR, that is, 1H, 13C, 14N, and
31P, and lead to a precise spin distribution map. These exper-
imental investigations were completed by a DFT computa-
tional study. Surprisingly, whereas the spin distribution
scheme supports ferromagnetic interactions among the radi-
cal units, the magnetic behavior found for this molecule re-
vealed a low-spin ground state.


Results


Synthesis


The triradical 1 was prepared according to the two synthesis
pathways outlined in Scheme 1. Following route A, the core
of the molecule was first formed from para-dibromobenzene
and trichlorophosphine leading to tri-(4-bromophenyl)phos-
phine (3). The latter was lithiated with BuLi and treated
with 2-methyl-2-nitrosopropane to give the correspond-
ing tris(hydroxylamine). Based on 31P NMR spectrum the
crude reaction product appeared to be a mixture of phos-
phine 2b and phosphine oxide 2c. Triradical 1 was then
obtained by oxidation with NaIO4 which also converted


the phosphine derivative to the corresponding phosphine
oxide.


By route B, the organic fragment containing the radical
precursor unit, 4a, b, was first prepared from para-dibromo-
benzene and 2-methyl-2-nitrosopropane, and protected as a
silane derivative. Its lithiation with nBuLi and subsequent
reaction with PCl3 yielded tris[p-{(O-tert-butyldimethylsilyl)-
N-tert-butyl-oxylamino}phenyl]phosphine (2a). The conver-
sion to the corresponding tris(hydroxylamine) 2b was effi-
ciently achieved with Bu4NF in THF. Previous studies on
such systems showed that it is possible to selectively obtain
the radical without oxidizing the PIII center when Ag2O is
used as oxidant.[9,12,15] This proved not to be the case here,
only a partial oxidation was observed independent of the
stoichiometry considered. The oxidation was therefore con-
ducted as in route A to obtain the triradical 1. The overall
yield with respect to PCl3 is about 15% either by route A or
B. Route B has the advantage that the products of each step
can be purified.


X-ray crystal structure


Single crystals suitable for X-ray crystallographic analysis
were obtained by slow diffusion of Et2O to a solution of


Scheme 1. Synthesis routes to triradical 1. Route A: a) nBuLi; b) PCl3,
c) nBuLi, d) (tBuNO)2, e) NaIO4; route B: a) nBuLi, b) (tBuNO)2,
c) ClSiMe2tBu, d) nBuLi, e) PCl3, f) Bu4NF, g) NaIO4.
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compound 1 in CHCl3. The structure was investigated at 293
and 30 K, the crystallographic parameters are given in
Table 1. A view of the molecular structure at 293 K is de-
picted in Figure 1 with selected geometrical features. The


crystal structure confirms the formulation of compound 1 as
a phosphine oxide derivative with the three tBuNO units in
para position of the phenyl rings. At room temperature, the
P�O bond length (1.490(2) U) is in the order of that found


for other radical substituted phosphine oxide derivatives.[8,16]


and the O-P-C angles close to 1128 do not reflect any steric
constraint in the molecule. The phosphorus atom is located
at 0.670(2) U out of the plane defined by C1-C11-C21, the
corresponding phenyl rings are tilted from this plan by
73.5(1), 72.6(2) and 72.5(2)8, respectively. The C�C bonds
lengths for the phenyl groups are in the range [1.381(4)–
1.373(5) U] and those connecting the aminoxyl N atoms to
the aromatic rings are found between 1.409(4) and
1.431(4) U excluding a conceivable quinonoid structure for
1. The dihedral angles of the aminoxyl units with the phenyl
groups they are linked to are 31.1(2), 16.8(3) and 34.5(2)8.
Finally, the intramolecular separations between the aminox-
yl groups taken as the O···O distances are 9.863(6), 9.896(6),
and 9.975(6) U. These features reveal that each Ph-NO(tBu)
moiety has slightly different geometric characteristics. How-
ever, the later appear in good agreement with those found
usually.[11,12, 17,18]


Figure 2 shows the crystalline organization in the bc and
ac planes. The molecular stacking can be described as a su-
perposition of layers along the a axes. In these layers, all the


O atoms of the aminoxyl groups are pointing in the same di-
rection but in an opposite direction to that of the P�O
bond, and are almost parallel to each other. The shortest in-
terlayer distance involves the PO unit and a phenyl group,
O4···H22, with 2.490(2) U, and the shortest intermolecular
separation within a layer is found for H9b(tBu) and
H13(Ph) with 2.54 U. As far as the aminoxyl units are con-
cerned, the shortest intermolecular separations are found
for O1···H5(tBu), 2.678(4) U, O2···H15(Ph), 2.652(5) U, and
O3···H25(Ph), 2.644(3) U, and the minimum intermolecular
separation between two NO groups is 5.82 U.


Table 1. Crystal and experimental data for triradical 1 at 293 and 30 K.


Triradical 1 T=293 K T=30 K


formula C30H39N3O4P C30H39N3O4P
Mw 536.61 536.27
crystal system triclinic trigonal
space group P1 P3
l [U] 0.71073 0.71069
a [U] 6.0984(3) 20.799(5)
b [U] 12.3080(7) 20.799(5)
c [U] 12.3112(7) 6.005(5)
a [8] 117.363(3) 90.0
b [8] 101.582(3) 90.0
g [8] 96.494(3) 120.0
V [U3] 781.19(7) 2250(2)
Z 1 3
1 [g cm3] 1.141 1.188
2qmax [8] 26.0 23.4
m [mm�1] 0.124 0.129
reflections
measured 4866 9713
independent 4866 3876
used in refinement 4866 3876
parameters 343 344
R1 0.047 0.077
wR2 0.1193 0.1738
residue [e�·U�3] 0.19/�0.18 0.45/�0.38


Figure 1. ORTEP drawing of compound 1 at 293 K with thermal ellipsoid
plots at 30% probability level. The hydrogen atoms are omitted for clari-
ty. Selected distances [U] and angles [8]: O1�N1 1.271(3), O2�N2
1.260(4), O3�N3 1.272(4), N1�C4 1.420(4), N1�C7 1.500(5), N2�C14
1.409(4), N2�C17 1.475(5), N3�C24 1.431(4), N3�C27 1.474(5), P�O4
1.490(2), P�C21 1.802(3), P�C11 1.805(3), P�C1 1.805(3), O1�O2
9.864(6), O2�O3 9.896(5), O1�O3 9.975(5); O1-N1-C4 115.9(2), O2-N2-
C14 116.3(3), O3-N3-C24 115.7(3), O4-P-C21 111.63(12), O4-P-C11
111.94(12), O4-P-C1 111.82(12), O1-N1-C4-C3 27.3(4), O2-N2-C14-C13
16.8(6), O3-N3-C24-C23 33.0(5).


Figure 2. Projection of the crystal packing for triradical 1 at 293 K along
a (top) and along b axis (bottom).
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A view of the molecular structure of the molecule at 30 K
is depicted in Figure 3a. Compared with the structure at
293 K, a higher symmetry is observed at low temperature,
the space group is now P3. It can be noticed that both high
and low temperature crystal packings are chiral. The unit
cell contains three independent molecules, each located on a
C3 symmetry axis. As a result, at 30 K the three Ph-
NO(tBu) moieties of a molecule are strictly equivalent,
which is not the case within the 293 K structure (Figure 3b).


The three independent molecules of the unit cell display a
dihedral angle between the aminoxyl units and the phenyl
groups of 5.9, 25.0 and 37.58, respectively. The other intera-
tomic distances and angles are close to those observed at
293 K. The organization of the molecules in layers is also
maintained at 30 K, the shortest separations involving the
aminoxyl units being in the order of those found at 293 K
with O1···H5(tBu), 2.529(5) U, O4···H15(Ph), 2.671(5) U,
and O6···H27(tBu), 2.644(6) U. The crystallographic transi-
tion is then mainly associated with an ordering of the molec-
ular units which, at 30 K, have a three-fold axis passing
through the central phosphorus atom. As a general remark,
it can be noted that structural rearrangements of the crystal
lattices when cooling from room to cryogenic temperatures
are often observed for organic radicals and may have signifi-
cant incidence on the magnetic behavior exhibited by these
species.[19–22]


Spin distribution mapping


The spin distribution mapping for triradical 1 was undertak-
en by fluid solution high-resolution EPR and solid state
MAS NMR spectroscopies as well as by DFT calculations.


High-resolution isotropic EPR : When performed in dilute
fluid solutions under high-resolution conditions, EPR meas-
urements provide precise isotropic hyperfine coupling con-
stants for nuclei with both large and small spin densities.[4]


The value of the hyperfine coupling observed by EPR is di-
rectly related to the absolute spin density on the considered
nuclei (see below). The X-band EPR spectrum of compound
1 was recorded in degassed CH2Cl2 solutions (<10�4


m). The
spectrum obtained at 295 K is centered at g=2.0056 and ap-
parently consists of eight lines equally spaced by 3.75 G.


Figure 4 shows the spectrum together with the simulated
signal. This simulation required to consider a linewidth of
0.78 G and isotropic hyperfine coupling constants (hfcc)
with three equivalent N nuclei of the aminoxyl units along
with the hfcc values with the central phosphorus atom and
with six equivalent H atoms in positions 2/6 and six in posi-
tions 3/5 of the phenyl groups. The value found for the hfcc
with the N atom, aN=3.80(1) G, is, as expected, one third of
the related constant found for the mono-radical derivative
(aN=11.6 G).[15] The same result was found for the hfcc
values with the aromatic H atoms in 2/6 and 3/5 positions
with 0.7(1) and 0.29(5) G, respectively, while the corre-
sponding values for the mono-radical derivative are 2.15 and
0.86 G.[15] By contrast, the hfcc with the P atom for com-
pound 1, aP=3.30(1) G, remains the same as for the mono-
radical derivative (aP=3.284 G). This result can be ascribed
to the particular position of the P atom at the center of this
trigonal molecule which shares the three singly-occupied
molecular orbital (SOMO) of this triradical. The very close
values for aN and aP lead to an overlapping of the central
lines and indeed yield a spectrum apparently composed of
only eight lines (see stick diagram in Figure 4). The further
splitting of these main lines by the coupling with the H


Figure 3. a) ORTEP drawing of triradical 1 at 30 K with thermal ellipsoid
plots at 30% probability level. The hydrogen atoms are omitted for clari-
ty. Selected distances [U] and angles [8]: Molecule 1: O1�N1 1.281(8),
N1�C4 1.451(8), N1�C7 1.514(8), P1�O2 1.497(8), P1�C1 1.823(8),
O1···O1 9.957(8), O1-N1-C4 115.7(1), C4-N1-C7 124.3(1), O2-P1-C1
111.7(1), C1-P1-C1 107.1(1), C3-C4-N1-O1 25.0(1); molecule 2: O4�N2
1.293(8), N2�C10 1.425(8), N2�C16 1.523(8), P2�O3 1.489(8), P2�C13
1.812(8), O4···O4 10.190(9), O4-N2-C10 117.0(1), C10-N2-C16 124.6(1),
O3-P2-C13 111.4(1), C13-P2-C13 107.5(1), C11-C10-N2-O4 37.5(5); mol-
ecule 3: O6�N3 1.275(8), N3�C23 1.405(8), N3�C26 1.513(8), P3�O5
1.479(8), P3�C20 1.792(8); O6···O6 9.810(9), O6-N3-C23 116.8(1), C23-
N3-C26 126.4(1), O5-P3-C20 111.8(1), C20-P3-C20 107.0(5), C24-C23-N3-
O6 5.9(1). b) Comparison of the crystal packing and the unit cells at 293
and 30 K. At a given temperature, the geometry of the molecular parts
drawn with the same color are strictly identical for symmetry reasons.
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atoms is not resolved, instead the observed signals are
rather broad with an apparent linewidth of DH1=2


= 2 G.
The fact that the coupling with the protons is not resolved is
probably due to the small hfcc values of H atoms which lead
to an overlap of the signals. In addition, electron–electron
dipolar interactions, which may result from the not so large
inter-radical separation within the molecule broaden the
lines and hence contribute to an additional overlap. Such a
line broadening due to dipolar interactions, when going
from a mono-radical to a triradical derivative, was observed
for related series of polyradical compounds.[14]


The high-resolution spectrum obtained for triradical 1 in
fluid solution suggests that the spin density is spread over
the core of the molecule. Moreover, the observation of a
coupling with the P clearly indicates that spin density is lo-
cated on this atom. To gather a more precise information on
the spin distribution for this compound we applied solid
state MAS NMR spectroscopy.


Spin-density distribution by 1H, 13C and 31P MAS NMR
spectroscopy: Solid state magic angle spinning NMR spec-
troscopy has recently been shown to be a powerful and
simple alternative to polarized neutron diffraction for map-
ping the distribution of the spin density in paramagnetic mo-
lecular and supramolecular solids.[23–25] This technique pro-


vides information on both the value and the sign of the spin
density of the magnetically active nuclei. Moreover, it ap-
peared ideally suited for the compound envisaged in the
present study since all atoms of the molecular fragment link-
ing the radical units are nucleus active in NMR, that is, 1H,
13C, and 31P.


The MAS NMR spectra of the solid compound 1 are de-
picted in Figure 5. The 1H spectrum shows three isotropic
signals that are assigned to the triradical. The methyl pro-
tons of the tert-butyl groups appear at �0.13 ppm, and the
protons in position 3/5 and 2/6 of the phenyl groups are
seen at 70 and �138 ppm, respectively. An additional peak
near �244 ppm is due to nickelocene which has been used
for internal calibration of the temperature in much the same
way as described previously.[26] The 13C NMR signals
(middle spectrum) for the triradical with negative shifts are
assigned to the tert-butyl quaternary Ca atoms and to the
phenyl C in position 3/5 at �1211 and �535 ppm, respective-
ly. The sharp signal at 1066 ppm is assigned to the methyl Cb


atoms while the signal for the carbon atoms in position 4
and 2/6 appear as shoulders of the methyl signal. The latter
signal shifts had to be estimated and are considered to have


Figure 4. Top: Experimental and simulated EPR spectra of triradical 1 in
fluid solution. Bottom: Stick diagram showing the eight overlapping lines
along with the numbering scheme for 1.


Figure 5. 1H, 13C, and 31P MAS NMR spectra from top to bottom for tri-
radical 1 (T=310.8 K, spinning rate: 15 kHz). Spinning side-bands are
marked by asterisks. The signal of Cp2Ni was used as internal tempera-
ture standard; X = impurity (probably the diradical derivative).
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an error limit of �30 ppm. We were unable to detect the
signal of C1 probably because of its proximity to the spin
source, which entails unfavorable relaxation.[1] Finally, in the
31P MAS NMR spectrum a signal was found at �1781 ppm.


Conversion of the experimental signal shifts into the con-
tact shifts, dcon, (see Supporting Information) and further
into the hyperfine coupling constants, aX, of the nucleus X
by using Equation (1) gave the data collected in Table 2. In
Equation (1), gX is the nuclear gyromagnetic ratio, h and k
are the Planck and Boltzmann constant, T is the absolute
temperature, gX is the isotropic g factor of nucleus X, bE is
the Bohr magneton, and S is the spin quantum number. The
contact shifts were also converted into the spin densities, 1X


at the nucleus X by means of Equation (2) where m0 is the
vacuum permeability and a0 the Bohr radius, while the other
symbols have been mentioned with Equation (1). The abso-
lute value of spin density at a nucleus X can also be deduced
from the experimental hyperfine coupling constant obtained
by EPR, the conversion is done with the Fermi equation
given Equation (3), where bX is the nuclear magnetic
moment. The spin densities derived from MAS NMR data
as well as those obtained from EPR data are given in
Table 2.


aX ¼ 3gXhkT
g 2
xb


2
ESðSþ1Þ


d con
T ðXÞ ð1Þ


1X ¼ 9kT a 3
0


m0g
2
xb


2
EðSþ1Þ


d con
T ðXÞ ð2Þ


1X ¼ 3 S
m0gXbX


aX ð3Þ


The qualitative and quantitative data concerning the spin
born by the atoms of the molecule permit to draw a pattern
of the spin distribution where the sign of the spin alternates
from one atom to the other, as shown schematically in
Figure 6.


Magnetic properties


Solid-state behavior : The magnetic properties of triradical 1
were investigated on a polycrystalline sample in the temper-
ature domain 2 to 300 K. The temperature dependence of
the molar magnetic susceptibility, cM, is given in Figure 7 as
a plot of cMT versus T. At 300 K the value for cMT is
1.10 cm3Kmol�1, close to the 1.125 cm3Kmol�1 expected for
three non-interacting S= 1=2 spins, and steadily decreases as
the temperature is lowered to reach 0.28 cm3Kmol�1 at 2 K.
Such a behavior is indicative for overall antiferromagnetic
interactions among the spin carriers. In order to reveal pos-
sible contributions arising from intermolecular exchange in-
teractions, a diluted sample of 1 (6% mass) in polyvinyl
chloride (PVC) was measured in the same conditions. The
temperature dependence of cMT (Figure 7) shows however
only slight differences with respect to the crystalline sample
in the low temperature domain. This suggests that the main
contribution to the magnetic behavior arises from intramo-
lecular exchange and that intermolecular interactions are


Table 2. Contact shifts (dcon in ppm), hyperfine coupling constants (a in G), and spin densities (1 in auM10�3) obtained from high-resolution EPR, solid-
state NMR and from DFT calculations.


EPR[a] NMR[b] DFT
ja j j1 j d exptl


311 d com
298 a [G] 1 1HS


[e] 1HS
[f]


H2/6 0.7 1.34[d] �138 �152 �2.03 �1.28 �6 �6
H3/5 0.29 0.55[d] 70 65 0.87 0.55 2 3
Hg [c] �0.13 �1.4 �0.019 �0.01 15/0/16[g] 17/0/17]g]


C1 [c] [c] [c] [c] �100 �136
C2/6 [c] 1055 967 3.26 8.1 124 149
C3/5 [c] �535 �696 �2.35 �5.86 �67 �59
C4 [c] 945 846 2.85 7.1 126 143
Ca [c] �1211 �1325 �4.47 �11.15 �29 �27
Cb [c] 1066 1087 3.66 9.15
P 3.30 15.31[d] �1781 �1889 �10.26 �15.89 4 25
O2 [c] [c] [c] 4 0
N1 3.80 98.9[d] [c] [c] 339 491
O1 [c] [c] [c] 519 353


[a] Absolute values of the hfcc values obtained in CH2Cl2 at 293 K. [b] For details see Experimental Section and Supporting Information. [c] Not ob-
served. [d] Obtained from Equation (3) by using three times the observed hfcc values. [e] By using the UB3LYP/6-31g* approach. [f] By using the
UB3LYP/6-31+g* approach. [g] Spin densities on the H of the Me groups.


Figure 6. a) Delocalization of the positive spin density as a result of the
mixing of the p* orbital of a NO unit with the aromatic p-orbitals; b)
Spin polarization map for triradical 1 (positive spin=› and negative
spin=fl).
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weak. Actually, there are intermolecular contacts as short as
about 2.6 U, but in all cases the spin density of at least one
engaged nucleus is very small (Table 2).


cMT ¼ Ng 2b 2T
4kTF�zJ0


where F ¼ 1þ1 expð 3J
2kTÞ


1þ5 expð 3J
2kTÞ


ð4Þ


The low temperature X-ray structure revealed the molecules
to be highly symmetrical, therefore the magnetic behavior
for triradical 1 was analyzed with a model considering three
equivalent S= 1=2 spin units located at the corners of an
equilateral triangle, that is, with equivalent exchange inter-
actions among them. The spin Hamiltonian appropriate to
this situation is given by H = �J(Ŝ1·Ŝ2+Ŝ2·Ŝ3+Ŝ3·Ŝ1) where J
is the exchange parameter. A rigorous description of the
system would require to consider three of such interactions
because the asymmetric crystal unit contains three slightly
different molecules. But their respective intramolecular in-
teraction are anticipated to be very similar and, therefore, in
order to avoid over-parameterization the system was consid-
ered formed by a single type of molecule. The expression of
cMT used to analyze the magnetic behavior of 1 is given in
Equation (4) where N denotes AvogadroXs number, the
other symbols have been defined above. The weak intermo-
lecular interactions have been considered in the mean-field
approximation as zJ’. Least-squares fitting to the experimen-
tal data lead to J=�7.55�0.06 cm�1 and zJ’ = �1.40�
0.06 cm�1, by using g=2.00 as a fixed constant. The antifer-
romagnetic nature of the intramolecular exchange interac-
tion reveals that the ground doublet state, which is doubly
degenerate, is more stable than the quartet state by �3 J/2 =


11.3 cm�1. In order to confirm definitively this intramolecu-
lar antiferromagnetic interaction a frozen matrix EPR study
of a diluted solution of triradical 1 in a solvent was under-
taken.


Frozen matrix EPR spectroscopy : The frozen matrix was
formed from a 10�3


m CH2Cl2/toluene (1:2) solution of tri-


radical 1. The spectrum recorded at 90 K consists in a broad
symmetrical signal with non-symmetrical weak broad satel-
lite lines centered at g=2.00, as depicted in Figure 8. This


set of signals corresponds to the Dms=1 transitions among
the sublevels of the electronic states of the triradical that
are populated at this temperature, that is, assuming the
same geometry as in solid state the sublevels should corre-
spond to both the doubly degenerate ground doublet state
and the first excited quartet state. A weaker signal at g=4
(see insert of Figure 8) which corresponds to the Dms=2
transitions and is characteristic of a quartet species, is also
visible. However, the signal at g=6 corresponding to the
Dms=3 transition which is characteristic for the quartet
state of triradical species was not detected, but this forbid-
den transition is rarely observed.[27] The temperature de-
pendence of the signal centered at g=4 was followed be-
tween 5 and 80 K, the variation of its intensity is plotted
versus 1/T (see Figure SI2 in the Supporting Information).
For the higher temperatures the signal intensity is found to
vary linearly in good agreement with a Curie law while for
the lower temperature domain a downward deviation is ob-
served confirming the occurrence of antiferromagnetic inter-
actions among the spin carriers of the molecule. Analysis of
this behavior by the model described above [Eq. (4)] yielded
an intramolecular exchange parameter of J=�3.9�
0.3 cm�1, a value in good agreement with the exchange inter-
action deduced for solid state behavior (Figure SI2). A
worth noticing point of the EPR spectrum of triradical 1 is
the evolution of the signal at the g=2 region that becomes
progressively asymmetric when the temperature is lowered.
Thus, at 5 K it appears as three broad overlapped lines that
can be simulated as a randomly oriented S= 1=2 species


Figure 7. Experimental (&) and calculated (c) cMT versus T behavior
for compound 1, best fit was obtained for J = �7.55 cm�1 (see text). cMT
behavior (^) for diluted solid solution of triradical in PVC.


Figure 8. X-band EPR spectrum of triradical 1 in a frozen CH2Cl2/toluene
matrix. Top: at 90 K in the g=2 and g=4 (insert) regions. Middle: Ex-
perimental spectrum in the Dms=1 region at 5 K. Bottom: Simulated
spectrum of the Dms=1 signal of the doublet ground state of 1.
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showing a coupling with one 14N by using the following ani-
sotropic parameters: gxx=2.0080, gyy=2.0055, gzz=2.0018,
Ax=1.90, Ay=3.60 and Az=25.0 G. This result agrees with
the fact that at 5 K the doublet state is the most populated
state of triradical 1 and this species shows the anisotropic
components of g factor and 14N hyperfine coupling constant
similar to those exhibited by another reported substituted
tert-butylaminoxyl radicals.[27] This observation suggests that
in frozen solution at low temperatures triradical 1 is distort-
ed, probably due to solvent interactions, adopting a geome-
try in which its magnetic behavior is better described by
three S= 1=2 spins arranged in an isosceles triangle with two
different antiferromagnetic J values for which a non degen-
erated doublet ground state is expected. Unfortunately, the
experimental uncertainties of the intensity of g=4 signal
does not permit to discriminate if its temperature depen-
dence is better described by either the equilateral or the
isosceles triangle models. It can be mentioned that the anal-
yses of the experimental data by both models yielded very
close exchange parameters.


Molecular modelisation of magnetic states and spin
populations


The sign and magnitude of the effective magnetic coupling
constant is intimately related to the balance between the
direct exchange and the inter-site electronic delocalization.
These constants indeed correspond to quite small differen-
ces between otherwise large total energies whose determina-
tion requires spin-dependent optimized geometries and ac-
curate treatment of the effects of electron correlation. From
comparative studies on molecular systems of reduced size, it
is generally stated that the magnetic parameters extracted
from Hartree–Fock (HF) theory underestimate the observed
values while a density functional theory analysis leads to an
overestimation of such terms, because in DFT the magnetic
orbitals are excessively delocalized between the centers.[28]


However, in DFT, these shortcomings can be corrected by
an appropriate choice of the (hybrid) functional and thus
makes such an approach quite attractive for these stud-
ies.[29, 30] Mitani and co-workers compared the effective ex-
change integrals in m-phenylene coupling units. Their results
show that DFT integrals are rather close to CASSCF and
CASPT2 values while MPn gives a wrong sign even at
fourth order.[31]


The electronic energies, the optimized geometries and the
spin densities of the doublet state and of the quartet state of
triradical 1 were computed by means of the density func-
tional theory method using the B3LYP functional and the
standard 6-31g* basis set. All the calculations were per-
formed with the Gaussian03 package.[32] It is necessary to in-
clude polarisation functions in the basis set in order to ac-
count for the hypervalency of the P atom. In order to save
computer time, the tert-butyl end groups were substituted by
methyl groups.


In a first step, we checked the performance of the restrict-
ed-open shell density functional theory (ROB3LYP). The


ground state is the high spin state but the calculated high
spin–low spin energy difference is about 30 kcalmol�1. It is
thus much larger than the experimental estimate and it dem-
onstrates that the RODFT approach does not perform effi-
ciently. In a second step, we used the unrestricted DFT ap-
proach and we first optimized the geometry of the quartet
state without any symmetry constraint and by using the RT
crystal structure as a guess. The resulting energy of the opti-
mized structure is �1619.201939 au. This geometry exhibits
a C3 symmetry (see Supporting Information for selected
bond lengths, bond angles and dihedral, Table SI2). The cal-
culated parameters are consistent with the experimental
values. For example, the calculated P–O distance of 1.504 U
is quite similar to the crystal RT distance of 1.490 U while
the calculated dihedral angle O4-P1-C4-C3 of 1548 agrees
with the crystal value of 1638. For the doublet state, the
same experimental guess induces a rather large departure
from the C3 symmetry. Instead, we used the quartet opti-
mized geometry as a starting point and the optimized dou-
blet state is found to be the ground state with an energy of
�1619.201984 au, and this state is almost degenerate with
the quartet state. The HS–LS difference is less than
0.03 kcalmol�1, and it may be considered as non significant.
The optimized geometries of both states are quite similar.


The eigenvalue of the total spin operator S2 gives a good
indication of the intrinsic quality of the unrestricted type
calculations which in some cases may lead to spin contami-
nation effects. For the high spin state, the S2 eigenvalue is
3.785 (reducing to 3.751 after annihilation of the first spin
contaminant) which is very close to the expected value of
3.750. For the low spin state, there exists a spin contamina-
tion because the calculated value is 1.784 (which reduces to
0.871 after annihilation of the first spin contaminant) for a
theoretical value of 0.750.


The HS Mulliken spin densities are reported in Table 2
for the P and O4 atoms and for one of the three radicals.
For the quartet state, each radical carries a total spin density
of about 1.0. For the doublet state, two radicals exhibit a
+1.0 density (and 1i(LS) = 1i(HS), where i labels an atom
of these two radicals, and the corresponding values are not
reported in Table 2) and the third radical is antiferromagnet-
ically coupled with a spin density of �1.0 (and 1i(LS) =


�1i(HS), where i labels an atom of this third radical).


Discussion


The magnetic behavior of open-shell molecule-based sys-
tems is usually understood on the basis of the spin polariza-
tion Scheme displayed by the molecules. As far as conjugat-
ed hydrocarbon radicals are concerned, the spin distribution
is rather well established and follows the sign alternation
principle. But when a heteroatom is involved in the ex-
change pathway of a polyradical, the situation appears much
less straightforward and very little is known on the effective
implication of the heteroatom in the spin distribution. The
experimental results gathered in this study unambiguously
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establish the presence of spin density at the phosphorus in
bridging position and show that its sign is in line with the al-
ternation principle. More surprising however, is the discrep-
ancy observed between the spin distribution pattern which
suggests a high-spin ground state for triradical 1, that is, an
intramolecular ferromagnetic interaction, and the actual in-
tramolecular antiferromagnetic interaction between the
three radical units.


The spin density distribution found for compound 1
(Table 2) shows that the spin delocalization from the ami-
noxyl units onto the core of the molecule leads to the ex-
pected alternation of the sign of the spin densities among
the atoms (Figure 6). The conjugation between the p*–
SOMO orbital of the aminoxyl units and the p orbitals of
the phenyl groups is anticipated to yield substantial positive
spin on the aromatic carbon atoms in positions 2, 4 and 6,
and weaker negative spin for the other positions.[1] This is
indeed observed for 1 and confirmed by the opposite sign
for the spin densities found on the atoms bound to these
carbon centers. Thus, the H atoms 3/5 in meta with respect
to the aminoxyl units bear positive spin whereas negative
spin is found at H in position 2/6 and at the phosphorus
atom. It can be noticed that the coupling constant aP found
by EPR for compound 1 is an order of magnitude larger
than the one determined for the related nitronyl nitroxide
triradical derivative.[14] The same trend is observed by
31P NMR for the molecule which exhibits a resonance at
�1781 ppm, confirming that more spin is located on P for 1
than for the corresponding nitronyl nitroxide substituted
triradical. This increased spin density can be attributed to
the aminoxyl radical involved here but also to the fact that
for compound 1 the phosphorus is linked to phenyl C atoms
bearing positive spin, that is, atoms with a higher degree of
spin while for the related nitronyl nitroxide derivative the
phosphorus is linked to C atoms with smaller negative spin
densities. The amount of spin found at P (�15.9.10�3 au) for
1 is in the order of the spin density found on the aromatic C
atoms (j5M10�3 j to j10M10�3 j au) suggesting that the spin
transfer by polarization is as efficient with the heteroatom
as it is for the carbon atoms of the phenyl rings. The larger
spin density found at P might be related to the fact that this
atom is polarized by three C atoms bearing positive spin (C
in position 4) whereas the C atoms in position 3/5 are sur-
rounded by only two of such atoms, that is, C in positions 4
and either 2 or 6.


It is gratifying that good agreement is found between the
EPR, NMR, and DFT spin density distributions. In particu-
lar that the densities on the phenyl ring are alternate with
more (positive) spin at C2/6 and C4 than (negative) spin at
C3/5. The calculated spin densities on these carbon atoms
are, however, larger than the experimental ones. This dis-
crepancy may be related to the use of unrestricted approach
which is known to generally overestimate the difference be-
tween a-spin and b-spin populations.


The density on P deserves a particular comment. The cal-
culated density is positive while the experimental one is neg-
ative. This sign opposition on P has been observed previous-


ly for related phosphine oxide derivatives whereas it does
not apply for the corresponding phosphine compounds.[14] It
is useful to refer to the recent work of Schatzschneider and
Rentschler who have analyzed the spin density distributions
in substituted tert-butyl phenyl nitroxides by using the
B3YP/6-31g* approach.[33] In PO3


2� nitroxide, the (non-nor-
malized) absolute values of the spin densities are 0.6937 on
NO, 0.5214 on the phenyl ring and 0.2000 on the PO3


2� sub-
stituent. On the last group, the spin densities are �0.0367 on
P, and 0.1161 on the O atom which is perpendicular to the
plane of the phenyl ring while the two other O atoms carry
a spin density of 0.0373 and 0.0199. Thus, we might expect
that the negative spin density should be accounted for by
using a more extended 6-31+g* basis set. We thus calculated
the UB3LYP/6-31+g* energies and spin densities of triradi-
cal 1 by using the optimized UB3LYP/6-31g* geometries.
The 6-31+g* HS–LS splitting does not differ a lot from its
6-31g* counterpart: the doublet is now the ground state and
D is �0.02 kcalmol�1. The corresponding spin densities of
the triradical 1 in its quartet state are reported in the last
column of Table 2. We found that 1P(6-31+g*) is even larger
than 1P(6-31g*). To check further the dependence of the
spin density on the basis set, we built a simplified model of
triradical 1, by replacing each phenyl group by a C=C bond,
while keeping the same geometrical parameters. This small-
er system allowed us to perform UB3LYP calculations using
6-31+g* (357 basis functions) and cc-pVTZ (724 basis func-
tions) basis sets. In each case, the doublet is the ground
state and D is �0.3 kcalmol�1. No definite conclusion may
be drawn about the spin population on the P atom because
1P(6-31+g*) = �0.015 while 1P(cc-pVTZ) = ++0.014. Thus,
it appears rather difficult to assess from theoretical calcula-
tions the spin density on the P atom. The size of this radical
precludes any post-HF calculations (CASSCF, CASPT2,
etc.) which are required to give quantitative results.


The rather efficient delocalization of the spin from the
aminoxyl units onto the core of the molecule is also ac-
counted for by the exchange interactions which exist be-
tween the spin carriers. But this magnetic behavior is in ap-
parent contradiction with the behavior anticipated for the
spin distribution scheme established for the molecule. The
magnetic behaviors exhibited by both the crystalline sample
and the diluted frozen sample reveal that the intramolecular
radical–radical interactions are antiferromagnetic with J=
�7.55 cm�1. Based on topological rules, for a XY3 system
with spin density at Y, the simple spin polarization scheme
would be expected to lead to ferromagnetic interaction.
Precedents for intramolecular antiferromagnetic interaction
in related poly-aminoxyl derivatives with an heteroatom (N,
B or Si) in bridging position have been reported.[18,34–36] For
these compounds, the antiferromagnetic interactions ob-
served between the radical units were attributed either to a
super-exchange mechanism involving a lone-pair, or to geo-
metric considerations, that is, dihedral angles close to 908
which hamper conjugation, or to the absence of spin at the
bridging atom. But these arguments do not apply for com-
pound 1. For the triradical the phosphorus has oxidation
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state (v) and thus no lone-pair which could take part in the
exchange mechanism.[14] In addition, the spin distribution
mapping establishes unambiguously that spin is located at
the phosphorus center. Structural features might be invoked
because the molecule is not planar, the P center induces a
pyramidal geometry which does not favor a good conjuga-
tion between the p system of the aromatic rings. As a conse-
quence, spin transfer from one radical unit to another
through the P is certainly hindered but does take place as
clearly shown by EPR and by the degree of spin localized at
P. This could lead to a pseudo-disjoint system with almost
degenerated doublet and quartet states favoring the low-
spin ground state.[37,38] While these considerations would ex-
plain the sign of the exchange interaction among the spin
carriers they do not account for the striking contradiction
that exists between the spin distribution found and the effec-
tive magnetic interaction between the radicals units. Conse-
quently, what appears as a discrepancy may simply reveal
that the observed exchange interaction is not governed by a
spin polarization mechanism.


The spin system realized by triradical 1 deserves a short
comment. This compound can be schematically described as
consisting of three spins located at the corners of an equilat-
eral triangle, each of which interacting equally with its two
neighbors. When governed by antiferromagnetic interactions
as it is the case here, there is no possibility to organize the
three spins in an antiparallel orientation, a situation known
as spin frustration.[39–41] In such a system, different organiza-
tion for the spins of the system are possible which all lead to
a magnetization at saturation lower than MS = 1mB expected
for a S= 1=2 spin ground state.[42] This was also observed for
the field dependence of the magnetization recorded for
compound 1 at 2 K, for any field the experimental value is
below the value calculated by the Brillouin function for a
S= 1=2 spin (g = 2.00) at this temperature (see Supporting
Information). The magnetic behavior for compound 1 but
also the structural features at low temperature are in agree-
ment with a frustrated spin system. Such a characteristic
makes the triradical a valuable building block for the prepa-
ration in association with paramagnetic metal ions of supra-
molecular magnetic coordination frameworks exhibiting
properties in relation with spin frustration.


Concluding Remarks


The results gathered for triradical 1 unambiguously establish
that the bridging P atom is involved in the spin distribution
exhibited by the molecules. This has been confirmed by
solid state MAS NMR and fluid EPR spectroscopies which
proved to be powerful tools for gaining access to the spin
distribution for an organic radical. The spin densities located
on all atoms of the molecule could be probed, and led to a
precise spin distribution map for the triradical. These tech-
niques permitted to establish that spin density is located at
the phosphorus (1=�15.10�3 au) and that its sign is in line
with the sign-alternation principle. Moreover, the magnitude


of spin borne by the P suggests that the spin transfer by po-
larization is as efficient with the heteroatom as it is for the
aromatic carbon atoms of the phenyl rings.


Quite surprisingly, whereas the spin distribution scheme
for the triradical supports ferromagnetic interactions among
the radical units, the magnetic behavior found for this mole-
cule revealed a low-spin ground state characterized by an in-
tramolecular exchange parameter of J=�7.55 cm�1. This ap-
parent discrepancy between the found spin distribution and
the effective intramolecular exchange interaction among the
aminoxyl units suggests that the latter is not governed by a
spin polarization mechanism.


Finally, it may be stressed that triradical 1 represents a
further example of open-shell derivatives for which the
structural features at low temperature are modified with re-
spect to those found at room temperature. It underlines the
importance that when a magneto-structural correlation is
envisaged, the structural properties should also be studied in
the temperature domain relevant for the magnetic proper-
ties.


Experimental Section


Commercially available reagents were used without further purification,
except for those mentioned below which were purified as described. All
solvents used in the reactions were purified by conventional methods and
under inert atmosphere. Dry THF was obtained by distillation from Na/
benzophenone, CH2Cl2 was distilled from CaH2, MeCN was dried over
P2O5, DMF was dried over MgSO4 and distilled under vacuum, MeOH
was dried over Mg(OMe)2 prior to distillation. All reactions were carried
out under an atmosphere of dry N2 unless otherwise specified. 2-Methyl-
2-nitrosopropane was prepared by a procedure reported in the litera-
ture.[43] Infrared spectra were recorded in the range 4000–400 cm�1 by
using a Perkin Elmer FT-IR Paragon 1000. Elementary analysis were per-
formed by the “Service Central dXAnalyse du CNRS” at Vernaison,
France. 1H, 13C{1H} et 31P{1H} NMR spectra in solution were obtained on
a Bruker ARX 300 spectrometer operating at 299.5, 75.42 and
121.42 MHz, respectively; chemical shifts (d) are given in ppm. EPR
spectra were recorded on a Bruker EMX X-band (9.4 GHz) equipped
with an Oxford ESR-900 helium cryostat, the spectra simulations were
done with the program WINEPR and EPRFTSM programs.[44] Magnetic
measurements down to 2 K were carried out in a Quantum Design
MPMS-5S SQUID susceptometer. All magnetic investigations were per-
formed on a polycrystalline sample. The molar susceptibility was correct-
ed for the sample holder and for the diamagnetic contribution of all
atoms by using PascalXs tables.[45,46]


Synthesis of triradical 1 (route A)


Tri(4-bromophenyl)phosphine (3):[47] A solution of p-dibromobenzene
(20 g, 84.7 mmol) in freshly distilled THF (100 mL) was added dropwise
to a solution of nBuLi (58.28 mL, 93.1 mmol) at �78 8C. When the addi-
tion was complete, PCl3 (2.43 mL, 84 mmol) in THF (45 mL) was intro-
duced to the mixture at �78 8C over a period of 2 h. The reaction mixture
was allowed to warm to room temperature, then filtered and the solvent
was removed under reduced pressure. The yellow residue was dissolved
in Et2O (50 mL) and MeOH (30 mL) was added. The solution was stirred
in order to slowly evaporated Et2O and 3 was obtained as a white micro-
crystalline solid (21.79 g, 52%). 1H NMR (CDCl3, 293 K): d=7.46 (d,
J(H,H)=8.17 Hz, 6H, Ph), 7.13 (dd, J(H,H)=8.17, J(H,P)=7.27 Hz, 6H,
Ph); 13C{1H} NMR (CDCl3, 293 K): d=134.97 (d, J(C1,P)=12.20 Hz,
Ph), 134.82 (d, J(C2,P)=20.74 Hz, Ph), 131.68 (d, J(C3,P)=7.31 Hz, Ph),
123.69 (s, Ph); 31P{1H,13C} NMR (CDCl3, 293 K): d=�7.95 (s); IR (KBr):
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ñ = 2986 (w), 2932 (w), 2871(w), 1568 (m), 1475 (s), 1381 (s), 1067 (s),
814 (s), 725 (s), 514 cm�1 (m).


Tri[p-(tert-butyl-N-hydroxylamino)phenyl]phosphineoxide (2c): A so-
lution of n-butyllithium (11 mL, 18 mmol, 1.6m) was added at �40 8C to
a solution of tri(4-bromophenyl)phosphine (3 ; 3 g, 5.97 mmol) in Et2O
(50 mL). After the reaction mixture was allowed to warm to 0 8C, the
mixture was cooled to �78 8C and a solution of 2-methyl-2-nitrosopro-
pane (1.56 g, 8.95 mmol) in THF (10 mL) was added dropwise. Stirring
was continued for 2 h at room temperature. Afterwards, a saturated
aqueous solution of NH4Cl in H2O and Et2O were added. The organic
phase was collected and dried over MgSO4 before the solvent was evapo-
rated in vacuo. The treatment of the residue with CH3CN gave 2 as a
white powder (1.21 g, 38%). 31P{1H,13C} NMR ([D6]DMSO, 293 K): d=
27.95 (s, PV), �9.07 (s, PIII); IR (KBr): ñ = 3296 (s), 2982 (s), 2926 (s),
2876 (s), 1593 (s), 1458 (m), 1388 (m), 1189 (m), 1119 (s), 838 (m), 744
(m), 575 cm�1 (s).


Tri[p-(tert-butyl-N-oxylamino)phenyl]phosphineoxide (1): A solution of
NaIO4 (400 mg, 1.8 mmol) in H2O (30 mL) was added to a solution of
tri[p-(tert-butyl-N-hydroxylamino)phenyl]phosphineoxide (2c ; 0.150 g,
0.288 mmol) in CH2Cl2 (30 mL) at 0 8C. The mixture was stirred for
15 min and the organic phase was collected, dried over MgSO4 and the
solvent removed to obtain a red powder. The latter was purified by chro-
matography over silica gel by using CH2Cl2/MeOH 9:1 as eluent and re-
crystallized from CHCl3/Et2O to obtain 1 (0.118 g, 78%) as red crystals.
IR (KBr): ñ = 2977 (m), 2930 (m), 2871 (w), 15781 (m), 1482 (m), 1189
(s), 1116 (F), 745 (s), 564 cm�1 (m); EPR (CH2Cl2, 293 K): g=2.0051; 8
lines, aN=3.86, aP=3.28 G; elemental analysis calcd (%) for
C30H39N3O4P (536.6): C 67.14, H 7.32, N 7.83; found: C 67.32, H 7.36, N
7.86.


Synthesis of triradical 1 (route B)


Bromo-4-[tert-butyl-N-hydroxylamino]aniline (4a) (adapted from Inoue
et al.[48]): n-Butyl lithium (39.7 mL, 63.5 mmol, 1.6m in hexane) was
added dropwise at �78 8C to a solution of p-dibromobenzene (15 g,
63.5 mmol) in THF (100 mL). The reaction mixture was stirred for
15 min at low temperature then gradually warmed to room temperature.
The solution was again cooled to �78 8C and a solution of 2-methyl-2-ni-
trosopropane (6.08 g, 63 mmol) in THF (10 mL) was added slowly. The
mixture was then stirred for 2 h at room temperature before a saturated
aqueous solution of NH4Cl was added followed by Et2O. The organic
layer was separated, dried over MgSO4 and the solvents removed in
vacuo. The resulting residue was purified by chromatography over silica
gel by using hexane as eluent to obtain 4a (10.86 g, 71%) as a colorless
oil. 1H NMR (CDCl3, 293 K): d=7.35 (d, J(H,H)=8.68 Hz, 2H, Ph), 7.09
(d, J(H,H)=8.68 Hz, 2H, Ph), 1.09 (s, 9H, tBu).


Bromo-4-[N-tert-butyl-N-(tert-butyldimethylsilyloxy)]aniline (4b): The
protection of the hydroxylamino group of 4a was performed according to
a method described by Corey et al.[49] To a degassed solution of 4a (4 g,
16.3 mmol) in DMF (15 mL) were added imidazole (3.34 g, 49.1 mmol)
and tert-butylchlorodimethylsilane (4.8 g, 32 mmol), and the reaction mix-
ture was stirred at 50–60 8C for 24 h. After cooling and addition of H2O
(20 mL) the organic layer was extracted with hexane, dried over MgSO4


and the solvent removed in vacuo. The residue was purified by chroma-
tography over silica gel by using hexane as eluent to obtain 4b as a color-
less oil (4.85 g, 83%). 1H NMR spectra in agreement with the one previ-
ously reported.[50]


Tris[p-{(O-tert-butyldimethylsilyl)-tert-butyl-N-oxylamino}phenyl]phos-
phine (2a): n-Butyl lithium (7.2 mL, 12 mmol, 1.6m in hexane) was
added to a solution of 4b (4.25 g, 11.9 mmol) in Et2O (50 mL) at �78 8C.
The reaction mixture was stirred for 45 min at low temperature, then a
solution the PCl3 (0.35 mL, 3.95 mL) in THF (10 mL) was added drop-
wise over a period of 2 h. The stirring was maintained 2 h at low temper-
ature followed by 6 h at room temperature. After evaporation of solvents,
the residue was taken off in CH2Cl2 (40 mL) and filtered under nitrogen
to obtain a clear yellow/green solution. After removing the CH2Cl2 in
vacuum triturating of the residue with CH3CN yielded 2a (1.48 g, 43%)
as a white powder. IR (KBr): ñ= 2989 (m), 2932 (w), 2871(w), 1578 (m),
1483 (m), 1252 (s), 1173 (w), 857 (s), 743 (s), 586 cm�1 (m); 1H NMR
([D6]DMSO, 293 K): d=7.19 (dd, J(H,H)=7.84, J(H,P)=1.02 Hz, 6H,


Ph), 7.08 (dd, J(H,H)=7.84, J(H,P)=7.08 Hz, 6H, Ph), 1.10 (s, 27H,
tBu), 0.88 (s, 27H, tBu-Si), �0.12 (s, 18H, (CH3)2-Si);


13C{1H} NMR
(CDCl3, 293 K): d=154.69 (s, Ph), 132.55 (d, J(C2,P)=20.14 Hz, Ph),
131.37 (d, J(C1,P)=10.99 Hz, Ph), 125.15 (d, J(C3,P)=7.32 Hz, Ph),
61.36 (s, Me3C-Si), 61.26 (s, Me3C-N), 26.87 (s, (CH3)3C-N), 17.95 (s,
(CH3)3C-Si), �4.69 (s, (CH3)2-Si);


31P{1H,13C} NMR ([D6]DMSO, 293 K):
d = �8.38 (s).


Tris[p-(tert-butyl-N-hydroxylamino)phenyl]phosphine (2b): A solution of
2a (2.29 g, 2.61 mmol) in THF (10 mL) was reacted under nitrogen with
a 0.75n THF solution of Bu4NF (15 mL, 11.5 mmol) for 36 h. Afterwards,
a saturated aqueous solution of NH4Cl (50 mL) was added and the organ-
ic fraction extracted with Et2O. The organic phase was dried over MgSO4


and Et2O partly evaporated under reduced pressure. The addition of
CH3CN under strong agitation then resulted in the formation of 2
(1.28 g, 95%) as white powder. IR (KBr): ñ = 3315 (F), 2981 (m), 2932
(m), 1591 (m), 1486 (s), 1200 (m), 1173 (m), 837 (s), 747 (w), 573 cm�1


(m); 1H NMR ([D6]DMSO, 293 K): d=8.33 (s, 3H, N-OH), 7.24 (dd,
J(H,H)=7.63, J(H,P)=1.21 Hz, 6H, Ph), 7.09 (dd, J(H,H)=7.63,
J(H,P)=6.48 Hz, 6H, Ph), 1.06 (s, 27H, tBu); 13C{1H} NMR ([D6]DMSO,
293 K): d=151.63 (s, Ph), 132.52 (d, J(C2,P)=19.53 Hz, Ph); 132.05 (d,
J(C1-P)=9.77 Hz, Ph); 124.47 (d, J(C3,P)=6.71 Hz, Ph), 59.79 (s, Me3C-
N), 26.29 (s, (CH3)3C-N); 31P{1H,13C} NMR: d = �8.99 (s).


Tri[p-(tert-butyl-N-oxylamino)phenyl]phosphineoxide (1): The oxidation
of 2b to triradical 1 was performed as described above for 2c.
31P, 13C, and 1H MAS NMR spectra : The 31P, 13C, and 1H MAS NMR
spectra were recorded with a Bruker MSL 300 spectrometer by using mi-
crocrystalline samples of 1. A small amount of nickelocene has been
added to 1 and used as internal temperature standard.[26,51] The powder
was packed into 4 mm ZrO2 rotors and sealed with Kel-F caps. The free
induction decays were sampled after applying single 908 pulses of 2–4 ms
duration with a delay time of 100–500 ms between successive scans. Data
handling included exponential multiplication up to the matched filter and
base line correction. The experimental signal shifts, dexptl, were deter-
mined relative to external adamantane (d(1H)=2.0) and ammoniumhy-
drogenphosphate ((d(31P)=1.1 ppm). Contact shifts were obtained after
subtracting from the experimental signal shifts, dexptl, the signal shifts, ddia,
of corresponding nuclei of diamagnetic reference compounds, that is, tri-
phenylphosphine oxide with d(31P)=28.5 ppm, d(13C2/6)=128 ppm,
d(13C3/5)=132 ppm, d(13C4)=134 ppm, and d(1H)=7.5 ppm for all aro-
matic protons, and compound 2b was the reference compound for the
proton signals of the radical moiety with d(13CCH3)=58 ppm, d(13CH3)=
25 ppm, and d(C,1H3)=1.2 ppm. Note that the dipolar shift contribution
can be neglected, because the g factor anisotropy of organic radicals is
generally very small.[52] Further details are given in Table S1 of the Sup-
porting Information.


Crystallographic studies : Small orange pyramidal shaped single crystals
of approximate dimensions 0.12M0.12M0.08 mm3 were mounted on a
Bruker-Nonius four circle diffractometer equipped with a CCD camera
and a graphite monochromated MoKa radiation source. Effective absorp-
tion correction was performed (SCALEPACK).[53] The structures were
solved and the atomic parameters were refined by full-matrix least-
squares method on F 2 by using the SHELX-97 package.[54] All H atoms
were calculated and treated according to the riding model during refine-
ment with isotropic displacement corresponding to the atom they are
linked to.


CCDC-242664 and -242665 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: (+44)1223-336033; or email : deposit@ccdc.cam.ac.uk.
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Aryl Cation and Carbene Intermediates in the Photodehalogenation of
Chlorophenols


Ilse Manet,[a] Sandra Monti,*[a] Maurizio Fagnoni,[b] Stefano Protti,[b] and
Angelo Albini*[b]


Introduction


The generation of a highly activated intermediate under
mild conditions is one of the most interesting applications of
photochemistry. Mostly, this principle finds application in
mechanistic studies since irradiation offers a smooth way of
generating the desired intermediate, which can be spectros-
copically characterized either in a cryogenic matrix or in
solution through fast kinetics studies. Moreover, the photo-
chemical formation of intermediates may also have synthetic
applications since this method is essentially independent of
the experimental conditions and offers a great versatility;
for example, the photochemical generation of carbenes is
often advantageous with respect to thermal methods for syn-
thetic purposes.[1] However, several other potentially useful
intermediates have been scarcely exploited. As an example,
the phenyl cation has been characterized in matrix[2] and in


the gas phase[3] but is difficult to access in solution, the only
general method being photolysis of diazonium salts,[4] where
care must be given to avoid competing radical paths.[5] As a
result, this cation has almost never been used as a synthetic
intermediate.[6] We have recently shown that the 4-amino-
phenyl cation 2 is efficiently generated by photoinduced het-
erolysis of the C�Cl bond in 4-chloroanilines[7,8] (1, see
Scheme 1) and this offers a smooth path for the arylation of
alkenes, aromatics and heterocycles.[9]


Apparently the interest of the reaction would increase if
it could be extended to other haloaromatic compounds, at
least to electron donating substituted derivatives. An obvi-
ous extension includes halophenols. In this case, there is
substantial literature available, but no indication on a
phenyl cation. In fact, the photochemistry of 4-chlorophenol
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Abstract: The photochemistry of 2,6-
dimethyl-4-chlorophenol (6) has been
studied in methanol and trifluoroetha-
nol (TFE) through product studies and
transient absorption spectroscopy.
Chloride loss from triplet 6 gave triplet
hydroxyphenyl cation 14, which equili-
brated with triplet oxocyclohexadieny-
lydene 15 within a few tens of nanosec-
onds; the cation can, however, be se-
lectively trapped by allyltrimethylsilane
(kad = 108–109 m�1 s�1) to give a pheno-


nium ion and the allylated phenol. In
neat alcohols, 14 and 15 are reduced
through different mechanisms, namely
by hydrogen transfer through radical
cation 17 and via phenoxyl radical 16,
respectively. The mechanistic rationali-
zation has been substantiated by the


parallel study of an O-silylated deriva-
tive. The work shows that the chemis-
try of the highly (but selectively) reac-
tive phenyl cation 14 can not only be
discriminated from that of the likewise
highly reactive carbene 15, but also ex-
ploited for synthetically useful reac-
tions, as in this case with alkenes. Pho-
tolysis of electron-donating substituted
halobenzenes may be the method of
choice for the mild generation of some
classes of phenyl cations.


Keywords: aryl cations · carbenes ·
chlorophenols · laser flash
photolysis · photochemistry


Scheme 1. Photoheterolysis of C�Cl bond in 4-chloroanilines according
to ref. [7] and [8].
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(3, Scheme 2) has been extensively studied, mainly in water,
and it was found that chloride liberation is involved. In this
case, the first intermediate characterized by flash photolysis
has been 4-oxocyclohexa-2,5-dienylidene (5).[10] This may


arise from the deprotonation of cation 4, but there is no evi-
dence for this path. The role of 5 is supported by the forma-
tion of p-benzoquinone in the presence of oxygen. The proc-
esses occurring under anaerobic conditions, namely forma-
tion of hydroquinone, reduction to phenol (highly efficient
in the presence of, or in neat, alcohols) and addition to the
starting compound have been attributed to the same inter-
mediate 5. With this rationalization, photolysis of halophe-
nols appears to supplement photolysis of quinone monodia-
zo derivatives[11] for the preparation of electrophylic car-
benes such as 5.


Recently, however, unambiguous cationic arylations of
arenes and of alkenes, similar to that observed for the ani-
line, have been reported for 4-chlorophenol.[12] This suggest-
ed the intriguing question of whether fast deprotonation
precludes obtaining a phenyl cation chemistry from halophe-
nols, or both intermediates might have a role under suitable
conditions and the intervention of highly reactive species
such as cation 4 and carbene 5 could be discriminated and,
in the event, controlled. If this were possible, the synthetic
scope of the photochemical arylation could be assessed.


We decided to tackle this problem by product studies, di-
agnostic chemical trapping, steady state measurements and
time-resolved studies. 2,6-Dimethyl-4-chlorophenol (6,
Scheme 3) was chosen as the model compound in order to
minimize self-addition to give dihydroxybiphenyl (compare
Scheme 2). Since the key issue was whether deprotonation
would inhibit reaction via the cation, the study was carried
out in alcohols of different basicity (methanol and 2,2,2-tri-
fluoroethanol) and the investigation was extended to the
corresponding silyl ether, where an alternative O-linked
electrofugal group was present.


Results


Products studies : The photochemical studies were carried
out both on 1E10�3


m solutions with GC or HPLC periodical
determination in order to monitor the course of the reaction
as well as on more concentrated solutions (3 to 5E10�2


m)


followed by chromatographic separation for the identifica-
tion of the products. Irradiation of phenol 6 in argon-flushed
methanol led to quantitative reductive dehalogenation and
gave phenol 7 (Scheme 3). In oxygen-equilibrated methanol,
however, phenol 7 was absent and 2,6-dimethyl-1,4-benzo-
quinone 8 was formed quantitatively in dilute solutions, al-
though the yield was low at a higher concentration, probably
due to polymerization.


The reaction was then carried out in the presence of a p-
nucleophile. We chose an alkene rather than a benzene in
order to facilitate selective irradiation (particularly for flash
photolysis experiments, see below) and in particular allyltri-
methylsilane (AS), because previous experience with related
arylation reactions[7,9a] showed that a single product (an al-
lylbenzene) is obtained in this case. Indeed, when 6 was
photolyzed in deoxygenated MeOH in the presence of grow-
ing amounts of AS, phenol 7 was gradually replaced by allyl-
phenol 9, which became the main product at 0.2m AS and
was conveniently obtained by preparative irradiation in the
presence of 1m AS (Table 1). In preparative irradiation ex-
periments with 5E10�2


m solutions of 6 allylphenol 9 was ob-
tained as the main product also when omitting degassing.


The photochemistry of 6 was next examined in 2,2,2-tri-
fluoroethanol (TFE) and gave a similar result, with reduc-
tion to phenol 7 and oxidation to quinone 8 in the absence
and in the presence of oxygen, respectively (see Table 1).
Furthermore, the allylated derivative 9 was largely dominat-
ing at 0.2m AS. Preparative experiments in TFE led exclu-
sively to 9 with 1m AS, independently of the presence of
oxygen.


In order to understand the role of the phenolic proton in
the reaction, the photolysis of a silyl ether of the phenol was
investigated. tert-Butyldimethylsilyl ether 10 (Scheme 4) was
chosen since the corresponding trimethylsilyl ether was
labile to traces of acids in methanol. The loss of the tBuMe2-
Si+ cation from an intermediate during the above photore-
actions would give compounds 7 to 9, that is, the same prod-
ucts obtained from phenol 6. This did, however, not occur.
Irradiation in methanol under the same conditions as above
led to two products, the silylated phenol 11, which resulted


Scheme 2. Photochemistry of 4-chlorophenol in water according to
ref. [10a].


Scheme 3. Photoproducts on irradiation of phenol 6 (for conditions see
Experimental Section).
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from reduction, and the 4-methoxy derivative 12, likewise
maintaining the silyl group, which resulted from formal sol-
volysis (Table 1). Only a trace amount of product 7 (<2%)
was detected. In the presence of oxygen the reaction was
slightly slowed, but no further product (e.g. quinone 8) was
formed. Likewise, irradiation in TFE gave 11 and the tri-
fluoroethyl ether 12’.


In the presence of AS, the silylated allylphenol 13 was
formed at the expense of products 11 and 12 (or 12’) in an
amount depending on AS concentration in both methanol
and TFE (Table 1 and Figure 1). Slightly negative intercepts
in the linear plots of Figure 1 are reasonably due to experi-
mental errors in the yield determinations at low AS concen-
trations. Product 13 was virtually free from the correspond-
ing desilylated derivative 9 (<2%) (Scheme 4, Table 1). Ir-
radiation of 10 in air equilibrated alcohols gives 11 and 12,
though the yield decreases at high conversion, apparently
due to secondary decomposition. In the presence of AS the
yield of 13 remains the same when omitting degassing.


Quantum yields and steady state competition : The fluores-
cence quantum yield was measured for compounds 6 and 10
and found to be in the order of 1% (see Table 2), independ-
ently of the solvent (e.g. for 6, Ff 1.4, 0.9 and 0.8E10�2 in


cyclohexane, methanol and TFE, respectively). Low conver-
sion experiments were also carried out to measure the quan-
tum yield of the photodehalogenation reaction (Fr). The re-
sults are reported in Table 2 and show a modest effect of
the presence of oxygen. The overall efficiency for the pho-
tolysis of both 6 and 10 was virtually unaffected by the pres-
ence of AS. In Figure 1, the ratio of the formation yield of
allyphenol 9 to that of phenol 7 is plotted versus the AS
concentration. A more steep dependence was observed in
TFE than in MeOH. As for silyl ether 10, the corresponding
plot for the ratio of the yield of product 13 to the yield of
the products formed in neat methanol (11+12 or 12’) is like-
wise reported in Figure 1.


Transient intermediates from 6 in TFE : Figure 2a shows the
difference absorption spectrum obtained upon 266 nm laser
flash photolysis of 1.5E10�3


m 6 in degassed TFE at 35 ns
from pulse end (the shortest delay we were able to examine
because of the fluorescence, see Experimental Section). This
is characterized by a structured absorption with lmax = 375/
385 nm (the more intense peak is underlined) and additional
peaks at 290 and 250 nm. All the signals exhibited linear
pulse energy dependence up to about 5 mJ per pulse (corre-


Table 1. Photochemical reactions of phenol 6 and silyl ether 10.


Reagent Conditions Products Yield
[%][a]


1E10�3
m solutions


6 MeOH, Ar 7 85
MeOH, O2 7 <2


8 86
MeOH, Ar,
0.2m AS


7 40


9 48
TFE, Ar 7 85
TFE, O2 7 <2


8 92
TFE, Ar, 0.2m
AS


7 7


9 83
10 MeOH, Ar 11 40


12 48[b]


MeOH, O2 11 13
12 5


MeOH, Ar,
0.2m AS


11 4


12 tr
13 85[b]


preparative experiments on
3.5E10�2


m solutions
6 MeOH, Ar 7 9


9 52
TFE, Ar 9 70
MeOH, Ar,
1m AS


11 18


12 tr
13 67


[a] Calculations based on converted starting material, at 70–85% conver-
sion. [b] A small amount of 2,6-dimethyl-4-fluorophenyl tert-butyldime-
thylsilyl ether was also present.


Scheme 4. Photoproducts on irradiation of tert-butyldimethylsilyl ether 10
(for conditions see Experimental Section).


Figure 1. Ratio of the yield of product 9 vs that of product 7 in methanol
(*) and in trifluoroethanol (*). Ratio of the yield of product 13 versus
the sum of the yields of products 11 and 12 (or 12’) in methanol (&) and
in trifluoroethanol (&).
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sponding to 17 mJcm�2), in agreement with formation of the
transients via a one photon mechanism.


The time evolution of the absorbance in the whole wave-
length range was well described by a first-order kinetics
with a time constant of 630�60 ns and within this period,
the first detected spectrum evolved to another one, rather
similar in the UV but different in the near-visible region. It
was characterized by peaks at 375/390 nm and by an intense
shoulder at l >400 nm. The same time constant was mea-


sured for the absorbance growing at 420, 250 and 390 nm
(Figure 2b). On a longer time scale, the absorbance at
390 nm decayed biexponentially with t1 ~50 ms and t2
~450 ms. As for the transient at 420 nm, a lifetime t �250 ms
could be estimated, but the absorbance did not decay com-
pletely, in part persisting in the millisecond time domain.


In the presence of AS, the difference spectrum at 30 ns
from pulse end showed maxima at 250, 290 and 375/385 nm
and evolved with pseudo first order kinetics into an intense
band at about 290–300 nm. With AS 0.045m the time con-
stant for the formation of the latter band was 90�20 ns (see
Figure 3a and b). The buildup rate of this band depended on
the AS concentration according to Equation (1).


kobs ¼ k0 þ kAS ½AS� ð1Þ


A bimolecular rate constant kAS = (2�0.2)E108m�1 s�1 with
k0 = (1.3�0.5)E106 s�1 could be estimated (see inset in Fig-
ure 3a). The absorbance decay measured at 320 nm was sat-
isfactorily described by a biexponential function with time
constants t1=30�2 ms and t2=150�10 ms.


Photolysis of air-equilibrated TFE solutions of phenol 6
resulted in a difference absorption spectrum characterized
by broad structured absorption with lmax=430 nm
(Figure 4). This absorption band grew with pseudo first
order kinetics with rate depending on the oxygen concentra-
tion. Thus, oxygen quenched a precursor characterized by k0


~ (2.1�0.6)E106 s�1 and a bimolecular rate constant kO2
q =


3.6E109m�1 s�1 could be evaluated using an equation analo-
gous to Equation (1) (see inset of Figure 4).


Transient intermediates from 6 in MeOH : Laser flash pho-
tolysis of Ar-flushed methanol solutions of 6 resulted in a
difference spectrum exhibiting at 30 ns from pulse end two
peaks of similar intensity at 375 and 390 nm, as well as in-
tense bands at 250 and 290 nm (Figure 5). The time evolu-
tion of this transient was exponential with a time constant
of about 50�10 ns, essentially the same all over the spec-
trum, and led to a well defined spectrum with maxima at
375/390 nm, 290 and 250 nm (see the spectral profile at
�100 ns in Figure 5). The tail of the absorption at l >


400 nm was weaker than in TFE. The decay of the transient
at 390 nm was biexponential with t1 = 10�1 ms and t2 =


80�10 ms.


Table 2. Quantum yields and kinetic parameters for the reactions of phenol 6 and silyl ether 10.


Reagent Solvent Ff Fr k0/s
�1 kad/m


�1 s�1 kad/(k
0
re+k 00


reKeq)/m
�1 kO2


q /m�1 s�1


(FO2
r )


k(9)/k(7)/m
�1


6 MeOH 9E10�3 0.60 6 2.0E107 �1E109 �10 3.0E109


(0.48)
6 TFE 8E10�3 0.42 53 1.6E106 � 2E108 125 3.6E109


(0.40)
k(13)/k(11+12)/m


�1


10 MeOH 6E10�3 0.29 6 �2E108


(0.24)
10 TFE 6E10�3 0.15 35


Figure 2. a) Difference absorption spectra of 1.5E10�3
m degassed TFE


solution of 6 at (&) 35 ns and (*) 775 ns after pulse end. (3.5 mJ per
pulse). b) Time course of DA at 1) 250 nm, 2) 390 nm, and 3) 420 nm
(zero time at pulse onset).
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In air-equilibrated methanol, an intense band at 490 nm
was observed in addition to the 375/390 absorption


(Figure 6). The buildup rate of both bands was the same in
agreement with the reaction of a common precursor with
molecular oxygen (kO2


q = 3.0E109m�1 s�1, k0 = (1.8�0.6)E
107 s�1).


The initial transient was quenched by AS also in MeOH,
although the concentration of the additive required for ob-
serving a significant effect was larger than in TFE. This re-
sulted in the buildup of a strong absorbance at 290 nm
(compare the difference spectrum at 100 ns in Figure 7 with
that in neat methanol in Figure 5), analogously to what ob-
served in TFE. The bimolecular rate constant for the reac-
tion with AS was approximately estimated from the buildup
of the absorbance at 250 and 390 nm and found to be kAS �
2E108m�1 s�1. The decay of the transient at 390 nm was biex-
ponential with t1=20�2 ms and t2=190�30 ms (see inset of
Figure 7). At 320 nm a major fraction of the signal decayed
with t=1.7 ms, but a part persisted longer.


Figure 3. a) Difference absorption spectra of 1.5E10�3
m degassed TFE


solution of 6 in presence of 0.045m AS at (&) 35 ns, (*) 105 ns, (~)
180 ns, (!) 780 ns from pulse end (4.0 mJ per pulse). Inset: Dependence
of the build-up rate constant kobs at 320 and 400 nm (in AS absence) on
the AS concentration. b) Time course of DA at 1) 250 nm, 2) 290 nm, and
3) 320 nm (zero time at pulse end).


Figure 4. Difference absorption spectra from 1.5E10�3
m air-equilibrated


TFE solution of 6 at (&) 30 ns, (*) 95 ns, (~) 180 ns, and (!) 380 ns after
pulse end (2.0 mJ per pulse). Inset: Dependence of the build-up rate con-
stant kobs at 460 and 390 nm (in oxygen absence) on the oxygen concen-
tration.


Figure 5. Difference absorption spectra of 1.4E10�3
m argon-flushed


MeOH solution of 6 at (&) 30 ns, (*) 100 ns, and (~) 775 ns after pulse
end (2.9 mJ per pulse).


Figure 6. Difference absorption spectra of 1.4E10�3
m air-equilibrated


MeOH solution of 6 at (&) 100 ns, (*) 480 ns, and (~) 1600 ns after pulse
end (2.9 mJ per pulse). Inset: Dependence of the build-up rate constant
kobs at 460 nm and 390 nm (in oxygen absence) on the oxygen concentra-
tion.
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Transient intermediates from 10 in MeOH : Laser photolysis
of silyl ether 10 in Ar-flushed methanol (Figure 8a) resulted
in a difference absorption spectrum characterized 10 ns after
the laser pulse by bands at 260 and 360–390 nm. The spec-


trum taken at �110 ns delay had well defined peaks at 255
and 290 nm and a broad band extending beyond 500 nm.
The time evolution of the absorption changes was well de-
scribed by a biexponential function with t1 ~22�5 ns and t2
~250�50 ns. The surviving absorption (i.e. , that at 1.5 ms
delay in Figure 8a) persisted in the millisecond range. The
time constant t1 was slightly shorter in oxygen saturated so-
lutions (tO2


1 ~15 ns), but was not affected by the presence of
0.25m AS. The time constant t2 was likewise unaffected by
AS. On the contrary this additive strongly reduced the in-
tensity of the visible absorption (Figure 8b). In Figure 9a the
biphasic time course of the absorbance can be appreciated
at 250 and 420 nm. In Figure 9b the effect of the presence of
AS on the intensity of the longer lived component is shown
at both wavelengths.


Discussion


Cation versus carbene : The aim of the present study is the
identification and the evaluation of the synthetic utility of
the intermediates generated by photolysis of 4-chlorophenol
derivatives. Comparison of the photochemistry of com-


Figure 7. Difference absorption spectra of 1.4E10�3
m argon-flushed


MeOH solution of 6 in presence of 0.1m AS at (&) 30 ns, (*) 100 ns, and
(~) 775 ns after pulse end (3.5 mJ per pulse). Inset: Biexponential decay
of DA at 390 nm in 1mm 6 in presence of 4.5E10�2


m AS in methanol.


Figure 8. a) Difference absorption spectra of 1.4E10�3
m argon-flushed


MeOH solution of 10 at (&) 10 ns, (*)110 ns and (~) 1500 ns after pulse
end (2.0 mJ per pulse). b) Difference absorption spectra of 1.4E10�3


m


argon-flushed MeOH solution of 10 in the absence of AS (&) and in the
presence of 0.25m AS (*) at 110 ns after pulse end (2.0 mJ per pulse).


Figure 9. Time course of DA at 1) 255 nm and 2) 420 nm of 1.4E10�3
m


argon-flushed MeOH solution of 10 a) in the absence of AS and b) in the
presence of 0.25m AS (2.7 mJ per pulse; zero time at pulse onset).
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pounds 6 and 10 shows that both the reactions expected
from triplet phenyl cation 14 and those expected from trip-
let carbene 15 are obtained in the presence of the appropri-
ate traps (Schemes 5 and 6); for simplicity, 14 and 15 are in-
dicated by a single formula, even if delocalization on the
ring is important, see for example ref. [11k]). Indeed, allyl-
phenol 9 is the product expected by addition of cation 14 to
AS and subsequent elimination of the good electrofugal
Me3Si


+ group from adduct cation 19. The reaction is closely
analogous to that observed with chloroanilines, where addi-
tion processes followed by elimination of an electrofugal
cation (H+ , Me3Si


+) have been characterized for a variety
of p nucleophiles (alkenes, aromatics, heterocycles) and
firmly rationalized as involving triplet aminophenyl cation
2.[9a] Formation of 9 via carbene 15 is not expected, since lit-
erature suggests that an isolable spiro-cyclopropanecyclo-
hexadienone would rather be formed[11] and such a hypothe-
sis is finally discarded because the allylphenol 13 is obtained
from 10 conserving the tert-butyldimethylsilyl group, and
thus necessarily involving cation 22 (Scheme 6). Further, the
benzoquinone 8 is a diagnostic trapping product of the car-
bene via carbonyl oxide 18 and is obtained from 6, and not
from 10 (see Table 1). Since the two observed reactions,
with oxygen and with AS, cannot be imputed to a single in-
termediate, a convenient hypothesis is that cation and car-
bene are in equilibrium. As it will appear in the following,
fast kinetic and steady state experiments support that kineti-
cally indistinguishable intermediates are involved; indeed,
the time resolved data obtained for 6 in both TFE and
MeOH can be consistently rationalized assuming that the
protonation equilibrium (kdepr/kpr) between triplet aryl
cation 14 and triplet carbene 15 is established within a few
tens of nanoseconds, that is, with rates of the order of
108 s�1. In the following, a structure assignment for the ob-
served intermediates is presented and their role in the
chemistry occurring discussed.


Assignment and role of transient species : Structure assign-
ment for the transients observed under the various condi-
tions is proposed on the basis of the analogy with previous
studies and consistence with the mechanistic scheme dis-
cussed below.


The fluorescence of phenol 6 hinders acquisition of mean-
ingful signals before 30–35 ns from pulse end. In TFE, the
first observed spectrum (Figure 2a) with maxima at 375/385,
290 and 250 nm is closely reminiscent of that attributed to
triplet carbene 5 in water (Scheme 2).[10a,11k] Recent compu-
tational investigations suggest that phenyl cations, except for
particular substitution patterns, do not present intense ab-
sorption in the near UV or visible[13] and thus cation 14 is
not expected to contribute significantly in the spectral
region explored. Thus, it seems reasonable to assign the ear-
lier spectrum of Figure 2a to 15. As hinted above, the time
evolution of the absorbance changes in the whole wave-
length range occurs with a single time constant (630 ns), re-
quiring that interconversion between 14 and 15—if any—
occurs with rates significantly faster than that of the decay
of these intermediates (Figure 2b). This time constant is rel-
ative to the formation of secondary intermediates, absorbing
stronger than the precursor(s) in the explored range. Thus,
the fact that the aryl cation does not contribute to the initial
spectrum is irrelevant to the single exponential behavior of
the system.


Actually, two secondary transients are formed with the
same rate. Phenoxyl radical 16 is identified by the distinctive
peaks at 375/390 nm, apparent in the spectrum at 775 ns in
Figure 2a that well fits what found with the non methylated
analogue.[14] This product results from hydrogen abstraction
from the solvent by triplet carbene 15 (k 00


re in Scheme 5). A
shoulder at l >400 nm is apparent in the same spectrum,
and is assigned to the radical cation 17, arising from solvent
hydrogen transfer to aryl cation 14 (k 0


re). Radical cations


Scheme 5. Proposed mechanism of aryl cation evolution upon heterolytic
photodehalogenation of 6. For simplicity, mesomeric formulae of inter-
mediates are not explicity indicated.


Scheme 6. Proposed mechanism of aryl cation evolution upon heterolytic
photodehalogenation of 10. For simplicity, mesomeric formulae of inter-
mediates are not explicity indicated.
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from phenols are indeed known to absorb in the 380–
450 nm range[15] and hydrogen transfer to the phenyl cation
has been previously considered as an alternative mechanism
for reduction of halophenols and haloanilines.[7,10a] Final sup-
port for the assignment comes from the fact that a similar
transient is observed with the silyl ether, where only this
path is available for reduction (see below). The same inter-
mediates are observed in MeOH, though 16 greatly predom-
inates over 17 in this case (Figure 5).


In the presence of traps, the transients from 6 change in a
way that closely matches the changes in product distribution
(see Table 1). Thus, carbonyl oxide 18, characterized by a
strong absorption in the visible, dominates in the presence
of oxygen and arises from trapping of 15 by oxygen (kO2


),
analogously to the case of 3.[10a,b] Actually, this intermediate
has lmax=490 nm in MeOH (Figure 6), 460 nm in water[10a]


and 430 nm in TFE (Figure 4). This parallels the ability of
nucleophile assistance by these solvents,[16] consistently with
a not previously documented, but reasonable, increasing sta-
bilization of this cumulene by nucleophilic solvents.


The conspicuous absorption change with lmax=290–
300 nm observed in TFE in the presence of AS (Figure 3a)
is attributed to formation of phenonium ion 19. Such ions
have been often invoked as intermediates, particularly in
substitution reactions of phenethyl derivatives.[17] There is
no precedent in the literature available for a similar pheno-
nium, but 1,1-dimethyl-4-hydroxybenzenium ion 23, with a
closely analoguous structure, indeed absorbs at 295 nm (log
e 3.57 in both HClO4 and H2SO4), supporting the attribu-
tion.[18] Phenyl cations have been previously trapped by me-
sitylene yielding arylcyclohexadienyl cations (23’), which
absorb strongly at 260 and 350 nm.[4c] In methanol, observa-
tion of the AS effect requires a larger amount of the addi-
tive, but also in this case the intensity of the 290–300 nm
band at 100 ns delay indicates that cation 19 has been
formed, though to a lower extent than in TFE (Figure 7).


In the case of the silyl ether 10, the difference spectrum
could be registered after 10 ns. Under these conditions an
early transient with absorption bands at 260 and 360–390 nm
(Figure 8a) is detected. This is quenched by oxygen but not
influenced by high concentrations of AS, and is identified as
the triplet state 310. The broad band in the visible (Figures 8
and 9) with a lifetime in the order of hundreds of nanosec-
onds is assigned to radical cation 21 (Scheme 6). This band
is strongly decreased in the presence of 0.25m AS (indeed,
the visible part of the spectrum of the triplet is better evi-
denced under this condition); moreover its decay time is not
changed in the presence of the alkene (see Figure 9a and b).


In this case, no absorption attributable to phenonium ion 22
is detected (see Figure 8b); apparently, this species is blue-
shifted with respect to 19.


Cation–carbene equilibrium and kinetics : The photochemis-
try of 6 in the two alcohols is thus essentially the same, with
the difference that primary intermediates 14 and 15 decay at
a much faster rate in MeOH, where the rate of reaction
appproaches that of interconversion, particularly when these
species are trapped by some additive. In the simplified ap-
proach that equilibration between 14 and 15 is faster than
their decay, the oxygen trapping reaction can be used to
check the selfconsistency of the rationalization in Scheme 5
(with [AS]=0), since carbonyl oxide 18 is conspicuously de-
tected in both solvents. The kinetic equations are resolved
in the dynamic equilibrium approximation, that is, with kdepr,
kpr@ k 0


re, k 00
re, kO2


[O2]. Assuming the photodehalogenation
occurs “instantaneously” from excited 6 with quantum yield
Fr, the following equations apply, where superscript “0” in-
dicates the value at t=0:


Keq ¼
kdepr


kpr
¼ ½15�0


½14�0 ð2Þ


½14�0 þ ½15�0 ¼ Fr½6*� ð3Þ


In the presence of oxygen kobs is expressed by Equation (4):


kobs ¼ ððk 0
reþ k 00


reKeqÞ=ð1þKeqÞÞþ ðkO2
Keq=ð1þKeqÞÞ½O2�


ð4Þ


where k0 = (k 0
re + k 00


reKeq)/(1+Keq) is the rate measured in
the absence of oxygen and the experimental quenching rate
constant kO2


q by O2 is represented by Equation (5):


kO2
q ¼ kO2


Keq=ð1þKeqÞ ð5Þ


When the reaction with oxygen is completed, the maximum
concentration of carbonyl oxide 18 is expressed by Equa-
tion (6):


½18�max ¼ kO2
½O2�Keq½14�0=kobs ð6Þ


In air-equilibrated solutions (Figures 4 and 6, [6*] = 2.7E
10�5


m and 3.9E10�5
m, in TFE and MeOH, respectively),


[18]max can be calculated by using the dehalogenation quan-
tum yields Fr of Table 2, the experimental bimolecular
quenching rate constant kO2


q = 3.6E109 and 3.0E109m�1 s�1


(Grabner et al. found 3.5E109m�1 s�1 for 4 in water),[10a] the
oxygen concentrations 2.55E10�3


m and 2.1E10�3
m, the ob-


served decay rate constants kobs=1.2E107 s�1 and 2.4E
107 s�1 in TFE and MeOH, respectively. The calculated
values of [18]max are 7.8E10�6


m in TFE and 4.7E10�6
m in


MeOH and the ratio compares well with the ratio of the re-
spective experimental values of DAmax (0.10 and 0.07). This
fact can be taken as an indication of the reliability of the ki-
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netic model applied and of the validity of the dynamic equi-
librium approximation. On the basis of the above calcula-
tions, the molar absorption coefficient emax of 18 is predicted
to be about 12800 and 14800m�1 cm�1 in TFE and MeOH,
respectively, to be compared with the value of 9500m�1 cm�1


determined by Grabner for the analogous carbonyl oxide
derived from 3 in water.[10a]


Information about the position of the equilibrium in the
two solvents can be obtained from k0 (Table 2) with some
assumption on the rates of the reductive processes. For the
carbene derived from 3 in water, the rate constants for H
abstraction from MeOH and EtOH were determined by
Grabner to be 1E106m�1 s�1 and 6.4E106m�1 s�1, respective-
ly.[10a] Thus, for 15 in MeOH it can be assumed k 00


re ~
[MeOH]E106 s�1. The literature suggests that a,a,a-trifluori-
nation makes hydrogen transfer slower by at least one order
of magnitude, as shown by the �10 times decrease in the
rate coefficient for H-abstraction by the OH radical from
TFE with respect to EtOH.[19] Finally, k 0


re can be assumed to
be negligible in MeOH, as indicated by the fact that forma-
tion of radical cation 17 is a minor process in this solvent.
With these hypotheses, Keq turns out to be about 4 in
MeOH and �0.2 in TFE (T=295 K). This result is in agree-
ment with the different basicity of the two alcohols[16] that
governs the rate of deprotonation of cation 14 to carbene 15
(kdepr) and the rate of the back reaction (kpr).


The reservoir of the equilibrating primary intermediates is
emptied in neat alcohols through the two channels leading
to reductive dehalogenation. This has been monitored in dif-
ferent ways. First, transient absorption evidences that radical
16 is formed with a rate constant of 2E107 and 1.6E106 s�1


in MeOH and TFE, respectively (Table 2). In principle, in
TFE radical 16 could also result from the deprotonation of
17, which is known to be fast.[20] However, the transient
spectra indicate that the two radicals are more likely formed
in parallel. Second, the competition between reduction to
phenol 7 and allylation to give 9 via 19 has been studied by
steady state experiments in the presence of increasing
amounts of AS. A linear dependence of the ratio [9]/[7] on
AS concentration according to Equation (7) has been found.


½9�
½7� ¼


kð9Þ


kð7Þ
½AS� ð7Þ


The linear plot in Figure 1 gave k(9)/k(7) = 53m�1 in TFE
and 6m�1 in MeOH. Analogously, with silyl ether 10 the de-
pendence of the [13]/([11]/+ [12]) ratio on AS concentration
gave k(13)/k(11+12) = 35m�1 in TFE and 6m�1 in MeOH. On
the other hand, flash photolysis showed that the precursor
of radical 17, that is, 14Q15 is quenched by AS with rate
constants kAS = 2E108m�1 s�1 in TFE and �2E108m�1 s�1 in
MeOH. Within the equilibrium model assumed, kAS = kad/
(1+Keq) and k0 = (k 0


re + k 00
reKeq)/(1+Keq); thus the ratio kad/


(k 0
re + k 00


reKeq) can be evaluated on the basis of the experi-
mental values of k0 (1.6E106 s�1 in TFE and 2.0E107 s�1 in
MeOH). The calculated ratios are �10m�1 in MeOH and
125m�1 in TFE, showing a trend in reasonable agreement


with the k(9)/k(7) values from the steady state experiments in
the two solvents (see Table 2). As for the absolute value of
kad, in MeOH it can be calculated by neglecting k 0


re and
using k 00


re ~ [MeOH]E106 s�1 and the equilibrium constant of
4 and turns out to be about 109m�1 s�1. In TFE a lower limit
of 2E108m�1 s�1 is estimated.


In the case of silyl ether 10, the only path available for re-
duction to 11 involves hydrogen transfer through radical
cation 21. The rate constant for the formation of the latter
cannot be precisely measured due to the interference of the
triplet absorption, longer lived than for 6, but must be kre �
2.0E107 s�1, on the basis of the observed ratio k(13)/k(11+12)=


6m�1, with addition to AS occurring with a rate constant kad


~2E108m�1 s�1 also in this case.


Triplet versus singlet chemistry : Similarly to 4-chlorophe-
nol,[21] compound 6 shows a weak fluorescence (Ff ca. 1%)
and an intersystem crossing quantum yield Fisc �0.95 is esti-
mated; the same holds for compound 10. Triplet 36 is not ob-
served through transient absorption measurements in alco-
hols, although this should not be unduly stressed since,
before 30 ns from pulse end, fluorescence perturbs detection
of transient absorption signals, expected to be weak for trip-
let of phenol derivatives.[14] In the case of 10 triplet absorp-
tion is observed and the short lifetime of 22 ns well fits with
a dehalogenation reaction being an efficient decay channel
(phenol and anisole have a lifetime of 3.3 ms in polar sol-
vents).[22] Furthermore, the similar photochemistry of 6 and
10 supports that the photoreaction is actually chloride loss
in the triplet state, discarding the hypothesis that it involves
concerted HCl elimination (Schemes 7 and 1).[10a]


The rather efficient C�Cl bond cleavage thus proceeds
from the triplet and, analogously to what happens with 4-
chloroaniline, gives the corresponding phenyl cation in the
triplet state. A difference between these two intermediates
is that the triplet of 4-aminophenyl cation is markedly stabi-
lized compared to the singlet (�10 kcalmol�1 according to
B3LYP 6-31G(d) calculations), whereas the triplet of cation
14 is almost isoenergetic with the singlet (this latter is
�1 kcalmol�1 more stable).[23] In spite of this difference the


Scheme 7. Proposed mechanism of heterolytic photodehalogenation of 6
and 10.
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reactivity of the two intermediates is the same and proceeds
in both cases from the triplet state. Inspection of the poten-
tial energy surfaces for triplet 4-aminophenyl cation showed
that this adds easily to p, not to n, nucleophiles; with ethyl-
ene it gives a phenonium cation that intersystem crosses
down to the singlet of the same structure.[9a] Alcohols act as
hydrogen donors to the triplet cation (and as O-nucleophiles
to the singlet).[4b,9a] We find here that, just like the amino an-
alogue, cation 14 only gives addition to p nucleophiles and
solvent induced reduction.[24a] The cationic course of the re-
action is supported by the formation of allylphenol 9 by loss
of the trimethylsilyl cation from 19, a largely precedented
process with silanes when a cation, not a radical, is in-
volved.[24] It is worthwhile noting that Grabner found some
hydroquinone from the irradiation of chlorophenol 3 in
water (Scheme 2),[10a] which could be an indication that in a
non reducing medium triplet phenyl cation has no easy path
available and ISC to the singlet has some role.


A further support to the above mechanism is offered by
the chemistry of silyl ether 10. First of all, this compound
undergoes reductive dehalogenation to 11, just as 6, with no
competing desilylation. Moreover, the involvement of transi-
ent 21 analogous to 17, proves that a path for the reduction
of the phenyl cation is operative not involving a carbene,
that is, via the conversion 20!21, analogously to 14!17,
not 14!15!16. On the other hand, silyl ether 10 gives the
methyl ether 12 in an amount comparable to that of the re-
duced compound 11, through a reaction that is typical of sin-
glet phenyl cation, and involves previous ISC from 320 to
120. Addition of AS inhibits both reactions to the same
degree, indicating that effective trapping of the triplet cation
successfully inhibits other decay paths from this intermedi-
ate.


Overall course of the reaction : The choice of the medium
determines the course of the reaction after initial heterolytic
cleavage of the C�Cl bond of phenol 6. In methanol, proton
transfer to nucleophilic MeOH is fast and the 14Q15 equili-
brium is shifted towards the latter species. This property,
combined with the good hydrogen donor properties of this
solvent makes the dehalogenation occur essentially via the
carbene path as indicated for 3 by Grabner et al.[10a] on the
basis of flash photolysis data and further supported by
CIDEP experiments (in 2-propanol).[25] In more acidic TFE
the equilibrium is shifted towards 14. Additionally, this alco-
hol is a poor hydrogen donor and thus reduction to 7 is slow
and for a large part occurs via the radical cation path. The
two properties make this solvent better suited for trapping
of the cation by a p nucleophile; thus, allylation by AS is
largely predominant over reduction already at 0.1m AS con-
centration. However, a high enough concentration of the
alkene makes allylation successful even in MeOH, though
this would clearly not be the solvent of choice for such reac-
tion. Conversely, highly efficient O2 trapping of 15 results in
formation of the carbonyl oxide in both solvents, despite the
different initial position of the equilibrium. When using a
non deoxygenated 5E10�2


m solution of 6, the amount of


oxygen present is rapidly consumed and then the reaction
continues undisturbed; thus, the photochemical preparation
of allylphenol 9 can be carried out omitting degassing.


In the case of cation 20, cleavage of the silyl cation is not
sufficiently fast to be significant; therefore no 15 is formed
and only reaction via the phenyl cation are observed. How-
ever, the difference in H donation between MeOH and TFE
is well apparent, making trapping of the cation more effec-
tive in the latter solvent (compare Figure 1). A further dif-
ference with this cation is that ISC from the first formed
triplet to singlet 120, reasonably the most stable state, occurs
to some extent thus giving products 12 and 12’, where the
solvent act as n nucleophile, along with 11 (where it acts as
H donor to 320). However, addition of a p nucleophile sy-
phons away 320 before ISC.


Conclusion


This work based on the comparison between a chlorophenol
and the corresponding silyl ether strengthens the rationaliza-
tion of the photochemical behavior of such compounds. The
chemistry of 6 proceeds from the triplet and gives the hy-
droxyphenyl cation in the triplet state. This intermediate is
not detected, nor is expected to be due to unfavorable ab-
sorption characteristics. However, this is unambigously iden-
tified through trapping by an alkene leading to alkylation
via a second intermediate, a phenonium ion. A transient cor-
responding to the last species is detected here for the first
time, though such intermediates have been often invoked.[17]


In the protic solvents considered, a fast equilibrium between
the hydroxyphenyl cation and triplet oxocyclohexadienyly-
dene is established. Reactions both from the aryl cation
(alkene addition and reduction) and the carbene (oxygen
addition and reduction) have been characterized kinetically
and the respective intermediates detected.


The mechanistic support obtained gives more confidence
in synthetic applications. Triplet hydroxyphenyl cation is in-
teresting from this point of view, due to the selective reac-
tion with p nucleophiles, in particular with alkenes. The use
of a less nucleophilic and, what is actually more important,
less H-donating solvent such as TFE makes aryl cation
chemistry accessible also at relatively low alkene concentra-
tion. This demonstrates that it is possible not only to dis-
criminate, but also to direct the reaction. O-Silylation as in
compound 10 is another way to obtain the aryl cation
chemistry. In this case there is some incursion of singlet aryl
cation chemistry in neat alcohols, which does not, however,
decrease the efficiency of the arylation of alkenes.


The aryl cation chemistry previously obtained for 4-chloro-
anilines has been extended to a 4-chlorophenol derivative
and its silyl ether, generalizing the photochemical method
for the generation of aryl cations from electron-donating
substituted haloaromatics. Indeed, phenyl cations are virtu-
ally inaccessible by thermal methods[6] and their synthetic
potential has not been appreciated as yet. Photochemistry
may turn out to be the elective method in this case and may
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give access to another class of reactions where a highly reac-
tive intermediate is generated by irradiation under mild con-
ditions.


Experimental Section


General : MeOH, TFE (Fluka) and allyltrimethylsilane (Lancaster) were
used as received, 4-chloro-2,6-dimethylphenol (Lancaster) was purified
by crystallization from cyclohexane. NMR sectra were measured in
CDCl3 with TMS as internal standard and accompanied by the appropri-
ate DEPT experiments.


Preparation of 1-[(tert-butyldimethylsilyl)oxy]-2,6-dimethyl-4-chloroben-
zene (10): The title compound was obtained in 90% yield and purified
by bulb to bulb distillation starting from the corresponding phenol and
by using the procedure reported by Aizpurua et al.[26] Colorless solid,
m.p. 28–30 8C; elemental analysis calcd (%) for C14H23ClOSi: C 62.08, H
8.56; found: C 61.93, H 8.54; 1H NMR (CDCl3): d = 0.2 (s, 6H), 1.1 (s,
9H), 2.2 (s, 6H), 6.95 (s, 2H); IR (neat): n = 1470, 1224, 922, 854 cm�1.


Preparation of 2,6-dimethyl-4-methoxyphenyl tert-butyldimethylsilyl
ether (12) and 2,6-dimethyl-4-trifluoroethoxyphenyl tert-butyldimethylsil-
yl ether (12’): Authentic samples of these compounds for comparison
with the photochemically obtained products were prepared from 2,6-di-
methyl-4-methoxy- (or 4-trifluoroethoxy)-phenol. In turn, these were ob-
tained from 2,6-dimethylhydroquinone, obtained by sodium dithionite re-
duction of 2,6-dimethyl-1,4-benzoquinone,[27] followed by selective acid
catalyzed methylation or, respectively, trifluoroethylation)[28] in the corre-
sponding alcohols, by using the same procedure as above.


Compound 12 : colorless oil; elemental analysis calcd (%) for C15H26O2Si:
C 67.62, H 9.84; found: C 67.33, H 9.54; 1H NMR (CDCl3): d = 0.2 (s,
6H), 1.0 (s, 9H), 2.2 (s, 6H), 3.75 (s, 3H), 6.55 (s, 2H); 13C NMR
(CDCl3): d = 3.2 (CH3), 18.6, 19.7 (CH3), 26.0 (CH3), 55.3 (CH3), 113.6
(CH), 129.2, 145.7, 153.3; IR (neat): n = 1485, 1436, 1253, 1222, 1068,
898, 838, 778 cm�1.


Compound 12’: colorless oil; elemental analysis calcd (%) for
C16H25F3O2Si: C 57.46, H 7.53; found: C 57.10, H 7.80; 1H NMR
(CDCl3): d = 0.2 (s, 6H), 1.0 (s, 9H), 2.2 (s, 6H), 4.2 (q, 2H, J=8 Hz),
6.55 (s, 2H); IR (neat): n = 1473, 1284, 1224, 1162, 1090, 905, 839,
779 cm�1.


Photochemical reactions : 1E10�3
m or 5E10�2


m solutions of either 6 or
10 in 1 cm diameter quartz tubes were flushed with argon for 15 min—
when appropriate—, serum capped and irradiated at 295 K in a multi-
lamp apparatus fitted with six 15 W phosphor coated lamps (centre of
emission 310 nm). Conversion of the starting material and formation of
the photoproducts were periodically monitored by GC or HPLC. The
conversion was approximately linear up to >80% conversion. In the
photoreaction of 10 in TFE a small amount of 2,6-dimethyl-4-fluorophen-
yl tert-butyldimethylsilyl ether was also formed, as indicated by GC/MS.


Photochemical synthesis of 2,6-dimethyl-4-(2-propenyl)phenol (9): The
synthesis was carried out starting from 4-chloro-2,6-dimethylphenol 6
(82 mg, 0.52 mmol, 0.035m), allyltrimethylsilane (2.4 mL, 15 mmol, 1m)
in MeOH (15 mL) were irradiated as above for 5.5 h at 310 nm. After
column chromatography (cyclohexane/EtAc 98.5:1.5) the title compound
was isolated as an oil (45 mg, 52%) along with 2,6-dimethylphenol (8 mg,
9%).


Compound 9 : colorless oil,[29] elemental analysis calcd (%) for C11H14O:
C 81.44, H 8.70; found: C 81.40, H 8.77; 1H NMR (CDCl3): d = 2.25 (s,
6H), 3.30 (d, 2H, J=7 Hz), 4.55 (br s, 1H), 5.1 (m, 2H), 6.0 (m, 1H),
6.85 (s, 2H); IR (neat): n = 3568, 1638, 1196 cm�1.


Photochemical Synthesis of 1-[(tert-butyldimethylsilyl)oxy]-2,6-dimethyl-
4-(2-propenyl)benzene (13): From 10 (95 mg, 0.35 mmol, 0.035m), allyltri-
methylsilane (1.6 mL, 10 mmol, 1m) and TEA (48.5 mL, 0.35 mmol,
0.035m) in MeOH (10 mL) irradiated as above for 6 h. After column
chromatography (cyclohexane), the title compound was isolated as an oil
(65 mg, 67%) along with 1-[(tert-butyldimethylsilyl)oxy]-2,6-dimethylben-
zene (11; 15 mg, 18%).


Compound 11: colorless oil; 1HNMR (CDCl3): d = 0.45 (s, 6H), 1.15 (s,
9H), 2.5 (s, 6H), 6.65 (t, 2H, J=7 Hz), 7.00 (d, 1H, J=7 Hz); further
characteristics as reported.[30] Data of compound 13 in accordance with
literature.[31]


Quantum yield measurement : The fluorescence quantum yields (Ff) in
cyclohexane, methanol and trifluoroethanol were measured from the
area of the corrected emission spectra (T=295 K, excitation at 285 nm)
by using 9,10-diphenylanthracene as standard (Ff=0.91 in cyclohex-
ane).[32] Reaction quantum yields (Fr) were determined by irradiating 1E
10�3


m solutions of either 6 or 10 in 1 cm optical path cuvettes after flush-
ing with argon or oxygen. The lamp source was a focalized 150 W high
pressure mercury arc fitted with an interference filter (transmission,
280 nm). Potassium ferrioxalate was used as the actinometer.


Nanosecond laser flash photolysis : The setup for the nanosecond absorp-
tion measurements was described previously.[33] The minimum response
time of the detection system was of about 2 ns. The laser beam (a JK-
Lasers Nd/YAG operated at l=266 nm, pulse FWHM 20 ns) was focused
on a 3 mm high and 10 mm wide rectangular area of the cell and the first
2 mm in depth were analyzed at a right angle geometry. The incident
pulse energies used were <17 mJcm�2 (5 mJ per pulse). The bandwidth
used in the spectrokinetic measurements was typically 2 nm (0.5 mm slit
width). The spectra were reconstructed point by point from time profiles
taken each 5–10 nm. The sample absorbance at 266 nm was typically 1–
1.5 over 1 cm. Oxygen was removed from methanol by vigorously bub-
bling the solutions with a constant flux of Ar, previously passed through
an alcohol trap to prevent evaporation of the sample. The same proce-
dure was used to prepare oxygen saturated solutions. The solution, in a
flow cell of 1 cm path, was renewed after each laser shot. The TFE ex-
periments and some methanol experiments were performed on samples
degassed by repeated freeze-pump-thaw cycles at the vacuum line. In this
case too, the solutions were renewed after a few laser shots. The temper-
ature was 295�2 K. The detector system was perturbed from 290 to
380 nm by the intense emission of 6, generated by the laser excitation.
These troubles were minimized by using neutral density filters at the en-
trance slit of the monochromator and pulsing the 150 W high pressure
Xe lamp at high currents (~200 mA for 1 ms) to increase the intensity of
the analyzing light. In spite of this, transient spectra in this wavelength
region were not significant before 30–35 ns. Acquisition and processing
of absorption signals were performed by a home made program using
Asyst 3.1 (Software Technologies, Inc.). Nonlinear fitting procedures by
the least square method and c2 and distribution of residuals were used to
judge the goodness of the fit.
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On the Gas-Phase Reactivity of Complexed OH+ with Halogenated Alkanes


Christian Adlhart, Osamu Sekiguchi, and Einar Uggerud*[a]


Introduction


One strategy for the C�H activation of alkanes is mild and
environmentally benign oxidation.[1] This can be achieved by
reaction with hydrogen peroxide in the presence of a suita-
ble catalyst [Eq. (1)].


R�HþHOOH cat
�!R�OHþH2O ð1Þ


This reaction also takes place in superacid solution, as
demonstrated by Olah et al.[2] Results of gas-phase reac-
tions[3] and quantum chemical calculations[4] have con-
firmed Olah*s notion that the key step in the reaction
involves a protonated hydrogen peroxide molecule, which
abstracts a hydride from the alkane. In the gas phase
where the excess energy[5] causes immediate dissociation
of the product complex, the alkyl R+ ion, is the ultimate
product. The protonated hydrogen peroxide molecule,
H2OOH+ , can formally be regarded as a complex be
tween water and a hydroxyl cation (incipient OH+). The
free species OH+ is an extremely strong oxidant, which
is reflected in its high electron-recombination energy of
1257 kJmol�1 and a hydride affinity of 1932 kJmol�1 (see
Table 2, below). For practical purposes, however, utiliza-
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P.O. Box 1033 Blindern, 0315 Oslo (Norway)
Fax: (+47)22-85-54-41
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. The Supporting
information contains CID spectra of selected products from the ion
molecule reactions, correlation curves for calculated energies and
alkyl group a values, G3, B3LYP/6-31G(d), MP2//B3LYP/6-31G(d),
and G3m*//B3LYP/6-31G(d) energies, and cartesian coordinates of all
investigated molecules.


Abstract: OH+ is an extraordinarily
strong oxidant. Complexed forms (L�
OH+), such as H2OOH+ , H3NOH+ , or
iron–porphyrin-OH+ are the anticipat-
ed oxidants in many chemical reac-
tions. While these molecules are typi-
cally not stable in solution, their isola-
tion can be achieved in the gas phase.
We report a systematic survey of the
influence on L on the reactivity of L�
OH+ towards alkanes and halogenated
alkanes, showing the tremendous influ-
ence of L on the reactivity of L�OH+ .
With the help of with quantum chemi-
cal calculations, detailed mechanistic
insights on these very general reactions
are gained. The gas-phase pseudo-first-
order reaction rates of H2OOH+ ,
H3NOH+ , and protonated 4-picoline-
N-oxide towards isobutane and differ-
ent halogenated alkanes CnH2n+1Cl
(n=1–4), HCF3, CF4, and CF2Cl2 have


been determined by means of Fourier
transform ion cyclotron resonance
meaurements. Reaction rates for
H2OOH+ are generally fast (7.2G
10�10–3.0G10�9 cm3mol�1 s�1) and only
in the cases HCF3 and CF4 no reactivi-
ty is observed. In contrast to this
H3NOH+ only reacts with tC4H9Cl
(kobs=9.2G10�10), while 4-CH3-C5H4N-
OH+ is completely unreactive. While
H2OOH+ oxidizes alkanes by an initial
hydride abstraction upon formation of
a carbocation, it reacts with halogenat-
ed alkanes at the chlorine atom. Two
mechanistic scenarios, namely oxida-
tion at the halogen atom or proton
transfer are found. Accurate proton af-


finities for HOOH, NH2OH, a series of
alkanes CnH2n+2 (n=1–4), and halo-
genated alkanes CnH2n+1Cl (n=1–4),
HCF3, CF4, and CF2Cl2, were calculat-
ed by using the G3 method and are in
excellent agreement with experimental
values, where available. The G3 enthal-
pies of reaction are also consistent with
the observed products. The tendency
for oxidation of alkanes by hydride ab-
straction is expressed in terms of G3
hydride affinities of the corresponding
cationic products CnH2n+1


+ (n=1–4)
and CnH2nCl+ (n=1–4). The hypersur-
face for the reaction of H2OOH+ with
CH3Cl and C2H5Cl was calculated at
the B3LYP, MP2, and G3m* level, un-
derlining the three mechanistic scenar-
ios in which the reaction is either in-
duced by oxidation at the hydrogen or
the halogen atom, or by proton trans-
fer.


Keywords: C�H activation ·
gas-phase reactions · oxidation ·
peroxides · proton affinities


H 2005 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim DOI: 10.1002/chem.200400699 Chem. Eur. J. 2005, 11, 152 – 159152







tion of free OH+ seems to be quite unrealistic. On the
other hand, as demonstrated in the case of protonated
hydrogen peroxide, modified forms of OH+ are of interest
in finding workable processes for use, for example, in
industry.


Another example of incipient OH+ comes from biochem-
istry. The enzyme families of Cytochrome P-450, methane
monooxygenases, bleomycin, and porphyrin peroxidases are
involved in oxidative processes in living organisms. In the
oxidation reaction of such enzymes, the porphyrin prosthetic
group can be regarded as a ligand that binds to
OH+ through its iron atom. Specific examples are the
Cys357(FeIV)porphyrin�OHC+ radical intermediate and the
Cys357(FeIII)porphyrin�OH intermediate in the rebound
mechanism[6] and in the cationic “OH+” insertion mecha-
nism,[7] respectively. On the basis of this biological motif, a
great variety of analogous organometallic systems have
been studied both stoichiometrically and catalytically.[8–11]


Persistent halide-containing compounds represent an envi-
ronmental problem. By substituting the halides of such mole-
cules by a hydroxide moiety they become more soluble in
water; this may prevent them from accumulating in fat tis-
sues of higher animals. Also in this case oxidative degradation
by “OH+” represents an interesting option. Normally, a C�F
bond is stronger than a C�H bond, while a C�Cl bond is
weaker. This puts limits on which oxidant to use in each case.


For these important reasons it would be highly interesting
to learn more about the intrinsic properties of molecules
which formally may be regarded as adducts with OH+ . In
this paper we will look at the reactivity of various small mol-
ecules that contain C�X bonds (X=H, F, Cl) with molecules
of the type L�OH+ (L=H2O, NH3, p-methyl-pyridine). It is
of particular interest to study how the oxidative properties
vary with the nature of the complexing molecule L. An indi-
cation comes from thermodynamic consideration, and
Table 2 (see later) lists the gas-phase hydride affinities of a
range of cations. Comparison will tell if hydride abstraction
in a given case is thermochemically feasible or not. It is also
clear from Table 2 (see later) that the hydride affinity of
H2OOH+ is higher than that of H3NOH+ , showing that am-


monia stabilizes OH+ better than water. The limitation of
the thermochemical argument is of course the existence of
energy barriers for reaction. This will be the topic for much
of the following discussion.


To estimate the thermochemistry of potential reaction
channels a series of ab initio calculations were conducted
employing the GAUSSIAN 03 suite of programs.[12]


Results and Discussion


Table 1 summarizes reaction rates and observed products
for the reaction of H2OOH+ , H3NOH+ , and protonated 4-
picoline-N-oxide (L�OH+ , L=H2O, NH3, or 4-CH3-
C5H4N


[13]) with isobutane and different halogenated alkanes.
The reactions proceed either with high efficiency to com-
plete consumption of L�OH+ or the substrates remain unaf-
fected during the observation time—from several minutes
for L=H2O, due to proton transfer to background water, up
to several hours for L=NH3 and 4-CH3-C5H4N. In most cases
we observe R+ as the main product. Formation of R+ corre-
sponds to a formal hydride or chloride abstraction [Eq. (2)]


L�OHþ þRX ! L=OH=XþRþ X ¼ H, F, Cl ð2Þ


The nature of the neutral product L/OH/X remains exper-
imentally unsettled, but the most likely outcome of the reac-
tion in Equation (2) would be dissociation of the L�O bond
to give L+HOX (X=H, F, Cl) [Eq. (2a)]. The other alter-
native would be proton transfer from L�OH+ to RX with
subsequent elimination of HX [Eq. (2b)].


L�OHþ þRX ! LþHOXþRþ ð2aÞ


L�OHþ þRX ! LOþHXþRþ ð2bÞ


A distinction of between Equation (2a) (one-step Lewis
acid) and Equation (2b) (two-step Brønsted acid) can be
made based on reaction enthalpies and mechanistic consid-
erations (vide infra).


Table 1. Reaction rates for the reaction of H2OOH+ and NH3OH+ with different substrates RX in the FT-ICR cell.


L�OH+ +RX observed products and branching ratios
RX L kobs


[a] kcoll
[b] a[c] X R+ RO+ RH2O2


+ RHCl+ RClOH+


iC4H10 H2O 7.2G10�10 1.5G10�9 0.49 H� 1.0 – – – –
HCF3 H2O


[d]


CF4 H2O
[d]


CF2Cl2 H2O 9.7G10�10 1.4G10�9 0.70 F� – – 1.0 – –
CH3Cl H2O 1.0G10�9 2.4G10�9 0.43 Cl� – – – – 1.0
C2H5Cl H2O 1.6G10�9 2.6G10�9 0.63 Cl� 0.1 0.1 0.3 0.5[e] –
iC3H7Cl H2O 1.3G10�9 2.6G10�9 0.47 Cl� 1.0 – – – –
tC4H9Cl H2O 3.0G10�9 2.7G10�9 1.11 Cl� 1.0 – – – –
CnH2n+2 (n=1–4) NH3


[d]


CnH2n+1Cl (n<4) NH3
[d]


tC4H9Cl NH3 9.2G10�10 2.7G10�9 0.34 Cl� 0.1 – 0.7[f] 0.2[g] –
CnH2n-1Cl (n<5) p-NC5H4CH3


[d]


[a] Pseudo-first-order reaction rates kobs in mol�1 cm3s�1, the estimated absolute error is � 20%. [b] Theoretical collision rate according to the PTM
model in cm3mol�1 s�1. [c] Reaction efficiency. [d] No reaction observed. [e] The branching ratio is the sum of the RHCl+ peak and a peak at m/z=93,
formally C4H10Cl+ , to which RHCl+ reacts further on. Their ratio depends on the reactant gas pressure. [f] RH2NOH+ . [g] RClH3NOH+ .
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A second group of products, namely RLO+ , was observed
for the reaction of (L�OH+ , L=H2O or NH3) with CF2Cl2,
C2H5Cl, and C4H9Cl. The product ions are formal HX (X=


F, Cl) elimination products of the adduct L�OH···RX+


[Eq. (3)]. Such an adduct is observed for the reaction of
H3NOH+ with tC4H9Cl.


L�OHþ þRX ! L�OH � � �RXþ ! LORþ þHX


X ¼ F, Cl
ð3Þ


In a former study, in which H2OOH+ was treated with al-
kanes,[3] it was demonstrated that the reaction mechanism
for the observed formation of R+ is a two-electron oxida-
tion of the alkane substrate through H2OOH+ under con-
comitant abstraction of a hydride and formation of two
water molecules [Eq. (4)].


H2OOHþ þRH ! 2H2OþRþ ð4Þ


For the reaction of L�OH+ with halogenated alkanes, we
have to consider additional mechanisms, namely two-elec-
tron oxidation at the halogen, as well as direct proton trans-
fer from the acidic L�OH+ to the basic halogenated alkane.
This leads to the formulation of three different reaction
mechanisms, initiated by:


A) A two-electron oxidation by hydride abstraction.
B) A two-electron oxidation by halide abstraction.
C) A proton transfer.


This mechanistic scenario will serve as the basis for our
further discussion.


Reaction of H2OOH+ with CH3Cl : The reaction of
H2OOH+ with CH3Cl is a special case, as the observed
product CH4ClO+ is distinct from those found for the other
reactions. The product CH4ClO+ corresponds to net transfer
of OH+ from H2OOH+ to CH3Cl to give [C,H4,Cl,O]+ (3),
Figure 1a. The structure of 3 is either the thermodynamical-
ly preferred protonated chlorohydroxymethylene
ClCH2OH2


+ (3a) (DEG3m*=�314 kJmol�1) or the chloroni-
um ion CH3ClOH+ (3b) (DEG3m*=�111 kJmol�1), Figure 2.


Fragmentation of 3 by off-resonant collision-induced dis-
sociation (CID) leads to four cationic fragments CH3


+ ,
CH3O


+ , CH4O
+ , and CH2Cl+ at approximately equal inten-


sity (see Supporting Information) and therefore the assign-
ment of 3 remains ambiguous. A third structure, the hypo-
chloride should also be taken into account, since the poten-
tial isomerization via TS3b/3c requires only 151 kJmol�1,
Figure 2. Independent generation of 3a by chemical ioniza-
tion of chloromethanol failed due to the instability[14] of the
latter, with a lifetime of approximately 1 min.[15] Interesting-
ly, Schriver-Mazzuoli et al. have observed CH3ClO—the cor-
responding base of 3b—for the reaction of an O atom with
CH3Cl in argon matrix.[16]


Formation of 3a involves an initial 2-electron oxidation
by hydride abstraction (A), whereas formation of 3b in-


volves an initial chloride abstraction (B) (Figure 2). Direct
proton transfer (C; not shown in Figure 2) can be excluded
by comparing the known and calculated (G3) proton affini-
ties of CH3Cl and HOOH, Table 2. A proton transfer prod-
uct CH3ClH+ is only observed if H2OOH+ is trapped in the
FT-ICR cell without prior cooling by pulsed-in argon.


Although we cannot differentiate experimentally whether
3 is formed according to mechanism A or B, it is likely that
the activation energy for hydride abstraction (A) from


Figure 1. Reaction of H2OOH+ with a) CH3Cl, pobs=4.6G10�9 mbar, 10 s;
b) C2H5Cl, pobs=3.8G10�9 mbar, 15 s; c) iC3H7Cl, pobs=7.8G10�9 mbar,
4 s; in the FT-ICR cell. The signal for H3O


+ at m/z=19 arises from fast
proton transfer to background water.
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CH3Cl should not be higher than from CH4. As a matter of
fact, the observed rate for CH3Cl is three orders of magni-
tude higher than for CH4.


[3] The rate difference cannot be
explained by the higher collision rate alone (calculated ac-
cording to Su*s and Chesnavich*s PTM model[27]), since this
is only a factor of 2.2 higher, Table 1.


The computed energy diagram (Figure 2) also supports
mechanism B, since the associated activation barrier is
57 kJmol�1 lower than for mechanism A, although it is
likely that route A is also possible.[17]


Unlike the higher alkyl chlorides, CH3Cl does not react to
give the alkyl cation. Formation of CH3


+ would involve the
endothermic release of ClOH from 3b, for which the G3m*


data shows the products to be 119 kJmol�1 above the reac-
tants (Figure 2). If 3a were formed instead of 3b, we could
expect subsequent dissociation of 3a into protonated form-


aldehyde 4a plus HCl, because
the calculated activation barrier
for proton transfer followed by
HCl elimination of
104 kJmol�1, transition state TS
3a/4a, is significantly lower
than the 314 kJmol�1 of inter-
nal energy available to 3a. Ex-
perimentally, however, proto-
nated formaldehyde is not ob-
served; this result leads to the
foundation of our skepticism
towards mechanism A.


Reaction of H2OOH+ with
iC3H7Cl and tC4H9Cl : H2OOH+


reacts with higher chloroal-
kanes in a distinct reaction ac-
cording to Equation (2) to give
R+ , Figure 1c. This reaction is
analogous to the reaction of
H2OOH+ with alkanes, al-


though the experimentally observed rates for the chlorinat-
ed alkanes are faster. An evident difference between pro-
pane and isobutane and their chlorinated homologues is
their proton affinity. While the proton affinities of propane
and isobutane are smaller than or similar to that of H2O2,
the proton affinities of iC3H7Cl and tC4H9Cl are significantly
higher. Therefore, direct proton transfer (mechanism C) be-
comes a feasible alternative to the oxidation reaction chan-
nels A and B. Although we cannot distinguish between
mechanisms A–C experimentally, we are tempted to consid-
er C as the most likely reaction mechanism due to the kinet-
ic preference for a simple proton transfer.


Indeed, for the reaction of H2OOH+ with C2H5Cl (vide
infra) both, the proton-transfer product C2H5ClH+ as well
as R+ are observed, presumably because the proton-transfer
reaction is less exothermic and elimination of HCl from
C2H6Cl+ is less favorable than from iC3H7ClH+ and
tC4H9ClH+ .


Reaction of H2OOH+ with C2H5Cl : The reaction of
H2OOH+ with C2H5Cl gives rise to the formation of four
products, Figure 1b. The most intense peak is observed for
the proton-transfer product C2H5ClH+ . This process is
almost thermoneutral, Table 2—a key point, since this indi-
cates that the lifetime of the product complex C2H5ClH+


···O(H)OH will be long, which is a requirement for the mul-
tistep reaction mechanisms that will be discussed in the fol-
lowing. While proton transfer and subsequent HCl elimina-
tion and thus formation of the carbocation CnH2n+1


+ is exo-
thermic for the secondary and tertiary carbocations (n=3
and 4), it is endothermic for the ethyl cation (DHG3=


60 kJmol�1, Table 3). Therefore, C2H5ClH+ is not likely to
eliminate HCl to give C2H5


+ (see the Supporting Informa-
tion). Alternatively, C2H5ClH+ can react with C2H5Cl in an
SN2 reaction to form the observed product ion C4H10Cl+ , as


Figure 2. G3m* energies in kJ mol�1 for the reaction of H2OOH+ with CH3Cl. A) initial hydride abstraction.
B) initial oxidation at the chloride.


Table 2. Calculated G3 proton affinities (PAG3), experimental proton af-
finities[19b] (PAexptl), and calculated G3 hydride affinities (HAG3).


PAG3 PAexptl HAG3


[kJ mol�1] [kJ mol�1] [kJ mol�1]


H2O 690.2 691.0 OH+ 1931.8
H2O2 667.7 674.5 H2OOH+ [a] 1388.3
HONH2 817.3 – HONH3


+ [b] 1132.1
HCF3 569.0 619.5 CF3


+ 1278.0
CF4 524.7 529.3 CF4 –
CF2Cl2 654.5 – CF2Cl2 –
CH3Cl 648.1 647.3 CH2Cl+ 1207.9
C2H5Cl 675.8 693.4 C2H4Cl+(a) 1121.5
iC3H7Cl 705.2 – iC3H6Cl+(a) 1060.3
tC4H9Cl 742.9 – tC4H8Cl+(b) 1074.1
CH4 539.7 543.5 CH3


+ 1341.6
C2H6 574.0 596.3 C2H5


+ 1163.8
C3H8 618.6 625.7 iC3H7


+ 1087.9
iC4H10 686.2 677.8 tC4H9


+ 1022.5


[a] H2OOH+ +H�!2H2O. [b] HONH3
+ +H�!H2O+NH3.
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we confirmed by independent isolation experiments with
C2H5ClH+ .


The thermodynamically most stable structure for the
C2H5O


+ product is protonated acetaldehyde (10). Two dis-
tinct mechanisms may lead to the formation of 10, either an
initial hydride abstraction (A) followed by elimination of
HCl from the protonated chlorohydroxyethylene intermedi-
ate or a process initiated by proton transfer (C). Although
mechanism A is energetically accessible, it seems rather un-
likely based on the observation that the corresponding pro-
tonated formaldehyde was not observed when H2OOH+


was reacted with CH3Cl (vide supra). An alternative mecha-
nism is outlined in Figure 3: After proton transfer (C), an
intramolecular nucleophilic substitution reaction within the
C2H5ClH+ ···O(H)OH complex may lead to elimination of
HCl. According to our G3m* calculations this is a highly
likely scenario, since the entropically favorable reaction of a
front-side substitution of HCl by HOOH has a barrier
(DE�


G3m*=�1 kJmol�1) that is at the energy of the reactants.
The entropically slightly less favorable back-side substitu-
tion is even lower in potential energy. The observed peak at
m/z=63 may be due to the HCl elimination product, the
peroxo intermediate 7 with the molecular formula C2H7O2


+ .
Finally, protonated acetaldehyde is formed after isomeriza-
tion of 7 by two consecutive 1,2-hydrogen shifts and eventu-


al elimination of H2O from the intermediate protonated
ethyl acetal 9 (m/z=63), Figure 3, as suggested by Schalley
et al.[18] for the fragmentation of protonated methyl hydro-
peroxide. The unfavorable 1,2-hydrogen shift between 7 and
8 is catalyzed by HCl, which may stay complexed with the
peroxoethane intermediate 7 after the nucleophilic substitu-
tion part. It could indeed be that only the fraction of 7 that
forms such an ion molecule pair with HCl reacts further on
to protonated formic aldehyde, while the free 7 remains un-
changed and therefore accounts for the peak at m/z=63.


This hypothesis is supported by an off-resonant CID ex-
periment of [C2,H7,O2]


+ in which C2H5
+ is observed as the


exclusive fragment (see Supporting Information). Upon acti-
vation of protonated methyl hydroperoxide in the kilo elec-
tron volt regime Schalley et al.[18] observed the CH3


+ and
HOOH+ · fragments, revealing the presence of an intact per-
oxide O�O bond.


Two alternative scenarios may lead to the fourth product,
C2H5


+ . Either loss of HCl from the C2H5ClH+ intermediate,
or formation of [C2,H6,Cl,O]+ and elimination of HOCl.
The latter is analogous to [C,H4,Cl,O]+ , the exclusive prod-
uct in the reaction with CH3Cl. We are tempted to consider
the second scenario as the operating for several reasons:
First, the overall reaction, C2H5Cl+H2OOH+!C2H5


+ +


HCl+HOOH is 60 kJmol�1 endothermic, whereas C2H5Cl+
H2OOH+!C2H5


+ +ClOH+H2O is 30 kJmol�1 exothermic,
Table 3. Second, its exothermic mechanism: In analogy to
CH3Cl, H2OOH+ oxidizes the chloride to form C2H5ClOH+


···OH2 (6b) (DEG3m*=�217 kJmol�1). The transition state,
TS 5b/6b is �53 kJmol�1 lower in energy than the reac-
tants.[17] Finally, the reaction does not stop at the H2O elimi-
nation product 7b (DEG3m*=�134 kJmol�1) as is observed
for CH3ClOH+ (3b), because ClOH elimination and forma-
tion of the carbocation C2H5


+ is energetically more favora-
ble than for 3b, Table 3.


Reaction of H2OOH+ with
CF2Cl2 : A single product, due
to loss of HF from the collision
complex, was observed. We sug-
gest that the structure is FCl2C-
O(H)OH (11) in analogy to the
HCl loss product 7 observed in
the reaction between protonat-
ed hydrogen peroxide and ethyl
chloride.


Because there is no a-hydro-
gen atom available in 11, we do
not observe the following water
loss product RO+ . It is clear
that neither the chlorine nor
the fluorine atom have the mi-
gratory ability of the hydrogen,
which would be necessary to
open up for water loss accord-
ing to the mechanism of
Figure 3.


Table 3. G3 enthalpies of reaction (DHG3) in kJ mol�1. G3 enthalpies of
complexation (DHG3) for the neutral products are �26.6 (ClOH+H2O),
�15.5 (HCl+H2O2), �39.3 (ClOH+NH3), and �26.9 kJmol�1 (HCl+
H2NOH).


R CH3 C2H5 iC3H7 tC4H9


RCl+H2OOH+!R+ +ClOH+H2O 126.7 �30.2 �90.6 �150.3
RCl+H2OOH+!R+ +HCl+HOOH 217.3 60.4 �0.1 -59.8
RCl+H3NOH+!R+ +ClOH+NH3 382.9 226.1 165.6 105.9
RCl+H3NOH+!R+ +HCl+H2NOH 366.9 210.0 149.6 89.9


Figure 3. G3m* energies in kJ mol�1 are given relative to the reactants H2OOH+ and C2H5Cl, including the
neutral product.
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It also interesting to note that it is HF, and not HCl,
which is eliminated in the reaction between H2OOH+ and
CF2Cl2, despite the fact that the chlorine atoms have higher
local proton affinities than the fluorine atoms. However, this
difference is small (DPAG3=7 kJmol�1).


Reaction of H3NOH+ with CnH2n+1Cl (n=1–4): H3NOH+


did not react with isobutane or CnH2n+1Cl (n<4). Reaction
of H3NOH+ with tC4H9Cl leads to the formation of three
products of which 12, iC4H9H2NOH+ , the formal HCl elimi-
nation product of the adduct, is the most abundant. Al-
though we did not commit ourselves to the task of finding
the exact structure of 12, assuming a structure analogous to
7 and its isomers is tempting. In this respect, the observation
of the initial ion molecule complex 13, C4H9Cl···H3NOH+ , is
also of great interest. The observation of 13 necessitates rig-
orous cooling of the H3NOH+ by pulsed-in argon prior to
reaction, whereupon 13 remains stable.


Complex 13 has three major reaction channels. It can
either dissociate back to reform the reactants, as is under-
lined by the relatively low reaction efficiency of a=0.34, or,
as discussed above, give rise to 12 by intramolecular nucleo-
philic substitution of HCl by H2NOH. Alternatively, the
weakened C�Cl bond in 13 breaks to form the neutral
H2NOH···HCl complex and the observed tC4H9


+ carboca-
tion. Although tC4H9Cl is the most basic reactant in this
study, Table 2, formation of tC4H9


+ by direct proton transfer
and elimination of HCl in analogy to the reaction with
H2OOH+ seems unlikely, because proton transfer from
H3NOH+ to tC4H9Cl is endothermic by 74 kJmol�1.


With respect to H3NOH+ , a recently reported synthesis of
a- and b-alanine in selected ion flow tube (SIFT) experi-
ments[19] also deserves attention. One possibility for forma-
tion of alanine in the reaction of H3NOH+ and propionic
acid is oxidation of propionic acid by H3NOH+ through hy-
dride abstraction and trapping of the nascent amine by the
intermediate carbocation, in analogy to mechanism A. How-
ever, this assumption needs to be confirmed experimentally,
and other reaction pathways involving the carboxylic group
may account for the observed products.


The role of hydride affinity : The investigated reactions
serve as a calibrant for the oxidative power of complex
OH+ . In analogy to the Brønsted acidity the oxidative
power can be measured in terms of hydride affinity. Com-
plexation of OH+ by a two-electron donor, such as H2O or
NH3, leads to a dramatic reduction of the hydride affinity
from 1932 kJmol�1 for HO+ to 1388 and 1132 kJmol�1 for
H2OOH+ and H3NOH+ , Table 2. The alkanes are the po-
tential hydride donors in the investigated oxidation reac-
tions, and the hydride affinity of their corresponding alkyl
cations is given in Table 2. While oxidation with H2OOH+


by hydride abstraction is exothermic for all substrates, the
substrate range for H3NOH+ is limited to higher alkanes
only. This is consistent with the observed inertness of CH4


and CH3Cl towards H3NOH+ .[20] However, in contrast to
fast proton transfer, hydride transfer affords substantial re-


arrangement of the electronic structure, which exhibits sig-
nificant energy barriers. Therefore, the hydride acceptors
H2OOH+ and H3NOH+ are not necessarily reactive, despite
favorable thermochemical conditions.


According to Hammond*s postulate,[21] the more exother-
mic reactions should show lower activation barriers for the
elementary oxidation step. The activation barriers for
H3NOH+ are approximately 110 kJmol�1 higher then those
for H2OOH+ and lie well above the energy of the free reac-
tants, while the activation barrier for H2OOH+ lies below
the entering energy asymptote for all CnH2n+1X (X=H, Cl)
for n>1, Table 4 (see also reference [4]). This readily ex-
plains why H3NOH+ does not react with alkanes.


In contrast to alkanes, halogenated alkanes can also be
oxidized at the halogen. This process appears to be favora-
ble at least for fluoride and chloride ions. In the case of
chlorine, this is governed by the equilibria given in Equa-
tions (5) and (6) in which, again, HOOH is the stronger oxi-
dant and the oxidation of HCl is exothermic, while it is en-
dothermic for H2NOH.


HOOHþHCl Ð H2OþHOCl


DEG3 ¼ �91:0 kJmol�1
ð5Þ


H2NOHþHCl Ð NH3 þHOCl


DEG3 ¼ 15:5 kJmol�1
ð6Þ


Table 3 gives the G3 reaction enthalpies for the chloride
oxidation (HOCl elimination) and proton transfer (HCl
elimination) for the reaction of L�OH+ (L=H2O, NH3)
with CnH2n+1Cl. The above-mentioned equilibria are reflect-
ed in the favored chloride oxidation for H2OOH+ versus a
favored proton transfer for H3NOH+ . While only the reac-
tions of H2OOH+ with iC3H7Cl and tC4H9Cl are clearly exo-
thermic, consistent with the experimentally exclusively ob-
served iC3H7


+ and tC4H9
+ , the reactions of H2OOH+ with


C2H5Cl and H3NOH+ with tC4H9Cl are borderline cases,
and, accordingly, only a minor fraction of the C2H5


+ and
tC4H9


+ products are observed. A part of the anticipated en-
dothermicity of 90 kJmol�1 for the elimination of HCl and
H2NOH is neutralized by formation of a complex of the
latter.


Table 4. B3LYP, MP2, and G3m* energies of activation (DE�) including
ZPVE corrections for the hydride abstraction reaction for B3LYP/6-
31G(d)-optimized transition structures in kJ mol�1. The reactants are
taken as reference at zero energy.


B3LYP MP2 G3m*


X=H X=Cl X=H X=Cl X=H X=Cl


H2OOH+ +CH3X �15.6 �13.4 23.7 27.5 13.4 11.2
H2OOH+ +C2H5X �25.7 �33.0 �5.0 4.8 �13.6 �12.3
H3NOH+ +CH3X 124.4 104.7 179.1 156.1 145.7 126.0
H3NOH+ +C2H5X 68.5 74.2 121.0 114.3 98.4 101.6
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The computed hydride affinities linearly correlate with
alkyl group a constants,[22] the gas-phase analogues of Taft*s
s* constants[23] (see the Supporting Information). The
a constants were derived from alkyl cation affinities of small
two-electron donors as H2O or Cl� . They are basically a
measure for the capability of an alkyl group to stabilize a
positive charge and their positive correlation with the hy-
dride affinity is reasonable. It is also interesting to obtain a
positive linear correlation with the energies of activation for
the potential oxidation of hydrocarbons with H3NOH+ by
hydride abstraction. The reduced slope indicates that the
charge transfer to the nascent alkyl cation is not complete in
the TS.


Conclusion


Three main conclusions can be drawn from the reactivity of
complexed hydroxyl cation, L�OH+ (L=H2O, NH3), to-
wards alkanes and halogenated alkanes. Firstly, the ligand L
has strong influence on the reactivity of L�OH+ . This is re-
flected in the experimentally observed low reactivity of
H3NOH+ relative to the analogue H2OOH+ . Secondly,
H2OOH+ reacts with alkanes by hydride abstraction, while
it reacts with chlorinated alkanes by chloride abstraction.
This suggests that H2OOH+ may be an effective low-cost
detoxicant for problematic persistent halogenated hydrocar-
bons. Thirdly, the tendency for hydride abstraction from al-
kanes and alkyl halides, as well as halide abstraction by L�
OH+ increases with increasing methyl substitution in the
substrate molecule.


Experimental Section


HOOH2
+ and NH3OH+ ions were produced from a urea hydrogen per-


oxide addition compound (Aldrich) and hydroxylamine hydrochloride,
respectively, in an external ion source using chemical ionization with
methane. The ions formed in the source were transferred to the cell of an
FT-ICR mass spectrometer, a Bruker 4.7 T Bio Apex (Billerica, Massa-
chusetts, USA). Substrates, chloromethane 99.5%, chloroethane 99.7%,
2-chloropropane 99+ %, 2-chloro-2-methylpropane (Aldrich), tetra-
fluoromethane 2.8, trifluoromethane 2.8 (Linde), and CF2Cl2 (Freon R12,
Alfax), were leaked into the cell at constant pressure (p=2.0G10�9--1.5G
10�7 mbar) through a leak valve. Ion isolation and all subsequent isola-
tion steps were performed by using a computer-controlled ion-ejection
protocol, which combines single-frequency ion-ejection pulses with fre-
quency sweeps. Briefly, all ions except the chosen reactant ion were eject-
ed from the cell by this procedure. The remaining population of
HOOH2


+ or NH3OH+ ions was cooled to ambient temperature upon in-
troduction of a short pulse of argon (peak-pressure, p=1G10�6 mbar).
The reactant ions were then again isolated by single, optimized frequency
shots that removed ions formed during the cooling period of 3 s. After
this process, the ions were treated with the respective substrate for a ran-
domly varied time before a mass spectrum was recorded. In this way
products formed in ion–molecule reactions could be observed, the reac-
tion could be followed as a function of time, and rate coefficients were
obtained by fitting pseudo-first-order kinetic models to the reactant
decay (absolute intensity). The substrate pressure was read out through a
cold cathode ion gauge that was calibrated against the reaction of NH3C+


(generated externally by EI) plus NH3, kr=2.2G10�9 cm3mol�1 s�1[24] and


corrected by relative sensitivity factors of R(NH3)=1.12, R(iC4H10)=
3.23, R(CCl2F2)=3.16, R(CH3Cl)=2.22, R(C2H5Cl)=2.92, R(iC3H7Cl)=
3.90, R(tC4H9Cl)=4.80.[25] While branching ratios are very precise, the es-
timated error of the absolute gas phase rates is �20%. The accuracy of
our reaction rates was confirmed by the reaction of CH5


+ with tC4H9Cl,
which is known to proceed at collision rate.[26] The observed rate was kr=


2.7�0.2G10�9 cm3mol�1 s�1, in agreement with the theoretical collision
rate (2.66G10�9 cm3mol�1 s�1, calculated according to Su*s and Chesna-
vich*s PTM model[27]), and the FT-ICR rate obtained by Su and Bowers
kr=3.28�0.49G10�9 cm3mol�1 s�1 .[26]


Collision-induced dissociation mass spectra of selected products were re-
corded after off-resonant ion activation (offset=1000 Hz, duration=
120 ms) with a simultaneous short pulse of argon (p=1G10�6 mbar) and a
pumping delay of 2 s.


In order to estimate the energetics of potential reaction channels a series
of ab initio calculations were conducted employing the GAUSSIAN 03[12]


suite of programs. Initially, Becke three-parameter Lee-Yang-Parr
(B3LYP) DFT calculations were done with the 6-31G(d) basis sets. All
stationary points were subject to complete geometry optimization, includ-
ing a check for the correct number of negative Hessian eigenvalues. For
a restricted number of molecules, the B3LYP/6-31G(d) method was eval-
uated against higher basis sets (6-31++G(d,p)) and levels of theory
(MP2, G2,[28] and G3[29]); critical complexation energies deviated by
30 kJmol�1 in the worst case. To obtain more accurate estimates for the
energies, G3 theory calculations were used. As expected, the proton af-
finities were in excellent agreement (<2 kJmol�1) with those obtained by
Ma et al. ,[30] who applied a modified G3 methodology. The G3 method is
a composite technique that involves several geometry optimizations at
the HF and MP2(full) level. Since many of the optimized critical point
structures deviated substantially on those levels, we modified the G3
scheme such that structures were optimized on the B3LYP/6-31(G) level
and ZPVE corrections were obtained from scaled (scaling factor=
0.9434[31]) MP2/6-31(G) frequencies. For a further description see refer-
ence [32]. We use G3m* as notation for the modified G3 scheme. The G3
and G3m* energies of reaction for the reaction given in Equation (7) are
DEG3=�91.0 kJmol�1 and DEG3m*=�89.1 kJmol�1, respectively, in excel-
lent agreement with the experimental estimate of DHr


0=


�87.9 kJmol�1.[33a]


HOOHþHCl ! H2OþHOCl ð7Þ


The molecules were treated in their singlet electronic state throughout,
as the corresponding triplet state energies of the involved closed shell
molecules are even higher than the barriers on the singlet surface.[34]


Acknowledgements


The authors wish to thank the NFR (Norwegian Research Council) for fi-
nancial support through a postdoctoral fellowship for C.A. We are also
grateful for a generous grant of computing time from NOTUR (the Nor-
wegian High Performance Computing Consortium).


[1] P. T. Anastas, T. C. Williamson, Green Chemistry—Frontiers in
Benign Chemical Syntheses and Processes, Oxford University Press,
Oxford, 1998.


[2] a) G. A. Olah, D. G. Parker, N. Yoneda, J. Am. Chem. Soc. 1977, 99,
483–488; b) G. A. Olah, D. G. Parker, N. Yoneda, Angew. Chem.
1978, 90, 962–984; c) G. A. Olah, T. Keumi, J. C. Lecoq, A. P. Fung,
J. A. Olah, J. Org. Chem. 1991, 56, 6148–6151.


[3] U. M. Øiestad, A. C. Petersen, V. Bakken, J. Vedde, E. Uggerud,
Angew. Chem. 2001, 113, 1345–1349; Angew. Chem. Int. Ed. 2001,
40, 1305–1309.


[4] R. D. Bach, M.-D. Su, J. Am. Chem. Soc. 1994, 116, 10103–10109.
[5] In exothermic gas-phase reactions, the excess reaction enthalpy


cannot be released into the surrounding medium as in solution.


H 2005 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 152 – 159158


E. Uggerud et al.



www.chemeurj.org





“Hot” intermediates release their internal energy by three different
mechanisms, such as dissociation and transformation of the internal
energy into translational energy, radiative processes, and at higher
pressure by collisions.


[6] J. T. Groves, G. A. McClusky, J. Am. Chem. Soc. 1976, 98, 859–861.
[7] M. Newcomb, P. H. Toy, Acc. Chem. Res. 2000, 33, 449–455.
[8] a) F. A. Cotton, G. Wilkinson, Advanced Inorganic Chemistry, Wiley,


New York, 1988 ; b) J. Everse, K. E. Everse, M. B. Grisham, Peroxi-
dases in Biology and Chemistry, CRC, Boca Raton, 1991.


[9] a) G. R. Ortiz de Montellano, Cytochrome P-450. Structure, Mecha-
nism and Biochemistry, Plenum, New York, 1986 ; b) L. Que, Jr.,
R. Y. N. Ho, Chem. Rev. 1996, 96, 2607–2624; c) M. Costas, K.
Chen, L. Que, Jr., Coord. Chem. Rev. 2000, 200–202, 517–544;
d) M. Costas, M. P. Mehn, M. P. Jensen, L. Que, Jr., Chem. Rev.
2004, 104, 939–986; e) S. Shaik, M. Filatov, D. Schrçder, H.
Schwarz, Chem. Eur. J. 1998, 4, 193–199; f) A. Marques, M. di Mat-
teo, M.-F. Ruasse, Can. J. Chem. 1998, 76, 770–775; g) B. Meunier,
A. Sorokin, Acc. Chem. Res. 1997, 30, 470–476; h) T. G. Traylor, F.
Xu, J. Am. Chem. Soc. 1990, 112, 178–186.


[10] a) M. Fontecave, S. Menage, C. Duboc-Toia, Coord. Chem. Rev.
1988, 178–180, 1555–1572; b) C. E. MacBeth, R. Gupta, K. R.
Mitchell-Koch, V. G. Young, Jr., G. H. Lushington, W. H. Thompson,
M. P. Hendrich, A. S. Borovik, J. Am. Chem. Soc. 2004, 126, 2556–
2567.


[11] a) K. Srinvasan, P. Michaud, J. K. Kochi, J. Am. Chem. Soc. 1986,
108, 2309–2320; b) D. Feichtinger, D. A. Plattner, Angew. Chem.
1997, 109, 1796–1798; Angew. Chem. Int. Ed. Engl. 1997, 36, 1718–
1719; c) D. A. Plattner, Top. Curr. Chem. 2003, 225, 153–203.


[12] 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,
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.


[13] The nitrogen atom in H2NOH is 109 kJGmol�1 more basic than the
oxygen atom.[34a] Picoline-N-oxide is most likely protonated on the


oxygen atom although protonation on the nitrogen atom or pyridine
ring cannot be excluded.


[14] G. Olah, A. Pavlath, Acta Chim. Acad. Sci. Hung. 1953, 3, 203–207.
[15] G. S. Tyndall, T. J. Wallington, M. D. Hurley, W. F. Schneider, J.


Phys. Chem. 1993, 97, 1576–1582.
[16] L. Schriver-Mazzuoli, A. Schriver, Y. Hannachi, J. Phys. Chem. A


1998, 102, 10221–10229.
[17] The B3LYP and MP2 structures for TS 1b/2b show a significant dif-


ference. While the oxygen and chlorine atoms are almost collinear
for the MP2 structure, the B3LYP structure gives an early transition
state with some remaining H�Cl interaction (2.22 U) and the
oxygen and chlorine atoms are 328 offline. Their difference in
energy is, however, small : �45.6 kJmol�1 G3m*//B3LYP/6-31G(d)
and �42.0 kJmol�1 G3m*//MP2/6-31G(d) for TS 1b/2b ;
�52.9 kJmol�1 G3m*//B3LYP/6-31G(d) and �49.9 kJmol�1 G3m*//
MP2/6-31G(d) for TS 5b/6b.


[18] C. A. Schalley, M. Dieterle, D. Schrçder, H. Schwarz, E. Uggerud,
Int. J. Mass Spectrom. Ion Processes 1997, 163, 101–119.


[19] V. Blagojevic, S. Petrie, D. K. Bohme, Mon. Not. R. Astron. Soc.
2003, 339, L7–L11.


[20] OH+ would react with alkanes by one-electron rather than by two-
electron oxidation due to its high electron affinity of 13 eV.


[21] G. S. Hammond, J. Am. Chem. Soc. 1955, 77, 334–338.
[22] E. Uggerud, Eur. J. Mass Spectrom. 2000, 6, 131–134.
[23] a) R. W. Taft Jr., J. Am. Chem. Soc. 1953, 75, 4231–4238; b) R. W.


Taft, Jr., Steric Effects in Organic Chemistry, Wiley, New York, 1956.
[24] a) Y. Ikezoe, S. Matsuoka, M. Takebe, A. Viggiano, Gas-Phase Ion–


Molecule Reaction Rate Constants Through 1986, Maruzen, Tokyo,
1987; b) N. G. Adams, D. Smith, J. F. Paulson, J. Chem. Phys. 1980,
72, 4951–4957.


[25] J. E. Bartmess, R. M. Georgiadis, Vacuum 1983, 33, 149–153.
[26] T. Su, M. T. Bowers, J. Am. Chem. Soc. 1973, 95, 7609–7610.
[27] T. Su, W. J. Chesnavich, J. Chem. Phys. 1982, 76, 5183–5185.
[28] L. A. Curtiss, K. Raghavachari, G. W. Trucks, J. A. Pople, J. Chem.


Phys. 1991, 94, 7221–7230.
[29] L. A. Curtiss, K. Raghavachari, P. C. Redfern, V. Rassolov, and J. A.


Pople, J. Chem. Phys. 1998, 109, 7764–7776.
[30] N. L. Ma, K.-C. Lau, S.-H. Chien, W.-K. Li, Chem. Phys. Lett. 1999,


311, 275–280.
[31] A. P. Scott, L. Radom, J. Phys. Chem. 1996, 100, 16502–16513.
[32] J. K. Laerdahl, E. Uggerud, Org. Biomol. Chem. 2003, 1, 2935–2942.
[33] a) NIST Standard Reference Database Number 69 - March, 2003


Release, http://webbook.nist.gov/chemistry/; b) E. P. Hunter, S. G.
Lias, J. Phys. Chem. Ref. Data 1998, 27, 413–656.


[34] a) E. L. Øiested, E. Uggerud, Int. J. Mass. Spectrom. Ion Processes
1999, 185–187, 231–240; b) E. L. Øiested, J. N. Harvey, E. Uggerud,
J. Phys. Chem. A. 2000, 104, 8382–8388.


Received: July 8, 2004
Published online: November 12, 2004


Chem. Eur. J. 2005, 11, 152 – 159 www.chemeurj.org H 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 159


FULL PAPEROxidizing Agents



www.chemeurj.org






A Simple Hydrothermal Route to Large-Scale Synthesis of
Uniform Silver Nanowires


Zhenghua Wang,[b] Jianwei Liu,[b] Xiangying Chen,[b] Junxi Wan,[b] and Yitai Qian*[a, b]


Introduction


One-dimensional nanostructures of metals have attracted
much interest due to their potential applications in fabricat-
ing nanoscale electronic, optoelectronic, and magnetic devi-
ces, which also provide an ideal model system to experimen-
tally investigate physical phenomena, such as quantized con-
ductance and size effects.[1–6] Among all metals, silver nano-
wires are particularly interesting to fabricate and study be-
cause bulk silver exhibits the highest electrical and thermal
conductivity among all metals, and the performance of silver
in many applications could be potentially enhanced by pro-
cessing silver into one-dimensional nanostructures. Much
effort has been devoted to the syntheses of silver nanowires,
such as electrochemical techniques,[7–9] templates (i.e., meso-
porous silica[10,11] and carbon nanotubes[12,13]) directed syn-
thesis, and polymer-directed synthesis.[14–17] Recently,
Murphy and co-workers have reported a seedless and sur-
factantless wet chemical approach to prepare silver nano-
wires.[18] In their report, silver nanowires are prepared by re-


ducing a low concentration silver nitrate solution with
sodium citrate in the presence of NaOH.


Herein, we present a simple hydrothermal route for the
synthesis of uniform silver nanowires on a large scale. This
method does not need any surfactants or polymers to direct
the anisotropic growth of silver nanowires. From the view-
point of green chemistry, this method is favorable as no or-
ganic solvents and hazardous substances are used. In the
synthetic process, freshly prepared silver chloride was re-
duced by glucose to form silver nanowires. Glucose is a type
of soft reducer and is widely used for depositing silver films
on glass, for example, to produce mirrors and water bottles.
The reaction of silver chloride and glucose can be formulat-
ed as shown in Equation (1):


CH2OH�ðCHOHÞ4�CHOþ 2AgClþH2O !
CH2OH�ðCHOHÞ4�COOHþ 2Agþ 2HCl


ð1Þ


Results and Discussion


Figure 1 shows a typical X-ray diffraction (XRD) pattern of
the as-prepared sample. All the reflection peaks can be in-
dexed to face-centered cubic silver. The lattice constant (a)
calculated from this pattern is 4.087 9, which is consistent
with the standard value of 4.086 9 (JCPDS Card File No. 4–
783). No impurities can be detected from this pattern. This
indicates that pure silver metal is obtained under the pres-
ent synthetic conditions. The obtained sample was weighed
and the calculated yield of the silver metal product was cal-
culated to be about 95%.
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Abstract: This paper describes the
preparation of uniform silver nano-
wires by reducing freshly prepared
silver chloride with glucose at 180 8C
for 18 hours in the absence of any sur-
factants or polymers. Scanning electron
microscopy studies indicated that the
silver nanowires are about 100 nm in


diameter and up to 500 mm in length.
High-resolution transmission electron
microscopy analyses showed that the


silver nanowires grow perpendicularly
to the Ag(200) plane. The silver nano-
wires are believed to grow through a
solid–solution–solid process. Some in-
fluential factors on the growth of silver
nanowires are also discussed.


Keywords: green chemistry ·
hydrothermal synthesis · nano-
structures · nanowires · silver


G 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200400705 Chem. Eur. J. 2005, 11, 160 – 163160







Scanning electron microscopy (SEM) images of the as-
prepared sample are shown in Figure 2. The overall mor-
phology of the sample is shown in Figure 2A, which indi-


cates that the sample is composed of a large quantity of uni-
form nanowires with lengths of up to about 500 mm. Fig-
ure 2B shows the morphology of the sample with higher
magnification and show that the average diameter of these
nanowires is about 100 nm. There is also a small quantity of
nanoparticles existing in the products. Figure 3 displays a
histogram of about 200 nanowires counted from an SEM
image, which shows that the nanowires are uniform in diam-
eter.


The products were further characterized by high-resolu-
tion transmission electron microscopy (HRTEM) and select-
ed-area electron diffraction (SAED) analyses. Figure 4A


shows a HRTEM image taken from the edge of a silver
nanowire. Figure 4B is the HRTEM image of the selected
area in Figure 4A with higher magnification. The regular
spacing of the observed lattice planes is 2.0 9, which is con-
sistent with the separation of Ag(200) planes. The growth di-
rection of the silver nanowire is perpendicular to this plane.
The corresponding SAED pattern indicates the single crys-
talline nature of silver nanowires (Figure 4C).


Comparative experiments were carried out to investigate
the influential factors on the growth of silver nanowires. It
was found that the reaction temperature and the concentra-
tion of reagents had clear effects on nanowire formation.
When the experiment is conducted at 140 8C, silver chloride
cannot be reduced by glucose. However, silver nanowires
emerge when the reaction is conducted at 160 8C. Here we
chose 180 8C as the synthetic temperature because the reac-
tion can be completed quicker. Silver chloride colloidal so-
lution aggregates with heating and forms precipitates. When
the dosage of silver chloride is increased, firm silver chloride
precipitates of larger size appear. Such precipitates are so
firm that the reducing process becomes very slow. In addi-
tion, freshly prepared silver chloride instead of commercial
silver chloride is used as the starting material because com-
mercial silver chloride mainly consists of firm powders, so
the reacting process would be much slower if it were used as
the starting material. In our experiment, glucose is slightly
in excess to ensure the full reduction of silver chloride.
When the concentration of glucose was increased, the con-
tent of silver nanoparticles in the final product increased
correspondingly. Silver nanoparticles were the dominant
product when the dosage of glucose was increased to
1 mmol.


Figure 1. XRD pattern of the as-prepared silver nanowires.


Figure 2. A) SEM image of the as-prepared silver nanowires. B) Image
A) with higher magnification.


Figure 3. A histogram of about 200 nanowires counted from a SEM
image showing the distrubution of nanowire diameters.


Figure 4. A) HRTEM image of silver nanowires. B) Image A) with
higher magnification. C) The corresponding SAED pattern.
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In order to investigate the growth mechanism of silver
nanowires, we conducted experiments at 180 8C for different
periods of time. The samples obtained at different stages of


reaction time were examined by using XRD and SEM tech-
niques. Figure 5A shows the XRD pattern of the sample ob-
tained after the reaction had proceeded for 6 hours. Most of
the diffraction peaks can be indexed to silver chloride
(JCPDS Card File No. 31-1238). There are only two weak
peaks that can be indexed to silver. This pattern indicates


that the main component of the sample is still silver chloride
and only a little silver metal has been produced. The SEM
image of this sample is shown in Figure 6A, which indicates
that a few nanowires have emerged among the particles. Fig-
ure 5B is the XRD pattern of the sample obtained after the
reaction had proceeded for 9 hours. The diffraction peaks of
silver chloride have dramatically weakened, while the dif-


fraction peaks of silver have clearly strengthened. This pat-
tern indicates that as the reaction goes on, silver chloride is
reduced by glucose to form silver metal. The SEM image of
this sample (shown in Figure 6B) indicates that in addition
to some particles a large quantity of nanowires exist in the
sample. Figure 5C shows the XRD pattern of the sample ob-
tained after the reaction had proceeded for 12 hours. The
diffraction peaks of silver are stronger and only several very
weak peaks of silver chloride are presented. This pattern in-
dicates that after reacting for 12 hours, most of the silver
chloride has been reduced to silver metal. The SEM image
shown in Figure 6C indicates that the sample is mainly com-
posed of nanowires. This study demonstrates that silver
nanowires are gradually grown from silver chloride during
the synthetic process.


Based on the experiments mentioned above, we speculate
that silver nanowires are grown through a solid–solution–
solid process, described as follows. First, silver chloride dis-
sociates in water releasing free Ag+ ions. Following this, the
released Ag+ ions are reduced by glucose and form silver
nuclei. These nuclei grow into silver metal under the current
experimental conditions. As the solubility of silver chloride
in water is very low, the concentration of free Ag+ ions in
the solution is very low. As a result, the reduction of silver
chloride and the formation of silver nuclei are both very
slow. Such a slow reaction may be favorable for the aniso-
tropic growth of sliver nanowires.


We have tried other silver sources to confirm such specu-
lation. When silver nitrate was used instead of silver chlo-
ride, the reaction was complete in a much shorter time and
only near-spherical silver nanoparticles were obtained. As
silver nitrate is soluble and easily dissociates in water, the
concentration of free Ag+ ions in silver nitrate solution is
much higher than in silver chloride colloidal solution. When
silver nitrate is used instead of silver chloride, the reduction
of Ag+ ions to metallic silver is very quick, thus the aniso-
tropic growth of silver metal is almost impossible. As a
result, silver nanoparticles instead of silver nanowires are
obtained. We have also used other anions such as OH� and
Br� instead of Cl� to generate other barely soluble silver
compounds, such as silver oxide and silver bromide, to act
as the silver source. In these cases, silver nanowires were
also obtained. In the case of silver bromide the reaction
needed more time to reach completion. As it is known that
the solubility product constant (KSP) of silver bromide
(KSP=5.0L10�13) is lower than that of silver chloride (KSP=


1.8L10�10),[19] the concentration of free Ag+ ions in the so-
lution containing silver bromide is lower than that contain-
ing silver chloride and, as a result, the reduction speed is
slower.


Figure 7 shows the UV-visible absorption spectrum taken
from the as-prepared silver nanowires suspended in ethanol.
The absorption peak at ~350 nm could be attributed to the
plasmon response of the long silver nanowires,[15] which is
similar to that of the bulk silver. Otherwise, the absorption
peak at ~390 nm may be attributed to the transverse plas-
mon mode of silver nanowires.


Figure 5. XRD patterns of samples obtained at 180 8C after a reaction
time of A) 6 h, B) 9 h, and C) 12 h.


Figure 6. SEM images of samples obtained at 180 8C after a reaction time
of A) 6 h, B) 9 h, and C) 12 h.
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Conclusion


In summary, uniform silver nanowires with diameters of
about 100 nm and lengths up to 500 mm were successfully
prepared on a large scale through a simple hydrothermal
process without the use of any surfactants or polymers. The
influential factors such as reaction temperature, concentra-
tion of the reagents, and different silver sources were stud-
ied. The synthetic strategy presented here is simple and en-
vironmentally friendly, and may provide a promising
method for growing nanowires.


Experimental Section


All chemical reagents were of analytical grade and used as received with-
out purification. In a typical procedure, silver nitrate (0.02m, 5 mL) and
sodium chloride (0.02m, 5 mL) were added to distilled water (30 mL)
under stirring to form silver chloride colloidal solution. Then glucose
(0.04 g, 0.2 mmol) was dissolved in the above colloidal solution; this was
then transferred into a stainless steel autoclave with a Teflon liner of
50 mL capacity, and heated in an oven at 180 8C for 18 h. After the auto-
clave was air-cooled to room temperature unaided, the resulting silver-
gray fluffy precipitate was filtered and washed with distilled water and
absolute ethanol, then dried under vacuum at 60 8C for 2 h.


XRD patterns were obtained on a Philips XN Pert PRO SUPER diffrac-
tometer equipped with graphite monochromatized CuKa radiation (l=
1.541874 9). TEM images were recorded on a Hitachi Model H-800
transmission electron microscope, using an accelerating voltage of
200 kV. HRTEM images and SAED patterns were taken on a JEOL
2010 high-resolution transmission electron microscope performed at an
acceleration voltage of 200 kV. SEM images were taken with an X-650


scanning electron microanalyzer and a JEOL-JSM-6700F field emission
scanning electron microscope. The UV-visible absorption spectrum was
recorded on a Shimadzu UV-240 spectrophotometer.
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Figure 7. UV-visible absorption spectrum of the silver nanowires.
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Using Diffusion NMR To Characterize Guanosine Self-Association:
Insights into Structure and Mechanism
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Introduction


While molecular self-assembly is becoming a powerful ap-
proach for nanoscale synthesis,[1] characterization of supra-
molecules remains a constant challenge. Single crystals of
non-covalent assemblies are not always possible. Further-
more, packing forces may give solid-state structures that
aren!t well-populated in solution. Determination of supra-
molecular solution structure can also be daunting. Mass
spectrometry,[2] analytical ultracentrifugation,[3] dynamic
light scattering,[4] gel permeation chromatography and vapor
pressure osmometry have been used to determine sizes of


supramolecular complexes. None of these techniques, how-
ever, provide the atomic resolution offered by NMR spec-
troscopy. Whereas standard NMR techniques are excellent
at determining molecular composition, defining the sizes of
high-symmetry complexes can be a problem. For example,
NMR spectroscopy cannot readily distinguish a C4-symmet-
ric tetramer from a C6-symmetric hexamer, nor can signal
integration differentiate an AB dimer and an A2B2 tetramer.
One method for solving such problems is through the use of
pulsed field gradient (PFG) NMR.
PFG-NMR, a method for measuring diffusion rates, pro-


vides information about the sizes of molecules in solution.[5]


PFG-NMR, used to study self-association of natural prod-
ucts,[6] peptides,[7] and proteins,[8] is also an emerging tech-
nique in supramolecular chemistry. Diffusion NMR has been
used to define the aggregation state of ion pairs and other
organometallic assemblies.[9,10] The sizes of dendrimers,
supramolecular polymers and nanoparticles have been de-
termined with the technique.[11–13] Cohen and colleagues
have pioneered the use of diffusion NMR in host–guest
chemistry, with detailed studies of macrocyclic complexes.[14]
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Abstract: This paper presents results
from a series of pulsed field gradient
(PFG) NMR studies on lipophilic gua-
nosine nucleosides that undergo cation-
templated assembly in organic solvents.
The use of PFG-NMR to measure dif-
fusion coefficients for the different ag-
gregates allowed us to observe the in-
fluences of cation, solvent and anion
on the self-assembly process. Three
case studies are presented. In the first
study, diffusion NMR confirmed for-
mation of a hexadecameric G-quadru-
plex [G1]16·4K


+ ·4pic� in CD3CN. Fur-
thermore, hexadecamer formation
from 5’-TBDMS-2’,3’-isopropylidene
G1 and K+ picrate was shown to be a


cooperative process in CD3CN. In the
second study, diffusion NMR studies
on 5’-(3,5-bis(methoxy)benzoyl)-2’,3’-
isopropylidene G4 showed that hier-
archical self-association of G8-octamers
is controlled by the K+ cation. Evi-
dence for formation of both discrete
G8-octamers and G16-hexadecamers in
CD2Cl2 was obtained. The position of
this octamer–hexadecamer equilibrium
was shown to depend on the K+ con-
centration. In the third case, diffusion


NMR was used to determine the size
of a guanosine self-assembly where
NMR signal integration was ambigu-
ous. Thus, both diffusion NMR and
ESI-MS show that 5’-O-acetyl-2’,3’-O-
isopropylidene G7 and Na+ picrate
form a doubly charged octamer
[G7]8·2Na


+ ·2pic� 9 in CD2Cl2. The
anion!s role in stabilizing this particular
complex is discussed. In all three cases
the information gained from the diffu-
sion NMR technique enabled us to
better understand the self-assembly
processes, especially regarding the
roles of cation, anion and solvent.


Keywords: G-quadruplex · NMR
spectroscopy · self-assembly ·
supramolecular chemistry


H 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200400782 Chem. Eur. J. 2005, 11, 164 – 173164







Recently, this technique has been used to investigate issues
of structure and mechanism in molecular self-assembly. Hy-
drogen-bonded rosettes, calixarene–nucleoside conjugates
and stacked bisphenylenes have been sized using diffusion
NMR,[15–17] and solvation!s key role in stabilizing resorcinar-
ene capsules has been revealed.[18] In addition to structural
characterization, diffusion NMR can also provide insight
into dynamic processes that occur during self-assembly.[19]


We have been actively studying the cation-templated self-
assembly of lipophilic guanosine derivatives.[20] Guanosine
derivatives organize in the presence of alkali and alkaline
earth cations to give hydrogen bonded G-quartets
(Scheme 1).[21] These G-quartets undergo further association
by stacking into columns known as G-quadruplexes. In addi-
tion to serving as models for nucleic acid structures, these
lipophilic G-quartets are also the basis for non-covalent syn-
thesis of ionophores, supramolecular polymers, and nano-
electronic devices.[20] A better understanding of assembly–dis-
assembly pathways, including identification of stable inter-
mediates, is critical for learning how to construct and manip-
ulate these synthetic G-quadruplexes. Below, we provide
three examples where the use of diffusion NMR to charac-
terize structure also helps illuminate factors that control
guanosine self-assembly.


Results


Before describing our results, we discuss some basic infor-
mation about diffusion NMR.[5] The diffusion rate of a mol-
ecule depends on its size and shape, its concentration, the
temperature and solvent viscosity. The Stokes–Einstein
equation shows that a sphere!s diffusion coefficient (Ds) is
inversely related to the hydrodynamic radius (R) and sol-
vent viscosity (h), where k is the Boltzmann constant and T
is temperature [Eq. (1)].


D ¼ k � T
6 � p � h � R ð1Þ


Thus, the ratio of diffusion rates for two different spherical
molecules, provided they are in the same environment, is in-
versely proportional to the ratio of their radii [Eq. (2)].[22, 23]


Comparative measurements of diffusion rates then help esti-


mate the relative sizes of molecules in solution. This is espe-
cially valuable when studying molecular self-assembly, par-
ticularly for systems that involve equilibrium formation of
different sized complexes.


Da


Db
¼


k � T
6 � p � h � Ra


k � T
6 � p � h � Rb


¼ Rb


Ra
ð2Þ


Dephasing of an NMR signal, the basis for the diffusion
measurements, is influenced by the gradient strength (g),
the gradient pulse duration (d), and the gradient separation
time (D) between the two opposing gradient pulses.[23, 24]


Equation (3) shows that the NMR signal intensity is a func-
tion of the diffusion coefficient Ds for the case of a rectan-
gular pulse gradient.[5d]


I ¼ I0 � e�D � ð2p � g � g � dÞ2 � ðD� d
3Þ ð3Þ


Diffusion coefficients are determined from slopes of normal-
ized signal intensity (ln I/Io) plotted against the gradient
weighting term (2pggd)2(D�d/3), where g is the gyromag-
netic ratio of the nucleus being observed. In the standard
PFG-NMR pulse sequence, optimized values for the gradi-
ent duration (d) and the gradient separation time (D) are
kept constant and the gradient strength (g) is varied.[24]


Case 1—Diffusion NMR confirms that G 1 forms a hexade-
camer in solution : Previously, we showed by X-ray crystal-
lography that 5’-TBDMS-2’,3’-isopropylidene G1 forms an
ordered D4-symmetric hexadecamer composed of four
stacked G-quartets (Scheme 2).[25] This G-quadruplex 2, with
empirical formula [G1]16·4K


+ ·4pic� , is stabilized by four
co-axial cations and by four picrate anions. The anions use
hydrogen bonds to clamp together the “inner” two G-quar-
tets. Similar solid-state structures for [G1]16·2M


2+·4pic� were
obtained with the divalent cations Ba2+ and Sr2+ .[26] Electro-
spray mass spectrometry of these complexes showed significant
amounts of [G1]16·2M


2+ in the gas phase. Furthermore, NMR
mixing experiments in CD2Cl2 with [G1]16·2Ba


2+ ·4pic� and
[G1]16·2Sr


2+ ·4pic� showed the statistical formation of
“homo” and “hetero” complexes, confirming that an intact
[G1]16 hexadecamer predominates in solution.[27]


Because of the extensive characterization in the solid, gas,
and solution phases, we reasoned that G1 and its K+ G-
quadruplex 2 would provide an excellent test for using diffu-
sion NMR to characterize guanosine self-association in so-
lution. Our goal was to determine whether we could reliably
identify the hexadecamer [G1]16·4K


+ ·4pic� in an equilibri-
um mixture that also contained “monomeric” G1.[28] Such
identification is essential for understanding the factors that
control the thermodynamics and kinetics of guanosine self-
assembly.
Acetonitrile (er = 38.8) is of suitable polarity to strike a


balance between stabilizing the self-assembled hexadecamer
2 and G1. For [G1]16·4K


+ ·4pic� in DMSO (er=45) no G-


Scheme 1. Cation templated G-quartet structures.
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quadruplex assembly is observed, whereas in the less polar
dichloromethane (er = 9.1) only aggregation occurs and no
free G1 is observed. When crystalline [G1]16·4K


+ ·4pic� 2 is
dissolved in CD3CN at rt, three sets of 1H NMR signals are
observed (Figure 1). These separate signals, in slow ex-


change on the NMR chemical shift time-scale, were distin-
guished using 2D COSY and NOESY experiments.[25] We as-
signed one set of NMR signals
to “monomeric” G1, with the
understanding that these signals
also contained time-averaged
contributions from higher
oligomers (mostly dimers) that
are in fast exchange with mono-
mer.[29] The other two sets of
1H NMR signals, always present


in a 1:1 ratio, arise from the distinct “outer” and “inner” G-
quartets that make up the D4-symmetric [G1]16 hexadecam-
er 2.
Diffusion NMR studies were done at 21 8C using a so-


lution prepared by dissolving crystalline [G1]16·4K
+ ·4pic� in


CD3CN (0.059mm), conditions that provide an equilibrium
mixture of 94% monomer G1 and 6% G-quadruplex 2. The
lipophilic adenosine A3, which is the same size as G1 but
doesn!t self-associate in CD3CN or interact noticeably with
either G1 or G-quadruplex 2 under these conditions, was
used as an internal standard to size the two guanosine spe-
cies. Before carrying out the diffusion NMR experiments,
we calculated an approximate D16mer/Dmonomer ratio from
available crystal structure data. The molecular volume for
[G1]16·4K


+ ·4pic� is 12140 N3 and the molecular volume for
G1 is estimated to be 586 N3.[30] Assuming that both mole-
cules are spherical, these volumes provide average hydrody-
namic radii of 14.26 N for [G1]16·4K


+ ·4pic� and 5.19 N for
G1, values that predict a theoretical D16mer/DG1 ratio of
0.36.[22]


Figure 2 shows the influence of increasing magnetic field
gradient strength (g) on the intensity of aromatic signals for
the sample containing G1, A3 and G-quadruplex 2. The
corresponding Stejskal–Tanner plots obtained from average
values for eight separate diffusion NMR measurements are
shown in Figure 2d. Analysis of H8 peak intensities gave dif-
fusion coefficients of Ds = 13.60�0.30O10�10 m2s�1 for A3
(d 8.21) and Ds=12.00�0.20O10�10 m2 s�1 for G1 (Table 1).
The G-quadruplex 2 (d 6.99 for H8 of the “inner” G-quar-
tet) has a much slower diffusion coefficient in CD3CN (Ds=


4.70�0.10O10�10 m2s�1) than A3 or G1. The experimental
diffusion coefficients for G-quadruplex 2 and A3 (Ds (G2)/
Ds (A3)=0.35) agree well with the theoretical D16mer/Dmonomer


ratio of 0.36, indicating that hexadecamer [G1]16·4K+ ·4pic�


is indeed the structure observed by NMR spectroscopy.
The slower diffusion of G1, relative to A3, is likely due


to significant dimerization of G1 in CD3CN.
[29] To test this


hypothesis, we conducted diffusion NMR experiments on
G1/A3 mixtures in [D6]DMSO, a solvent that completely
denatures G-quadruplex 2. Indeed, G1 and A3 have much
closer diffusion coefficients in [D6]DMSO (Ds (G1)/Ds


(A3)=0.96) than in CD3CN (Ds (G1)/Ds (A3)=0.88), con-
sistent with significant inhibition of G–G dimerization by
[D6]DMSO (Table 1).[31]


Characterization of the hexadecamer [G1]16·4K
+ ·4pic� by


diffusion NMR confirms an important feature of the cation-
templated self-association of G1. Namely, hexadecamer 2 is
part of an equilibrium with “monomeric” G1, and its forma-


Scheme 2. Structures of G1, G-quadruplex [G1]16·4K
+·4pic� 2 and A3.


Figure 1. Variable temperature 1H NMR spectra of [G1]16·4K
+ ·4pic�


(0.059mm) dissolved in CD3CN. Signals for “free” G1 (O) predominate
at higher temperatures, whereas signals for the hexadecameric complex
[G1]16·4K


+ ·4pic� (*) predominate at lower temperatures.


Table 1. Diffusion coefficients for G1 hexadecamer/monomer system.[a]


Ds (G1) Ds (2) Ds (A3) Ratio Ratio Ratio
(10�10 m2 s�1) (10�10 m2 s�1) (10�10 m2 s�1) Ds (2)/Ds (1) Ds (2)/Ds (3) Ds (1)/Ds (3)


CD3CN
[b] 12.00�0.20 4.70�0.10 13.60�0.30 0.39 0.35 0.88


[D6]DMSO[c] 1.90�0.03 1.98�0.03 0.96


[a] The diffusion coefficients are the mean � standard deviation of eight separate measurements at 21 8C.
[b] [G1]16·4K


+ ·4pic� 2 and A3 dissolved in CD3CN. [c] G1 and A3 dissolved in [D6]DMSO.


H 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 164 – 173166


J. T. Davis et al.



www.chemeurj.org





tion is likely to occur via a cooperative nucleation–elonga-
tion mechanism.[32] Thus, other than signals for “monomer-
ic” G1 and hexadecamer 2, we observe no NMR evidence
for any other kinetically stable intermediates in CD3CN so-
lution. Furthermore, the monomer/hexadecamer ratio in
CD3CN varies significantly with temperature (Figure 1).
Thus, at �40 8C, only NMR signals for hexadecamer 2 are
observed. As the temperature increases, more G1 is formed
by dissociation from the G-quadruplex. At 60 8C, only G1 is
present. More strong evidence for a cooperative equilibrium
was obtained from CD spectroscopy. G-quadruplex 2, with
its stacked G-quartets, has a characteristic CD absorbance
centered at 258 nm.[25,33] Figure 3 shows temperature de-


pendent CD data for a solution of [G1]16·4K
+ ·4pic� in


CD3CN. The sigmoidal melting curve (with Tm=25 8C) is
characteristic of a cooperative equilibrium. While more ex-
periments are needed to confirm the nucleation–elongation


mechanism,[32] and the presence of positive cooperativity,[34]


the NMR and CD data clearly indicate that growth of the
[G1]16 hexadecamer is coupled to the K+ templated forma-
tion of G-quartets.


Case 2—Diffusion NMR shows that hierarchical self-associ-
ation of G8-octamers is controlled by the cation : Unlike
case 1, where no intermediates were detected in the pathway
from monomer to hexadecamer, the next example involves
formation of a kinetically stable intermediate. This inter-
mediate, a G8-K


+ octamer, was readily distinguished from
the larger G16 hexadecamer with the help of diffusion NMR.
The position of the octamer–hexadecamer equilibrium is
clearly a function of the K+ cation concentration in solution
(Scheme 3).
Depending on the experimental conditions and the K+


concentration, NMR spectra indicate that 5’-(3,5-bis(me-
thoxy)benzoyl)-2’,3’-isopropylidene G4 can form different
structures in non-polar solvents CD2Cl2 and CDCl3
(Figure 4). Liquid–liquid extraction of K+DNP� (DNP: 2,6-
dinitrophenolate) (1.2 equiv) from water with G4 (10mm) in
CD2Cl2 provided a single set of 1H NMR signals and a G4/
DNP ratio of 8:1, consistent with formation of a C4-symmet-
ric octamer 5 (Scheme 2). However, a different complex was
generated when G4 was used for the solid–liquid extraction
of K+DNP� (Figure 4b). In the solid-liquid extraction ex-
periment, the two sets of 1H NMR signals in a 1:1 ratio, the
4:1 G4/DNP ratio, and the appearance of signals for the hy-
drogen-bonded N2A amino protons between d 9.5–9.8 sug-
gested formation of a D4-symmetric hexadecamer 6 with
empirical formula [G4]16·4K


+ ·4DNP� . Since the different
complexes, octamer 5 and hexadecamer 6, exchange slowly
on the NMR chemical shift timescale in CD2Cl2 (Figure 4c),
diffusion NMR was ideal for verifying their relative sizes.
The Stejskal–Tanner plots showing results from diffusion


NMR experiments in CDCl3 are shown in Figure 5. Analysis
of amide NH peaks at d 11.74 ppm and at d 12.28 provided
diffusion coefficients of Ds=2.45�0.02O10�10 m2s�1 for the
species with two sets of signals (Figure 4b) and Ds=3.13�
0.02O10�10 m2s�1 for the species with the single set of signals
(Figure 4a). This experimental ratio of 0.78 agrees well with
the theoretical D16mer/D8mer ratio of 0.79 and supports the
proposal that the complex formed by liquid–liquid extrac-
tion is octamer 5 with formula [G4]8·K


+ ·DNP� , whereas the
species formed in the solid-liquid extraction is hexadecamer
6, [G4]16·4K


+ ·4DNP� .


Figure 2. Stack plot of 1H NMR spectra for a mixture of G1, G-quadru-
plex 2 and A3. Signals for a) A3 H8, b) G1 H8, and c) G-quadruplex 2
“inner” H8 with increasing gradient strength in CD3CN at 21 8C. d) Stej-
skal–Tanner plot of G1, [G1]16·4K


+ ·4pic� 2 and A3 in CD3CN at 21 8C.


Figure 3. a) Variable temperature CD spectra of [G1]16·4K
+ ·4pic� 2 in


CD3CN. b) Plot of CD absorbance at 248 nm as a function of tempera-
ture.


Scheme 3. Formation of [G4]8·K
+ ·DNP� 5 and [G4]16·4K


+ ·4DNP� 6.
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The reliable characterization of these different species by
diffusion NMR allows us to make firm conclusions about
cation-templated self-assembly of G4 in CD2Cl2. First, the
C4-symmetric G8-octamer 5 is an intermediate in formation
of the D4-symmetric G16-hexadecamer 6. Second, the K+


concentration controls this octamer–hexadecamer equilibri-
um. Under the solid–liquid extraction conditions used to
generate [G4]16·4K


+ ·4DNP� 6, sufficient K+ cation is
brought into solution to link together two [G4]8·K


+ octam-
ers (Scheme 2). However, this bridging K+ cation must be
held less tightly by hexadecamer 6 than are the cations sta-
bilizing the C4-symmetric [G4]8·K


+ octamers. This conclu-
sion was supported by an experiment wherein washing a
CD2Cl2 solution of hexadecamer 6 with water resulted in
complete formation of octamer [G4]8·K


+ ·DNP� 5. Likewise,
addition of solid K+DNP� to a CD2Cl2 solution of octamer
[G4]8·K


+ ·DNP� 5 gave quantitative conversion to hexade-
camer 6. This K+-dependent switching of the equilibrium
between octamer 5 and hexadecamer 6 is similar to NMR
solution studies on the human telomere sequence d(T2AG3),
a G-rich DNA that forms a G-quadruplex monomer at
50mm K+ cation concentration and a dimer of co-axial G-
quadruplexes at 300mm K+ cation concentration.[35]


Case 3—Diffusion NMR reveals size where NMR signal in-
tegration is ambiguous : This final example uses diffusion
NMR to discriminate between different possible structures
with identical component ratios. Solid-liquid extraction of
Na+ picrate into CDCl3 by 5’-O-acetyl-2’,3’-O-isopropyl-
idene G7 gave a complex with a single set of NMR signals
and a G7/picrate molar ratio of 4:1 (Figure 6a). Assuming


one Na+ cation for each picrate anion, this data indicates
formation of a complex with an empirical formula of
[G7]4n·(n)Na


+ ·n(pic)� . As depicted in Scheme 4, the struc-
tures that are consistent with this formula are an isolated
C4-symmetric G-quartet, [G7]4·Na


+ ·pic� 8, a pseudo-D4-
symmetric octamer with two bound Na+ cations,
[G7]8·2Na


+ ·2pic� 9,[36] and polymer, ([G7]4·Na
+ ·pic�)n 10.


The first two possible structures, a single Na+-filled G-quar-
tet and a doubly charged octamer, have been previously
identified in the gas phase.[37,38] To our knowledge, however,
no evidence for either structure in solution has ever been
presented.
Polymeric stacks of lipophilic G-derivatives are known to


form with the larger K+ cation, but less is known about the
ability of the smaller Na+ cation to promote formation of
polymeric G-quadruplexes.[39]


As shown in Figure 6b, washing the CDCl3 solution of this
unknown complex of formula [G7]4n·(n)Na


+ ·n(pic)� with
water generated a new species. The NMR spectrum was
consistent with the D4-symmetric octamer [G7]8·Na


+ ·pic�


11, namely a single set of peaks, a G7/picrate molar ratio of
8:1, and a significant change in only the N1 amide chemical
shift (Dd=0.50 ppm). We suspected that the similar chemi-
cal shifts (other than NH1) for [G7]4n·(n)Na


+ ·n(pic)� and
[G7]8·Na


+ ·pic� 11 indicated that [G7]8·2Na
+ ·2pic� 9 had


Figure 4. 1H NMR spectra in CD2Cl2 at 21 8C of complexes formed by ex-
traction of K(DNP) with G4. a) octamer 5, [G4]8·K


+·DNP� , formed in
liquid–liquid extraction; b) hexadecamer 6, [G4]8·K


+·(2,6-DNP)� ,
formed in solid-liquid extraction; c) mixture of octamer 5 and hexade-
camer 6.


Figure 5. Stejskal–Tanner plot of octamer 5 and hexadecamer 6. Diffusion
coefficients for octamer 5 [G4]8·K


+ ·DNP� and hexadecamer 6 [G4]8·K
+


·DNP� in CDCl3 at 21 8C.


Figure 6. 1H NMR spectra in CDCl3 at 21 8C of complexes formed by ex-
traction of Na picrate with G7. a) A species of empirical formula
[G7]4n·nNa


+ ·n(pic)� formed by solid–liquid extraction; b) octamer
[G7]8·Na


+ ·(pic)� 11 formed by washing solution in part a) with water.
The identity of the peak with an O is unknown.
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been formed in the solid–liquid extraction of Na+ picrate,
but only diffusion NMR could resolve this structural issue.
As shown in Figure 7, both the octamer [G7]8·Na


+ ·pic� 11
and the unknown complex generated by solid–liquid extrac-
tion, [G7]4n·(n)Na


+ ·n(pic)� , had similar CD spectra in


CD2Cl2, with a degenerate negative exciton couplet centered
at 280 nm. This CD signature, corresponding to the long-
axis polarized transition of the G chromophore, is diagnostic
of an assembly with at least two chiral G-quartets rotated
with respect to one another.[33]


While this data rules out the
isolated G-quartet [G7]4·Na


+


·pic� 8 as a structural possibility
for [G7]4n·(n)Na


+ ·n(pic)� we
could not distinguish octamer
[G7]8·2Na


+ ·2pic� 9 and poly-
meric ([G7]4·Na


+ ·pic�)n 10 by
CD spectroscopy. To solve this


problem, we again turned to diffusion NMR measurements.
Because octamer [G7]8·Na


+ ·pic� 11 and the
[G7]4n·(n)Na


+ ·n(pic)� complex were in fast chemical shift
exchange in CD2Cl2, individual diffusion coefficients for the
two different complexes could not be determined from the
same NMR experiment (as was done in case 2). Instead, we
used A3 as an internal standard in separate diffusion NMR
experiments, with solvent, temperature and concentration
held constant. The Stejskal–Tanner plots revealed Dexptl/DA3


values of 0.49 for the octamer [G7]8·Na
+ ·pic� 11 and 0.47


for the [G7]4n·(n)Na
+ ·n(pic)� complex (Table 2). Both of


these experimental diffusion coefficients agree well with the
theoretical D8mer/Dmonomer value of 0.50, indicating that the
self-assembled species generated by solid–liquid extraction
of Na+ picrate with G7 must be an octamer bound to two
equivalents of Na+ picrate, namely [G7]8·2Na


+ ·2pic� 9.


ESI-Mass spectrometry : The diffusion NMR results were
bolstered by electrospray mass spectrometry (ESI-MS) of
samples sprayed from solutions of CDCl3. Thus, samples
generated by the solid–liquid extraction of sodium picrate
with G7 gave the doubly charged octamer ([G7]8·2Na)


2+


(m/z 1484) as the strongest signal in the mass spectrum. A
much smaller peak for ([G7]16·3Na)


3+ (m/z 1972) was some-


Scheme 4. Self-assembly of G7 and Na+ picrate. Tetramer 8, octamer 9, and polymer 10 are potential structures for [G7]4n·(n)Na
+ ·n(pic)� .


Figure 7. CD spectra of a) complex of formula [G7]4n·(n)Na
+ ·n(pic)� and


b) [G7]8·Na
+ ·pic� 11. Both samples were at concentrations of 0.43mm in


G7 in CH2Cl2.


Table 2. Diffusion coefficients for complexes made from G7.[a]


Ds (G7) Ds (Pic) Ds (A3) Ratio Ratio
(10�10 m2 s�1) (10�10 m2 s�1) (10�10 m2 s�1) Ds (7)/Ds (3) Ds (Pic)/Ds (3)


octamer 9 4.06�0.10 5.88�0.05 8.62�0.08 0.47 0.68
octamer 11 4.19�0.05 6.54�0.04 8.60�0.06 0.49 0.76
hexadecamer 12 3.30�0.07 8.72�0.10 0.38


[a] The diffusion coefficients are the mean � standard deviation of eight separate measurements at 21 8C in
CDCl3.
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times observed at low cone voltages. (40 eV). In contrast,
liquid–liquid extraction of sodium picrate with G7 led to
formation of the singly charged ion ([G7]8·Na)


+ (m/z 2945)
as the major species (Figure 8).[38]


We propose that octamer [G7]8·2Na
+ ·2pic� 9 is stable


under the solid–liquid conditions because the coordination
sphere of the “capping” Na+ in 9 is completed by a picrate
anion, thus inhibiting growth of structures such as hexade-
camer [G7]16·4Na


+ ·4pic� under these conditions. The pic-
rate anion is well known to function as a bidendate ligand
for metal cations in crown ethers, serving to inhibit forma-
tion of sandwich complexes.[40] This proposal is supported by
the observation that picrate!s NMR signal is shifted far up-
field (Dd=0.29 ppm) in [G7]8·2Na


+ ·2pic� 9, relative to oc-
tamer [G7]8·Na


+ ·pic� 11, presumably due to shielding of the
bound picrate anion by the nearby G4-quartet (Figure 6).
Similar upfield shifts of the picrate NMR signal, caused by
anion–p interactions, have been noted in crown ether chem-
istry.[40b] Furthermore, the calculated diffusion coefficient for
this “capping” picrate in [G7]8·2Na


+ ·2pic� 9 (Ds=5.88 �
0.05O10�10 m2s�1)[41] is much lower than picrate!s diffusion
coefficient in [G7]8·Na


+ ·pic� 11 (Ds=6.54 � 0.04O
10�10 m2s�1), also consistent with intimate coordination of
this “capping” anion with the guanosine octamer. To test
our hypothesis that a “capping” picrate anion stabilizes the
octamer [G7]8·2Na


+ ·2pic� 9, we conducted similar solid–
liquid extractions in CD2Cl2 with NaPh4B, a salt containing
the poorly coordinating tetraphenylborate anion. Indeed,
the NMR signal pattern (2 sets of signals in a 1:1 ratio) and
integration (a G7:Ph4B ratio of 4:1) were consistent with
formation of hexadecamer [G7]16·4Na


+ ·4Ph4B
� 12.[42] The


diffusion coefficient for this complex (Ds=3.30�0.07O
10�10 m2s�1), with A3 as an internal standard, was also con-


sistent with generation of a hexadecamer (D16mer/Dmonomer=


0.38, see Table 2). These experiments indicate that the coun-
ter-anion can dramatically influence the course of guanosine
self-assembly.[43]


Conclusion


We presented three examples where the use of diffusion
NMR revealed important features about self-assembly of
lipophilic guanosines. The confirmation that hexadecamer
[G1]16·4K


+ ·4pic� is stable in CD3CN solution, in the pres-
ence of significant amounts of unassembled G1, allowed us
to conclude that the cation-templated assembly of G1 in
this polar solvent proceeds via a cooperative equilibrium
without formation of significant intermediates. Changing the
ligand structure (from G1 to G4) and the solvent (from
CD3CN to CD2Cl2) allowed us to identify a discrete octa-
meric intermediate in G-quadruplex formation. Again, the
size of this octamer intermediate was confirmed from a
series of diffusion NMR experiments. In the last example,
diffusion NMR was used to distinguish between possible
structures of identical sub-unit stoichiometry. In all three
cases the information gained from the diffusion NMR tech-
nique enabled us to better understand the self-assembly
processes, especially regarding the roles of cation, anion and
solvent. We hope to be able to use this structural and mech-
anistic information to rationally construct and manipulate
functional G-quadruplexes.


Experimental Section


All 1H NMR spectra were recorded on a Bruker DRX-400, a Bruker
Avance 400 instrument operating at 400.13 MHz, or on a Bruker DRX-
500 operating at 500.13 MHz. The 13C NMR spectra were recorded on a
Bruker DRX-400 and Bruker Avance 400 instrument operating at
100.61 MHz. Chemical shifts are reported in ppm relative to the residual
protonated solvent peak. Variable temperature 1H NMR experiments
were controlled to �0.1 8C and calibrated with methanol at low tempera-
tures and ethylene glycol at high temperature. Fast atom bombardment
(FAB) mass spectra were recorded on a JEOL SX-102A magnetic sector
mass spectrometer. Circular dichroism (CD) spectra were recorded on a
JASCO-810 spectropolarimeter with a 1 cm path length quartz cuvette.
Variable temperature CD experiments were controlled by an attached
PFD425S Peltier system with a 1.0 cm path length quartz cuvette. Deuter-
ated solvents were purchased from Cambridge Isotope Laboratories. All
chemicals and solvents were purchased from Sigma, Fluka, or Aldrich.
Guanosine 1,[25,44] adenosine 3,[44] quadruplex 2,[26] guanosine 7,[45] and the
potassium and sodium phenolates[27] were prepared following published
methods.


2’,3’-O-Isopropylidene-5’-O-(3,5-bis(methoxy)benzoyl)-guanosine (G 4):
3,5-Dimethoxy benzoyl chloride (465 mg, 1.5 mmol) was added to a so-
lution of 2’,3’-O-isopropylidene guanosine (500 mg, 1 mmol) and 4-dime-
thylaminopyridene (5 mg) in distilled pyridine (7.5 mL). The resulting so-
lution was stirred at rt under a N2 atmosphere for 4 h. The solvent was
evaporated under reduced pressure. The remaining white solid was dis-
solved in CH2Cl2 (40 mL) and washed with 0.1n HCl (10 mL), sat
NaHCO3 (10 mL), and H2O (2O10 mL). After removal of the solvent,
trituration with Et2O gave G4 as a white powder (630 mg, 84%).
1H NMR (400 MHz, [D6]DMSO): d = 10.84 (s, 1H, NH1), 7.82 (s, 1H,
H8), 7.00, (d, 1H, J=2.3 Hz, H8’), 6.76 (t, 1H, J=2.3 Hz, H10’), 6.61


Figure 8. a) ESI-MS spectrum of G7 in CHCl3 after solid–liquid extrac-
tion of Na+-picrate. b) ESI-MS spectrum of the same solution after wash-
ing with water.
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(br s, 2H, NH2), 6.05 (d, 1H, J=1.5 Hz, H1’), 5.26 (dd, 1H, J=6.0,
1.5 Hz, H2’), 5.24 (dd, 1H, J=6.0, 2.5 Hz, H3’), 4.37–4.51 (m, 2H, H5’),
4.41 (br s, 1H, H4’), 3.77 (br s, 6H, OCH3), 1.52 (s, 3H, CH3), 1.32 (s, 3H,
CH3);


13C NMR (100 MHz, [D6]DMSO): d = 165.1, 160.5, 156.9, 153.9,
150.4, 136.0, 131.3, 117.0, 113.3, 106.9, 105.2, 88.5, 84.34, 83.9, 81.2, 65.0,
55.5, 27.0, 25.3; HRMS (FAB): m/z : calcd for C22H25O8N5Li: 494.186,
found 494.186 [M+Li]+ .


Octamer [G 4]8·K
+ ·DNP� 5 : A solution of G4 (5.0 mg, 10.3 mmol) in


CH2Cl2 (1 mL) was added to a solution of K+ 2,6-DNP in water (2 mL,
0.65mm). The resulting biphasic mixture was stirred at rt for 12 h. The or-
ganic layer was then separated and concentrated. 1H NMR (400 MHz,
CD2Cl2): d = 12.23 (s, 8H, NH1), 7.88 (d, 2H, J=8.1 Hz, mDNP), 7.21
(s, 8H, H8), 7.17 (d, 16H, J=2.3 Hz, H8’), 6.65 (t, 8H, J=2.3 Hz, H10’),
5.90 (s, 8H, H1’), 5.90 (t, 1H, J=8.1 Hz, pDNP), 5.62 (dd, 8H, J=6.3,
2.9 Hz, H3’), 5.24 (d, 8H, J=6.3 Hz, H2’), 4.88 (dd, 8H, J=14.1, 8.5 Hz,
H5’A), 4.80–4.74 (m, 16H, H4’, H5’B), 3.80 (s, 48H, OCH3), 1.68 (s, 24H,
CH3), 1.44 (s, 24H, CH3).


Hexadecamer [G 4]16·4K+ ·4 DNP� 6 : A K+ 2,6-DNP solution in water
(1 mL, 10.3mm) was added to a solution of G4 (5.0 mg, 10.3 mmol) in
CH2Cl2 (1 mL). The resulting biphasic mixture was stirred at rt for 12 h.
The organic layer was then separated and concentrated. The designations
a (outer G-quartet) and b (inner G-quartet) in the 1H NMR data refer to
the two sets of signals for the hexadecamer. 1H NMR (400 MHz,
CD2Cl2): d = 11.76 (s, 8H, NH1a), 11.70 (s, 8H, NH1b), 9.72 (s, 8H,
NH2Aa), 9.56 (br s, 8H, NH2Ab), 7.86 (d, 8H, J=7.6 Hz, mDNP), 7.17 (s,
8H, H8b), 6.97 (s, 8H, H8a), 6.94 (s, 8H, NH2Bb), 6.81 (d, 16H, J=
2.2 Hz, H8’b), 6.80 (d, 16H, J=2.2 Hz, H8’a), 6.55 (t, 8H, J=2.0 Hz,
H10’a), 6.33 (br s, 8H, NH2Ba), 6.26 (t, J=2.0 Hz, H10’b), 5.95 (dd, 8H,
J=5.9, 3.5 Hz, H2’b), 5.90 (t, 4H, J=7.6 Hz, pDNP), 5.85 (s, 8H, H1’b),
5.74 (dd, 8H, J=6.3, 2.4 Hz, H3’b), 5.53 (d, 8H, J=3.5 Hz, H1’a), 5.33
(br s, 8H, H2’b), 5.23 (d, 8H, J=5.9 Hz, H3’a), 5.04 (t, 8H, J=10.2 Hz,
H5’Ab), 4.79–4.68 (m, 16H, H4’a, H4’b), 4.54 (dd, 8H, J=11.0, 8.4 Hz,
H5’Aa), 4.34 (m, 8H, H5’Bb), 4.17 (dd, 8H, J=11.0, 4.1 Hz, H5’Ba), 3.74
(s, 48H, OCH3a), 3.38 (s, 48H, OCH3b), 1.77 (s, 24H, CH3a), 1.65 (s,
24H, CH3b), 1.50 (s, 24H, CH3a), 1.43 (s, 24H, CH3b).


Octamer [G 7]8·2Na+·2 pic� 9 : Na+Pic� (2.0 mg, 8.0 mmol) was added to
a solution of G7 (5.0 mg, 13.7 mmol) in CH2Cl2 (1 mL). The resulting
suspension was stirred at rt for 12 h. After centrifuging, the organic layer
was decanted and concentrated. 1H NMR (400 MHz, CDCl3): d = 11.86
(s, 4H, NH1), 8.58 (s, 2H, picrate), 7.12 (s, 4H, H8), 5.86 (s, 4H, H1’),
5.39 (dd, 4H, J=5.4, 3.4 Hz, H3’), 5.25 (d, 4H, J=5.4 Hz, H2’), 4.63 (dd,
4H, J=10.8, 5.9 Hz, H5’A), 4.58 (ddd, 4H, J=6.9, 5.9, 3.4 Hz, H4’), 4.41
(dd, 4H, J=10.8, 6.9 Hz, H5’B), 2.23 (s, 12H, Ac), 1.62 (s, 12H, CH3),
1.42 (s, 12H, CH3).


Octamer [G 7]8·Na+ ·pic� 11: A Na+Pic� solution in water (2 mL, 0.6mm)
was added to a solution of 7 (5.0 mg, 13.7 mmol) in CH2Cl2 (1 mL). The
biphasic mixture was stirred at rt for 12 h. The organic layer was then
separated and concentrated. 1H NMR (400 MHz, CDCl3): d = 12.38 (s,
8H, NH1), 9.66 (s, 8H, NH2A), 8.85 (s, 2H, picrate), 7.10 (s, 8H, H8),
6.21 (s, 8H, NH2B), 5.85 (s, 8H, H1’), 5.25 (dd, 8H, J=5.9, 3.4 Hz, H3’),
5.25 (d, 8H, J=5.9 Hz, H2’), 4.64 (dd, 8H, J=10.3, 5.9 Hz, H5’A), 4.58
(ddd, 8H, J=6.9, 5.9, 3.4 Hz, H4’), 4.42 (dd, 8H, J=10.3, 6.9 Hz, H5’B),
2.21 (s, 24H, Ac), 1.61 (s, 24H, CH3), 1.38 (s, 24H, CH3).


PFG NMR experiments : Diffusion experiments were carried out with a
Bruker DRX-500 spectrometer, using the Stimulated Echo Pulse Gradi-
ent sequence in FT mode.[46] To improve homogeneity a “13 interval
pulse sequence” was used with two pairs of bipolar gradients.[47] All sam-
ples for the diffusion measurements were prepared in Shigemi tubes (Shi-
gemi, Inc., Allison Park, PA) and the temperature was actively controlled
at 21.0�0.5 8C. Diffusion coefficients were derived using integration of
the desired peaks to a single exponential decay, using the “Simfit
(Bruker XWINNMR v3.1)” software.


Hexadecamer 2 and adenosine 3 in CD3CN : Experiments consisted of 24
points with gradient strengths (g) ranging from 0.687–30.91 Gcm�1. All
experiments comprised 256 scans with a pulse delay of 4 s and d value of
2.8 ms, D value of 99.8 ms, and g value of 4258 Hz per G. Quadruplex 2
and A3 were at concentrations of 0.059 and 0.16mm, respectively.


Guanosine 1 and adenosine 3 in DMSO : Experiments consisted of 24
points with gradient strengths (g) ranging from 0.687–30.91 Gcm�1. All
experiments comprised 64 scans with a pulse delay of 4 s and d value of
4.6 ms, D value of 199.8 ms, and g value of 4258 Hz per G. Both G1 and
A3 were at concentrations of 10.0mm.


Octamer 5 and hexadecamer 6 in CDCl3 : Experiments consisted of 32
points with gradient strengths (g) ranging from 3.420–61.560 Gcm�1. All
experiments comprised 256 scans with a pulse delay of 4 s and d value of
2.6 ms, D value of 59.9 ms, and g value of 4258 Hz per G. Octamer 5 and
hexadecamer 6 were at concentrations of 0.64 and 0.32mm, respectively.


Octamer 9, octamer 11 and adenosine 3 in CDCl3 : Experiments consist-
ed of 24 points with gradient strengths (g) ranging from 0.687–
30.91 Gcm�1. All experiments comprised 128 scans with a pulse delay of
4 s and d value of 2.6 ms, D value of 59.8 ms, and g value of 4258 Hz per
G. Octamers (9 and 11) and monomer 3 were at concentrations of 1.7
and 6.4mm, respectively.


Hexadecamer 12 and adenosine 3 in CDCl3 : Experiments consisted of
24 points with gradient strengths (g) ranging from 0.687–30.91 Gcm�1.
All experiments comprised 128 scans with a pulse delay of 4 s and d


value of 2.6 ms, D value of 59.8 ms, and g value of 4258 Hzper G. Hexa-
decamer 12 and monomer 3 were at concentrations of 0.52 and 4.0mm,
respectively.


ESI-MS experiments : Electrospray mass spectra were recorded with a
ZMD Micromass single quadrupole mass spectrometer, operating at m/z
4000. A Hamilton syringe driven by a Harvard pump was used for direct
injection of the sample at a rate of 10 mLmin�1; a capillary voltage of
3.2 kV and a cone voltage of 40 V were applied, and a desolvation tem-
perature of 1208 was used. The charge of the species observed was de-
duced directly from the spacing of the isotope peaks, a part from the less
resolved m/z 2945 signal: the space between the principal peak and the
minor adjacent peak at 2961 corresponds to the mass difference between
K+ and Na+ , indicating a monocharged species. Sample a was prepared
by a solid–liquid extraction experiment: a 5mm chloroform solution of
G7 (2 mL, 0.01 mmol) was stirred over-night in the presence of NaPi-
crate (4 mg, 16 mmol), and the organic layer was then decanted. Sam-
ple b was obtained by washing twice 1 mL of sample a with an equal
amount of water: the organic phase was then recovered and injected into
the mass spectrometer.
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Palladium-Catalyzed Asymmetric Allylic Alkylation of Ketone Enolates


Barry M. Trost* and Gretchen M. Schroeder[a]


Introduction


Alkylation of ketone enolates is a venerable reaction in or-
ganic synthesis.[1] As this transformation has proven invalua-
ble, the development of asymmetric methods has received
considerable attention.[2] Asymmetric alkylation to generate
quaternary centers, that is carbon centers with four different
non-hydrogen substituents, has proven particularly challeng-
ing. While significant advances toward achieving this goal
have been made by the use of stoichiometric chiral auxilia-
ries,[3] a more attractive strategy would involve using a cata-
lytic amount of the chirality inducing agent.[4] Catalytic
asymmetric transformations benefit in terms of atom econo-
my and require fewer chemical transformations as the chiral
auxiliary is commonly installed and removed in distinct
steps.[5]


Transition metal catalyzed asymmetric allylic alkylation
(AAA reaction) has been shown to be an effective method
for the synthesis of quaternary substituted carbon centers.
The catalytic cycle consists of four steps: coordination of the
transition metal to the olefin of the electrophile, ionization


of the allylic leaving group to generate a p-allyl transition
metal complex, alkylation by the nucleophile to generate a
new transition metal olefin complex, and finally decomplex-
ation which gives the product and returns the transition
metal so that it can re-enter the cycle. When this reaction is
performed in the presence of chiral ligands, asymmetric in-
duction can potentially be achieved at the electrophile and/
or at the nucleophile. Enantioselectivity at the electrophile
has been extensively studied, however, enantioselectivity at
the nucleophile has received far less attention. In order for
chiral ligands to effect stereochemical control in a Pd-cata-
lyzed reaction, they must influence bond-making and bond-
breaking events occurring outside the coordination sphere
of the metal. Discrimination of the enantiotopic faces of the
nucleophile is especially difficult because the nucleophile is
segregated from the chiral environment by the p-allyl
moiety (Figure 1).
The first example in which a prochiral nucleophile was


employed in the transition metal catalyzed AAAwas report-
ed in 1978 by Kagan.[6] For the reasons stated above, the
enantioselectivity was rather low. Since this initial report,
only a handful of examples have been subsequently dis-
closed with similar poor results.[7] Chiral palladium com-
plexes have been used almost exclusively to effect this trans-
formation.[8,9] While the progress toward achieving transition
metal catalyzed AAA using prochiral enolates is impressive,
the method is somewhat limited as “soft”, stabilized carban-
ions are typically employed. The extension of this reaction
to include simple ketone enolates such as that of cyclohexa-
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Abstract: Palladium-catalyzed asym-
metric allylic alkylation of nonstabi-
lized ketone enolates to generate qua-
ternary centers has been achieved in
excellent yield and enantioselectivity.
Optimized conditions consist of per-
forming the reaction in the presence of
two equivalents of LDA as base, one
equivalent of trimethytin chloride as a
Lewis acid, 1,2-dimethoxyethane as the
solvent, and a catalytic amount of a


chiral palladium complex formed from
p-allyl palladium chloride dimer 3 and
cyclohexyldiamine derived chiral ligand
4. Linearly substituted, acyclic 1,3-di-
alkyl substituted, and unsubstituted al-


lylic carbonates function well as elec-
trophiles. A variety of a-tetralones, cy-
clohexanones, and cyclopentanones can
be employed as nucleophiles. The abso-
lute configuration generated is consis-
tent with the current model in which
steric factors control stereofacial differ-
entiation. The quaternary substituted
products available by this method are
versatile substrates for further elabora-
tion.


Keywords: allylation · asymmetric
catalysis · asymmetric synthesis ·
palladium · quaternary
stereocenters
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none would represent a significant achievement. The com-
patibility of such hard nucleophiles with palladium in the
AAA reaction has since been explored. We recently dis-
closed in a preliminary communication our efforts toward
affecting the palladium-catalyzed AAA of nonstabilized
ketone enolates to generate quaternary centers.[10] Herein,
we describe in detail its successful application.


Results


Reaction optimization : 2-Methyl-1-tetralone (1) was chosen
for initial examination as the nucleophile in the presence of
allyl acetate (2) as the electrophile, LDA as the base, 1,2-di-
methoxyethane (DME) as the solvent, and a catalytic
amount of a chiral palladium complex formed from p-allyl
palladium chloride dimer 3 and cyclohexyldiamine derived
chiral ligand 4 [Eq. (1)]. A Lewis acid, tributyltin chloride,
was also added with the thought that the Lewis acid would
“soften” the lithium enolate by transmetallation to form the
tin derivative. Gratifyingly, the reaction was found to pro-
ceed to give the desired alkylated product 5 in 53% yield
and moderate enantiomeric excess (65% ee). Given this ini-
tial success the Lewis acid additive, base, solvent, and palla-
dium source were systematically varied.


While the addition of a Lewis acid was thought to help
stabilize the very reactive ketone enolate, it also provided
an additional variable for altering the enolate structure.
Thus, a variety of Lewis acids were examined as additives
(Table 1). One trend observed in variation of the Lewis acid
was a correlation between Lewis acid size and ee. In general,
the smaller the Lewis acid, the higher the ee obtained in the


reaction of tetralone 1 with acetate 2. For example, trime-
thyltin chloride gave allylated product 5 in 69% ee whereas
tributyltin chloride gave 5 in 65% ee (entry 1 vs 2). Another
interesting trend was observed; the yield and enantioselec-
tivity of the reaction was found to correlate with the leaving
group ability of the Lewis acid (entries 1, 3–7). Lewis acids
with poor leaving groups gave better results than those with
good leaving groups. For example, tributyltin chloride
proved superior to the corresponding acetate, triflate, and
iodide. The reversal in the sense of enantioselectivity using
tributyltin fluoride is a remarkable and curious result
(entry 7). Several boranes and borates were also found to be
competent; however, stannanes gave superior enantioselec-
tivity than did the boron derived Lewis acids. For example,
trimethyltin chloride gave better ee (69%) than did trime-
thylborate (58% ee, entry 9). A variety of aluminum,
indium, titanium, and cerium enolates were found to be in-
effective resulting in either little or no reaction. Given these
results, trimethyltin chloride became the Lewis acid of
choice.
A dramatic effect on the reaction yield was observed in


variation of the base (Table 2). Enolates generated from
lithium amide bases were found to react readily; whereas,
those generated from sodium and potassium bases resulted


in recovery of the starting ma-
terial (entries 1, 2 vs 3). Fur-
thermore, the reaction was
found to be sensitive to the
amount of base used. For exam-
ple, on increasing the equiva-
lents of LDA from 1 to 1.25,
1.5, and 2, the enantioselectivity
gradually increased (entries 3–
7). With three equivalents of
LDA, a slight decrease in enan-


tioselectivity was observed, thus two equivalents of base
gave the best results and allowed for isolation of allylated
tetralone 5 in excellent yield (99%) and ee (88%). Impor-
tantly, when employing two equivalents of base, the reaction
could be run in the absence of the tin additive and gave the
allylated product in 96% yield and slightly diminished ee
(85%, entry 8). Other lithium amide bases (LiHMDS and


Figure 1. Transition metal catalyzed AAA of prochiral nucleophiles.


Table 1. Selected optimization studies in variation of the Lewis acid for
Equation (1).[a]


Entry Lewis acid Yield 5 [%][b] ee 5 [%][c]


1 Bu3SnCl 53 65
2 Me3SnCl 65 69
3 Bu2Sn(OAc)2 NR –
4 Bu3SnOAc trace –
5 Bu3SnOTf 21 32
6 Bu3SnI 28 35
7 Bu3SnF 78 �25
8 Bu2BOTf NR –
9 B(OMe)3 65 58


[a] All reactions were performed using 1 equiv LDA, 1.05 equiv Lewis
acid, 1.1 equiv allyl acetate (2), 2.5% 3, and 5% 4 at room temperature.
[b] Isolated yield. [c] Determined by chiral HPLC.


Chem. Eur. J. 2005, 11, 174 – 184 www.chemeurj.org B 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 175


FULL PAPER



www.chemeurj.org





lithium tetramethylpiperide) also followed this trend with
excess base consistently giving higher levels of enantioselec-
tivity (entries 9–12). The amine of the base, a stoichiometric
by-product in enolization, affected the enantioselectivity of
the reaction as hexamethyldisilazide gave inferior results
(entry 10). On the other hand, changing the amide to piperi-
dide had little effect (entry 12).
Variation of the reaction solvent was examined. Moderate


enantioselectivity was achieved in all solvents examined in-
cluding THF, a 10% HMPA/THF solvent mixture, DME, di-
chloromethane, and toluene. The highest enantiomeric
excess and shortest reaction times were achieved in DME,
thus it became the solvent of choice.
Two sources of palladium were tried, p-allylpalladium


chloride dimer 3 and dibenzylideneacetone complex
[Pd2dba3]·CHCl3 (6). p-Allylpalladium chloride dimer 3 was
found to give slightly higher ee than dba complex 6. This
may be an indication that the achiral dba competes to some
extent with the chiral ligand for palladium. Importantly, use
of the opposite enantiomer of the ligand gave the opposite
enantiomer as the major product as indicated by chiral
HPLC and the sign of the optical rotation. The control ex-
periment in which no palladium was added gave no reaction
and indicates minimal or no background reaction.
X-ray crystal structures of a related family of ligands sug-


gest that they are not C2-symmetric as one might suppose.
[11]


Two non C2-symmetric ligands were tried in an attempt to
ascertain whether a more pronounced deviation from C2
symmetry impacted the reaction and could possibly result in
enhanced enantioselectivity. As shown in Table 3, all reac-
tions gave similar yields and enantioselectivities. Reactions
with naphthyl-phenyl ligand 7 were notably slower than
those with the standard ligand 4. Likewise, reactions using
2-isopropyl-1-tetralone as the nucleophile gave the corre-
sponding allylated product in similar ee (35% with 4 and
28% with 7). Thus non C2-symmetric ligands did not pro-
vide any advantage over standard ligand 4.
To summarize, optimization showed that the best condi-


tions for alkylation of 2-methyl-1-tetralone (1) with allyl
acetate (2) consisted of running the reaction with two equiv-


alents of LDA as the base, palladium dimer 3, and chiral
ligand 4 in DME as solvent. A slightly higher ee in the pres-
ence of trimethyltin chloride led us to adopt its addition as
part of our standard protocol. Under these conditions, the
allylated product 5 was isolated in 99% yield and 88% ee.


Reaction scope—Variation of the electrophile : With opti-
mized conditions in hand, a variety of allylating agents was
explored (Table 4). Crotyl methyl carbonate gave the alkyl-
ated product 9 in good yield (84%) and outstanding ee
(90%) (entry 2). Linearly substituted allyl systems starting
from either E or Z isomers gave products of only E geome-
try in good ee (entry 3). Thus, p–s–p equilibration was
faster than nucleophilic attack. Unfortunately, cinnamyl
methyl carbonate gave very poor conversion (entry 4). The
poor conversion likely results from the formation of a more
stable and therefore less reactive palladium p-allyl complex.
A 1,3-dialkyl allylic carbonate, gave the alkylated product
12 in excellent ee and de, but in disappointing yield (17%).
The yield could be improved on switching to the more reac-
tive allylic phosphate and increasing the amount of electro-
phile added (entry 7). At the end of the reaction, no electro-
phile remained by TLC. Presumably, the yield of this reac-
tion could be further improved by adding additional electro-
phile or by increasing the concentration of the reaction. The
ability to control the stereoselectivity at the nucleophile as
well as at the electrophile is remarkable. A cyclic analogue
gave the alkylated product 13 in good yield, but poor ee
(entry 8). A 1,1-dialkyl system and a branched allyl system
gave disappointing results (entries 9–10). To summarize, lin-
early substituted, acyclic 1,3-dialkyl substituted, and unsub-
stituted p-allyls (allyl acetate) gave the best results.


Reaction scope—Variation of the nucleophile : A variety of
a-tetralone derived nucleophiles were examined in the pal-
ladium-catalyzed AAA with allyl acetate (2) (Table 5).[12,13]


Substitution in the 2-position of a-tetralone was tolerated
when the substituent was not too sterically demanding. The
methyl, ethyl, benzyl, and allyl groups all gave comparable


Table 2. Variation of the base for Equation (1).[a]


Entry Base Equivalents Additive Yield 5 [%][b] ee 5 [%][c]


1 KHMDS 1 Me3SnCl NR –
2 NaH 1 Me3SnCl NR –
3 LDA 1 Me3SnCl 65 69
4 LDA 1.25 Me3SnCl 78 78
5 LDA 1.5 Me3SnCl 99 80
6 LDA 2 Me3SnCl 99 88
7 LDA 3 Me3SnCl 61 84
8 LDA 2 None 96 85
9 LiHMDS 1 Me3SnCl 58 61
10 LiHMDS 2 Me3SnCl 94 71
11 LTMP 1 Me3SnCl 74 63
12 LTMP 2 Me3SnCl 99 86


NR=No Reaction. [a] All reactions were performed using 1.1 equiv allyl
acetate (2), 2.5% 3, and 5% 4 at room temperature unless otherwise
noted. [b] Isolated yield. [c] Determined by chiral HPLC.


Table 3. Variation of the ligand for Equation (1).[a]


Entry Ligand Yield 5
[%][b]


ee 5
[%][c]


1 4 99 88


2 81 86


3 90 86


[a] All reactions were performed with 1.05 equiv allyl acetate, 1 equiv tri-
methyltin chloride, 2 equiv LDA, 2.5% 3, and 5% (S,S)-ligand in DME
at room temperature. [b] Isolated yield. [c] Determined by chiral HPLC.
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results with ee values varying from 73–88% (entries 1, 2, 4,
5). In the case of allyl substituted a-tetralone, crotyl methyl
carbonate was used as the electrophile (entry 5). Unfortu-
nately, a more bulky isopropyl group gave significantly di-
minished ee (35%, entry 3). A methoxy substituted tetra-
lone also gave good yield (83%) and ee (85%) (entry 6).
The ring size of the nucleophile was varied and the five-


and seven-membered ring analogues were examined
(Scheme 1). Commercially available 2-methyl-1-indanone
gave the allylated product 21 in a disappointing 38% ee
(79% yield) with allyl acetate as the electrophile. Likewise
methyl substituted benzosuberone[13] gave ketone 22 in only
6% ee. Thus, these reaction conditions appear to be limited
to six-membered ring cycloalkanones. A furan analogue of
tetralone 1 was also tried, unfortunately, application of the


standard reaction conditions to
this substrate gave modest ee
(45%).[14]


The palladium-catalyzed
AAA was applied to some a’-
blocked, a-alkyl cyclohexa-
nones. Benzylidene,[15] furanyl-
idene,[16] and ketene dithioace-
tal[17] substituted cyclohexa-
nones were examined in their
reaction with allyl acetate
(Scheme 2). The benzylidene
cyclohexanone gave allylated
product 24[18] in nearly quantita-
tive yield (98%) and 82% ee at
room temperature. In the case
of the furanylidene derivative, a
temperature effect was ex-
plored. At room temperature,
the product 25 was produced in
only 79% ee (89% yield),
whereas at 0 8C the enantiomer-
ic excess increased to 92%
(95% yield). A similar effect
was observed with the ketene
dithioacetal substituted cyclo-
hexanone. In this case the reac-
tion at room temperature gave
ketone 26 of 70% ee (64%
yield). At 0 8C, an improved
79% ee (51% yield) was ob-
tained. Finally, at �10 8C the al-
lylated product was isolated in
67% yield and 82% ee. Two
equivalents of allyl acetate
were used in the experiment at
�10 8C to help maintain the
rate of reaction.


Table 4. Reaction scope: Variation of the electrophile.[a]


Entry Electrophile Product Yield [%][b] ee [%] (de)[c]


1 allyl acetate (2) 99 88


5


2 84 90


9


3 72 82


10


4 11 –


11


5 16 >95 (91)


12


6 12 17 >95 (>95)


7[d] 12 41 >95 (>95)


8[e] 87 37


13


9 64 13


14


10 82 47


15


[a] All reactions were performed with 1.05–1.1 equiv electrophile, 1 equiv trimethyltin chloride, 2 equiv LDA,
2.5% 3, and 5% (S,S)-4 in DME at room temperature unless otherwise indicated. [b] Isolated yield. [c] Deter-
mined by chiral HPLC or chiral GC. [d] Two equivalents of electrophile were used. [e] The enantioselectivity
at the nucleophile was determined after hydrogenation of the olefin.


Table 5. Reaction scope: Variation of the nucleophile.[a]


Entry R1 R2 Product, yield [%][b] ee [%][c]


1d CH3 H 5, 99 88
2 C2H5 H 16, 96 80
3 CH(CH3)2 H 17, 99 35
4 CH2Ph H 18, 98 73
5e CH2CH=CH2 H 19, 71 85
6 CH3 OCH3 20, 83 85


[A] All reactions were performed with 1.1 equiv allyl acetate, 1 equiv tri-
methyltin chloride, 2 equiv LDA, 2.5% 3, and 5% (R,R)-4 in DME at
room temperature unless otherwise indicated. [b] Isolated yield. [c] De-
termined by chiral HPLC. [d] (S,S)-4 was used. [e] Crotyl methyl carbon-
ate was used as the electrophile.
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Given our success with the six-membered ring ketene di-
thioacetal and the versatility of the ketene dithioacetal
moiety, five membered-ring analogues were tried
(Table 6).[16] Application of the standard reaction conditions
to a methyl ketene dithioacetal derivative gave the allylated
product 27 in low yield (35%) and modest ee (52%)
(entry 1). Decreasing the reaction temperature did give im-
proved yield (64%) and ee (64%, entry 2), however further
lowering of the reaction temperature led to poor conversion.
Switching to a more reactive electrophile, allyl chloride, al-
lowed the reaction to proceed at �15 8C and gave 27 in
70% ee (53% yield, entry 3).
Once again, further reductions
in the reaction temperature
failed to give improved results
and resulted in recovery of the
starting material (entry 4). Per-
forming the reaction in the ab-
sence of trimethyltin chloride
had a slight negative effect on
the ee (58%, entry 5).
Due to the modest yield and


ee in generating ketene dithioa-


cetal 27, the thioalkyl group was varied. The ethyl derivative
was tried next with the thought that increasing the steric
bulk of the ketene dithioacetal would allow for more effec-
tive facial discrimination of the approaching nucleophile by
the chiral ligand [Eq. (2)]. Disappointingly, palladium cata-
lyzed AAA with allyl acetate at 0 8C gave the allylated prod-
uct in poor yield (42%) and ee (49%).
A more rigid cyclic ketene dithioacetal was also examined


[Eq. (3)]. Reaction under the standard conditions gave the
allylated product 29 in good yield (76%) and modest ee
(57%) at room temperature. The improved yield stems from
increased stability of the cyclic ketene dithioacetal to the re-
action conditions as noted by the fact that the reactions
were noticeably cleaner. Like the previous examples, the ee
could be increased to 63% by lowering the reaction temper-
ature to 0 8C. Unfortunately, further decreases in the reac-
tion temperature gave diminished yield.
Due to the disappointing results with ketene dithioacetals,


we turned our attention to enol ether nucleophiles. Reaction
of a tert-butyl enol ether with allyl acetate under the stan-
dard reaction conditions was examined to give allylated
product 30 [Eq. (4), Table 7)]. Surprisingly, the enantioselec-
tivity of the reaction varied widely with different bottles of
n-butyllithium. It was thought that perhaps the difference in
behavior was due to the presence of varying amounts of alk-
oxides in the bottles, thus tert-butanol was added to the re-
action (entries 1–4). A clear dependence of the enantioselec-
tivity of the reaction on the amount of tert-butanol added
was observed. A gradual increase in ee was observed as the


Scheme 1. Variation of the ring size.


Scheme 2. AAA of cyclohexanones.


Table 6. Synthesis of ketene dithioacetal 27.[a]


Entry Additive T [8C] X Yield 27 [%][b] ee 27 [%][c]


1 Me3SnCl rt OAc 35 52
2[d] Me3SnCl 0 OAc 64 64
3[d] Me3SnCl �15 Cl 53 70
4[d] Me3SnCl �20 Cl trace –
5[d] None 0 OAc 40 58


[a] All reactions were performed with 1.1 equiv electrophile, 1 equiv ad-
ditive, 2 equiv LDA, 2.5% 3, and 5% (S,S)-4 in DME unless otherwise
noted. [b] Isolated yield. [c] Determined by chiral HPLC. [d] Two equiva-
lents of electrophile were used.
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amount of tert-butanol added was increased from one to
three to five and finally to seven equivalents. The ee seemed
to plateau at 7 equiv tert-butanol, thus these became the
conditions of choice and allowed for isolation of 30 reliably


in 87% yield and 91% ee
(entry 4). Gratifyingly, the cata-
lyst loading could be reduced to
1 mol% without significant loss
of chemical yield and with an
improved 95% ee (entry 5).
The six-membered ring ana-
logue was also tried in this reac-
tion. Surprisingly, the cyclohexanone derivative was found
to give the product in very low ee in the presence and ab-
sence of tert-butanol (5 and 1%, respectively). The reason
for this dramatic difference in reaction is not clear.
With optimized conditions in hand, the reaction was tried


with crotyl derived electro-
philes [Eq. (4), Table 8]. In the
presence of crotyl methyl car-
bonate, the alkylated product
31 was isolated in 71% yield
and 81% ee (entry 1). The reac-
tion was somewhat slow and re-
quired several hours, thus the
more reactive crotyl chloride
was tried. At 0 8C, the reaction
gave 31 in 71% yield (84% ee,
entry 2). The enantiomeric
excess increased to 87% when
the reaction was performed at
�20 8C (entry 3). Also, the cata-
lyst loading could be decreased
to 2 mol% without affecting
the yield or ee (entry 4). A
crotyl phosphate was also tried


as the electrophile and gave the desired product in similar
yield and ee (entry 5). To conclude, alkylated ketone 31
could be obtained in 70–80% yield and 81–88% ee under a
variety of conditions.
The AAA reaction of a nitrogen analogue was briefly ex-


amined [Eq. (5)].[19] The traditional conditions without tert-
butanol were tried and a pronounced temperature effect
was observed. Thus, on decreasing the reaction temperature
from room temperature to 0 to �40 8C, the ee of product 32
increased from 50 to 62 to 75% without affecting the yield
of the reaction (54, 62, and 55%, respectively). No further
attempts were made to increase the yield and enantioselec-
tivity of this reaction.
The allylated products generated in this reaction are ver-


satile substrates for further transformations. For example,
1,3-carbonyl transposition[20] of keto ketene dithioacetal 26
gave a,b-unsaturated thiol ester 33, a useful substrate for an-


nulation protocols[21] [Eq. (6)].
The use of mercuric chloride to
effect dehydration of the inter-
mediate alcohol was critical as
use of 10% HCl/MeOH or
acidic silica gel gave significant


amounts of side products resulting from capture of the
stable allylic carbocation intermediate by methanethiol.
Likewise, tert-butyl enol ether 31 proved a versatile com-


pound for further elaboration (Scheme 3). Treatment of 31
with methyllithium gave aldehyde 34 in 81% yield. The in-


Table 7. Synthesis of tert-butyl enol ether 30.[a]


Entry tBuOH (equiv) Yield 30 [%][b] ee 30 [%][c]


1 1 85 15
2 3 86 79
3 5 80 89
4 7 87 91
5[d] 7 83 95


[a] All reactions were performed with 1.1 equiv allyl acetate, 1 equiv tri-
methyltin chloride, 2 equiv LDA, 2.5% 3, and 5% (S,S)-4 in DME at
room temperature unless otherwise noted. [b] Isolated yield. [c] Deter-
mined by chiral HPLC. [d] 2.2 Equiv electrophile and 1 mol% catalyst
were used.


Table 8. Synthesis of tert-butyl enol ether 31.[a]


Entry Electrophile (equiv) T [8C] Yield 31 [%][b] ee 31 [%][c]


1 (1.1) rt 71 81


2 crotyl chloride (2.2) 0 71 84
3 crotyl chloride (2.2) �20 61 87
4[d] crotyl chloride (2.2) 0 74 84


5 (2.2) 0 73 82


[a] All reactions were performed with 1 equiv trimethyltin chloride, 2 equiv LDA, 2.5% 3, and 5% (S,S)-4 in
DME unless otherwise noted. [b] Isolated yield. [c] Determined by chiral HPLC. [d] Two mol% catalyst was
used.
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termediate alcohol was never isolated as it eliminated tert-
butanol upon work-up. Remarkably, this reaction accom-
plished a 1,3-carbonyl transposition while forming a new
carbon�carbon bond in a single step. On the other hand,
treatment of enol ether 31 with two equivalents of lithium
dimethylcuprate gave ketone 35 in 86% yield as a 1:1 mix-
ture of diastereomers. Thus, addition of one equivalent of
lithium dimethylcuprate was followed by elimination of tert-
butanol and addition of a second equivalent of lithium di-
methylcuprate to give the desired product. The intermediate
enone was never observed as the second addition was much
more facile than the first.
To conclude, a variety of a-tetralone, cyclohexanone, and


cyclopentanone nucleophiles can be employed in the palla-
dium-catalyzed AAA with a range of electrophiles to give
the corresponding alkylated products in good yield and ee.
For cyclohexanones, the benzylidene, furanylidene, or
ketene dithioacetal groups are compatible with the reaction.
For cyclopentanones, a tert-butyl enol ether gave excellent
results.


Determination of the absolute
stereochemistry : The absolute
configuration of allylated tetra-
lone 5 was determined as
shown in Scheme 4. The termi-
nal olefin of 5 was hydroborat-
ed and oxidized to give the cor-
responding primary alcohol 36
in 88% yield.[22] Reduction of
the ketone with sodium borohy-
dride gave a diasteromeric mix-
ture of diols 37. Chemoselective
protection of the primary alco-
hol as the benzoate allowed for
separation of the two diaster-
eomers by column chromatog-
raphy. Each diastereomer was
then reacted with (S)- and (R)-
(O-methoxy)mandelic acid to
give enantiomerically pure
mandelate esters 40–43. To de-
termine the relative configura-
tion between the benzylic alco-
hol and the adjacent quaternary
center, NOE studies were per-


formed. Strong NOE values
(2.9–4.7%) were observed be-
tween the benzylic hydrogen
and the methyl group or alkyl
benzoate. With knowledge of
the relative stereochemistry in
hand, the characteristic shield-
ing effect of the mandelate
phenyl group allowed for de-
termination of the absolute
stereochemistry as shown in


Figure 2.[23]


In the 1H NMR spectra of ester 40, the signal for the aro-
matic proton (Hd) was shifted to higher field than the corre-
sponding proton in ester 41. As illustrated in the Newman
projection of 40, Hd is shielded by the O-methylmandelate
esterMs phenyl ring only if the absolute stereochemistry of
the quaternary center is (R). By analogy, in the 1H NMR
spectra of ester 41 the signals for the methyl group (Ha) as
well as Hb and Hc were shifted to higher field than the cor-
responding protons in ester 40. Again, the Newman projec-
tion 41 illustrates the shielding by the O-methylmandelate
esterMs phenyl ring which can only occur if the quaternary
center is (R).


Discussion


In palladium-catalyzed AAA of prochiral nucleophiles, the
structure of the nucleophile plays a critical role in discrimi-


Scheme 3. Versatility of enol ether 31.


Scheme 4. Assignment of the absolute configuration.
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nation of the enantiotopic facial approaches by the chiral
catalyst. The importance of enolate structure is evidenced
by the strong dependence of reactivity and enantioselectivity
on the choice of base, Lewis acid additive, and solvent.
Choice of base proved critical as only lithium enolates were
competent in the reaction. One possible explanation for this
observed reactivity is that the more oxaphilic lithium atom
is better able to stabilize the very reactive ketone enolate.
The harder sodium and potassium enolates may react with
the palladium catalyst rendering it catalytically inactive. As
an alternative explanation, the effect of lithium might result
from the difference in size of the enolate counterions with
lithium being the smallest and therefore least sterically de-
manding counterion, allowing the nucleophile to access the
chiral pocket created by the palladium and ligand. One un-
known issue is the effect of aggregation of the various eno-
lates on both reactivity and enantioselectivity.
Several explanations for the dependence of the ee on the


amount of base can be proposed: one, the excess base could
deprotonate the ligand, thereby altering the nature of the
chiral environment; two, the excess base could form an ag-
gregate with the nucleophile, changing the nature of the nu-
cleophile; three, the excess base could hydrogen bond with
the amine by-product generated during enolization, thereby
preventing the amine from associating with the nucleophile;
last, the excess base could react with the Lewis acid addi-
tive, trimethyltin chloride, forming the corresponding amino
stannane.
To explore the hypothesis that excess LDA was exerting


its beneficial effect by deprotonation of the amide hydro-
gens of the ligand, the ligand was intentionally deprotonated
prior to addition to the reaction mixture. The palladium cat-
alyst, prepared from palladium dimer 3 and ligand 4, was
deprotonated with trityllithium to presumably generate the
dianion of the ligand and then the dianion was used in the
usual manner in the AAA, but using just one equivalent of
base to generate the enolate. Contrary to this hypothesis,


the allylated product was ob-
tained in only 70% yield and
67% ee.
To address the possibility


that the amine by-product from
the lithium amide base was af-
fecting the reaction, the silyl
enol ether of 2-methyl-1-tetra-
lone (1) was prepared and
treated with allyl acetate
[Eq. (7)]. Alkylation was ach-
ieved by cleaving the silyl enol
ether with nBuLi, generating a
reaction mixture which was free
from the stoichiometric amine
by-product. The enantiomeric
excess of this reaction was de-
termined to be much lower
(67%) than that in the presence
of the amine by-product (88%).
This experiment clearly indi-


cates a role for the amine in the reaction. Further evidence
for this assumption can be found in Table 2 which demon-
strates a dependence of enantioselectivity on the choice of
lithium amide base with LDA and LTMP giving higher ee
than LiHMDS.


To investigate the possibility that the aminostannane is
formed from trimethyltin chloride and excess LDA, (diiso-
propylamino)trimethyltin was independently synthesized[24]


and tried in the AAA of the silyl enol ether of 1 [Eq. (8)].
After cleaving the silyl enol ether with one equivalent of
nBuLi and treating the resulting lithium enolate with one
equivalent of the aminostannane, the allylated product 5
was isolated in quantitative yield and 82% ee. Since it was
shown that the analogous reaction using trimethyltin chlo-
ride generated the product in just 63% yield and 67% ee
[Eq. (7)], these results support the idea that the amino stan-
nane is formed and may be responsible at least in part for
the enhanced enantioselectivity when two equivalents of
base are employed. Presumably, the only difference between
the reaction conditions in Equation (8) and the standard
conditions is the presence of lithium chloride. The reaction
depicted in Equation (8) was performed in the presence of
one equivalent of lithium chloride to see if the ee would rise
to 88%. Tetralone 5 was isolated in quantitative yield and
83% ee, therefore the addition of lithium chloride failed to
further enhance the enantioselectivity. It should be noted


Figure 2. Extended Newman projections of mandalate esters 40–43.
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that the low solubility of lithium chloride in DME compli-
cates the interpretation of this result.


Given the dependence of enantioselectivity on the amine
portion of the base and the hypothesis that an aminostan-
nane is formed in the reaction, one would expect a depend-
ence of ee on the amine portion of the aminostannane. This
was indeed found to be the case. Replacement of one of the
isopropyl groups with tert-butyl gave the allylated product in
similar yield and ee. However, when the reaction was run in
the presence of (dimethylamino)trimethyltin the yield and
ee dropped to 48 and 73%, respectively. Also, replacement
of the amine group by methoxy resulted in lower ee (75%,
60% yield).
An alternative explanation for the role of the Lewis acid


additive could be that an ate complex rather than a simple
trialkylstannyl ether may more accurately describe the nu-


cleophile (Figure 3). The reactivity and
enantioselectivity correlated with the
leaving group ability on the tin (Table 1).
Lewis acids with poor leaving groups
gave better results than those with good
leaving groups. The amine by-product
could then be exerting its effect on this
species by displacement of the chloride or
by affecting the state of aggregation.
Further evidence for the importance of


the state of aggregation comes from the
dependence of the enantioselectivity on the choice of sol-
vent. The ee increased on going from toluene to THF and
then to DME. The ability of solvent to affect the state of ag-
gregation of the enolate may be the source of this selectivity.
Of the solvents examined, DME is the solvent most capable
of breaking up aggregates. The lithium enolate of a-tetra-
lone has been shown to be predominately a monomer–tet-
ramer equilibrium in THF, but with the addition of a 2-iso-
propyl group the enolate is predominately a dimer.[25] Stud-
ies of 2-phenyl-1-tetralone show that the lithium enolate
exists as a monomer–dimer mixture and that the equilibrium
lies in favor of the dimer (>90%) at concentrations usually
used in synthesis (>0.1m).[26] However, in the case of 2-
phenyl-1-tetralone, the dimer was shown to be much less re-
active in alkylation reactions than the monomer. Clearly,
the exact nature of the nucleophile is a complicated picture
with a pronounced effect on this reaction.
Linearly substituted, 1,3-disubstituted, and unsubstituted


(allyl acetate) electrophiles functioned well, however, substi-
tution in the two position of the p-allyl was not tolerated.
The poor enantioselectivity obtained with a 2-methallyl elec-


trophile may lie in the fact that the p-allyl is canted such
that the substituent in the 2-position is pointed toward the
ligand and results in an unfavorable steric interaction. The
poor results obtained with a cyclic electrophile can also be
explained in terms of the structure of the p-allyl palladium
complex. Acyclic electrophiles can form a variety of palladi-
um p-allyl complexes with the syn–syn form being the
lowest energy (Figure 4). Cyclic electrophiles can only exist
in the anti–anti conformation thus the approaching nucleo-
phile likely encounters a very different environment.


The absolute configuration generated from (S,S)-4 is con-
sistent with the current model (Figure 5). In this model, the
wall above palladium represents the cyclohexane ring of the
ligand and the flaps on either side of palladium represent
the phenyl groups on phosphorus. The (S,S)-chiral ligand
generates (R)-allylated product 5 in the allylation of 2-
methyl-1-tetralone (1). As illustrated by the model, the
facial approach leading to (R)-5 allows the nucleophile to
approach the p-allyl palladium complex in the open space
created by a raised flap. In the alternative approach, the nu-
cleophile encounters unfavorable steric interactions with
one of the flaps or phenyl groups of the chiral ligand. Thus,
the trajectory of approach for the (R)-product is less steri-
cally hindered than the approach which generates (S)-5. The
dependence of the enantioselectivity of the reaction on the
substituent in the 2-position of a-tetralone can be rational-
ized with this model. The decrease in ee with larger substitu-
ents results as the substituent is positioned such that it may
interfere with the lowered flap in the trajectory that gives
the (R)-product. The alternative facial approach allows for
the large substituent to be directed toward the open space
created by the raised flap and places the aryl portion of the
tetralone towards to lowered flap. This competition between
the large substituent and the aryl portion of tetralone for
the open space results in the lowered enantioselectivity.
While the cartoon in Figure 5 depicts a C2-symmetrical


complex, X-ray crystal structures suggest that this may not
be a true representation of the catalyst. The unsymmetrical
nature of the chiral complex may lead to a memory effect
where its equilibration is required for good enantioselectivi-
ty. Thus, fast reactions can lead to low enantioselectivity and
slowing the reaction, for example by lowering the reaction
temperature, can result in increased ee.


Conclusion


The alkylation of simple ketone enolates of cycloalkanones
can now by achieved asymmetrically in a catalytic fashion.
The optimum conditions consist of performing the reaction


Figure 3. Tin–Ate
complex.


Figure 4. Palladium p-allyl complexes.
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with two equivalents of LDA and one equivalent of trime-
thyltin chloride in the presence of chiral ligand 4 using
DME as the solvent. Quaternary centers are being formed
with a high degree of absolute stereochemical control. The
allylated products available by this method are quite versa-
tile for further elaboration.
The importance of the cations associated with the enolate


is illustrated by their effect on both reactivity and enantiose-
lectivity. This strongly suggests that the actual structure of
the nucleophile is not simple and is likely an aggregate. In
employing lithium amide bases such as LDA and LHMDS,
there is the possibility of forming LDA-lithium enolate
mixed aggregates.[27] As the optimum conditions for AAA
call for two equivalents of LDA, one should be especially
cognizant of this here. Such aggregates have been crystal-
lized and can themselves form dimers and trimers.[28] Fur-
thermore, the addition of trimethyltin chloride and the pro-
duction of lithium salts during the reaction of a lithium eno-
late with an allylic carbonate may cause the nucleophile to
possess a variety of structural states during the course of the
reaction.
The compatibility of the types of ligands employed, which


contain secondary amides, to such strong bases raises ques-
tions about whether the amides are deprotonated under the
reaction conditions. The success of less stabilized nucleo-
philes such as simple enolates provides impetus for explor-
ing a much broader range of nucleophiles.


Experimental Section


All palladium reactions were performed under an atmosphere of dry ni-
trogen in flame-dried glassware. Solvents were distilled under an atmos-
phere of nitrogen before use and transferred via an oven-dried syringe.
nBuLi was titrated prior to the preparation of LDA.[29]


Palladium-catalyzed AAA—General procedure A : nBuLi (2 equiv) was
added at �78 8C to a solution of freshly distilled diisopropylamine
(2 equiv) in DME. After stirring at �78 8C for 15 min, a solution of the
nucleophile (1 equiv) in DME was added. After stirring at 0 8C for
15 min, a solution of trimethyltin chloride (1 equiv) in DME was added.
The enolate solution was stirred at 0 8C for 15 min, cooled to �78 8C, and
charged with a prestirred solution (rt, 5 min) of electrophile (1.05–
1.1 equiv), palladium dimer 3 (2.5%), and ligand 4 (5%) in DME. After
the final addition, the concentration of the reaction in nucleophile was


0.18m. The cooling bath was removed
and the reaction was allowed to stir at
room temperature until the reaction
was complete. The product was puri-
fied directly by flash chromatography
on silica gel.


A typical example is given as follows:
nBuLi (370 mL, 0.594 mmol) was
added at �78 8C to a solution of fresh-
ly distilled diisopropylamine (83 mL,
0.594 mmol) in DME (0.4 mL). After
stirring at �78 8C for 15 min, a so-
lution of 2-methyl-1-tetralone (1)
(48 mg, 0.297 mmol) in DME (0.4 mL)
was added. After stirring at 0 8C for
15 min, a solution of trimethyltin chlo-
ride (59 mg, 0.297 mmol) in DME
(0.4 mL) was added. The enolate so-


lution was stirred at 0 8C for 15 min, cooled to �78 8C, and charged with
a prestirred solution (rt, 5 min) of allyl acetate (2) (35 mL, 0.327 mmol),
palladium dimer 3 (2.7 mg, 0.00742 mmol), and ligand 4 (10.2 mg,
0.0149 mmol) in DME (0.6 mL). The cooling bath was removed and the
reaction was allowed to stir at room temperature for 30 min. The product
was purified directly by flash chromatography on silica gel eluting with
5% ethyl acetate/petroleum ether to give tetralone 5 (59 mg, 99%).


2-Allyl-2-methyl-1-tetralone (5): Prepared using (S,S)-ligand 4 ; Rf=0.53
(10% ethyl acetate/petroleum ether); determination of enantiomeric
excess: HPLC (Chiralcel OD column, 99.9:0.1 heptane/isopropanol,
flow=0.70 mLmin�1), tR (major) enantiomer=19.14 min, tR (minor)
enantiomer=17.95 min; [a]D=++13.98 (c = 1.18, 23.8 8C, dichlorome-
thane, 88% ee); IR (thin film): ñ = 3074, 2930, 1682, 1602, 1455, 1221,
916, 741 cm�1; 1H NMR (CDCl3, 300 MHz): d = 8.02 (d, J=6.9 Hz, 1H),
7.44 (dt, J=7.5, 1.2 Hz, 1H), 7.31–7.19 (m, 2H), 5.81–5.70 (m, 1H), 5.08–
5.03 (m, 2H), 2.96 (t, J=6.0 Hz, 2H), 2.45 (dd, J=13.8, 7.2 Hz, 1H), 2.26
(dd, J=13.8, 7.5 Hz, 1H), 2.15–2.02 (m, 1H), 1.97–1.84 (m, 1H), 1.17 (s,
3H); 13C NMR (CDCl3, 75 MHz): d = 202.3, 143.4, 134.1, 133.2, 128.8,
128.1, 126.7, 118.3, 44.6, 41.1, 33.3, 25.3, 21.8; HRMS: m/z : calcd for
C14H16O: 200.1202; found: 200.1197.


Palladium-catalyzed AAA—General procedure B : nBuLi (2 equiv) was
added at �78 8C to a solution of freshly distilled diisopropylamine
(2 equiv) in DME. After stirring at �78 8C for 15 min, a solution of the
nucleophile (1 equiv) in DME was added. After stirring at 0 8C for
15 min, the enolate solution was charged with tBuOH (7 equiv) followed
by a solution of trimethyltin chloride (1 equiv) in DME. The enolate so-
lution was stirred at 0 8C for 5 min, cooled to �78 8C, and charged with a
prestirred solution (rt, 5 min) of electrophile (1.05–1.1 equiv), palladium
dimer 3 (2.5%), and ligand 4 (5%) in DME. After the final addition, the
concentration of the reaction in nucleophile was 0.18m. The cooling bath
was removed and the reaction was allowed to stir at room temperature
until the reaction was complete. The product was purified directly by
flash chromatography on silica gel.


A typical example is given as follows: nBuLi (200 mL, 0.312 mmol) was
added at �78 8C to a solution of freshly distilled diisopropylamine
(44 mL, 0.312 mmol) in DME (0.2 mL). After stirring at �78 8C for
15 min, a solution of 2-tert-butoxymethylene-5-methylcyclopentanone
(28 mg, 0.156 mmol) in DME (0.2 mL) was added. After stirring at 0 8C
for 15 min, tBuOH (100 mL, 1.05 mmol) was added followed by a solution
of trimethyltin chloride (31 mg, 0.156 mmol) in DME (0.2 mL) was
added. The enolate solution was stirred at 0 8C for 5 min, cooled to
�78 8C, and charged with a prestirred solution (rt, 5 min) of allyl acetate
(2) (19 mL, 0.172 mmol), palladium dimer 3 (1.4 mg, 0.0039 mmol), and
ligand 4 (5.4 mg, 0.0078 mmol) in DME (0.3 mL). The cooling bath was
removed and the reaction was allowed to stir at room temperature for
1 h. The product was purified directly by flash chromatography on silica
gel eluting with 10% ethyl acetate/petroleum ether to give ether 30
(30.2 mg, 87%).


2-tert-Butoxymethylene-5-methyl-5-(2-propenyl)cyclopentanone (30):
Prepared using (S,S)-ligand 4. Rf=0.48 (20% ethyl acetate/petroleum


Figure 5. Rationale for chiral recognition.
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ether). Determination of enantiomeric excess: chiral GC (cyclosil B, iso-
therm 120 8C) tR(major)=74.825 min, tR(minor)=74.169 min; [a]D=
+38.38 (c = 1.37, 23.7 8C, dichloromethane, 96% ee); IR (thin film): ñ =


2977, 2869, 1708, 1630, 1458, 1371, 1265, 1156, 980, 945 cm�1; 1H NMR
(CDCl3, 500 MHz): d = 7.50 (t, J=2.5 Hz, 1H), 5.76–5.68 (m, 1H), 5.02
(d, J=14 Hz, 2H), 2.44–2.41 (m, 2H), 2.15–2.13 (m, 2H), 1.87–1.81 (m,
1H), 1.60–1.55 (m, 1H), 1.34 (s, 9H), 1.00 (s, 3H); 13C NMR (CDCl3,
125 MHz): d = 210.9, 149.0, 134.6, 117.6, 115.2, 79.8, 49.5, 41.3, 32.5,
28.3, 22.0, 21.3; elemental analysis calcd (%) for C14H22O2: C 75.63, H
9.97; found: C 75.84, H 10.18.
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Protonation Behaviour of Chiral Tetradentate Polypyridines Derived from
a-Pinene


Mathias D�ggeli, Tobias Christen, and Alexander von Zelewsky*[a]


Introduction


The smallest cation known is the proton. An interesting
question is: Is it possible for a proton to act as a coordinat-
ing centre and, therefore, can a ligand induce helicity to this
proton core?


Only a few examples are known in which the proton is ex-
changed between four donor atoms of one or two ligands
and the conformation of the ligand remained fixed. In 1986
Sauvage et al. published a monoprotonated catenane.[1a] The
macrocycles are interlocked and the 2,9-diphenyl-1,10-phe-
nanthroline fragments are entwined. The molecular topogra-
phy is strikingly similar to its copper(i) analogue,[1b] in which
the two phenanthroline units are facing each other with a di-
hedral angle of 618. Although in the solid state, the acidic
hydrogen atom is located on one of the four nitrogen sites,
the 1H NMR spectrum corresponds to a symmetrical species,
indicating a fast exchange of the binding between the four
nitrogen atoms.


Another example was reported by Albrecht-Gary et al.[2]


They observed a monoprotonated species of a ligand that
contained six binding sites. The 1H NMR spectrum of this
monoprotonated species is highly symmetrical, consistent
with a folding of the flexible strand of the ligand around a


single proton coordinated to two bipyrdine subunits. This
observation was confirmed by molecular modelling calcula-
tions with Hyperchem, which showed that the most stable
conformation in a vacuum was a folded structure with stack-
ing interactions between the aromatic parts.


The most recent example was published by Kress et al. in
2001.[3] These authors reported an unexpected protonation
of macrocycle containing four bindings sites pointing into
the cavity; its crystal structure was published by Che et al.
in 1994.[4] This monoprotonated structure (syn boat–boat) is
markedly different from the free ligand (syn chair–chair),
suggesting the proton is exchanged between the four nitro-
gen atoms, maintaining the ligand in its unusual conforma-
tion. These examples show that a proton can act, in the time
average, as a coordinating centre for up to four nitrogen
donor atoms. In one case a helical structure of two phenan-
troline moieties was observed,[1] whereas in the other struc-
turally characterized cases a symmetrical coordination
occurs located on a mirror plane, again in the time average.


The ability of these [5,6]-CHIRAGEN[0] ligands to form
mononuclear complexes[5] with different cations has attract-
ed our interest to study their protonation behaviour.


Results and Discussion


Protonation studies : The ability of 3 to form mononuclear
complexes with several metal cations has been studied.[5]


Cations such as AgI, PdII, CuII and ZnII fit into the pocket
defined by both pinene–bpy units. Ligand 3 wraps around


[a] Dr. M. D?ggeli, T. Christen, Prof. A. von Zelewsky
Department of Chemistry, University of Fribourg
PBrolles, 1700 Fribourg (Switzerland)
Fax: (+41)26-300-9738
E-mail : alexander.vonzelewsky@unifr.ch


Abstract: Detailed protonation experi-
ments of the [5,6]-pinenebipyridine
molecule and the unsubstituted [4,5]-
and [5,6]-CHIRAGEN[0] ligands in
various solvents indicate a variety of
structures of the protonated species.
UV-visible and NMR measurements
(including 15N chemical shifts) show
the transition from trans to cis confor-


mation of [5,6]-pinenebipyridine upon
protonation. The [4,5]-CHIRAGEN[0]
ligand, in which the protonation sites
of the nitrogen atom donors are at op-
posite sides of the molecule, behave es-


sentially like two independent bipyri-
dine moieties; this behaviour was
monitored by UV-visible, CD and
NMR spectroscopy (including 15N
data). In the case of the [5,6]-CHIRA-
GEN[0], a pocket of donor atoms pro-
vides a chiral environment for two pro-
tons per ligand.


Keywords: bipyridine · chirality ·
N ligands · pinene · protonation
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the metal in a helical fashion. This was the motivation to in-
vestigate the protonation behaviour of the ligand 3. Can the
proton, as the smallest cation, act as a complexing agent and
fix the conformation of the ligand? If the ligand can be
fixed in one conformation, does it correspond to a helical
conformation comparable to that in metal complexes?


In order to understand the protonation behaviour of 3, an
extended study was carried out not only for 3, but also for
bipyridine (bpy), 1[6] and 2.[7] Since ligand 1 has a similar
structure to bpy, similar protonation behaviour should be
observed. It was used as a reference for the other cases (2
and 3).


Ligands 2 and 3 have similar structures; both consist of
two directly linked pinene–bpy moieties. While in 3 all four
nitrogen donor atoms can point into the pocket and, there-
fore, can bind cations therein, the nitrogen atoms in 2 are ar-
ranged on opposite sides of the molecule and both bpy units
react independently.


The methods to study the protonation behaviour were
spectrophotometric titrations (UV-visible and CD spectros-
copy) and NMR experiments. In the latter, two different
nuclei were observed (1H direct and 15N indirect tech-
niques). 1H NMR spectra were used to gain an initial insight
into the protonation behaviour. The use of NMR inverse-de-
tection techniques allowed the observation of other nuclei
(especially 15N), so that we could obtain results in a reasona-
ble time and with small amounts of product.


Protonation behaviour of [5,6]pinene–bpy (1): First of all,
[5,6]pinene–bpy (1)[6] and bpy will be discussed. Both li-
gands contain two nitrogen donor atoms that can be proto-
nated. From bpy it is known that the first protonation
changes the conformation from trans to cis. The proton is
shared between both nitrogen atoms.[8–10] The second proto-
nation leads again to a trans-conformation. The pKa value
for the monoprotonated bpy in water is 4.5,[11] but varies de-
pending on the percentage of organic solvents in aqueous
solution and the ionic strength.[9,11–22] The UV-visible spectra
of bpy and 1 were measured in 60% (v/v) methanol/water
solution with an ionic strength of 0.1m (NaCl). Hydrochloric


acid was used as proton source. Since both ligands show sim-
ilar behaviour upon protonation, only 1 will be discussed.


The UV-visible spectrum of the free ligand 1 shows an ab-
sorption maximum at 293 nm. Upon protonation a batho-
chromic shift appears (from 293 to 312 nm). An analogous
phenomenon was described for bpy.[8,9,22–25] The UV-visible
spectra were recorded in a pH-range from 10 to 2, in which
only monoprotonated species are formed.[8,9, 11] The pKa


values were calculated with the programme Specfit : pKa=


3.9�0.1 for bpy and pKa=4.2�0.1 for 1; these values are
in accordance with the literature.[21]


The NMR protonation studies were carried out for 1. A
1H NMR spectrum was recorded after each addition of
0.1 equivalents of trifluoroacetic acid (TFA) to the ligand 1
(Figure 1). Large shifts in the spectra were observed until
the addition of two equivalents of acid. Only the aromatic
protons show a remarkable shift, whereas the aliphatic ones
are almost uninfluenced. The signals of the protons in para-
positions (H(4), H(4’)) with regard to the nitrogen atom and
in the meta-position (H(5’)) show similar downfield shifts
(Figure 1). The signal of proton H(6’) in the ortho-position
shows a less pronounced downfield shift. The signals of the
protons H(3) and H(3’) in meta-positions initially show a
slight downfield shift, but afterwards they return to their
original positions.


The most important information about protonation can
be obtained by the observation of the chemical shift of 15N.
1H-15N-HMBC spectra were recorded either on a 700 MHz
Bruker Avance DRX spectrometer, which allowed these 2D
indirect-detection experiments to be measured in a short
time, or on a 400 MHz Bruker Avance DRX with the 15N-la-
belled product 15N-1.


The chemical shifts of the nitrogen nuclei signals in the
free ligand are at �77 and �72 ppm for N(A) and N(B), re-
spectively (nitromethane as reference). They are shifted up-
field (�134 ppm) upon protonation (Figure 2).


All these observations lead to the following conclusion:
The free ligand 1 and the monoprotonated species are in
equilibrium upon protonation, as can be seen in the UV-visi-
ble spectra. The monoprotonated form is stabilised in the
cis-conformation of the ligand by hydrogen bonding
(Scheme 1) and the proton is shared between both nitrogen
atoms; these observations are in accordance with the 15N ex-
periments (Figure 2).


This is also indicated the bathochromic shift observed in
the UV-visible spectra. This bathochromic shift can be ex-
plained as follows. Although the free ligand is mostly in the
trans-conformation, it can rotate around the bond between
both pyridine rings. Therefore on the experimental time-
scale, the aromatic system is not conjugated over both rings.
Upon protonation the coplanar cis-conformation is stabi-
lised and p-conjugation through both pyridine rings occurs
(Scheme 2).[9] Therefore the energy difference of the p–p*
transition is reduced, and a red-shift is observed.


By analysing the NMR spectra, it is not easy to determine
if 1 is protonated once or twice upon the addition of two
equivalents of trifluoroacetic acid (TFA). Nevertheless, it
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should be taken into account, that the solvent is not water
and therefore the acid/base behaviour changes. In water
TFA is a strong acid (pKa=�2), but in acetonitrile (a proto-
phobic solvent) this behaviour changes dramatically. TFA


with a pKa of 12.65, in acetonitrile, is no longer a strong acid
and it is less acidic than the protonated pyridinium cation
(pKa=12.33).[26] In addition, TFA forms a dimeric species
(HA2


�) with its conjugated base (equilibrium constant of
the dimerisation in acetonitrile is logKf(HA2


�)=3.88[26]). In
the solvent used in the present investigation (CHCl3/
CH3CN: 3/1) the acid strength of TFA is probably even
lower. Therefore, the protonation of 1 follows the equilibri-
um given in Equation (1).


Figure 1. 1H NMR titration of 1.


Figure 2. 15N chemical shifts of 1 upon protonation.


Scheme 1. Equilibrium between 1 and its monoprotonated form H1+ .


Scheme 2. p-conjugation of the mono-protonated bpy.
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2HAþ 1Ð H1þ þHðAÞ2� ð1Þ


This is in agreement with all NMR titrations, for which
two equivalents of TFA were always needed to reach the
monoprotonated species.


The conclusion that a monoprotonated species takes a cis-
conformation is in line with the data obtained from the 15N
NMR spectra. The identical chemical shift of both nitrogen
atoms is consistent with a sharing of the proton between
them (Scheme 3).


From the 1H NMR spectra it can be seen, that the signals
of the protons in meta- and para-positions (H(5’) and H(4),
H(4’), respectively) are influenced strongly upon protona-
tion, whereas proton H(6’) undergoes only a slight down-
field shift (Figure 1). This is in accordance with the chemical
shifts observed for pyridine and its protonated form.[27] The
exceptions are represented by the protons H(3) and H(3’);
other effects cancel the expected downfield shift upon pro-
tonation.


Protonation behaviour of [4,5]CHIRAGEN[0] (2): Ligand 2
represents an analogous case to the [5,6]pinene–bpy (1),
which consists of two [4,5]pinene–bpy moieties linked di-
rectly together. The four nitrogen donor atoms of both bpy
units are orientated in such a way, that the formation of
mononuclear complexes is inhibited. The protonation be-
haviour is expected to be similar to that of the 1. No intra-
molecular proton transfer between the two bpy units can
take place and, therefore, each bpy unit will be indepen-
dently protonated. In addition to the techniques (UV-visible
and NMR spectroscopy) used for the investigation of 1, CD
spectroscopy was also performed to study the protonation
behaviour.


The spectrophotometric titrations were carried out under
the same conditions as those described for 1. Only the sol-
vent mixture was changed to methanol/water (90% v/v) for
solubility reasons. The UV-visible spectra show a bathochro-
mic shift from 288 nm for the free ligand to 312 nm in the
protonated species. In the pH range of 10 to 1.5, ligand 2
can be protonated twice.


The CD spectra of 2 show as well an analogous batho-
chromic shift (from 295 for the free ligand to 324 nm for the
protonated species). The nature and the intensity of the
CD-signals do not change upon protonation (Figure 3).


The 1H NMR titrations were carried out in the same
manner as for 1. After each addition of the acid (TFA),
which corresponds to 0.2 equivalents, a 1H NMR spectrum
was recorded (Figure 4). After three equivalents were
added, the addition were made in steps of one equivalent.


The 1H NMR spectra do not show any doubling of the
signals; ligand 2 keeps its C2 symmetry upon protonation
due to the fast proton exchange between both bpy units on
the NMR timescale. Large changes in the spectra can be
observed upon the addition of 4–5 equivalents of acid
(Figure 4), mostly in the aromatic part. The signals of
the proton in para- (H(4’)) and meta-position (H(5’)) shift
downfield upon protonation (Dd=0.39 and 0.40 ppm,
respectively). The signals of the protons in ortho-posi-
tion (H(6), H(6’)) show a less pronounced downfield
shift (Dd=0.19 and 0.17 ppm), but proton H(6) is more in-
fluenced upon protonation (firstly, to low field and then
back to high field). The signal for proton H(3’) (meta-posi-
tion) remains at the same chemical shift (Dd=0.11 ppm),
whereas that for H(3) is slightly shifted to low field
(Dd=0.27 ppm). The signal for the proton at the bridge
(H(7)) is shifted slightly to high field upon protonation
(Dd=0.28 ppm).


From the 1H-15N-HMBC experiment, the chemical shifts
of the nitrogen atoms can be determined (Figure 5); they
both show a large shift to high field. The nitrogen atom
N(A) (up to �158 ppm) is more influenced than N(B) (up
to �112 ppm).


All these observations lead to the following conclusion:
Upon protonation, the free ligand and the diprotonated spe-
cies are in equilibrium. Both bpy units of the diprotonated
species are in the cis-conformation. This protonation takes
place through several other equilibria, in which monoproto-
nated species can be present (Scheme 4).


This is in accordance with the UV-visible and CD meas-
urements (Figure 3), for which no intermediate spectrum
can be attributed to a monoprotonated form. The batho-
chromic shift in the UV-visible spectra and also in the CD
spectra (Figure 3) can be explained by the cis-conformation
of both bpy moieties (analogous to 1). The protonated
ligand retains a conformation similar to that of the free
ligand (open form), since the intensity and the nature of the
CD signal does not change. If 2 did change conformation,


Scheme 3. Sharing of the proton between both nitrogen donor atoms in
H1+ .


Figure 3. CD spectra of the free ligand 2 and its protonated species.
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which is comparable to metal complexes described with 3,[5]


a similar large CD signal should appear, due to a strong ex-
citon coupling.


The information obtained from the NMR experiments
supports the conclusion. As in the previous case (1), twice
the number of acid equivalents are needed, due to the for-


mation of the relatively stable dimmer. The 15N-experiments
indicate that the acidic proton is favourably located on the
N(A) nitrogen atom (larger shift to high field, Figure 5).
However, a sharing of the proton between the N(A) and


Figure 4. 1H NMR titration of 2.


Figure 5. 15N chemical shifts of 2 upon protonation.


Scheme 4. Equilibria between 2 and its protonated forms.
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N(B) nitrogen atoms can be taken into account. This is in
agreement with the 1H NMR, where the protons H(3) and
H(6) show a more pronounced shift relative to H(3’) and
H(6’).


The similarities of the proton spectra for 2 and 1 support
the model, in which each bpy unit is independently mono-
protonated. No intramolecular proton exchange between
the bpy units of 2 is observed.


Protonation behaviour of [5,6]-CHIRAGEN[0] (3): Com-
pound 3 is the most interesting case of all three pinene–bpy
derivatives. Its geometry allows an intramolecular proton
exchange between both bpy moieties and therefore particu-
lar protonation behaviour is expected.


Compound 3 is the least soluble of all pinene-bpy deriva-
tives. In the solvent mixture used for 1 and bpy (methanol/
water 60% v/v), it was impossible to dissolve 3. The solvent
mixture used for UV-visible and CD titration measurements
was methanol/water (90% v/v). Solubility problems occur-
red also for NMR measurements. The free ligand is only
soluble in chloroform, the protonated species in acetonitrile.
A solvent mixture (CDCl3, CD3CN; 3:1) was finally used for
these NMR investigations.


In spectrophotometric titrations, two different protonation
steps could be observed. In the UV-titration (Figure 6), a
hypochromic effect appears upon the first protonation, but


with the addition of more acid a bathochromic effect leads
to the final spectrum. All these spectra were fitted with the
programme Specfit and the pKa values were calculated
(pKa1=8.2�0.1, pKa2=2.5�0.1 (methanol/water 90% v/v)).


An interesting effect was observed in the CD spectra
(Figure 7). While the free ligand shows only slight CD activ-
ity, a large intensity increase is observed upon protonation.


The second protonation leads to a bathochromic shift, al-
ready observed in the UV spectra. The CD signal does not
change its intensity upon the second protonation. Analogous
UV-visible and CD spectra were observed for the same sol-
vent mixture and acid (TFA) used in the NMR spectrosco-
py.


The 1H NMR titrations (and 1H-15N-HMBC NMR experi-
ments) were carried out in the same manner as described
previously. The 1H NMR spectra (Figure 8) do not show a
doubling of the signals. Ligand 3 keeps its C2 symmetry
upon protonation due to the fast proton exchange between
both bpy moieties on the NMR timescale. Two opposite
trends are observable in the 1H NMR titrations (Figure 8).
Up to the addition of two equivalents, most of the proton
signals are shifted upfield. An opposite effect leads to a low-
field shift of these protons by adding six equivalents of acid.
These protons are H(6’), H(5’), H(4’), H(3’) and H(7).
Proton H(4) shows the opposite shift (first to low field and
then back to high field). The broad signals of the protons
H(3’), H(7) and H(9a) in the free ligand sharpen upon proto-
nation.


The most important and significant experiments were
again the indirect detected 1H-15N-HMBC experiments
(Figure 9). The two nitrogen atoms N(A) and N(B) show
quite different behaviour. While the signal of the N(A) ni-
trogen atom is first shifted to high field (�125 ppm) the
second signal corresponding to N(B) is not influenced upon
the first protonation. The opposite effect occurs in the
second protonation step. N(B) is shifted dramatically to
high field (Dd=�164 ppm), whereas N(A) is slightly shifted
back to low field (Dd=�107 ppm).


All these observations lead to the following conclusions:
The first protonation leads to a change of the conformation
of the ligand (closed form, Scheme 5). The second protona-
tion does not influence this closed conformation, but leads
to the cis-conformer of both bpy units.


These conclusions are consistent with the UV-visible spec-
tra (Figure 6). The first protonation leads only to a slight hy-
pochromic effect. The pyridine rings B can still freely rotate
and therefore no p-conjugation over both pyridine rings of
each bpy unit takes place. The large change in the CD activ-
ity upon the first protonation is due to a strong exciton cou-
pling (Figure 8). Similarly, this exciton coupling is observed
in the metal complexes with 3, in which the cation is fixed
in the cavity of the ligand. The proton is therefore able to
play a similar role, as the metals.


Figure 6. UV-visible spectra of 3 upon protonation.


Figure 7. CD spectra of the free ligand 3 and its protonated species.
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In contrast to the metal complexes, in which the cations
are bound to all four nitrogen donor atoms, the proton is
only bound to the two N(A) nitrogen atoms near to the
bridge. This can be explained by the large chemical shift of
N(A) in the 15N experiment, whereas N(B) is not influenced
by this proton. Both nitrogen atoms N(A) share the proton.


1H NMR spectra are in accordance with the explanation
described above (Figure 8). Signals of the protons H(4) and
H(3), attached to the pyridine ring (A), in which the first
protonation occurs, show comparable influences as those of
the previously studied ligands 1 and 2. The signal of the
proton H(4) is shifted to low field (cf. proton H(4) of 1 in


Figure 8. 1H NMR titration of 3.


Figure 9. 15N chemical shifts of 3 upon protonation. Some measurements
were carried out using 15N(A) enriched (10%) samples.


Scheme 5. Conformation change of 3 upon protonation.
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Figure 1, and signal of the proton H(4) of 2 in Figure 4),
whereas proton H(3) remains unchanged. The protons of
the unprotonated pyridine rings are shifted to high field,
which can be explained by the conformation change to the
closed form. Another indication for a fixed conformation is
given by the protons H(3’), H(7) and H(9a). All these signals
are broad in the free ligand and give sharp signals upon pro-
tonation.


The second protonation leads to the cis-conformation of
the bpy moieties (bathochromic shift in the UV-visible,
Figure 6, and CD spectra, Figure 7). The bpy moieties are
now conjugated through both pyridine rings in a similar way
as already seen in 1 and 2. The conservation of the large CD
intensity can be explained by an analogous conformation as
in the monoprotonated species. Despite of an expected
strong electronic repulsion of the two positive charges in the
pocket, no reopening of the ligand occurs. One reason could
be the distribution of the positive charges by p conjugation
(Scheme 2).


The 15N chemical shifts show a strong high field shift of
N(B) upon the second protonation. The slight shift to low
field of N(A) can be explained by a small participation of
N(B) at the proton mainly bound to N(A). This is another
reason for the cis-conformation of the bpy moieties
(Scheme 5). A second proton distribution II can be taken
into account, in which the two protons are bound in the
pocket (Scheme 6). This distribution II would lead to a shar-


ing of the two protons over all four nitrogen atoms (the
same chemical shift of N(A) and N(B) is expected,
Scheme 6). From the chemical shifts observed in 15N experi-
ments, the following distribution of the two protons can be
assumed, which is in line with that proposed (distribution I).


The protons of the pyridine ring B (H(3’), H(4’), H(5’)
and H(6’)) are shifted downfield upon the second protona-
tion (Figure 8). This is in accordance with the 15N experi-
ments, in which the N(B) nitrogen atom is strongly shifted
downfield (Figure 9). The protons in ligansd 1 (Figure 1)
and 2 (Figure 4) behave in a similar way. Proton H(4) is
slightly shifted back to high field (Figure 8), which is in line
with the chemical shift of nitrogen N(A) (Figure 9).


Conclusion


An extended protonation study was carried out with the li-
gands 1, 2 and 3.


Ligand 1 shows the same protonation behaviour as bpy.
Upon protonation, the free ligand 1 is in equilibrium with
its monoprotonated analogue. The monoprotonated species
is stabilised in the cis-conformation by hydrogen bonding.


Ligand 2 consists of two pinene–bpy moieties, which are
arranged in such a way, that no proton exchange can take
place between them. Both pinene–bpy moieties are mono-
protonated independently. The conformation of the ligands
does not change considerably.


Ligand 3 has the ability to form helical mononuclear com-
plexes with several metal cations. However, not only are
metal cations able to fit into the pocket of the ligand, but
also a proton, which as the smallest cation can fix the ligand
in a helical conformation. Upon a first protonation, the
ligand changes its conformation to a closed form, in which
the proton is shared between the two nitrogen atoms near
the bridge. Upon the second protonation, the bpy moieties
are arranged in the cis-conformation, but the ligand keeps
its conformation in a closed form.


Experimental Section


NMR Titrations


Measurements : The NMR spectra (1H, 1H-15N-HMBC) were measured
either on a Bruker Avance DRX 400 (with 10% 15N-enriched material)
or on a Bruker Avance DRX 700 NMR spectrometer (these measure-
ments were carried out at Bruker Biospin in FOllanden). The spectrome-
ters operate at 400.13 MHz or 700.13 MHz for 1H, at 100.62 MHz for 13C
and at 40.54 MHz or 70.96 MHz for 15N. CDCl3 was used as internal ref-
erence for 1H (7.26 ppm) and 13C (77.0 ppm). For the 15N experiments ni-
tromethane at (0.0 ppm) was used as internal reference.


Preparation of the solutions : From commercially available trifluoroacetic
acid (Aldrich) a solution (2.7m) in CD3CN was freshly prepared for each
acidic titration. The ligands 1 (100.0mm), 2 (50.0mm) and 3 (50.0mm)
were dissolved in a mixture of CDCl3/CD3CN=3:1.


Titrations : Titrations were carried out by adding small aliquots (typically
2.23 mL) of the TFA solution to the ligand solutions (0.6 mL). 22.30 mL
of the TFA solution corresponds to 1.0 equivalent of 1, 11.16 mL to 1.0
equivalent of 2 and 3.


Spectrophotometric titrations


Measurements : UV-visible spectra were measured on a Perkin–Elmer
Lambda 40 spectrometer. Wavelengths are given in nm and molar ab-
sorption coefficients (e) in m


�1 cm�1. Circular dichroism (CD) spectra
were recorded on a Jasco J-715 spectropolarimeter and the results are
given in De m


�1 cm�1. The pH was measured with a micro-combination
pH electrode (Orion model 9863). UV titrations were carried out with a
Mettler Titrator DL21 with 1 mL and 10 mL burettes.


Calibration of the electrode : We assumed that hydrochloric acid com-
pletely dissociated forming H3O


+ in aqueous solution containing metha-
nol. The calculated H+ concentration was attributed to the measured po-
tential Emeas according to the following equation: pH=aEmeas+b. For fur-
ther titrations the pH was calculated with the measured potential.


Preparation of the solutions : 0.1m HCl (methanol/water (60% v/v)), 1m
HCl (methanol/water (60% v/v)), 0.1m HCl (methanol/water (90% v/v))
and 1m HCl (methanol/water (90% v/v)) were used for the titrations.
The ligand solutions for 1 and bpy consisted of 0.001m NaOH, 0.1m
NaCl and 5Q10�5


m 1 and bpy in a mixture of methanol and water (60%
v/v). The ligand solutions for 2 and 3 consisted of 0.001m NaOH, 0.1m
NaCl and 2.5Q10�5


m or 5Q10�5
m of 2 and 3 in methanol/water (90%


v/v).


Scheme 6. Two possible proton distributions in the closed form of 3.
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Titrations : In the pH range from 10 to 3, HCl solution (0.1m) was added
in 2 mL steps to 2 mL of the ligand solutions by the Mettler Titrator
DL21 (1 mL burette) for the UV-visible titration. In the pH range from 3
to 1 the 1m HCl solution was used. The pH of the stirred solution was
measured directly in the cuvette by a micro electrode. The CD titrations
were carried out by adding the corresponding aliquots of acid with a mi-
cropipette without pH measurements. Acid solutions in methanol/water
60% v/v were used for 1 and bpy, acid solutions in methanol/water 90%
v/v for 2 and 3.


All spectra represented of the UV-visible and CD Titrations are baseline
and volume corrected. Calculations of the equilibrium constants were
carried out with the program SpecfitR.


Spectral data of 1, 2 and 3 (including protonation)


Free ligand 1: 1H NMR (400 MHz, CDCl3/CD3CN): d=8.47 (dm, 3J6’,5’=
7.1 Hz, 1H; CH(6’)), 8.18 (dm, 3J3’,4’=8.0 Hz, 1H; CH(3’)), 7.87 (d, 3J3,4=
8.0 Hz, 1H; CH(3)), 7.64 (ddd, 3J4’,3’=8.0 Hz, 3J4’,5’=7.1 Hz, 3J4’,6’=1.8 Hz,
1H; CH(4’)), 7.18 (d, 3J4,3=8.0 Hz, 1H; CH(4)), 7.12 (d, 3J5’,4’=7.1 Hz,
3J5’,6’=7.1 Hz, 4J5’,3’=2.0 Hz, 1H; CH(5’)), 3.00 (m, 2H; CH(7)), 2.67 (dd,
3J10,9b=5.6 Hz, 3J10,8=5.6 Hz, 1H; CH(10)), 2.56 (ddd, 2J9b,9a=10.4 Hz,
3J9b,10=5.8 Hz, 3J9b,8=5.8 Hz, 1H; CH(9b)), 2.24 (ddt, 3J8,9b=5.8 Hz,
3J8,10=5.8 Hz, 3J8,7=2.8 Hz, 1H; CH(8)), 1.26 (s, 3H; CH3(12)), 1.13 (d,
1H; CH(9a), 0.51 ppm (s, 3H; CH3(13));


15N NMR (40 and 71 MHz,
CDCl3/CD3CN): d=�77 (N(A)), �74 ppm (N(B)); UV/Vis (MeOH/H2O
(60% v/v)): lmax (e)=293 nm 1.9Q104 dm3mol�1 cm�1).


Monoprotonated ligand H1+ (3 equiv CF3COOH):
1H NMR (400 MHz,


CDCl3/CD3CN): d=8.60 (dm, 3J6’,5’=7.1 Hz, 1H; CH(6’)), 8.17 (m, 1H;
CH(3’)), 8.14 (m, 1H; CH(4’)), 7.93 (d, 3J3,4=8.0 Hz, 1H; CH(3)), 7.65
(d, 3J4,3=8.0 Hz, 1H; CH(4)), 7.60 (d, 3J5’,4’=7.1 Hz, 3J5’,6’=7.1 Hz, 4J5’,3’=
2.0 Hz, 1H; CH(5’)), 3.16 (m, 2H; CH(7)), 2.87 (dd, 3J10,9b=5.6 Hz,
3J10,8=5.6 Hz, 1H; CH(10)), 2.65 (ddd, 2J9b,9a=10.4 Hz, 3J9b,10=5.8 Hz,
3J9b,8=5.8 Hz, 1H; CH(9b)), 2.31 (ddt, 3J8,9b=5.8 Hz, 3J8,10=5.8 Hz, 3J8,7=
2.8 Hz, 1H; CH(8)), 1.29 (s, 3H; CH3(12)), 1.15 (d, 2J9a,9b=10.4 Hz, 1H;
CH(9a)), 0.51 ppm (s, 3H; CH3(13));


15N NMR (40 and 71 MHz, CDCl3/
CD3CN): d=�134 ppm (N(A), N(B)); UV/Vis (MeOH/H2O (60% v/v)):
lmax (e)=312 (2.0Q104 dm3mol�1 cm�1).


Free ligand 2 : 1H NMR (400 MHz, CDCl3/CD3CN): d=8.48 (dm, 3J6’,5’=
5.3 Hz, 2H; CH(6’)), 8.29 (s, 2H; CH(3)), 8.19 (dm, 3J3’,4’=7.8 Hz, 2H;
CH(3’)), 8.10 (s, 2H; CH(6)), 7.66 (ddd, 3J4’,3’=7.8 Hz, 3J4’,5’=7.8 Hz,
4J4’,6’=1.5 Hz, 2H; CH(4’)), 7.15 (ddd, 3J5’,4’=7.6 Hz, 3J5’,6’=5.3 Hz, 4J5’,3’=
1.0 Hz, 2H; CH(5’)), 3.88 (s, 2H; CH(7)), 2.69 (dd, 3J10,9b=5.3 Hz, 3J10,8=
5.3 Hz, 2H; CH(10)), 2.36 (ddd, 2J9b,9a=10.4 Hz, 3J9b,10=5.8 Hz, 3J9b,8=
5.8 Hz, 2H; CH(9b)), 1.94 (dd, 3J8,9b=5.6 Hz, 4J8,10=5.6 Hz, 2H; CH(8)),
1.14 (s, 6H; CH3(12)), 1.09 (d, 2J9a,9b=10.4 Hz, 2H; CH(9a)), 0.54 ppm (s,
6H; CH3(13));


15N NMR (40 and 71 MHz, CDCl3/CD3CN): d=�79
(N(A)), �72 ppm (N(B)); UV/Vis (MeOH/H2O (90% v/v)): lmax (e)=
288 nm (3.0Q104 dm3mol�1 cm�1); CD (MeOH/H2O (90% v/v)): lmax


(e)=295 (�15), 247 nm (�10 dm3mol�1 cm�1).


Diprotonated ligand H22
2+ (5 equiv CF3COOH):


1H NMR (400 MHz,
CDCl3/CD3CN): d=8.65 (dm, 3J6’,5’=5.3 Hz, 2H; CH(6’)), 8.56 (s, 2H;
CH(3)), 8.30 (m, 2H; CH(3’)), 8.29 (s, 2H; CH(6)), 8.05 (ddd, 3J4’,3’=
7.8 Hz, 3J4’,5’=7.8 Hz, 4J4’,6’=1.5 Hz, 2H; CH(4’)), 7.55 (ddd, 3J5’,4’=7.6 Hz,
3J5’,6’=5.3 Hz, 4J5’,3’=1.0 Hz, 2H; CH(5’)), 4.16 (s, 2H; CH(7)), 2.90 (dd,
3J10,9b=5.3 Hz, 3J10,8=5.3 Hz, 2H; CH(10)), 2.49 (ddd, 2J9b,9a=10.4 Hz,
3J9b,10=5.8 Hz, 3J9b,8=5.8 Hz, 2H; CH(9b)), 1.95 (dd, 3J8,9b=5.6 Hz, 4J8,10=
5.6 Hz, 2H; CH(8)), 1.18 (s, 6H; CH3(12)), 1.09 (d, 2J9a,9b=10.4 Hz, 2H;
CH(9a)), 0.56 ppm (s, 6H; CH3(13));


15N NMR (40 and 71 MHz, CDCl3/
CD3CN): d=�158 (N(A)), �112 ppm (N(B)); UV/Vis (MeOH/H2O
(90% v/v)): lmax (e)=312 nm (3.0Q104 dm3mol�1 cm�1); CD (MeOH/H2O
(90% v/v)): lmax (e)=324 (�17), 251 nm (�18 dm3mol�1 cm�1).


Free ligand 3 : 1H NMR (400 MHz, CDCl3/CD3CN): d=8.43 (dm, 3J6’,5’=
4.8 Hz, 2H; CH(6’)), 8.10 (br s, 2H; CH(3’)), 7.93 (d, 3J3,4=7.6 Hz, 2H;
CH(3)), 7.59 (ddd, 3J4’,3’=7.8 Hz, 3J4’,5’=5.8 Hz, 4J4’,6’=1.8 Hz, 2H;
CH(4’)), 7.23 (d, 3J4,3=7.6 Hz, 2H; CH(4)), 7.09 (ddd, 3J5’,4’=5.8 Hz,
3J5’,6’=4.8 Hz, 4J4’,3’=1.0 Hz, 2H; CH(5’)), 4.36 (br s, 2H; CH(7)), 2.68
(dd, 3J10,9b=5.6 Hz, 3J10,8=5.6 Hz, 2H; CH(10)), 2.39 (ddd, 2J9b,9a=9.6 Hz,
3J9b,10=5.6 Hz, 3J9b,8=5.6 Hz, 2H; CH(9b)), 2.00 (dd, 3J8,9b=5.6 Hz, 3J8,10=
5.6 Hz, 2H; CH(8)), 1.29 (br s, 2H; CH(9a)), 1.17 (s, 6H; CH3(12)),
0.61 ppm (s, 6H; CH3(13));


15N NMR (40 and 71 MHz, CDCl3/CD3CN):


d=�78 (N(A)), �77 ppm (N(B)); UV/Vis (MeOH/H2O (90% v/v)): lmax


(e)=295 nm (3.7Q104 dm3mol�1 cm�1): CD (MeOH/H2O (90% v/v)): lmax


(e)=305 (�27), 28 nm (22 dm3mol�1 cm�1).


Monoprotonated ligand H3+ (2 equiv CF3COOH):
1H NMR (400 MHz,


CDCl3/CD3CN): d=7.96 (dm, 3J6’,5’=4.8 Hz, 2H; CH(6’)), 7.91 (d, 3J3,4=
7.8 Hz, 2H; CH(3)), 7.67 (ddd, 3J3’,4’=7.6 Hz, 2H; CH(3’)), 7.72 (d, 3J4,3=
8.1 Hz, 2H; CH(4)), 7.48 (ddd, 3J4’,3’=7.6 Hz, 3J4’,5’=7.6 Hz, 4J4’,6’=1.5 Hz,
2H; CH(4’)), 6.98 (ddd, 3J5’,4’=7.3 Hz, 2H; CH(5’)), 3.74 (s, 2H; CH(7)),
2.94 (dd, 3J10,9b=5.6 Hz, 3J10,8=5.6 Hz, 2H; CH(10)), 2.66 (ddd, 2J9b,9a=
10.1 Hz, 3J9b,10=5.6 Hz, 3J9b,8=5.6 Hz, 2H; CH(9b)), 2.21 (dd, 3J8,9b=
5.6 Hz, 3J8,10=5.6 Hz, 2H; CH(8)), 1.19 (d, 2J9a,9b=10.1 Hz, 2H; CH(9a)),
1.33 (s, 6H; CH3(12)), 0.61 ppm (s, 6H; CH3(13));


15N NMR (40 and
71 MHz, CDCl3/CD3CN): d=�127 (N(A)), �87 ppm (N(B)); UV/Vis
(MeOH/H2O (90% v/v)): lmax (e)=294 nm (2.7Q104 dm3mol�1 cm�1); CD
(MeOH/H2O (90% v/v)): lmax (e)=313 (�88), 289 nm
(54 dm3mol�1 cm�1).


Diprotonated ligand H23
2+ (6 equiv CF3COOH):


1H NMR (400 MHz,
CDCl3/CD3CN): d=8.30 (dm, 3J6’,5’=4.8 Hz, 2H; CH(6’)), 8.24 (m, 2H;
CH(3’)), 8.24 (m, 2H; CH(4’)), 7.88 (d 3J3,4=7.8 Hz, 2H; CH(3),), 7.57
(m, 2H; CH(5’)), 7.48 (m, 2H; CH(4)), 4.16 (s, 2H; CH(7)), 2.83 (dd,
3J10,9b=5.3 Hz, 3J10,8=5.3 Hz, 2H; CH(10)), 2.52 (ddd, 2J9b,9a=10.1 Hz,
3J9b,10=5.6 Hz, 3J9b,8=5.6 Hz, 2H; CH(9b)), 2.02 (dd, 3J8,9b=5.8 Hz, 3J8,10=
5.8 Hz, 2H; CH(8)), 1.20 (s, 6H; CH3(12)), 1.16 (d, 2J9a,9b=10.1 Hz, 2H;
CH(9a)), 0.50 ppm (s, 6H; CH3(13));


15N NMR (40 and 71 MHz, CDCl3/
CD3CN): d=�164 (N(B)), �107 ppm (N(A)); UV/Vis: (MeOH/H2O
(90% v/v)): lmax (e)=312 nm (2.9Q104 dm3mol�1 cm�1); CD (MeOH/H2O
(90% v/v)): lmax (e)=329 (�92), 299 nm (59 dm3mol�1 cm�1).
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Novel Carbohydrate-Appended Metal Complexes for Potential Use in
Molecular Imaging


Tim Storr,[a] Makoto Obata,[b] Cara L. Fisher,[a, c] Simon R. Bayly,[a, c] David E. Green,[a, c]


Izabela BrudziÇska,[b] Yuji Mikata,[d] Brian O. Patrick,[a] Michael J. Adam,*[c]


Shigenobu Yano,*[b] and Chris Orvig*[a]


Introduction


Carbohydrates are of primary importance as energy sources
for living organisms. Due to the properties inherent to this
class of molecules, carbohydrates have been utilized to pre-
pare bioactive materials,[1] better targeted drugs,[2] as well as
for the functionalization of hydrophobic materials.[3] Metal–
carbohydrate interactions are also of significant interest in
bioinorganic chemistry.[4–6] However, direct metal ion–carbo-
hydrate interactions are difficult to study due to the multi-
functionality, complicated stereochemistry, and weak coordi-
nating ability typical of carbohydrates. Carbohydrate ligands
with well-tailored binding groups for metal ions such as imi-
nodiacetic acid,[7,8] tris(2-aminoethyl)amine,[9] 1,4,7-triazacy-
clononane,[6] imino-[10] and amino-[11] phenols, ethylenedi-
amine,[12] 1,3-propanediamine,[12,13] and ethylenedicysteine,[14]


have been attached to carbohydrates to generate a well-de-
fined binding environment as well as increase the stability of
the resultant metal complexes. A potential benefit of utiliz-
ing this approach is that the carbohydrate can remain pend-
ant, thereby being freely available to interact with carbohy-
drate transport and metabolic pathways in the body. Exam-
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Abstract: Seven discrete sugar-pendant
diamines were complexed to the
{M(CO)3}


+ (99mTc/Re) core: 1,3-diami-
no-2-propyl b-d-glucopyranoside (L1),
1,3-diamino-2-propyl b-d-xylopyrano-
side (L2), 1,3-diamino-2-propyl a-d-
mannopyranoside (L3), 1,3-diamino-2-
propyl a-d-galactopyranoside (L4), 1,3-
diamino-2-propyl b-d-galactopyrano-
side (L5), 1,3-diamino-2-propyl b-(a-d-
glucopyranosyl-(1,4)-d-glucopyrano-
side) (L6), and bis(aminomethyl)bis[(b-
d-glucopyranosyloxy)methyl]methane
(L7). The Re complexes [Re(L1–
L7)(Br)(CO)3] were characterized by


1H and 13C 1D/2D NMR spectroscopy
which confirmed the pendant nature of
the carbohydrate moieties in solution.
Additional characterization was pro-
vided by IR spectroscopy, elemental
analysis, and mass spectrometry. Two
analogues, [Re(L2)(CO)3Br] and [Re-
(L3)(CO)3Br], were characterized in
the solid state by X-ray crystallography
and represent the first reported struc-


tures of Re organometallic carbohy-
drate compounds. Conductivity meas-
urements in H2O established that the
complexes exist as [Re(L1–L7)-
(H2O)(CO)3]Br in aqueous conditions.
Radiolabelling of L1–L7 with
[99mTc(H2O)3(CO)3]


+ afforded in high
yield compounds of identical character
to the Re analogues. The radiolabelled
compounds were determined to exhibit
high in vitro stability towards ligand
exchange in the presence of an excess
of either cysteine or histidine over a
24 h period.


Keywords: carbohydrates · molecu-
lar imaging · radiopharmaceuticals ·
rhenium · technetium
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ples of this approach in medicinal inorganic chemistry in-
clude carbohydrate-appended cisplatin analogues as potent
antitumour agents,[13, 15] antifungal NiII complexes derived
from amino sugars,[16] as well as carbohydrate-appended
metal complexes of the radioisotopes 99mTc and 186Re for po-
tential use in nuclear imaging and therapy.[8,11,14] In many
cases however the resultant metal complexes exhibit binding
of the carbohydrate moiety to the metal center which limits
the targeting potential of these compounds.


Radiolabelled carbohydrates have found widespread utili-
ty in the field of nuclear medicine.[17] Currently 2-[18F]-
fluoro-2-deoxy-d-glucose (FDG) (Figure 1) is the most


widely used carbohydrate-based diagnostic imaging agent.
FDG, imaged by positron emission tomography (PET), has
proven to be very useful for the detection of tumours and
metastatic tissue and also for the assessment of tissue viabil-
ity in cardiac patients.[17] The high cost of PET and the rela-
tively short half-lives of PET emitters have, however, limited
their utility and hence led to the search for alternatives to
FDG utilizing radionuclides that decay by a process that can
be imaged by single photon emission computed tomography
(SPECT). SPECT is much more prevalent and allows for
the use of 99mTc which has ideal nuclear properties (t1=2 =
6.01 h, g=142.7 keV) and is the most widely used isotope in
nuclear medicine.[18] In addition, Re, a third row analogue of
Tc, can be used in development chemistry and itself has par-
ticle emitting radioisotopes (186/188Re) with physical proper-
ties applicable to therapeutic nuclear medicine. We have
thus endeavoured to design a series of carbohydrate-ap-
pended Re and Tc complexes for potential use in nuclear
medicine. Tc–carbohydrate conjugates have not been exten-
sively studied in the literature, with early work, typical of
metal–carbohydrate chemistry, plagued by poor characteri-
zation as well as potential interactions/chelation of the car-
bohydrate itself with the metal center.[19] In order to mimic
the in vivo properties of the carbohydrate it is evident that
the effect of the radionuclide must be minimized. Factors
that most likely effect recognition include the size of the
metal chelate as well as the distance between the chelate
and the pendant glucose moiety. Recent studies utilizing 1,3-
N,N-di-b-d-glucopyranosyldiethylenetriamine (DGTA) and
ethylenedicysteine-deoxyglucose (ECDG) as chelates for
99mTc displayed tumour uptake.[14,20] Further studies with
99mTc–ECDG have shown that this compound is active in
the hexosamine biosynthetic pathway and has significant in
vivo tumour imaging potential.[21] Both studies highlight the
potential of carbohydrate-labelled 99mTc compounds for
tumour imaging.


Stable core structures have found utility in the chemistry
of Tc due to the wide range of accessible oxidation states
(Tc�I to TcVII). Organometallic metal cores offer advantages
in terms of stability, kinetic inertness, and size. In particular,
the {M(CO)3}


+ (M=Tc/Re) core exists in a low-spin d6-elec-
tron configuration. The added stability of the CO ligands to
substitution further protects the metal center from ligand
substitution and/or oxidation, contributing to the overall ki-
netic inertness. The organometallic approach, first devel-
oped by Jaouen et al. ,[22] and Alberto and co-workers[23] has
led to widespread interest in the development of target-spe-
cific radiopharmaceuticals utilizing the {M(CO)3}


+ (Tc/Re)
cores.[24,25]


The labelling precursor [99mTc(H2O)3(CO)3]
+ (Figure 1) is


easily prepared from a kit formulation in aqueous conditions
utilizing a boranocarbonate as a dual-function reducing
agent and in situ CO source.[26] The three labile water mole-
cules are easily exchanged for suitable chelating ligands.


In an effort to develop carbohydrate-appended imaging
agents we have investigated the utility of 1,3-diaminocarbo-
hydrates (Figure 2) as ligands for the {M(CO)3}


+ (99mTc/Re)
core. The 1,3-diaminocarbohydrates have been developed
by Yano and co-workers[12] for potential use in bioinorganic
chemistry. In all cases the carbohydrate moiety is connected
to the chelating unit via the C-1 position. Prior work has
shown that amines, such as those of the 1,3-diaminopropyl
chelating group, are very well-suited for the {M(CO)3}


+ (Tc/
Re) core.[27–29] Utilizing the five distinct carbohydrate ligands
shown in Figure 2 we were able to examine the solution and
solid state properties of a number of different carbohydrates
with the {M(CO)3}


+ (Tc/Re) core.
Structural investigations were initially carried out on the


“cold” Re derivatives utilizing the starting material [NEt4]2-
[ReBr3(CO)3]


[30] to ascertain solution and solid state config-
uration. In solution the compounds were analyzed by 1D
(1H/13C) and 2D (1H,1H COSY, 1H,13C HMQC, and 1H,15N
HSQC) NMR experiments, as well as mass spectrometry
and conductivity. Two analogues, [Re(L2)Br(CO)3] and
[Re(L3)Br(CO)3], were analyzed by X-ray crystallography
and represent the first reported structures of Re organome-
tallic carbohydrate compounds. Labelling studies and pre-
liminary in vitro stability measurements for the analogous
99mTc derivatives are also presented.


Results and Discussion


The synthesis of the Re complexes proceeded in a straight-
forward manner from [NEt4]2[ReBr3(CO)3] and one of L1–
L7 in refluxing methanol to afford neutral [Re(L1–
L7)(CO)3Br] in moderate yield after chromatography
(Schemes 1 and 2). 1H NMR analysis of the crude product
was consistent in each case with the formation of the pro-
posed structures as well as the presence of the by-product
NEt4Br. This salt was then removed by column chromatog-
raphy to afford the complexes as white powders. The com-
pounds were found to be stable in the solid state, but to de-


Figure 1. a) 2-[18F]-fluoro-2-deoxy-d-glucose (FDG); b) the organometal-
lic precursor [M(H2O)3(CO)3]


+ (M= 99mTc, Re).
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compose slowly over a period of months in aqueous so-
lution.


NMR analysis : NMR analysis of the Re compounds in
[D6]DMSO/D2O was indicative of the mode of ligand bind-
ing (N atoms) and illustrated the lowered symmetry of the
ligands once bound to the {Re(CO)3}


+ core. The largest
changes in chemical shift induced by ligand binding were for
the hydrogens within the six-membered chelate ring formed
between the 1,3-propanediamine moiety and the Re-metal
center (Figure 3). In all cases (except L7) the CH-propyl hy-


drogen signal shifted downfield
by ~0.6 ppm. As a further con-
sequence of metal binding the
signals for the geminal CH2-
propyl hydrogens were split
into two separate resonances
(Ha/Ha’ and Hb/Hb’) due to
the asymmetric environment
produced upon chelation to the
metal. A certain amount of
asymmetry is already present in
the ligands due to the many
chiral centers of the sugar ring.
This asymmetry extends to the
CH2-propyl carbon atoms of
the binding moiety as two sepa-
rate 13C NMR signals are visi-
ble for these carbon atoms in
the ligand[12] and the associated
Re complexes (see below).


Interestingly, the NH protons
were also visible in the
1H NMR experiments (assigned
unequivocally by 1H,15N
HSQC). The NH protons of the
free ligand are readily ex-
changeable in protic solvents
and thus are not visible in the
1H NMR spectra. This is not


the case with the Re complexes; as a result of N-binding to
the Re center the NH exchange process becomes slow on
the NMR time-scale and these resonances are visible. The
four separate NH resonances are indicative of the asymme-
try at the metal center.


The hydrogen and carbon resonances of the sugar moiet-
ies in the complexes were unchanged as compared with
these in the free ligands (values similar in [D6]DMSO,
[D4]MeOH, and D2O).[12] The lack of coordination induced
shifts[5] (CIS) due to carbohydrate ligation to the metal
center confirms the pendant nature of the carbohydrate


Figure 2. 1,3-Diaminocarbohydrate ligands.


Scheme 1. Reaction scheme for Re and 99mTc complexes of the 1,3-diaminocarbohydrate ligands L1–L6 : a) [NEt4]2[ReBr3(CO)3], MeOH, reflux, 6 h, 44–
68% yield; b) [99mTc(H2O)3(CO)3]


+ , 70 8C, 40 min, PBS buffer.


Scheme 2. Reaction scheme for Re and 99mTc complexes of the bis-sugar analogue L7: a) [NEt4]2[ReBr3(CO)3], MeOH, reflux, 6 h, 45% yield;
b) [99mTc(H2O)3(CO)3]


+ , 70 8C, 40 min, PBS buffer.
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functions in solution. Interestingly, binding of L7, the bis-glu-
cose derivative, to the {Re(CO)3}


+ core resulted in two sets
of similar yet distinct 1H and 13C NMR resonances for the
carbohydrate moieties. This is in contrast to the free ligand
L7 which displays only one set of resonances for the carbo-
hydrate groups.[12] Evidently metal coordination exerts a far-
reaching (yet minor) effect with this derivative.


Conductivity, IR spectroscopy, and mass spectrometry inves-
tigations : The identity of the Re complexes in solution was
probed by a number of methods. Based on previous
work,[30,31] it has been concluded that the weakly coordinat-
ed Br� ligands of [ReBr3(CO)3]


2� (destabilized by the strong
trans influence of the carbonyl ligand) undergo facile ex-
change in aqueous conditions. The extent of this exchange
for [Re(L1–L7)(CO)3Br] was probed directly by conductivity
measurements. The Re compounds (10�3


m) were dissolved
in deionised water and the conductivity was measured
and compared to a number of 1:1 electrolyte solutions
(NaCl=125 W�1 cm2mol�1, [NBu4]Br=113 W�1 cm2mol�1,
[MePPh3]Br=108 W�1 cm2mol�1). The conductivity values
for Re compounds correspond to 1:1 electrolytes[32] at the
concentrations measured (Table 1). The values offer clear
evidence that facile H2O for Br� exchange is occurring in so-
lution with the complexes exclusively existing therein in the
form [Re(L1–L7)(H2O)(CO)3]Br.


The IR spectra of the Re
compounds were consistent
with the proposed structures as
bands attributable to the
{Re(CO)3}


+ core were present
between 2100 and
1800 cm�1.[29, 30] In most cases,
three bands were present (indi-
cative of a low symmetry envi-
ronment) however overlap of
the two lower energy bands oc-
curred with the Re complexes
of L1, L4, and L5. Bands attrib-
utable to the NH2 group were
also present ~3300, and
1580 cm�1.[33]


The Re compounds were fur-
ther examined by mass spec-
trometry. Re exists as a mixture
of 185Re/187Re isotopes (37.4 and
62.6% abundance, respectively)
affording diagnostic peak iso-
tope patterns. The compounds
were run as dilute solutions in
MeOH and in all cases dis-
played molecular ion plus
sodium peaks [M+Na]+ . This
shows indirectly that the Re
compounds exist (at least parti-


ally) in the neutral form in this solvent. The addition of
NaBr further increased the intensity of the [M+Na]+ ion
peaks. Peaks due to the loss of weakly coordinated Br�


ligand [M�Br]+ were always present and of a greater inten-
sity compared with that of the molecular ion. Further frag-
mentation patterns were also consistent with the proposed
structures. Peaks due to the loss of a sugar moiety (fragmen-
tation at C-1) for Re compounds of L1–L6 were present in


Figure 3. 1H NMR spectra of L1 (upper) and [Re(L1)Br(CO)3] (lower) in [D6]DMSO/D2O; signals were as-
signed with the aid of 1H,1H COSY and 1H,15N HSQC experiments.


Table 1. HPLC retention times (tR), labelling yields (%), and conductivity
measurements for the [M(L1–L7)(H2O)(CO)3]


+ (M= 99mTc, Re) complexes.


Complex tR [min] tR [min] Labelling Conductivity
[M(L)(H2O)(CO)3]


+ M=Re M= 99mTc Yield
[%]


(M=Re)


(254 nm) (radiometric) �SD
(n=3)


(H2O)


Lm


(W�1 cm2mol�1)


L1 10.7 10.6 99�1 98
L2 11.2 11.3 99�1 108
L3 10.4 10.5 97�1 93
L4 10.7 10.8 99�1 100
L5 10.9 11.2 99�1 110
L6 9.7 9.7 97�1 150
L7 9.1 9.1 99�1 140
[M(His)(H2O)(CO)3] – 13.2 99�1 –
[M(H2O)3(CO)3]


+ – 13.9 – –
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each spectrum. These high intensity peaks further corrobo-
rate the proposed structures and also indicate the tight bind-
ing of the 1,3-propanediamine to the metal center. Frag-
ments corresponding to the successive loss of two glucose
moieties were present for the bis-glucose derivative [Re(-
L7)(Br)(CO)3].


X-ray crystallography : Two of the Re compounds, [Re-
(L2)(CO)3Br], and [Re(L3)(CO)3Br], were crystallized from
methanol solutions and analyzed by X-ray crystallography.
The data represent the first reported structures of Re orga-
nometallic carbohydrate compounds. A manganese dicarbo-
nyl(carbohydratocarbene) complex[34] is the only other
Group 7 organometallic carbohydrate X-ray structure that
has been described. Structures of oxorhenium(v) complexes
with carbohydrate moieties directly bound to the metal
center have also been reported,[35] by using hydridotris(pyra-
zolyl)borato as the ancillary tridentate ligand.


The molecular structure of [Re(L2)(CO)3Br], the atomic
labelling scheme, and selected bond lengths and angles are
presented in Figure 4. A salient feature of this structure is
the pendant carbohydrate (xylose) group in accordance with
the solution characterization data. The Re coordination
sphere is approximately octahedral occupied by three facial-
ly arranged carbonyls, two amino groups from the 1,3-diami-
no-2-propyl linker group, with the bromine occupying the
remaining position. All bond lengths and angles involving
Re and its ligating donor atoms are within typical
values.[25,29] The amine functions form a six-membered che-
late ring with the Re center in a chair conformation. Inter-
estingly, the bulky xylose moiety is present in an axial posi-
tion which is generally a higher energy conformation. This
geometry is evidently stabilized by the presence of hydrogen
bonding interactions between the N1-H1b···O2, N2-
H2a···O1, and N2-H2a···O2 atoms. Crystal structures of
Pd[36] and Pt[13] with 1,3-diaminocarbohydrate ligands also
exhibit the carbohydrate moiety in the same axial orienta-
tion. Hydrogen bonding between the bromine ligand and
hydrogen atoms attached to the chelating amines may ac-
count for the orientation of the six-membered ring. The in-
teratomic separation of H1b and Br1 (2.90 U) and H2a and
Br1 (2.84 U) are less than 2.97 U, the sum of their van der
Waals radii.[37] Finally, the xylose moiety exists exclusively as
the b-anomer in the solid-state structure, correlating with so-
lution NMR data.


The molecular structure of [Re(L3)(CO)3Br], the atomic
labelling scheme, and selected bond lengths and angles are
presented in Figure 5. The crystal structure of [Re(L3)-
(CO)3Br], while similar to the xylose derivative, exhibited
notable differences. The asymmetric unit was determined to
contain one water molecule and two symmetry-independent
[Re(L3)(CO)3Br] molecules where the metal ions exhibit
similar coordination environments (see Supporting Informa-
tion). The difference between the two molecules of the
asymmetric unit lies in the orientation of the sugar moiety
with respect to the Re center. While the sugar moiety occu-
pies an axial position of the six-membered chelate ring in


each molecule, rotation around the C1�O2/C13�O11 bond,
attaching the sugar ring to the propane moiety, results in the
two symmetry independent molecules. The mannose moiety
exists exclusively as the a-anomer in the solid state struc-
ture, correlating nicely with the solution NMR data.


In vitro characterization and stability of the 99mTc-labelled
carbohydrates : The 99mTc-labelled carbohydrate compounds
were synthesized utilizing a previously established


Figure 4. View of the complex molecule in the structure of [Re(L2)-
Br(CO)3] (50% probability ellipsoids). Distances [U] and angles [8]
(standard deviations in parentheses): Re1�Br1 2.6382(6), Re1�N1
2.236(4), Re1�N2 2.230(4), Re1�C9 1.902(6), Re1�C10 1.917(5), Re1�
C11 1.890(6), N1�C7 1.489(7), N2�C8 1.482(7), C6�C8 1.536(7), C6�C7
1.499(7), C6�O2 1.433(5), C1�O2 1.397(6); N1-Re1-N2 83.00(16), N1-
Re1-Br1 85.54(11), N2-Re1-Br1 84.38(11), C11-Re1-N1 95.2(2), C10-
Re1-Br1 91.23(17), C9-Re1-C10 86.5(2), C9-Re1-C11 88.5(3), C10-Re1-
C11 91.9(2); intramolecular hydrogen bonds: N1(H1b)···Br(1) 2.90,
N2(H2a)···Br(1) 2.84, N(1)-H(1b) ···O(2) 2.32, N(2)-H(2a)···O(1) 2.44,
N(2)-H(2a)···O(2) 2.44.


Figure 5. View of one of the complex molecules in the asymmetric unit of
[Re(L3)Br(CO)3] (50% probability ellipsoids). Distances [U] and angles
[8] (standard deviations in parentheses): Re2�Br2 2.6249(10), Re2�N3
2.247(7), Re2�N4 2.230(7), Re2�C22 1.931(9), Re2�C23 1.924(11), Re2�
C24 1.911(9), N3�C20 1.497(9), N4�C21 1.486(10), C19�C20 1.534(10),
C19�C21 1.518(10), C19�O11 1.444(8), C13�O11 1.408(8); N3-Re2-N4
83.9(3), N3-Re2-Br2 82.73(19), N4-Re2-Br2 84.1(2), C22-Re2-Br2
93.5(3), C24-Re2-Br2 90.6(3), C23-Re2-N3 95.1(7), C22-Re2-C23 89.8(4),
C22-Re2-C24 89.3(4), C23-Re2-C24 91.3(4); intramolecular hydrogen
bonds: N3(H3d)···Br(2) 2.79, N4(H4c)···Br(2) 2.83, N3(H3d)···O(11) 2.41,
N4(H4c)···O(11) 2.55.
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method.[27,38] The formation of the [99mTc(H2O)3(CO)3]
+ pre-


cursor was verified by HPLC (tR=13.9 min, Table 1) before
labelling with the carbohydrate ligands L1–L7. The labelled
derivatives were then characterized by their associated radi-
oactive HPLC traces and compared, by co-injection, with
the corresponding Re complexes (monitored at 254 nm). In
all cases the retention times of the Re and 99mTc complexes
were identical within experimental error (Table 1). This
result confirms that the complexes produced on the tracer
level are identical to Re complexes produced and character-
ized (see above) on the macroscopic scale. The labelling
yields for the seven compounds were essentially quantitative
under the conditions studied and the yields shown in Table 1
are the average of at least three separate experiments.


The in vitro stability of the 99mTc complexes was assessed
by incubation with solutions of either cysteine or histi-
dine.[27] The susceptibility of the complexes to ligand ex-
change by these amino acids was assessed over a 24 h
period. While both cysteine and histidine are potentially tri-
dentate mono-anionic ligands, it has been previously deter-
mined that histidine displays a much higher affinity[39] for
the {M(CO)3}


+ core. On the basis of the work with the Re
complexes of L1–L7 it is clear that these ligands chelate in a
bidentate fashion to the {M(CO)3}


+ core via the primary
amine functions. While it has been previously shown that
primary amines are a good match for the {M(CO)3}


+ core,
the ligands studied herein leave a coordination site open for
potential attack by adventitious ligands. However, incuba-
tion with solutions of either cysteine or histidine showed
that the complexes were quite stable over the test period.


Cysteine was found to have a very minor effect on com-
plex stability over the 24 h period as the complexes were
�90% intact at 24 h. Histidine only exhibited a measurable
effect at the 24 h time point as the appearance of a second
peak in the HPLC trace ([99mTc(His)(CO)3], confirmed by
the preparation of an authentic sample) established that
ligand exchange was occurring (Figure 6). The 99mTc com-
plexes of L1–L7 were determined to be from 61 to 86%
intact at 24 h which is well within the window required for
medical imaging. The stability of the complexes roughly par-
allels the steric size of the carbohydrate ligands as the disac-
charide L6 and the bis-glucose analogue L7 were the most
stable towards ligand substitution. The increased steric bulk
of these ligands likely reduces the exchange of the coordi-
nated water molecule for cysteine or histidine, thus inhibit-
ing the ligand exchange process.


Concluding Remarks


In this work we have described the synthesis, and resultant
solution and solid-state properties of a series of novel carbo-
hydrate-appended metal complexes utilizing the {M(CO)3}


+


(M= 99mTc/Re) core. The pendant nature of the carbohy-
drate groups was confirmed for the Re compounds in so-
lution by NMR as well as in the solid state by X-ray crystal-
lography. Two analogues [Re(L2)Br(CO)3] and [Re(L3)-


Br(CO)3] were analyzed by X-ray crystallography and repre-
sent the first reported structures of Re organometallic car-
bohydrate compounds. Conductivity measurements showed
that ligand exchange of the weakly coordinated Br� ligand
for H2O in aqueous media was a facile process to afford
complexes of the general formula [Re(L1�7)(H2O)(CO)3]Br.
Radiolabelling of the 1,3-diaminocarbohydrates by using the
labelling precursor [99mTc(H2O)3(CO)3]


+ was essentially
quantitative and afforded compounds identical to the Re an-
alogues on the basis of HPLC comparison. The radiolabel-
led compounds were determined to be quite stable to ligand
exchange in the presence of an excess of either cysteine or
histidine over a 24 h period. On the basis of these promising
results we are planning to evaluate the biodistribution of the
99mTc complexes in suitable model systems. In addition, la-
belling studies of the carbohydrate ligands with the thera-
peutic isotope 186Re are underway.


Experimental Section


General methods : All solvents and chemicals (Fisher, Aldrich) were re-
agent grade and used without further purification unless otherwise speci-
fied. The 1,3-diaminocarbohydrates L1–L7[12] and [NEt4]2[Re(CO)3Br3]


[30]


were synthesized according to previously published procedures. 1H and


Figure 6. HPLC radiation traces for the histidine challenge experiment
with [99mTc(L1)(H2O)(CO)3]


+ .
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13C NMR spectra were recorded on either a Bruker AV-300 or an AV-400
instrument at 300.13 (75.48 for 13C NMR) or 400.13 (100.62 for
13C NMR) MHz, respectively. Infrared spectra were recorded as KBr
disks in the range 4000–400 cm�1 on a Galaxy Series FTIR spectrometer.
Mass spectra (positive ion) were obtained on dilute MeOH solutions
using a Macromass LCT (electrospray ionization) instrument. C, H, N
analyses were performed either at U.B.C. by Mr. M. Lakha (Carlo Erba
analytical instrumentation) or by Prof. C. Ohtsuki (Perkin Elmer PE2400
Series II CHNS/O Analyzer) at the Nara Institute of Science and Tech-
nology, Nara, Japan. Conductivity measurements were performed by
using a Serfass conductance bridge model RCM151B (Arthur Thomas
Co. Ltd.) connected to a 3403 cell (Yellow Springs Instrument Co.) The
cell was calibrated using a 0.01000m KCl solution with a molar conduc-
tance (Lm) of 141.3 W�1 cm2mol�1 at 25 8C to determine the cell constant
to be 1.016 cm�1.[32] Solutions were prepared at 10�3


m.


X-ray crystallography : Colourless crystals of both [Re(L2)(CO)3Br] and
[Re(L3)(CO)3Br] were obtained from slow evaporation of methanol solu-
tions. The crystals were mounted on a glass fibre, cooled to �100.0
� 0.1 8C, and the data collected on a Bruker X8 APEX diffractometer
using graphite-monochromated MoKa radiation to a maximum 2q value
of 55.68 for [Re(L2)(CO)3Br] and 55.88 for [Re(L3)(CO)3Br]. Data were
collected and integrated using the Bruker SAINT[40] software package
and corrected for Lorentz and polarization effects, as well as absorption
(SADABS[41]). The structures were solved by direct methods (SIR92[42])
with all non-hydrogen atoms refined anisotropically. Hydrogen atoms
were added but not refined. The final refinement (SHELXL-97[43]) with
anisotropic thermal parameters for all non-hydrogen atoms converged
with R=0.025 and Rw=0.062. The maximum and minimum peaks in the
final differential Fourier map were 1.20 and �0.85 e�U�3, respectively,
for [Re(L2)(CO)3Br].


[Re(L3)(CO)3Br] crystallized with two Re complexes and one water mol-
ecule in the asymmetric unit. One mannose moiety was disordered and
was refined in two orientations. The major disordered fragment was re-
fined anisotropically, while the minor fragment was refined isotropically.
All other non-hydrogen atoms were refined anisotropically. All hydrogen
atoms were included in calculated positions but not refined. The final re-
finement (SHELXL-97[43]) converged with R=0.026 and Rw=0.062. The
maximum and minimum peaks in the final differential Fourier map were
1.27 and �0.76 e�U�3, respectively for [Re(L3)(CO)3Br].


CCDC-244538 [Re(L2)Br(CO)3], and -244539 [Re(L3)Br(CO)3] contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.can.ac.uk/conts/retrieving.html (or
from Cambridge Crystallographic Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; Fax: (+44)1223-336033; or deposit@ccdc.cam.ac.uk).


[99mTc(H2O)3(CO)3]
+ Labelling studies : The organometallic precursor


[99mTc(H2O)3(CO)3]
+ was prepared from a saline solution of Na[99mTcO4]


(1 mL, 200 MBq) using an Isolink kit provided by Mallinckrodt. Briefly,
a 1 mL solution of Na[99mTcO4] was added to an IsoLink kit and the vial
was heated to reflux for 20 min. Upon cooling, a 0.1m HCl solution
(1 mL) was added to adjust the pH to 9–10. Labelling was achieved by
mixing an aliquot (200 mL) of the [99mTc(H2O)3(CO)3]


+ precursor with a
1 mm solution of L1–L7 or histidine in PBS (pH 7.4, 1 mL) and incubating
at 75 8C for 30 min. HPLC analyses were performed on a Knauer Well-
chrom K-1001 HPLC equipped with a K-2501 absorption detector and a
Capintek radiometric well counter. A Synergi 4 mm C-18 Max-RP analyt-
ical column with dimensions of 250V4.6 mm was used. HPLC solvents
consisted of 0.1% trifluoroacetic acid in water (solvent A) and acetoni-
trile (solvent B). Samples were analyzed with a linear gradient method
(100% solvent A to 100% solvent B over 30 min).


Cysteine and histidine challenge experiments : A solution of the 99mTc
complex (final ligand concentration 10�4


m) was added to a 900 mL so-
lution of either cysteine or histidine in PBS (10�3


m, pH 7.4). The samples
were incubated at 37 8C and aliquots were removed at 1, 4, and 24 h for
analysis by HPLC.


(1,3-Diamino-kN,kN’-2-propyl b-d-glucopyranosyl)tricarbonylrhenium-
bromide [Re(L1)Br(CO)3]: A solution of [NEt4]2[ReBr3(CO)3] (0.076 g,
0.099 mmol) and L1 (0.025 g, 0.099 mmol) in MeOH (10 mL) was heated
to reflux for 6 h. The solvent was then removed in vacuo and the residue


purified by silica gel chromatography (EtOAc/MeOH 9:1) to afford the
product as a white solid (0.033 g, 55%). 1H NMR ([D6]DMSO/D2O,
400.13 MHz): d = 5.38 (s, 1H; NH), 5.37 (s, 1H; NH), 4.28 (d, 3J1,2=
7.6 Hz, 1H; H-1), 4.07 (m, 1H; CH-propyl), 3.66 (dd, 3J5,6a=6.0, 2J6a,6b=
11.6 Hz, 1H; H-6a), 3.44 (m, 2H; CH2-propyl (Ha, Ha’)), 3.40 (dd,
3J5,6b=2.5 Hz, 2J6a,6b=11.6 Hz, 1H; H-6b), 3.13 (m, 2H; H-3, H-5), 2.98
(m, 3H; H-2, H-4, NH), 2.70 (m, 3H; NH, CH2-propyl (Hb, Hb’));
13C{1H} NMR ([D6]DMSO/D2O, 100.62 MHz): d = 195.55, 195.45, 192.99
(fac-Re(CO)3), 102.69 (C1), 77.06, 76.39 (C3/C5), 73.96 (CH-propyl),
73.44 (C2), 69.98 (C4), 61.07 (C6), 48.07, 47.17 (CH2-propyl); IR (KBr
disk): ñ = 3335 (br) (n(NH2), n(OH)), 2023 (vs), 1881 (vs, br) (n(fac-
Re(CO)3)), 1581 cm�1 (d(NH2)); ES-MS: m/z (%): 625 (40) [M+Na]+ ,
523 (95) [M�Br]+ , 361 (100) [M�Br�C6H10O5]


+ ; LM=98 W�1 cm2mol�1


(1:1 electrolyte); elemental analysis calcd (%) for C12H20BrN2O9Re: C
23.93, H 3.35,N 4.65; found: C 23.53, H 3.40, N 4.57.


(1,3-Diamino-kN,kN’-2-propyl b-d-xylopyranosyl)tricarbonylrheniumbro-
mide [Re(L2)Br(CO)3]: The title compound [Re(L2)Br(CO)3] (0.075 g,
44%) was prepared from [NEt4]2[ReBr3(CO)3] (0.226 g, 0.293 mmol) and
L2 (0.065 g, 0.293 mmol) by a procedure analogous to that described for
[Re(L1)Br(CO)3].


1H NMR ([D6]DMSO/D2O, 400.13 MHz): d = 5.49 (d,
2JNH,NH=9.6 Hz, 1H; NH), 5.41 (d, 2JNH,NH=11.2 Hz, 1H; NH), 4.28 (d,
3J1,2=7.5 Hz, 1H; H-1), 4.09 (m, 1H; CH-propyl), 3.70 (dd, 3J4,5a=5.2 Hz,
2J5a,5b=11.2 Hz, 1H; H-5a), 3.33 (m, 2H; CH2-propyl (Ha, Ha’)), 3.24
(ddd, 3J3,4=9.7 Hz, 3J4,5a=5.2 Hz, 3J4,5b=8.8 Hz, 1H; H-4), 3.03 (m, 4H; H-
2, H-3, H-5b, NH), 2.67 (m, 3H; NH, CH2-propyl (Hb, Hb’)); 13C{1H}
NMR ([D6]DMSO/D2O, 100.62 MHz): d = 195.50, 195.35, 192.95 (fac-
Re(CO)3), 103.50 (C1), 76.30 (C3), 73.98 (CH-propyl), 73.31 (C2), 69.38
(C4), 65.83 (C5), 47.99, 47.10 (CH2-propyl); IR (KBr disk): ñ = 3300
(br) (n(NH2), n(OH)), 2033 (vs), 1902 (vs), 1871 (vs) (n(fac-Re(CO)3)),
1585 cm�1 (d(NH2)); ES-MS: m/z (%): 595 (20) [M+Na]+ , 492 (50)
[M�Br]+, 361 (100) [M�Br�C5H8O4]


+ ; LM=108 W�1 cm2mol�1 (1:1 elec-
trolyte); elemental analysis calcd (%) for C11H18BrN2O8Re·H2O: C 22.38,
H 3.41, N 4.74; found: C 22.19, H 3.74, 4.76; crystal data:
C11H18BrN2O8Re·CH3OH, Mr=604.43 gmol�1, monoclinic (0.25V0.15V
0.03 mm), C2 (no. 5), a=15.142(1), b=6.4896(5), c=20.026(2) U, a=


90.0, b=104.814(4), g=90.08, V=1902.5(3) U3, Z=4, 1=2.110 gcm�3,
T=173.0 K, m(MoKa)=85.33 cm�1, absorption correction via multi-scan
technique, 2q max=55.68, 28862 reflections, 4313 unique, 4147 with I=
2s(I), Rint=0.034, mean s(I)/I=0.0227, R1(all data)=0.026, wR2=0.062,
S=1.06, max/min residual electron density: 1.20/�0.85 e�U�3, shift/er-
rormax=0.00.


(1,3-Diamino-kN,kN’-2-propyl a-d-mannopyranosyl)tricarbonylrhenium-
bromide [Re(L3)Br(CO)3]: The title compound [Re(L3)Br(CO)3]
(0.054 g, 50%) was prepared from [NEt4]2[ReBr3(CO)3] (0.144 g,
0.187 mmol) and L3 (0.047 g, 0.187 mmol) by a procedure analogous to
that described for [Re(L1)Br(CO)3].


1H NMR ([D6]DMSO/D2O,
400.13 MHz): d = 5.23 (m, 2H; 2VNH), 4.77 (d, 3J1,2=1.5 Hz, 1H; H-1),
4.08 (m, 1H; CH-propyl), 3.69 (dd, 3J1,2=1.5, 3J2,3=3.9 Hz, 1H; H-2),
3.60 (m, 2H; H-3, H-6a), 3.40 (m, 2H; CH2-propyl (Ha, Ha’)), 3.35 (m,
4H; H-4, H-5, H-6b, NH), 2.63 (m, 3H; NH, CH2-propyl (Hb, Hb’));
13C{1H} NMR ([D6]DMSO, 100.62 MHz): d = 195.50, 195.39, 192.91 (fac-
Re(CO)3), 98.63 (C1), 74.84 (C4/C5), 70.73 (CH-propyl), 70.29 (C3),
70.25 (C2), 67.00 (C4/C5), 61.21 (C6), 47.74, 45.40 (CH2-propyl); IR
(KBr disk): ñ = 3300 (br) (n(NH2), n(OH)), 2029 (vs), 1924 (vs), 1863
(vs) (n(fac-Re(CO)3)), 1582 cm�1 (d(NH2)); ES-MS: m/z (%): 625 (20)
[M+Na]+ , 523 (40) [M�Br]+ , 361 (100) [M�Br�C6H10O5]


+ ; LM=


94 W�1 cm2mol�1 (1:1 electrolyte); elemental analysis calcd (%) for
C12H20BrN2O9Re: C 23.93 H 3.35, N 4.65; found: C 23.95, H 3.59, N 4.57;
crystal data: C12H21BrN2O9.5Re, Mr=611.41 gmol�1, triclinic (0.25V0.07V
0.03 mm), P1 (no. 1), a=6.6037(7), b=7.8941(9), c=18.899(2) U, a=


93.946(5), b=95.075(5), g=111.779(5)8, V=905.8(2) U3, Z=2, 1=


2.242 gcm�3, T=173.0 K, m(MoKa)=89.64 cm�1, absorption correction via
multi-scan technique, 2q max=55.88, 22644 reflections, 7894 unique, 7438
with I=2s(I), Rint=0.028, mean s(I)/I=0.0319, C- and N-bonded H-
atoms fixed at idealized positions (0.92 U bond length), R1(all data)=
0.024, wR2=0.062, S=1.10, max/min�1 residual electron density: 1.27/
�0.76 e�U�3, shift/errormax=0.00.
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(1,3-Diamino-kN,kN’-2-propyl a-d-galactopyranosyl)tricarbonylrhenium-
bromide [Re(L4)Br(CO)3]: The title compound [Re(L4)Br(CO)3]
(0.037 g, 51%) was prepared from [NEt4]2[ReBr3(CO)3] (0.093 g,
0.121 mmol) and L4 (0.030 g, 0.121 mmol) by a procedure analogous to
that described for [Re(L1)Br(CO)3].


1H NMR ([D6]DMSO/D2O,
400.13 MHz): d = 5.53 (d, 2JNH,NH=11.2, 1H; NH), 5.35 (d, 2JNH,NH=


11.4 Hz, 1H; NH), 4.81 (d, 3J1,2=3.9 Hz, 1H; H-1), 4.00 (m, 1H; CH-
propyl), 3.78 (dd, 3J5,6a=6.0 Hz, 3J5,6b=6.0 Hz, 1H; H-5), 3.68 (m, 1H; H-
4), 3.64 (dd, 3J3,4=3.2 Hz, 3J2,3=11.2 Hz, 1H; H-3), 3.51 (dd, 3J1,2=3.9 Hz,
3J2,3=11.2 Hz. 1H; H-2), 3.54 (dd, 3J5,6a=6.0 Hz, 2J6a,6b=12.4 Hz, 1H; H-
6a), 3.49 (dd, 3J5,6b=6.0 Hz, 2J6a,6b=12.4 Hz, 1H; H-6b), 3.40 (m, 2H;
CH2-propyl (Ha, Ha’)), 3.16 (m, 1H; NH), 2.70 (m, 2H; CH2-propyl (Hb,
Hb’)), 2.59 (m, 1H; NH); 13C{1H} NMR ([D6]DMSO/D2O, 100.62 MHz):
d = 195.50, 195.36, 193.03 (fac-Re(CO)3), 99.69 (C1), 73.24 (CH-propyl),
72.27 (C5), 69.49, 68.93 (C3/C4), 68.27 (C2), 60.80 (C6), 47.88, 46.43
(CH2-propyl); IR (KBr disk): ñ= 3350 (br) (n(NH2), n(OH)), 2023 (vs),
1879 (vs, br) (n(fac-Re(CO)3)), 1581 cm


�1 (d(NH2)); ES-MS: m/z (%):
625 (50) [M+Na]+ , 523 (60) [M�Br]+ , 361 (100) [M�Br�C6H10O5]


+ ;
LM=100 W�1 cm2mol�1 (1:1 electrolyte); elemental analysis calcd (%) for
C12H20BrN2O9Re: C 23.93, H 3.35, N 4.65; found: C 23.99, H 3.50, N
4.71.


(1,3-Diamino-kN,kN’-2-propyl b-d-galactopyranosyl)tricarbonylrhenium-
bromide [Re(L5)Br(CO)3]: The title compound [Re(L5)Br(CO)3]
(0.033 g, 49%) was prepared from [NEt4]2[ReBr3(CO)3] (0.086 g,
0.112 mmol) and L5 (0.028 g, 0.112 mmol) by a procedure analogous to
that described for [Re(L1)Br(CO)3].


1H NMR ([D6]DMSO/D2O,
300.13 MHz): d = 5.49 (d, 2JNH,NH=10.5 Hz, 1H; NH), 5.41 (d, 2JNH,NH=


11.1 Hz, 1H; NH), 4.24 (d, 3J1,2=7.2 Hz, 1H; H-1), 4.10 (m, 1H; CH-
propyl), 3.66 (d, 3J3,4=3.3 Hz, 1H; H-4), 3.56 (m, 2H; H-6a, H-6b), 3.40
(m, 5H; H-2, H-3, H-5, CH2-propyl (Ha, Ha’)), 3.11 (m, 1H; NH), 2.91
(m, 3H; NH, CH2-propyl (Hb, Hb’)); 13C{1H} NMR ([D6]DMSO/D2O,
75.48 MHz): d = 195.51, 195.39, 192.95 (fac-Re(CO)3), 103.11 (C1), 75.40
(C5), 73.61 (C3), 73.19 (CH-propyl), 70.53 (C2), 67.89 (C4), 60.35 (C6),
48.19, 46.97 (CH2-propyl); IR (KBr disk): ñ = 3350 (br) (n(NH2),
n(OH)), 2023 (vs), 1908 (vs), 1877 (sh) (n(fac-Re(CO)3)), 1582 cm�1


(d(NH2)); ES-MS: m/z (%): 625 (10) [M+Na]+ , 523 (20) [M�Br]+ , 361
(100) [M�Br�C6H10O5]


+ ; LM=110 W�1 cm2mol�1 (1:1 electrolyte); ele-
mental analysis calcd (%) for C12H20BrN2O9Re: C 23.93, H 3.35, N 4.65;
found: C 24.39, H 3.59, N 4.39.


(1,3-Diamino-kN,kN’-2-propyl b-(a-d-glucopyranosyl-(1,4)-d-glucopyra-
nosyl)tricarbonylrheniumbromide [Re(L6)Br(CO)3]: A solution of [NE-
t4]2[ReBr3(CO)3] (0.060 g, 0.078 mmol) and L6 (0.032 g, 0.078 mmol) in
MeOH (10 mL) was heated to reflux for 6 h. The solvent was then re-
moved in vacuo and the residue purified by silica gel chromatography
(EtOAc/MeOH 4:1) to afford the product as a white solid (0.040 g,
68%). 1H NMR ([D6]DMSO/D2O, 400.13 MHz): d = 5.27 (s, 1H; NH),
5.25 (s, 1H; NH), 5.02 (d, 3J1’,2’=3.5 Hz, 1H; H-1’), 4.31 (d, 3J1,2=7.7 Hz,
1H; H-1), 4.12 (s, 1H; CH-propyl), 3.68 (d, 2J6a,6b=11.6 Hz, 1H; H-6a),
3.59 (d, 2J6a’,6b’=9.6 Hz 1H; H-6a’), 3.41 (m, 6H; H-3, H-4, H-6b, H-6b’,
CH2-propyl (Ha, Ha’)), 3.33 (m, 1H; H-3’), 3.25 (m, 2H; H-4, H-5), 3.22
(dd, 3J1’,2’=3.5 Hz, 3J2’,3’=9.7 Hz, 1H; H-2’), 3.07 (m, 2H; H-2, H-5’), 2.94
(m, 1H; NH), 2.65 (m, 3H; NH, CH2-propyl (Hb, Hb’)); 13C{1H} NMR
([D6]DMSO/D2O, 100.62 MHz): d = 195.96, 193.41 (fac-Re(CO)3),
102.71 (C1), 101.09 (C1’), 79.59 (C4), 76.51 (C3), 75.66 (C5), 74.60 (CH-
propyl), 73.80 (C4’), 73.55 (C3’), 73.40 (C2), 72.65 (C2’), 70.22 (C5’),
61.26, 61.08 (C6/C6’) 48.61, 47.70 (CH2-propyl); IR (KBr disk): ñ = 3350
(br) (n(NH2), n(OH)), 2021 (vs), 1903 (vs), 1881 (vs) (n(fac-Re(CO)3)),
1582 cm�1 (d(NH2)); ES-MS: m/z (%): 787 (70) [M+Na]+ , 685 (70)
[M�Br]+, 361 (100) [M�Br�C12H20O10]


+ ; LM=150 W�1 cm2mol�1 (1:1
electrolyte); elemental analysis calcd (%) for C18H30BrN2O14Re: C 28.28,
H 3.95, N 3.66; found: C 28.38, H 4.17, N 3.26.


(Bis(aminomethyl-kN,kN’)bis[(b-d-glucopyranosyloxy)methyl]methane)
tricarbonylrheniumbromide [Re(L7)Br(CO)3]: The title compound [Re-
(L7)Br(CO)3] (0.030 g, 45%) was prepared from [NEt4]2[ReBr3(CO)3]
(0.064 g, 0.083 mmol) and L7 (0.038 g, 0.083 mmol) by a procedure analo-
gous to that described for [Re(L6)Br(CO)3].


1H NMR ([D6]DMSO/D2O,
400.13 MHz): d = 5.24 (m, 2H; NH), 4.14 (d, 3J1,2=7.6 Hz; H-1), 4.11 (d,
3J1’,2’=7.6 Hz; H-1’), 3.77 (d, 2Jlink=10.0 Hz, 1H; CH2-link), 3.67 (m, 2H;


H-6a, H-6a’), 3.58 (d, 2Jlink’=9.8 Hz, 1H; CH2-link’), 3.53 (d, 2Jlink=
10.0 Hz, 1H; CH2-link), 3.45 (m, 2H; H-6b, H-6b’), 3.31 (d, 2Jlink’=
9.8 Hz, 1H; CH2-link’), 3.13 (m, 11H; C-2, C-2’, C-3, C-3’, C-4, C-4’, C-5,
C-5’, NH, CH2-propyl (Ha, Ha’)), 3.02 (m, 1H; NH), 2.66 (m, 2H; CH2-
propyl (Hb, Hb’)); 13C{1H} NMR ([D6]DMSO/D2O, 100.62 MHz): d =


195.91, 192.97 (fac-Re(CO)3), 103.84 (C1), 103.61 (C1’), 77.27, 77.26,
77.08, 76.94 (C3/C3’/C5/C5’), 73.69, 73.40 (C2/C2’), 72.42 (CH2-link’),
71.34 (CH2-link), 70.36, 70.21 (C4/C4’), 61.39, 61.27 (C6/C6’), 47.33, 47.18
(CH2-propyl), 42.12 (C-quarternary); IR (KBr disk): ñ = 3350 (br)
(n(NH2), n(OH)), 2023 (vs), 1898 (vs, br) (n(fac-Re(CO)3)), 1582 cm�1


(d(NH2)); ES-MS: m/z (%): 831 (10) [M+Na]+ , 729 (60) [M�Br]+ , 567
(50) [M�Br�C6H10O5]


+ , 405 (100) [M�BrC12H20O10]
+ ; LM=


140 W�1 cm2mol�1 (1:1 electrolyte); elemental analysis calcd (%) for
C20H35BrN2O15Re·H2O: C 29.03, H 4.51, N 3.38; found: C 28.83, H 4.13,
N 3.11.
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Molecular and Electronic Structure of Four- and Five-Coordinate Cobalt
Complexes Containing Two o-Phenylenediamine- or Two o-Aminophenol-
Type Ligands at Various Oxidation Levels: An Experimental, Density
Functional, and Correlated ab initio Study**


Eckhard Bill, Eberhard Bothe, Phalguni Chaudhuri, Krzysztof Chlopek, Diran Herebian,
Swarnalatha Kokatam, Kallol Ray, Thomas Weyherm.ller, Frank Neese,* and
Karl Wieghardt*[a]


Introduction


In 1966 Balch and Holm[1] reported that the reaction of o-
phenylenediamine with CoCl2·6H2O (or [Co(CH3CO2)2]·
4H2O


[2]) in the ratio 2:1 in an aqueous ammonia affords, in
the presence of air, a deep violet precipitate of
[Co{C6H4(NH)2}2], which we will abbreviate here as
[Co(1LN)2] according to Scheme 1. The room-temperature
crystal structure of this complex was reported by Peng
et al.[3] in 1985 (see Figure 1). The neutral, mononuclear
complex is square planar; it is paramagnetic and possesses
an S= 1=2 ground state as was established by its X-band EPR
spectrum and magnetochemistry.[1]


In the above reports[1–3] the authors have suggested that
both organic ligands are identical and that they are mono-


[a] Dr. E. Bill, Dr. E. Bothe, Prof. Dr. P. Chaudhuri, K. Chlopek,
Dr. D. Herebian, S. Kokatam, K. Ray, Dr. T. Weyherm?ller,
Dr. F. Neese, Prof. Dr. K. Wieghardt
Max-Planck-Institut f?r Bioanorganische Chemie
Stiftstrasse 34–36, 45470 M?lheim an der Ruhr (Germany)
Fax: (+49)208-306-3952
E-mail : wieghardt@mpi-muelheim.mpg.de


[**] In this paper we use the following ligand abbreviations: the aromatic
dianion, a diiminophenolate(2�), [C6H4(NH)2]


2� is (1LIP
N )2� ; its p radi-


cal monoanion, a diiminosemiquinonate(1�), [C6H4(NH)2]C� is
(1LISQ


N )1�, and the neutral, diamagnetic diiminobenzoquinone form
[C6H4(NH)2]


0 is (1LIBQ
N )0. In cases in which the oxidation level of the


ligand is not established or of relevance but its chemical composition
is [C6H4(NH)2] we will use the abbreviation (1LN). The o-aminophe-
nolato complexes (XLO) are analoguously abbreviated. See also
Scheme 1.


Abstract: The bidentate ligands N-
phenyl-o-phenylenediamine, H2(


2LIP
N ),


or its analogue 2-(2-trifluoromethyl)-
anilino-4,6-di-tert-butylphenol, (4LIP


O),
react with [CoII(CH3CO2)2]·4H2O and
triethylamine in acetonitrile in the
presence of air yielding the square-
planar, four-coordinate species
[Co(2LN)2] (1) and [Co(4LO)2] (4) with
an S= 1=2 ground state. The correspond-
ing nickel complexes [Ni(4LO)2] (8) and
its cobaltocene reduced form
[CoIII(Cp)2][Ni(4LO)2] (9) have also
been synthesized. The five-coordinate
species [Co(2LN)2(tBu-py)] (2) (S= 1=2)
and its one-electron oxidized forms
[Co(2LN)2(tBu-py)](O2CCH3) (2a) or
[Co(2LN)2I] (3) with diamagnetic
ground states (S=0) have been pre-
pared, as has the species [Co-
(4LO)2(CH2CN)] (7). The one-electron


reduced form of 4, namely [Co(Cp)2]
[Co(4LO)2] (5) has been generated
through the reduction of 4 with
[Co(Cp)2]. Complexes 1, 2, 2a, 3, 4, 5,
7, 8, and 9 have been characterized by
X-ray crystallography (100 K). The li-
gands are non-innocent and may exist
as catecholate-like dianions (2LIP


N )2�,
(4LIP


O)2� or p-radical semiquinonate
monoanions (2LISQ


N )C� , (4LISQ
O )C� or as


neutral benzoquinones (2LIBQ
N )0,


(4LIBQ
O )0; the spectroscopic oxidation


states of the central metal ions vary ac-
cordingly. Electronic absorption, mag-
netic circular dichroism, and EPR spec-
troscopy, as well as variable tempera-


ture magnetic susceptibility measure-
ments have been used to experimental-
ly determine the electronic structures
of these complexes. Density functional
theoretical (DFT) and correlated ab
initio calculation have been performed
on the neutral and monoanionic spe-
cies [Co(1LN)2]


0,� in order to under-
stand the structural and spectroscopic
properties of complexes. It is shown
that the corresponding nickel com-
plexes 8 and 9 contain a low-spin nick-
el(ii) ion regardless of the oxidation
level of the ligand, whereas for the cor-
responding cobalt complexes the situa-
tion is more complicated. Spectroscopic
oxidation states describing a d6 (CoIII)
or d7 (CoII) electron configuration
cannot be unambiguously assigned.


Keywords: ab initio calculations ·
cobalt · density functional calcula-
tions · nickel · radical ions
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anionic p radicals (Srad=
1=2) of the diiminobenzosemiquino-


nate(1�) type and that, therefore, the central cobalt ion pos-
sesses a + II oxidation state (low spin d7, SCo=


1=2). In this
model the spins of the ligand p radicals are assumed to be
strongly intramolecularly antiferromagnetically coupled.[3]


We note that Balch and Holm suggested a different
model. Using a valence-bond picture, they suggested a cen-
tral low-spin cobalt(ii) ion (S= 1=2) coordinated to two closed
shell [C6H4(NH)2]


n� ligands, which they formulated as two
resonance hybrids between an aromatic dianion (1LIP


N )2� and
its neutral diiminobenzoquinone form (1LIBQ


N )0:
[CoII(1LIBQ


N )(1LIP
N )]Q[CoII(1LIP


N )(1LIBQ
N )]. These conclusions ap-


peared to be bolstered by the fact that 1) the corresponding


highly colored, isostructural but diamagnetic complexes of
NiII, PdII, and PtII, namely [M(C6H4(NH)2)2], had also been
prepared,[1] and that 2) square planar complexes of CoII with
redox innocent ligands such as acetylacetonate(1�),
(acac)[1–4] or (salen)[2–5] are known; they also possess an
S= 1=2 ground state.[6]


Even more persuasive was the observation that it is possi-
ble to oxidize [Co(C6H4(NH)2)2] with air or iodine in the
presence of coordinating (solvent) molecules (or anions)
such as pyridine (py) or phosphines or simple halide anions
(Cl� , Br� , I�) affording diamagnetic, five-coordinate spe-
cies:[1–3] [CoIII(C6H4(NH)2)2X] (X=Cl;[2,3] I,[1,2] SCN� ,[2]


[CoIII(C6H4(NH)2)2(PPh3)]PF6,
[2,7] and [CoIII(C6H4(NH)2)2-


(py)]Cl.[8] These have in part been characterized by X-ray
crystallography (Figure 1) at ambient temperature. The pro-
posed bonding picture requires then the presence of two p


radical monoanions, (1LISQ
N )C� and an additional apical anion,


X, in cases in which five-coordinate neutral species are gen-
erated or a neutral apical ligand when monocationic species
are formed. In both instances the central cobalt(iii) ion pos-
sesses an SCo=0 ground state. Thus, on going from the four-
coordinate to these five-coordinate species an oxidation of
the central cobalt(ii) to cobalt(iii) is believed to occur.


It has been observed that in these diamagnetic square-
base pyramidal complexes of low-spin cobalt(iii) the mono-
anionic ligands [C6H4(NH)2]C� exhibit geometrical features
that are readily ascribed to o-diiminosemiquinonate(1�) p


radicals:[9] the average C�N bond length is in the range
1.34�0.01 M irrespective of the nature of the fifth apical
ligand. Furthermore, the six-membered rings display typical
quinoid type distortions with two alternating short C�C dis-
tances and four longer ones.


It is therefore quite surprising that the geometrical fea-
tures of the two ligands apparently differ slightly in the
four- and five-coordinate species (Figure 1). The C�N bonds
are longer in the four than in the five-coordinate species
(Figure 1). We note that the quality of the reported struc-
ture determinations at room temperature is not satisfactory.
The average experimental error of a given C�C or C�N
bond length is ~�0.03 M (�3s), which does not allow to
safely assign an oxidation level of the ligands in the four-co-
ordinate species. Thus, the previous authors have not been
able to distinguish experimentally between the two different
electronic structures A and B shown in Scheme 2 for the
four-coordinate species. The difference between A and B is
that A has two ligand p radicals and a central CoII ion
(SCo=


1=2), whereas B may be described as a species contain-
ing a dianionic ligand, (1LIP


N )2�, and a single p radical mono-
anion, (1LISQ


N )1�, as well as a CoIII ion in a square-planar
ligand field (SCo=1). The ligand mixed valency in B may
then be delocalized (class III) ensuring the observed struc-
tural equivalency of the two ligands on the time scale of an
X-ray diffraction experiment. Model B would explain the
longer C�N distances as a consequence of the presence of
an aromatic dianion and a monoanionic p radical. In fact,
one would expect the C�C and C�N distances to be the
arithmetic average of the corresponding distances in the


Scheme 1.


Figure 1. Schematic structures with bond lengths in M of square-planar
[Co(1LN)2]


0 from reference [3] (top) and square-base pyramidal
[CoIII(1L)2Cl] from reference [3] (bottom). The experimental errors from
the room-temperature crystal structures are ~�0.03 M (�3s) for the
former and �0.015 M for the latter.
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mono- and dianion, (1LISQ
N )1� and (1LIP


N )2�, as shown in
Scheme 3. These data are quite close to the observed values
of [Co(1LN)2] from reference [3] (Figure 1) and seem to indi-


cate a charge distribution of this species as in
[CoIII(1LIP


N )(1LISQ
N )] with charge delocalization over both li-


gands. The cobalt(iii) ion should possess an SCo=1 ground
state as is readily deduced from ligand-field theoretical con-
siderations (d6 in a square planar field). Intramolecular anti-
ferromagnetic coupling between the spins of the CoIII ion
and one ligand radical yields then the observed St=


1=2
ground state.


In order to clarify this ambiguity we have synthesized a
series of three cobalt complexes with the ligand N-phenyl-o-
phenylenediamine, H2(


2LIP
N ). In addition, we have performed


DFT and correlated ab initio theoretical calculations on neu-
tral [Co(1LN)2] and its monoanion. The structure of the
monocationic complex in cis-[CoIII(2LISQ


N )2(py)]CH3CO2·H2O
has been reported by Peng et al.[10] and is shown in Figure 2.
We have structurally characterized the four-coordinate spe-
cies [Co(2LN)2] (1), its neutral five coordinate pyridine deriv-
ative trans-[Co(2LN)2(tBu-py)]0 (2), and its one-electron oxi-
dized species cis-[Co(2LN)2(tBu-py)]CH3CO2 (2a) and also
the iodo complex trans-[Co(2LN)2I] (3).


Finally, we have used the bulky ligand 2-(2-trifluoro-
methyl)anilino-4,6-di-tert-butylphenol,[11–16] H2(


4LIP
O), shown


in Scheme 1 and prepared the neutral four coordinate spe-
cies [Co(4LO)2] (4), which is the exact analogue of 1. It has


been possible to prepare a salt of the monoanion
[Co(4LO)2]


� , namely [Co(Cp)2]
+[Co(4LO)2]


� (5), in which
Cp� is the cyclopentadienyl anion and [Co(Cp)2]


+ is the co-
baltocenium cation. Both 4 and 5 have been structurally
characterized. Oxidation of 4 with air in acetonitrile affords
[Co(4LO)2(CH2CN)] (7). The corresponding neutral species
[Co(4LO)2X] (X=Cl, I) have been described previously.[11]


These five-coordinate complexes possess a diamagnetic cen-
tral cobalt(iii) ion and two (4LISQ


O )C� radicals that are antifer-
romagnetically coupled yielding the observed S=0 ground
state. Octahedral [CoIII(3LISQ


O )3] (6) possesses an S= 2=3
ground state due to the presence of three orthogonally coor-
dinated (LISQ


O )C� p-radical monoanions.[15] Interestingly, it has
also been possible to synthesize the nickel(ii)-containing
complexes [NiII(4LISQ


O )2] (8) and its monoanionic analogue
[Co(Cp)2][NiII(4LIP


O)(4LISQ
O )] (9). As we will show here, these


analogues of 4 and 5 possess different ligand oxidation
levels and, concomitantly, differing spectroscopic oxidation
states of the metal ions (possibly CoIII in 4 and 5, but cer-
tainly NiII in 8 and 9).


Throughout this paper we carefully differentiate between
formal[17] and spectroscopic (or physical)[18] oxidation states
as C. K. Jçrgensen proposed in 1968. A formal oxidation
state of a metal ion in a given coordination compound is a
non-measurable, physically meaningless, usually integral
number that is derived by heterolytic removal of all ligands
in their closed-shell electron configuration, whereas a spec-
troscopic oxidation state is derived from the actual (often
observable) dn electron configuration of the metal ion in a
given complex. For example, the spectroscopic oxidation
state of the metal ion of a metalloprotein containing a single
iron ion may be + III, since its high- or low-spin d5 electron


Scheme 2.


Scheme 3.


Figure 2. Schematic structures of diamagnetic five-coordinate monocation
of cis-[CoIII(2L)2(py)]CH3CO2·H2O


[10] (top) and of trans-[CoIII(2L)2I] (3)
of this work (bottom); the experimental error (3s) is �0.01 M for the
C�C, C�N distances of the former and the latter species.
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configuration has been determined spectroscopically as such
without even knowing what the ligands are (the formal oxi-
dation state cannot be determined at this point). If redox-
active, non-innocent[18] ligands are involved the formal and
spectroscopic oxidation states cannot be identical.[12]


Experimental Section


The ligand H2(
2LIP


N ) is commercially available (Aldrich).


2-(2-Trifluoromethyl)anilino-4,6-di-tert-butylphenol, H2(
4LIPO ): 3,5-Di-tert-


butylcatechol (11.1 g; 50 mmol) and 2-trifluoromethylaniline (50 mmol)
were dissolved in n-heptane (60 mL) containing NEt3 (0.5 mL). The so-
lution was heated to reflux for 3 h in the presence of air. The volume of
the colored reaction solution was reduced to ~30 mL by rotary evapora-
tion of the solvent, whereupon a white precipitate formed that was col-
lected by filtration and washed with a small amount of n-hexane. Yield:
7.6 g (43%); EI MS: m/z (%): 365 (100) [M+], 350 (28) [M+�CH3]; ele-
mental analysis calcd (%) for C21H26NOF3: C 69.10, H 7.18, N 3.83;
found: C 69.2, H 7.3, N 3.7.


trans-[Co(2LN)2] (1): [Co(CH3CO2)2]·4H2O (0.25 g; 1.0 mmol) and NEt3
(1 mL) was added to a solution of the ligand H2(


2LIP
N ) (0.37 g; 2.0 mmol)


in CH3CN (10 mL). The mixture was stirred at 20 8C in the presence of
air for 2 h. A deep violet microcrystalline precipitate formed that was
collected by filtration, washed twice with cold CH3CN (5 mL) and dried
in vacuo. X-ray quality crystals were grown by slow evaporation of the
solvent of a solution of 1 in toluene under strictly anaerobic conditions.
Yield: 0.34 g (81%); EI MS: m/z : 423 [M+]; IR (KBr): ñ=3335,
3347 cm�1 (NH); elemental analysis calcd (%) for C24H20N4Co: C 68.09,
H 4.76, N 13.23; found: C 68.2, H 4.9, N, 13.2.


trans-[Co(2LN)2(tBu-py)] (2): A fiftyfold excess of 4-tert-butylpyridine
(28.4 mmol) was added to a stirred dark blue solution of 1 (0.24 g;
0.57 mmol) in dry toluene (7 mL) under an Ar blanketing atmosphere.
After 24 h of stirring at 20 8C the solution was filtered. The resulting so-
lution was allowed to stand under Ar for four months at 20 8C. Dark
blue-black crystals formed that were collected by filtration. Yield: 31 mg
(10%); elemental analysis calcd (%) for C33H33N5Co: C 70.96, H 5.95, N
12.54, Co 10.55; found: C 70.8, H 5.9, N 12.5, Co 10.3.


cis-[Co(2LN)2(tBu-py)]CH3CO2 (2a): The compound has been prepared
according to the published procedure for [Co(2LN)2(py)]CH3CO2·H2O.[10]


Single crystals of 2a suitable for X-ray analysis were grown from a so-
lution of 2a in 4-tert-butylpyridine into which diethyl ether was allowed
to diffuse. ESI MS (pos. ion, CH2Cl2): m/z : 558 [M+]; IR (KBr): ñ=


3316 cm�1 (N�H); 1H NMR (300 K, CD2Cl2, 400 MHz): d=1.27 (s, 9H;
tert-butyl), 1.62 (s, 3H; CH3CO2), 7.34–7.66 (m, 22H), 10.53 ppm (br s,
2H; (N�H···O)); elemental analysis calcd (%) for C35H36N5O2Co: C
68.06, H 5.87, N 11.34, Co 9.54; found: C 67.9, H 5.9, N 11.3, Co 9.6.


trans-[Co(2LN)2I] (3): This complex was prepared from a mixture of
aqueous NH3 (25%; 0.5 mL), the ligand H2(


2LIP
N ) (0.18 g; 2.0 mmol) and


CH3CN (10 mL) to which a solution of CoI2 (0.16 g; 0.5 mmol) dissolved
in H2O (5 mL) was added. The resulting solution was stirred in the pres-
ence of air for 3 h at 70 8C. A dark blue precipitate formed that was col-
lected by filtration. Single crystals suitable for X-ray crystallography
were grown from a solution of 3 in THF into which diethyl ether was al-
lowed to slowly diffuse. Yield: 0.37 g (67%); MS (EI): m/z : 550 [M+]; IR
(KBr): ñ=3331, 3316 cm�1 (NH); 1H NMR (300 K, CD2Cl2, 250 MHz):
d=7.10–7.24 (m, 4H), 7.43–7.53 (m, 2H), 7.60–7.64 (m, 2H), 8.11–8.13
(m, 1H), 10.01 ppm (br s, 1H); 13C(1H) NMR (63 MHz, CD2Cl2, 300 K):
d=119.64, 121.62, 124.60, 125.58, 125.62, 127.29, 127.72, 129.48, 130.19,
151.47, 165.28, 166.19 ppm; elemental analysis calcd (%) for
C24H20N4CoI: C 52.38, H 3.66, N 10.18, Co 10.71, I 23.06; found: C 52.46,
H 3.58, N 10.12, Co 10.55, I 23.19.


[Co(4LO)2] (4): The ligand H2(
4LIP


O) (2.19 g; 6 mmol) and Co(ClO4)2·6H2O
(0.73 g; 2.0 mmol) were added to a deaerated solution of methanol
(50 mL) and NEt3 (0.8 mL). The solution was heated to reflux for 1 h and
then stirred at 20 8C in the presence of air for 2 h. A deep blue precipi-


tate formed that was collected by filtration. Recrystallization from a
CH2Cl2/CH3OH (1:1) mixture afforded single crystals suitable for X-ray
crystallography. Yield: 0.81 g (54%); EI MS: m/z (%): 785 (100) [M+];
elemental analysis calcd (%) for C42H48N2O2F6Co: C 64.2, H 6.1, N 3.6,
Co 7.5; found: C 64.0, H 5.9, N 3.4, Co 7.6.


[(Cp)2Co
III][Co(4LO)2]·2CH3CN (5): [Co(Cp)2] (0.19 g; 1.0 mmol) was


added to a deaerated solution of 4 (0.79 g; 1.0 mmol) in CH2Cl2 (15 mL)
under an Ar blanketing atmosphere. After stirring for 1 h a purple pre-
cipitate was filtered off and recrystallized from a CH3CN/diethyl ether
mixture (1:1). Single crystals of 5 suitable for X-ray crystallography were
obtained in this fashion. Yield: 0.32 g (30%); electrospray MS (CH2Cl2)
(pos. ion mode): m/z (%): 189 (100) [CpCo+]; MS (neg. ion mode): m/z :
785 [Co(4LO)2


�]; elemental analysis calcd (%) for C56H64N4F6O2Co2: C
63.69, H 6.10, N 5.30, Co 11.17; found: C 63.5, H 6.0, N 4.9, Co 10.9.


[CoIII(3LISQO )3] (6): This complex has been prepared as described in refer-
ence [15].


[CoIII(4LISQO )2(CH2CN)] (7): Solid Co(ClO4)2·6H2O (0.5 mmol) was added
to a deaerated solution of NEt3 (0.2 mL) and the ligand H2(


3LIP)
(1.5 mmol) in CH3CN (30 mL) under an argon atmosphere. Then the so-
lution was heated to reflux of 30 min. On cooling in the presence of air,
X-ray quality black crystals of 7 precipitated. Yield: 0.25 g (60%); IR
(KBr): ñ=2193 cm�1 (C�N); ESI MS (pos. ion; CH2Cl2): m/z (%): 785
(100) [M+�CH2CN]; elemental analysis calcd (%) for C44H50F6N3O2Co:
C 64.00, H 6.10, N 5.09, Co 7.14; found: C 64.0, H 6.0, N 5.1, Co 7.3.


[Ni(4LISQO )2] (8): This diamagnetic complex has been prepared as de-
scribed for complexes 4a or 4b in reference [12] by using the ligand
H2(


4LIP
O). The complex has been characterized by single-crystal X-ray


crystallography (see below) for the purpose of comparison of the ligand
geometrical features with those of 4 of this work. EI MS: m/z : 784 [M+


�H]; elemental analysis calcd (%) for C42H48N2O2F6Ni: C 64.33, H 6.17,
N 3.57, Ni 7.39; found: C 64.4, H 6.2, N 3.5, Ni 7.3.


[Co(Cp)2][Ni(
4LO)2] (9): Cobaltocene (0.19 g; 1.0 mmol) was added to a


degassed solution of 8 (0.79 g; 1.0 mmol) in CH2Cl2 (15 mL) under an
argon blanketing atmosphere. After stirring for 3 h at 20 8C a green pre-
cipitate was obtained by filtration. Yield: 0.67 g (69%); ESI MS (CH2Cl2,
pos. ion): m/z (%): 189.2 (100) [CoCp2


+]; MS (neg. ion): m/z : 784.6
[Ni(4LO)2


�]; elemental analysis calcd (%) for C52H58N2O2F6CoNi: C
64.20, H 6.0, N 2.88, Ni 6.0, Co 6.0; found: C 64.0, H 5.9, N 3.0, Ni 6.0,
Co 6.1.


X-ray crystallographic data collection and refinement of the structures :
A dark red single crystal of 1, a dark brown crystal of 5, and black crys-
tals of 2, 2a, 3, 4, 8, 8a, 8b, 8c, and 9 were coated with perfluoropolyeth-
er and mounted in the nitrogen cold stream of a Nonius Kappa-CCD dif-
fractometer equipped with a Mo-target rotating-anode X-ray source and
a graphite monochromator (MoKa, l=0.71073 M). All measurements
were recorded at a temperature of 100(2) K. A dark red crystal of 7 was
treated the same way, but was mounted on a Siemens SMART diffrac-
tometer system equipped with a Cu fine focus tube (CuKa, l=1.54178 M).
Final cell constants were obtained from least-squares fits of subsets of
several thousand strong reflections. Crystal faces of 1, 3, 4, 5, 8, 8a, 8b,
and 8c were determined and the corresponding intensity data were cor-
rected for absorption using the Gaussian-type routine embedded in
XPREP.[19] Data set of 7 was corrected for absorption using the program
SADABS.[20] The Siemens SHELXTL[19] software package was used for
solution and artwork of the structure, SHELXL97[21] was used for the re-
finement. The structures were readily solved by direct and Patterson
methods and subsequent difference Fourier techniques. All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms attached to carbon
atoms were placed at calculated positions and refined as riding atoms
with isotropic displacement parameters. Crystallographic data of the
compounds are listed in Table 1. Further details are available from the
Cambridge Crystallographic Data Centre. The crystals of 8a, 8b, and 8c
represent polymorphs of 8 that have been obtained on various occasions.
These results are given in the supplementary crystallographic data only.
They will not be discussed in the text.


CCDC-243458–243468 contains the supplementary crystallographic data
for complexes 1, 2, 2a, 3, 4, 5, 7, 8, 8a–c, whereas CCDC-243843 contains
the material for 9. These data can be obtained free of charge via
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www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge, CB2 1EZ, UK;
fax (+44)223–336–033; or deposit@ccdc.cam.ac.uk).


Physical measurements : Electronic absorption spectra of complexes and
spectra from the spectroelectrochemical measurements were recorded on
HP 8452 A diode array spectrophotometer (range: 200–1700 nm). Cyclic
voltammograms and coulometric electrochemical experiments were per-
formed with an EG&G potentiostat/galvanostat. Temperature-dependent
(2–298 K) magnetization data were recorded with a SQUID magnetome-
ter (MPMS Quantum Design) in an external magnetic field of 1 T. The
experimental magnetic susceptibility data were corrected for underlying
diamagnetism by use of tabulated PascalTs constants. X-band EPR spec-
tra were recorded with a Bruker ESP 300 spectrometer. Magnetic circu-
lar dichroism spectra were obtained on a home built instrument consist-
ing of a JASCO J-715 spectropolarimeter and an Oxford Instruments
SPECTROMAG magnetocryostat (generating magnetic fields of up to
11 T). Spectra were taken for samples dissolved in butyronitrile, which
gave high-quality glasses suitable for optical spectroscopy at cryogenic
temperatures. Simultaneous gaussian resolution of absorption and mag-


netic circular dichroism (MCD) spectra were performed by using the
PeakFit program and C/D ratios were calculated by using Equation (1).


C
D


¼ kBT
mBB


R DeðnÞ
n dn


R eðnÞ
n dn


ð1Þ


Since we have determined the Gaussian fit from a spectrum recorded at
1.8 K and 5 T, the C/D ratio defined above was multiplied by a factor of
2.22 (determined from the appropriate S= 1=2 simulation) in order to ac-
count for partial saturation of the signal at low temperatures and high
magnetic fields.


Calculations : All calculations reported in this paper were done with the
program package ORCA.[22] All geometry optimizations were carried out
at the BP86 level[23, 24] of DFT. This functional has proved in many appli-
cations its ability to reliably predict structures of transition-metal com-
plexes. The all-electron Gaussian basis sets used were those reported by
the Ahlrichs group.[25] Accurate triple-z valence basis sets with one set of
polarization functions on the metal and nitrogen atoms were used
(TZV(P)).[25b] The carbon and hydrogen atoms were described by a


Table 1. Crystallographic data for 1, 2, 2a·H2O, 3 ·THF, 4, 5·2CH3CN, 7, 8, and 9·CH3CN


1 2 2a 3


formula C24H20CoN4 C33H33CoN5 C35H38CoN5O3 C28H28CoIN4O
Mr 423.37 558.57 635.63 622.37
space group P1̄ (No. 2) P1̄ (No. 2) P21/n (No. 14) P212121 (No. 19)
a [M] 9.6250(6) 10.207(2) 15.1278(8) 8.8007(3)
b [M] 10.3004(6) 10.862(2) 13.0595(6) 8.8335(3)
c [M] 11.5432(8) 13.285(3) 15.6260(8) 32.1615(12)
a [8] 74.17(1) 78.19(2) 90 90
b [8] 75.86(1) 79.88(2) 91.61(1) 90
g [8] 62.59(1) 74.70(2) 90 90
V [M3] 967.91(11) 1379.0(5) 3085.9(3) 2500.3(2)
Z 2 2 4 4
1calcd [gcm�3] 1.453 1.345 1.368 1.653
2qmax 56.6 50.00 55.00 60.94
reflns collected 20688 8481 51821 33248
unique reflns 4796 4827 7071 7522
observed reflns [I>2s(I)] 3878 4402 5420 6982
parameters/restraints 271/0 341/7 415/1 322/1
m(Ka) [cm�1] 9.04 6.54 6.00 19.50
R1[a]/GoF[b] 0.0349/1.034 0.1003/1.065 0.0555/1.057 0.0374/1.078
wR2[c] [I>2s(I)] 0.0745 0.2457 0.1149 0.0784
residual density [eM�3] +0.43/�0.34 +5.07/�0.92 +0.76/�0.44 +1.32/�0.68


4 5 7 8 9


formula C42H48CoF6N2O2 C56H64Co2F6N4O2 C44H50CoF6N3O2 C42H48F6N2NiO2 C54H61CoF6N3NiO2


Mr 785.75 1056.97 825.80 785.53 1015.70
space group P1̄ (No. 2) P1̄ (No. 2) C2/c (No. 15) P21/c (No. 14) P212121 (No. 19)
a [M] 17.0501(8) 12.3198(6) 20.068(2) 9.7701(6) 10.2271(4)
b [M] 17.3146(6) 13.5850(6) 12.8531(12) 13.8343(8) 20.4853(10)
c [M] 18.0229(8) 17.6577(9) 33.765(3) 15.2068(10) 23.6043(14)
a [8] 64.51(1) 93.31(1) 90 90 90
b [8] 85.16(1) 105.23(1) 106.45(1) 94.75(1) 90
g [8] 60.78(1) 110.58(1) 90 90 90
V [M3] 4137.9(13) 2632.4(2) 8352.7(14) 2048.3(2) 4945.2(4)
Z 4 2 8 2 4
1calcd [gcm�3] 1.261 1.333 1.313 1.274 1.364
2qmax 55.0 55.0 125.74 61.94 50.0
reflns collected 56392 35495 20233 23258 62008
unique reflns 18976 11968 6408 6485 8669
observed reflns [I>2s(I)] 14329 10003 5718 5488 6489
parameters/restraints 982/0 676/60 523/1 247/0 617/0
m(Ka) [cm�1] 4.77 6.96 37.84 5.37 7.82
R1[a]/GoF[b] 0.0561/1.030 0.0658/1.083 0.0760/1.214 0.0383/1.067 0.0491/1.035
wR2[c] [I>2s(I)] 0.1388 0.1796 0.1470 0.0892 0.0718
residual density [eM�3] +1.65/�0.54 +1.37/�1.32 +0.57/�0.48 +0.44/�0.37 +0.42/�0.31


[a] Observation criterion: I>2s(I). R1=� j jFo j� jFc j j /� jFo j . [b] Goodness of fit (GoF)= [�{w(F2
o�F2


c)
2}/(n�p)]1/2. [c] wR2= [�{w(Fo2�F2


c)
2}/


�{w(F2
o)


2}]1/2 in which w=1/s2(F2
o)+ (aP)2+bP and P= (F2


o+2F2
c)/3.
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slightly smaller polarized split-valence SV(P) basis sets that is of double-
z quality in the valence region and contains a polarizing set of d-func-
tions on the non-hydrogen atoms.[25a] The auxillary basis sets used to fit
the electron density were taken from the Turbomole library[26] and were
chosen to match the orbital basis. The SCF calculations were always of
the spin-polarized type and were tightly converged (10�7 Eh in energy,
10�6 Eh in the density change and 10�6 in maximum element of the
DIIS[27] error vector). Single-point calculations with the B3LYP function-
al[23,28, 29] were carried out at the optimized geometries. Ab initio calcula-
tions of the optical spectra were also undertaken with the ORCA pro-
gram and utilized the recently developed spectroscopy oriented configu-
ration interaction (SORCI) formalism.[30] In these calculations the TZVP
basis set was used on the central cobalt atom and the SV(P) basis set on
all other atoms. The selection threshold Tsel was 10�6 Eh. All other pa-
rameters were default values described in reference [30]. The lowest thir-
teen roots were calculated for the neutral species and the lowest fourteen
roots for the anion. The calculations were started with spin-restricted or-
bitals from BP86 DFT calculations. For the anion it turns out that the
highest occupied MOs are unbound and much too diffuse. Consequently,
we started the SORCI calculations for the anion from the orbitals of the
neutral species obtained at the optimized geometry of the anion. The ref-
erence space were CAS(11,8) for the neutral comlex and CAS(12,8) for
the anion. As described below this encompasses all important valence or-
bitals of both ligand and metal parentage.


Results


Syntheses and characterization : The reaction of the ligand
N-phenyl-o-phenylenediamine (H2(


2LIP
N )) and [CoII(CH3-


CO2)2]·4H2O in the ratio 2:1 in acetonitrile in the presence
of the base triethylamine and air affords deep violet micro-
crystals of trans-[Co(2LN)2] (1) in excellent yield. From varia-
ble-temperature measurements of the molar magnetic sus-
ceptibility it was established that 1 possesses an S= 1=2
ground state (meff (20–298 K)=1.9 mB). Complex 1 displays
two n(N�H) stretching frequencies at 3335 and 3347 cm�1


(KBr disk) in the infrared region.
From an anaerobic solution of 1 in toluene, to which an


excess of 4-tert-butylpyridine had been added under an
argon blanketing atmosphere, dark blue-black crystals of the
neutral adduct trans-[Co(2LN)2(tBu-py)] (2) were obtained.
In the infrared spectrum two n(N�H) modes are observed
at 3335 and 3346 cm�1. The temperature dependence of the
magnetic moment of 2 is shown in Figure 3. A model com-
prising temperature-independent paramagnetism of 250V
10�6 emu and a Weiss constant q of �3 K indicating weak in-
termolecular antiferromagnetic coupling, a giso value of 2.09,
and an S= 1=2 ground state was found to yield a satisfactory
fit of the data (meff (70–298 K): 1.85 mB).


When a mixture of the ligand H2(
2LIP


N ) and [CoII(CH3-
CO2)2] (2:1) was stirred in the presence of air in 4-tert-butyl-
pyridine deep blue, diamagnetic crystals of cis-[Co(2LN)2-
(tBu-py)]CH3CO2·H2O (2a) were obtained in good yield. The
material is formally the one-electron oxidation product of 2.
Previously, the complex cis-[CoIII(2LISQ


N )2(py)]CH3CO2·H2O
was structurally characterized at ambient temperature[10]


(Figure 2).
When a solution of CoI2 and the ligand H2(


2LIP
N ) (1:2) in


CH3CN, to which a solution of aqueous ammonia (25%)
had been added, was stirred at 70 8C in the presence of air a


dark blue precipitate of [Co(2LN)2I] (3) was obtained. This
material is also diamagnetic as was judged from its normal
1H NMR and 13C NMR spectra (Experimental Section). The
infrared spectrum (KBr disk) shows two n(N�H) modes at
3331 and 3316 cm�1.


By using the ligand 2-(2-trifluoromethyl)anilino-4,6-di-
tert-butylphenol, H2(


4LIP
O), as starting material for its reac-


tion with Co(ClO4)2·6H2O (2:1) in methanol and NEt3 in
the presence of air deep blue crystals of [Co(4LO)2] (4) were
obtained in good yield. In the temperature range 80–298 K,
complex 4 displays a temperature-independent magnetic
moment of 2.35 mB (g=2.43, cTIP=0.14V10�3 emu) which is
indicative of its S= 1=2 ground state.


When a deaerated solution of 4 in CH2Cl2 reacted with
one equivalent of the reductant cobaltocene, [Co(Cp)2],
under argon a purple precipitate of the salt [CoIII(Cp)2]
[Co(4LO)2] (5) was obtained. The bis(acetonitrile) salt
5·2CH3CN crystallized from CH3CN. The crystal structure
(see below) shows that the diamagnetic cobalticenium
cation, a [Co(4LO)2]


� ion, and two uncoordinated acetonitrile
molecules of crystallization are present. Figure 3 displays
the temperature dependence of the effective magnetic
moment of 5. A satisfactory model for the data has been ob-
tained by using the following fit parameters: S=1, D=


57 cm�1, and g=2.26. A very similar large zero-field splitting
parameter (D=32 cm�1) has been reported for a bis(benzo-
dithiolato)cobalt(iii) monoanion, which also has an S=1
ground state.[31] These results imply that the charge distribu-
tion in the monoanion is best described as [CoIII(4LIP


O)2]
� ,


whereby two closed-shell dianions, (4LIP
O)2�, are bound in a


square-planar fashion to a cobalt(iii) ion affording an SCo=1
ground state. A number of square-planar cobalt(iii) com-
plexes with an S=1 ground state containing innocent N,O-
donor ligands have been described in the literature.[32] These


Figure 3. Temperature dependence of the magnetic moment of solid 5
(top) and 2 (bottom). The solid lines represent best fits with parameters
for 5 : S=1; jD j=57 cm�1; g=2.25, and for 2 : S= 1=2, giso=2.09, cTIP=


250V10�6 emu; q=�3.0 K.
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complexes also display remarkably large zero-field splittings
(jD j>50 cm�1). This is in stark contrast to the previously
reported octahedral analogue [CoIII(3LISQ


O )3] (6), which pos-
sess an S= 2=3 ground state. This is typical for the presence
of three orthogonally coordinated o-iminobenzosemiquino-
nate(1�) radicals and a diamagnetic central cobalt(iii)
ion.[15]


Interestingly, when the above synthesis of 4 was carried
out in acetonitrile instead of methanol in the presence of
air, a different crystalline, deep blue-violet (black) product
was obtained, namely [CoIII(4LISQ


O )2(CH2CN)] (7). The com-
plex is diamagnetic (S=0). The compound contains a
carbon-coordinated ion (CH2CN)� . Some cobalt complexes
containing such a carbon-coordinated CH2CN� ion have
been described.[33]


We have also prepared the deep blue, neutral, diamagnet-
ic nickel(ii) complex [NiII(4LISQ


O )2] (8) in a completely analo-
gous fashion as described for [NiII(3LISQ


O )2] in reference [12].
The structure of 8 has been determined by X-ray crystallog-
raphy at 100 K (see below) in order to compare the dimen-
sions of the coordinated ligands with those in 4. It has also
been possible to reduce 8 by cobaltocene affording the
green, paramagnetic salt [Co(Cp)2][Ni(4LO)2] (9). The anion
of complex 9 possesses an S= 1=2 ground state (meff (70–
298 K)=1.8 mB) and displays a charge distribution as in
[NiII(4LISQ


O )(4LIP
O)]�Q[NiII(4LIP


O)(4LISQ
O )]� .


Crystal structures : Figure 4 shows the C�N, C�O, and C�C
bond lengths in N,N- and N,O-coordinated ligands as a func-


tion of their respective oxidation level, namely (2LISQ
N )C� and


(2LIBQ
N )0 in [PdII(bpy)(2LISQ


N )]PF6 (S= 1=2)
[13] and [RuII-


(bpy)2(
2LIBQ


N )](PF6)2,
[10] respectively, and (3LIP


O)2� in
[PdII(bpy)(3LIP


O)],[14] (3LISQ
O )C� in [PdII(bpy)(3LISQ


O )]PF6,
[14] , and


(3LIBQ
O )0 in [NiII(tren)(3LIBQ


O )](PF6)2.
[16] Clearly, the C�N,


C�O, and C�C distances vary with the ligand oxidation
level in a predictable manner and, conversely, the measured
distances in a given complex should allow the experimental
determination of the oxidation level of such a ligand in a
given complex.[9] Selected bond lengths of complexes are
summarized in Table 2.


The structures of neutral, mononuclear [Co(2LN)2] (1),
[Co(4LO)2] (4), and [Ni(4LO)2] (8) are square planar as
shown in Figure 5. Average C�N and C�C bond lengths are
given in Figure 6. Note that at this stage we do not assign
oxidation states to the central cobalt ion or the ligands in
complexes 1 and 4, because the experimentally observed C�
O, C�N, and C�C distances do not closely resemble any pat-
tern in Figure 4. On the other hand, it is remarkable that
the ligand oxidation level of the square-planar nickel com-
plex 8 (Figure 5) is in excellent agreement with the notion
that two monoanionic p-radical ligands (4LISQ


O )C� are present
and, therefore, the nickel ion possesses an experimentally
determined spectroscopic oxidation state of + II (d8). Very
similar dimensions of the p radical ligands have been report-
ed in reference [12] for [M(3LISQ


O )2] (M=NiII, PdII, PtII) com-
plexes. Thus, the charge distribution in 8 is best described as
[NiII(3LISQ


O )2]. This is not the case for the square-planar
cobalt complexes 1, 4, and [Co(1LN)2] (Figure 1) for which
the observed C�N, C�O, and C�C distances are in better
agreement with values of the arithmetic mean between
those of an aromatic dianion and the corresponding p-radi-
cal monoanion (Scheme 3). Since the two ligands in the neu-
tral molecules are crystallographically identical and no indi-
cation for static disorder has been detected, it appears that
the unpaired electron is delocalized over both ligands.
We propose the following charge distributions:
[CoIII(1LISQ


N )(1LIP
N )]for [Co(1LN)2], [CoIII(2LISQ


N )(2LIP
N )] for 1,


and [CoIII(4LISQ
O )(4LIP


O)] for 4. The observed C�O, C�N, and
C�C distances in these compounds closely resemble those
which were calculated from the arithmetic mean of one
mono- and one dianion.


Complex 5 contains the cobaltocenium cation and the
[Co(4LO)2]


� ion shown in Figure 7. The overall geometrical
features of the monoanion in crystals of 5 are similar to
those of the neutral species in crystals of 4 ; both are square
planar species. As shown in Figure 7 the C�N, and C�O
bond lengths in the monoanion of 5 are slightly longer than
those in the neutral species in 4 (Figure 6). The C�C bond
lengths of the aminophenol ring in 5 and 4 differ also signifi-
cantly. In complex 5, six C�C bonds are equidistant within
experimental error at 1.40�0.01 M; this clearly indicates the
presence of two aromatic, closed-shell, dianionic (4LIP


O)2� li-
gands. In 4 these six C�C distances show quinoid-type dis-
tortions with two alternating shorter C�C bonds. Without
any ambiguity the oxidation level of the ligands in 5 are
therefore aromatic dianions; this renders the oxidation state


Figure 4. Average C�O, C�N, and C�C distances in M in complexes con-
taining (2LN)


n� or (3LO)
n� ligands (n=2�,1�,0).
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of the central cobalt ion + III. It is interesting to note that
the ligand dimensions in 5 are identical to those observed
for diamagnetic, square-planar [PdII(bpy)(3LIP


O)]0.[14] The
charge distribution in the monoanion of 5 is best formulated


as [CoIII(4LIP
O)2]


� . It is also worth noting that the average
Co�N, and Co�O bond lengths in 4 and 5 are 1.835, 1.822 M
and 1.837, 1.830 M, respectively, and are identical within ex-
perimental error of �0.006 M (3s). The reduction of the


Table 2. Selected bond lengths [M].


Complex 1[a]


Co�N1 1.826(2) C2�C3 1.379(3) C6�N7 1.376(2) C9�C10 1.391(3)
Co�N7 1.855(2) C3�C4 1.406(3) N7�C8 1.431(2) C10�C11 1.390(3)
N1�C1 1.354(2) C4�C5 1.379(3) C8�C13 1.392(3) C11�C12 1.387(3)
C1�C2 1.411(2) C5�C6 1.408(2) C8�C9 1.396(2) C12�C13 1.393(3)
C1�C6 1.424(2)
Complex 2
Co�N41 2.076(4) C1�C2 1.415(7) C6�N7 1.357(6) C23�C22 1.365(7)
Co�N1 1.864(3) C2�C3 1.370(9) N7�C8 1.424(6) C21�C22 1.410(7)
Co�N7 1.898(4) C3�C4 1.395(10) N27�C26 1.358(6) C21�C26 1.437(7)
Co�N27 1.891(4) C4�C5 1.377(9) C25�C26 1.402(7) C21�N21 1.344(6)
Co�N21 1.866(4) C5�C6 1.411(8) C24�C25 1.385(8)
N1�C1 1.339(6) C1�C6 1.434(7) C24�C23 1.398(8)
Complex 2a
Co�N1 1.845(2) C1�C2 1.429(4) C6�N7 1.345(3) C23�C24 1.420(4)
Co�N21 1.853(2) C1�C6 1.443(4) N7�C8 1.447(3) C24�C25 1.370(4)
Co�N7 1.934(2) C2�C3 1.357(4) N21�C21 1.318(4) C25�C26 1.428(4)
Co�N27 1.940(2) C3�C4 1.434(4) C21�C22 1.431(4) C26�N27 1.342(4)
Co�N40 1.989(2) C4�C5 1.364(4) C21�C26 1.452(4) N27�C28 1.442(4)
N1�C1 1.323(3) C5�C6 1.421(4) C22�C23 1.367(4)
Complex 3
Co�I 2.5745(4) C2�C3 1.362(4) C8�C9 1.388(5) C21�C26 1.440(4)
Co�N1 1.856(2) C3�C4 1.418(4) C9�C10 1.382(5) C22�C23 1.362(4)
Co�N21 1.860(2) C4�C5 1.365(4) C10�C11 1.385(6) C23�C24 1.421(5)
Co�N7 1.882(3) C5�C6 1.417(4) C11�C12 1.379(6) C24�C25 1.370(4)
Co�N27 1.887(2) C6�N7 1.347(4) C12�C13 1.397(5) C25�C26 1.414(4)
N�C1 1.328(4) N7�C8 1.434(4) N21�C21 1.329(4) C26�N27 1.338(4)
C1�C2 1.420(4) C8�C13 1.381(5) C21�C22 1.422(4) N27�C28 1.432(4)
C1�C6 1.433(4)
Complex 4[a]


Co�O1 1.822(2) C1�C6 1.424(4) N7�C8 1.434(3) C29�C30 1.378(4)
Co�O26 1.823(2) C2�C3 1.384(4) O26�C26 1.327(3) C30�C31 1.411(4)
Co�N7 1.832(2) C3�C4 1.420(4) C26�C27 1.419(4) C31�N32 1.374(3)
Co�N32 1.840(2) C4�C5 1.382(4) C26�C31 1.420(4) N32�C33 1.432(3)
O1�C1 1.329(3) C5�C6 1.402(4) C27�C28 1.387(4)
C1�C2 1.415(4) C6�N7 1.373(3) C28�C29 1.420(4)
Complex 5[a]


Co�O1 1.830(2) C1�C6 1.402(4) C3�C4 1.397(4) C6�N7 1.388(4)
Co�N7 1.837(3) C1�C2 1.404(4) C4�C5 1.394(4) N7�C8 1.413(4)
O1�C1 1.339(3) C2�C3 1.402(4) C5�C6 1.393(4)
Complex 7[b]


Co�O1 1.845(3) C2�C3 1.367(6) C9�C10 1.385(6) C33�C34 1.430(6)
Co�N7 1.854(3) C3�C4 1.431(6) C10�C11 1.383(7) C34�C35 1.368(6)
Co�O31 1.855(3) C4�C5 1.364(6) C11�C12 1.382(7) C36�N37 1.346(5)
Co�N37 1.859(3) C5�C6 1.410(6) C12�C13 1.381(6) N37�C38 1.422(5)
Co�C60 2.004(5) C6�N7 1.358(5) O31�C31 1.305(5) C60�C61 1.446(7)
O1�C1 1.305(5) N7�C8 1.441(5) C31�C36 1.429(6) C61�N62 1.136(6)
C1�C6 1.419(6) C8�C13 1.384(6) C31�C32 1.430(6)
C1�C2 1.428(6) C8�C9 1.394(6) C32�C33 1.372(6)
Complex 8
Ni�O1 1.8365(9) C2�C3 1.425(2) C4�C5 1.430(2) C7�N8 1.355(2)
Ni�N8 1.844(1) C2�C7 1.432(2) C5�C6 1.376(2) N8�C9 1.428(2)
O1�C2 1.315(2) C3�C4 1.385(2) C6�C7 1.418(2)
Complex 9
Ni�N38 1.831(3) C2�C3 1.428(5) N8�C9 1.421(5) C35�C36 1.401(6)
Ni�N8 1.843(3) C3�C4 1.384(6) O31�C32 1.345(5) C36�C37 1.394(6)
Ni�O1 1.844(2) C4�C5 1.407(6) C32�C33 1.403(6) C37�N38 1.382(5)
Ni�O31 1.846(3) C5�C6 1.386(6) C32�C37 1.422(6) N38�C39 1.429(5)
O1�C2 1.329(5) C6�C7 1.410(6) C33�C34 1.411(6)
C2�C7 1.407(6) C7�N8 1.378(5) C34�C35 1.386(6)


[a] Data for one crystallographically independent molecule is given only. [b] Angle: Co-C60-C61: 112.7(3)8.


Chem. Eur. J. 2005, 11, 204 – 224 www.chemeurj.org H 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 211


FULL PAPERCobalt Coordination Complexes



www.chemeurj.org





neutral species in 4 yielding 5 is therefore unlikely to be a
metal-centered process involving CoIII+e�!CoII.


In the following we describe the structures of the five-co-
ordinate species 2, 2a, 3, and 7 which are shown in Fig-
ures 8–10. Average C�N, C�O, and C�C bond lengths of the
ligands are given in Figure 8 for 2 and 2a, Figure 2 for 3,
and Figure 10 for 7.


In each case the cobalt ion is in a square-base pyramidal
environment composed of two bidentate N,N- or N,O-coor-
dinated organic ligands (LN)


n� or (LO)
n� in basal positions


and a single halide ion or pyridine as the fifth ligand in the
apical position. As mentioned earlier, diamagnetic com-
plexes of this type have been structurally characterized pre-
viously: [CoIII(1LISQ


N )2Cl],[3] cis-[CoIII(2LISQ
N )2(py)]CH3CO2


·H2O,[11] [CoIII(1LISQ
N )2(PPh3)]PF6,


[7] [CoIII(1LISQ
N )2(py)]Cl,[8]


and [CoIII(3LISQ
O )2X] (X=Cl, I).[10] In all of these cases the


C�N, C�O, and C�C bond lengths unambiguously indicate
that the bidentate ligands possess a benzosemiquino-
nate(1�) p-radical oxidation level and, consequently, the
central cobalt ion invariably possess a + III (d6, low spin,
SCo=0) spectroscopic oxidation state.


The structure of the neutral, paramagnetic species trans-
[Co(2LN)2(tBu-py)] (2) is therefore of great interest, because
a different charge distribution must prevail, while the coor-
dination polyhedron remains square-base pyramidal. The
charge distribution is either trans-[CoIII(2LISQ


N )(2LIP
N )(tBu-py)]


containing a diamagnetic CoIII ion (d6, low spin), a paramag-
netic benzosemiquinonate(1�) p-radical (2LISQ


N )C� , and a dia-
magnetic (2LIP


N )2� ion, or, alternatively, trans-[CoII(2LISQ
N )2


(tBu-py)] containing a low-spin cobalt(ii) ion (d7, SCo=
1=2)


and two antiferromagnetically coupled benzosemiquinonate
p radicals (2LISQ


N )C� . The C�N and C�C bond lengths in 2
(Figure 8) indicate that the former description is more ap-
propriate than the latter, because the ligand dimensions re-
semble those of an averaged mono- and dianion, (2LISQ


N )C�


and (2LIP
N )2�. In contrast, these bonds in diamagnetic cis-


Figure 5. Structure of one of the crystallographically independent mole-
cules of [Co(2LN)2]


0 in crystals of 1 (top) and of [Co(4LO)2] in crystals of 4
(middle), and of [NiII(4L)2] in crystals of 8 (bottom).


Figure 6. Average C�O, C�N, and C�C distances in M of the neutral mol-
ecules in 1 (in red) and in [Ni(2L)2] reference [9a] (in black). Values for
complex 4 (middle) and 8 (bottom) are also given. The average experi-
mental error (3s) is ~�0.01 M.


H 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 204 – 224212


K. Wieghardt, F. Neese et al.



www.chemeurj.org





[CoII(2LISQ
N )2(py)]


+ [11] are in excellent agreement with the
presence of two (2LISQ


N )C� p radicals. They are the same as in
[CoIII(2LISQ


N )2I] (3) (Figure 2).
The structure of the neutral complex in crystals of 7 clear-


ly indicates the presence of two ligand p radicals (4LISQ
O )C�


and the C-coordinated monoanion of acetonitrile,
(CH2CN)� , in the apical position (Figures 9 and 10). The
geometrical features of the benzosemiquinonate(1�) radi-
cals are, within experimental error, identical with those re-
ported previously for [CoIII(3LISQ


O )X] (X=Cl, I).[10] A few
complexes containing C-coordinated (CH2CN)� ions have
been structurally characterized.[33] The C�N, C�O, and C�C
bond lengths of the (4LISQ


O )1� ligands found here in five-coor-
dinate 7 are also identical to those reported in octahedral
[CoIII(3LISQ


O )3] with an S= 2=3 ground state.[15]


The nickel complex 8 contains square-planar, diamagnetic,
neutral [NiII(4LISQ


O )2] molecules (Figures 5 and 6). The C�O,
C�N, and C�C bond lengths clearly show the presence of


two (4LISQ
O )C� p radicals. As shown in Figure 6 these bond


lengths differ slightly from those in the cobalt complex 4 ;
this indicates that the respective ligand oxidation levels in
both species differ (and, concomitantly, the metal oxidation
states) and we assign them as [NiII(4LISQ


O )2] in 8 and
[CoIII(4LISQ


O )(LIP
O)] in 4.


Similarly, the C�O, C�N, and C�C bond lengths in the
structures of the monoanions in crystals of 5 and 9 shown in
Figure 7 differ slightly. Both are square-planar species, but
the dimensions of the ligands indicate the presence of two
o-iminophenolate(2�) dianions in 5 as shown above, where-
as in 9 the C�O, C�N, and C�C distances are more in agree-
ment with the average between one o-iminobenzosemiquin-
onate(1�) and an o-iminophenolate(2�) and a central nick-
el(ii) ion: [NiII(4LISQ


O )(4LIP
O)]� .


It is also interesting to note that the corresponding M�O
and M�N bond lengths of the neutral complexes 4 and 8 are
slightly shorter in the cobalt complex 4. The same is true for
the monoanions in 5 and 9, in which these bonds are also
shorter in the cobalt complex 5. If both metal ions possess
the same oxidation state + II, we would expect that the low-
spin CoII�X bond lengths to be longer than those of the cor-
responding NiII�X bonds.


Electro- and spectroelectrochemistry : Cyclic voltammo-
grams (CV) of complexes 1, 4, and 8 were recorded in
CH2Cl2 containing 0.10m [nBu4N]PF6 as a supporting elec-
trolyte at a glassy carbon working electrode and an Ag/


Figure 7. Structures of the monoanions [CoIII(4L)2]
� in crystals of 5 (top)


and [NiII(4L)(4L)]� in crystals of 9 (bottom). The error of the C�N, C�O,
and C�C bond lengths is �0.01 M (3s) for 5 and �0.015 M for 9.


Figure 8. Average C�N, C�O, and C�C distances [M] in a diamagnetic
neutral molecule of [CoIII(4L)2X] (X=Cl, I) from reference [10] and
[Co(2LN)2(tBu-py)] in crystals of 2 (middle) and cis-[Co(2LN)2(tBu-py)]+


in 2a (bottom).
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AgNO3 reference electrode. Ferrocene was used as an inter-
nal standard; all potentials are referenced versus the ferro-
cenium/ferrocene couple (Fc+/Fc). Table 3 summarizes the
results.


The CV of 1 displays two reversible one-electron transfer
waves in the potential range �1.5 to 0.0 V; a reversible one-


electron oxidation at E1
1=2
=�0.50 V and a reversible one-


electron reduction at E2
1=2
=�1.03 V. Similar waves have been


reorted by Balch and Holm[1] for [Co(1LN)2]; they report a
second one-electron reduction at E3


1=2
=�1.98 V for the


mono-/dianion couple.
The CV of 4 is very similar; again a reversible one-elec-


tron oxidation (E1
1=2
=�0.20 V) and a reversible one-electron


Figure 9. Structures of the ion pair in crystals of 2a and of the neutral complexes in crystals of 2, 3, and 7.


Figure 10. Bond lengths [M] of the neutral complex [CoIII(4L)2(CH2CN)]
in crystals of 7. Experimental error: �0.02 M (3s).


Table 3. Redox potentials of complexes versus Fc+/Fc.[a]


E1
1=2


[V] E2
1=2


[V] E3
1=2


[V]
+1Ð0 0Ð�1 �1Ð�2


[Co(1LN)2]
[b] �0.32 �0.95 �1.98


1 �0.50 �1.03
4 �0.20 �0.85
8 +0.04(2e) �1.01 �1.74


[a] Conditions: glassy carbon working electrode, Ag/AgNO3 reference
electrode; 20 8C; CH2Cl2 containing 0.10m [(nBu)4N]PF6 supporting elec-
trolyte; [complex]~10�3


m : scan rate 100 mVs�1. [b] Reference [1].
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reduction (E2
1=2
=�0.85 V) are observed. Since we have struc-


turally characterized the neutral species 4 and its monoan-
ion in 5 and shown that both contain a cobalt(iii) ion, we
assign the charge distribution as shown in Equations (2) and
(3).


½Coð2LNÞ2�þG
�e


þe
H½CoIIIð2LISQ


N Þð2LIP
N Þ�0G


�e


þe
H½CoIIIð2LIP


N Þ2�� ð2Þ


½Coð4LOÞ2�þG
�e


þe
H½CoIIIð4LISQ


O Þð4LIP
OÞ�0G


�e


þe
H½CoIIIð4LIP


OÞ2�� ð3Þ


The oxidized and reduced species of 1 and 4 are stable in
solution on the timescale of a coulometric experiment.
Therefore, it has been possible to record the electronic spec-
tra of the monocations of the neutral species 1 and 4, and of
their corresponding monoanions. The results are shown in
Figure 11 and summarized in Table 4. From the crystal struc-


ture of 5, which contains the square-planar, paramagnetic
ion [CoIII(4LIP


O)2]
� , we conclude that the electrochemically


generated ion [CoIII(2LIP
N )2]


� is also square-planar and para-
magnetic (S=1). The four-coordinate monocations have not
yet been isolated as salts or structurally characterized; only
the five-coordinate species 2, 2a, 3, and 7 are synthetically
accessible.


The CV of 8 is very similar to that reported for
[NiII(3LISQ


O )2].
[12] Two successive one-electron reductions of 8


in CH2Cl2 (0.10m [(n-Bu)4N]PF6) are observed at �1.01 and
�1.74 V. These processes have been assigned as ligand-cen-
tered processes as in Equation (4).


½NiIIð4LISQ
O Þ2�G


�e


þe
H½NiIIð4LISQ


O Þð4LIP
OÞ��G


�e


þe
H½NiIIð4LIP


OÞ2�2� ð4Þ


Controlled-potential coulometry at +0.6 V shows that 8
can be oxidized in a nearly reversible one-step, two-electron
oxidation yielding the [NiII(4LIBQ


O )2]
2+ ion.


X-band EPR spectra : The X-band EPR spectra of four-co-
ordinate 1 at 10 K in CH2Cl2/toluene (1:1 v/v) and of five-
coordinate 2 in 4-tert-butylpyridine/toluene at 10 K shown in
Figure 12 confirm the S= 1=2 ground state of both species.


The spectrum of 1 has been successfully simulated by
using the following parameters: gx=1.9906, gy=2.0508, gz=


Figure 11. Electronic spectra of 1 and its electrochemically generated
monoanion and monocation (top), respectively, in CH3CN solution
(0.10m [(nBu)4N]PF6) and, correspondingly, those of 4, 4� , and 4+


(bottom).


Table 4. Electronic spectra of complexes.


Solvent lmax [nm] (104 e [m�1 cm�1])


1 CH3CN 360sh(0.85), 625(3.0), 816(1.5), 1230(0.40)
1� CH3CNa) 445(0.9), 530(0.9), 740(1.0), 870(0.80)
1+ CH3CNa) 350sh(2.6), 580(1.2), 800(1.5)
2 CH2Cl2 324sh(0.8), 628(2.5), 819(1.3), 1230(0.3)
2a CH2Cl2 280(1.9), 463(0.4), 594(1.6), 786(1.3)
3 CH2Cl2 269(3.2), 397(0.8), 436(0.85), 514(1.2),


636(2.6), 786(1.9)
4 CH2Cl2 300sh(2.0), 676(1.6), 916(2.5), 1600(0.25)
4� (5) CH2Cl2


[a] 400sh(0.6), 535(0.35), 720sh(0.33), 827(0.7)
4+ CH2Cl2


[a] 300sh(1.28), 350sh(0.5), 620(0.7), 960(1.1)
7 CH3CN 280(0.3), 440sh, 505(0.9), 629(0.34),


831(0.35)
8 CH2Cl2 350(3.0), 600(0.2), 900(1.6)
9 CH2Cl2 382sh, 608(0.1), 885(0.3), 1340(1.0)
[Co(1LN)2]


[b] DMF,
DMSO


337(0.5), 420(0.3), 588(1.9), 763(1.2),
1135(0.4)


[Co(1LN)2I]
[c] DMF 260(1.1), 410(0.2), 490(0.4), 607(1.6),


751(0.8)


[a] Electrochemically generated in solutions containing 0.10m
[(nBu)4N]PF6 supporting electrolyte; [b] Reference [1]. [c] Ref-
erence [15].


Figure 12. X-band EPR spectra of 1 (top) and 2 (bottom). Conditions for
1: CH3CN at 30 K; frequency 9.6351 GHz; power 505.3 mW; modulation
amplitude 10 G. Conditions for 2 : 4-tert-butylpyridine/toluene mixture
(1:3) at 10 K; frequency 9.6345 GHz; power 20 mW; modulation ampli-
tude 10 G.
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2.8100 (giso=2.3140) with 59Co hyperfine coupling constants
Axx=24.0, Ayy=0, Azz=42 G (line width Wx=20 G, Wy=


37 G, Wz=38 G). The spectrum indicates that the unpaired
electron resides in a metal d orbital; it resembles closely
those reported for many square-planar CoII (low spin d7)
complexes.[6] On the other hand, a cobalt(iii) ion in a
square-planar ligand field possesses an SCo=1 local spin
state;[31,32] strong antiferromagnetic coupling then yields an
S= 1=2 ground state again with an unpaired electron in the
same metal d orbital as above. Thus, it is not straightfor-
wardly possible to discern between A and B in Scheme 2 by
EPR spectroscopy.


The rhombic signal of five-coordinate 2 has been satisfac-
torily modeled by using the following parameters: gx=
1.9694, gy=2.1275, gz=2.3100 (giso=2.1402) with 59Co hyper-
fine coupling constants Axx=84.8, Ayy=15.1, Azz=0 G
(Wx=34.7, Wy=76.0, Wz=190 G).


The rhombic X-band EPR spectrum of 4 in frozen CH2Cl2
solution at 90 K is very similar to that of 1: gx=1.97, gy=
2.03, gz=3.11 (giso=2.43). The S= 1=2 signal displays no re-
solvable 59Co hyperfine splitting.


The X-band EPR spectrum of 9 in frozen CH2Cl2 at 90 K
exhibits a rhombic signal (gx=2.075, gy=2.014, gz=2.046
(giso=2.045)), which resembles closely those reported for
many square-planar bis(dioxolene)nickel(ii) monoanions
with an S= 1=2 ground state.[9] These spectra have recently
been interpreted[9] in terms of a central, diamagnetic nick-
el(ii) ion (d8), a (LIP


O)2� ion and a p-radical ion (LISQ
O )C� , in


which the unpaired electron is delocalized over both ligands.
The SOMO of these compounds, b2g under D2h symmetry, is
basically the antisymmetric combination of the SOMO of
the free semiquinonate(1�) ligand; it transforms “gerade”
under inversion and, therefore, mixes with the out-of-plane
dxz orbital of the nickel(ii) and thereby acquires some metal
d character (~15%), which in turn gives rise to a sizeable
nickel hyperfine coupling. Since the ground state 2B2g readi-
ly mixes with relatively low-lying d–d excited states, it has a
reasonably large orbital angular momentum that manifests
itself in a relatively large g anisotropy.[9,14] The charge
distribution in the monoanion 9 is therefore correctly
described by the two resonance structures:
[NiII(4LIP


O)(4LISQ
O )]�Q[NiII(4LISQ


O )(4LIP
O)]� .


Electronic spectra : The electronic spectra of complexes
have been recorded in the range 280–2000 nm in CH2Cl2 or
CH3CN. In some cases the species were generated electro-
chemically by means of controlled potential coulometry in
solutions containing 0.1m [N(n-Bu)4]PF6 as a supporting
electrolyte. The results are summarized in Table 4.


Complexes 1, 2, 2a, 3, 4, 5, 7, 8, and 9 are all highly col-
ored and display a varying number of intense absorption
maxima (e>5V103


m
�1 cm�1) in the visible and near infrared


regions. These absorption maxima do not represent d–d
transitions; they are spin-allowed ligand-to-metal (LMCT)
or ligand-to-ligand charge-transfer bands (LLCT).


It is instructive to first discuss the spectra of neutral
nickel complex 8 and its monoanion 9, both of which exhibit


a single very intense band at 900 nm (e=4.6V104
m


�1 cm�1)
and 1340 nm (1.0V104


m
�1 cm�1), respectively.[12] For compar-


ison, the corresponding complexes [NiII(2LISQ
N )2] and


[NiII(2LISQ
N )(2LIP


N )]� display these bands at 839 (4.0V
104


m
�1 cm�1) and at 1119 nm (1.7V104


m
�1 cm�1),[9] respec-


tively.
For the neutral species [NiII(1LISQ


N )2], it has been establish-
ed[9] that the upper valence region contains four doubly oc-
cupied MOs that are predominantly centered on the central
NiII ion (d8). The LUMO+1 orbital is dominated by the Ni
dx2�y2 MO, which is strongly s antibonding with the ligands.
The HOMO–LUMO transition 1b1u!2b2g represents the in-
tense LLCT band. No other LMCT bands are observed in
the visible region. In the corresponding monoanion the
former LUMO (2b2g) becomes the SOMO, which has ~15%
Ni 3dxz character; the transition 1b1u!2b2g is again electric
dipole and spin-allowed and represents a ligand-to-ligand in-
tervalence charge-transfer band (LLIVCT).


Figure 13 exhibits the spectra of 2, 2a, and 3 ; the similari-
ty of these is quite remarkable. Complexes 1 (Figure 11) and
2 exhibit each a LLCT band at 1230 nm with an intensity of


~3V103
m


�1 cm�1. Thus, increasing the coordination number
from four to five on going from 1 to 2 does not influence
the electronic spectrum greatly. In fact, the spectral differen-
ces between 1 and 2 in solution are so small that the solid-
state spectra of both species were also recorded and con-
firmed their similarity. In contrast, the spectra of five-coor-
dinate 2a and its formally one-electron oxidized analogue 3
(Figure 13) and, similarly, that of 7 do not display an intense
absorption maximum >900 nm. Instead, two intense
maxima at ~800 and ~600 nm are observed that are as-
signed LMCT bands.


Interestingly, the spectrum of the electrochemically gener-
ated four-coordinate monoanion of 1 in CH3CN exhibits
four intense (~3V103


m
�1 cm�1) LMCT bands at 445, 530,


740 and 870 nm.
The spectrum of square-planar 4 shown in Figure 11 is


very similar to that of 1: a band at 1600 nm (2.5V
103


m
�1 cm�1), two intense LMCT maxima at 916 and


676 nm, and a shoulder at ~300nm are observed. The spec-


Figure 13. Electronic spectra of 2, 2a, and 3 in CH2Cl2.
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trum of the monoanion in 5 is interesting; it displays two in-
tense maxima at 827 and 535 nm and two shoulders at 720
and ~390 nm.


Calculations


Bonding schemes : As shown in Table 5 the optimized calcu-
lated structures of [M(1LN)2]


0,1� (M=Co, Ni) are in excellent
agreement with the experimental findings. The slight overes-


timation of the Co�N and Ni�N distances is typical of pres-
ent day DFT functionals. However, the metrical parameters
for the organic ligands are very accurately reproduced by
the calculations with the typical error in computed bond
lengths not exceeding ~0.02 M.


For the MO description of the complexes [Co(1LN)2]
0,1�


within the D2h point group we choose the z axis to be along
the normal of the planar complexes, the x axis along the
long axis, and the y axis along the short axis of the com-
plexes as shown in Figure 14. The qualitative bonding
scheme derived from the spin-unrestricted B3LYP DFT cal-
culations are also shown in Figure 14, in which the spin-up
and spin-down Kohn–Sham MOs are plotted in order of in-
creasing energy. Since the MO scheme qualitatively does
not change on going from the neutral [Co(1LN)2] species to
its one-electron reduced monoanionic form, it is only given
for [Co(1LN)2]


1�. The compositions of selected orbitals are
summarized in Table 6. We will argue below that the de-
scription of neutral [Co(1LN)2]


0 complex in terms of a single
configuration is slightly oversimplified, but for all practical
purposes of this section the single-determinant description
is adequate. The ground-state electronic configuration
of [Co(1LN)2]


1�, as shown in Figure 14, is (1ag)
2(2ag)


2-
(1b3g)


2(1au)
2(1b2g)


2(1b1u)
2(2b2g)


1(2b3g)
1(1b1g)


0.
The 1b1g LUMO of the monoanion represents the anti-


bonding combination of the Co 3dxy and the ligand s orbi-
tals. Due to the ligand geometry the overlap between these
two orbitals is very favorable and provides an efficient path-
way for the ligand-to-metal electron donation. The 2b2g and


the 2b3g orbitals remain singly occupied yielding a spin-trip-
let ground state for the monoanion (as is observed). The
energy gap between these two SOMOs is found to be too
small to stabilize the alternative spin-singlet state as had
been suggested for some bis(benzodithiolato)cobalt(iii) com-
plexes.[34] The first spin-triplet state is found to be
~10 kcalmol�1 (0.43 eV) lower in energy than the corre-
sponding spin singlet state in the B3LYP calculations.


The 2b2g orbital is an out-of-plane orbital with almost
equal contributions from the Co
3dxz and the ligand b2g fragment
orbitals (Table 6). The 2b3g orbi-
tal, on the other hand, is pre-
dominantly Co 3dyz in charac-
ter; it undergoes little mixing
with the low-lying ligand b3g


fragment orbital. The remaining
two Co 3dx2�y2 (1ag) and 3dz2


(2ag) orbitals do not strongly in-
teract with ligand orbitals and
are placed at comparatively
lower energies. The d-orbital
splitting in [Co(1LN)2]


1� is thus
3dx2�y2, 3dz2<3dxz, 3dyz<3dxy,
which is nicely compatible with
ligand-field theory. Analysis of


the optical and magnetic data will show that the 3dz2 and the
3dyz orbitals lie very close to each other in energy.


One-electron oxidation of the monoanion yielding the
neutral complex generates an additional hole in the out-of-
plane 2b2g orbital, which becomes the LUMO of the
[Co(1LN)2] species. The calculated ground-state electronic


Table 5. Calculated and experimental (in parentheses) bond lengths [M] in [Co(1LN)2], [Co(1LN)2]
� , and


[Ni(1LN)2], [Ni(1L)2]
� .


[Co1LN)2]
[a] [Co(1LN)2]


� [b] [Ni(1L)2]
[c] [Ni(1LN)2]


� [c]


M�N 1.841 (1.841(2)) 1.866 (1.833(3)) 1.841 (1.822) 1.857 (1.843(3))
C�N 1.367 (1.365(2)) 1.377 (1.369(4)) 1.350 (1.350) 1.361 (1.378(5))
C1�C2 1.446 (1.424(2)) 1.438 (1.417(4)) 1.446 (1.429) 1.427 (1.407(6))
C2�C3 1.417 (1.408(2)) 1.411 (1.391(4)) 1.416 (1.425) 1.410 (1.410(6))
C3�C4 1.399 (1.379(3)) 1.415 (1.398(4)) 1.386 (1.383) 1.403 (1.389(6))
C4�C5 1.419 (1.406(3)) 1.406 (1.401(4)) 1.421 (1.423) 1.407 (1.405(6))


[a] From this work for 1. [b] From this work for 5. [c] From reference [9a,b] for [Ni(1L)2] in which the ligand
has two tertiary butyl groups at C3 and C5.


Figure 14. Kohn–Sham MO orbitals and energy scheme of 1 from an spin
unrestricted B3LYP DFT calculation.
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configuration for this neutral species (S= 1=2) is then
(1ag)


2(2ag)
2(1b3g)


2(1au)
2(1b2g)


2(1b1u)
2(2b3g)


1(2b2g)
0(1b1g)


0.
This oxidation is accompanied by a 12% decrease in the


Co 3dxz character of the 2b2g orbital. However, the composi-
tions of the SOMO (2b3g) and of the LUMO+1 (1b1g) do
not change significantly upon oxidation. The unpaired elec-
tron of the neutral species is located in a predominantly
metal based 2b3g orbital in agreement with the observed
large anisotropy of the EPR g tensor in 1 (Figure 12).


It is now interesting to compare the electronic structures
of 1 and of its monoanion with those reported for the corre-
sponding two nickel complexes, namely [Ni(1LN)2] and
[Ni(1LN)2]


1�, which have in part been studied previously.[9]


The frontier orbitals calculated here for the cobalt com-
plexes are very similar to those reported for the nickel spe-
cies with the notable exception that the 2b2g and 2b3g orbi-
tals are predominantly ligand-based orbitals in the nickel
cases. As can be verified from the data in Table 6, these or-
bitals are significantly more metal-based in the correspond-
ing two cobalt species. This is consistent with the considera-
bly higher effective nuclear charge of nickel(ii) relative to
CoII. This has been previously shown by X-ray absorption
spectra of divalent metal chlorides.[35]


Thus it appears to be justified by the DFT calculations to
assign a + II spectroscopic oxidation state to the central
nickel ions in both complexes, namely in [Ni(1LN)2] and
[Ni(1LN)2]


� . Thus, for neutral, square-planar [NiII(1LISQ
N )2] a


detailed model study as well as high-level electronic struc-
ture calculations[9] have shown that the complex is best de-
scribed as a species that contains two strongly interacting
ligand radicals, (LISQ


N )C� coordinated to a diamagnetic central
nickel(ii) ion (d8). The ligands have been shown to interact
with each other through an efficient superexchange mecha-
nism mediated by a back-bonding interaction to the central
metal ion yielding a singlet diradical.


From the corresponding DFT calculations for the mono-
anion [Ni(1LN)2]


1�, an unambiguous interpretation of the va-
lence state has also been found.[9] The ground-state configu-
ration is in this case (1ag)


2(2ag)
2(1b3g)


2(1au)
2(1b2g)


2(2b3g)
2-


(1b1u)
2(2b2g)


1(1b1g)
0. The 2b2g level is again ligand-centered


with some 26% Ni 3dxz character.
The redox-active 2b2g orbital (LUMO of the neutral spe-


cies, but SOMO in the anion) is predominantly ligand-based
and is associated with a small p interaction with the low-
lying Ni 3dxz orbital. As pointed out above, the predomi-
nance of the ligand character in the 2b2g level arises from
the higher effective nuclear charge of Ni (relative to Co)


which brings the 3d orbitals
much lower in energy relative
to the ligand orbitals. The
upper valence region of the two
nickel complexes is therefore
composed of four doubly occu-
pied MOs that are predomi-
nantly centered on nickel (d8,
NiII).


In contrast, for [Co(1LN)2]
1�


the DFT calculations allow us
to envisage two extreme descriptions for its electronic struc-
ture (Figure 15): 1) If the 2b2g orbital has predominantly


metal character (Co), then the anionic complex could be de-
scribed as a species that contains a d6 configuration with an
intermediate spin (S=1) cobalt(iii) ion; and 2) if, on the
other hand, the 2b2g orbital possesses pure ligand character,
a CoII low-spin d7 configuration with a ferromagnetically
coupled (1LISQ


N )C� ligand p radical would prevail. The actual
DFT calculations on [Co(1LN)2]


1� reveal that the 2b2g orbital
has almost equal metal and ligand contributions.


It is therefore not possible to determine an unequivocal
dn (n=6 or 7) electron configuration at the metal ion and
assign unambiguously a spectroscopic oxidation state of the
central cobalt ion. We note that the closed-shell-like ligand
configuration (4LIP


O)2� as determined by X-ray crystallogra-
phy for 5 does point to a more pronounced CoIII (d6, S=1)
spectroscopic oxidation state than a [CoII(4LISQ


O )(4LIP
O)]�


mixed-valent configuration.
Similarly, for the neutral complex [Co(1LN)2] the metal


contribution in the 2b2g orbital (the LUMO) is high (35%),
and the description of the electronic structure of this neutral
species as containing a low-spin CoII ion coordinated to two
antiferromagnetically coupled ligand p radicals, (1LISQ


N )1�, is


Table 6. Percentage composition of the selected orbitals of [Co(1LN)2] and [Co(1LN)2]
� .


MO M(3dyz) M(3dxz) M(3dxy) N(2pz) N(2px,y) C(2pz) C(2px,y)


[Co(1LN)2]
� 2b2g 47.1 28 24


2b3g 75 10 12 2
1b1g 61 24


[Co(1LN)2] 2b2g 35.2 34.2 28
2b3g 73 12 14
1b1g 61 22 3


Figure 15. MO schemes of [Co(1LN)2]
1� and of [NiII(1LISQ


N )(1LIP
N )]1�.
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ambiguous. However, such a description is in somewhat
better agreement with the multiconfigurational ab initio cal-
culations presented below. We stress that the question of the
spectroscopic (physical) oxidation state of the central cobalt
ion may again not be resolvable for the neutral [Co(1LN)2]
species in an unambiguous fashion.


Excited state calculations : The optical electronic spectra of
the corresponding [M(1LN)2]


n complexes of Ni, Pd, and Pt
(n=0,1�) have been analyzed in some detail previously.[9] It
was shown that the very intense absorption in the near-IR
region (e>104Lmol�1 cm�1) of the spectra corresponds to a
ligand-to-ligand charge transition (LLCT) that contains con-
siderable information on the diradical character of the neu-
tral species and the ground-state ligand–ligand exchange
coupling. In the monoanionic (and monocationic) metal d8


species, this intense absorption band corresponds to an inter-
valence transition (IVCT) of the type [LMLC]1� or 1+


Q[LCML]1� or 1+ , in which LC represents the semiquino-
nate(1�) p-radical form of the ligand and L denotes the ar-
omatic dianionic form in the monoanion or the neutral qui-
nonane form in the monocation. The position, shape, and in-
tensity of these observed IVCT were clearly indicative of
class III mixed-valence systems with complete electron de-
localization of the unpaired electron over both ligands.[9]


In the present case of the corresponding cobalt complexes
these optical absorption spectra (Figure 11) have a consider-
ably more complicated appearance and, consequently, their
analysis is more involved.


The room-temperature absorption and low-temperature
MCD (1.8 K, 5 T) spectra of 1 have been subjected to Gaus-
sian deconvolution in the range 25000–5000 cm�1 in order to
detect the individual transitions (Figure 16). As is commonly
observed, the bands show a slight shift on going from ambi-
ent to liquid-helium temperature and, therefore, equal band
positions have not been enforced in the fit. The minimum
number of Gaussian bands was used such that it is consistent
with the experimentally observed peaks and shoulders yield-
ing a total of 11 detectable transitions for neutral 1 below
25000 cm�1 (bands 3–13 in Figure 16; see also Table 7).


The absorption spectrum is dominated by three reasona-
bly intense transitions (bands 3, 5, and 8). A weaker band in
between bands 3 and 5 and two weaker bands between
5 and 8 show up, and apparently there is a whole series of
transitions to higher energy than band 8 that are not re-
solved in the absorption spectra, but lead to weak MCD fea-
tures of variable sign. The temperature dependence of the
MCD spectrum (not shown) indicates that all observed fea-
tures arise from a C-term mechanism that is expected to
dominate for paramagnetic molecules studied at low temper-
ature. However, the C/D ratios of all bands (with the excep-
tion of band 4) are 0.01, indicating that the MCD spec-
trum is at least not dominated by transitions of d–d charac-
ter, which would require C/D ratios �0.03. In particular
bands 3 and 5, which are quite prominent in the absorption
spectrum, have very small MCD intensities and the domi-
nant absorption band 8 still only has a C/D ratio of 0.011.


These findings are consistent with the interpretation of the
spectrum resulting from correlated ab initio calculations de-
scribed below.


Of particular interest is the transition 1b1u!2b2g, which
corresponds to the LLCT transition of Au symmetry and is
allowed in x polarization (along the long axis of the com-
plex). In the case of the neutral cobalt complex this transi-
tion leads from a doubly occupied MO to a virtual MO
(Figure 14). Thus, in the excited state there are three un-
paired electrons that can spin couple to give two doublet
and one quartet states. The absorption intensity for the
quartet state will be very low since it is spin forbidden. For-
mally, the first doublet arises from the straightforward
1b1u!2b2g singlet excitation, while the second excitation in-
volves the 1b1u!2b2g triplet excitation with a concomitant
spin flip of the unpaired electron in the 2b3g SOMO. Thus,
the second doublet is referred to as a “trip-doublet” in Gou-
termanTs nomenclature[36] and formally corresponds to a
double excitation. However, the two doublets interact
through the Hamiltonian operator and can, therefore, mix
and acquire absorption intensity. From the SORCI calcula-
tions there is little doubt that bands 3 and 8 must be as-
signed to the two components of the 1b1u!2b2g transition,
with the lower energy transition corresponding to the trip-
doublet component. These transitions are calculated at 6175
and 12390 cm�1 and observed at 8224 and 15927 cm�1, re-
spectively, which is considered to be good agreement. The
calculated oscillator strengths of 0.006 and 0.359 are also in


Figure 16. Deconvoluted electronic absorption spectrum [Co(1LN)2]
0 (top)


and its magnetic circular dichroism (MCD) spectrum (bottom) recorded
at 1.8 K and 5.0 T.
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reasonable agreement with the experimentally determined
values of 0.026 and 0.20, respectively, but it appears that the
calculations underestimate the mixing of the two compo-
nents somewhat thus leading to too low an intensity for the
lower and a too large intensity for the upper state. The C/D
ratio for the trip-doublet component is very low, as might be
expected from its relatively large double excitation charac-
ter, but the C/D ratio of band 8 approaches ~0.01. This
shows that there must be considerable metal character in-
volved in the acceptor orbital, since a pure, unipolarized
LLCT transition should show a fairly weak MCD response.


In the SORCI calculations four states are calculated be-
tween bands 3 and 8; these results agree nicely with the four
bands resolved in the simultaneous fit of the MCD and ab-
sorption spectra. The first of the intermediate states is domi-
nated by the double excitation 2B3u(1b1u(p*), 2ag(dz


2)!
2b3g(dyz), 2b2g(p*) at 7983 cm�1, but with small absorption in-
tensity owing to its two-electron nature. This double excita-
tion is so exceptionally low-lying because the 2ag(dz2)!
2b3g(dyz) transition is very low in energy (vide infra); this in
turn leads to considerable complexity in the calculated excit-
ed-state structure. However, this is characteristic of the co-
ordinated radical species under investigation. The second
transition calculated in the region of band 4 is the
2B2g(1b2g(dxz)!2b3g(dyz)) electric-dipole-forbidden “d–d”
transition at 8552 cm�1. Owing to the relatively large C/D
ratio, this transition is likely to make the dominant contribu-
tion to band 4. The next intermediate transition is of compli-
cated origin and is calculated at 11779 cm�1 with an oscilla-


tor strength of 0.0079. We assign this transition to the rea-
sonably intense band 5 observed at 12249 cm�1. Its calculat-
ed symmetry is 2Au, and it therefore can obtain considerable
intensity from mixing with the intense LLCT band, which
has the same symmetry. The origin of the experimentally ob-
served intensity must arise from such mixing mechanisms,
since the calculated origin of this band unexpectedly reveals
that it is mainly composed of double (~50% 1b1u(p*),
1,2ag(dx2�y2,dz2)!2b3g(dyz),1b1g(dxy)) and even triple excitations
(~25% 1b1u(p*),1,2ag(dx2�y2,dz2),1b2g(dxz)!2b3g(dyz),1b1g-
(dxy),2b2g(p*)). The interpretation of band 5 results from the
ab initio calculations; this could have hardly been anticipat-
ed in advance and demonstrates the importance of an un-
biased multireference approach. In the present case the
SORCI calculations include up to and including pentuple
excitations from the leading ground state configuration and
these high excitations are also required in order to properly
capture the differential dynamic correlation effects.[37] It is
evident from these considerations that any single reference
treatment of the excited states of [Co(1LN)2]


0 will be inflicted
with large difficulties and is likely to lead to unbalanced re-
sults.


The final transition calculated below the intense band 8 is
the electric-dipole-forbidden 2Ag(1ag(dx2�y2)!2b3g(dyz)) “d–
d” transition. It is calculated at 12262 cm�1 and occurs in
the region of bands 6 and 7 observed at 13112 and
14210 cm�1, respectively. However, the case for two bands
in this region is not unambiguous. The calculated oscillator
strength is zero, but the transition may borrow intensity


Table 7. Detailed analysis of the optical transitions for 1 following Gaussian deconvolution of the experimental data shown in Figure 14 combined with
the results of spectroscopy-oriented configuration interaction calculations.


Band Energy [cm�1] Method[c] Exptl Oscillator strength Assignment
exptl calcd C̄0/D̄0 exptl calcd


1 – 1616 abs – 0.000 2Ag (2ag(dz2)!2b3g(dyz))
2 – 3789 abs – 0.001 2B1u (1b1u(p*)!2b3g(dyz))
3 8224 6175 abs 0.026 0.006 2Au (1b1u(p*)!2b2g(p*))
4 9698 7983 abs 0.012 0.000 2B3u (1b1u(p*),2ag(dz2)!2b3g(dyz),2b2g(p*))


8552 0.000 2B2g (1b2g(dxz)!2b3g(dyz))
11384 MCD �0.0240


5 12245 11779 abs 0.113 0.008 2Au (1b1u(p*), 1,2ag(dx2�y2,dz2)!2b3g(dyz),1b1g(dxy)) +
2Au (1b1u(p*), 1,2ag(dx2�y2,dz2),1b2g(dxz)!
2b3g(dyz),1b1g(dxy),2b2g(p*))


12788 MCD �0.0004
6 13112 12262 abs 0.038 0.000 2Ag (1ag(dx2�y2)!2b3g(dyz))


14501 MCD 0.0082
7 14210 [a] abs 0.032


15031 MCD 0.0075
8 15927 12390 abs 0.200 0.359 2Au (1b1u(p*)!2b2g(p*))


15600 MCD 0.0110
9 17164 17482 abs 0.100 – [b]


16654 MCD �0.0040
10 18704 18148 abs 0.060 – [b]


17533 MCD �0.0130
11 20305 20033 abs 0.032 – [b]


19290 MCD �0.0036
12 21746 21339 abs 0.029 – [b]


20564 MCD 0.0100
13 23263 [a] abs 0.021 – [b]


23376 MCD �0.0042


[a] No transitions calculated. [b] Not analyzed. [c] abs=electronic absorption spectra, MCD=magnetic circular dichroism.
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from the near-lying, intense, allowed transitions by low-sym-
metry distortions and vibronic coupling effects. Beyond the
intense band 8 the density of states increases and we have
calculated additional states at 17482, 18148, 20033 and
21339 cm�1 consistent with the appearance of bands 9–13,
which occur in these regions. All of these transitions are of
complicated nature and involve low-lying double excitations
that were not further analyzed. Their MCD features are
very weak.


The origin of the MCD intensities is subject to debate. In
the D2h point group all transitions are unipolarized and,
thus, spin-orbit coupling (SOC) to other states with non-col-
linear transition moments is required in order to obtain non-
zero MCD intensity.[38] Since the SOC only couples states of
like parity, it is either the SOC of the ground state with
other “gerade” states or the coupling of electric dipole al-
lowed states with other “ungerade” states that gives rise to
the observed signs. Since in our interpretation the main in-
tensity in the absorption spectrum arises from x-polarized
2B3g!2Au transitions, the nature of the coupling states is not
immediately evident. For the excited-state SOC mechanism,
which gives rise to a sum rule,[38] the prime candidates are y-
polarized 2B1u states of which we calculate only one at very
low energy (vide infra) and with a low transition moment. It
is, however, conceivable that other excited states of this
symmetry that exist outside the studied spectral window sig-
nificantly contribute to the observed MCD intensities. That
such mechanisms are operative, at least in addition to the
ground-state SOC mechanism, is witnessed by the fact that
the spectrum is not strongly dominated by bands of only
one sign, which is often the case if the ground-state SOC
dominates the MCD response.


In the SORCI calculations, two additional very low-lying
states were found that are outside the detection range of the
absorption and MCD experiments. The first state corre-
sponds to the 2Ag(2ag(dz2)!2b3g(dyz)) parity forbidden d–d
transition, which is calculated to occur as low as 1616 cm�1.
Since this state spin-orbit couples to the ground state
through the x component of the SOC operator, its very low
energy nicely explains the very large gmax shift observed for
[Co(1LN)2] in the EPR experiments. A more detailed analy-
sis of the ground-state magnetic properties of cobalt com-
plexes within this family will be presented elsewhere. The
second low-lying excited state corresponds to the
2B1u(1b1u(p*)!2b3g(dyz)) electric-dipole-allowed LMCT
transition, which is calculated at 3789 cm�1 but with a fairly
low oscillator strength of 9.3V10�4.


The SORCI ab initio calculations lead to rather good
agreement with the experimentally observed absorption
spectrum of [Co(1LN)2]


0 (the errors in the calculated transi-
tion energies do not exceed 0.2–0.3 eV). The calculations
also reveal quite a high degree of electronic structure com-
plexity, which we believe to require a multireference ap-
proach such as the SORCI method to be properly dealt
with. The two intense peaks 3 and 8 are interpreted as the
two components of a multiplet-split LLCT transition with
the splitting approaching 1 eV; this type of splitting is only


possible for strong intersite interactions. The remaining tran-
sitions are of LMCT and d–d origin. It is particularly inter-
esting that the calculations predict a very low-lying excited
d–d state below 2000 cm�1 which is responsible for the very
large gmax shift observed in the EPR experiments.


The [Co(1LN)2]
� complex proved to be too unstable for


the MCD measurements. Hence, we will skip the assignment
of the transitions for the anion, since in the absence of the
MCD it will not be possible to prove the validity of our as-
signments.


Comparison of SORCI and DFT ground-state description :
We will now compare the calculated ground-state electron
and spin distribution between the DFT and SORCI calcula-
tions. The first meeting point between DFT and correlated
ab initio theory is the one-electron density. The comparison
in terms of a Lçwdin population analysis is meaningful,
since both methods were carried out with the same basis set
and geometry (Table 8).


For the neutral species, the analysis shows a d population
between seven and eight electrons and a spin density of es-
sentially one unpaired electron at the central cobalt atom.
Both values would be consistent with a central, low-spin
CoII ion and this would also be in accord with the interpreta-
tion of the optical spectrum, which shows that essentially all
intensity arises from the LLCT transition of the coordinat-
ing ligand in the diradical form. Thus, the ground state
wavefunction would contain three open-shell S= 1=2 frag-
ments that are coupled to a total spin of St=


1=2. In fact the
SORCI many-electron ground-state wavefunction contains
~7% of the double excitation (1b1u)


2!(2b2g)
2, which de-


scribes the diradical character of the ligand and rules out
the alternative of ferromagnetic coupling between the li-
gands and antiferromagnetic coupling to the central metal.
It is clear that such a complicated behavior can only be
crudely modelled with DFT methods. In fact the DFT value
of 1.14 unpaired electrons on the central cobalt and hŜ2i=
0.83 show a partial broken symmetry character in a “desper-
ate” attempt of the variational principle to minimize the
energy towards the truly multiconfigurational ground state;
this is, however, impossible within the restrictions imposed
by a single determinantal wavefunction.[39] In addition, the
natural orbitals of the SORCI calculation show a relatively
pure dxz-based b2g orbital in contrast to the strong mixing
observed in the DFT calculations and which made the oxi-
dation state assignment ambiguous. Thus, from the point of


Table 8. Comparison of the charge and spin populations at the cobalt
ions resulting from a Lçwdin analysis of the one-electron density of the
ground state from ab initio SORCI and B3LYP density functional (in pa-
rentheses) calculations.


Electron d Electron 4s Spin d Spin s


[Co(1LN)2] 7.65 (7.64) 0.43 (0.51) 0.97 (1.14) 0.07 (0.00)
[Co(1LN)2]


1� 7.42 (7.60) 0.54 (0.53) 1.56 (1.47) 0.00 (0.00)
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view of the SORCI calculations, the assignment of the spec-
troscopic oxidation state as CoII is the preferred one.


Interestingly, for the anionic species the d-orbital popula-
tion at the central cobalt atom decreases, while the spin pop-
ulation increases to more than 1.5 unpaired electrons. Both
observations would seem to indicate that the central cobalt
is oxidized to a CoIII ion with S=1 upon reduction of the
complex, while the ligands would exist in the dianionic
redox innocent form. This is also in accord with the inter-
pretation of the structural data discussed above. However,
both the d population (which is somewhat higher than
expected for CoIII) and the spin population (which is
lower than expected for CoIII) show that this description
is oversimplified. Thus the actual electronic structure
may be best described by the resonance forms
[CoIII(L2�)(L2�)]�Q[CoII(LC�)(L2�)]�Q[CoII(L2�)(LC�)]� , but
with a somewhat larger weight for the first structure. The
DFT results are also in accord with this interpretation, since
the hŜ2i value of 2.01 indicates little spin contamination or
broken symmetry character and the calculated populations
are in reasonable accord with the SORCI calculations, al-
though the loss of metal d-based charge is less pronounced
in the DFT case.


We conclude that multiconfigurational ab initio methods
in form of the SORCI procedure successfully account for
the experimental observations despite the fact that the elec-
tronic structure of the molecules investigated is very compli-
cated. This work is perhaps among the first attempts to sig-
nificantly go beyond the restrictions of DFT in the modeling
of transition-metal radical systems and demonstrates that
such approaches, despite their somewhat higher computa-
tional cost, have become increasingly feasible and, therefore,
add a powerful new tool in the theoretical arsenal available
to treat such systems. This is particularly true for the inter-
pretation of the fascinating optical properties of such sys-
tems that are even more complicated than the already com-
plicated ground states, and any method based on a single
Slater determinant reference will have great difficulties to
arrive at a successful interpretation.


Discussion


In the Introduction we pointed out that small structural dif-
ferences in the ligand C�N and C�C distances between the
corresponding four-coordinate cobalt and nickel complexes
may exist and might point to differing ligand oxidation
levels (and concomitantly central metal ions) in the two
neutral complexes and the corresponding one-electron re-
duced monoanions. This has been verified by low-tempera-
ture (100 K) crystallography of neutral 4 and 8 on the one
hand and of 5 and 9 on the other. By using DFT and corre-
lated ab initio calculations these differences were traced to
energetic differences of the 2b2g and 2b3g orbitals relative to
the metal d orbitals. As shown in Figure 15 in the nickel
cases both orbitals are predominantly ligand-centered and
the central nickel ion has a d8 electron configuration of NiII


in four occupied metal d orbitals, the neutral, mono- and
dianions and their electronic structures may be adequately
represented by the following resonance structures:


Very similar behavior is deduced for the series
[Ni(4LO)2]


n� (n=0,1,2). The electronic absorption spectra of
the neutral and monoanionic species of nickel are dominat-
ed by a single intense band that is of ligand-to-ligand charge
transfer character in the former and of intervalence charge
transfer character in the latter. This band is absent in the di-
anionic form because the 2b2g orbital is now filled (HOMO).


The four-coordinate cobalt complexes are more difficult
to understand, even qualitatively, because the out-of-plane
orbital 2b2g has almost equal contributions from the Co 3dxz


and the b2g ligand fragment orbitals. It is therefore not possi-
ble to assign straightforwardly a spectroscopic oxidation
state for the cobalt ion. On the other hand, it is clear that
the one-electron oxidation of the monoanion leads to a de-
crease of the metal character of the 2b2g orbital. Taking the
following resonance structures into account one can describe
the electronic structures as follows:


The resonance structures that formally contain CoIII ions
have significant weights which nicely explains the observed
ligand bond lengths in four-coordinate complexes 1, 4, and
5.


On first sight, it is somewhat counterintuitive that the ad-
dition of a fifth ligand, such as pyridine, to the four-coordi-
nate species 1 to yield complex 2 does not change the elec-
tronic spectra (Figures 11 and 13), but alters the EPR spec-
tra dramatically (Figure 12). However, these results are
readily understood from the calculations presented above.
Thus, an addition of a fifth ligand does not alter the elec-
tronic configuration at the central metal ion and conse-
quently the number and nature of allowed electronic transi-
tions remains conserved. In particular, it is the equatorial li-
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gands that give rise to the observed absorption intensities
and these are little affected by the presence of an additional
axial ligand in the present case. That the electronic configu-
ration at the central cobalt stays intact is witnessed by the
presence of the trip-doublet feature[36] at ~1200 nm, which
can only arise if there are three unpaired electrons in the ex-
cited state.


The EPR parameters are dominated by a different mecha-
nism. Here the spin-orbit coupling of electric-dipole-forbid-
den states with the ground state determines the g shift (devi-
ation from the free electron g value; ge=2.0023). In 1 the
state that gives the dominant contribution to the gz value is
in fact very low in energy (<2000 cm�1 in our calculations)
and involves a transition from the out-of-plane dz2 orbital
into the dyz-based SOMO. It is intuitively clear that the ad-
dition of a fifth ligand must indeed have a major effect on
the position of this low-lying state. Thus, already a shift in
the transition energy of a few thousand wavenumbers is
able to explain the enormous reduction of the gz shift by
almost a factor of three from 0.81 in 1 to a value of 0.31 in
2. That subtle variations have a large influence on gz is also
consistent with the large change of gz (Dgz~0.3) in going
from 1 (gz=2.81) to the very similar species 4 (gz=3.11).
Clearly, given the limited value of the one-electron SOC
constant on Co (~600 cm�1) gz values larger than 2.5 are
only possible in the presence of near orbital degeneracy.


The monocationic form of 1+ has not been structurally
characterized, but it should possess an electronic structure
such as [CoIII(1LISQ


N )2]
+ or [CoII(1LISQ


N )(1LIBQ
N )]+ with a singlet


or triplet electron configuration (1ag)
2(2ag)


2(1b3g)
2(1b2g)


2-
(1b1u)


1(2b3g)
1(2b2g)


0 or (1ag)
2(2ag)


2(1b3g)
2(1b2g)


2(1b1u)
2(2b3g)


0-
(2b2g)


0. Upon five-coordination as in 2a, 3, and 7, the 1b2g


orbital becomes predominantly metal-centered (dxz). This
leads to a closed-shell electron configuration (1ag)


2(2ag)
2-


(1b3g)
2(1b2g)


2(1b1u)
2(2b3g)


0(2b2g)
0(1b1g)


0 with a singlet ground
state (as is observed) for a d6 (CoIII) configuration. This
would explain the structural ligand dimensions in 2a, 3, and
7 as two radical ions (LISQ


N )C� and their similar electronic
spectra. It is interesting that similar electronic effects have
been observed for three complexes containing the redox-in-
nocent ligand o-phenylenebis(biuretate)(4�) (bbphen): the
four coordinate species [CoIII(bbphen)]� possesses an S=1
ground state, whereas the five- and six-coordinate species
[CoIII(bbphen)(CN)]� and [CoIII(bbphen)(CN)2]


3� are both
diamagnetic (S=0).[32f]


It is here and previously clearly established that in com-
plexes containing only one dioxolene-type ligand, namely
(XLN)


0,1�,2� or (XLO)
0,1�,2�, the respective oxidation level is


defined by high-quality X-ray crystallography, because their
C�O, C�N and C�C bond lengths are characteristic for a
given oxidation state (see Figure 4). Therefore, we feel that
in a series of crystallographically characterized ruthenium
and osmium complexes reported by Goswami et al.[40–43] the
assigned ligand and metal oxidation states as diimineruthe-
nium(ii) or diimineosmium(ii) species are incorrect. The
ligand dimensions clearly point to the presence of o-diimi-
nosemiquinonato(1�) radicals: Thus [RuII(acac)2(


2LIBQ
N )] is


in fact [RuIII(acac)2(
2LISQ


N )];[41] [RuIICl2(PhNH2)2(
2LIBQ


N )] is
[RuIIICl2(PhNH2)2(


2LISQ
N )], and [RuIICl2(bpy)(


2LIBQ
N )] is


[RuIIICl2(bpy)(
2LISQ


N )].[42] Interestingly, the complex formu-
lated as [OsIIBr2(


2LIBQ
N )2] should most probably be under-


stood as a mixed-valent ligand class III species
[OsIIIBr2(


2LISQ
N )(2LIBQ


N )].[43] In [RuII(bipy)2(
2LIBQ


N )](PF6)2 the
metal and ligand oxidation states have been correctly as-
signed.[10]
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Introduction


Recently we have communicated[1] the results of an investi-
gation concerning the reaction between [MeCp2MoH2] and
[Bi(OtBu)3]: Three novel complexes (II, III, IV) were identi-
fied in course of the reactions shown in Scheme 1. C�H acti-


vation reactions initiated by complex-induced proximity ef-
fects in II allow the formation of IV (and also an isomer IV’
differing from IV in the position of the methyl group at the
bridging Cp ring), which features a hitherto unprecedented
bonding situation, in which a planar m3-h


5:h1:h1-MeCp ligand
bridges three metal centres that are additionally linked
through metal–metal bonds. This unusual arrangement is
made possible through nonlinear orbital overlaps, that is,
“bent bonds” between Bi and C atoms.[1]


Parallel to the investigation outlined above we have stud-
ied the parent system with unsubstituted cyclopentadienyl
rings, that is, [Cp2MoH2]/[Bi(OtBu)3]. Surprisingly, this
study proved to be notably more demanding, both with
regard to synthetic and analytical aspects: It turned out, that
changing from the methylcyclopentadienide to the parent
cyclopentadienide ligand has a significant chemical influence
on the system, for example, on 1) the courses of some of the
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[b] Dr. S. Sandhçfner, Dr. H. Pritzkow
Universit7t Heidelberg
Anorganisch-Chemisches Institut, Im Neuenheimer Feld 270
69120 Heidelberg (Germany)


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


Abstract: The reaction of molybdo-
cenedihydride with two equivalents of
[Bi(OtBu)3] proceeds via alcohol elimi-
nation and provides the compound
[Cp2Mo{Bi(OtBu)2}2] (1), which con-
tains two Mo�Bi metal bonds, in good
yields. If the two reagents are em-
ployed in a 1:1 ratio continuative con-
densation reactions occur. These ini-
tially lead to [{Cp2Mo}2{m-Bi(OtBu)}2]
(2), which, however, is very unstable in
solution and decomposes via additional
alcohol elimination: Complex-induced
proximity effects facilitate the cleavage
of C�H bonds within the cyclopenta-
dienyl ligands by the residual alkoxide
ligands, so that spontaneously two fur-
ther equivalents of alcohol are re-
leased, thereby yielding two isomeric


compounds 3 and 4 with Cp ligands
bridging Mo�Bi metal bonds: The first
isomer (3) contains two m2-h


5:h1-C5H4


ligands, the second isomer (4) contains
one bridging m3-h


5:h1:h1-C5H3 ligand.
The binding of these ligands to molyb-
denum and bismuth atoms at the same
time is made possible through “bent
bonds” between the bismuth and cer-
tain carbon centres. These unusual
bonding situations were analysed by
means of calculations based on density
functional theory (DFT), the atoms in
molecules (AIM) theory, natural bond


order (NBO) considerations and the
electron localisation function (ELF).
According to the results the bonds can
be understood in terms of carbanionic
centres interacting with bismuth cati-
ons (i.e. closed-shell interactions). The
formation of these bonds and the ther-
modynamics/kinetics involved on going
from 2 to 3 and 4 were also studied by
theoretical methods, so that the prod-
uct formation is rationalised. The crys-
tal structures of all four new com-
pounds were determined. These struc-
tures but also the properties and mech-
anisms of formation are discussed
against the background of the corre-
sponding results obtained while study-
ing the system [MeCp2MoH2]/
[Bi(OtBu)3].


Keywords: alkoxides · bismuth ·
density functional calculations ·
metalation · molybdenum
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reactions, 2) the properties of the compounds, and 3) in one
case also on the product formation. Here we report these re-
sults in combination with a detailed theoretical analysis of
the bonding situations within the products obtained after
C�H activation.


Results and Discussion


Formation, investigation and properties of 1–4 : The 1:2 reac-
tion of [Cp2MoH2] with [Bi(OtBu)3] in toluene provides
after workup a bright red solid, which is very sensitive to air
and which can be identified as [Cp2Mo{Bi(OtBu)2}2] (1) by
NMR spectroscopy (Scheme 2).[2] To obtain structural infor-
mation about 1, crystals were grown at �30 8C from hexane
and investigated by a single-crystal X-ray diffraction study.


The molecular structure of 1 is depicted in Figure 1. In
contrast to the structure of I, which contains a crystallo-
graphic C2 axis, the structure of 1 is asymmetric with two
different Mo�Bi bond lengths (Mo�Bi1 2.897(2) and Mo�
Bi2 2.851(1) P). Both are comparable to those found in the
known MoBi compounds,[2–5] one of them being almost iden-
tical to the corresponding bond lengths found in I
(2.8551(9) P).[1] As in I the Bi�Bi distance (3.526(2) P;
3.487(2) P in I)) is too long to be interpreted in terms of a
Bi�Bi bond, but considering the Bi-Mo-Bi angle of only
75.66(4)8 there cannot be significant repulsive forces be-
tween the two Bi(OR)2 moieties, either. All other structural
data are quite similar in comparison to those of I ; thus at
this stage it appeared that employing [Cp2MoH2] (! 1) in-


stead of [MeCp2MoH2] (! I) did not seem to lead to signifi-
cant alterations in the reaction.


Considering the unstrained nature of 1 it appeared ideally
suited for continuative condensation reactions with molyb-
docene dihydride under elimination of two further equiva-
lents of tert-butyl alcohol and the formation of 2
(Scheme 2); hence, the stoichiometry of the two reagents
[Cp2MoH2] and [Bi(OtBu)3] in Scheme 2 was adjusted from


Scheme 1. Products I–IV of the reaction between [MeCp2MoH2] and [Bi(OtBu)3].


Scheme 2. Products 1–3 of the reaction between [Cp2MoH2] and
[Bi(OtBu)3].
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1:2 (as required for the formation of 1) to 1:1. Since the me-
thylated analogue of 2, II, is unstable in solution (e.g. in
benzene), where it quickly decomposes to give III, the isola-
tion of II had only been possible after its synthesis in light
petrol, from which it precipitates directly after its forma-
tion;[1] in the solid state it then appeared reasonably stable
at room temperature. Compound 2 proved to be even more
reactive: Performing an analogous reaction between
[Cp2MoH2] and [Bi(OtBu)3] in light petrol indeed leads
within 6 h to the precipitation of black crystals, whose ele-
mental analysis and spectroscopic data, however, proved
that not a single compound but rather two compounds—2
and its elimination product, that until identification (vide
infra) is designated 2–2 tBuOH—had crystallised. This
means that the rather short time 2 requires for precipitation
from petrol is still not short enough to suppress alcohol
elimination. Both compounds are insoluble in common or-
ganic solvents (note that all compounds depicted in
Scheme 1 show good solubilities in benzene!), so that nei-
ther a separation by washing nor a spectroscopic characteri-
sation in solution was procurable. However, it proved possi-
ble to sort out crystals of 2 mechanically under the micro-
scope so that an X-ray diffraction analysis could be per-
formed, and the crystal structure of 2 is depicted in Figure 2.


The molecule has C2h symmetry with an inversion centre
in the middle of the planar Mo2Bi2 ring. The Mo�Bi bonds
(2.966(2) and 2.916(2) P) are somewhat longer than those in


1 (2.851(1) and 2.896(1) P), and the same is true for the Bi�
O bonds. Bi-Mo-Bi and Mo-Bi-Mo angles of 77.41(3)8 and
102.59(3)8, respectively, are indicative of an unstrained
structure (vide supra). The “ligands” around each Bi centre
form a distorted tetrahedron (if the imaginary lone pair is
considered as a ligand, too) with angles between 102.4(2)
and 106.2(2)8. All bond lengths and angles compare well to
those of II. Particular consideration of the calculated hydro-
gen positions reveals that some cyclopentadienyl protons
are located very closely to the alkoxidic O atoms: For each
O atom there are two H atoms, namely those at C6/C5’ and
C6’/C5, whose positions are calculated at distances of only
2.230 and 2.217 P away from it (the corresponding O···C
distances are 3.040 and 2.899 P), and in fact the oxidic free
electron pairs can be deduced to point towards these H
atoms.


Although the geometrical arrangement of 2 as shown in
Figure 2 will be less rigid in solution, the crystal structure in-
dicates the possibility that these or (after rotation) other hy-
drogen atoms of the Cp rings are situated in very close prox-
imity to the O atoms. This in turn could mean that due to its
structure 2 is positioned quite high on the C�H activation
barrier already, higher than a Cp ligand and an alkoxidic
unit would be when they approach each other from a longer
distance (note that for instance 1 does not eliminate alcohol
intramolecularly). To cross the residual barrier then less
energy is required than in the “long-distance-scenario”, that
is, within 2 the C�H bonds are activated by complex-in-
duced proximity effects (see below) and they may well be
cleaved in solution during a vibration of the molecule under
elimination of alcohol, as observed (see below for a more
detailed thermodynamic and kinetic discussion).


Figure 1. Molecular structure of 1; all hydrogen atoms were omitted for
clarity. Selected bond lengths [P] and angles [8]: Mo�Bi1 2.897(2), Mo�
Bi2 2.851(2), Bi1�O1 2.094(9), Bi1�O2 2.144(8), Bi2�O3 2.151(9), Bi2�
O4 2.15(2), Bi1�Bi2 3.526(2); Bi1-Mo-Bi2 75.66(4), O1-Bi1-O2 88.1(3),
O3-Bi2-O4 90.0(3), Mo-Bi1-O1 94.1(3), Mo-Bi1-O2 102.8(3), Mo-Bi2-O3
93.5(2), Mo-Bi2-O4 100.6(2).


Figure 2. Molecular structure of 2 ; the butyl hydrogen atoms were omit-
ted for clarity. Selected bond lengths [P] and angles [8]: Mo�Bi1
2.916(2), Mo�Bi1’ 2.966(2), Bi1�Bi1’ 3.678(2), Bi1�O1 2.195(8); Bi1-Mo-
Bi1’ 77.41(3), Mo-Bi1-Mo’ 102.59(3), Mo-Bi1-O1 102.4(2), Mo’-Bi1-O1
106.2(2).
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Having learned that 2 eliminates tBuOH so readily in so-
lution, we were interested in an investigation of the equimo-
lar reaction between [Cp2MoH2] and [Bi(OtBu)3] in toluene,
as we hoped, that the solubility of 2 in this solvent would at
least be somewhat higher than in petrol—in fact high
enough to allow its complete conversion into its elimination
product (2–2 tBuOH) before any precipitation occurs, there-
by allowing the investigation of the pure elimination prod-
uct. This strategy proved to be successful. Addition of tolu-
ene to a solid mixture of [Cp2MoH2] and [Bi(OtBu)3] leads
to a black solution from which large black crystals precipi-
tate overnight: An IR spectrum revealed the absence of any
tert-butoxide ligands. A low-resolution mass spectrum
showed a peak at m/z 868 which corresponds to the core
[Cp2MoBi2MoCp2�2H]+ , and the corresponding formula
C20H18Mo2Bi2 was confirmed by a high-resolution mass spec-
trum for the isotope [C20H18


92Mo2Bi2] as well as by matrix-
assisted laser desorption ionisation (MALDI) measurements
and elemental analyses. Such a composition formally arises,
when 2 eliminates two equivalents of tert-butyl alcohol, so
that it was certain that this pure compound corresponded to
the one designated 2–2 tBuOH, that had previously contami-
nated 2 after its synthesis in petrol. Bearing in mind the
findings depicted in Scheme 1 it was expected that 2–
2 tBuOH would represent a complex analogous to IV. How-
ever, a single-crystal X-ray diffraction study revealed a dif-
ferent constitution, 3 (the corresponding molecular structure
occurs in two split sites within the crystal packing; see Sup-
porting Information): It turned out, that the alcohol elimina-
tions had occurred within two h5-C5H5Mo�Bi(OtBu) moiet-
ies thus leading to h5:h1-C5H4 ligands that bridge the Mo
and Bi centres still being connected through metal–metal
bonds in compound 3 (Scheme 2, Figure 3). This unusual
type of bonding situation (a M�M’ bond that is supported
by a h5 :h1-C5H4 ligand) is without precedent in bismuth
chemistry, but it has been observed previously for some di-
nuclear transition-metal compounds (e.g. for the first time in
[Cp(CO)Mo(m-h5 :h1-C5H5)Mn(CO)4]


[6]).
As in 2 all four metal atoms lie within a plane, and the


Mo�Bi bonds that are part of the h5 :h1-C5H4Mo�Bi(OtBu)


moieties are with 2.900(2) P as expected somewhat shorter
than the other ones or those found in 2. To realise the Bi�C
bonding two of the four Cp rings are oriented such that
their mean planes come to lie almost parallel to the Mo2Bi2
plane (one above and one below this plane). The Bi�C
bonds thus resulting are somewhat longer (2.28(2) P) than
those found in IV (2.24(2) and 2.26(2) P, respectively),[1]


probably since the “metal” ring has to stay planar in 3, where-
as it can fold in IV. The peculiar feature about these bonds
is the fact that they are bent considerably (by about 408) out
of the plane defined by the cyclopentadienyl rings. This as
well as the observation, that the Cp rings bridging the two
metals are only slightly distorted from planarity and retain
their aromatic character (as evidenced by C�C bond lengths
that compare well with those in the other Cp-rings) strongly
indicate “bent bonds” between the Bi and the C atoms.


With a view to gathering some spectroscopic information
on 2 or 3 the reaction between [Cp2MoH2] and [Bi(OtBu)3]
in the ratio 1:1 was monitored at low temperatures as well
as at ambient temperatures by 1H NMR spectroscopy in
[D8]toluene. In all those experiments the entire [Bi(OtBu)3]
immediately reacted with half an equivalent of [Cp2MoH2]
to give (besides the corresponding amounts of tert-butyl al-
cohol) 1, which accordingly is then present in solution to-
gether with [Cp2MoH2] in an exact 1:1 ratio. There was no
evidence for any monohydride intermediate, as had been
observed for the corresponding reaction of [MeCp2MoH2]
(compare Scheme 1). This either means that such an inter-
mediate reacts so quickly that it is not detected, or that it is
not formed at all. We believe that the latter is the case,
since, if the monohydride was formed, it should be expected
to react in analogy to III rapidly and mainly to give 2, which
should attract attention to it by precipitation. However, for-
mation of a precipitate is observed only after several hours:
when the sample is left to stand at room temperature the
signals of [Cp2MoH2] and 1 decrease continuously within
two days in favour of those corresponding to the alcohol,
while 3 precipitates. However, at no stage did a detectable
concentration of 3 or 2 or any other intermediate build up.
In conclusion, the methyl substituents on the Cp rings of
molybdocenedihydride have a pronounced effect on 1) the
course of its reaction with [Bi(OtBu)3], 2) the solubilities of
the products and 3) on the nature of the products—an ob-
servation that had not really been expected in advance (a
decrease of the solubilities is commonly observed on going
from MeCp to Cp,[7] but usually to a smaller extent). Natural-
ly the question arose, why in the case of unmethylated mo-
lybdocenedihydride was 3 formed and not an isomer 4 cor-
responding to IV. Of course, it could be argued that the
crystalline material obtained from the toluene reaction as


Figure 3. Molecular structure of 3. Selected bond lengths [P] and angles
[8]: Mo�Bi1 2.922(2), Mo’�Bi1 2.900(2), Bi1’�C1 2.288(9), Bi1�Bi1’
3.629(2), C1�C2 1.44(2), C2�C3 1.44(2), C3�C4 1.44(2), C4�C5 1.43(2),
C5�C1 1.43(2); Bi1-Mo-Bi1’ 77.1(2), Mo-Bi1-Mo’ 102.86(3), Mo-Bi1-C1’
107.0(2), Mo’-C1’-Bi1 79.1(3), Bi1’-C1-C5 120.1(6).
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described above also contains the isomer 4, and that by
chance a crystal of 3 was picked. Since the solid is insoluble
in common organic solvents this hypothesis had to be
checked by an X-ray powder diffraction analysis of the bulk
crystalline material. The results, however, showed, that the
material exclusively contains 3 in the two split sites men-
tioned above; no signals of a corresponding isomer 4 (see
below) were detected.


Nevertheless, finally, we have been able to isolate also the
missing analogue of IV, 4 : an experiment was performed as
described before, the resulting crystals of 3 were isolated by
filtration and the filtrate was set aside again. Crystals of 4
precipitated, which were suitable for a single-crystal X-ray
structure analysis (Figure 4). Whereas there were no striking
features in the crystal structure of IV,[1] 4 (like 3) occurs in
two split sites within the crystal packing (see Supporting In-
formation). As in the case of 3 it has to be assumed that 4 is
formed starting from 2 with the difference that only one Cp
ligand is involved in the elimination reaction, that is, the
two equivalents of alcohol were eliminated from a h5-
CpMo(Bi(OtBu))2 moiety, so that both Bi centres are con-
nected to the same ring. To check the purity of the second


batch of crystals isolated from the mother liquor, as before
a powder diffraction measurement was performed. This re-
vealed the presence of 3 beside 4 (1:1 ratio); the reasons for
this somewhat peculiar product formation and crystallisation
behaviour are addressed in the theoretical section below.
Compound IV had been the first precedent for a complex,
in which a still almost planar m3-h


5 :h1:h1-Cp ligand bridges
three metal centres that are additionally linked by metal–
metal bonds, and such an arrangement is observed here, too.
All structural data are quite similar to those observed in IV,
that is, the Mo2Bi2 ring is folded along the Bi–Bi axis and
the Bi�C bonds are shorter than those in 3. As in IV, all
structural parameters for 4 suggest non-linear orbital inter-


actions, that is, “bent bonds” between the Bi and the C
atoms.


The analysis of this feature had been initiated in the case
of IV by preliminary density functional theory (DFT)/Bader
calculations at the B3LYP/[Lanl2dz] (Stuttgart RSC 1997,
ECP (Mo) cc-pVDZ-PP (Bi)) level of theory.[1] Below the
results of the computationally very demanding all-electron
treatment of 4 as well as the corresponding investigation of
the novel compound 3, the determination of the electron lo-
calisation function (ELF), the detailed analysis of the results
and their interpretation are reported.


Theoretical analysis of the “bent” Bi�C bonds and the reac-
tion paths leading to them : Gradient corrected DFT calcula-
tions of 3 and 4 were carried out without symmetry re-
straints by using B3LYP functionals and the Lanl2dz basis
set (=basis set “I”).[8] The calculated geometrical parame-
ters compare well with the experimental values (cf. Support-
ing Information). All-electron single-point calculations using
the WTBS[9] basis set for Mo and Bi and 6–311G* for H and
C (=basis set “II”) were done to improve the quality of the
wavefunction and exclude pseudo-potential effects. The cal-
culated electronic structures were analysed by various quan-
tum-chemical methods to obtain further information about
the bonding situation in these systems. Both isomers 3 and 4
are very close in energy, but isomer 3 lies somewhat higher
than 4 (about 9 kJmol�1 (B3LYP/I) and about 12 kJmol�1


(B3LYP/II), respectively).
The non-linear Bi�C interaction in 3 and 4 can be nicely


seen in the orbital analysis of the wavefunction. Several
Kohn–Sham orbitals contribute significantly to the Bi�C in-
teraction. A Mulliken bonding population analysis reveals
an overall overlap population of 0.362 (0.384) between Bi
and C in 3 (4), an overlap population using extended
H9ckel theory[10] yields an overlap population of 0.678
(0.691) for 3 (4) (cf. Supporting Information). The high
Wiberg bond index (WBI) between the bismuth and carbon
centres of 0.84 in 3 (0.86 in 4) indicates a comparatively
strong covalent interaction. Natural bond orbital analyses[11]


of 3 and 4 show 2c–2e natural bonds that are polarised to-
wards the carbon atoms and consist of an sp2.36 (sp1.91)
hybrid at carbon and a p orbital at the bismuth centre in 3
(4) (Table 1). Both natural bond orbitals are displayed in
Figure 5.


Figure 4. Molecular structure of 4. Selected bond lengths [P] and angles
[8]: Mo2�Bi1 2.914(2), Mo2�Bi2 2.901(2), Mo1�Bi1 2.914(2), Mo1�Bi2
2.897(2), Bi2�C5 2.25(2), Bi1�C1 2.28(2), Bi1�Bi2 3.530(2), C1�C5
1.45(2), C1�C2 1.43(2), C2�C3 1.43(2), C3�C4 1.46(2), C4�C5 1.46(2);
Bi1-Mo1-Bi2 74.76(3), Mo2-Bi1-Mo1 103.83(3), Mo2-Bi1-Mo1 104.56,
Mo1-Bi1-C1 49.3(3), Mo2-C5-Bi1 80.3(4), Bi1-C1-C5 117.3(10), C2-C1-
C5-C4 �1.2(15), C3-C4-C5-C1 2.6(15).


Table 1. Results of the NBO analyses of 3 and 4 at the B3LYP/II//
B3LYP/I level of theory.


NPA[a] partial NBO analysis[b]


charges occ. %(Bi) hyb. %(C) hyb. ENBO WBI


3 Mo: �0.34 1.94 24.0 p 76.0 sp2.36 �0.369 0.84
Bi: 0.82
C: �0.44


4 Mo: �0.32 1.80 26.2 p 73.8 sp1.91 �0.376 0.86
Bi: 0.80
C: �0.46


[a] Natural population analysis. [b] Natural bond orbital analysis of the
Bi�C bond: NBO occupancy (occ.), bond polarization in %(Bi) and
%(C), orbital hybridization (hyb.), energy of the NBO (ENBO) and
Wiberg bond index (WBI).
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The topological analysis of the electron density 1 using
the atoms in molecules (AIM) theory[12] pioneered by Bader
confirms this situation. The existence of bond critical points
between the respective Bi and C atoms argue for Bi�C
bonding (Figure 6). The significant ellipticity of the Bi�C
bond at the critical point (3 : 0.18, 4 : 0.18) reflects the curva-


ture of this bond. A comparison of the Hessian (the so-
called electron energy density) at the critical points h(rc),
shows that the Bi�C bonds in both compounds are of com-
parable strength and covalency (3 : �0.169, 4 : �0.186 Har-
treeP�3). The high values of the Laplacian of the electron
density 521(rc) (3 : 5.65, 4 : 5.79 eP�5) in combination with


Figure 5. Natural bond orbital of the Bi�C bond in 3 (left) and 4 (right).


Figure 6. Three-dimensional representations of molecular graphs resulting from AIM analysis of 3 (top left) and 4 (bottom left). Ring and cage critical
points are omitted for clarity. The two-dimensional cross section (light grey Mo-C-Bi-plane, right) represents the Laplace distribution with bond critical
points (squares), ring critical points (triangles) and nucleus positions (circles). The arrows show electron density concentration aside from the Bi�C
atomic interaction lines.
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the relatively low electron density 1(rc) at the bond critical
points (3 : 0.616, 4 : 0.616 eP�3) indicate electron depletion
and contraction of the charge density towards the nuclei and
therefore suggest closed shell (C–Bi) donor/acceptor interac-
tions as already shown by the highly polarised natural bond
orbitals. The electron localisation function[13] (ELF) in 3 and
4 shows no local maximum on the Bi�C bonding line, but
regions of localized electron density are apparent, which are
not symmetric with respect to the two atoms and are strong-
ly shifted away from the bonding lines between the nuclei
indicating the bent character of the Bi�C interaction
(Figure 7).


To obtain information about the thermodynamics (is DG
positive or negative?) and the kinetics (height of the C�H
activation barriers) involved in the formation of these
bonds, the reaction of 2 to give 3 and 4 was also studied at
the BP86/Lanl2dz level of theory using density fitting.[8] It
turned out that DE for the first alcohol elimination, that is,
the first step that is necessary for the formation of both 3
and 4, is 76.9 kJmol�1. However, since two molecules are
generated from one there is a gain in entropy that leads to a
DG value of 25.1 kJmol�1 (DG values are computed at stan-
dard conditions (298.15 K/1atm)). The reaction is thus only


slightly endothermic. DG¼6 is 89.2 kJmol�1, that is, the barri-
er can be easily crossed at room temperature; in the absence
of complex-induced proximity effects it would probably be
much higher. The resulting intermediate A (Figure 8) is sep-
arated by a considerable barrier of 133.0 kJmol�1 from its
isomer B, which is generated by an edge inversion[21] of the
second [Mo]2Bi�OtBu unit. A and B basically have the
same energy and by eliminating a further equivalent of alco-
hol they give 3 and 4, respectively, through moderate barri-
ers (A ! 3, B ! 4) of comparable height (DDG¼6 =


3.2 kJmol�1). As pointed out above, 3 and 4 differ only
slightly in energy, too, but the trend as revealed by B3LYP


(9 and 12 kJmol�1, respectively,
in favour of 4) is confirmed by
calculations at the B86 level of
theory (11.8 kJmol�1). Figure 8
summarises all these theoretical
results concerning the kinetic
and thermodynamic situation in
the system which may serve to
rationalise the very peculiar ob-
servation that the reaction be-
tween [Cp2MoH2]/[Bi(OtBu)3]
first of all leads to pure crystals
of 3 in good yields, while on
setting aside the mother liquor
after separation of the first
bunch of crystals a 1:1 mixture
of 3 and 4 is isolated.


First of all it is evident that
all the reactions should repre-
sent equilibria lying on the side
of the starting materials. How-
ever, the final products are con-
stantly removed from these
equilibria through precipitation,
so that the reactions are none-
theless driven to the product
side.


Starting from 2 intermediate
A has to form, and a second al-
cohol elimination starting from
A necessarily leads to 3. Hence,
3 enriches the solution first, and
as a very low concentration is
already sufficient for its precipi-


tation, 3 crystallises selectively during the starting period of
the reaction. For the formation of 4, A would have to iso-
merise into B first. However, as the corresponding barrier
of 133.0 kJmol�1 is substantially higher than the competitive
barrier (83.7 kJmol�1) leading to 3 (continuously crystallis-
ing from solution!) the inversion process is initially not of
relevance, that is, 3 is favoured kinetically. After separation
of the first batch of crystals from the mother liquor the ener-
getic situation is naturally the same, but considerable
amounts of tBuOH are now present in solution that acceler-
ate the reverse reactions. Consequently, the alcohol slows


Figure 7. Results obtained utilising the ELF for the analysis of 3 and 4.
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down the precipitation of 3, so that the concentrations of
the species A and B—and thus also those of 3 and 4—are
determined by thermodynamic arguments, which even
slightly favour 4. Therefore, compounds 3 and 4 crystallise
at the same time in an almost 1:1 ratio.


Conclusion


Only recently an intramolecular carbanion attack at a non-
acidic C�H bond was reported[14] to occur within a calcium
complex, and this process has been discussed against the
background of cyclometallation reactions found in early-
transition metal chemistry (e.g. the formation of “tuck-in”
complexes, Scheme 3)[15] as well as ortho-directed lithia-
tions.[16]


Such a comparison is all the more appropriate considering
the conversion of 2 to 3 and 4, since it is clear here that the
reacting groups are in fact located very closely to each


other, so that complex-induced proximity effects can
become effective. Whereas the structure of 2 is ideally pre-
arranged for the elimination of two equivalents of alcohol
leading to 3, formation of 4 requires a sequential process:
Subsequent to the first Bi�C bond formation the resulting
molecule A has to rearrange by an edge inversion of the
second [Mo]2Bi�OtBu unit, so that both Bi atoms get linked
to the same ring. The barrier for this inversion is substantial-
ly higher than the one leading from A to 3 ; thus, 3 is kineti-
cally favoured over 4 and formed selectively in the first
period of the reaction. While the reaction proceeds, the con-
centration of tBuOH rises, which finally enables simultane-
ous formation of thermodynamically favoured 4 by influenc-
ing the state of the equilibria involved.


It remains unclear why the reaction of [MeCp2MoH2]
yields exclusively the analogue of 4, IV, whereas [Cp2MoH2]
yields mainly 3. Considering the results presented here a
combination of crystallisation properties and thermodynam-
ics is likely to be responsible. Future research will now focus
on the investigation of further electronic/inductive effects
on this novel type of C�H activation as well as on the analo-
gous cleavage of other types of C�E bonds.


Experimental Section


All manipulations were carried out in a glove-box, or by means of
Schlenk-type techniques involving the use of a dry argon atmosphere.


Figure 8. DG and DG¼6 values for the conversion of 2 to 3 and 4 as obtained with BP86/Lanl2dz using density fitting.


Scheme 3. Formation of “tuck-in” complexes.
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Solvents were purified, dried and degassed prior to use. Microanalyses
were performed by the Analytische Laboratorien des Organisch-Chemi-
schen-Institutes der Universit7t Heidelberg by using a CHN-Analyser
Heraeus. Infrared (IR) spectra were recorded using samples prepared as
KBr pellets with a Digilab Excalibur FTS 3000 FTIR-spectrometer. X-
ray powder diffraction data were collected with a XRD 7 Seiffert-FPM
using CuKa radiation. Low-resolution mass spectra were recorded on a
Finnigan MAT 8400. High-resolution mass spectra were performed by
the Zentrum f9r Massenspektrometrie des Organisch-Chemischen-Insti-
tuts der Universit7t Heidelberg by using a JEOL JMS-700 spectrometer.
The ions were generated by EI (70 eV). [Cp2MoH2] and [Bi(OtBu)3]
were prepared as described.[7, 17, 18]


1: Synthesis and spectroscopic data: see reference [2]. Elemental analysis
calcd (%) for C26H46Bi2MoO4: C 33.56, H 5.00; found: C 33.34, H 4.95.


2 : A solution of [Bi(OtBu)3] (0.094 g, 0.22 mmol) in light petrol (2 mL)
was added to a suspension of [Cp2MoH2] (0.050 g, 0.22 mmol) in light
petrol (1 mL). Agitation resulted in a red solution, which was filtered
and stored at room temperature. Small amounts of black needles formed
overnight, that were suitable for single-crystal X-ray structure analysis.
The elemental analysis indicates that 2 is formed only in small amounts,
while the bulk consists of 3.


3 and 4 : Toluene (10 mL) was added to a solid mixture of [Cp2MoH2]
(0.200 g, 0.88 mmol) and [Bi(OtBu)3] (0.375 g, 0.88 mmol) at room tem-
perature. A red solution was initially formed that spontaneously turned
black after about 120 s. Leaving the solution overnight at room tempera-
ture without stirring led to crystalline 3 (0.262 g, 0.26 mmol), which after
separation from the solution by decanting, washing repeatedly with light
petrol and drying was analytically pure (yield: 59%); according to
powder diffraction data these crystals are not contaminated by crystals of
the isomer 4. Elemental analysis calcd (%) for C20H18Mo2Bi2: C 27.67, H
2.08, found: C 27.77, H 2.17; IR (KBr): ñ=3078 m, 1630 w, 1406 m,


1310 m, 1169 m, 1096 s, 1059 m, 995 m, 915 m, 829 s, 775 s, 646 m, 593 w,
508 w, 458 m, 417 m cm�1; low-resolution MS (EI): m/z (%): 870 (40)
[M+], 660 (80) [M+�Bi], 448 (100) [M+�2Bi], 209 (45) [Bi+], 65 (20)
[Cp+]; high-resolution C20H18


92
Mo92


MoBi2: m/z 859.9218 (859.9152, Dm=


6.0 mm). When the mother liquor was left to stand for for three days a
1:1 mixture of crystalline 3 and 4 precipitated. There are no marked dif-
ferences between the spectroscopic data of 3 and 4 so that a distinction
was only possible by X-ray powder diffraction.


X-ray crystallography : The data of 1, 2 and 3 were collected (Table 2) on
a Nonius Kappa CCD spectrometer, the data of 4 on a Stoe IPDS I in-
strument using MoKa radiation, l=0.71073 P. In all cases, the structures
were solved by direct methods (program: SHELXS-97)[19] and refined
versus F2 (program: SHELXL-97)[20] with anisotropic temperature factors
for all non-hydrogen atoms. All hydrogen atoms were added geometrical-
ly and refined by using a riding model.


CCDC-244338–244341 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK
(Fax: (+44)1223-336-033; E-mail: deposit@ccdc.cam.ac.uk).
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Table 2. Crystallographic data for 1–4.


1 2 3 4


empirical formula C26H46Bi2MoO4 C28H38Bi2Mo2O2 C20H18Bi2Mo2 C20H18Bi2Mo2


molecular mass 936.53 1016.42 868.2 868.2
crystal size [mm] 0.20Z0.20Z0.05 0.20Z0.20Z0.10 0.07Z0.10Z0.10 0.36Z0.24Z0.16
crystal system monoclinic monoclinic monoclinic monoclinic
space group C2/c P2(1)/c P2(1)/n C2/c
Z 8 2 2 8
a [P] 30.819(6) 10.649(2) 8.222(3) 23.319(4)
b [P] 10.626(2) 14.483(3) 8.447(3) 7.750(1)
c [P] 20.616(4) 9.637(2) 13.110(6) 20.951(3)
a [8] 90 90 90 90
b [8] 115.27(3) 111.12(3) 91.468(5) 102.81(3)
g [8] 90 90 90 90
V [P3] 6105(2) 1386.4(5) 910.2(6) 3692.1(9)
1calcd [gcm�3] 2.038 2.435 3.175 3.124
T [K] 200(3) 200(3) 103(2) 150(2)
corrns Lorentz-polarisation-factor
absorption correction Semi-empirical from equivalents


m [mm�1] 11.932 13.561 20.620 20.333
F(000) 3536 944 780 3104
hkl range h: �39 to 39 h: �13 to 13 h: �11 to 11 h : �28 to 28


k: �13 to 12 k: �16 to 17 k: 0 to 11 k : �9 to 9
l : �26 to 26 L: �11 to 11 l : 0 to 17 l : �25 to 25


V range [8] 1.46 to 27.50 2.49 to 26.04 3.46 to 30.44 2.78 to 25.49
measured reflections 12762 4211 8835 15453
independent reflections 6923 2580 2521 3426
observed refl. [I>2s(I)] 3763 1814 2300 3074
parameters 312 159 119 211
R1 0.0723 0.0499 0.0371 0.0489
wR2 0.1493 0.1051 0.0957 0.1051
R (all) 0.1462 0.0810 0.0449 0.0555
residual el. density [eP�3] +2.506/�2.154 +1.533/�1.514 +2.830/�2.364 +3.356/�2.013
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Dynamic Equilibrium between a Supramolecular Capsule and Bowl
Generated by Inter- and Intramolecular Metal Clipping


Seong Jin Park,[a] Dong Mok Shin,[a] Shigeru Sakamoto,[b] Kentaro Yamaguchi,[b]


Young Keun Chung,[a] Myoung Soo Lah,[c] and Jong-In Hong*[a, d]


Introduction


Metal-induced self-assembly is a flourishing area in the field
of host–guest and supramolecular chemistry. There are
many examples of the metal-mediated self-assembly of
squares,[1] helices,[2] grids,[3] catenanes,[4] cylinders,[5] circular
helicates,[6] and cages.[7] It appears from these studies that a
self-assembled structure can be predicted if the metal and
ligand are chosen correctly. Many superstructures have been
designed in this manner; however, there are a growing
number of examples that deviate from the structures expect-
ed. Dynamically assembled structures, such as molecular tri-
angles/squares,[8] dimeric/trimeric (or tetrameric) assem-
blies,[9] tetrameric/hexameric circular complexes,[10] grid/heli-
cal architectures,[11] and coordination boxes[12] have also
been reported.


We have extensively investigated the formation of super-
structures composed of resorcin[4]arene derivatives (1) that
have four pyridine (Py) units as pendent groups and cis-pro-
tected square-planar MII ions (M=Pd, Pt). We recently re-
ported that, following the mixing of ligand 1 with two equiv-
alents of organic- and water-soluble PdII or PtII ions, respec-


Abstract: The metal-induced self-as-
sembly of a resorcin[4]arene derivative
1 that has four pyridine units as pend-
ent groups and two equivalents of
[M(dppp)(OTf)2] (M=Pd, Pt) results
in a dynamic equilibrium between an
interclipped supramolecular capsule 3
and an intraclipped bowl 4 in nitrome-
thane, although the interclipped capsu-
le 3 is formed as a sole adduct in
chloroform/methanol and the intraclip-
ped bowl 4 is formed exclusively in an
aqueous phase. This demonstrates how
metal-induced self-assembly can be
tuned by subtle changes in the solvent
system. The coexistence of the two


structures in nitromethane was charac-
terized by NMR spectroscopy and
coldspray ionization mass spectrometry
(CSI-MS). The crystal structure of the
interclipped capsule 3 b, which is com-
posed of two units of ligand 1 and four
PtII ions, reveals the capsule cavity to
have nanoscale dimensions of 158
20 9. NMR spectra show that the dy-
namic equilibrium between 3 and 4 is


dependent on concentration and tem-
perature. Temperature-dependent
1H NMR spectroscopy was carried out
from 273 to 343 K to verify the thermo-
dynamic parameters that control the
dynamic equilibrium process; the con-
version from the interclipped supra-
molecular capsule 3 a to the intraclip-
ped bowl 4 a is entropically favored
and enthalpically disfavored. The rota-
tional barrier of the restricted rotation
of pyridine units in the intraclipped
bowl 4 was determined by line-shape
analysis.


Keywords: dynamic equilibrium ·
interclipped capsule · intraclipped
bowl · self-assembly · solvent
effects
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of the resorcin[4]arene-based ligand 1. Experimental data (1H NMR
monitoring, 1H,1H-COSY, and CSI-MS spectrum) of the exclusive for-
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tively, the interclipped nanoscale capsule (composed of two
units of ligand 1 and four metal ions) was constructed as a
sole adduct in chloroform/methanol, whereas the intraclip-
ped bowl (composed of one ligand 1 and two metal ions),
was exclusively formed in an aqueous phase (Scheme
1a).[7e,13] Here we describe the dynamic equilibrium be
tween an interclipped capsule 3 and an intraclipped bowl 4
in nitromethane (Scheme 1b). We demonstrate that the
metal-mediated, self-assembled superstructures can be
tuned by subtle changes in the solvent system. This is the
first example of the formation and dynamic equilibrium of a
three-dimensional supramolecular system, in which the
intra- and interclipped structures are formed from three-di-
mensional ligands in a dynamic manner.


Results and Discussion


Dynamic equilibrium between an interclipped capsule (3)
and an intraclipped bowl (4): A resorcin[4]arene-based
ligand 1 with four pyridine substituents at the upper rim was
prepared from the corresponding tetrol cavitand[14] and 4-pi-
colyl chloride by nucleophilic substitution.[7e] Following the
simple addition of two equivalents of [M(dppp)(OTf)2]
(M=Pd, Pt) to resorcin[4]arene derivative 1 in [D3]nitro-
methane, two sets of 1H NMR peaks were visible (see Sup-
porting Information).[15] One set of these signals showed the
same pattern as that observed in [D]chloroform/[D4]metha-
nol, in which the D4h-symmetric capsule was predominant.[7e]


The other structure had C2v symmetry, as seen from exten-
sive one-dimensional and two-dimensional 1H NMR spectro-
scopy measurements. Due to the D4h symmetry of 3, each


bridging methylene proton (Hi, Ho) leads to a single doublet
signal.[7e] The signals for the C2v-symmetric structure 4, how-
ever, are split into two sets of signals.[13] Since Hi’’ and Ho’’


reside in the shielding region between the two pyridine li-
gands that interact with the metal ions, it is expected that
they will move further upfield than Hi’ and Ho’. Upon intra-
clipping with PdII ions, the pyridyl protons (Hp’), as well as
the a- and b-protons (Ha’, Hb’) of the pyridine units, become
desymmetrized by the hindered rotation upon PdII complex-
ation, and appear as a pair of doublets. In addition, the me-
thine and methyl protons (Hb’/Hb’’, Hc’/Hc’’) of the lower rim
become desymmetrized and appear as a pair of doublets or
as a multiplet.


Additional evidence for the coexistence of two distinct
supramolecular species was obtained from the 31P NMR
spectrum (see Supporting Information). This exhibited two
discrete peaks at around 9.27 and 9.22 ppm, indicating that
two kinds of phosphorus atoms exist in two different envi-
ronments.[16]


The coldspray ionization mass spectrometric (CSI-MS)
measurement (Figure 1) clearly shows the coexistence of an
interclipped capsule 3 a and an intraclipped bowl 4 a in nitro-


methane containing 1 and 2 a in a 1:2 molar ratio:
[3 a�2CF3SO3


�]2+ (m/z : 2506.2), [3 a�3CF3SO3
�]3+ (m/z :


1621.3), [3 a�4CF3SO3
�]4+ (m/z : 1178.2), [4 a�CF3SO3


�]+


(m/z : 2506.2), [4 a�2CF3SO3
�]2+ (m/z : 1178.2), and


[4 a�3CF3SO3
�]3+ (m/z : 735.9). Because the mass of 3 is ex-


actly twice the mass of 4, the signals attributed to the
doubly and quadruply charged species of 3 are superim-
posed by the singly and doubly charged signals of 4 with dif-
ferent m/z ratios. The inset in Figure 1 shows the overlap-


Abstract in Korean:


Figure 1. CSI-MS spectrum of 1 and 2 a in a 1:2 molar ratio in nitro-
methane (needle voltage: 2.0 kV, needle current: 300–700 nA, orifice
voltage: 0 V, ringlens voltage: 300 V, ion source temperature: 293 K, flow
rate: 8mLmin�1). The inset shows the superimposition of signals from the
singly charged species [4a�CF3SO3


�]+ and the doubly charged species
[3a�2CF3SO3


�]2+ .
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ping of signals arising from a singly charged 4 a and a
doubly charged 3 a.


The structure of the interclipped capsule 3 b was corrobo-
rated by means of X-ray crystallography (Figure 2).[17] A
single crystal that was suitable for X-ray structural analysis
was obtained by the slow diffusion, at ambient temperature
for five days, of ethanol into a chloroform/methanol mixture
that contained a minute quantity of p-xylene.[18] The crystal
structure of 3 b clearly demonstrated that the two resor-
cin[4]arene-based pyridine ligands were clipped by four PtII


ions. The adjacent Pt···Pt distances are 10.9 and 17.1 9, and
the distances between the two remote Pt atoms are 20.1 and
20.5 9. The distance between the centroids of the four resor-
cin[4]arene methine carbon atoms on the bottom rim is ap-
proximately 15.4 9. Therefore, the cavity of 3 b has nano-
scale dimensions of 15820 9, and could encapsulate posi-
tively charged N-alkyl pyridinium derivatives due to strong
cation–p interactions.[7e] The NPy-Pt-NPy angles of 85.1o and
86.5o are considerably smaller than the ideal square-planar
angles of 90o. This is presumably due to the need for larger
Pdppp-Pt-Pdppp angles (91.2 to 94.7o) for the chelating dppp


unit.[1j] One interesting feature of the complex is that one of
the dppp phenyl groups is positioned almost parallel with
and on top of the chelated pyridine unit.[1j]


Concentration- and temperature-dependent 1H NMR
studies of the dynamic equilibrium between an interclipped
capsule (3) and an intraclipped bowl (4): To elucidate the
behavior of the dynamic equilibrium between the interclip-
ped capsule 3 and the intraclipped bowl 4, concentration-de-
pendent 1H NMR spectroscopy was performed on a 1:2
molar mixture of 1 and 2 a. Figure 3 shows how reduction of
the concentration results in an increase in the height of the
peaks that are assigned to bowl 4 a ; the relative ratios of 4 a/
3 a are 1.64, 2.66, and 4.26 at 4.0, 2.0, and 1.0mm of 1, re-
spectively. This indicates that the major component at lower
concentrations is the intraclipped bowl 4, which is assembled
from fewer components than capsule 3.


To verify the thermodynamic parameters that control this
dynamic equilibrium, temperature-dependent 1H NMR spec-
troscopy was carried out from 273 to 343 K (Table 1). As
the temperature increases, the integral of the peaks that are
assigned to bowl 4 increases; the relative ratios of 4 a/3 a are


Scheme 1. Metal-induced self-assembly of a resorcin[4]arene derivative 1 and two equivalents of MII ions (2): a) exclusive formation of an intra or inter-
clipped superstructure; b) dynamic equilibrium between an interclipped capsule 3 and an intraclipped bowl 4. M=Pd or Pt, L=1,3-bis(diphenylphos-
phino)propane (dppp), L’=ethylenediamine (en), OTf=OSO2CF3.
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2.0, 2.7, 5.7, and 9.5 at 273, 293, 313, and 343 K, respective-
ly.[19,20] The thermodynamic equilibrium constant Keq for the
equilibrium between 3 and 4 can be calculated from Equa-


tion (1), and the concentration of the two species, [3] and
[4], can be calculated from the integration of Ho proton
(IHo


) and Ho’ proton (IHo’
), by using Equations (2) and (3).


Keq ¼ ½4�2=½3� ð1Þ


½3� ¼ 0:5 ½1�o fIHo
=ðIHo


þ 2 IHo0
Þg ð2Þ


½4� ¼ ½1�o f2 IHo0
=ðIHo


þ 2 IHo0
Þg ð3Þ


In Equations (2) and (3), [1]o=2 [3]+ [4] ([1]o: initial con-
centration of ligand 1) and [3]:[4]= IHo


:4 IHo’
.


Enthalpy and entropy values of the supramolecular equili-
brium were obtained by using the vanHt Hoff equation: Ho=


25.2 kJmol�1 and So=36.1 JK�1mol�1. These values show
that the conversion from 3 a to 4 a is enthalpically disfa-
vored, but entropically favored. Presumably the high en-
thalpic cost is attributable to the difficulty in forming the in-
traclipped structure, which possesses a short tether unit that
connects four pyridine units from the resorcin[4]arene back-
bone. The favorable entropy is due to the formation of two
equivalents of 4 from one equivalent of 3, and/or from the
release of encapsulated solvent molecules into the bulk, fol-
lowing the collapse of the interclipped supramolecular cap-
sule 3 to form the intraclipped bowl 4.


Restricted rotation of pyridine units in an intraclipped
bowl (4): The restricted rotation of the pyridine units in the
intraclipped bowl 4 a was also observed by performing tem-
perature-dependent 1H NMR spectroscopy (Figure 4). The
rotational barrier was determined by line-shape analysis
with regard to the signals associated with the pyridine units.


The a- and b-protons (Ha’, Hb’) of the pyridine units in
the intraclipped bowl 4 displayed two sets of well-separated
doublet peaks at ambient temperature, whereas protons Ha


and Hb in the interclipped capsule 3 showed only one set of
doublet peaks. These two sets of signals for the pyridine
units in 4 coalesced to a single set at 306 K.


Figure 3. Concentration-dependent 1H NMR spectra showing the dynam-
ic equilibrium between capsule 3a and bowl 4a (300 MHz, [D3]nitro-
methane, 298 K): a) [1]o=4mm ; b) [1]o=2mm ; c) [1]o=1mm.


Table 1. Temperature-dependent equilibrium constant Keq in [D3]nitro-
methane ([1]o=1.3mm. The equilibrium constants were calculated from
the integration of well-separated Ho and Ho’ signals).


Temperature [3a] [4a] Keq ln Keq


[K] [m] [m] [m]


273 3.27810�4 6.47810�4 1.28810�3 �6.66
283 2.86810�4 7.28810�4 1.86810�3 �6.29
293 2.79810�4 7.42810�4 1.97810�3 �6.23
298 2.40810�4 8.21810�4 2.81810�3 �5.87
304 2.16810�4 8.67810�4 3.47810�3 �5.66
305 2.10810�4 8.79810�4 3.68810�3 �5.61
306 2.04810�4 8.93810�4 3.91810�3 �5.54
307 1.98810�4 9.04810�4 4.12810�3 �5.49
308 2.04810�4 8.92810�4 3.90810�3 �5.55
309 1.95810�4 9.09810�4 4.23810�3 �5.46
310 1.86810�4 9.27810�4 4.62810�3 �5.38
313 1.68810�4 9.64810�4 5.53810�3 �5.20
323 1.44810�4 1.01810�3 7.14810�3 �4.94
333 1.20810�4 1.06810�3 9.37810�3 �4.67
343 1.13810�4 1.07810�3 1.02810�2 �4.59


Figure 2. The X-ray crystal structure of 3b : a) side view; b) top view. For
clarity, the triflate anions and solvent molecules have been omitted.
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The free energy of activation DG� (in Jmol�1) can be de-
termined by using the Eyring equation [Eq. (4)], in which x
(transmission coefficient) is usually assumed to have a value
of 1, together with Equation (5),[21] in which Tc is the coales-
cence temperature and kc is the rate constant at Tc.


k ¼ x
kBT
h


e�DG�=RT ð4Þ


DG�
C ¼ 19:14Tc


�
10:32þ log


Tc


kc


�
ð5Þ


In Equation (5), kc=2.2 Dv (Dv : separation in Hz be-
tween the two signals in the absence of exchange).


In this system, Tc and Dv were determined from 1H NMR
spectra to be 306 K and 66.8 Hz, respectively. The free
energy of activation DG� for rotation of the pyridine units
in the intraclipped bowl 4 a was calculated to be
62.3 kJmol�1.


Presumably, the origin of this phenomenon is the increas-
ing rotational freedom of the intraclipped NPy�Pd�NPy


bonds, and/or the acceleration of the association–dissocia-
tion rate of the NPy�Pd bond at elevated temperature.


Conclusion


We have shown that metal-induced self-assembly can be
tuned by subtle changes in the solvent system; dynamic
equilibrium between an interclipped supramolecular capsule
3 and an intraclipped bowl 4 exists when a resorcin[4]arene
derivative 1 and [M(dppp)(OTf)2] (M=Pd, Pt) are mixed in
a 1:2 molar ratio in nitromethane, although the interclipped
capsule 3 is formed as a sole adduct in chloroform/methanol


and the intraclipped bowl 4 is formed exclusively in an
aqueous phase. This indicates that self-assembly can be con-
trolled by changing the nature of the surrounding solvent
medium. NMR studies confirm that the dynamic equilibrium
between 3 and 4 is dependent on concentration and temper-
ature. The thermodynamic parameters that control the dy-
namic equilibrium were elucidated; the conversion from 3 a
to 4 a is entropically favored and enthalpically disfavored.
The restricted rotation of pyridine units in the intraclipped
bowl 4 was also observed, and the rotational barrier was de-
termined by line-shape analysis.


Experimental Section


General : All of the chemicals were of reagent grade and were used with-
out further purification. Deuterated solvents were acquired from Cam-
bridge Isotopic Laboratories and were used for the complexation reac-
tions and for NMR spectrometric measurements. All NMR spectra were
recorded on either a Bruker Avance DPX-300 or a Bruker Avance 500
spectrometer. 1H NMR spectra were recorded at 300 and 500 MHz, and
the chemical shifts were reported in ppm, with the residual resonance of
deuterated solvent as an internal reference (d=7.27 ppm for
[D]chloroform; d=4.33 ppm for [D3]nitromethane). 13C NMR spectra
were recorded at 75 MHz, and the chemical shifts were given in ppm rel-
ative to the carbon resonance of deuterated solvent (d=77.0 ppm for
[D]chloroform). 19F NMR spectra were recorded at 282 MHz, and the
chemical shifts were reported relative to external standards of CFCl3 at
0.00 ppm. 31P NMR spectra were recorded at 202 MHz, and the chemical
shifts were given relative to external standards of H3PO4 at 0.00 ppm.
Fast atom bombardment mass spectrometry (FAB-MS) data were ob-
tained by using a JEOL JMS-AX505WA mass spectrometer with m-ni-
trobenzyl alcohol (NBA) as a matrix. CSI-MS data were measured on a
four-sector (BE/BE) tandem mass spectrometer (JEOL JMS-700T)
equipped with a CSI source. Data for the crystal structure of the inter-
clipped supramolecular capsule 3b were recorded by using an Enraf-
Nonius Kappa-CCD diffractometer equipped with a graphite crystal inci-
dent-beam monochromator Lp.


Synthesis of resorcin[4]arene-based ligand (1): A mixture of correspond-
ing tetrol cavitand (132 mg, 0.2 mmol),[14] K2CO3 (690 mg, 5.0 mmol), and
4-picolyl chloride hydrochloride (328 mg, 2.0 mmol) in dry DMF (5 mL)
was stirred under a nitrogen atmosphere at 60 8C for 18 h. The solvent
was evaporated under vacuum and the residue was dissolved in chloro-
form (50 mL). The solution was washed with water and brine, then dried
(MgSO4), and evaporated to dryness under vacuum. Silica gel chromatog-
raphy with CH2Cl2/CH3OH (10:1) was used to obtain 1 (yield 165 mg;
80%). 1H NMR (300 MHz, [D]chloroform): d=8.61 (d, 3J(H,H)=
5.85 Hz, 8H; PyHa), 7.33 (d, 3J(H,H)=5.71 Hz, 8H; PyHb), 7.02 (s, 4H;
ArH), 5.81 (d, 2J(H,H)=7.12 Hz, 4H; ArOCHoHiOAr), 5.1–4.9 (m, 12H;
CHCH3+OCH2Py), 4.50 (d, 2J(H,H)=7.13 Hz, 4H; ArOCHoHiOAr),
1.78 ppm (t, 3J(H,H)=7.42 Hz, 12H; CHCH3);


13C NMR (75 MHz,
[D]chloroform): d=149.56, 147.66, 147.15, 143.97, 139.99, 121.54, 114.18,
99.45, 73.40, 31.23, 15.82 ppm; FAB-MS: m/z : 1021.3663 [M+H]+ (calcd:
1021.3660); elemental analysis (%) calcd for C60H52N4O12·CH2Cl2: C
66.24, H 4.92, N 5.07; found: C 65.33, H 5.17, N 4.97.


Synthesis of interclipped capsule (3 a) and intraclipped bowl (4 a): Resor-
cin[4]arene-based ligand 1 (10.2 mg, 0.010 mmol) and [Pd(dppp)(OTf)2]
(16.4 mg, 0.020 mmol) were mixed in CH3NO2 (3.0 mL) for a few minutes
at ambient temperature, then the mixture was concentrated to 1.0 mL.
Et2O was added to the reaction mixture, and the resulting white precipi-
tate was collected by filtration, washed with Et2O, and dried under
vacuum to give the product (yield 22.5 mg; 85%). 1H NMR (300 MHz,
[D3]nitromethane): d=8.83 (d, 3J(H,H)=5.43 Hz, 16H; Ha), 8.65 (br,
8H; Ha’), 7.90 (br, 48H; P(C6H2H3)2CH2), 7.57 (br, 72H;
P(C6H2H3)2CH2), 7.32 (br, 28H; Hb+Ha+Ha’), 7.23 (br, 8H; Hb’), 5.95


Figure 4. Section of the 1H NMR spectra, recorded at various tempera-
tures (300 MHz, [D3]nitromethane, [1]o=1.3mm).
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(d, 2J(H,H)=7.36 Hz, 8H; Ho), 5.84 (d, 2J(H,H)=6.55 Hz, 2H; Ho’), 5.02
(d, 2J(H,H)=15.47 Hz, 4H; Hp’), 4.89 (br, 24H; Hp+Hb), 4.69 (d,
2J(H,H)=15.82 Hz, 4H; Hp’), 4.42 (m, 4H; Hb’+Hb’’), 4.17 (d, 2J(H,H)=
6.53 Hz, 2H; Hi’), 3.53 (br, 8H; PCH2CH2), 3.41 (br, 16H; PCH2CH2),
3.31 (br, 4H; PCH2CH2), 3.12 (d, 2J(H,H)=6.47 Hz, 2H; Ho’’), 2.48 (br,
10H; Hi’’+PCH2CH2), 1.76 (t, 3J(H,H)=6.93 Hz, 12H; Hc), 1.67 ppm (m,
12H; Hc’+Hc’’);


19F NMR (282 MHz, [D3]nitromethane): d=�82.32 ppm;
31P NMR (202 MHz, [D3]nitromethane): d=9.27, 9.22 ppm; CSI-MS:
m/z : 2506.2 [3 a�2CF3SO3


�]2+ , 1621.3 [3a�3CF3SO3
�]3+ , 1178.2


[3a�4CF3SO3
�]4+ , 2506.2[4a�CF3SO3


�]+ , 1178.2 [4a�2CF3SO3
�]2+ ,


735.9 [4 a�3CF3SO3
�]3+ .
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ving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or
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vent molecules in and/or out of the cavity of a nanoscale capsule
may prevent the collapse of the crystal lattice.


[19] It was not possible to calculate the equilibrium ratios at 353 K and
363 K from the integral of the Ho and Ho’ peaks because the signals
overlap. We could, however, deduce from the integral ratios of Ha


and Ha’ that more than 97% of the adduct exists as an intraclipped
bowl 4a at 363 K.


[20] To determine the structures of the supramolecular capsule 3 and
bowl 4, electrospray ionization mass spectrometry (ESI-MS) was
performed at the ion-source temperatures 25 and 60 8C (see Sup-
porting Information). The relative intensities of [3a�3CF3SO3


�]3+


and [3a�5CF3SO3
�]5+ signals increased at the lower ion-source tem-


perature. This indicates that the relative amount of interclipped
adduct 3 increases at lower temperature, which is consistent with
our former assumption.
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Dimeric Palladium Complexes with Bridging Aryl Groups:
When are they Stable?
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Introduction


Bridging aryl groups are common in the chemistry of main-
group elements and Group 11 transition metals. They are far
less common for palladium and platinum complexes, and
only a few examples of stable derivatives have been report-
ed.[1] Nonetheless, they are proposed to be involved in the
transfer of aryl groups between palladium centers,[2,3] and in
the transmetalation of aryl groups in some Pd-catalyzed
cross-coupling reactions [Eq. (1)], such as the Stille and the
Hiyama reactions.[4,5]


The transfer of aryl groups between palladium atoms has
been used to synthesize monoaryl palladium derivatives,[6] as


in the process shown in Equation (2).[6a] Again, intermedi-
ates with bridging aryl groups should be involved.


This aryl rearrangement is also relevant in Pd-mediated
cross-coupling reactions [Eq. (1)], since, provided it is fast
enough relative to the reductive elimination step leading to
the final cross coupling products, it opens a pathway to un-
desired homocoupling products (Scheme 1).
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Abstract: Stable dimeric palladium(ii)
complexes of general formula [Pd2(m-
R)2(h


3-allyl)2] (R=haloaryl, mesityl)
have been prepared. Their X-ray crys-
tal structures, determined for some of
the complexes, show that the two coor-
dination square planes are usually co-
planar. The haloaryl complexes are
fluxional in solution, showing exchange
between cis and trans isomers (relative
to the orientation of the two allyl
groups in the dimer) through solvent-


assisted associative bridge splitting. A
number of other ancillary ligands (O,O,
S,S, or C,N donors) failed to stabilize
the bridging situation. Also, bridging
phenyls were unstable. The reasons for
this behavior and the formation of al-


ternative compounds in attempts at
synthesizing them are fully analyzed
and explained. Stable aryl bridges seem
to be favored by a combination of fac-
tors: the use of ancillary ligands of
small size and lacking electron lone
pairs, and the use of aryl ligands reluc-
tant to homo and hetero C�C coupling.
These seem to be more important fac-
tors in the stabilization of bridging aryl
complexes than the strength of the
bridges themselves.


Keywords: allyl ligands · associa-
tive bridging ligand splitting ·
electron-deficient compounds ·
palladium


Scheme 1. Formation of homocoupling products in Pd-catalyzed cross-
coupling reactions.
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In the course of a study of the Stille reaction with allyl
halides we found that, in the absence of other ligands, h3-
allyl complexes of palladium with bridging aryl groups were
very stable.[1a] This remarkable stability prompted us to ex-
plore the synthesis of other complexes of this type and to
look into the factors that contribute to the stabilization of
these electron-deficient bridges. Only one other Pd complex
with aryl bridges, (NBu4)2[Pd2(m-C6F5)2(C6F5)4], and one
mixed Pd/Pt complex, (NBu4)2[PdPt(m-C6F5)2(C6F5)4], have
been reported to date,[1b] but these were not characterized
by X-ray diffraction and were reported to decompose slowly
in solution at room temperature.


Results


Synthesis of complexes : Several allyl–palladium complexes
with bridging perhalophenyl ligands were synthesized fol-
lowing the route described in Scheme 2. The cationic ace-


tone complexes were prepared and used “in situ”. The syn-
thesis and isolation of a cationic 5-C6F5-1,3-h


3-cyclohexenyl-
palladium·solvato derivative has been reported in detail.[1a]


The bis-aryl anionic complexes (NBu4)[Pd(h
3-allyl)(Rf)2],


{h3-allyl=h3-C3H5, Rf=C6Cl2F3 (1), C6F5 (2); h
3-allyl=h3-cy-


clohexenyl, Rf=C6Cl2F3 (3), C6F5 (4); h
3-allyl=5-C6F5-1,3-


h3-cyclohexenyl, Rf=C6F5 (5)} were prepared by arylation
of the allyl, halo-bridged dimers with (NBu4)[Ag(Rf)2].
They displace acetone from the cationic complexes, afford-
ing the dimeric compounds 6–10 as orange solids.
The bridging nature of the fluorinated aryl ligands in 6–10


is shown by the characteristic downfield shift of the Fortho sig-
nals in their 19F NMR spectra. They display chemical shifts
close to �100 ppm for C6F5 or �75 ppm for 3,5-C6Cl2F3 (in


CDCl3, reference CFCl3). These shifts are about 10–15 ppm
downfield from the corresponding signals in terminal per-
haloarylpalladium complexes. In CDCl3 each complex ap-
pears as a mixture of two isomers (ca. 1:1 ratio) arising from
the mutual cis and trans arrangement of the two allyl ligands
in the dimer (see later). Coordinating solvents, such as ace-
tonitrile, cleave the aryl bridges to form monomeric solvato
complexes. In less coordinating solvents, such as Et2O or
acetone, equilibria of dimeric aryl-bridged complexes with
monomeric solvent complexes are observed.
A similar synthetic route was attempted with other auxili-


ary chelating X^L ligands different from allyl groups
(Scheme 3). For this purpose the bis-aryl derivatives 11–13


were synthesized by transmetalation with the appropriate di-
arylsilver reagents and were fully characterized. It is worth
noting that the rotation of the dichlorotrifluorophenyl rings
around the Rf�Pd bond in the complex with the orthometal-
lated dimethylbenzylamine ligand (13) falls well in the slow
exchange limit at room temperature. This rotation is fast in
analogous allylic derivatives 1–5, which are less sterically de-
manding. The coordination plane of palladium is a symme-
try plane in 13, due to the presence of the planar k2-C,N-di-
methylbenzylamine ligand; this results in the equivalence of
the two Fortho atoms in a perhaloaryl ring. The hindrance to
rotation of the perhaloaryl groups in 13 was detected by
analysis of the through-space coupling constants between
Fortho atoms of different inequivalent rings: the values of J
for these syn (relative to the coordination square plane, i.e. ,
tsJ(F1


o�F2
o)=


tsJ(F10o�F20
o )) and anti (tsJ(F1o�F20


o )=
tsJ(F10o�F2


o))
Fortho–Fortho couplings (Figure 1) are unequal (7.1 and
4.2 Hz), as determined by computer simulation of the ob-
served AA’XX’ spin system, whereas they should average in
value in a fast rotation process of the haloaryl group around


Scheme 2. Synthesis of haloaryl-bridged dimeric allylic palladium com-
plexes.


Scheme 3. Attempted synthesis of aryl-bridged palladium complexes with
auxiliary ligands different from allyl groups.
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the aryl�Pd bond. In complexes 1–5 the two aryl rings are
equivalent by symmetry, but the two Fortho at each side of
the coordination plane should be inequivalent. However,
equivalence of all the Fortho atoms is observed and indicates
fast rotation of the perhaloaryl rings. This different hin-
drance to aryl rotation for 1–5 relative to 13 is steric in
origin, and the phenomenon has been discussed in detail in
previous papers.[7]


Attempts at synthesizing aryl-bridged dimeric complexes
by using 11–13 as starting materials (Scheme 3), following a
route similar to that in Scheme 2, were unsuccessful. For
X^L=acac or diethyldithiocarbamate the product isolated
from the reaction showed only broad signals in the 19F NMR
spectrum in CDCl3; these signals appeared in the chemical
shift range of terminal fluoroaryl groups, with no indication
of bridging aryl groups. Upon addition of a small amount of
acetonitrile to these ill-identified complexes, they slowly re-
arranged to [Pd(Rf)2(NCMe)2] and [Pd(X^L)2]. However,
for X^L=k2-C,N-C6H4CH2NMe2 the products of the reac-
tion were monomeric solvato complexes [Pd{k2-C,N-
C6H4CH2NMe2}(Rf)(s)] (Rf=3,5-C6Cl2F3; s=acetone (14)
or OEt2 (15) depending on the reaction solvent and the iso-
lation procedure).
The reaction of AgR with halobridged dimers [Eq. (3)]


might be an alternative method to synthesize aryl-bridged
complexes. Indeed this is a suitable route to compounds 6–
10, although it usually produces somewhat lower yields than
the process in Scheme 2.


Solutions of Ag(C6F5) in CDCl3 can be generated, as de-
scribed in the literature,[8] by mixing (NBu4)[Ag(C6F5)2] and
Ag(BF4) in Et2O, filtering the (NBu4)BF4 formed, evaporat-
ing the solvent, and dissolving the residue in CDCl3. These
solutions were used for testing, by NMR monitoring, the
possible formation of other aryl-bridged compounds, but it
is necessary to consider that it is extremely unlikely that
these solutions are strictly free of Et2O and H2O, which can
act as bridge-splitting ligands. The reaction with the cationic
complex [Pd2(m-Cl)2(PEt3)4](BF4)2 produced cis-


[Pd(C6F5)2(PEt3)2] and [Pd2(m-OH)2(PEt3)4](BF4)2, along
with some unreacted material.[9] Similarly, the reaction of
[Pd2(m-Cl)2(py)4](BF4)2 with Ag(C6Cl2F3) (prepared by
mixing (NBu4)[Ag(C6Cl2F3)2] and Ag(BF4), as described for
the pentafluorophenyl derivative) showed no indication of
bridging aryl groups in the 19F NMR spectra of reaction mix-
tures, in chloroform or acetone.
The synthesis of dimeric complexes with bridging aryl


groups other than fluoroaryl groups was also attempted. The
reaction of [Pd2(m-Br)2(5-C6F5-1,3-h


3-cyclohexenyl)2] with
Ag(2,4,6-C6H2Me3) in Et2O, gave the purple complex
[Pd2(m-(2,4,6-C6H2Me3))2(5-C6F5-1,3-h


3-cyclohexenyl)2] (16)
in moderate yield (51%, [Eq. (4)]).


This is the most convenient preparation procedure, since
the reaction of [Pd2(m-Br)2(5-C6F5-1,3-h


3-cyclohexenyl)2]
with (2,4,6-C6H2Me3)MgBr (Pd:Mg=1:1), leads to a mixture
of 16 and starting material. The use of a higher amount of
MgBr(2,4,6-C6H2Me3) did not lead to 16 as a pure complex.
An equilibrium between 16 and [Pd2(m-Br)2(5-C6F5-1,3-h


3-
cyclohexenyl)2] was reached because of the presence of bro-
mide salts in solution. Complex 16 is a mixture of cis and
trans isomers (cis :trans=1:1.3) as a result of the two possi-
ble mutual allyl arrangements in the dimer, as observed for
6–10. Low temperature reactions of [Pd2(m-Br)2(5-C6F5-1,3-
h3-cyclohexenyl)2] and LiPh (Pd:LiPh=1:1) in Et2O were
also carried out. Deep red solutions were obtained upon
mixing, but the characterization in solution and the isolation
of solid complexes were prevented by rapid decomposition.
Biphenyl and benzene were observed as decomposition
products.
A rough estimation of the strength of the electron-defi-


cient aryl bridges can be obtained from the extent of bridge
splitting in coordinating solvents to give [Pd(aryl)(allyl)(sol-
vent)]. In acetone, the mesityl bridges in 16 remain unal-
tered, whereas about 20% of 10 is split. The previously re-
ported complex [Pd2(m-C6Cl2F3)2(5-C6F5-1,3-h


3-cyclohexen-
yl)2] (17) behaves like 10. Compound 16 is not soluble in
acetonitrile, whereas 10 and 17 are fully converted to the
monomeric solvato complex. The decomposition of 16 at
50 8C in CDCl3 is analogous to that observed for 17;[1a] it
does not lead to the homocoupling product bimesityl, but to
b-H elimination in the allylic moiety and formation of 1,3,5-
C6H3Me3.


Crystal structures of some aryl-bridged complexes : X-ray
crystal-structure determinations were carried out for com-


Figure 1. Through-space 19F–19F coupling constants for complex 13.


I 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 242 – 252244


A. C. Alb1niz, P. Espinet et al.



www.chemeurj.org





plexes 6, 7, 9, and 16. The four complexes show very similar
features, also in common with the complex [Pd2(m-
C6Cl2F3)2(5-C6F5-1,3-h


3-cyclohexenyl)2] (17) previously re-
ported.[1a] Selected bond lengths and angles are given in
Table 1 for two representative complexes, 6 and 16. Figure 2
shows the corresponding ORTEP drawings. Complex 16
crystallized with a molecule of solvent (Et2O), which is not
shown in Figure 2. Bond lengths, angles, and ORTEP draw-
ings for 7 and 9 are given as Supporting Information.


The bridging aryl rings lie perpendicular to the Pd�Pd
axis (Figure 2) and are coplanar. The Pd�Pd distance is
short in all cases: it ranges from 2.681(2) to 2.6310(12) U, in-
dicating a Pd�Pd bonding interaction consistent with the
presence of electron-deficient aryl bridges. The aryl groups
bridge the palladium centers in a symmetrical way for 6 (we
consider a bridge to be symmetrical when both Pd�Cipso dis-
tances are equal within �3s), but more often they are
slightly asymmetrical (16, 17). The two Pd and two Cipso
atoms are coplanar.
The Pd�allyl bond lengths and angles are within the


normal ranges.[10, 11] Only the trans isomer was found in the


solid state for 6 and 16, as was also the case for 17. The cy-
clohexenyl ring in 16 shows a pseudoboat conformation.
Substituted h3-cyclohexenylpalladium complexes can be
found in the literature in either the pseudoboat or pseudo-
chair conformations, depending on whether the substituents
are placed in an equatorial, less sterically demanding ar-
rangement.[11, 12]


The X-ray crystal structure of complex 18 (its anion is
shown in Figure 3) was determined to make a comparison
between terminal and bridged aryl groups. The synthesis has


been reported previously.[1a] Selected bond lengths and
angles are given in Table 2. The allyl moiety is symmetrically
coordinated, with very similar Pd�C1 and Pd�C3 bond


lengths (2.170(3) and 2.187(3) U). The fluoroaryl rings are
not perpendicular to the palladium coordination plane, but
tilted in the same direction 24.28 (C13 fluoroaryl) and 12.58
(C19 fluoroaryl) from the ideal perpendicular position. The
Pd�C(aryl) bond lengths are 2.070(4) and 2.068(3) U, no-
ticeably shorter than those of Pd�fluoroaryl in the dimeric
complexes.


The cis/trans exchange : In CDCl3 complexes 6–10 exist as
approximate 1:1 mixtures of cis and trans isomers, whereas a
1:1.3 mixture was found for complex 16 [Eq. (5)]. This mix-
ture was seen clearly at room temperature for all the com-
plexes in the 19F NMR spectra in CDCl3, but only for 10 and
16 in the 1H NMR spectra. The cis/trans exchange was ob-
served for the haloaryl complexes as the temperature was
raised.
A variable-temperature study was undertaken for complex


6, which provides a simple NMR pattern. The low-tempera-


Table 1. Selected bond lengths [U] and angles [8] for complexes 6 and
16.


Complex 6 Complex 16


Pd1�C1 2.172(14) Pd1A�C13 2.198(4)
Pd1A�C1 2.191(12) Pd1�C13 2.267(5)
Pd1�Pd1A 2.681(2) Pd1�Pd1A 2.6310(12)
Pd1�C7 2.133(13) Pd1�C1 2.146(6)
Pd1�C8 2.119(19) Pd1�C2 2.099(5)
Pd1�C9 2.080(18) Pd1�C3 2.175(4)


C1-Pd1-C1A 104.2(4) C13-Pd1-C13A 107.83(14)
Pd1-C1-Pd1A 75.8(4) Pd1-C13-Pd1A 72.17(14)
C6-C1-C2 115.4(12) C14-C13-C18 116.3(4)
C7-C8-C9 131.0(2) C1-C2-C3 116.4(5)
C7-Pd1-C9 66.6(7) C1-Pd1-C3 66.6(2)


Figure 2. ORTEP drawings of the molecular structures for complexes 6
and 16.


Figure 3. ORTEP drawing for the structure of the anion in complex 18.


Table 2. Selected bond lengths [U] and angles [8] for complex 18.


Pd1�C13 2.070(4) C19�Pd1�C13 92.73(13)
Pd1�C19 2.068(3) C1�Pd1�C3 66.53(15)
Pd1�C1 2.170(3) C13�Pd1�C1 99.58(14)
Pd1�C2 2.106(4) C19�Pd1�C3 100.99(13)
Pd1�C3 2.187(3) C3�C2�C1 117.5(4)
C1�C2 1.405(5) C14�C13�C18 112.6(3)
C2�C3 1.390(5) C24�C19�C20 112.1(3)
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ture spectrum of 6 corresponds to the slow exchange limit
(213 K, Figure 4) and shows distinct signals for each isomer.
Two singlets are observed for the Fpara resonance in the


19F NMR spectrum. The symmetry of each isomer deter-
mines that the Fortho resonances appear as one singlet for the
four equivalent atoms in the trans isomer, and as two sin-
glets for the two nonequivalent Fortho atoms of each of the
two equivalent aryl groups in the cis isomer (Figure 4a).
Two sets of allylic protons are observed in the 1H NMR
spectrum (Figure 4b). At higher temperature coalescence of
the signals of both isomers occurs and only one set of allylic
resonances is observed in the 1H NMR spectrum at 313 K
(Figure 4b). Coalescence is also seen for the corresponding
signals in the 19F NMR spectrum (Figure 4a). The exchange
does not operate through the frequent pQsQp rearrange-
ment in this case, since it should lead to exchange of the syn
and anti protons in the allyl moiety; this type of exchange is
not observed (Figure 4b).[13] Line-shape analysis of the
1H NMR spectra in CDCl3 in the range 213–313 K afforded
the exchange rates,[14] and an Eyring plot led to the follow-
ing activation parameters for the process: DH�=43�
3 kJmol�1, DS�=�73�9 Jmol�1K�1 (DG�


298=65�
4 kJmol�1). The exchange was faster in acetone and was
also accelerated when a small amount of H2O was added to
a solution of 6 in CDCl3 (Figure 4c, note the similarity of


this spectrum at 213 K with the spectrum at 313 K in CDCl3
without added water).
Bridge cleavage and statistical rearrangement of dimers is


commonly observed for electron-precise halogen-, carboxy-
late-, or aryloxide-bridged allylic compounds.[15] In the case
of the electron-deficient bridges discussed here, our observa-
tions suggest a solvent-assisted cleavage of the aryl bridges
(adventitious water in the case of CDCl3, the exchange rate
increasing when water is added on purpose). The highly neg-
ative value of DS� rules out a dissociative mechanism for
bridge cleavage, and further supports the intervention of the
solvent (or the water in the case of CDCl3) in an associative
mechanism. The cis/trans conversion cannot be achieved in
a monobridged intermediate. It requires the complete cleav-
age of the dimer into monomeric species, even if these are
formed only in undetected concentration (Scheme 4). In fact
an equimolar mixture of complexes 6 and 8 in CDCl3 produ-
ces a statistical mixture of 6, 8, and [Pd(h3-cyclohexenyl)(m-
C6Cl2F3)2Pd(h


3-C3H5)] (19).


Discussion


Judging by the frequent observations of processes requiring
aryl transmetalation between Pd atoms, or between Pd and
other metals not very dissimilar in electronegativity (Sn, Si,
B, etc.), aryl bridges must pervade palladium chemistry as
transient intermediates and in transition states, but they are
extremely elusive to observation in isolated compounds.
These two facts are not in contradiction, since palladium
compounds are very efficient catalysts and a stable inter-
mediate should make the overall reaction slow.
Only two kinds of Pd complexes featuring electron-defi-


cient aryl bridges have been unambiguously observed so far:
The anionic complexes (NBu4)2[PdM(m-C6F5)2(C6F5)4] (M=


Pd, Pt), which were not studied by X-ray diffraction and de-
compose slowly in solution; and the series of complexes
[Pd2(m-Ar)2(allyl)2] discussed here, which are fairly stable in
solution. There are a number of closely related complexes in
the literature that have been structurally characterized, for
example, compounds with PtII or PtIII and bridging perha-
loaryl groups or bridging halogenated alkylidene ligands de-
rived from them (Scheme 5).[1e,f,g]


Figure 4. The cis/trans isomerization and 19F and 1H NMR spectra of com-
plex 6 in CDCl3 in different conditions.


Scheme 4. Proposed mechanism for the cis/trans exchange in aryl-bridged
dimeric palladium complexes.
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All these systems with bridging aryl or alkylidene groups
have a planar or nearly planar “M2(Cipso)2” fragment. The
molecular orbitals pertinent to the bridge “M2(m-R)2” in sev-
eral geometries, including square-planar complexes and sp2-
and sp3-hybridized bridging atoms, have been thoroughly an-
alyzed on model compounds using DFT and ab initio calcu-
lations, in order to find a rationale for the planar or bent
structure of the bridge.[16] In the bridged systems containing
terminal aryl groups (20–24) the angles at the metal deter-
mined by the terminal aryl groups are below 85.18 and can
be as low as 82.58.[1e,f,g] These values are in the lower range
of angles found for cis-(C6F5)2M fragments in electron-pre-
cise square-planar complexes (82.7–91.88,[10,17] 92.738 for cis-
(C6Cl2F3)2Pd in 18) and suggest that the bridging aryl groups
or alkylidenes are exerting some repulsion on the terminal
aryl groups (the thickness of an aryl ring is estimated to be
about 3.50 U).[18] Scheme 6 clearly shows that the separation
between terminal aryl groups in a conventional square-
planar structure (A) is larger (they make angles of 908 in an


ideal geometry) than the separation between terminal and
bridging aryl groups (B) (they make angles of 458 in an
ideal square-planar coordination geometry). Consequently
the angle between terminal aryl groups (a) needs to be re-
duced in order to minimize the overall steric repulsive inter-
actions in the molecule, whether the bridge is electron defi-
cient (20, 21, 22) or not (23, 24) (see the Ct�M�Ct angle
84.88 found for 20,[1g] compared to 89.908 for the related
complex with a small bridging group (NBu4)2[Pd2(m-
OH)2(C6F5)4]


[19]). This suggests that favorable sterics is a
factor for the special stability of aryl-bridged complexes
with allyl groups as ancillary terminal ligands. Since allyl
groups have small bite (668) and cone angles, the repulsive
bridge–terminal ligand interactions are basically absent and
the complexes gain stability relative to complexes with other
terminal ligands. At the other extreme, if we consider termi-
nal ligands extended in the coordination plane (model struc-
tures C and D in Scheme 6), the bridged structure D can be
discarded as a low-energy one, simply on the grounds of the
severe steric hindrance. This suffices to explain why aryl-
bridged complexes could not be obtained when X^L=k2-
C,N-C6H4CH2NMe2 as terminal ligand, and the formation of
monomeric solvato complexes [Pd{k2-C,N-
C6H4CH2NMe2}(Rf)(s)] was preferred. For the same reason
one should not expect [Pd2(m-haloaryl)2(PEt3)4](BF4)2 to be
a favored species due to the steric requirement of PEt3.


[20] In
fact, this kind of structure could not be prepared.
However, steric hindrance cannot be argued as an impor-


tant factor of instability in other attempted cases such as
[Pd2(m-haloaryl)2(py)4](BF4)2 or [Pd2(m-Ph)2(allyl)2], since
py, disposed perpendicularly to the coordination plane as
terminal ligand, is sterically similar to the haloaryl groups as
terminal ligands, for which anionic, bridged complexes are
known. Other factors need to be considered that should
make the bridged system unstable versus other alternative
outcomes, such as the intrinsic stability of the bridges, the
susceptibility to attack by external ligands, and the ease of
decomposition by intramolecular coupling.
It is difficult to extract fine conclusions on the intrinsic


stability of the bridges from inspection of the structural data
(see complexes 6 and 16), but an experimental assessment
of the relative strength of the bridges for the bridging aryl
groups used in this work can be obtained from the extent of
bridge splitting by coordinating solvents to give monomeric
solvato complexes in acetone. The dimer/monomer ratios
found (see Results) lead to the following stability trend: me-
sityl>C6F5�C6Cl2F3. Thus, although the dimeric complexes
are the major species in every case, the electron-deficient
bridges are more stable the higher the electron density
available in the aryl group, as indicated by the sum of
Hammet parameters for the substituents in the ring (�s :
mesityl<C6F5�C6Cl2F3).[21]
When the compounds are made cationic by replacing the


allyl group by two neutral ligands (py or PEt3) the metal
center becomes harder and more electrophilic. Whether this
should stabilize or destabilize the bridges cannot be experi-
mentally assessed, because in practice the metal center be-


Scheme 5. Dimeric platinum complexes with halogenated hydrocarbyl
bridges.


Scheme 6. Steric constraints in monomeric and dimeric arylpalladium
complexes.
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comes too reactive towards hard nucleophiles in solution
(OEt2, adventitious H2O), which will split the electron defi-
cient bridges. In fact, cationic, bridged complexes are not
detected. This reactivity explains the different behavior of
py versus C6F5 as terminal ligands, in spite of its steric simi-
larity.
The ligands acetylacetonate or diethyl dithiocarbamate,


particularly the latter with a bite angle of about 758,[22]


should not offer unbearable steric hindrance to aryl-bridge
formation. Hence the failure to produce aryl-bridged com-
plexes using these groups as terminal ligands should be im-
puted to them possessing lone pairs, which facilitates their
transfer through electron-precise (3c, 4e) bridges
(Scheme 7). It is interesting to note that the orthometallated
terminal ligand, which lacks lone pairs, behaves quite differ-
ently and it is the perhaloaryl ring that is transferred.


The combination of allylic ligands and haloaryl groups or
mesityl is well suited to prevent the occurrence of fast cou-
pling/decomposition reactions. Allyl–aryl coupling is not an
easy process according to our previous studies on the de-
composition of complex 17 in the context of a Stille cou-
pling.[1a] Cyclohexenylhaloaryl and -mesityl derivatives even-
tually decompose by b-H elimination from the cyclohexenyl
and aryl�H formation by reductive elimination. This decom-
position takes place most probably on monomeric electron
poor solvato complexes [Pd(allyl)(Ar)(s)] in solution. On
the other hand, aryl–aryl homocoupling reactions might
occur from minute amounts of [Pd(allyl)(Ar)2]


� complexes
in equilibrium with the aryl-bridged and the cationic mono-
meric solvato complexes (the reversal of Scheme 2). These
are kinetically disfavored for Ar=haloaryl groups,[23] and
also for the sterically hindered mesityl group.[24] This homo-
coupling is, however, a decomposition process that is ob-
served for Ar=Ph in competition with b-H elimination and
C6H6 formation, and the deep red solutions formed at low
temperature from [Pd2(m-Br)2(5-C6F5-1,3-h


3-cyclohexenyl)2]
and LiPh (which probably contain the corresponding
phenyl-bridged derivative) undergo fast decomposition to
biphenyl and benzene as the temperature is raised, or
during workup. Easy homocoupling and formation of biaryl
moieties has been reported in the decomposition of monoar-


ylpalladium derivatives both for phenyl and for meta- or
para-substituted aryl groups in which the Cipso atoms are not
hindered.[25] Since the strength of phenyl bridges should be
intermediate between those of mesityl and C6F5, it is clear
that the instability of Ph bridges is not due to an intrinsic
weakness, but to a higher efficiency of the undesired decom-
position pathways.
Finally it is worth commenting on the reaction mecha-


nisms operating in these perhaloaryl-bridged palladium sys-
tems. In the preceding paragraphs we have proposed asso-
ciative mechanisms both for the NMR fluxionality and for
the reactivity observed (involving ligand substitution and
transmetalation processes). Dissociative mechanisms might
alternatively be invoked, involving splitting of the electron-
deficient bridges to give three-coordinate intermediates.
However, we have discussed elsewhere the unlikeness of ki-
netically relevant 14e intermediates in ligand-substitution
processes.[26] There are indications in some of the reactions
observed here or reported in the literature that in our opin-
ion are clear hints for associative pathways. Thus, in contrast
to the symmetric splitting by PPh3 of the bridges in [M2(m-
C6F5)2(C6F5)4]


2� (M=Pd, Pt), which affords only
[M(C6F5)3(PPh3)]


� , the splitting of [PdPt(m-C6F5)2(C6F5)4]
2�


gives cis-[Pd(C6F5)2(PPh3)2] and [Pt(C6F5)4]
2�. This remarka-


ble difference, which was not discussed in the original
paper,[1b] can be understood only taking into account that as-
sociative reactions for Pd are much faster than for Pt.[27]


Hence the asymmetric bridge splitting is the logical result of
a double associative substitution on Pd of the bridging Rf
ligand (Rf=C6F5) by the incoming ligand (Scheme 8). The


kinetic products are sufficiently stable and do not rearrange
easily to the expected thermodynamic products (those of
symmetric splitting). We have shown previously that the cis/
trans isomerization of complexes [Pd(Rf)2(PR3)2] (Rf=C6F5,
C6Cl2F3) is extremely slow.


[2a]


Similarly, the formation of cis-[Pd(C6F5)2(PEt3)2] in our at-
tempts to prepare [Pd2(m-C6F5)2(PEt3)4]


2+ can be explained
assuming that this dimer is formed as an unstable (because
of steric hindrance) and very reactive (because of the high
electrophilicity and hard character of the Pd centers) inter-
mediate, which immediately reacts with water in the solvent
according to Scheme 9.


Scheme 7. Reaction pathways observed for aryl palladium complexes
with orthometallated or dithiocarbamate auxiliary ligands.


Scheme 8. Bridge splitting by associative substitution on palladium.
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Conclusion


The formation of stable aryl bridges is favored by a combi-
nation of factors, which should mainly avoid other evolution
pathways of the reaction. The use of small ancillary ligands
to reduce steric crowding in the bridged complex, and the
use of aryl ligands and ancillary ligands reluctant to homo
or hetero C�C coupling, seem to be determinant. Donor
atoms in the molecule or in the solvents are to be avoided,
as they can induce bridge splitting. The tolerance to hard,
weakly coordinating solvents can be fairly good in the less
electrophilic, anionic or neutral, bridged complexes. The re-
activity of the aryl-bridged complexes is often connected to
an initial homolytic or heterolytic cleavage of the aryl
bridges, which for PdII usually follows a fast associative
mechanism. Electron-poor bridges seem to be slightly
weaker and, in addition, this increases the electrophilicity of
the metal. This makes these complexes particularly suscepti-
ble to cleavage, initiated by associative attack of an external
nucleophile (e.g., solvent or adventitious water). The higher
inertia of Pt towards associative processes can be a reason
for the higher stability of aryl-bridged Pt complexes report-
ed in the literature.


Experimental Section


General : 1H, 19F, and 31P NMR spectra were recorded on Bruker AC-300
and ARX-300 spectrometers. Chemical shifts (in d units, ppm) were ref-
erenced to TMS for 1H, to CFCl3 for


19F, and to H3PO4 for
31P. The spec-


tral data were recorded at 293 K unless otherwise noted. C, H, and N ele-
mental analyses were performed on a Perkin–Elmer 240 microanalyzer.
Solvents were dried following standard procedures and distilled before
use. Complexes [Pd2(m-Cl)2(h


3-C3H5)2],
[28] [Pd2(m-Cl)2(h


3-cyclohexen-
yl)2],


[29] [Pd2(m-Br)2(5-C6F5-1,3-h
3-cyclohexenyl)2],


[11d] [Pd2(m-
Cl)2(acac)2],


[30] [Pd2(m-Cl)2(Et2NCS2)2],
[31] [Pd2(m-Cl)2{k


2-C,N-
C6H4CH2N(CH3)2}],


[32] [Pd2(m-Cl)2(PEt3)4](BF4)2,
[33] (NBu4)[Ag(C6F5)2],


[8]


(NBu4)[Ag(C6Cl2F3)2],
[1a] and Ag(2,4,6-C6H2Me3)


[34] were prepared as de-
scribed elsewhere.


Synthesis of bisarylpalladium derivatives


Complex 2 : [Pd2(m-Cl)2(h
3-C3H5)2] (0.1260 g, 0.344 mmol) and


(NBu4)[Ag(C6F5)2] (0.4710 g, 0.688 mmol) were dissolved in CH2Cl2
(10 mL). The mixture was stirred for 30 min in the dark. The grayish sus-
pension that formed was filtered, and the filtrate evaporated to dryness.


Isopropanol (5 mL) and n-hexane (20 mL) were added to the residue.
The white solid formed was filtered, washed with hexane, and air-dried
(0.4292 g, 86% yield). Elemental analysis calcd (%) for C31H41F10NPd: C
51.42, H 5.71, N 1.93; found: C 51.71, H 5.42, N 1.93; 19F NMR
(282 MHz, CDCl3): d=�165.32 (m; Fmeta, Fpara), �109.75 ppm (m; Fortho);
1H NMR (300 MHz, CDCl3): d=5.13 (tt, J=12.6 Hz, 6.3 Hz, 1H; H2),
3.58 (d, J=6.3 Hz, 2H; H1


syn, H
3
syn), 3.02 (m, 8H; CH2-a NBu4), 2.58 (d,


J=12.6 Hz, 2H; H1
anti, H


3
anti), 1.60 (m, 8H; CH2-b NBu4), 1.31 (m, 8H;


CH2-g NBu4), 0.95 ppm (m, 12H; CH3 NBu4).


Complexes 1, 3–5, and 11–13 were prepared in a similar way, starting
from the corresponding dimeric chloro (bromo for complex 5) and
(NBu4)[Ag(Rf)2] derivatives. n-Hexane, instead of a mixture of isopropa-
nol/n-hexane, was used to obtain complexes 5, 11 and 12.


Complex 1: Yield, 81%; elemental analysis calcd (%) for
C31H41Cl4F6NPd: C 47.14, H 5.23, N 1.77; found: C 46.69, H 4.89, N 1.81;
19F NMR (282 MHz, CDCl3): d=�123.70 (s; Fpara), �83.90 ppm (s; Fortho);
1H NMR (300 MHz, CDCl3): d=5.11 (tt, J=13.2, 6.6 Hz, 1H; H2), 3.53
(d, J=6.6 Hz, 2H; H1


syn, H
3
syn), 3.02 (m, 8H; CH2-a NBu4), 2.57 (d, J=


13.2 Hz, 2H; H1
anti, H


3
anti), 1.60 (m, 8H; CH2-b NBu4), 1.31 (m, 8H; CH2-g


NBu4), 0.95 ppm (t, 12H; CH3 NBu4).


Complex 3 : Yield, 62%; elemental analysis calcd (%) for
C34H45Cl4F6NPd: C 49.21, H 5.47, N 1.69; found: C 48.79, H 5.05, N 1.47;
19F NMR (282 MHz, CDCl3): d=�124.04 (s; Fpara), �84.76 ppm (s; Fortho);
1H NMR (300 MHz, CDCl3): d=5.16 (t, J=6.0 Hz, 1H; H2), 4.62 (m,
2H; H1, H3), 3.02 (m, 8H; CH2-a NBu4), 2.06 (m, 1H; H


5), 1.89 (m, 4H;
H4, H6), 1.60 (m, 8H; CH2-b NBu4), 1.31 (m, 8H; CH2-g, NBu4), 1.08 (m,
1H; H5’), 0.95 ppm (t, 12H; CH3 NBu4).


Complex 4 : Yield, 79%; elemental analysis calcd (%) for C34H45F10NPd:
C 53.44, H 5.94, N 1.83; found: C 52.99, H 5.38, N 1.85; 19F NMR
(282 MHz, CDCl3): d=�165.60 (t; Fpara), �165.20 (m; Fmeta),
�110.60 ppm (m; Fortho);


1H NMR (300 MHz, CDCl3): d=5.15 (t, J=
6.6 Hz, 1H; H2), 4.65 (brm, 2H; H1, H3), 3.02 (m, 8H; CH2-a NBu4),
2.07 (m, 1H; H5), 1.92 (m, 4H; H4, H6), 1.60 (m, 8H; CH2-b NBu4), 1.31
(m, 8H; CH2-g NBu4), 1.10 (m, 1H; H


5’), 0.95 ppm (t, J=6.6 Hz, 12H;
CH3 NBu4).


Complex 5 : Yield, 79%; elemental analysis calcd (%) for C40H44F15NPd:
C 51.65, H 4.77, N 1.50; found: C 51.08, H 4.55, N 1.63; 19F NMR
(282 MHz, CDCl3): d=165.43 (t, 2F; Fpara Rf-Pd), �165.13 (m, 4F; Fmeta Rf-Pd),
�163.96 (m, 2F; Fmeta Rf-C), �159.27 (t, 1F; Fpara Rf-C), �141.73 (m, 2F;
Fortho Rf-C), �110.37 ppm (m, 4F, Fortho Rf-Pd);


1H NMR (300 MHz, CDCl3):
d=5.47 (t, J=6.0 Hz, 1H; H2), 4.83 (t, J=6.0 Hz, 2H; H1, H3), 3.03 (m,
8H; CH2-a NBu4), 2.70 (m, 1H; H


5), 2.49 (m, 2H; H4, H6), 2.16 (m, 2H;
H4’, H6’), 1.55 (m, 8H; CH2-b NBu4), 1.32 (m, 8H; CH2-g NBu4),
0.94 ppm (t, J=7.0 Hz, 12H; CH3 NBu4).


Complex 11:[35] Yield, 91%; elemental analysis calcd (%) for
C33H43F10NO2Pd: C 50.68, H 5.54, N 1.79; found: C 49.94, H 5.48, N 1.83;
19F NMR (282 MHz, CDCl3): d=�167.81 (t; Fpara), �167.18 (m; Fmeta),
�111.28 ppm (m; Fortho);


1H NMR (300 MHz, CDCl3): d=5.42 (s, 1H;
CH acac), 3.02 (m, 8H; CH2-a NBu4), 2.08 (s, 6H; CH3 acac), 1.60 (m,
8H; CH2-b NBu4), 1.31 (m, 8H; CH2-g NBu4), 0.95 ppm (t, 12H; CH3


NBu4).


Complex 12 : Yield, 90%; elemental analysis calcd (%) for
C34H46F10N2PdS2: C 47.68, H 5.58, N 3.37; found: C 47.22, H 5.40, N 3.49;
19F NMR (282 MHz, CDCl3): d=�165.40 (m; Fmeta), �164.60 (t; Fpara),
�112.20 ppm (m; Fortho);


1H NMR (300 MHz, CDCl3): d=3.75 (q, 4H;
J=9.0 Hz, CH2 Et2NCS2), 3.20 (t, 6H; J=9.0 Hz, CH3 Et2NCS2), 3.02 (m,
8H; CH2-a NBu4), 1.60 (m, 8H; CH2-b NBu4), 1.31 (m, 8H; CH2-g
NBu4), 0.95 ppm (t, 12H; CH3 NBu4).


Complex 13 : Yield, 65%; elemental analysis calcd (%) for
C37H48Cl4F6N2Pd: C 50.33, H 5.48, N 3.17; found: C 49.28, H 5.05, N 3.17;
19F NMR (282 MHz, CDCl3): d=�125.10 (t, J=2.0 Hz, 1F; F1para),
�123.20 (s, 1F; F2para), �87.12 (m, AA’XX’ spin system J=7.0, 4.2 Hz,
2F; F2ortho), �84.33 (m, AA’XX’ spin system, J=7.0, 4.2, 2.0 Hz, 2F;
F1ortho);


1H NMR (300 MHz, CDCl3): d=6.96 (d, J=7.8 Hz, 1H; C6H4),
6.82 (td, J=7.8, 0.9 Hz, 1H; C6H4), 6.70 (td, J=7.0, 0.9 Hz, 1H; C6H4),
6.49 (d, J=7 Hz, 1H; C6H4), 3.88 (s, 2H; CH2), 2.88 (m, 8H; CH2-a


Scheme 9. Final products obtained by evolution of a putative cationic hal-
oaryl-bridged palladium complex.


Chem. Eur. J. 2005, 11, 242 – 252 www.chemeurj.org I 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 249


FULL PAPERDimeric Palladium Complexes



www.chemeurj.org





NBu4), 2.52 (s, 6H; CH3), 1.45 (m, 8H; CH2-b NBu4), 1.29 (m, 8H; CH2-
g NBu4), 0.92 ppm (t, J=6.6 Hz, 12H; CH3 NBu4).


Synthesis of dimeric palladium derivatives with aryl bridges


Method A [Pd2(m-C6F5)2(h
3-C3H5)2] (7): [Pd2(m-Cl)2(h


3-C3H5)2] (0.0438 g,
0.120 mmol) was added to a solution of AgBF4 (0.0466 g, 0.239 mmol) in
acetone (15 mL). The mixture was stirred for 15 min in the dark and the
suspension was filtered. Upon addition of complex 2 (0.1891 g,
0.239 mmol) to the filtrate the solution immediately changed from yellow
to orange. The solvent was evaporated to dryness and iPrOH (5 mL) was
added to the residue. The orange solid formed was filtered, washed with
iPrOH, and air-dried (0.1197 g, 72% yield). The solid obtained is a 1:1
mixture of cis and trans isomers. Elemental analysis calcd (%) for
C18H10F10Pd2: C 34.37, H 1.60; found: C 34.00, H 1.52; 19F NMR
(282 MHz, CDCl3): d=�163.90 (m, 1F; Fmeta,cis), �163.48 (m, 2F;
Fmeta,trans), �163.04 (m, 1F; Fmeta,cis), �148.02 (t, 2F; Fpara,cis–trans),
�99.37 ppm (m, 4F; Fortho,cis–trans);


1H NMR (300 MHz, CDCl3): d=5.32
(brm, 2H; H2


cis�trans), 3.64 (d, J=7.0 Hz, 4H; Hsyn,cis+ trans), 2.91 ppm (brm,
4H; Hanti,cis–trans);


1H NMR (300 MHz, CDCl3, 213 K): d=5.33 (brm, 2H;
H2


cis�trans), 3.62 (d, J=6.6 Hz, 2H; Hsyn,cis)*, 3.65 (d, J=6.6 Hz, 2H;
Hsyn,trans)*, 3.02 (d, J=13.2 Hz, 2H; H3


anti,trans)*, 2.87 ppm (d, J=13.2 Hz,
2H; Hanti,cis)*; *: cis and trans assignments for these signals are only tenta-
tive.
Complexes 6, 8–10 can be prepared in a similar way.


Method B [Pd2(m-C6F5)2(h
3-C6H9)2] (9): A solution of Ag(C6F5) was pre-


viously prepared by mixing AgBF4 (0.0511 g, 0.262 mmol) and
(NBu4)[Ag(C6F5)2] (0.1797 g, 0.262 mmol) in Et2O (20 mL). The suspen-
sion was stirred at 0 8C for 10 min in the dark and the insoluble
(NBu4)BF4 was filtered. [Pd2(m-Cl)2(h


3-C6H9)2] (0.1064 g, 0.239 mmol)
was added to the filtrate and a deep orange solution was immediately
formed. The solvent was evaporated to dryness and n-hexane (10 mL)
was added to the residue. An orange solid was obtained which was fil-
tered, washed with n-hexane and air-dried (0.091 g, 55% yield). The solid
obtained is a 1:1 mixture of cis and trans isomers. Elemental analysis
calcd (%) for C24H18F10Pd2: C 40.65, H 2.37; found: C 40.66, H 2.37;
19F NMR (282 MHz, CDCl3): d=�164.40 (m, 1F; Fmeta,cis), �164.00 (m,
2F; Fmeta,trans), �163.80 (m, 1F; Fmeta,cis), �150.40 (t, 2F; Fpara), �103.20
(m, 1F; Fortho,cis), �101.60 (m, 2F; Fortho,trans), �100.00 ppm (m, 1F Fortho,cis);
1H NMR (300 MHz, CDCl3): d=5.40 (brm, 2H; H


2), 4.65 (m, 4H; H1,
H3), 1.96 (m, 2H; H5), 1.50 (m, 8H; H4, H6), 1.20 ppm (m, 2H; H5).


Complexes 6, 8–10 can also be prepared by using method B, but yields
are generally lower than when method A is used.


Complex 6 : Yield 66% (method A); elemental analysis calcd (%) for
C18H10Cl4F6Pd2: C 31.11, H 1.45; found: C 31.02, H 1.61; 19F NMR
(282 MHz, CDCl3): d=�107.50 (s, 4F; Fpara,cis–trans), �74.04 (s, 2F; Fortho,


cis), �73.91 (s, 4F; Fortho,trans), �73.64 ppm (s, 2F; Fortho,cis);
19F NMR


(282 MHz, CDCl3, 213 K): d=�107.50 (s, 1F; Fpara,cis), �107.53 (s, 1F;
Fpara,trans), �74.60 (s, 1F; Fortho,cis), �74.45 (s, 2F; Fortho,trans), �74.03 ppm, (s,
1F; Fortho,cis);


1H NMR (300 MHz, CDCl3): d=5.32 (brm, 2H; H
2), 3.62


(d, J=7.0 Hz, 4H; Hsyn), 2.88 (brm, 4H; Hanti) ;
1H NMR (300 MHz,


CDCl3, 213 K): d=5.36 (tt, J=12.6, 6.6 Hz, 1H; H2, cis)*, 5.30 (tt, J=
12.9, 6.4 Hz, 1H; H2, trans)*, 3.67 (d, J=6.6 Hz, 2H; Hsyn,cis)*, 3.64 (d,
J=6.4 Hz, 2H; Hsyn,trans)*, 2.98 (d, J=12.9 Hz, 2H; Hanti,trans)*, 2.84 (d, J=
12.6 Hz, 2H; Hanti,cis)*; *: cis and trans assignments for these signals are
only tentative.


Complex 8 : Yield 76% (method A); elemental analysis calcd (%) for
C24H18Cl4F6Pd2: C 37.20, H 2.34; found: C 33.87, H 2.29; 19F NMR
(282 MHz, CDCl3): d=�110.11 (s, 2F; Fpara), �77.87 (s, 1F; Fortho,cis),
�76.40 (s, 2F; Fortho,trans), �74.96 ppm (s, 1F; Fortho,cis);


1H NMR (300 MHz,
CDCl3): d=5.34 (m, 2H; H


2), 4.60 (m, 4H; H1, H3), 1.98 (m, 2H; H5),
1.46 (m, 8H; H4, H6), 1.20 ppm (m, 2H; H5).


Complex 10 : Yield 64% (method A); elemental analysis calcd (%) for
C36H16F20Pd2: C 41.52, H 1.55; found: C 41.58, H 1.76. 19F NMR
(282 MHz, CDCl3): d=�163.73 (m, 1F; Fmeta,cis), �163.18 (m, 2F;
Fmeta,trans), �162.92 (m, 1F; Fmeta,cis), �162.11 (m, 4F; Fmeta,Rf-C), �156.58 (t,
1F; Fpara,Rf-C,cis)*, 156.52 (t, 1F; Fpara,Rf-C,trans)*, �149.26 (t, 1F; Fpara,cis)*,
�149.15 (t, 1F; Fpara,trans)*, �141.80 (m, 4F; Fortho,Rf-C), �100.50 (m, 1F;
Fortho,cis), �100.03 (m, 2F; Fortho,trans), �99.40 ppm (m, 1F; Fortho,cis);
1H NMR (300 MHz, CDCl3): d=5.61 (t, J=5.7 Hz, 1H; H


2, cis)*, 5.50 (t,


J=5.7 Hz, 1H; H2
trans)*, 4.78 (t, J=5.7 Hz, 2H; H1, H3


cis)*, 4.76 (t, J=
5.7 Hz, 2H; H1, H3


trans)*, 2.63 (m, 2H; H
5
cis�trans), 2.20–1.80 ppm (m, 8H;


H4, H4’, H6, H6
cis�trans *: cis and trans assignments for these signals are only


tentative.


[Pd2(m-(2,4,6-C6H2Me3))2(5-C6F5-1,3-h
3-C6H8)2] (16): A solution of


Ag(2,4,6-C6H2Me3) (0.1309 g, 0.5767 mmol) and [Pd2(m-Br)2(5-C6F5-1,3-
h3-C6H8)2] (0.2000 g, 0.2307 mmol) in Et2O (10 mL) was stirred at 0 8C for
30 min in the dark and the insoluble AgBr was filtered. The solvent was
evaporated under reduced pressure to about 5 mL and cooled. A purple
solid was obtained which was filtered and air-dried (0.1107 g, 51% yield).
The solid obtained was a 1:1.3 mixture of cis and trans isomers. Elemen-
tal analysis calcd (%) for C42H38F10Pd2: C 53.35, H 4.05; found: C 52.66,
H 3.60. 19F NMR (282 MHz, CDCl3): d=�162.75 (m, 4F; Fmeta,cis–trans),
�157.75 (t, 1F; Fpara,cis), �157.67 (t, 1F; Fpara,trans), �142.69 (m, 2F;
Fortho,cis), �142.60 ppm (m, 2F; Fortho,trans);


1H NMR (300 MHz, CDCl3):
d=6.77 (s, 1H; Hortho,Mes,cis), 6.71 (s, 2H; Hortho,Mes,trans), 6.63 (s, 1H;
Hortho,Mes,cis), 5.26 (t, J=5.7 Hz, 1H; H2


trans), 5.18 (t, J=5.7 Hz, 1H; H2
cis),


3.98 (m, 4H; H1, H3
cis�trans), 2.83 (s, 3H; Meortho,cis), 2.57 (s, 6H;


Meortho,trans), 2.28 (s, 3H; Meortho,cis), 2.24 (s, 6H; Mepara,cis–trans), 2.52 (m,
2H; H5


cis�trans), 1.90–1.78 ppm (m, 8H; H
4, H4’, H6, H6


cis�trans).


Formation of [Pd(h3-C6H9)(m-C6Cl2F3)2Pd(h
3-C3H5)] (19) in solution :


Complexes 6 (0.0069 g, 0.010 mmol) and 8 (0.0077 g, 0.010 mmol) were
dissolved of CDCl3 (0.6 mL) and the mixture was analyzed by NMR
spectroscopy after 5 min. Complexes 6, 8, and 19 were detected.


Complex 19 : 19F NMR (282 MHz, CDCl3): d=�74.62 (s, 2F; Fortho),
�75.72 (s, 2F; Fortho), �108.99 ppm (s, 2F; Fpara).


Synthesis of [Pd(C6Cl2F3){k
2-C,N-C6H4CH2N(CH3)2}(acetone)] (14): A


solution of Ag(C6Cl2F3) was previously prepared by mixing AgBF4
(0.0723 g, 0.371 mmol) and (NBu4)[Ag(C6Cl2F3)2] (0.2786 g, 0.371 mmol)
in Et2O (20 mL). The suspension was stirred at 0 8C for 10 min in the
dark and the insoluble (NBu4)BF4 was filtered. The filtrate was evaporat-
ed to dryness and acetone was added (30 mL). [Pd2(m-Cl)2{k


2-C,N-
PhCH2N(CH3)2}] (0.2050 g, 0.371 mmol) was added to this solution and
the mixture was stirred for 20 min. The AgCl formed was filtered, the so-
lution was evaporated to about 5 mL, and n-hexane (10 mL) was added.
The yellow solid that formed was filtered, washed with n-hexane, and
vacuum-dried (0.1655 g, 46% yield). Elemental analysis calcd (%) for
C18H18Cl2F3NOPd: C 43.34, H 3.63, N 2.81; found: C 43.00, H 3.48, N
2.65; 19F NMR (282 MHz, CDCl3): d=�120.06 (s, 1F; Fpara), �87.29 ppm
(s, 2F; Fortho);


1H NMR (300 MHz, CDCl3): d=6.94 (m, 2H; C6H4), 6.75
(m, 1H; C6H4), 6.35 (d, J=7.6 Hz, 1H; C6H4), 3.92 (s, 2H; CH2), 2.74 (s,
6H; CH3, NMe2), 2.28 ppm (s, 6H; CH3, acetone).


Preparation of 15 : Complex 15 can be prepared in a similar way but
using an Et2O solution of Ag(C6F5).


19F NMR (282 MHz, CDCl3): d=
�119.39 (s, 1F; Fpara), �87.40 ppm (s, 2F; Fortho);


1H NMR (300 MHz,
CDCl3): d=6.92 (m, 2H; C6H4), 6.72 (m, 1H; C6H4), 6.30 (m, 1H; C6H4),
3.90 (s, 2H; CH2), 3.51 (q, 4H; CH2 Et2O), 2.72 (s, 6H; CH3, -NMe2),
1.38 ppm (t, 6H; CH3 Et2O).


The analogous reactions with 11 and 12 led to unidentified products
showing broad signals in the NMR spectra (see Results).


Determination of the activation parameters for the cis–trans exchange :
Variable-temperature NMR spectra were recorded using a VT-100 tem-
perature control unit on Bruker AC300 and ARX300 spectrometers. The
temperature was calibrated by measuring the difference between the
chemical shifts of MeOH signals at each temperature.[36] First-order rate
constants for exchange (kexch) were obtained from line-shape analysis by
matching the observed variable-temperature 1H NMR spectra of complex
6 in CDCl3 with those simulated using the computer program
gNMRV3.6.5.[14] An Eyring plot of ln(kexch/T) versus 1/T afforded the acti-
vation parameters, DH� and DS�, as the slope and the intercept respec-
tively of the best fit line drawn by a least-squares analysis. Uncertainties
in the activation parameters were calculated from the uncertainties of
the slope and the intercept of the best fit line, as reported previously.[2a,37]


X-ray crystal-structure determinations : Crystals of 6 and 18 were ob-
tained by slow diffusion of n-hexane in solutions of the complexes in di-
chloromethane at �20 8C. Crystals of complex 16 were obtained from
Et2O at �20 8C. A colorless prism of dimensions 0.05Y0.11Y0.14 mm3
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(18), a purple prism of dimensions 0.07Y0.29Y0.29 mm3 (16), and an
orange prism of dimensions 0.02Y0.12Y0.16 mm3 (6) were mounted on
the tip of glass fibers. X-ray measurements were made using a Bruker
SMART CCD area-detector diffractometer with MoKa radiation (l=
0.71073 U). Reflections were collected, intensities integrated, and the
structure was solved by direct-methods procedure.[38] Non-hydrogen
atoms were refined anisotropically and hydrogen atoms were constrained
to ideal geometries and refined with fixed isotropic displacement param-
eters. CCDC-209044 (6), CCDC-209043 (16) and CCDC-209040 (18) con-
tain the supplementary crystallographic data for this paper. These data
can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB21EZ, UK (Fax: (+44) 1223 336033; or de-
posit@ccdc.cam.uk). Relevant crystallographic data for the three com-
plexes are given below. Data and comments for the crystal structure de-
termination of complexes 7 (CCDC-209042) and 9 (CCDC-209041) are
included as Supporting Information.


Complex 6 : Crystal data: triclinic P1̄: a=7.305(3), b=7.368(3), c=
10.291(4) U; a=74.914(8)8, b=70.111(8)8, g=84.992(9)8 ; V=


502.8(4) U3; formula unit: C18H10Cl4F6Pd2 with Z=1; formula weight=
694.86; 1calcd=2.295 gcm


�3 ; F(000)=332; m(MoKa)=2.377 mm
�1. 2315 re-


flections were collected (1.658 > q > 23.318). Full-matrix least-squares
refinement (on F2) based on 1431 independent reflections converged with
136 variable parameters and no restraints. R1=0.0758, for F2 > 2s(F2);
wR2=0.1921.[39] GoF (F2)=1.020. D1max=2.256 (close to Pd) D1min=


�1.721 e U3.


Complex 16 : Crystal data: monoclinic P-1: a=9.254 (5), b=9.352 (5), c=
13.109 (5) U; a=103.654 (5)8, b=97.362 (5)8, g=91.872 (5)8 ; V=1091.0
(9) U3; formula: C23H19F5O0.5Pd, Z=2; Mr=504.78; 1calcd=1.537 gcm


�3 ;
F(000)=504; m(MoKa)=0.900 mm


�1. 2711 reflections were collected
(1.618>q>23.258). Full-matrix least-squares refinement (on F2) based on
2277 independent reflections converged with 274 variable parameters
and no restraints. R1=0.0292 for F2>2s(F2); wR2=0.0807.[39] GoF
(F2)=1.102. D1max=0.298 eU


3, D1min=�0.263 eU3.


Complex 18 : Crystal data: monoclinic P21/n : a=15.0723(15), b=
14.6622(15), c=19.657(2) U; a=90.008, b=93.290(2)8, g=90.008 ; V=


4336.9(8) U3; formula: C40H44Cl4F11NPd, Z=4; Mr=995.96; 1calcd=


1.525 gcm�3 ; F(000)=2016; m(MoKa)=0.751 mm
�1. 20345 reflections


were collected (1.668>q>23.288). Full-matrix least-squares refinement
(on F2) based on 6249 independent reflections converged with 518 varia-
ble parameters and no restraints. R1=0.0310, for F2>2s(F2); wR2=
0.0727.[39] GoF (F2)=0.914. D1max=0.433 eU


3, D1min=�0.323 eU3.
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Formation of Organolithium Hetero-Aggregates [Li4Ar2(nBu)2]
(Ar=C6H4CH(Me)NMe2-2) during the Directed ortho-Lithiation of
[1-(Dimethylamino)ethyl]benzene


Claudia M. P. Kronenburg,[a] Evelien Rijnberg,[a] Johann T. B. H. Jastrzebski,[a]


Huub Kooijman,[b] Martin Lutz,[b] Anthony L. Spek,[b] Robert A. Gossage,[c] and
Gerard van Koten*[a]


Introduction


Organolithium compounds are valuable reagents in synthe-
sis and have found widespread application in organic and or-
ganometallic chemistry.[1–5] In general, there are three pri-


mary synthetic routes to organolithium compounds: 1)
direct metalation of an organic halide with Li metal, 2) halo-
gen–Li exchange of an organic halide with a simple organo-
lithium compound (typically nBuLi or tBuLi), and 3) depro-
tonation of a CH group from a suitable substrate with an al-
kyllithium compound.[1–3] This latter synthetic route is espe-
cially attractive because it is generally a very clean reaction,
as the only products formed are the anticipated organolithi-
um compound and an alkane. In this way, heteroatom-func-
tionalized aromatic compounds can be easily lithiated selec-
tively at the ortho position (i.e. , “Directed ortho Metala-
tion”: DoM).[5] The actual mechanism of the ortho-lithiation
reaction, specifically that involving Li–H exchange, has at-
tracted considerable interest.[5–7] Two main reaction path-
ways for this lithiation have been put forward. According to
one proposal, lithiation commences with complexation of
the alkyllithium through a lone pair of electrons on the het-
eroatom-containing ortho substituent (the so-called “Direct-
ing Metalating Group”: DMG). This interaction brings the
metal center in close proximity to the “acidic” ortho-hydro-
gen atom. Thus, the reaction with the basic (formal) carban-
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Abstract: (R)-[1-(Dimethylamino)-
ethyl]benzene reacts with nBuLi in a
1:1 molar ratio in pentane to quantita-
tively yield a unique hetero-aggregate
(2a) containing the lithiated arene, un-
reacted nBuLi, and the complexed
parent arene in a 1:1:1 ratio. As a
model compound, [Li4(C6H4CH-
(Me)NMe2-2)2(nBu)2] (2b) was pre-
pared from the quantitative redistribu-
tion reaction of the parent lithiated
arene Li(C6H4CH(Me)NMe2-2) with
nBuLi in a 1:1 molar ratio. The mono-
Et2O adduct [Li4(C6H4CH(Me)NMe2-


2)2(nBu)2(OEt2)] (2c) and the bis-Et2O
adduct [Li4(C6H4CH(Me)NMe2-2)2-
(nBu)2(OEt2)2] (2d) were obtained by
re-crystallization of 2b from pentane/
Et2O and pure Et2O, respectively. The
single-crystal X-ray structure determi-
nations of 2b–d show that the overall
structural motifs of all three derivatives


are closely related. They are all tetra-
nuclear Li aggregates in which the four
Li atoms are arranged in an almost reg-
ular tetrahedron. These structures can
be described as consisting of two
linked dimeric units: one Li2Ar2 dimer
and a hypothetical Li2nBu2 dimer. The
stereochemical aspects of the chiral
Li2Ar2 fragment are discussed. The
structures as observed in the solid state
are apparently retained in solution as
revealed by a combination of cryosco-
py and 1H, 13C, and 6Li NMR spectros-
copy.


Keywords: directed orthometala-
tion · lithium · N ligands ·
organolithium complexes · structure
elucidation
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ion fragment is facilitated.[6] The second mechanistic propos-
al, put forward by von Eikema Hommes and von RaguJ
Schleyer, supports the concept of “kinetically enhanced met-
alation”.[7] According to this hypothesis, the presence of a Li
atom with more than one accessible coordination site is es-
sential for DoM. In the initial step, complexation between
the DMG and an alkyllithium takes place to give an inter-
mediate aggregate in which the formation of a four-coordi-
nate Li nucleus includes an agostic interaction of an ortho-H
of the aryl ring. A strong (thermodynamic) complexation
between the lithium atom and the lone-pair of the DMG
can result in an unreactive intermediate and consequently
no ortho-lithiation will take place.[7] The proponents of this
mechanism stress the importance of the stabilization of the
transition state for successful protolysis to occur. The addi-
tion of one equivalent of a base such as N,N,N’,N’-tetrame-
thylethylenediamine (TMEDA) presumably results in a sol-
vated aggregate (i.e., complex) of the nBuLi, TMEDA, and
the arene and this is thought to promote DoM.[5,8] For both
reaction pathways, hydrogen abstraction is considered to be
the rate-limiting step, which is supported by results from
theoretical calculations.[9]


Sometime ago, we embarked on a study of the synthesis
and applications of chiral organocopper and organotin com-
pounds that involved the use of ortholithiated aromatic
compounds containing a DMG.[10] A particularly puzzling
result involved the DoM of [1-(dimethylamino)ethyl]ben-
zene (1). The use of nBuLi to facilitate the formation of the
DoM product invariably did not yield the desired ortho-
lithiated precursor in greater than 50 % yield, even in the
presence of excess nBuLi. The use of tBuLi however, gave
the expected product quantitatively.[10] Although the in-
creased nucleophilicity of the formal tBu� ion is a reasona-
ble explanation for the latter result, it does not explain why
some of the aromatic compound is ortho-lithiated by nBuLi,
whereas the remainder is unaffected. This evidence led us to
propose the formation of an aryl-butyllithium hetero-aggre-
gate formed by the replacement of some of the butyl groups
of [nBuLi]6 by a combination of unreacted aminoarene
groups and orthometalated [1-(dimethylamino)ethyl]ben-
zene [Eq. (1)].[10] Thus, a stable hetero-aggregate 2a is


formed. This hypothesis helps to explain the observed 50 %
yield of ortho-metalated product. Such an aggregate with
tBuLi was assumed to be thermodynamically unstable but
led to a lower energy transition state (vide supra) giving rise
to complete DoM. There were no crystallographically char-
acterized examples of such hetero-aggregates at the time of
this proposal, although it has been known for many years


that, for example, mixtures of different alkyl lithium com-
pounds readily exchange alkyl groups to form statistical
mixtures of mixed aggregated species.[12] In addition, tBuLi
is well known to be kinetically more reactive in the presence
of iPrLi.[13] Hence, the structural nature of organolithium
compounds can be changed by the presence of other orga-
nolithium species. In addition, solution NMR and cryoscopy
measurements have shown that the presence of donor sol-
vents (e.g., THF) and/or the addition of donor molecules
(e.g., TMEDA) can modify the solution structure of organo-
lithium compounds.[8] A molecule of unreacted [1-(dimethyl-
amino)ethyl]benzene can be viewed as such a latter donat-
ing participant. Perhaps more importantly, it is known that
such mixed species (hetero-aggregates) have modified reac-
tivity profiles versus the isolated (single entity, homo-aggre-
gates) organolithium compounds. For this reason, there has
been considerable recent interest in these hetero-aggregates
and it is now well established that alkyl and aryl lithium
compounds also form hetero-aggregates with lithium halides
(hence the “LiX effect”), lithium alkoxides, lithium amides,
and even lithium oxide.[8,14] This topic has been recently re-
viewed.[11a] Examples of the application of such hetero-ag-
gregates include the selective polymerization of styrene to
isotactic polystyrene initiated by mixed alkyl alkoxy lithium
aggregates.[16] Also, the recent synthesis and characterization
of a hetero-aggregate containing six Li atoms, two 2,2’-ethyl-
idenebis(4,6-di-tert-butylphenoxy) dianions, and two n-butyl
groups has been reported. This species is an excellent cata-
lyst for the ring-opening polymerization of l-lactide.[17] Lith-
ium halides and amides, especially chiral ones, have found
widespread application as additives in the (enantio)selective
additions of alkyl lithium compounds to electrophiles. The
formation of hetero-aggregates during such reactions as
been identified in situ; hence, these materials appear to be
key (stable) intermediates in a number of enantioselective
processes, as suggested in related DoM chemistry.[7,8, 11]


Although NMR spectroscopy (specifically 6Li and 13C)
and cryoscopy has characterized the presence of many of
these hetero-aggregate species,[7,8] there is to date only a few
well-characterized, isolated, and crystallographically eluci-
dated structures of alkyl or aryl lithium hetero-aggregates.
The few known examples include the synthesis and structure
of [Li4(Mes*)2(nBu)2] (Mes*=2,4,6-tBu3C6H2),[18] {Li4[C6H3-
(CH(Et)NMe2)2-2,6]2(nBu)2},


[19] {Li4[CH2C6H(CH2NMe2)2-
2,6-Me2-3,5]2(nBu)2},


[20] {Li4[CH(SiMe3)C6H(CH2NMe2)2-2,6-
Me2-3,5]2(nBu)2},


[21] and {Li4[CH2Si(Ph)2CH2N(CH2CH2-
OMe)2]2(nBu)2}


[22] and others.[23]


In this report, we reveal the formation of n-butyl aryl lith-
ium hetero-aggregates during the DoM of [1-(dimethylami-
no)ethyl]benzene with nBuLi and detail the independent
synthesis and structural characterization of these hetero-ag-
gregates. With this information, we present unambiguous
and compelling evidence for the intermediacy of aggregates
of the type {[Li4Ar2Bu2](Ar-H)2} as resting states in ortho-
lithiation reactions of DMG-containing arenes.[7]
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Results and Discussion


Synthesis : The treatment of a pentane solution of (R)-[1-(di-
methylamino)ethyl]benzene with nBuLi in a 1:1 molar ratio
afforded, after evaporation of the solvent, a pale yellow
solid, (2a : [Eq. (1)]). According to its 1H and 13C NMR
spectrum this material contained the lithiated arene, “un-
reacted” nBuLi, and the complexed parent amino arene in a
1:1:1 ratio.


Changing the solvent of this process (Et2O or toluene)
and/or increasing the reaction temperature to 80 8C (tolu-
ene) did not influence the stoichiometry of the resulting
product. Moreover, as reported earlier,[10] when the product
was quenched with D2O this always resulted in the forma-
tion of the parent arene and the mono-deuterated arene in a
1:1 ratio. Based on this “chemical evidence”, we earlier pro-
posed the formation of a species (2a) containing the lithiat-
ed arene, nBuLi, and the parent aminoarene in one hetero-
aggregated species (vide supra).[10]


The availability of pure [Li4(C6H4CH(Me)NMe2-2)4], (i.e.,
(R)-1) and the corresponding racemic compound (rac)-1, for
which the synthesis and structural characterization has been
reported,[24] opens an elegant route for the synthesis and ex-
amination of such aryl-butyllithium hetero-aggregates. The
reaction of pure, isolated (R)-1 with nBuLi (1:1 molar ratio:
Scheme 1) in pentane, affords (after workup) a white solid.


This material contains, according to its 1H NMR spectrum,
aryl and butyl groups in a 1:1 molar ratio. Molecular weight
determinations by cryoscopy indicated that this compound
(2b), has a [Li4(aryl)2(nBu)2] stoichiometry. In a similar way,
the racemic compound was prepared starting from (rac)-1.
Crystalline 2b was obtained by crystallizing the crude mate-
rial from pentane. Surprisingly, depending on the amount of
Et2O in the solvent of crystallization, the diethyl ether ad-
ducts [Li4(aryl)2(nBu)2(OEt2)] (2c) and [Li4(aryl)2(n-
Bu)2(OEt2)2] (2d) can also be obtained (see Scheme 1 and
Experimental Section). Compound 2c was obtained by the
crystallization of crude 2b from pentane that (serendipi-
tously) contained traces of Et2O. Adduct 2d was obtained
by crystallization of 2b from pure diethyl ether solution
(Scheme 1).


In a similar manner, pure 2a was obtained by mixing 2b
and two equivalents of (R)-[1-(dimethylamino)ethyl]ben-
zene in pentane followed by evaporation of the solvent (see
Experimental Section). The new aryl-butyllithium hetero-ag-


gregates 2a–d were fully characterized by 1H and 13C NMR
spectroscopy, cryoscopy and elemental analysis, while the
structures in the solid state of 2c and 2d were further estab-
lished by X-ray crystallography (vide infra).


Structural aspects of (R)- and (rac)-[Li4(C6H4CH-
(Me)NMe2-2)2(nBu)2(OEt2)n] in the solid state : It appeared
that the acentric unit cell of 2b contains two geometrically
different molecules, A and B for which the differences will
be discussed in detail below. The overall structural motifs of
2b (molecule A), 2c, and 2d are closely related. They are
all tetranuclear aggregates in which the four Li atoms are ar-
ranged in an almost regular tetrahedron. Both of the aryl
groups are presumably bonded through an electron-deficient
two-electron four-center bond to one of the faces of the Li4


tetrahedron. Each of the nitrogen atoms of the amine sub-
stituents is coordinated to the apical position of a Li atom,
rendering two of the Li atoms four-coordinate. The two
butyl groups are likewise two-electron four-center bonded
to the other two faces of the Li4 tetrahedron. Owing to the
lack of further coordinating ligands, either intra- or intermo-
lecular, two of the lithium atoms are three-coordinate. In
2c, an Et2O molecule is coordinated to one of these lithium
atoms, whereas in 2d both lithium atoms are four-coordinate
through the additional Li–Et2O interactions. The overall
structural geometries of 2b, 2c, and 2d are depicted in


Figure 1 and relevant bond
lengths and angles are given in
Table 1.


In both 2b and 2c, the b-
carbon atoms of the butyl
groups are in very close prox-
imity to the three-coordinate
lithium atoms (2.371(3) and
2.512(3) Q in 2b [molecule A];
2.468(3) and 2.250(3) Q in 2b
[molecule B]; 2.396(8) and
2.451(8) Q in 2c). This provides
compensation for the coordina-


tive unsaturation of these Li centers, most probably by
Li···H�C interactions.[18,23a–d] In this respect it is interesting
to note that both b-carbon atoms of the two butyl groups
are in close proximity to the same Li atom, that is, Li3. The
observed overall structural geometry with a tetrahedral Li4


core is similar to that observed in the hetero-aggregate
{Li4[C6H3(CH(Et)NMe2)2-2,6]2(nBu)2},


[19] but contrasts with
the structures found for other [Li4(Aryl)2Bu2] and [Li4-
(Benz)2Bu2] hetero-aggregates,[11,20, 23] for which structures
have been found in which the Li and bridging carbon atoms
are present in a “ladder-type” arrangement.


The tetranuclear aggregate can be described as consisting
of two aggregated dimers: 1) a hypothetical Li2Bu2 dimer,
having a similar structural motif as observed in the solid
state structure of [Li2nBu2(TMEDA)2],[25] and 2) a
Li2[C6H4(CH(Me)NMe2)-2]2 dimer, which are linked togeth-
er through four-center two-electron bonded bridging carbon
atoms, in a similar way as is observed in the solid-state


Scheme 1. Synthetic routes to ether-free (2b), the mono- (2c), and dietherate (2d) hetero-aggregates.
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structure of Li4[C6H4(CH(Me)NMe2)-2]4 (1).[24] In this re-
spect, it should be noted that such Li2Aryl2 dimers in which
the remaining coordination sites at the Li atoms are occu-
pied by coordinating THF molecules have also been observ-
ed.[8c–d] Owing to the chiral center (labeled C(b) in Figure 2)
in the C6H4CH(Me)NMe2 ligand, and taking into account
the chirality of the bridging Cipso atom, (labeled C(i) in
Figure 2),[26] three different diastereoisomeric dimeric struc-


tures are possible for this com-
plex, namely C1, C2, and C3, as
schematically shown in
Figure 2.


Note that other alternative
dimeric structures, in which the
coordinating N atoms approach
the Li atoms from opposite
sites of the central Cipso-Li-Cipso-
Li plane have been observed as
THF solvates in THF solu-
tion,[8c,d,27] but these forms are
not considered here because ag-
gregation to tetranuclear spe-
cies is not possible from such
dimers. Furthermore, it should
be noted that the dimer C3 can
only arise from racemic materi-
al because the two chiral ben-
zylic carbon atoms have an op-
posite stereochemical configu-
ration. In the configurations C1


and C2, the stereochemistry of
the two (chiral) benzylic carbon
atoms is identical (in Figure 2,
only the enantiomers having
(R)-benzylic carbon centers are
shown, but it is obvious that the
other enantiomers having (S)-
benzylic carbon centers can
also exist). Consequently, com-
bination of an enantiomerically
pure dimer, as present in (R)-
2b and (R)-2c with a hypotheti-
cal Li2Bu2 dimer to form a


“mixed” Li4 hetero-aggregate can in principle give rise to
the formation of two different diastereiosomeric Li4 aggre-
gates, one containing a C1-type and one containing a C2-type
dimer (Figure 2). However, it appears that the one based on
the C2 type dimer would be the most favored one from a
steric point of view (in C1, the two benzylic methyl substitu-
ents are pointing towards each other, whereas in C2 these
substituents will point away from each other). This view is
in concert with the actual structures found for 2b (molecule
A), 2c, and 2d in the solid state, as all three contain a C2-
type dimeric unit (Figure 1). At this point, it is interesting to
compare the structures of 2b–d with the structure of
[Li4(C6H4CH(Me)NMe2-2)4], (R)-1, that was reported re-
cently.[24] The structure of (R)-1 can likewise be described as
consisting of two linked dimeric units, one of a C2 type and
one of a C1 type. The structure of the C2 part is identical to
those of 2b–d. In the C1 fragment, a rather sterically con-
gested situation arises, but to release its steric strain, the
five-membered C,N-chelate rings in this section of the mole-
cule are puckered in such a way that it places the a-Me sub-
stituents in an energetically less favorable in-plane orienta-
tion with respect to the aryl ring.


Figure 1. Ball-and-stick drawings of 2b molecule A (a), 2b molecule B (b), 2c (c), and 2d (d) all drawn with
the same orientation of the Li4 tetrahedron to show the similarity of the (Aryl)2Li2 dimeric unit. Note: To facil-
itate the comparison the applied numbering scheme is different from that in the Supporting Information de-
posited at the CCDC database.


Figure 2. Possible diastereoisomers for the aryllithium dimer part in
hetero-aggregate 2 : C1 and C2 for enantiopure and C3 for racemic
dimers.


G 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 253 – 261256


G. van Koten et al.



www.chemeurj.org





In all three structures of 2b–d, the two five-membered
C,N-chelate rings are puckered in such a way that the ben-
zylic methyl substituents are placed in the energetically fa-
vored anti-periplanar orientation. Interestingly, the solid-
state structure of 2b (molecule B) contains a Li4 aggregate
based on a C1-type dimer together with a nBu2Li2 dimer
(see Figure 1). The molecular geometry of 2b (molecule B)
clearly shows the steric congestion between the two benzylic
methyl substituents. To release this repulsive interaction, the
five-membered chelate rings have opposite puckering con-
formations that results in methyl groups of which one has
anti- and one has periplanar orientation; hence, a less con-
gested situation results. It is remarkable to find two geomet-
rically different situations for one molecule (an apparently
sterically favored one and a sterically less favored one) in a
single crystal lattice, which is most likely a result of packing
effects. In solution, only one isomer could be observed (vide
infra) which is most likely sterically the most favored one
(see Figure 1a) although the occurrence of a fluxional pro-
cess (with low activation barriers) involving ring puckering
inversion can not be excluded.


It should be noted that the crystals of 2d were obtained
from a reaction starting from (rac)-1. Indeed, the centrosym-
metric unit cell contains two enantiomeric Li4 aggregates:
one with (R,R)- and the other with (S,S)-stereochemistry.
Obviously, the alternative “racemic” Li4 aggregate contain-
ing a C3-type dimer (see Figure 2), is not formed (i.e. is not


thermodynamically favorable), which is therefore an illustra-
tion of diastereoselective self-aggregation.


Unfortunately we were unable to obtain single crystals
suitable for an X-ray structure determination of 2a, to es-
tablish its structure in the solid state. However, based on the
similarity of the 1H and 13C NMR spectra of 2a with those
of 2c and 2d (see Experimental Section), it is most likely
that 2a has a structure comparable to that of 2d, but with
the two coordinating diethyl ether ligands present in 2d re-
placed by two monodentate, N-coordinating
C6H5CH(Me)NMe2 ligands (see also [Eq. (1)]).


Structural aspects of (R)- and (rac)-[Li4(C6H4CH-
(Me)NMe2-2)2(nBu)2(OEt2)n] in apolar solvents : To gather
information about the structures in solution of 2a–d, NMR
studies (1H, 13C, and 6Li: [D8]toluene solution) were carried
out at various temperatures. Relevant data are given in
Table 2 and in the Experimental Section.


It appears that the 1H and 13C NMR data of independent-
ly prepared 2a (see Experimental Section) are identical with
the data observed for the product formed from the reaction
of (R)-[1-(dimethylamino)ethyl]benzene with nBuLi in a 1:1
molar ratio. This observation indicates that it is indeed 2a
that is formed during this reaction.


A molecular weight determination of 2b (cryoscopy:
C6H6) showed that a Li4 aggregate, as observed in the solid
state, is retained in solution. The observation of one reso-
nance pattern in the 1H and 13C NMR spectrum ([D8]tolu-
ene: Table 2) for the ortho-amine chelated aryl group indi-
cates that in toluene solution only one of the two possible
diastereoisomeric forms is present. The diastereotopicity of
the coordinated NMe2 methyl groups is reflected in the ob-
servation of two resonances in both the 1H (d=1.22 and
2.11 ppm) and 13C NMR spectra (d=41.8 and 44.8 ppm).
This indicates that Li–N coordination is inert on the NMR
time scale. The a-protons of the butyl groups are observed
at d=�0.57 ppm as a complicated multiplet that was not an-
alyzed in detail, but is in agreement with the expected
ABCD pattern as a result of the various chiral centers in


Table 1. Selected bond lengths [Q] and torsion angles [8] for 2a, 2b, and
2c.[a]


2a 2a 2b 2c
molecule A molecule B


C1�Li 2.315(3) 2.273(3) 2.296(7) 2.250(8)
C1�Li2 2.319(3) 2.416(3) 2.341(6) 2.326(8)
C1�Li3 2.262(3) 2.218(3) 2.240(8) 2.325(7)
C11�Li1 2.344(3) 2.229(3) 2.256(6) 2.318(8)
C11�Li2 2.292(3) 2.280(3) 2.260(7) 2.228(8)
C11�Li4 2.245(3) 2.343(3) 2.329(7) 2.287(7)
N1�Li1 2.024(3) 2.028(3) 2.042(6) 2.035(7)
N2�Li2 2.028(3) 2.036(3) 2.000(6) 2.038(7)
C50�Li1 2.274(3) 2.269(3) 2.265(7) 2.209(8)
C50�Li3 2.290(3) 2.192(3) 2.157(8) 2.293(8)
C50�Li4 2.179(3) 2.243(3) 2.280(7) 2.256(8)
C60�Li2 2.242(2) 2.247(3) 2.239(7) 2.214(9)
C60�Li3 2.239(3) 2.179(3) 2.212(7) 2.206(8)
C60�Li4 2.195(3) 2.300(3) 2.278(8) 2.132(9)
C51 ··· Li3 2.371(3) 2.468(3) 2.396(8)
C61 ··· Li3 2.512(3) 2.250(3) 2.451(8)
O1�Li4 2.004(7) 1.970(7)
O2�Li3 1.999(7)
Li1�Li2 2.557(4) 2.589(4) 2.491(8) 2.486(10)
Li1�Li3 2.504(4) 2.392(4) 2.406(8) 2.490(9)
Li1�Li4 2.518(4) 2.604(4) 2.647(9) 2.572(9)
Li2�Li3 2.591(4) 2.542(4) 2.494(8) 2.590(9)
Li2�Li4 2.387(4) 2.466(4) 2.539(8) 2.477(10)
Li3�Li4 2.498(4) 2.511(4) 2.525(9) 2.630(9)
C1-C2-C7-C8 71.9(2) 169.14(19) 70.1(4) 69.0(5)
C11-C12-C17-C18 71.8(2) 84.6(2) 80.4(4) 76.0(4)


[a] To facilitate the comparison the applied numbering scheme is different
from that in the Supporting Information deposited at the CCDC database.


Table 2. Relevant variable temperature 1H and 13C NMR data for 2b, 2c,
and 2d.[a]


Compound T[K] d(1H) [ppm]
NMe2 a-Me a-CH o-Haryl a-CH2 (Bu)


2b 373 1.96 1.17 3.01 8.00 �0.58
298 1.22 and 2.11 1.22 2.79 8.03 �0.57
273 1.12 and 2.08 1.26 2.70 7.97 �0.60


2c 298 1.27 and 2.16 1.27 2.82 8.13 �0.40
2d 298 1.29 and 2.19 1.29 2.83 8.15 �0.37


Compound T [K] d(13C) [ppm]
NMe2 a-Me a-C C1 C2 a-C (Bu)


2b 373 41.5 and 45.1 23.5 71.8 171.0 158.7 10.9
298 41.8 and 44.8 23.4 72.4 170.5 159.5 11.2
273 42.1 and 45.1 23.6 72.7 170.5 159.6 10.7


2c 298 42.2 and 45.3 23.6 72.9 171.8 159.6 11.0
2d 298 42.3 and 45.3 23.8 72.9 171.5 159.5 10.4


[a] All values are in d [ppm] relative to SiMe4 as an external standard in
[D8]toluene as solvent.
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the molecule. In the temperature range of �80 to +100 8C,
with the exception of some slight chemical shift differences,
the 1H and 13C NMR spectra are unaffected, indicating that
fluxional processes are still absent or slow within this tem-
perature range. Above +100 8C, coalescence of these reso-
nances begins, indicating that either a process becomes oper-
ative involving Li–N dissociation/association or that intra-
or interaggregate exchange becomes fast on the NMR time
scale. The presence of two distinctly different dimeric frag-
ments in the Li4 hetero-aggregate (one Li2Aryl2 and one
Li2Bu2 dimer) is nicely illustrated by the observation of two
6Li chemical shift values at d=�0.35 and �1.05 ppm in the
6Li NMR spectrum of 2b. A remarkable observation is the
fact that the 1H, 13C, and 6Li NMR spectra of the “racemic”
material that is obtained from reaction of (rac)-1 and BuLi
are identical to that of 2b. Obviously, in solution diastereo-
selective aggregation occurs resulting in Li4 aggregates that
contain an enantiopure C2-type dimer (i.e. , there is no meso
form present). It is obvious that starting from (rac)-1, both
enantiomers must be present in solution. It must be noted
that for a Li4 aggregate containing the racemic dimer C3


(see Figure 2), an NMR spectrum is expected that is differ-
ent from that of 2b. The exclusive formation of dimers in
which both ligands have the same stereochemistry is most
likely driven by thermodynamics and points to a consider-
able difference in stability between species that contain
either a C1-, C2-, or C3-type dimeric unit.


For 2c and 2d, essentially the same 1H and 13C NMR
spectra are observed as for 2b (Table 2), indicating that in
solution 2b, 2c, and 2d have structures that are closely re-
lated. The only difference is that for 2c and 2d the a-pro-
tons of the butyl groups are slightly shifted downfield to d=


�0.40 ppm, compared to d=�0.57 ppm for 2b. The reso-
nances for the CH2 groups of the diethyl ether CH2 protons
in 2c and 2d are observed at d=3.08 and 3.15 ppm, respec-
tively. This upfield shift, compared to free diethyl ether, is
as expected for coordinated diethyl ether molecules. The di-
astereotopicity of the CH2 protons as a consequence of the
lack of a molecular symmetry plane containing the benzylic
carbon atom is reflected in the observation of a complicated
multiplet (ABX3 pattern) for these protons. Moreover, these
data indicate that under these conditions the diethyl ether
molecule is not exchanging. It should be noted that in the
presence of more than two equivalents of diethyl ether, the
proton resonances of the CH2 group are shifted in the direc-
tion of those in free diethyl ether (d=3.40 ppm). Under
these conditions even spectra recorded at �80 8C did not
show separate signals for free and coordinated diethyl ether.
This strongly suggests that exchange of free and coordinated
diethyl ether is already fast on the NMR time scale at this
temperature.


Concluding Remarks


The present study shows that the reaction of nBuLi with
ortho-amine substituted arenes in apolar solvents is sensitive


to the nature and size of the benzylic substituent. Whereas
N,N-[(dimethylamino)methyl]benzene reacts with nBuLi
quantitatively to form [Li4(C6H4CH2NMe2-2)4],[27] the analo-
gous reaction of the a-methyl-substituted arene proceeds
under the same reaction conditions to yield only 50 % DoM.
Isolation and characterization of the resulting compound
shows it to be a unique aryl-butyllithium hetero-aggregate
to which two equivalents of “unreacted” aminoarene re-
mains, likely acting as coordinated “solvent” molecules to
the aggregate (see 2a in Equation (1)). Obviously, the re-
maining butyl groups that are incorporated into the aggre-
gate are deactivated for further DoM chemistry. In other
words, formation of this type of structural aggregate leads to
suppression of further DoM, possibly due to a kinetic barri-
er which does not allow ortho-arene hydrogen atoms in
close proximity (i.e. , to become agostic) to the formal butyl
anionic C nuclei. Model compounds that are representative
for this stable (inactive) intermediate can be obtained by
direct and selective interaggregate exchange reactions of
pure [Li4(C6H4CH(Me)NMe2-2)4] with a 2/3 equivalent of
[nBu6Li6] in pentane solution.


These results point to the formation and existence of
unique intermediates by self-assembly processes during the
heteroatom-assisted lithiation (DoM) of arenes. The fact
that these intermediates can be isolated indicates that they
are formed under thermodynamic control. Using tBuLi in-
stead of nBuLi, the formation of aryl-, tert-butyllithium
hetero-aggregates such as 2a has not been observed. Instead
this reaction results in the quantitative formation of the aryl
lithium homo-aggregate [Li4(C6H4CH(Me)NMe2-2)4] as the
thermodynamic end product.[24]


As perhaps a final caveat to those involved in DoM
chemistry, a final important consequence of this chemistry is
as follows. If, during a lithiation reaction, a particular combi-
nation of substrate (functionalized arene) and lithiating
agent (alkyllithium) results in a large enhancement of the
thermodynamic stability of the hetero-aggregated species
compared to that of the anticipated end-product (the lithiat-
ed arene), then the hetero-aggregated species will invariably
be the end-product (cf. Equation (1)). The observation of
the existence of mixed intermediates of type 2a also has im-
portant implications for the understanding and design of
synthetic routes to pure aryl lithium species. The presence
of hetero-aggregates in synthetic lithiation reactions could
be problematic when these in situ prepared aryl lithium
compounds are thereafter used in subsequent (organic) re-
actions.[28–30] Hence, reduced product yields will be a direct
consequence. This may be particularly distressing in multi-
step synthesis, in which the self-assembly of such aggregates
leads to poor product optimization.


Experimental Section


General data : All experiments were carried out under a dry, oxygen-free,
nitrogen atmosphere, using standard Schlenk techniques. Solvents were
dried and distilled from Na/benzophenone prior to use. [Li((R)-
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C6H4CH(Me)NMe2-2)]4 ((R)-1) and the corresponding racemic com-
pound ((rac)-1) were prepared according to a published procedure.[10] 1H,
13C, and 6Li NMR spectra were recorded on a Varian 300 MHz spectrom-
eter at ambient temperature or stated otherwise. Chemical shifts (d) are
given in ppm relative to SiMe4 as an external standard. The 6Li NMR
spectra are referenced to LiCl (1.0m) in D2O as an external standard. El-
emental analyses were obtained from Dornis und Kolbe Mikroanalytisch-
es Laboratorium, MSlheim a.d. Ruhr, Germany. Cryoscopic measure-
ments are carried out using a S2541 thermolyzer and a metal-mantled Pt-
100 sensor. For the calibration naphthalene was used to give the cryo-
scopic constant Kf=5.46 Kkg mol�1.


Preparation of [Li4(C6H4CH(Me)NMe2-2)2(nBu)2(C6H4CH(Me)NMe2-
2)2] (2a): (R)-C6H5CH(Me)NMe2 (1.66 mL, 10.07 mmol) was added at
room temperature to a stirred solution of 2b (2.21 g, 5.04 mmol) in pen-
tane (25 mL). After 10 min, the solvent was removed in vacuo to afford a
yellow powder. Yield 3.56 g (4.83 mmol; 96%). 1H NMR ([D6]benzene,
300.105 MHz, 298 K): d=�0.40 (bm, 2H; CH2Li), 1.13 (t, 3J=6.9 Hz;
LiCH2(CH2)2CH3), 1.23 (d, 3H; (R)-C6H5CH(Me)NMe2), 1.27 (bs, 6H;
NMe2, ArCH(Me)), 1.45, 1.71 (m, 2U 2 H; LiCH2(CH2)2CH3), 1.95 (s, 6 H;
(R)-C6H5CH(Me)NMe2), 2.16 (bs, 3H; NMe2), 2.83 (bs, 1H; ArCH(Me)),
3.21 (q, 3J=6.9 Hz, 1H; (R)-C6H5CH(Me)NMe2), 6.95 (d, 1H; ArH(3)),
7.07 (m, 5H; (R)-C6H5CH(Me)NMe2), 7.12 (m, 2H; ArH(4,5)), 8.11 ppm
(bd, 3J=5.40 Hz, 1 H; ArH(6)); 13C NMR ([D6]benzene, 75.469 MHz,
298 K): d=11.1 (bs; LiCH2), 13.9 (LiCH2(CH2)2CH3), 20.2 ((R)-
C6H5CH(Me)NMe2) 32.5, 45.3 (LiCH2(CH2)2CH3), 32.8 (CH(Me)), 23.7,
45.1 (NMe2) 72.8 (ArCH), 125.4, 126.3, 126.9, 139.4 (Ar(3,4,5,6), 127.1–
128.2 (((R)-C6H5CH(Me)NMe2), 159.7, 170.5 ppm (Ar(1,2) quaternary).


Synthesis of [Li4((R)-C6H4CH(Me)NMe2-2)2(nBu)2] (2b): nBuLi
(22.0 mL of a 1.6m solution in hexane, 35.20 mmol) was added at room


temperature to a stirred solution of (R)-1 (5.36 g, 34.54 mmol) in C6H6


(40 mL). After 1 h, the solvents were removed in vacuo to afford a
yellow oil. The addition of pentane (40 mL) to this oil, followed by subse-
quent evaporation in vacuo, gave 2b in the form of a white powder
(7.64 g, 34.52 mmol; 99%). Crystallization from hexane at room tempera-
ture gave colorless crystals of 2b, which were suitable for X-ray crystallo-
graphic studies.
1H NMR ([D6]benzene, 300.105 MHz, 298 K): d=�0.57 (bm, 2H;
CH2Li), 1.09 (t, 3J=7.33 Hz; LiCH2(CH2)2CH3), 1.22 (bs, 6H; NMe2,
ArCH(Me)), 1.44, 1.70 (m, 2 U 2H; LiCH2(CH2)2CH3), 2.11 (bs, 3 H;
NMe2), 2.72 (bs, 1 H; ArCH(Me)), 6.93 (d, 3J=5.5 Hz, 1 H; ArH(3)), 7.17
(m, 2H; ArH(4,5)), 8.03 ppm (bd, 3J=5.27 Hz, 1H; ArH(6)); 13C NMR
([D6]benzene, 75.469 MHz, 298 K): d=10.5 (bs; LiCH2), 13.5
(LiCH2(CH2)2CH3), 23.3 (NMe2), 31.7, 44.8 (LiCH2(CH2)2CH3), 32.1
(CH(Me)), 41.8 (NMe2), 72.4 (ArCH), 125.2, 126.1, 126.9, 139.0
(Ar(3,4,5,6), 159.6, 170.5 ppm (Ar(1,2) quaternary); 6Li NMR ([D8]tolu-
ene, 44.165 MHz, 258 K): d=�0.34 and �1.03 ppm; elemental analysis
calcd (%) for C28H46N2Li4: C 76.70, H 10.58, N 6.39; found: C 76.60, H
10.65, N 6.34. M.p. 120 8C (decomp). Molecular weight determination by
cryoscopy (1.46 g in 29.31 g C6H6): analysis calcd for C28H46N2Li4 438.45;
found: 460.98.


Synthesis of [Li4((R)-C6H4CH(Me)NMe2-2)2(nBu)2(OEt2)] (2c): Crystal-
lization of 2b from a mixture of toluene/Et2O (10:1 v/v) at �30 8C afford-
ed pale yellow crystals of 2c.
1H NMR ([D6]benzene, 300.105 MHz, 298 K): d=�0.36 (bm, 4H;
CH2Li), 0.82 (dt, 6 H; Et2O), 1.13 (t, 3J=6.73 Hz, 6 H; LiCH2(CH2)2CH3),
1.27 (bs, 12H; NMe2 and ArCH(Me)), 1.60, 1.71 (m, 2U 4H;
LiCH2(CH2)2CH3), 2.16 (bs, 6 H; NMe2), 2.82 (bs, 2H; ArCH(Me)), 3.06


Table 3. Crystallographic data for crystal structure determinations 2b, 2c, and 2d.


Compound 2b 2c 2d


formula C28H46Li4N2 C32H56Li4N2O C36H66Li4N2O2


mol. weight 438.4 512.57 586.70
crystal system monoclinic orthorhombic triclinic
space group P21 (no. 4) P212121 (no. 19) P1̄ (no. 2)
a [Q] 9.5228(1) 9.4149(13) 9.448(5)
b [Q] 13.7804(2) 13.251(3) 10.187(2)
c [Q] 21.6040(3) 26.908(3) 20.915(12)
a [8] – – 100.87(3)
b [8] 94.2080(10) – 101.51(4)
g [8] – – 96.21(3)
V [Q3] 2827.41(6) 3357.0(10) 1914.8(15)
1calcd [gcm�3] 1.030 1.014 1.018
Z 4 4 2
F(000) 960 1128 648
m [mm�1] MoKa 0.056 0.058 0.059
crystal color colorless yellow pale yellow
crystal size [mm] 0.2 U 0.3U 0.5 0.3 U 0.3U 0.5 0.1U 0.3 U 0.4
qmin, qmax [8] 2.4, 27.5 0.8, 25.0 1.0, 25
q, q [8] 11.52, 13.70 10.04, 13.99
diffractometer KappaCCD CAD4 CAD4
scan type area detector w . w .
Dw [8] 0.90 + 0.35 tan q 1.60 + 0.35 tan q


mosaicity 0.443(1)
X-ray exposure [h] 3 40 48
data set �10:12,�13:17, �28:21 �10:12,�17:17, �34:0 �11:0,�12:12, �24:24
total data 18624 9264 7195
total unique data 10158 [Rint=0.049] 5906 [Rint=0.067] 6746 [Rint=0.072]
no. of params 629 400 417
final R1[a] 0.0481 [9454; I>2s(I)] 0.0696 [4215; I>2s(I)] 0.0853 [3713; I>2s(I)]
final wR2[b] 0.1322 0.1868 0.2383
goodness of fit 1.023 1.053 1.181
w�1 [c] s2 (F2) + (0.0851P)2+ 0.34P s2 (F2) + (0.10P)2 s2 (F2) + (0.10P)2


D/s)max, (D/sav) < 0.014, < 0.002 < 0.025, < 0.001 < 0.007, < 0.001
D1min, D1max [e A�3] �0.20, 0.31 �0.27, 0.23 �0.29, 0.44


[a] R1=� j jFo j� jFc j j /� jFo j . [b] wR2= |�[w(F2
o�F2


c)
2/�[w(F2


o)
2]]1/2. [c] P= (Max(F2


o,0) + 2F)/3.
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(m, 4 H; Et2O), 6.92 (d, 3J=5.9 Hz, 2 H; ArH(3)), 7.15 (m, 4H;
ArH(4,5)), 8.13 ppm (bd, 3J=5.9 Hz, 2 H; ArH(6)); 13C NMR ([D6]ben-
zene, 75.469 MHz, 298 K): d=11.0 (bs; LiCH2), 13.9 (LiCH2(CH2)2CH3),
14.4 (Et2O), 32.7, 45.3 (LiCH2(CH2)2CH3), 32.9 (CH(Me)), 23.6, 42.2
(NMe2), 64.6 (Et2O), 72.9 (ArCH), 125.3, 126.1, 139.3 (Ar(4,5,6), 159.6,
171.8 ppm (Ar(1,2) quaternary); elemental analysis calcd (%) for
C32H56N2Li4O: C 74.99, H 11.01, N 5.47; found: C 75.10, H 10.95, N 5.46.


Synthesis of [Li4(C6H4CH(Me)NMe2-2)2(nBu)2(OEt2)2] (2d): nBuLi
(7.8 mL of a 1.6m solution in hexane; 12.09 mmol) was added at room
temperature to a stirred solution of (rac)-1 (1.86 g; 11.99 mmol) in Et2O
(30 mL). After 15 min, the solvents were removed in vacuo to afford an
off-white powder: yield 2.74 g (9.34 mmol, 78%). Crystallization of the
crude product from pure Et2O at �30 8C gave pale yellow crystals of 2d.
1H NMR ([D6]benzene, 300.105 MHz, 298 K): d=�0.37 (bm, 2H;
CH2Li), 0.91 (dt, 6 H; Et2O), 1.14 (t, 3J=6.60 Hz, 3 H; LiCH2(CH2)2CH3),
1.29 (bs, 6 H; NMe2 and ArCH(Me)), 1.72 (bm, 2U 2 H;
LiCH2(CH2)2CH3), 2.19 (bs, 3 H; NMe2), 2.83 (bs, 1H; ArCH(Me)), 3.10
(m, 4 H; Et2O), 6.94 (d, 3J=5.7 Hz, 1 H; ArH(3)), 7.13 (m, 2H;
ArH(4,5)), 8.15 ppm (bd, 3J=5.4 Hz, 1 H; ArH(6)); 13C NMR ([D6]ben-
zene, 75.469 MHz, 298 K): d=10.4 (bs, LiCH2), 13.9 (LiCH2(CH2)2CH3),
14.7 (Et2O), 32.9, 45.4 (LiCH2(CH2)2CH3), 33.0 (CH(Me)), 23.5, 42.3
(NMe2), 64.9 (Et2O), 72.9 (ArCH), 125.2, 125.9, 139.5 (Ar(4,5,6), 159.5,
171.5 ppm (Ar(1,2) quaternary); elemental analysis calcd (%) for
C36H66N2Li4O2: C 73.70, H 11.34, N 4.77; found: C 73.58, H 11.31, N 4.83.


X-ray crystal structure analyses of 2b, 2c, and 2d : Pertinent data for the
structure determinations are collected in Table 3. X-ray data for crystal
structure 2b were collected on a Nonius KappaCCD diffractometer; data
for the other structure determinations were collected on a Nonius CAD-
4T diffractometer. All sets were measured at 150 K, using graphite mono-
chromated MoKa radiation (l=0.71073 Q) from a rotating anode source.
Accurate unit cell parameters and an orientation matrix were determined
by least-squares fitting of the setting angles of 25 well-centered reflec-
tions[31] for structures 2c and 2d. The unit cell parameters for structure
2b were refined against the setting angles of all reflections. All structures
were solved with direct methods by using SHELXS97.[32] Refinement on
F2 was performed with SHELXL-97.[32] One of the Bu moieties of 2d dis-
plays disorder. A two-site disorder model in which atoms 1 (the C in-
volved in Li coordination) and 3 of major and minor components coin-
cide, satisfactorily described the observed electron density. Hydrogen
atoms were included in the refinement on calculated positions riding on
their carrier atoms. The non-hydrogen atoms of all structures were re-
fined with anisotropic displacement parameters, except those belonging
to the minor disorder component of 2d. The hydrogen atoms were re-
fined with a fixed isotropic displacement parameter related to the value
of the equivalent isotropic displacement parameter of their carrier atoms
by a constant factor. Owing to the absence of strong anomalous scatters,
the absolute configuration could not be experimentally determined. The
absolute configuration for all compounds was therefore assigned in ac-
cordance with the known configuration of the asymmetric carbon atoms
of the starting compounds. Geometrical calculations and illustrations
were performed with PLATON;[33] all calculations were performed on a
DEC Alpha 255 station. CCDC-247120 (2b), CCDC-247121 (2c), and
CCDC-247122 (2d) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge at www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax: (+44)-
1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).


Acknowledgement


This work was supported in part (A.L.S.) by The Netherlands Foundation
for Chemical Sciences (CW) with financial aid from the Netherlands Or-
ganization for Scientific Research (NWO). Dr. J. Boersma is thanked for
critical reading of this manuscript.


[1] B. J. Wakefield, The Chemistry of Organolithium Compounds, Per-
gamon Press, New York, 1974.


[2] J. L. Wardell, Comprehensive Organometallic Chemistry, Vol. 1, Per-
gamon Press, New York, 1982, Chapter 2.


[3] H. W. Gschwend, H. R. Roderiguez, Org. React. 1979, 26, 1–360.
[4] a) Topics in Organometallic Chemistry Volume 05: Organolithiums
in Enantioselective Synthesis, (Ed.: D. M. Hodgson), Springer,
Berlin, 2003 ; b) T. Stey, D. Stalke in The Chemistry of Organolithi-
um Compounds, (Eds.: Z. Rappoport, I. Marek), Wiley, London,
2004.


[5] a) N. Sotomayor, E. Lete, Curr. Org. Chem. 2003, 7, 275 –300;
b) E. J.-G. Anctil, V. Snieckus, J. Organomet. Chem. 2002, 653, 150 –
160; c) L. Green, B. Chauder, V. Snieckus, J. Heterocycl. Chem.
1999, 36, 1453 – 1468; d) V. Snieckus, Chem. Rev. 1990, 90, 879 –933;
e) P. Beak, V. Snieckus, Acc. Chem. Res. 1982, 15, 306 –312; f) I.
Omae, Chem. Rev. 1979, 79, 287 – 321; g) H. Gilman, R. L. Bebb, J.
Am. Chem. Soc. 1939, 61, 109 – 112.


[6] a) M. Stratakis, J. Org. Chem. 1997, 62, 3024 –3025; b) J. D. Roberts,
D. Y. Curtin, J. Am. Chem. Soc. 1946, 68, 1658 –1660.


[7] a) N. J. R. von Eikema-Hommes, P. von RaguJ Schleyer, Angew.
Chem. 1992, 104, 768 –771; Angew. Chem. Int. Ed. Engl. 1992, 31,
755 – 758; b) P. Beak, A. I. Meyers, Acc. Chem. Res. 1986, 19, 356 –
363; c) P. Beak, S. T. Kerrick, D. J. Gallagher, J. Am. Chem. Soc.
1993, 115, 10 628 –10 636; d) J. M. SaY, G. Martorell, A. Frontera, J.
Org. Chem. 1996, 61, 5194 –5195.


[8] a) X. Fu, R. A. Reamer, R. Tillyer, J. M. Cummins, E. J. J. Grabow-
ski, P. J. Teider, D. B. Collum, J. C. Huffman, J. Am. Chem. Soc.
2000, 122, 11 212 –11 218; b) L. M. Pratt, A. W. Streitweiser, J. Org.
Chem. 2003, 68, 2830 –2838; c) H. J. Reich, W. S. Goldenberg, B. Z.
Gudmundsson, A. W. Sanders, K. J. Kulicke, K. Simon, I. A. Guzei,
J. Am. Chem. Soc. 2001, 123, 8067 –8079; d) H. J. Reich, W. S. Gold-
enberg, A. W. Sanders, K. L. Jantzi, C. C. Tzschucke, J. Am. Chem.
Soc. 2003, 125, 3509 –3521; e) H. J. Reich, W. H. Sikorski, B. Z.
Gudmundsson, R. R. Dykstra, J. Am. Chem. Soc. 1998, 120, 4035 –
4036; f) P. I. Arvidsson, P. Ahlberg, G. Hilmersson, Chem. Eur. J.
1999, 5, 1348 –1354; g) C. H. Galka, D. J. M. Trçsch, M. Schubart,
L. H. Gade, S. Radojevic, I. J. Scowen, M. McPartlin, Eur. J. Inorg.
Chem. 2000, 2577 –2583; h) G. Hilmersson, B. Malmros, Chem. Eur.
J. 2001, 7, 337 – 341; i) P. I. Arvidsson, G. Hilmersson, Z Davidsson,
Helv. Chim. Acta 2002, 85, 3814 – 3822; j) J. S. DePue, D. A. Collum,
J. Am. Chem. Soc. 1988, 110, 5524 – 5533; k) A. Ram\rez, E. Lobkov-
sky, D. B. Collum, J. Am. Chem. Soc. , 2003, 125, 15 376 – 15387;
l) R. E. Mulvey, Chem. Soc. Rev. 1998, 27, 339 – 346; m) A. E. H.
Wheatley, New J. Chem. 2004, 28, 435 – 443; n) J. E. Davis, P. R.
Raithby, R. Snaith, A. E. H. Wheatley, Chem. Commun. 1997, 1721 –
1722; o) R. P. Davies, P. R. Raithby, G. P. Shields, R. Snaith, A. E. H.
Wheatley, Organometallics 1997, 16, 2223 –2225; p) T. F. Briggs,
M. D. Winemiller, D. B. Collum, R. L. Parsons, A. H. Davulcu, G. D.
Harris, J. M. Fortunak, P. N. Confalone, J. Am. Chem. Soc. 2004,
126, 5427 –5435, and references therein.


[9] a) T. Kremer, M. Junge, P. von RaguJ Schleyer, Organometallics
1996, 15, 3345 –3359; b) J. R. von Eikema-Hommes, P. von RaguJ
Schleyer, Tetrahedron 1994, 50, 5903 – 5916; c) W. Bauer, P. von Ra-
guJ Schleyer, J. Am. Chem. Soc. 1989, 111, 7191 –7198.


[10] G. van Koten, J. T. B. H. Jastrebski, Tetrahedron 1989, 45, 569 –578.
[11] a) L. M. Pratt, Mini-Rev.Org.. Chem. 2004, 1, 209 –217; b) X. Fu,


R. A. Reamer, R. Tillyer, J. M. Cummins, E. J. J. Grabowski, P. J.
Teider, D. B. Collum, J. C. Huffman, J. Am. Chem. Soc. 2000, 122,
11212 –11218.


[12] R. F. Schmitz, F. J. J. de Kanter, M. Schakel, G. W. Klupp, Tetrahe-
dron 1994, 50, 5933 –5944.


[13] W. Peascoe, D. E. Applequist, J. Org. Chem. 1973, 38, 1510 –1512.
[14] a) S. K. Varshney, J. P. Hautekeer, R. Fayt, R. JJr]me, Ph. TeyssiJ,


Macromolecules 1990, 23, 2618 –2622; b) L. M. Jackman, F. Rakie-
wicz, J. Am. Chem. Soc. 1991, 113, 1202 – 1210; c) D. B. Collum, Acc.
Chem. Res. 1993, 26, 227 – 234; d) J. S. Wang, R. Warin, R. JJr]me,
Ph. TeyssiJ, Macromolecules 1993, 26, 6776 – 6781; e) R. E. Ewin,


G 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 253 – 261260


G. van Koten et al.



www.chemeurj.org





A. M. MacLeod, D. A. Price, N. S. Simpkins, A. P. Watt, J. Chem.
Soc. Perkin Trans. 1 1997, 401 –415.


[15] H. Dietrich, D. Rewicki, J. Organomet. Chem. 1981, 205, 281 – 289.
[16] L. Cazzangia, R. E. Cohen, Macromolecules 1989, 22, 4125 –4128.
[17] B.-T. Ko, C.-C. Lin, J. Am. Chem. Soc. 2001, 123, 7973 – 7977.
[18] K. Ruhlandt-Senge, J. J. Ellison, R. J. Wehmschulte, F. Pauer, P. P.


Power, J. Am. Chem. Soc. 1993, 115, 11353 –11 357.
[19] P. Wijkens, E. M. van Koten, M. D. Janssen, J. T. B. H. Jastrzebski,


A. L. Spek, G. van Koten, Angew. Chem. 1995, 107, 239 –242,
Angew. Chem. Int. Ed. Engl. 1995, 34, 219 – 222.


[20] P. Wijkens, J. T. B. H. Jastrzebski, N. Veldman, A. L. Spek, G.
van Koten, Chem. Commun. 1997, 2143 –2144.


[21] J. G. Donkervoort, J. L. Vicario, E. Rijnberg, J. T. B. H. Jastrzebski,
H. Kooijman, A. L. Spek, G. van Koten, J. Organomet. Chem. 1998,
550, 463 –467.


[22] C. Strohmann, B. C. Abele, Organometallics 2000, 19, 4173 –4175.
[23] a) N. J. Hardman, B. Twamley, M. Stender, R. Baldwin, S. Hino, B.


Schiemenz, S. M. Kauzlarich, P. P. Power, J. Organomet. Chem. 2002,
643–644, 461 –467; b) J. Arnold, V. Knapp, J. A. R. Schmidt, A.
Shafir, J. Chem. Soc. Dalton Trans. 2002, 3273 –3274; c) W. Scherer,
P. Sirsch, M. Grosche, M. Spiegler, S. A. Mason, M. G. Gardiner,
Chem. Commun. 2001, 2072 –2073; d) W. Scherer, P. Sirsch, D. Shor-
okhov, G. S. McGrady, S. A. Mason, M. G. Gardiner, Chem. Eur. J.
2002, 8, 2324 –2334.


[24] C. M. P. Kronenburg, E. Rijnberg, J. T. B. H. Jastrzebski, H. Kooij-
man, A. L. Spek, G. van Koten, Eur. J. Org. Chem. 2004, 153 – 159.


[25] M. A. Nichols, P. G. Williard, J. Am. Chem. Soc. 1993, 115, 1568 –
1572.


[26] a) The configuration of the bridging Cipso center in the rotamer
having the aryl plane perpendicular to the Li–Li vector is deter-
mined by the priority of the atoms connected to Cipso in the C,N-


chelate ring, viewing in the direction of the second Li atom; b) G.
van Koten, J. G. Noltes, J. Am. Chem. Soc. 1979, 101, 6593 –6599.


[27] J. T. B. H. Jastrzebski, G. van Koten, M. Konijn, C. H. Stam, J. Am.
Chem. Soc. 1982, 104, 5490 –5492.


[28] This is nicely illustrated by the observation of the formation in low
yield (<50%) of the corresponding organocopper or tin compounds
starting from in situ prepared “Li(C6H4CH(Me)NMe2-2)” using
nBuLi as the lithiating agent. The formation of hetero-aggregated
species such as 2 were not considered at that time.[29] Later we es-
tablished that selective removal (by reaction with Me3SiCl) of the
nBu groups in such hetero-aggregates affords the pure organolithi-
um compound (although hetero-aggregation with the formed LiCl
may not be excluded, but this obviously did not interfere with a fur-
ther transmetalation reaction) suitable for the for example, high
yield synthesis of the corresponding organoplatinum com-
pounds.[21,30]


[29] G. van Koten, J. T. B. H. Jastrzebski, J. G. Noltes, W. M. G. F. Ponte-
nagel, J. Kroon. A. L. Spek, J. Am. Chem. Soc. 1978, 100, 5021 –
5028.


[30] J. G. Donkervoort, J. L. Vicario, J. T. B. H. Jastrzebski, W. J. J.
Smeets, A. L. Spek, G. van Koten, J. Organomet. Chem. 1998, 551,
1– 7.


[31] J.L de Boer, A. J. M. Duisenberg, Acta Crystallogr. Sect. A 1984, 40,
C-410.


[32] G. M. Sheldrick, SHELXL-97, SHELXS-97, Programs for crystal
structure refinement. University of Gçttingen, Germany, 1997.


[33] A. L. Spek, J. Appl. Cryst. 2003, 36, 7– 13.


Received: August 11, 2004
Published online: November 17, 2004


Chem. Eur. J. 2005, 11, 253 – 261 www.chemeurj.org G 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 261


FULL PAPEROrganolithium Hetero-Aggregates



www.chemeurj.org






Bis(oxofluorenediyl)oxacyclophanes: Synthesis, Crystal Structure and
Complexation with Paraquat in the Gas Phase
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Alexander V. Mazepa,[a] Yurii A. Simonov,[b] Marina S. Fonari,[b] and
Mark M. Botoshansky[c]


Introduction


In the design and synthesis of new molecular receptors, cy-
clophanes play an important role as versatile host com-
pounds that are capable of entrapping molecular guests
within the central cavity or sandwiching them between host
molecules in the crystal lattice.[1] Host compounds are com-
monly designed by using rigid building blocks in order to
stabilize a hollow ring conformation. Recently, oxacyclo-
phane-type macrocycles incorporating rigid aromatic moiet-
ies bridged by flexible polyethers chains have attracted con-
siderable attention. Such compounds successfully couple
properties of classical crown ethers and cyclophanes. This
feature makes them excellent receptors both for ionic and
neutral guests.[2]


As a powerful recognition tool utilized to guide the com-
plexation and the synthesis of supramolecular species, vari-
ous types of noncovalent intermolecular interactions can be
used. These are, specifically, hydrogen bonds, stacking, elec-
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Abstract: The first three representa-
tives of the new family of oxacyclo-
phanes incorporating two 2,7-dioxy-
fluorenone fragments, connected by
[-CH2CH2O-]m spacers (m=2–4), have
been synthesized. The yield of the
smallest oxacyclophane (m=2) is con-
siderably higher with respect to the
larger ones (m=3 and m=4), which
are formed in comparable yields. Mo-
lecular modeling and NMR spectra
analysis of the model compounds sug-
gest that an essential difference in oxa-
cyclophanes yields is caused by forma-
tion of quasi-cyclic intermediates,
which are preorganized for macrocycli-
zation owing to intramolecular p–p
stacking interactions between the fluo-


renone units. The solid-state structures
of these oxacyclophanes exhibit intra-
and intermolecular p–p stacking inter-
actions that dictate their rectangular
shape in the fluorenone backbone and
crystal packing of the molecules with
the parallel or T-shape arrangement.
The crystal packing in all cases is also
sustained by weak C�H···O hydrogen
bonds. FAB mass spectral analysis of
mixtures of the larger oxacyclophanes
(m=3 and m=4) and a paraquat
moiety revealed peaks corresponding


to the loss of one and two PF6
� coun-


terions from the 1:1 complexes formed.
However, no signals were observed for
complexes of the paraquat moiety with
the smaller oxacyclophane (m=2).
Computer molecular modeling of com-
plexes revealed a pseudorotaxane-like
incorporation of the paraquat unit,
sandwiched within a macrocyclic cavity
between the almost parallel-aligned
fluorenone rings of the larger oxacyclo-
phanes (m=3 and m=4). In contrast
to this, only external complexes of the
smallest oxacyclophane (m=2) with a
paraquat unit have been found in the
energy window of 10 kcalmol�1.


Keywords: crown compounds ·
cyclophanes · fluorenones · host–
guest systems · macrocycles
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trostatic, hydrophobic, and charge-transfer interactions, as
well as metal coordination.[3] Nevertheless, the electrostatic
interactions play a dominant role, and in the case in which
polar subsystems are included into the macrocyclic host
framework, it is possible to identify the total stabilization
energy within the limits of the electrostatic energy term.[4]


Therefore, the introduction of extended aromatic moieties
containing polar groups and well-developed, polarized p-
electron systems into the framework of macrocyclic hosts
seems a reasonable approach to enhance such interactions.
Most of the investigations in this direction are based on the
synthesis of polar receptors that contain appropriately posi-
tioned hydroxy or carboxy groups in a rigid macrocyclic
framework.[1b,5] The other polar groups, especially the car-
bonyl groups, can serve as hydrogen-bond acceptors and
play an essential role in the determination of the binding
ability of the hosts, the three-dimensional chemical struc-
ture, and the properties of their complexes.
One of the most significant advances in the field of supra-


molecular chemistry resulted from the quest for effective
hosts for the complexation of 1,1’-dialkyl-4,4’-bipyridinium
salts (paraquats). During the 1980 s Stoddart et al.[6] discov-
ered that large bisarylene crown ethers, in particular, com-
bine into pseudorotaxanes (mechanically threaded struc-
tures without bulky end groups) with paraquat units with as-
sociation constants about 102–103m�1.[6] This research initiat-
ed the synthesis of a variety of pseudorotaxanes, rotaxanes,
catenanes, and polyrotaxanes.[7]


The structure of bisarylene crown ethers is similar to the
framework of oxacyclophanes, since each of them contains
rigid aromatic moieties bridged by flexible polyethers
chains. Therfore, their complexing ability should also be
similar. In addition, it is apparent that the binding ability of
the oxacyclophanes that contain polar groups can be appre-
ciably augmented by attractive electrostatic interactions be-
tween the macrocyclic host and the positively charged guest.
With the purpose of obtaining the macrocyclic receptors


that potentially possess high intrinsic affinity to electron-de-
ficient guests, we were interested in 2,7-dioxy-9H-fluoren-9-
one (1)[8] as an aromatic block for synthesis of new family of


large oxacyclophanes namely bis(oxofluorenediyl)oxacyclo-
phanes. Bisphenol 1 was selected for the following reasons:


1) It is a highly polarized p-electron-rich extended aromatic
system, in which the carbonyl group can act as a sensor
that recognizes an electron-deficient guest, can direct it
towards the macrocyclic host cavity and can stabilize the
complexes because of electrostatic interactions.


2) It is a powerful hydrogen-bond acceptor; the carbonyl
oxygen atom is capable to form strong hydrogen bonds
with the substrate, which is often the dominating factor
in molecular recognition and self-assembly of supra-
molecular systems.


3) Fluorenone and its derivatives have good luminescence
properties that are important for the development of
sensitive fluorescence-based chemosensors.


4) Finally, the carbonyl group of the fluorenone fragment
can be converted into a variety of functional groups; this
allows for finetuning of the binding behavior of the oxa-
cyclophanes.


In a preliminary communication, we discussed briefly the
preparation and some structural features of oxacyclophane
12.[9] Here we report: 1) the preparation of the first three
representatives of the bis(oxofluorenediyl)oxacyclophanes,
2) the X-ray structural analysis of the oxacyclophanes, and
3) the complexation of the oxacyclophanes with 1,1’-dimeth-
yl-4,4’-bipyridinium bis(hexafluorophosphate) (paraquat) in
the gas phase.


Results and Discussion


Synthesis : The synthetic pathway leading to the oxacyclo-
phanes 11–13 is shown in Scheme 1. Reaction of bisphenol 1
with the chlorohydrins of di-, tri-, or tetraethylene glycol in
DMF in the presence of anhydrous potassium carbonate at
80–85 8C for 40 h afforded the diols 5–7, respectively. Con-
version of these diols into bistosylates 8–10 was achieved in
good yields (70–88%) by using p-toluenesulfonyl chloride in


Scheme 1. Synthesis of the bis(oxofluorenediyl)oxacyclophanes 11–13.
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a mixture of chloroform and dioxane in the presence of tri-
ethylamine at 0–20 8C. Further macrocyclization reaction of
the obtained bistosylates with bisphenol 1 in DMF in the
presence of anhydrous potassium carbonate as the base at
80–85 8C for 40 h, under high dilution conditions, gave after
workup and chromatographic purification over silica gel, the
oxacyclophanes 11–13 in 53, 27, and 30% yields, respective-
ly. We did not gain any appreciable increase in yields of bis-
(oxofluorenediyl)oxacyclophanes by using cesium carbonate
as the base instead of potassium carbonate, despite the fact
that the cesium cation promotes formation of many macro-
cyclic systems (cesium effect).[10]


The yield of the oxacyclophane 11 is much higher with re-
spect to oxacyclophanes 12 and 13, which are formed in
comparable yields. To find out why the yields of oxacyclo-
phanes differ so considerably, an extensive Monte Carlo
conformational search for the imaginary model compounds
14–16 (Figure 1) was performed with the MMFF force field


as implemented in the Spartan 02 program package.[11] It re-
sulted in minimal energy conformations of these com-
pounds, which in all cases have an almost parallel arrange-
ment of the partially overlapping fluorenone moieties with
the interplanar distances between them equal to 3.66–
3.69 L. This geometry is commensurate with conventional
parallel p–p stacking interactions between the aromatic
units that stabilize a minimal energy conformations of the
compounds 14–16.[3d] We can therefore assume that the es-
sential difference in the yields of the oxacyclophanes 11–13
is caused by the formation of the quasi-cyclic intermediate
(A), which is preorganized for macrocyclization owing to
the intramolecular p–p stacking interactions between the
fluorenone units (Figure 1). According to the entropic crite-
rion, the probability of such self-organizing should be more
for molecules with the shortest length of the bridge connect-
ing two fragments of a fluorenone. The increase in bridge
length and, hence, degrees of freedom of a molecule makes
formation of an intermediate (A) less entropically favorable,
owing to restriction of internal mobility of a molecule. This
is apparently the cause of the lower yields of the oxacyclo-
phanes 12 and 13 relative to that of oxacyclophane 11. In an


effort to obtain experimental evidence of this assumption
we have synthesized acyclic compounds 15 and 17
(Figure 1). As shown in Table 1, all the fluorenone proton
signals in the 1H NMR spectra are subject to a slight, but
noticeable upfield shifts (0.02–0.06 ppm) in comparison with


those of 17; this shift undoubtedly arises from the mutual
shielding effect of the fluorenone components (Table 1).
Such shielding effect reveals an appreciable population in
solution of the conformation of compound 15 in which two
fluorenone fragments are closely located with almost paral-
lel alignment (shown in Figure 1). This is in a fairly good
agreement with the hypotheses made about the geometry of
intermediate A.
In solution, oxacyclophanes conformations coexist in a dy-


namic equilibrium, with relative populations determined by
their respective energies. Since the 1H NMR spectra of 11–
13 in [D6]DMSO show only a single set of proton signals,
fast conformational exchange on the NMR timescale is
taking place in the solutions of these compounds. A Monte
Carlo conformational search (MMFF force field, Spartan
02) indicates that the most stable conformers of oxacyclo-
phanes 11–13 are the anti and syn forms, differing in the
mutual orientation of the carbonyl groups (Figure 2). Insig-


nificant energy differences between these conformers, 0.01,
0.10, and 0.48 kcalmol�1 for 11, 12, and 13, respectively,
infer that they are almost equally populated, at least in
vacuo. Analysis of CPK molecular models indicates that


Figure 1. Schematic representation of the intermediate A and chemical
formulas of the model compounds 14–17.


Table 1. Selected 1H NMR spectroscopic data[a] [d[b] and Dd[c] values in
ppm] for the oxacyclophanes 11–13 and the model compounds 15 and 17
in [D6]DMSO at 298 K.


Ha[d] Hb[d] Hc[d]


d Dd d Dd d Dd


11 6.66 �0.39 6.85 �0.16 7.17 �0.31
12 6.78 �0.27 6.80 �0.21 7.11 �0.37
13 6.84 �0.21 6.84 �0.17 7.18 �0.30
15[e] 7.12 �0.04 6.92 �0.02 7.23 �0.06
17 7.05 7.01 7.48
17[e] 7.16 6.94 7.29


[a] 1H NMR spectra were recorded at 300 MHz. [b] The values reported
correspond to the centroids of the multiplets. [c] Dd values were obtained
as the difference between chemical shifts of the appropriate protons of
the reference compound 17 and the compounds 11–13, and 15. [d] The
protons mentioned are depicted on the structural formula in Figure 1.
[e] In CDCl3.


Figure 2. Chemical formula of the paraquat 18 and schematic representa-
tion of the syn- and anti-forms of the oxacyclophanes 11–13.
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these conformers can be inter-
converted at rotation of the flu-
orenone units around their long
axis. The calculated (HF/3-
21G*) energy barrier associated
with this dynamic process in the
oxacyclophane 11, for example,
is only 9 kcalmol�1. Compari-
son of the 1H NMR spectra of
11–13 with that of the model
compound 17 indicates signifi-
cant upfield shifts (Dd lies be-
tween �0.16 and �0.39 ppm)
for all aromatic protons
(Table 1); these shifts are a
result of the shielding effects
exerted by the fluorenone units.
This reveals that in the aver-
aged conformations of oxacy-
clophanes 11–13 in solution, the
fluorenone units are predomi-
nantly parallel and closely lo-
cated, as observed in the calcu-
lated and solid-state structures.


X-ray crystallography : The cavity size, the shape, the rigidi-
ty, the nature of the binding sites and intra- and intermolec-
ular interactions govern the binding power of a host. To in-
vestigate these parameters, crystal structures of the oxacy-
clophanes have been studied. Single crystals suitable for X-
ray crystallography were grown by crystallization of com-
pound 11 from nitrobenzene or by slow concentration of the
solutions of oxacyclophanes 12 and 13 in acetonitrile and di-
oxane, respectively. In all cases the initial concentrations of
11–13 were in the range 10�4–10�5m, because of their very
low solubility. The molecular geometry of oxacyclophanes
and their packing in the crystal are stabilized by the combi-
nation of intra- and intermolecular C�H···O hydrogen-bond-
ing, p–p stacking interactions between the fluorenone units,
and C�H···p interactions between the appropriately oriented
hydrogen atoms of the methylene groups and the p-elec-
tron-rich aromatic moieties. The oxacyclophanes studied
have crystallographic centers of symmetry located in the
center of macrocycles owing to an antiparallel arrangement
of the fluorenone units (Figure 3). Their planarity is extend-
ed to include three oxygen atoms attached to the aromatic
moiety (one carbonyl group oxygen atom and two ether
ones). The fused aromatic rings of the fluorenone backbone
form a practically planar system. The macrocycles are self-
filling, with two fluorenone units aligned parallel to each
other about the crystallographic center of symmetry. The
fluorenone backbone, with the distance of 9.62 L between
two attached ether oxygen atoms, dictates the rectangular
shape of the macrocycle 11, while 12 and 13 have S-shaped
structures. The fluorenone units are positioned at interpla-
nar distances of 3.53 L in 11 and 3.45 L in 12 ; these distan-
ces correspond to the intramolecular p–p stacking interac-


tions between them.[3] However, the corresponding fluore-
none–fluorenone separation of 3.08 L in 13 clearly indicates
the absence of the intramolecular p–p stacking. In com-
pounds 11 and 12, the overlap of the aromatic systems is im-
mediately apparent, being approximately the same in the
both molecules (Figure 3, left column). A similar molecular
shape has been found in the macrocycles that incorporate
hydroquinol,[12] or biphenyl units bridged by the oxyethylene
chains of the same length,[13] while in the case of the anthra-
cene backbone the elongated shape of the molecule is dis-
torted.[14] In compound 13, the parallel arrangement of the
fluorenone units is retained; however, one of them is consid-
erably displaced with respect to the other in order to opti-
mize the dipole–dipole interactions between the carbonyl
groups. The oxacyclophane 13 exists in the crystals with a
sigmoid edge profile reminiscent of that in bis(5-carbome-
thoxy-1,3-phenylene)[32]crown-10 in which the aromatic
rings are parallel, but do not overlap spatially.[15] The
common feature of 11–13 is the availability of two weak in-
version-related intramolecular C�H···O interactions be-
tween the CH2 groups and proximal oxygen atoms of the
polyether loops (Figure 3, right column). The corresponding
C···O separations range from 3.00 to 3.17 L and are respon-
sible for the formation of two intramolecular six-membered
pseudorings. The short C�H···O intramolecular interactions
that are found to fill the cavity are typical for classic crown
ethers, although in the case of [18]crown-6 and its deriva-
tives they act across the cavity and define the elongated
shape of the molecule.[16] The oxacyclophanes 11–13 have
centrosymmetric Ci conformations, described by an appro-
priate sequences of torsion angles of the crown ether
loops.[17] The crystal packing in 11–13 is dictated by weak in-
termolecular C�H···O hydrogen bonds and p–p stacking in-


Figure 3. Top view (left) and side view (right) for the solid-state structure of the oxacyclophanes a) 11, b) 12,
and c) 13. There are C�H···O hydrogen bonds between the CH2 groups and proximal oxygen atoms of the
polyether loops. Their respective geometries are C···O, H···O, CH···O, 3.12, 2.45 L, 1258 for 11; 3.17, 2.41 L,
1348 for 12 ; and 3.00, 2.51 L, 1118 for 13.
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teractions that obey P1̄ symmetry in 11 and 13 and P21/c
symmetry in 12 (Figure 4). The molecules of 11 and 13 are
packed in a similar way into thick layers in which the surfa-
ces are formed by the aromatic fluorenone backbones (Fig-
ure 4a and c). The layer organization is controlled predomi-


nantly by two types of C�H···O hydrogen bonds, differing
by the oxygen atoms involved in these interactions. The car-
bonyl group oxygen atom interacts with hydrogen atoms of
alkyl or aryl groups of the translated oxacyclophane mole-
cules. The respective geometries of these C�H···O hydrogen
bonds are C···O, H···O, C�H···O, 3.23, 2.54 L, 1298 in 11,


and 3.39, 2.47 L, 1708 in 13, respectively. These interactions
are responsible for the tapes running along b direction both
in 11 and 13. The OCH2 groups form the weaker C�H···O
bonds that are in the bc plane and close the layered R2


2(8)
rings that are built on the methylene group hydrogen atom
and the neighboring oxygen atom.[18] These hydrogen bonds
have C···O, H···O distances and CH···O angles equal to 3.46,
2.62 L, 1468 in 11 and 3.60, 2.71 L, 1538 in 13. The packing
of the layers is governed by the p–p stacking interactions
between the partially overlapping fluorenone units. The in-
terlayer separation is 3.37 L in 11 and 3.53 L in 13. The
molecules of 12 are packed to form the chevron-like sheets
(Figure 4b). The adjacent rows are oriented to optimize T-
type edge-to-face interactions between the aromatic compo-
nents with the dihedral angle of 1038 between the planes of
inclined fluorenone moieties.[19] These sheets are also inter-
connected into a three-dimensional grid through C�H···O
hydrogen bonds, with respective geometries of C···O, H···O,
CH···O, 3.55, 2.59 L, 1708 and 3.42, 2.49 L, 1608.


Complexation studies : A very low solubility of the oxacyclo-
phanes 11–13 in usual organic solvents restricts application
of NMR spectroscopy for investigations of their complexa-
tion in solutions. The [D6]DMSO was the only solvent suita-
ble for NMR experiments. Because this medium weakens or
suppresses the formation of complexes,[20] we did not ob-
serve pronounced induced changes in the chemical shifts of
the protons of the hosts 11–13 or the guest 18 in NMR spec-
tra for the samples of their mixtures. A convenient way to
explore the binding ability of macrocyclic hosts is mass spec-
trometry, which gives the opportunity to study host–guest
chemistry as a purely bimolecular interaction in the absence
of solvents and other interfering species.[21] Therefore, the
complexation of the oxacyclophanes 11–13 with 1,1’-dimeth-
yl-4,4’-bipyridinium bis(hexafluorophosphate) (18 ; Figure 2)
in the gas phase was analyzed by fast atom bombardment
mass spectrometry (FAB-MS). The separate samples of
equimolar amounts of paraquat 18 and compounds 11, 12,
or 13 dissolved in a DMF/m-nitrobenzyl alcohol mixture
(1:1) were subjected to FAB-MS analysis. In the cases of
both 12 and 13, peaks were observed in the mass spectra
that correspond to the loss of one and two PF6


� counterions
from the formed 1:1 complexes (Table 2). This fragmenta-
tion pattern has been observed in many pseudorotaxanes
and catenanes derived from paraquat derivatives.[6b,22] How-
ever, no signal was observed which indicated that a complex
had been formed with compound 11.


Figure 4. The part of one of the sheets sustained by the hydrogen bonds
presented in the solid-state structure of the oxacyclophanes a) 11, b) 12,
and c) 13.


Table 2. FAB-MS data for the complexes of 11–13 with 18·2PF6.


[M]+ [a] [M�PF6]+ [b] [M�2PF6]+ [b] Host[b,c]


11 [1040] – – 565 (100)
12 [1128] 983 (5) 838 (2) 653 (100)
13 [1216] 1071 (7) 926 (2) 741 (100)


[a] The peaks corresponding to the molecular ion of the complexes were
not observed. [b] The peaks intensities are shown in parentheses.
[c] Peaks corresponding to the protonated oxacyclophanes.
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Inspection of CPK models revealed that the paraquat 18
could be easily accommodated inside the macrocycles 12
and 13, but also that there are significant steric restrictions
on its penetration into the cavity of the macrocycle 11. Fur-
ther computer modeling (a Monte Carlo conformational
search in conjunction with the MMFF force field; semiem-
pirical AM1 single-point energy calculations)[23] indicated
that in the most stable structures of the complexes 12·18 and
13·18 the oxacyclophanes possess anti-conformations. The
macrocycles cavities are tightly filled by compound 18,
which is located at the averaged distances of 4.0 and 3.9 L
between the centroids of the fluorenone units and paraquat
for the 12·18 and 13·18, respectively. These distances are ap-
propriate for p–p stacking interactions (Figure 5b and c).
The oxygen atoms of the carbonyl groups are directed to-
wards the paraquat 18 at averaged distances from its cent-
roid of 3.8 and 3.7 L for the complexes 12·18 and 13·18, re-
spectively. This immediately indicates the considerable
dipole–charge interactions between the carbonyl groups of
the fluorenone moieties and the paraquat that are undoubt-
edly an important stabilization component of the complexes.
The structures of the complexes 12·18 and 13·18 are addi-
tionally stabilized by C�H···O interactions between the
acidic hydrogen atoms of paraquat methyl groups and the
oxygen atoms of the polyether loops of the oxacyclophanes
12 and 13. In a general way the calculated structure of the
12·18 is similar to that described for the pseudorotaxane-like
complexes of paraquat with bisarylene crown ethers in the
solid state, for example with bis-p-phenylene[34]crown-10,[6b]


while the 13·18 has a “hot dog” structure.[24] In contrast,
only the external complex of the syn-conformer of oxacyclo-
phane 11 with the paraquat 18 was found in the energy
window of 10 kcalmol�1. The most stable structure of the
11·18 is held together by electrostatic interactions between
two carbonyl groups of 11 and one of the nitrogen atoms of
18 (C=O···N+ distances are 3.1 and 3.3 L) and by hydrogen
bonding involving the hydrogen atoms of the bipyridine and


the ether oxygen atoms of the macrocycle (Figure 5a). The
calculated stabilization energy values of the complexes
11·18, 12·18, and 13·18 are 31.9, 33.1, and 43.8 kcalmol�1, re-
spectively. The larger stabilization energy of the 13·18 com-
plex with respect to the 12·18 is in agreement with the rela-
tive intensities of [M�PF6]+ peaks in their FAB mass spec-
tra. Nevertheless, the complex 11·18 is not formed despite
the fact that its stabilization energy in vacuo is similar to
that of the 12·18. Many publications demonstrate that in
FABMS the signals are generated by direct desorption of
the complex ions preformed in the condensed phase.[21] The
formation of host–guest complexes in the condensed phase
implies the solvation of both counterparts and hence the
possible modification of a variety of noncovalent interac-
tions between them. Therefore, the calculated values of the
stabilization energy of the complexes do not necessarily re-
flect complexation in solution closely enough. The protic
and highly polar DMF/m-nitrobenzyl alcohol matrix used in
our experiments is a medium in which hydrogen bonds and
electrostatic interactions responsible for complex formation
become weak or even destroyed. Probably the competing
salvation effect is strong enough to prevent formation of an
external complex of the oxacyclophane 11, while the forma-
tion of the less-solvated inclusion complexes of the oxacy-
clophanes 12 and 13 are permitted.


Conclusion


We have reported the synthesis of a new family of macrocy-
clic receptors, bis(oxofluorenediyl)oxacyclophanes, contain-
ing two fragments of 2,7-dioxyfluorenone bridged by the di-,
tri-, and tetraethylene glycol units. An essential feature of
these oxacyclophanes is the presence within the macrocyclic
framework of highly polarized, p-electron-rich, extended ar-
omatic systems of the fluorenone that can stabilize the com-
plexes as a result of electrostatic interactions and hydrogen


Figure 5. Calculated structures and stabilization energy (DE) of the complexes of paraquat 18 with oxacyclophanes a) 11, b) 12, and c) 13. The DE values
are the difference between the energies of the global minima of the complexes Ecomplex and the energies of the global minima of the free host and guest
Ehost and Eguest, respectively (DE=Ecomplex�Ehost�Eguest).
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bond formation with the substrate. These interactions are
often the dominating factors of molecular recognition and
self-assembly of supramolecular systems. As a result they
make bis(oxofluorenediyl)oxacyclophanes attractive macro-
cyclic receptors for ionic and neutral species and as compo-
nents in supramolecular synthesis. Future work will focus on
exploring the ability of this macrocycle to act as a host for
organic guest molecules.


Experimental Section


General : Chlorohydrins (2) and (3), and triethylene glycol bistosylate are
commercially available and were used as received. 2,7-Dioxy-9H-fluoren-
9-one (1),[8] chlorohydrin (4),[25] 2,7-dimethoxy-9H-fluoren-9-one (17)[26]


and 2-hydroxy-7-methoxy-9H-fluoren-9-one[27] were prepared as de-
scribed. Thin-layer chromatography (TLC) was carried out on aluminum
sheets coated with silica gel 60F (Merck 5554). The plates were inspected
by UV light and, if required, developed in I2 vapor. Column chromatog-
raphy was carried out by using silica gel (Acros 0.060–0.200 mm). Melting
points were determined in open capillaries and are uncorrected. All 1H
and 13C NMR spectra were recorded on Varian VXR-300 (300 MHz and
75.5 MHz, respectively) spectrometer. All chemical shifts are quoted in
ppm on the d scale with TMS or residual solvent as an internal standard.
The coupling constants are expressed in Hz. Infrared spectra were re-
corded on a Specord 75IR instrument. Electronic absorption spectra
were obtained on a Specord M40 spectrophotometer in the 200–900 nm
range, in quartz cells with 1 cm path length. Electron impact (EI) mass
spectra were recorded on a MX-1321 spectrometer at 70 eV. Fast atom
bombardment (FAB) mass spectrometry was performed on a VG
7070EQ mass spectrometer, equipped with a xenon primary atom beam,
and an m-nitrobenzyl alcohol matrix was utilized.


General procedure for the preparation of the diols 5–7: Bisphenol 1
(16.98 g, 80 mmol) was added to suspension of freshly ground K2CO3


(66.34 g, 480 mmol) and NaI (24.00 g, 160 mmol) in dry DMF (400 mL)
under argon. After stirring for 1 h at 60 8C, chlorohydrin 2, 3, or 4
(240 mmol) was added and the temperature was raised to 80 8C. Stirring
and heating were continued for 35 h. After cooling to room temperature,
the reaction mixture was filtered and the residue was washed with DMF
(50 mL). The filtrate was evaporated to dryness in vacuo. The residue
was dissolved in chloroform, and the solution was washed consequently
with 5% aqueous NaOH, water and brine, dried over MgSO4, and evapo-
rated in vacuo. The residue was purified by recrystallization from isopro-
pyl alcohol for 5 and 6, and from ethanol/diethyl ether for 7.


2,7-Bis[2-(2-hydroxyethoxy)ethoxy]-9H-fluoren-9-one (5): Red solid
(24.21 g, 78%); m.p. 117–119 8C; 1H NMR (CDCl3): d=1.97 (br s, 2H),
3.65–3.72 (m, 4H), 3.74–3.82 (m, 4H), 3.84–3.92 (m, 4H), 4.14–4.21 (m,
4H) 6.97 (dd, J=2, 8 Hz, 2H), 7.17 (d, J=2 Hz, 2H), 7.29 ppm (d, J=
8 Hz, 2H); IR (KBr): ñ=1700 cm�1 (C=O); UV/Vis (CH3OH): lmax(e)=
270 (100000), 469 (269); MS (EI): m/z (%): 388 (44) [M]+ , 300 (7), 212
(35), 45 (100); elemental analysis calcd (%) for C21H24O7 (388.4): C
64.94, H 6.23; found: C 65.19, H 6.29.


2,7-Bis{2-[2-(2-hydroxyethoxy)ethoxy]ethoxy}-9H-fluoren-9-one (6): Red
solid (29.32 g, 77%); m.p. 91–92 8C; 1H NMR (CDCl3): d=2.18 (br s,
2H), 3.63 (t, J=4 Hz, 4H), 3.68–3.82 (m, 12H), 3.87 (t, J=4 Hz, 4H),
4.17 (t, J=4 Hz, 4H), 6.97 (dd, J=2, 8 Hz, 2H), 7.17 (d, J=2 Hz, 2H),
7.28 ppm (d, J=8 Hz, 2H); IR (KBr): ñ=1700 cm�1 (C=O); UV/Vis
(CH3OH): lmax(e)=270 (88261), 473 nm (336); MS (EI): m/z (%): 476
(41) [M]+ , 432 (3), 344 (3), 212 (11), 45 (100); elemental analysis calcd
(%) for C25H32O9 (476.5): C 63.01, H 6.77; found: C 62.82, H 6.65.


2,7-Bis{2-{2-[2-(2-hydroxyethoxy)ethoxy]ethoxy}ethoxy}-9H-fluoren-9-
one (7): Orange solid (36.09 g, 80%); m.p. 61–63 8C; 1H NMR (CDCl3):
d=2.07 (br s, 2H), 3.61 (t, J=4 Hz, 4H), 3.65–3.77 (m, 20H), 4.17 (t, J=
4 Hz, 4H), 4.28 (t, J=4 Hz, 4H), 6.97 (dd, J=2, 8 Hz, 2H), 7.17 (d, J=
2 Hz, 2H), 7.28 ppm (d, J=8 Hz, 2H); IR (KBr): ñ=1700 cm�1 (C=O);
UV/Vis (CH3OH): lmax(e)=270 (77664), 300 (6725), 312 (6287), 469 nm


(273); MS (EI): m/z (%): 564 (14) [M]+ , 388 (2), 212 (10), 45 (100); ele-
mental analysis calcd (%) for C29H40O11 (564.6): C 61.69, H 7.14; found:
C 61.87, H 6.94.


General procedure for the preparation of the bistosylates 8–10 : A so-
lution of p-toluenesulfonyl chloride (14.30 g, 75 mmol) in dry dioxane
(30 mL) was added dropwise to solution of 5–7 (30 mmol) and triethyl-
amine (9.11 g, 90 mmol) in chloroform over 2 h at 0–5 8C. The solution
was allowed to warm to RT and stirring was continued for 30 h. An equal
volume of chloroform was added to the slurry and the mixture was suc-
cessively washed with 5% aqueous HCl, 10% aqueous ammonia, water,
and brine, and dried over MgSO4. After evaporation of the solvent,
crude product was extracted with hot isopropyl alcohol. Pure bistosylates
were isolated on cooling solution.


2-{2-{{7-{2-{2-{[(4-methylphenyl)sulfonyl]oxy}ethoxy}ethoxy}-9-oxo-9H-
fluoren-2-yl}oxy}ethoxy}ethyl 4-methylbenzenesulfonate (8): Orange-red
solid (18.37 g, 88%); m.p. 110–112 8C; 1H NMR (CDCl3): d=2.42 (s,
6H), 3.73–3.83 (m, 8H), 4.07 (t, J=4 Hz, 4H), 4.21 (t, J=4 Hz, 4H), 6.95
(dd, J=2, 8 Hz, 2H), 7.12 (d, J=2 Hz, 2H), 7.27–7.36 (m, 6H), 7.80 ppm
(d, J=8 Hz, 4H); IR (KBr): ñ=1700 cm�1 (C=O); UV/Vis (dioxane):
lmax(e)=272 (91636), 301 (7958), 314 (7615), 464 nm (373); MS (EI): m/z
(%): 696 (5) [M]+ , 524 (26), 497 (7), 282 (10), 212 (31); elemental analy-
sis calcd (%) for C35H36O11S2 (696.8): C 60.33, H 5.21; found: C 60.47, H
5.41.


2-{2-{2-{{7-{2-{{-{2-{[(4-methylphenyl)sulfonyl]oxy}ethoxy}ethoxy}ethoxy}-
9-oxo-9H-fluoren-2-yl}oxy}ethoxy}ethoxy}ethyl 4-methylbenzenesulfo-
nate (9): Orange solid (19.75 g, 84%); m.p. 68–70 8C; 1H NMR (CDCl3):
d=2.43 (s, 6H), 3.57–3.75 (m, 12H), 3.79–3.87 (m, 4H), 4.08–4.21 (m,
8H), 6.97 (dd, J=2, 8 Hz, 2H), 7.15 (d, J=2 Hz, 2H), 7.29 (d, J=8 Hz,
2H), 7.33 (d, J=8 Hz, 4H), 7.80 ppm (d, J=8 Hz, 4H); IR (KBr): ñ=
1700 cm�1 (C=O); UV/Vis (dioxane): lmax(e)=225 (52742), 272 (139197),
301 (12700), 314 (12173), 469 nm (518); MS (FAB): m/z (%): 785 (100)
[M+H]+ ; elemental analysis calcd (%) for C39H44O13S2 (784.9): C 59.68,
H 5.65; found: C 59.56, H 5.47.


2-{2-{2-{2-{{7-{2-{2-{2-{2-{[(4-methylphenyl)sulfonyl]oxy}ethoxy}ethoxy}-
ethoxy}ethoxy}-9-oxo-9H-fluoren-2-yl}oxy}ethoxy}ethoxy}ethoxy}ethyl 4-
methylbenzenesulfonate (10): Dark red viscous oil, solidified on standing
(18.31 g, 70%); 1H NMR (CDCl3): d=2.43 (s, 6H), 3.60 (s, 8H), 3.62–
3.76 (m, 12H), 3.85 (t, J=4 Hz, 4H), 4.11–4.20 (m, 8H), 6.97 (dd, J=2,
8 Hz, 2H), 7.15 (d, J=2 Hz, 2H), 7.28 (d, J=8 Hz, 2H), 7.33 (d, J=8 Hz,
4H), 7.79 ppm (d, J=8 Hz, 4H); IR (KBr): ñ=1700 cm�1 (C=O); UV/
Vis (dioxane): lmax(e)=229 (25270), 272 (90783), 302 (7635), 314 (7516),
464 nm (439); MS (FAB): m/z (%): 873 (100) [M+H]+ ; elemental analy-
sis calcd (%) for C43H52O15S2 (872.9): C 59.16, H 6.00; found: C 58.98, H
5.83.


General procedure for the preparation of the oxacyclophanes 11–13 : A
solution of 1 (2.12 g, 10 mmol) and the appropriate bistosylate 8–10
(10 mmol) in dry DMF (400 mL) was added dropwise over 10 h to a stir-
red suspension of K2CO3 (5.52 g, 40 mmol) in DMF (600 mL) under
argon at 80 8C; heating was then maintained for a further 40 h. The reac-
tion mixture was filtered, and the filtrate was evaporated to dryness in
vacuo. The residue and solid obtained after the first filtration were com-
bined, washed with cold methanol, and filtered. The air-dried solid was
extracted with toluene by using a Soxhlet extractor for 40 h. The toluene
extract was filtered and the solid residue was extracted with hot toluene
several times until complete extraction of the product. The solvent was
removed from the combined toluene extracts under reduced pressure,
the residue washed with a small amount of acetone and then subjected to
column chromatography (SiO2, CHCl3/MeOH, 100:1), to afford pure oxa-
cyclophanes.


Oxacyclophane 11: Dark red crystals (2.98 g, 53%); m.p. 296—298 8C
(decomp); 1H NMR ([D6]DMSO): d=3.81 (t, J=3 Hz, 8H), 4.09 (t, J=
3 Hz, 8H), 6.66 (br s, 4H), 6.84 (dd, J=2, 8 Hz, 4H), 7.16 ppm (d, J=
8 Hz, 4H); 13C NMR (CF3COOD): d=69.9, 71.9, 115.8, 123.1, 123.6,
137.5, 140.7, 160.9, 200.3 ppm; IR (KBr): ñ=1700 cm�1 (C=O); UV/Vis
(dioxane): lmax(e)=264 (119785), 302 (11201), 314 (10843), 473 nm
(507); MS (EI): m/z (%): 564 (100) [M]+ , 282 (7), 239 (8), 212 (11); ele-
mental analysis calcd (%) for C34H28O8 (564.6): C 72.33, H 5.00; found: C
72.26, H 5.25.
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Oxacyclophane 12 : Red crystals
(1.76 g, 27%); m.p. 197—199 8C;
1H NMR ([D6]DMSO): d=3.65 (s,
8H), 3.75 (t, J=4 Hz, 8H), 4.04 (t, J=
4 Hz, 8H), 6.80 (br s, 4H), 6.82 (brd,
J=8 Hz, 4H), 7.11 ppm (d, J=8 Hz,
4H); 13C NMR (CF3COOD): d=67.6,
70.5, 71.2, 111.1, 121.8, 123.0, 135.7,
139.6, 159.4, 198.8 ppm; IR (KBr): ñ=
1700 cm�1 (C=O); UV/Vis (dioxane):
lmax(e)=264 (123029), 302 (11591),
314 (10895), 470 nm (459); MS (EI):
m/z (%): 652 (100) [M]+ , 580 (16), 326
(14), 212 (18); elemental analysis calcd
(%) for C38H36O10 (652.7): C 69.93, H
5.56; found: C 69.77, H 5.69.


Oxacyclophane 13 : Orange crystals
(2.22 g, 30%); m.p. 176—177 8C;
1H NMR ([D6]DMSO): d=3.59 (s,
8H), 3.75 (br s, 8H), 3.99 (br s, 8H),
6.84 (br s, 8H), 7.18 ppm (d, J=8 Hz,
4H); 13C NMR (CDCl3): d=68.1, 69.7,
70.8, 71.1, 110.0, 120.4, 120.7, 135.8,
137.4, 159.1, 193.2 ppm; IR (KBr): ñ=
1700 cm�1 (C=O); UV/Vis (dioxane):
lmax(e)=263 (134464), 270 (119107),
302 (12685), 314 (11934), 468 nm
(576); MS (EI): m/z (%): 740 (100)
[M]+ , 369 (5), 238 (17), 212 (21); ele-
mental analysis calcd (%) for
C42H44O12 (740.8): C 68.10, H 5.99;
found: C 68.34, H 6.22.


Compound 15 : A solution of 2-hy-
droxy-7-methoxy-9H-fluoren-9-one (2.40 g, 10.6 mmol) in dry DMF
(20 mL) was added to suspension of freshly ground K2CO3 (2.92 g,
21.2 mmol) in dry DMF (20 mL) under argon. After stirring at 60 8C for
20 min, a solution of triethyleneglycol bistosylate (2.29 g, 5 mmol) in dry
DMF (20 mL) was added to the mixture over 30 min, and the tempera-
ture was raised to 80 8C. Stirring and heating were continued for 12 h.
After cooling to room temperature, the reaction mixture was filtered and
the residue was washed with a small amount of DMF. The filtrate was
evaporated in vacuo, the residue was dissolved in chloroform, and the so-
lution was washed consequently with 5% aqueous NaOH, water, and
brine, dried over MgSO4, and evaporated at reduced pressure. The resi-
due was subjected to column chromatography (SiO2, CHCl3/MeOH,
100:1) to afford pure 15 as bright red crystals (1.66 g, 58%). M.p. 150–
150.5 8C; 1H NMR (CDCl3): d=3.76 (s, 4H), 3.82 (s, 6H), 3.85–3.90 (m,
4H), 4.11–4.17 (m, 4H), 6.87–6.96 (m, 4H), 7.10–7.14 (m, 4H), 7.21–
7.26 ppm (m, 4H); MS (EI): m/z (%): 566 (100) [M]+ , 340 (17), 283 (16),
253 (37), 226 (76), 211 (31); elemental analysis calcd (%) for C34H30O8


(566.6): C 72.07, H 5.34; found: C 72,13, H 5.38.


X-ray crystallographic data for 11, 12, and 13 : Table 3 provides a summa-
ry of the crystallographic data for compounds 11–13. Data were collected
at a room temperature on a Nonius Kappa CCD diffractometer equipped
with graphite monochromated MoKa radiation by using f–w scans with a
sample-to-detector distance of 29 mm. Unit cell parameters were ob-
tained and refined using the whole data set. Frames were integrated and
corrected for Lorentz and polarization effects using DENZO.[28] The scal-
ing and global refinement of crystal parameters were performed by SCA-
LEPACK.[28] The structure solution and refinement proceeded similarly
for all structures using SHELX97 program package.[29] All structures
were solved by direct methods (SHELXS-97) and refined on F2 by full-
matrix least-squares techniques (SHELXL-97). The geometrically con-
strained hydrogen atoms were placed in calculated positions with isotrop-
ic temperature factors (1.2 times the carbon temperature factor) and re-
fined as riding atoms.


CCDC 239347, 204895, and 239346 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via


www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12, Union Road, Cambridge CB21EZ, UK;
fax: (+44)1223-336-033; or deposit@ccdc.cam.ac.uk).
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Molecular Recognition and Crystal Energy Landscapes: An X-ray and
Computational Study of Caffeine and Other Methylxanthines


Lucia Carlucci and Angelo Gavezzotti*[a]


Introduction


Caffeine (1,3,7-trimethylpurine-2,6-dione) is a widely used
food and drug reagent, whose solid-state phase behavior is
of interest to the manufacturing industry. The compound
readily forms a hydrate, whose crystal structure has been de-
termined by single-crystal X-ray diffraction. The hydrate
may transform at ambient conditions to an anhydrous b-
phase, which in turn converts to a second anhydrous a-
phase at higher temperature. It appears that no fully or-
dered crystal phase has ever been isolated for pure caf-
feine;[1] these two phases still defy a complete structural de-
termination, because only powders and disordered crystals
are obtained. In view of the importance of the substance, its
properties have been widely studied by spectroscopic and
calorimetric methods.[2]


Why is it that pure, anhydrous caffeine does not form an
ordered crystal? The molecule cannot form hydrogen bonds,
but that may not be the only explanation: well ordered crys-
tals are formed by related compounds, for example, meth-
ylated naphthalenes, azanaphthalenes, naphthoquinones, and
coumarins. For its molecular surface of SM=197 02, caffeine
is expected to have a packing energy (the negative of
the heat of sublimation) of E=�(0.32SM+37)=
�100 kJ mol�1,[3] so that its bulk packing potential is not so
weak. One has here a typical riddle encountered in the
study of crystallization and phase transitions in organic crys-
tals, a field where computer modeling is nowadays becoming
more and more important. The main purpose of this paper
is to illustrate two new concepts in the analysis and comput-
er modeling of organic crystals: the first is the concept of
structure determinants, or neighboring molecular pairs in
the crystals, whose interaction energy is evaluated using the
entire calculated molecular electron density[4] by the PIXEL
approach,[5] as opposed to traditional atom–atom methods;[6]


the second is the concept of landscape analysis, or a packing
analysis that uses a large number of computer-generated
crystal polymorphs to analyze the possible packing modes


[a] Dr. L. Carlucci, Prof. A. Gavezzotti
Dipartimento di Chimica Strutturale e Stereochimica Inorganica
Universit@ di Milano, via Venezian 21, 20133 Milano (Italy)
Fax: (+39) 02-5031-4454
E-mail : angelo.gavezzotti@unimi.it


Abstract: We introduce a new ap-
proach to crystal-packing analysis,
based on the study of mutual recogni-
tion modes of entire molecules or of
molecular moieties, rather than a
search for selected atom–atom con-
tacts, and on the study of crystal
energy landscapes over many comput-
er-generated polymorphs, rather than a
quest for the one most stable crystal
structure. The computational tools for
this task are a polymorph generator
and the PIXEL density sums method
for the calculation of intermolecular
energies. From this perspective, the
molecular recognition, crystal packing,
and solid-state phase behavior of caf-


feine and several methylxanthines
(purine-2,6-diones) have been ana-
lyzed. Many possible crystal structures
for anhydrous caffeine have been gen-
erated by computer simulation, and the
most stable among them is a thermody-
namic, ordered equivalent of the disor-
dered phase, revealed by powder X-ray
crystallography. Molecular recognition
energies between two caffeine mole-
cules or between caffeine and water
have been calculated, and the results


reveal the largely predominant mode
to be the stacking of parallel caffeine
molecules, an intermediately favorable
caffeine–water interaction, and many
other equivalent energy minima for lat-
eral interactions of much less stabiliza-
tion power. This last indetermination
helps to explain why caffeine does not
crystallize easily into an ordered anhy-
drous structure. In contrast, the mono-
and dimethylxanthines (theophylline,
theobromine, and the 1,7-isomer, for
which we present a single-crystal X-ray
study and a lattice energy landscape)
do crystallize in anhydrous form thanks
to the formation of lateral hydrogen
bonds.


Keywords: caffeine · methylxan-
thines · molecular recognition · or-
ganic crystals · structure elucidation
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for a given compound, in terms of interaction energies dis-
sected into coulombic, polarization, dispersion, and repul-
sion terms, also made possible by the PIXEL approach. We
apply these concepts to investigate the recognition mecha-
nisms of the caffeine molecule, in an attempt to provide an
explanation for the difficulties encountered by these mole-
cules during crystal nucleation and growth. In the process, a
crystal structure is generated for anhydrous caffeine that
lends support to experimental determinations based on
powder diffraction. For comparison, we also consider a few
other methylated xanthines (purine-2,6-diones): theophyl-
line, or 1,3-dimethylxanthine,[7] theobromine, or 3,7-dimeth-
ylxanthine,[8] 3-methylxanthine,[9] whose crystal structures
have previously been determined; and 1,7-dimethylxanthine
(DMex17), for which we present a single-crystal X-ray struc-
ture determination. Unlike caffeine, these methylxanthines
have a potential for in-plane N�H···O and N�H···N hydro-
gen bonding.


Computational Methods


For the molecular structures, all hydrogen atom positions were renormal-
ized according to standard geometrical criteria.[6a] Prior to the crystal-
structure determination, a molecular model for DMex17 was obtained by
deleting the methyl group at the nitrogen atom in the 3-position of the
caffeine molecule, and replacing it with a hydrogen atom. Molecular, va-
lence-only electron densities, for all of the compounds mentioned, were
calculated[4] at the MP2/631G** level with a grid step of 0.08 0, using the
unoptimized molecular structure found in the crystal. For comparison
with localized models, atomic-charge parameters were determined by the
POP=ESP procedure embedded in the GAUSSIAN package.[4] All
other calculations were carried out with the computer program package,
OPiX.[10] A first module identifies crystal-structure determinants, that is,
nearest neighbor molecular pairs described by a symmetry operator, a
distance between centers of mass, a dihedral angle between molecular
planes, and a molecule–molecule interaction energy. Another module[11a]


uses a rigid molecular model to generate crystal structures in the most
common space groups, with lattice energies being calculated by the UNI
atom–atom potentials,[6] with the optional addition of point-charge cou-
lombic terms. This module also includes a lattice energy minimizer. A
third module uses the calculated molecular electron density and the
SCDS-PIXEL procedure[5] to calculate coulombic, polarization, disper-
sion, and repulsion energies between neighboring molecules. Very briefly,
the method is as follows. The elementary cubes in the electron density
are called charge pixels. The total coulombic energy is calculated by
sums over pixel–pixel, pixel–nucleus, and nucleus–nucleus coulombic
terms. A local polarizability is assigned to each pixel using additive


atomic polarizabilities, and the electric field generated at each pixel, by
pixels and nuclei in surrounding molecules, is calculated. The polarization
energy is then evaluated through the linear polarization formula. A
London-type formula is used to evaluate dispersion energies, again as a
summation over pixel pairs, through the local polarizabilities and the mo-
lecular ionization potential, which is taken as the energy of the highest
occupied molecular orbital. Finally, the overlap between molecular densi-
ties is calculated by numerical integration, and the exchange-repulsion
energy is evaluated as proportional to the overlap integral raised to a
power of between 0.9 and 1.0. The whole procedure requires no more
than four empirical parameters, the numerical values of which were
taken here from previous work.[12]


Results and Discussion


Packing analysis of the caffeine monohydrate crystal struc-
ture : The crystal structure of caffeine monohydrate[1] is
available from the Cambridge Structural Database (refcode
CAFINE01). The water molecules are disordered and in-
commensurate, and the distance between water oxygen
atoms in the channel is only 2.5 0. The following discussion
refers only to interactions among caffeine molecules. The
caffeine–water interaction will be investigated separately.


Figure 1 shows the motif in the bc plane. The channel in
which water molecules stay and through which they diffuse
is evident; the distances between the nitrogen or methyl


carbon atoms across the channel is around 7.0 to 7.5 0, so
that the diameter of the channel is around 4 0, just match-
ing the molecular cross section of a water molecule, and
water diffusion is not severely hindered by exchange repul-
sion. The bc layers are stacked at the short translational dis-
tance of 3.97 0, corresponding to the a axis.


For a quantitative discussion, the structure determinants
in the caffeine monohydrate crystal are listed in Table 1.
The leading interaction, energetically speaking, is the stack-
ing motif. It consists mainly of a dispersive contribution,
whereas the coulombic part is less important (note the


Figure 1. The crystal structure of caffeine monohydrate, bc projection.
The isolated circles denote the position of water oxygen atoms. The
water channel runs perpendicular to the plane of this projection. Filled
circles denote C atoms, striped circles denote N atoms, large open circles
denote O atoms, and small open circles denote H atoms. Adapted from
reference [1].
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scarcely realistic repulsive coulombic contribution calculated
in the more approximate point-charge model). We then
label the interaction zones in the molecular plane as follows


(Figure 2): methyl–carbonyl
“bay” areas A, B, C, D; the
acidic hydrogen atom region E;
and the methyl–nitrogen “bay”
area F. The next interaction, in
order of importance in the crys-
tal, is one between two D-type
bay areas in coplanar mole-
cules, related by a center of
symmetry, with a confrontation
of positively charged methyl-
hydrogen zones and negatively
charged carbonyl oxygen atoms.
Then comes another centrosymmetric interaction, the cou-
lombic stabilization resulting from a general effect diffuse
over a large molecular zone, in which it is not easy to identi-
fy any particular approach of opposite charges or opposite
dipoles. The next interaction is between the acidic hydrogen
zone E and the carbonyl oxygen atom between the A and B
bay areas, mainly sustained by the coulombic term, which
produces a string of glide-related molecules (however, there


is no simple explanation for the
almost impossibly short H···O
distance of 2.16 0 found in the
X-ray crystal structure analy-
sis). The whole crystal is built
of parallel molecules, as the di-
hedral angle between planes of
screw- or glide-related mole-
cules is only 98. Judging from
this crystal structure, the caf-
feine molecule has no propensi-
ty for the formation of T-
shaped dimers.


When water escapes from the
crystal lattice of caffeine hy-


drate, the substance recrystallizes into an anhydrous b-form.
A possible computational equivalent of the dehydration
process is the relaxation of the hydrate crystal structure
after removal of the guest water molecule. In this way the
lattice energy minimizer in the OPiX computer program
package readily produces a stable crystal form, in which the
channel space has been filled thanks to a relatively small
molecular displacement and to a reduction in cell dimen-
sions. The results (Table 2) are not too different whether or
not charge parameters are included in the potential, but the
optimization without charges produces a higher density
(more close-packed) crystal.


A study of molecular recognition modes : Independently
from the neighboring pairs found in the crystal, dimerization
energies for various plausible arrangements of two caffeine
molecules, or a caffeine molecule and a water molecule,
were calculated a priori by the Pixel module of the OPiX
package. For comparison, the atom–atom UNI energies and


the point-charge coulombic energies were also evaluated.
The results are summarized in Table 3.


For the caffeine–water dimer, the calculated interaction
energy of 27.1 kJ mol�1 and the equilibrium O···N distance
of 2.97 0 match the corresponding heat of dehydration
(31.3 kJ mol�1) and the O···N distance (2.82 0) found in the
hydrate crystal[1] rather well. The interaction between caf-
feine and water is essentially electrostatic in nature, with a


Table 1. Nearest neighbor molecular pairs (structure determinants) in the experimental crystal structure of
caffeine monohydrate.


Symmetry[a] Distance[b] Angle[c] Eqq
[d] Ecoul


[e] Epol
[e] Edisp


[e] Erep
[e] Etot


[e]


[0] [8] [kJ mol�1] [kJ mol�1] [kJ mol�1] [kJ mol�1] [kJ mol�1] [kJ mol�1]


T (stack) 3.97 0 +3.65 �4.3 �7.1 �59.2 30.8 �39.8
I (D···D) 8.45 0 �9.5 �13.8 �6.1 �10.4 13.8 �16.3
I 7.65 0 �7.4 �7.4 �1.5 �7.0 2.4 �13.5
G (E···AB) 8.94 9 �13.6 �19.5 �6.1 �8.0 20.8 �13.0
G 7.63 9 0.0 �0.6 �2.3 �10.6 5.0 �8.6


[a] Symmetry codes: T= translation, I= inversion center, G=glide mirror plane, S= screw axis. [b] Distance
between molecular centers. [c] Dihedral angle between aromatic molecular planes. [d] Coulombic interaction
energy calculated by point-charge atom–atom model. [e] Coulombic (Ecoul), polarization (Epol), dispersion
(Edisp), repulsion (Erep), and total (Etot) energies from the PIXEL calculation.


Figure 2. Labeling of sites for lateral interactions in the caffeine mole-
cule.


Table 2. Crystal forms of caffeine.


Space group a b c a b g V[a]


[0] [0] [0] [8] [8] [8] [03]


P21/c, Z=4 3.97 16.75 14.80 – 95.8 – 245.1 X-ray[b]


P21/c, Z=4 3.94 15.45 14.51 – 97.5 – 218.8 opt, charges[c]


P21/c, Z=4 3.88 13.98 15.84 – 93.3 – 214.2 opt, no charges[d]


R3, Z=3 14.97 14.97 3.47 – – 120 224 a-phase[e]


P1̄, Z=2 6.98 8.86 9.41 109 105 109 238 b-phase[f]


Cc, Z=20 43.04 15.067 6.953 – 99.0 – 222.7 a-phase[g]


[a] Cell volume per molecule. [b] Hydrate crystal structure. [c] Optimized from the hydrate after removing
water, UNI potentials plus ESP charge parameters. [d] Idem, optimized by UNI potentials. [e] Anhydrous, ref-
erence [1]. [f] Anhydrous, reference [1], reduced cell. [g] Anhydrous, reference [14]. Crystal structure determi-
nations for anhydrous phases are critical due to lack of suitable single crystals.
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significant polarization component and a smaller dispersion
contribution.


The recognition energy between two caffeine molecules is
a complex function of distance and orientation. We have
identified a few clearly relevant motifs on the basis of ele-
mentary steric and electrostatic reasons (Figure 3): the


stacked dimer, parallel or antiparallel; the four possible ho-
modimers over methyl and carbonyl-oxygen bay areas A, B,
C, D (i.e. , considering only the interaction between two
identical sites in molecules related by a center of symme-
try); the centrosymmetric dimer over the methyl–nitrogen
bay area F; the centrosymmetric, E-hydrogen atom to F-ni-
trogen atom dimer; and the E-hydrogen atom to AB-
oxygen atom dimer. For the stacked dimers, the positional
variables in the search for energy minima were a vertical
distance and an offset distance between molecular centers;
the other dimers were coplanar, and the variables were one
or two in-plane displacements.


We now proceed to use the breakdown of PIXEL ener-
gies over crystal structure determinants to rationalize the
formation of the hydrate crystal structure of caffeine and its
reluctance to form an ordered anhydrous phase. The most
evident result in Table 3 is the overwhelming prevalence of


the antiparallel-stacking inter-
action over all other interaction
modes. The fact that this mode
is not used in the hydrate crys-
tal may be explained by observ-
ing that the sum of the parallel-
stacking and water interaction
modes (67 kJ mol�1) is just
equal to the binding energy of
the antiparallel mode. Both
stacking modes are quite rea-
sonably driven by the dispersive


contribution, but the coulombic energy is largely in favor of
the antiparallel one. These results are in broad agreement
with experimental evidence in water,[13] pointing to the ag-
gregation of caffeine molecules exclusively by plane-to-
plane stacking.


Of the four possible dimers over the methyl···O bay areas,
three (A···A, B···B, C···C) involve the formation of an eight-
membered ring and are energetically very nearly equivalent,
as expected. The fourth (D···D mode) involves the forma-
tion of a ten-membered ring; it is the one with the highest
attachment energy and is also the only one observed in the
hydrate crystal. The C···C and D···D energy valleys are con-
nected by a parallel displacement of the two molecules, and
the energy maps reveal that a molecular displacement of
more than 1 0 meets a barrier of only 1 kJ mol�1. The ad-
vantage of the D···D recognition mode is essentially electro-
static, but it is not easy to recognize why this is so on the
basis of simple atomic point-charge arguments. This is fur-
ther confirmation of the need for reasonably accurate quan-
titative arguments in any discussion of relative recognition
energies.


The E-hydrogen atom to AB-oxygen atom dimerization
mode is used by caffeine in the hydrate crystal form, al-
though with small geometrical changes with respect to the
Pixel-calculated minimum energy arrangement. The close
contact between H and O atoms is commonly called a C�
H···O “hydrogen bond”, but the total interaction energy of
this last molecule–molecule recognition mode is far from
predominant, so that it is not proper to assign a special
structure-driving importance to such a bond. The formation
of a dimer over the methyl···N bay area F is forbidden in
the presence of water, against which it cannot compete be-
cause the corresponding interaction energies are �15.2 com-
pared to �27.1 kJ mol�1. The E-hydrogen atom to F-nitrogen
atom mode could almost compete with hydration on the
basis of binding energies, but the hydration mode might be
kinetically favored, because the mobility of the water mole-
cule is larger than that of the caffeine molecule.


In conclusion, the packing of the hydrate crystal structure
of caffeine shows many of the most energetically favorable
molecule–molecule arrangements, except the most stable of
all, the antiparallel dimer, which is substituted by the sum of
a parallel dimer and a caffeine–water interaction. The next
logical step in the rationalization of this observation relies
on an analysis of the crystal energy landscape for pure caf-


Table 3. Interaction energies[a] [kJ mol�1] in several caffeine dimers.


Dimer Type[b] Eqq Ecoul Epol Edisp Erep Etot


stack, antiparallel �13.7 �47.1 �19.5 �92.5 91.1 �68.1
stack, parallel +2.4 �18.8 �14.8 �72.4 66.1 �39.9
water �18.6 �39.2 �17.7 �10.1 40.0 �27.1
methyl···N F···F �6.0 �11.2 �3.9 �13.2 13.0 �15.2
methyl···O A···A, B···B, C···C �5/�6 �6/�7 �2/�4 �5/�8 +5/+9 �8/�10


D···D �12.1 �14.3 �3.2 �8.4 7.7 �18.1
H···O E···AB �8.6 �11.2 �2.7 �5.0 6.6 �12.2
H···N E···F �13.4 �24.6 �6.8 �11.1 20.1 �22.3


[a] Definitions of six energy terms are given in Table 1. [b] See Figure 3 for definitions of interaction types.


Figure 3. Lateral recognition modes for caffeine. See Figure 2 for labels.
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feine. We therefore generated a number of anhydrous caf-
feine crystal structures containing the antiparallel dimer
motif, to determine their relative stability.


Generation of crystal structures for anhydrous caffeine :
While the prediction of a crystal structure is still far from
being routinely feasible,[11b] the procedures for the geometri-
cal generation of many crystal structures from a given mo-
lecular structure are well established,[11a] at least as far as
the molecular model is fairly rigid and does not include too
much conformational freedom. This feature is the basis of
the energy-landscape concept, because even if the experi-
mental crystal structure is not easily found or located among
the ones that have been generated, the procedure generates
a collection of all reasonable packing modes for the given
molecule, yielding very valuable information.


The molecular model extracted from the crystal structure
of the hydrate phase was packed into a large number of ten-
tative anhydrous crystal structures in the most common
space groups, using the appropriate module in the OPiX
package. After the usual merging, sorting, and optimization
procedures, 99 crystal structures were retained, of which 12
in P1̄, seven in P21, nine in P212121, 63 in P21/c, and eight in
C2/c. The lattice energies were calculated by the UNI pa-
rameters and by the Pixel method, and the point-charge
coulombic energies over ESP charges were also calculated.
Crystal data of the most stable structures are collected in
Table 4, and energies are shown in Table 5.


The calculated lattice energy for the most stable, anhy-
drous caffeine polymorph is �105.1 kJ mol�1 by Pixel or


�132.9 kJ mol�1 by UNI, against an experimental heat of
sublimation of 110–115 kJ mol�1 for the b-phase and 114–
119 kJ mol�1 for the a-phase, at 298 K.[2] The Pixel estimate
of the lattice energy of caffeine is good. Data in Table 5 also
show that the hypothetical crystal phase, generated by rear-
rangement of the hydrate crystal structure after loss of
water, is thermodynamically unfavorable. This explains
nicely why the dehydration process is not a single-crystal to
single-crystal process and does not produce an ordered
daughter phase simply related to the mother phase. The un-
certainties that the caffeine molecule must experience when
packing into a crystal are reflected by the fact that six crys-
tal structures in four different space groups rank together
within a range of only 1 kJ mol�1.


All of the most stable crystal structures calculated include
antiparallel-stacked dimers, obtained either by a center of
inversion or by a screw axis perpendicular to the molecular
plane. This stacking motif is reflected in the 6.5–6.6 0 lattice
parameter found in no less than four different space groups
(Table 4). Figure 4 shows the typical columnar arrangement


that results, in which intercolumn attachment points include
a variety of interactions among those portrayed in Figure 3.
Of our computational polymorphs, the most stable one with
parallel stacking has a lattice energy of only �97.8 kJ mol�1


and a buckled structure with interplanar angles of 618 or
668.


On the basis of the above results, we predict with some
confidence that stable crystal structures for anhydrous caf-
feine must include antiparallel-stacked dimers with a 6.5 to


Table 4. Top-ranking crystal structures in the polymorph search for anhy-
drous caffeine.


Structure a b c a b g V[a]


[0] [0] [0] [8] [8] [8] [03]


1) P1̄ 6.52 8.26 8.92 63 80 83 210
2) P212121 6.49 8.28 15.4 – – – 207
3) P21 8.39 6.50 8.83 – 63 – 214
4) P212121 6.61 8.99 14.32 – – – 213
5) P1̄ 6.49 8.33 8.87 63 86 86 212
6) P21/n 8.98 6.50 14.69 – 87 – 214


[a] Cell volume per molecule.


Table 5. Lattice energies[a] [kJ mol�1] of the crystal structures in Table 4.


Structure EUNI
[b] Eqq Ecoul Epol Edisp Erep Etot


1) �130.3 �24.4 �55.1 �22.9 �133.8 106.6 �105.1
2) �132.9 �25.4 �55.1 �20.1 �136.4 106.6 �105.0
3) �127.8 �25.5 �52.7 �20.8 �129.5 98.4 �104.7
4) �127.0 �21.3 �52.5 �17.7 �126.5 91.9 �104.7
5) �127.8 �25.2 �55.3 �22.7 �132.7 106.2 �104.4
6) �127.4 �25.8 �53.3 �21.3 �130.1 100.6 �104.1
minimized dehy-
drate, charges


�120.4 �25.8 �51.3 �21.3 �121.3 99.5 �94.4


id, no charges �124.8 – �40.0 �19.3 �120.5 89.3 �90.5


[a] Definitions of energy terms in columns three to eight are given in
Table 1. [b] Lattice energy calculated by the UNI atom–atom potentials.


Figure 4. The best calculated crystal structure of anhydrous caffeine: pro-
jections perpendicular (below) and parallel (above) to the stacking direc-
tion.
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7.0 0 periodicity. The latest experimental structure determi-
nation,[14] in space group Cc (Table 2), includes that stacking
periodicity along c, while five independent molecular rigid
bodies were necessary to model the disorder due to variable
orientation in the ab plane. The picture obtained in the ab-
plane projection is quite similar to the layer motif seen in
our Figure 4, in which our calculated periodicity of 15.4 0
agrees with the experimental one of 15.067 0, and our cal-
culated periodicity of 8.28 0 coincides with 43.04/5=8.61 0.
Thus, our computational crystal structure is an ordered
equivalent of the disordered crystal structure found experi-
mentally.


Our specification of interaction regions A to F in the pre-
vious paragraph intentionally dispenses with a consideration
of special atom–atom distances, that is, weak C�H···O or C�
H···N “bonds”, and the like. In fact, for all the 99 crystal
structures in our crystal energy landscape, we have calculat-
ed OH- and NH-bond indicators as the sum of differences
between actual O···H or N···H distances in a crystal struc-
ture and the sum of atomic radii (2.68 and 2.74 0, respec-
tively).[15] A large value for this index, therefore, designates
a structure with many short O···H or N···H distances.
Figure 5 is a typical example of the complete scatter that re-


sults when the total or any of the partitioned lattice energies
are plotted against the OH-bond factor. All crystal struc-
tures in our sample, within an energy window of 30 kJ mol�1


between the most and the least stable, contain short O···H
distances, which do not seem to have any special relevance
as far as selectivity is concerned. An analysis of angular de-
pendence when methyl hydrogen atoms are involved would
be even more problematic. Analogous results are obtained
when the NH-bond factor is plotted. We conclude that short
O···H distances are not a discriminating factor in the crystal
packing of caffeine. This result is strictly analogous to those
obtained for other polar crystals.[12b]


Crystal structures and phase behavior of other methylxan-
thines : No single crystals of anhydrous caffeine have ever


been grown. Of the dimethylxanthines, anhydrous theobro-
mine and theophylline were crystallized, although not with-
out difficulty, by vacuum sublimation.[7,8] The hydrate crys-
tals are also known.[16] Crystals of 3-methylxanthine were
obtained, apparently without too much difficulty, from an
aqueous solution;[9] so for this compound hydration is not a
very favorable or competitive process. The 1,7-dimethyl
isomer, here called DMex17, is the least studied one, being
less common in nature. Anhydrous and hydrate crystal
forms are known, the melting point of the former being
572 K.[17] All of these methylxanthines have rather high
melting points for organic substances of their size, especially
notable for caffeine, which cannot form hydrogen bonds
(however, in this case, the high melting point could be due
to a low melting entropy because of disorder in the crystal).


When we started this study, the crystal structure of
DMex17 was not available. For the analysis of the lattice
energy landscape and a mild attempt at crystal structure
prediction, using the same protocols as for caffeine, 99 crys-
tal structures were generated for DMex17 by the Prom
module of OPiX, of which 18 were in P1̄ and 81 were in
P21/c. We were then able to obtain crystalline material of
sufficient quality, by ordinary recrystallization and without
much difficulty, for single-crystal X-ray analysis (see Experi-
mental Section). For comparison, the anhydrous crystal
structures of theophylline (refcode BAPLOT01),[7] theobro-
mine (refcode SEDNAQ),[8] and 3-methylxanthine (refcode
FADCUI)[9] were retrieved from the Cambridge Structural
Database.


Theophylline forms stacked dimers, but the crystal struc-
ture has no layers and the interplanar angle between adja-
cent molecules is 438. There are strings of N�H···N hydro-
gen bonds between non-coplanar molecules. Theobromine
forms an almost centrosymmetrical molecular dimer (the
two molecules in the asymmetric unit) over a cyclic N�
H···O=C hydrogen-bond system; molecular layers are then
stacked at a distance of 3.8 0. The packing also uses several
favorable in-plane dimer arrangements among those sketch-
ed in Figure 3 (notably the F···F and E–AB ones). The 3-
methylxanthine anhydrous crystal also finds an excellent
packing motif comprising, at the same time, N�H···N, N�
H···O hydrogen bonds and an almost perfect A···A methyl–
carbonyl embrace.


For 1,7-dimethylxanthine, contrary to previous literature
data,[17] we find that the anhydrous material can be cropped
by slow recrystallization, in the form of thin, colorless plate-
lets, while the hydrated crystals can be collected by fast re-
crystallization, in the form of thin, colorless needles. The
freshly recrystallized, anhydrous material of this isomer
forms a centrosymmetric dimer over N�H···O hydrogen
bonds, but antiparallel stacking forms the main contribution
to the lattice energy. On the whole, the crystal structure con-
sists of a buckled sequence of molecular layers (Figure 6).


The computational crystal structures for 1,7-dimethylxan-
thine include a variety of layers of molecules held together
by N�H···N or N�H···O hydrogen bonds, or combinations of
these, or even bifurcated hydrogen bonds. Although the lat-


Figure 5. Coulombic (circles) and total (squares) lattice energies in 99
computational caffeine polymorph crystals as a function of the OH
index, a measure of how many short O···H distances are present in the
crystal structure.
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tice energies of the computational forms (Table 6) are
nearly identical to that of the experimental form, there is no
agreement between the calculated and the experimental
structures, a rather common result in crystal structure pre-
diction attempts reported so far.


Table 6 collects the calculated lattice energies. The cou-
lombic component is large in all structures, and, due to the
presence of the penetration energy, the value calculated by
PIXEL is, as usual, much larger than that calculated by the
point-charge model.[12] The coulombic contribution and, con-
comitantly, the polarization contribution increase on going
from caffeine to the dimethylxanthines to 3-methylxanthine;
in spite of a parallel reduction of the dispersion and increase
of repulsion terms, the lattice energy is more stabilizing for
the hydrogen-bonding compounds, as expected. The same
trend is observed in the two experimental sublimation en-
thalpies available. All of this data confirms an increasing
stabilization of the crystal lattice with decreasing number of
methyl groups in the molecule. The Pixel estimate of the
sublimation heat of theophylline is fairly good, probably an
underestimate, as already discussed for hydrogen-bonded


systems,[12a] and it coincides with an estimation made by a
carefully calibrated force field including distributed multi-
poles (119.8 kJ mol�1).[18]


We finally exploit the crystal energy landscapes for caf-
feine and for 1,7-dimethylxanthine (Figure 7) to illustrate
the overall differences in packing forces between a non-hy-


drogen-bonding compound and its hydrogen-bonding ana-
logue. The caffeine landscape shows that dispersion energies
increase with crystal density, and that the total lattice
energy is dominated by dispersion, while coulombic and po-
larization terms are less important. These features are typi-


Figure 6. The crystal structure of 1,7-dimethylxanthine. The hydrogen-
bonded dimers are seen edge-on.


Table 6. Lattice energies[a] [kJ mol�1] of the anhydrous methylxanthines.


Structure Eqq Ecoul Epol Edisp Erep Etot DHsubl
[b]


caffeine, best calcd �25.4 �55.1 �22.9 �133.8 106.6 �105.1 109–115[c]


DMex17, exptl �54.0 �95.9 �38.7 �112.0 133.1 �113.4 –
DMex17, calcd P1̄ �46.7 �100.4 �46.0 �122.3 151.5 �117.2 –
DMex17, calcd P21/c �38.3 �89.6 �46.0 �127.2 155.2 �107.5 –
theophylline �50.4 �94.3 �43.6 �104.9 122.8 �120.1 133–144[c] , 126[d]


theobromine �55.2 – – – – – –
3-methyl �70.2 �126.0 �53.3 �107.0 161.3 �125.0 –


[a] Definitions of energy terms in columns two to seven are given in Table 1. [b] Heat of sublimation. [c] Reference [2]. [d] Reference [18].


Figure 7. The lattice energy landscape for caffeine: total energies (full cir-
cles) are much more stabilizing than coulombic energies (open circles)
due to the predominance of dispersion energies (triangles). In the lattice
energy landscape for 1,7-dimethylxanthine, coulombic energies are more
stabilizing than for caffeine, and are within the same range as total ener-
gies. Open squares: polarization energy.
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cal of a moderately polar crystal, and, in fact, the landscape
is not too different from that of naphthalene.[12b] In contrast,
in the DMex17 landscape, dispersion plays a less important
role, and the sum of coulombic and polarization energies is
almost equal to the total lattice energy. There is no relation-
ship between total energies and crystal densities, and the
most stable crystal structure is one that reaches a high cou-
lombic stabilization at the smallest price in repulsion energy.


Conclusions


We propose a new approach to crystal-packing analysis,
based on a study of the mutual recognition modes of entire
molecules or of molecular moieties, rather than on a search
for relevant atom–atom contacts, and based on the study of
many computer-generated polymorphs, rather than on a
quest for the one most stable crystal structure. One thus ob-
tains valuable information on the packing modes and on the
possible polymorphism of a given molecular material. The
calculation of reliable relative energies is an essential ingre-
dient, as was apparent ever since the beginning of quantita-
tive crystal-packing studies,[19] while geometrical patterns
alone or investigations based on weak atom–atom “hydro-
gen bonds” appear, in this case, to be scarcely selective and
hence not very informative. We conclude that the SCDS-
PIXEL method provides a picture of crystal packing qualita-
tively and quantitatively superior to atom–atom models: the
partitioning into coulombic and dispersion stabilizations
provides a closer link between molecular constitution and
aggregation modes. The increase in computational cost is
not prohibitive: the calculation of the energy of a molecular
dimer takes seconds of CPU time, and that for a complete
crystal structure takes a few minutes.


Based on our present results, we draw some conclusions
on the phase behavior of caffeine in comparison with that of
other methylxanthines. When caffeine crystallizes in the
presence of water, the caffeine–water complex is probably
already present before crystals are formed. The solvent is
then retained as a surrogate for solute–solute hydrogen
bonding and for weak and scarcely selective lateral interac-
tions. By the same reasoning, when caffeine monohydrate
loses water, it cannot simply recrystallize by closing the
voids. If there is enough energy to break the water–caffeine
bond, there is also enough energy to break the weak inter-
column interactions. A possible explanation of why caffeine
cannot easily crystallize in the absence of water is that once
the leading recognition mode, stacking, has been satisfied,
there is uncertainty among a number of energetically
almost-equivalent, lateral interactions among the A to F
sites. Although the details of the disorder might be question-
able, the postulated disordered structure[14] is altogether
plausible as a result of this uncertainty. In particular, the sig-
nature of a centered cell detected experimentally is compati-
ble with our columnar structure in Figure 4, allowance being
made for the random orientation of the molecules within a
column. Thus, the observed disorder is the result of kinetic


factors in crystal growth, rather than of an intrinsic thermo-
dynamic instability of the material. Computer modeling in
the absence of kinetic energy (static modeling), in fact, read-
ily produces a number of thermodynamic equivalents of the
kinetic structure actually formed.


The dimethylxanthines crystallize rather well in the anhy-
drous form. As soon as one methyl group is substituted by a
hydrogen-bonding donor H atom, the uncertainty is largely
reduced, and strong lateral hydrogen-bonding interactions
take over. In the monomethylxanthines, the lateral anchor-
ing points are even stronger, and 3-methylxanthine forms a
stable crystal, so strong that it decomposes before melting.


Experimental Section


1,7-Dimethylxanthine was purchased in anhydrous form from Fluka and
recrystallized from hot water with fast and slow cooling rates. Single crys-
tals of the anhydrous form, suitable for the diffraction analysis, were ob-
tained with slow cooling rates as thin, colorless platelets . Two data sets
were collected, one at 293(2) and one at 150(2) K, on two different crys-
tals of dimensions 0.6S 0.28 S 0.02 mm and 0.28 S 0.12 S 0.02 mm, respec-
tively, mounted on a Bruker SMART CCD area detector with graphite-
monochromated MoKa radiation (l=0.71073 0). Empirical absorption
corrections (SADABS) were applied for the data collections. The struc-
tures were solved by direct methods (SIR97)[20] and refined by full-matrix
least-squares on F2 (SHELX-97).[21] Anisotropic thermal parameters were
commonly assigned to all the non-hydrogen atoms. The hydrogen atoms
were placed in the idealized positions and refined riding on their parent
atoms for the room-temperature structure, and found from difference
Fourier maps and refined isotropically for the low temperature structure.


Crystal data at 150(2) K: C7H8N4O2, Mr=180.17, monoclinic, a=
7.4047(8), b=13.4370(15), c=8.1951(9) 0, b=113.225(2)8, V=


749.31(14) 03, space group P21/n (no. 14), Z=4, 1calcd=1.597 g cm�3, m=
0.122 mm�1, 7022 (Rint=0.0367) reflections collected within the q range
38–278. Least-square refinement, based on 1163 reflections with I>2s(I)
and 150 parameters, led to final R1=0.0381, wR2=0.0886, GoF=1.002.
Crystal data at 293(2) K : C7H8N4O2, monoclinic, a=7.412(2), b=
13.697(4), c=8.139(3) 0, b=112.359(5)8, V=764.1(4) 03, space group
P21/n (no. 14), Z=4, 1calcd=1.566 gcm�3, m=0.120 mm�1, 5070 (Rint=


0.0599) reflections collected within the q range 38–258. Least-square re-
finement, based on 873 reflections with I>2s(I) and 119 parameters, led
to final R1=0.0651, wR2=0.1671, GoF=1.053. CCDC 239467 and
239468 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or de-
posit@ccdc.cam.ac.uk).


Files with crystallographic coordinates and cell parameters of all crystal
structures generated for caffeine and for 1,7-dimethylxanthine are avail-
able from the authors upon request.
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From a Theoretical Concept to Biochemical Reactions: Strain-Induced Bond
Localization (SIBL) in Oxidation of Vitamin E


Thomas Rosenau,*[a] Gerald Ebner,[a] Amnon Stanger,*[b] Sharon Perl,[b] and Limor Nuri[b]


Introduction


Vitamin E, with its main component a-tocopherol (1a) as
one of the most effective chain-breaking antioxidants, has
manifold physiological functions as a lipophilic antioxidant
in cellular membranes and lipidic tissues.[1] It is widely used
in medical applications, and also finds wide use in a huge va-
riety of healthcare products, food additives, and cosmetics.[2]


Its oxidation pathways lead both in vivo and in vitro to an
ortho-quinone methide (oQM) 2, which is possibly the most
prominent candidate within the class of biologically impor-
tant oQMs.[3] Compound 2 undergoes immediate dimeriza-
tion to the spiro dimer 3 as the final product. The formation
of dimeric structures is irreversible and thus depletes the or-
ganism of the vitamin.


Even though the oxidation of a-tocopherol to its oQM is
a rather “old” reaction,[4] the regioselectivity of this chemi-
cal process has not been understood until today. This is
quite surprising considering the physiological and the eco-
nomic importance of the vitamin. According to the litera-
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Abstract: The regioselectivity of the
oxidation of a-tocopherol (the main
component of vitamin E) to an ortho-
quinone methide (oQM) has been ex-
plained in the literature mostly by the
ill-defined term “Mills–Nixon effect”.
In this paper we describe the prepara-
tion of eleven a-tocopherol derivatives,
different from each other by the sum
of annulation angles, but keeping the
electronic factors unchanged. These
compounds underwent Ag2O oxidation,
forming two isomeric oQMs that were
trapped by vinylmethyl ether. It was
found that the isomeric product ratio
changes smoothly as a function of the
annulation angles, not abruptly from
one regioisomer to the other on going
from five- to six- and seven-membered


rings, as predicted by the Mills–Nixon
effect. The relative amounts of the
products were determined at four dif-
ferent temperatures, and assuming that
the product ratio represents the rela-
tive rates ratio, the relative enthalpy of
activations could be obtained. Theoret-
ically (at B3LYP/6-31G* theoretical
level) four different intermediates were
considered. Each of these underwent
angular angles deformations to model
the two regioisomers. At each deforma-


tion angle the energy difference be-
tween the two intermediates models
was correlated to the experimental
data for each of the four intermediates.
It was found that the angle-deformed
lithium (6-methyl-2-benzylium)pheno-
late correlated best (R>0.994) to the
experimental data. This study confirms
that the regioselectivity of the two iso-
meric oQMs in the oxidation of a-toco-
pherol and related compounds is
simply a function of angular strain,
best explained by the SIBL (strain-in-
duced bond localization) model. In ad-
dition, this study provides evidence
that the highest energy intermediate in
the oxidation of vitamin E is a pheno-
late–benzyl cation.


Keywords: density functional calcu-
lations · Mills–Nixon effect · natural
products · quinone methide · strain-
induced bond localization (SIBL) ·
vitamins
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ture, formation of 2 proceeds with regioselective involve-
ment of C5a (“up”-oQM); the isomeric compound with the
exo-methylene group at C7a (“down”-oQM) is reportedly
not observed.[5] The nearly complete regioselectivity in such
reactions of a-tocopherol has been reflected in numerous re-
ports;[6] the formation of regioisomers other than the up-
oQM has been reported only very rarely.[6c] Oxidation of 1a
with silver oxide in non-aqueous media provided only 3,
thus proving the predominant formation of the up-oQM 2.
Bromination caused formation of 5a-bromo-a-tocopherol
(1b), while other positions in the molecule were not affect-
ed.[7] Also in radical recombination products only the 5a-po-
sition is involved: reaction of a-tocopherol with radicals
under simulated physiological conditions, for instance, pro-
duced 5a-substituted tocopherols (1c), while coupling prod-
ucts at the two other methyl groups were not found.[8] Usu-
ally, a very brief “explanation” is given for the regioselectiv-
ity observed: the so called “Mills–Nixon effect”, mostly sup-
ported by a citation of the original reference from 1930.[9] A
more rigorous explanation that is based on more modern
concepts cannot be found.


The original work by Mills and Nixon, after which the
effect is named, is based on three theories, today known as
erroneous: 1) Aromatic systems consist of two bond-shift
isomers that are in equilibrium. 2) The VanNt-Hoff model of
carbon. This implies that all the angles around the carbon
atom are tetrahedral. Together with the first assumption, an-
nulation of differently sized rings will shift the equilibrium
between the equilibrating mesomers of benzene to the iso-
mers that possesses the least strained angle, that is, as close
to 109.58. 3) The mechanism for electrophilic aromatic sub-
stitution is addition–elimination.


Using these working hypotheses Mills and Nixon ex-
plained why electrophilic substitution of 5-hydroxyindan
yielded the 4-substituted system, whereas 6-hydroxytetralin
yielded the 7-substituted system.


Applying the Mills-Nixon explanation to vitamin E, it is
usually argued that the annullation of a pyran or furan
structure[10] to the methyl-substituted phenol ring causes
bond localization in the aromatic part of the corresponding
benzochromanol/benzofuranol. Upon oxidation, only one of
the two possible oQMs is formed; this transformation re-


quires as little rearrangement of the p-frame (double bonds)
as possible.[11] In benzopyrans such as vitamin E, the three
double bonds in the aromatic ring are positioned so that one
is placed at the annullation site: the ortho-quinone methide
will thus be formed involving C5a (the up-oQM). In the re-
lated benzofuran antioxidants, the three aromatic double
bonds are positioned in a way that the annullation bond is a
single bond: the favored ortho-quinone methide will be the
one with “down” structure. According to this hypothesis,
which is accepted throughout the literature, chromanol sys-
tems form up-oQMs exclusively, while benzofuranols pro-
duce only down-oQMs. Clearly, this explanation, resting on
erroneous theories, is unacceptable.


As a consequence of our studies on oQM formation in to-
copherol-related antioxidants, and especially the observation
that room-temperature oxidation of 1a produced 2 in large
excess (98–99%), but not exclusively, we set out to clarify
the regioselectivity in antioxidants of the vitamin E type by
a combined experimental and theoretical study. Our ap-
proach is based on measuring the ratio between the “down”
and “up” products of the oxidation reaction for a series of
2,3,6-trimethylphenols annulated at the 4,5-positions, with
different cycles that always have an oxygen atom bound to
the 4-position and a carbon atom to the 5-position, thus
keeping the electronic effects constant and changing only
the angular strain of the systems. Then, a comparison to a
theoretical model in which only pure angular strain is intro-
duced was made, and the factors governing the regioselectiv-
ity were sorted out. Since the oxidation of vitamin E deriva-
tives is irreversible, the product ratio reflects the relative
rates to obtain the “up” and “down” oxidation products.
Thus, the rate-determining transition states for the different
substrates should have been compared. Since the mechanism
of the reaction has not been established as yet, the following
assumptions were used as working hypotheses. 1) The rate-
determining step is endothermic. Thus, the intermediate that
is formed after the rate-determining step should closely re-
semble the transition state leading to it (Hammond postu-
late). 2) Electron transfer mechanisms probably operate
both in vitro and in vivo. However, they are probably fast
relative to possible steps that lead to closed-shell intermedi-
ates.


Thus, several possible closed-shell anions and cations
were considered as intermediates. These ions were calculat-
ed with artificially imposed angle deformations (see below),
and the results were correlated to the experimental data.


Results and Discussion


Eleven benzopyranol and benzofuranol derivatives with dif-
ferent ring strain (4–14) were synthesized and comprehen-
sively characterized.


These test candidates possess structures as close to the
common benzopyranol/benzofuranol antioxidants as possi-
ble, but exhibit different angular strain (a+b values, see
Scheme 1), which cover an angle range of ~2198 (for 4) to
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~2468 (for 14).[12] The model compounds were oxidized to
the corresponding oQMs,[13] which were trapped by reaction
with ethyl vinyl ether present in large excess as a solvent
component, in a hetero-Diels–Alder process with inverse
electron demand. Product analysis provided the ratio be-
tween the two oQMs intermediates.[14] Under the assump-
tion that both oQMs are formed from the respective two
distinct intermediates and the trapping is not the rate-deter-
mining step, the ratio X between the trapped up-oQMs and
down-oQMs reflects their relative concentrations and hence
the relative formation rates. Thus, the relative activation en-
ergies for the formation of the two intermediates can be ob-
tained [Eq. (1)]. A plot of DDG� versus temperature yielded
DDH�.


DDG� ¼ �RT lnX ð1Þ


The results (Table 1) proved that the regioselectivity, that
is, the ratio X, was not a function of the ring size alone: it
changed gradually, not abruptly, when going from six- to
five-membered ring systems, in contrast to what has been as-
sumed so far. The up-oQMs were increasingly favored when


going from small a+b values to
large ones, with down-oQMs
showing the opposite trend.
Note that there is a distinct cor-
relation between a+b values
and the differences in activation
enthalpies.


According to the theory that
is based on the original Mills–
Nixon effect, oxidation of ben-
zofuranol 8, for example,
should produce the down-oQM
in high or even complete regio-
selectivity; the experiments
showed, however, that the up-


oQM structure is still more favored. On the other hand,
compound 9, which has a six-membered annullated ring,
should exclusively afford the up-oQM, but gave about 30%
of down-oQM product. These two examples disprove the
notion that vitamin E-related benzofuranols form only one
oQM (down-oQMs), while chromanol-type tocopherol
models give only the opposite one (up-oQMs).


To be able to assign the reasons for the regioselectivity of
the reaction its mechanism should be known. Unfortunately,
the detailed mechanism of the oQM formation from vita-
min E type antioxidants is not established. There are, how-
ever, some considerations that can help in eliminating some
of the possible mechanisms. First, the stochiometric differ-
ence between the starting material and the product is two
hydrogen atoms. Since the most acidic proton is the phenolic
proton, it is probable that the phenolate is an intermediate,
probably stabilized by a counterion (e.g., Ag+). The next
step may be deprotonation of one of the methyl groups to
form a dianion, which may yield the product either by two
single-electron transfers to two Ag+ or by a single two-elec-
tron process. A second alternative is an abstraction of a hy-
dride from one of the methyl groups of the phenolate to
form the respective benzyl cation, which, when not stabi-


Scheme 1. Oxidative formation and trapping of two different possible
types of ortho-quinone methides (oQMs) derived from vitamin E type
antioxidants.


Table 1. Relative amounts of up-oQM in the oxidation of 4–14 at different temperatures.


a+b[12] up-oQM up-oQM up-oQM up-oQM DH R
[%, 195 K] [%, 273 K] [%, 298 K] [%, 343 K] [kcalmol�1]


4 219 0.02 0.3 0.5 0.9 3.49�0.12 0.99834
5 221 0.1 0.9 1.3 2.3 2.86�0.08 0.99926
6 221 4.3 10.4 11.7 14.9 1.22�0.04 0.99904
7 223 38.4 41.3 42.0 43.3 0.18�0.01 0.99649
8 231 57.6 55.5 55.0 54.3 �0.109�0.002 0.99951
9 233 77.1 70.4 69.2 66.9 �0.458�0.009 0.99964
10 239 98.8 96.6 95.2 93.1 �1.61�0.09 0.99670
11 240 99.3 97.3 96.1 94.2 �1.96�0.06 0.99918
12 242 99.9 99.2 98.8 97.9 �2.768�0.005 0.99978
13 244 100.00[a] 99.8 99.6 99.3 �3.24�0.12 0.99856
14 246 100.00[a] 99.96[b] 99.93[b] 99.8 �4.77�0.13 0.99925


[a] 99.999 used for calculation. [b] Second decimal estimated.
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lized by a counterion, is actually a zwitterionic resonance
form of the product oQM. It is also reasonable to assume
that the slowest step (i.e., the rate-determining step) is the
removal of the second hydrogen atom (as a proton or a hy-
dride), and thus the isomeric product ratio is determined at
this step. This assumption holds even if electron-transfer
(ET) processes precede or follow the proton or hydride re-
moval, since ET processes are expected to be faster. It is
also likely that this process is endothermic, and therefore
the resulting ion closely resembles the rate-determining
transition state.


Four possible models for the intermediates were consid-
ered:[15] model compounds 15 and 16 mimic proton abstrac-
tion, whereas 17 and 18 mimic the hydride abstraction.[16]


These ions underwent H-C-C angle deformations to mimic
the angular strain imposed by the annulation of the ring;
H1-C3-C4 and H2-C4-C3 (g) to mimic the ions leading to
the up-oQM product and H2-C4-C5 and H3-C5-C4 (d) to
mimic the ions leading to the down-oQM product, according
to the SIBL principle.[17]


The benzyl anions 15 and 16 did not show any correlation
to the obtained products. Both benzyl cations 17 and 18
showed good correlations to the experimental data (see
below). The perpendicular cation 18 is stabilized by
through-space interaction between the phenoxide oxygen
atom and the benzylic positive center, whereas 17 is stabi-
lized by resonance. Although 18 was predicted to be an in-
termediate (based on trapping experiments and assigned by
NMR spectroscopy),[18] in our hands 17 was more stable
than 18 by 25–50 kcalmol�1 (depending on g and d) and
therefore we consider here only 17.[19] Table 2 shows the
energy differences between d- and g-bent 17 as a function of
the bending angle. Since the calculated and the experimen-
tal systems do not possess the same angles, a graphic com-
parison (Figure 1) is given as a correlation between the ex-
perimental DDH� values per degree (Table 2, 4th column)
and the calculated data within the similar angle range
(Table 2) as DE per degree.


The good correlation between the experimental DDH�


derived from the up/down ratio and the simple theoretical
model used (R>0.994) suggests that the regioselectivity of
the “up” and “down” product formation in the oxidation of


a-tocopherol and related compounds is simply a function of
angular strain. Natural resonance theory (NRT)[20] analysis
of the data suggests that the main resonance structure re-
sponsible for the charge localization is the quinoid structure
that has a C3�C4 double bond and a C4�C5 single bond
(19).[20] Small g and d values increase C3�C4 and C4�C5


bond lengths, respectively (due to rehybridization), and
large g and d values have the opposite effect.[21] The angu-
lar-strain-induced bond lengthening reduces the contribution
of the canonic structures that have double bonds at these


Table 2. Energy difference [kcalmol�1] between g- and d-bent 17.


Angle[a] DE[b] DE per degree[c] DE per degree[d]


180 10.42 0.05787
200 6.21 0.03106
220 3.20 0.01455 0.01595
226 2.40 0.01063 0.01292
232 1.61 0.00692 0.00552
238 0.65 0.00273 0.0008072
240 0.56 0.00235 �0.0004713
244 0.085 0.000349 �0.00196
250 �0.69 �0.00276 �0.00674
256 �1.47 �0.00574 �0.00817
260 �2.01 �0.00772 �0.01144
262 �2.25 �0.0086 �0.01328
268 �3.10 �0.01159 �0.01939
274 �3.90 �0.01422
280 �4.77 �0.01703


[a] 2g, 2d, in degrees. [b] E(g-bent 17)�E(d-bent 17), in kcalmol�1.
[c] Theoretical data. [d] Experimental data taken from Table 1, columns 2
and 8.


Figure 1. Comparison of experimental and theoretical (computational)
results.
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positions, therefore causing relative destabilization. The
strain-induced bond shortening has the opposite effect, caus-
ing a larger contribution of the canonic structures with
double bonds, therefore stabilizing. The net outcome is that
the “up” benzyl cation is more stable at large g and small d
values, and the “down” cation is more stable at large d and
small g values.


The resonance structure 19 (which is 42% of fully opti-
mized 17) resembles the lithiated structure of the product,
and therefore raises the question whether the calculations
mimic the relative products stabilities rather than the rela-
tive intermediates stabilities, and the validity of the compar-
ison between the experimental kinetic results and the calcu-
lated model. Therefore, NRT analysis of 20–24 was carried
out (Scheme 2). For the free phenolate anion 20, the canonic


structures that delocalize the negative charge to the ortho-
and para-positions and contain a doubly bound oxygen atom
(20a) make 28% of the structure, and the two KekulP struc-
tures (20b) are 18.5%. Adding a lithium counterion reduces
somewhat the contribution of the ketonic forms 21a to 21%
and increases the contribution of the two KekulP structures


to 58.4%. Thus, the effect of lithiation of 20 is mainly in in-
creasing the contribution of the KekulP resonance struc-
tures. The main contributors to the structure of the benzyl
cation 22 are the three resonance structures that contain a
double bond between the ring and the benzylic carbon
atom, 53.9% (22a); the two KekulP forms contribute
13.2%. ortho-Quinone methide 23 is composed of 55.2% of
the quinonic structure, 16% of the phenolate structure 23a,
and 5.7% of the benzyl cation structure 23b. The lithiated
form 24 (a model for 17) consists of 45% of the quinonic
form 24a, 24% of the form 24b, and 11% of the KekulP
structures 24c. The respective numbers for 17 are similar:
42, 26, and 9.5%. From these numbers it can be concluded
that the actual character of 17 is in-between the character of
the zwitterionic form and the character of the oQM product.
The increase of the contribution of the KekulP structures on
going from 23 to 24, is less than on going from 20 to 21, but
the contribution of the benzylic cation forms increases con-
siderably. Regarding 17 as an intermediate is therefore justi-
fied.[22]


Conclusions


It was experimentally proven that the regioselectivity of the
“up” and “down” ortho-quinone methide formation in the
oxidation of a-tocopherol and related compounds is simply
a function of angular strain, but not of the annulated ring
size, and a theoretical explanation according to the SIBL
principle, which fully sustained the experimental findings,
has been provided. This combination of experimental and
theoretical facts finally allowed us to conclusively address
the open question of regioselectivity in oxidations of vita-
min E type antioxidants. It is worth mentioning that in the
case discussed here, the Mills–Nixon postulation, which
started from the wrong premises, yields (qualitatively) the
same result as the SIBL treatment presented here. However,
the specific agreement between Mills–Nixon effect and
SIBL should not be taken as a general rule, since it has
been shown that in other cases the Mills–Nixon postulation
contradicts SIBL and yields the wrong structural predic-
tions.[23]


As an additional benefit, an important mechanistic insight
into the oxidation of the physiologically important vitamin E
system was obtained. Thus, the good correlation between
the experimental and the theoretical results suggests that
the highest energy intermediate in the oxidation of vita-
min E is the phenolate–benzyl cation. A further study of the
mechanism of the discussed oxidation is currently being car-
ried out.


Experimental Section


General : Unless otherwise stated 1H NMR spectra were recorded at
300.13 MHz, 13C NMR spectra at 75.47 MHz with CDCl3 as the solvent
and TMS as the internal standard. Data are given in ppm units through-


Scheme 2. Main canionic forms of 20–24.


J 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 280 – 287284


A. Stanger, T. Rosenau et al.



www.chemeurj.org





out. 13C peaks were assigned by means of APT, HMQC, and HMBC ex-
periments. Nomenclature and numbering of the carbon atoms in chro-
mans and tocopherols as proposed by the IUPAC[24,25] have been used
throughout. The abbreviation “d.i.” denotes peaks from two equivalent
carbons. Elemental analyses were performed at the microanalytical labo-
ratory of the Institute of Physical Chemistry at the University of Vienna
(Austria). All chemicals used were of reagent grade, all solvents were of
HPLC grade. Solvents were dried according to standard procedures; n-
hexane was dried over sodium metal. All molecular weight (M) data are
given in gmol�1, density data (1) in gmL�1.


Synthesis of test compounds : Compound 12 was available from commer-
cial sources. The preparation of 6 and 10 is described in a previous
work.[26]


trans-1,3,4-Trimethyl-5a,6,7,8,9,9a-hexahydrodibenzofuran-2-ol (4) and
cis-1,3,4-trimethyl-5a,6,7,8,9,9a-hexahydrodibenzofuran-2-ol (5): A so-
lution of trimethylhydroquinone (M=152.19, 1.52 g, 10.00 mmol) and
trans-1,2-dibromocyclohexane (M=241.95, 2.42 g, 10.00 mmol) in 1,2-di-
chlorobenzene (50 mL) was quickly added to refluxing 1,2-dichloroben-
zene (200 mL) containing aluminum chloride (M=133.34, 3.0 g,
22.5 mmol). The solution was refluxed for as little as 1 min and poured
into ice-cold 1m NaOH (250 mL) containing sodium sulfite (0.2 g). The
mixture was stirred under argon. After dissolution of the precipitate,
which occurred within about 3 min, the phases were separated, and the
organic phase was extracted with NaOH (100 mL; 2m). The organic layer
was discarded, and the combined aqueous phases were extracted once
with toluene (30 mL), which was also discarded. After acidification of the
aqueous layer with H2SO4, (5m) the solution was stirred for 2 h at room
temperature and extracted three times with chloroform (50 mL). The or-
ganic extracts were dried over Na2SO4 and evaporated to dryness. The
residue was subjected to chromatography on silica gel (n-hexane/chloro-
form 4 : 1, v/v) affording 5 (M=232.33, 0.564 g, 2.43 mmol, 24.3%) and 4
(M=232.33, 0.265 g, 1.14 mmol, 11.4%), as well as 3,5,6-trimethyl-8-oxa-
tricyclo[7.3.1.02,7]trideca-2(7),3,5-trien-4-ol (13, 3.4%) and unchanged
starting material (trimethylhydroquinone, 0.189 g, 1.24 mmol, 12.4%).
The synthesis was repeated several times to obtain sufficient amounts of
products.


Data for compound 4 : 1H NMR: d=1.39–1.62 (m, 6H; 2bCH2,
3aCH2,


3bCH2), 1.90 (m, 1H; 2aCH2), 2.02 (m, 1H; 2aCH2), 2.03 (s, 3H; 6aCH3),
2.08 (s, 3H; 4aCH3), 2.12 (s, 3H; 7bCH3), 3.05 (m, 3J=4.7, 2.4, 7.5 Hz, 1H;
3CH), 4.62 (dt, 3J=4.7, 2.2, 2.2 Hz, 1H; 2CH), 5.11 ppm (s, 1H; OH);
13C NMR: d=12.0 (7bC), 12.2 (6aC), 12.4 (4aC), 25.2 (2bC); 26.4 (3bC); 27.3
(3aC); 29.2 (2aC), 47.8 (3C), 93.5 (2C), 116.0; 120.6; 121.5; 126.8; 147.6;
149.0 ppm (ArC); elemental analysis calcd (%) for C15H20O2 (232.32): C
77.55, H 8.68; found: C 77.72, H 8.83.


Data for compound 5 : 1H NMR: d=1.42–1.61 (m, 6H; 2bCH2,
3aCH2,


3bCH2), 1.92 (m, 1H; 2aCH2), 2.04 (m, 1H; 2aCH2), 2.05 (s, 3H; 6aCH3),
2.08 (s, 3H; 4aCH3), 2.13 (s, 3H; 7bCH3), 3.08 (td, 3J=7.3, 2.4, 2.4 Hz, 1H;
3CH), 4.20 (s, 1H; OH), 4.56 ppm (m, 3J=7.3, 6.3, 6.3 Hz, 1H; 2CH);
13C NMR: d=12.1 (7bC), 12.2 (6aC), 12.5 (4aC), 21.8 (2bC); 26.6 (3bC); 27.8
(3aC); 28.0 (2aC), 44.4 (3C), 88.4 (2C), 115.8; 120.3; 121.2; 126.2; 147.0;
148.4 ppm (ArC); elemental analysis calcd (%) for C15H20O2 (232.32): C
77.55, H 8.68; found: C 77.61, H 8.69.


2,2,3,3,4,6,7-Heptamethyl-2,3-dihydrobenzofuran-5-ol (7): A solution of
TiCl4 (M=189.71, 1=1.73, 1.3 mL, 12.0 mmol) in dry dioxane (10 mL)
was added dropwise to a refluxing solution of trimethylhydroquinone
(M=152.19, 1.52 g, 10.00 mmol) and pinacolon (M=100.16, 1=0.801,
1.3 mL, 10.40 mmol) in dioxane (60 mL) under an inert atmosphere. The
solution was stirred at 80 8C for 1 h, refluxed for 3 h, poured into 100 mL
of ice-cold HCl (2m), and stirred for approximately 10 min. Chloroform
(100 mL) was added, and the organic phase was separated, quickly
washed with concentrated NaHCO3 solution and twice with water
(50 mL), dried over Na2SO4, and evaporated to dryness. The solid residue
was recrystallized from n-hexane and twice from glacial acetic acid to
afford 7 as white, glittery crystals (M=234.34, 1.502 g, 6.41 mmol,
64.1%). 1H NMR: d=0.96 (s, 6H; 3aCH3), 1.13 (s, 6H; 2aCH3), 1.97 (s,
3H; 6aCH3), 2.04 (s, 3H; 4aCH3), 2.18 (s, 3H; 7bCH3), 5.45 ppm (s, 1H;
OH); 13C NMR: d=11.8 (7bC), 12.1 (6aC), 12.6 (4aC), 18.1 (d.i. , 2aC), 21.8
(3aC), 44.3 (3C), 82.5 (2C), 115.6, 120.6, 122.4, 137.4, 147.6, 148.8 ppm


(ArC); elemental analysis calcd (%) for C15H22O2 (234.34): C 76.88, H
9.46; found: C 76.94, H 9.53.


2,2,4,6,7-Pentamethyl-2,3-dihydrobenzo[d][1,2]-oxasilol-5-ol (8): A so-
lution of 5,7,8-trimethyl-4H-benzo[1,3]dioxin-6-ol (3-oxa-5,7,8-trimethyl-
chroman-6-ol,[27] M=194.23, 1.94 g, 10.00 mmol) in concentrated aqueous
HBr (50 mL) was stirred for 30 min at room temperature. The mixture
was diluted with water (100 mL) and extracted twice with chloroform,
and the extract was washed with water, dilute NaHCO3 solution, and
again with water. After drying over Na2SO4 the solvent was removed in
vacuo. The residue was taken up in dry THF (20 mL), and dichlorodime-
thylsilane (M=129.06, 1=1.064, 2.4 mL, 19.7 mmol) was added. Pow-
dered magnesium (1.00 g, 42.1 mmol) was added to this mixture, and the
mixture was sonicated in an inert atmosphere for 2 h, adding charges of
magnesium (0.2 g) every 30 min. Et2O (100 mL) was added, and the mix-
ture was filtered slowly through a glass frit. The filtrate was stirred to-
gether with HCl (2m, 100 mL) for 2 h, and the aqueous phase was dis-
carded. The organic phase was washed with water and dried over
Na2SO4. Evaporation of the solvent and chromatography on silica gel
provided 8 (M=222.36, 1.42 g, 6.39 mmol, 63.9%) as white powder (m.p.
97–98 8C). 1H NMR: d=0.38 (s, 6H; 2aCH3), 1.74 (dd, J=12.3 Hz, 2H;
3CH2), 2.08 (s, 6H; 4aCH3,


6aCH3), 2.14 (s, 3H; 7bCH3), 4.05 ppm (s, 1H;
OH); 13C NMR: d=�2.2 (d.i. , 2aC), 12.2 (4aC), 12.3 (6aC), 12.9 (7bC), 21.6
(3CH2), 118.3, 119.1, 121.0, 122.8, 146.1, 147.8 ppm (ArC); elemental anal-
ysis calcd (%) for C12H18O2Si (222.36): C 64.82, H 8.16; found: C 64.58,
H 8.26.


3,5,6,9-Tetramethyl-8-oxa-tricyclo[7.1.1.02,7]undeca-2,4,6-trien-4-ol (9): A
solution of 1,1,3,3-tetramethoxycyclobutane (M=176.21, 3.52 g,
20.00 mmol) was added dropwise to a solution of trimethylhydroquinone
(M=152.19, 1.52 g, 10.00 mmol) in trifluoroacetic acid (30 mL), glacial
acetic acid (55 mL), and acetic anhydride (15 mL). The mixture was stir-
red for 24 h, and the solvent was removed under reduced pressure. The
semisolid residue was dissolved in ethanol (20 mL). Water (20 mL), con-
centrated HCl (2 mL), and powdered zinc (M=65.37, 0.30 g, 4.59 mmol)
were added to the solution. After 2 h, the addition of zinc (0.30 g,
4.59 mmol) was repeated. After the metal had completely dissolved, the
mixture was filtered through a glass frit and extracted three timed with
diethyl ether (50 mL). The combined extracts were dried over Na2SO4,
and the solvent was thoroughly evaporated in vacuo. After re-dissolution
in Et2O (50 mL), a solution of methylmagnesium bromide (3.0m solution
in Et2O, 20 mL, 60 mmol) was added dropwise. The solution was stirred
for 30 min, and then refluxed for 3 h. After slow addition of a saturated
NH4Cl solution (ca. 50 mL) under stirring, the organic phase was washed
with HCl (2m) and water, dried over Na2SO4, and filtered through a
layer of silica gel. The mixture was concentrated to a volume of about
10 mL and was left standing in the refrigerator overnight. The precipitate
which was formed was collected by filtration. A second fraction was col-
lected from the concentrated filtrate. Recrystallization of the combined
precipitates from acetic acid afforded 9 (M=218.30, 0.51 g, 2.34 mmol,
23.4%) as white, glittery plates, m.p. 84–86 8C. 1H NMR: d=1.41 (s, 3H;
2aCH3), 2.08 (s, 3H; 7aCH3), 2.12 (s, 3H; 8bCH3), 2.18 (s, 3H; 5aCH3), 3.28
(dd, J=5.5, 7.2 Hz, 2H; 3CH2,


3’CH2), 3.38 (dd, J=5.5, 7.2 Hz, 2H; 3CH2,
3’CH2), 3.62 (quint, J=5.5 Hz, 1H; 4CH), 4.85 ppm (s, 1H; OH);
13C NMR: d=12.0 (8bC), 12.1 (7aC), 12.4 (5aC), 21.8 (2aC), 29.9 (4CH), 36.1
(d.i. , 3C, 3’C), 80.1 (2C), 117.7, 118.5, 121.2, 128.9, 144.4, 144.9 ppm (ArC);
elemental analysis calcd (%) for C14H18O2 (218.30): C 77.03, H 8.31;
found: C 76.91, H 8.29.


2,2,5,7,8-Pentamethyl-3,4-dihydro-2H-benzo[e][1,2]oxasilin-6-ol (11): A
solution of 2-(2-bromoethyl)-1,4-dihydroxy-3,5,6-trimethylhydroquinone
(M=259.14, 2.6 g, 10.03 mmol) and dichlorodimethylsilane (M=129.06,
1=1.064, 2.4 mL, 19.7 mmol) in dry THF (20 mL) was charged with pow-
dered magnesium (1.00 g, 42.1 mmol), and the mixture was sonicated
under an inert atmosphere for 2 h. Et2O (100 mL) was added, and the
mixture was filtered through a glass frit. The filtrate was stirred together
with HCl (2m, 30 mL) for 1 h, and the aqueous phase was discarded. The
organic phase was washed with water and dried over Na2SO4. Evapora-
tion of the solvent provided a yellow, waxy solid, which was recrystallized
from acetic acid to give 11 as a white powder (M=236.39, 0.97 g,
4.10 mmol, 41.0%), m.p. 124–126 8C. 1H NMR: d=0.23 (s, 6H; 2aCH3),
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0.82 (m, 2H; 3CH2), 2.06 (s, 3H; 7aCH3), 2.09 (s, 3H; 5aCH3), 2.13 (s, 3H;
8bCH3), 2.74 (m, 2H; 4CH2), 6.12 ppm (s, 1H; OH); 13C NMR: d=�2.5
(d.i. , 2aC), 12.2 (7aC), 12.3 (5aC), 12.4 (8bC), 14.0 (3CH2), 21.4 (4CH2),
117.7, 118.8, 121.5, 124.9, 144.0, 146.1 (ArC); elemental analysis calcd (%)
for C13H20O2Si (236.39): C 66.05, H 8.53; found: C 66.19, H 8.66.


3,5,6-Trimethyl-8-oxatricyclo[7.3.1.02,7]trideca-2(7),3,5-trien-4-ol (13): A
solution of trimethylhydroquinone (M=152.19, 1.52 g, 10.00 mmol) and
1,3-dibromocyclohexane (M=241.95, 2.42 g, 10.00 mmol) in 1,2-dichloro-
benzene (150 mL) was added quickly to refluxing 1,2-dichlorobenzene
(100 mL) containing aluminum chloride (M=133.34, 3.0 g, 22.5 mmol).
The solution was refluxed for 30 min and poured into ice-cold NaOH
(1m, 250 mL) containing sodium sulfite (0.2 g). The mixture was stirred
under argon for 30 min. The organic phase was extracted with NaOH
(2m, 100 mL). The organic layer was discarded, and the combined aque-
ous phases were extracted once with toluene (30 mL), which was also dis-
carded. After acidification of the aqueous layer with H2SO4 (5m), the so-
lution was stirred for 1 h at room temperature and extracted three times
with chloroform (50 mL). The organic extracts were dried over Na2SO4


and evaporated to dryness. The semisolid residue was recrystallized from
acetic acid to give 13 as slightly yellow crystals (M=232.33, 1.682 g,
7.24 mmol, 72.4%). 1H NMR: d=1.30 (m, 1H; 3CH2), 1.49–1.93 (m, 6H;
2aCH2,


3aCH2,
4bCH2), 1.93 (m, 6H; 2aCH2, 2.02 (m, 1H; 3CH2), 2.02 (m,


1H; 2aCH2), 2.05 (s, 3H; 7aCH3), 2.08 (s, 3H; 5aCH3), 2.12 (s, 3H; 8bCH3),
2.94 (m, 1H; 4CH), 4.22 (tt, 3J=9.0, 2.5 Hz, 1H; 2CH), 4.86 ppm (s, 1H;
OH). 13C NMR: d=12.1 (8bC), 12.2 (7aC), 12.6 (5aC), 22.6 (3aC), 29.4 (2aC),
34.3 (4bC), 36.8 (4C), 37.8 (3C), 84.3 (2C), 119.3, 121.6, 122.0, 123.4, 144.6,
144.7 ppm (ArC); elemental analysis calcd (%) for C15H20O2 (232.32): C
77.55, H 8.68; found: C 77.70, H 8.63. Compound 13 was also obtained as
a byproduct of the synthesis of compounds 4 and 5.


2,2,6,8,9-Pentamethyl-2,3,4,5-tetrahydrobenzo[b]oxepin-7-ol (14): 6-Ben-
zyloxy-2,2,5,7,8-pentamethylchroman-4-one[28] (M=342.42, 0.85 g,
2.48 mmol) and N-methyl-N-nitrosotoluenesulfonamide (M=214.24,
0.65 g, 3.03 mmol) were dissolved in aqueous EtOH (50 mL, EtOH/
H2O=4:1, v/v). The mixture was cooled to 0 8C in an ice bath, and an
aqueous solution of KOH (0.1 g in 5 mL of water) was added dropwise.
After stirring for 10 min, the mixture was allowed to reach room temper-
ature and was stirred for additional 30 min. HCl (2m) was added until a
pH of 5 was reached. The mixture was stirred for additional 10 min, and
extracted twice with CH2Cl2 (50 mL). The solvent was evaporated, and
the residue was re-dissolved in ethanol (50 mL). Water (20 mL), concen-
trated HCl (2 mL), and powdered zinc (M=65.37, 0.30 g, 4.59 mmol)
were added. After 10 min, the addition of zinc (0.30 g, 4.59 mmol) was re-
peated. After the metal had completely dissolved, the mixture was fil-
tered through a glass frit and stored at �10 8C. After three days the crys-
talline precipitate was collected by filtration under inert gas and recrys-
tallized from acetic acid to give 14 (M=234.34, 0.325 g, 1.386 mmol,
55.9%) as a white, crystalline mass, m.p. 67 8C. 1H NMR: d=0.86 (m,
2H; 3CH2,), 1.22 (s, 6H; 2aCH3), 1.83 (m, 2H; 4CH2), 2.04 (s, 6H; 8aCH3),
2.16 (s, 6H; 8aCH3,


9bCH3), 2.99 (m, 2H; 5CH2), 4.12 ppm (s, 1H; OH);
13C NMR: d=12.5 (6aC), 12.8 (8aC), 12.9 (9bC), 18.8 (4C), 27.5 (d.i. , 2aC),
28.4 (5C), 36.5 (3C), 72.5 (2C), 114.9, 120.6, 120.8, 125.1, 144.4, 145.0 ppm
(ArC); elemental analysis calcd (%) for C15H22O2 (234.34): C 76.88, H
9.46; found: C 76.87, H 9.73.


Preparation of silver oxide used in the oxidation experiments : NaOH
(1m) was added to a solution of silver nitrate in aqueous ethanol (v/v=
1:1) under vigorous stirring until no more precipitate occurred, keeping
the pH at 12 or lower. The solids were removed by filtration, washed
with boiling water until base-free, then with ethanol and diethyl ether.
The remaining solid was suspended diethyl ether, and stirred vigorously
for 2 h. Filtration of the solids and removal of solvent in vacuo produced
an active Ag2O, which was stored under oxygen in the dark.


General oxidation procedure and trapping of the resulting ortho-quinone
methides : The respective phenol (4–14, 1 mmol) was dissolved in MeCN
(2 mL), and freshly distilled ethyl vinyl ether (10 mL) was added. The
mixture was brought to reaction temperature and kept under stirring at
this temperature throughout. Freshly precipitated and pulverized Ag2O
(10 mmol, 2.32 g) was added in one portion. For kinetic studies, a 0.2 mL
sample of the solution was taken, filtered through a 0.45 mm syringe filter


into MeCN (3 mL), and further analyzed. The oxidation was complete
after 10 min in all cases.


Oxidation of the compounds 4–14 was performed at four different tem-
peratures: �78 8C, 0 8C, room temperature (25 8C), and 70 8C. All report-
ed values are averaged values from triple runs, deviations were in no
case larger than 1.2%.


For preparative separation of the oxidation products the mixture was
evaporated to dryness in vacuo, followed by extraction and column chro-
matographic separation.[29]


Theoretical calculations : The structures of 4–18 were optimized at
B3LYP/6–31G* theoretical level, and underwent analytical frequencies
calculation to assure real minima (Nimag=0). DE cited in Table 2 are rela-
tive to the optimized structure of 17. The energies for the g and d de-
formed systems were obtained by using potential-energy scan (PES) pro-
cedure.
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Monomeric Metal Aqua Complexes in the Interlayer Space of
Montmorillonites as Strong Lewis Acid Catalysts for Heterogeneous
Carbon–Carbon Bond-Forming Reactions


Tomonori Kawabata, Masaki Kato, Tomoo Mizugaki, Kohki Ebitani, and
Kiyotomi Kaneda*[a]


Introduction


Lewis acids are of great interest because of their ability to
catalyze a wide variety of carbon–carbon bond-forming re-
actions.[1] They can replace traditional Brønsted acids and
bases to achieve green organic transformations.[2] Many
manufacturing reactions for fine chemicals and pharmaceuti-
cals rely on homogeneous Lewis acid catalysts. However,
these reactions often require the tedious isolation of prod-
ucts or the removal of large volumes of salt wastes during
neutralization of homogeneous acids.[1] To overcome these
disadvantages, much effort has been devoted to the develop-
ment of heterogeneous catalytic systems.[3] In this context,
numerous supported Lewis acid catalysts have been devel-
oped;[4] however, their activities are often low because
strong interactions between the Lewis acid centers and their
supports result in decreased Lewis acidities.


Another promising synthetic approach to environmentally
friendly chemistry is to minimize or eliminate the use of
harmful organic solvents. A paradigm shift from using sol-
vents toward solvent-free reactions can improve outcomes
and simplify organic syntheses.[5] The use of water as a sol-
vent is also recognized as a significant challenge in green
chemistry, and additionally reveals unique catalytic activities
not observed under dry conditions.[6]


Montmorillonites, referred to as monts, are hydrophilic
clays with a layered structure. They are of considerable in-
terest as environmentally benign and reusable catalysts.
Owing to their ion-exchange properties, various types of
metal cations can be introduced readily into their expansible
interlayer spaces.[7,8] In the course of our studies on the
metal-cation-exchanged montmorillonite catalysts (Mn+-
mont), we have defined two types of metal ion species with
unique structures within the interlayers of the mont: chain-
like metal species for Ti and Fe (Scheme 1a), and a mono-
meric aqua complex for Sc (Scheme 1b). These Mn+-monts
exhibited excellent catalytic performance in various organic
transformations.[9]


We present novel montmorillonite-enwrapped monomeric
complexes of Cu and Sc, which can be prepared readily and
can act as highly active Lewis acid catalysts for a variety of
important carbon–carbon bond-forming reactions, such as
the Michael reaction, the Sakurai–Hosomi allylation, and
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Prof. Dr. K. Kaneda
Department of Materials Engineering Science
Graduate School of Engineering Science
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E-mail : kaneda@cheng.es.osaka-u.ac.jp


Abstract: Montmorillonite-enwrapped
copper and scandium catalysts (Cu2+-
and Sc3+-monts) were easily prepared
by treating Na+-mont with the aqueous
solution of the copper nitrate and scan-
dium triflate, respectively. The resulting
Cu2+- and Sc3+-monts showed out-
standing catalytic activities for a varie-
ty of carbon–carbon bond-forming re-
actions, such as the Michael reaction,


the Sakurai–Hosomi allylation, and the
Diels–Alder reaction, under solvent-
free or aqueous conditions. The re-
markable activity of the mont catalysts
is attributable to the negatively charg-


ed silicate layers that are capable of
stabilizing metal cations. Furthermore,
these catalysts were reusable without
any appreciable loss in activity and se-
lectivity. The Cu2+-mont-catalyzed Mi-
chael reaction proceeds via a ternary
complex in which both the 1,3-dicar-
bonyl compound and the enone are co-
ordinated to a Lewis acid Cu2+ center.


Keywords: C�C bond formation ·
heterogeneous catalysis · Lewis
acids · montmorillonite
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the Diels–Alder reaction, under solvent-free or aqueous
conditions. These heterogeneous reaction systems have the
advantages of eliminating waste production and simplifying
the workup procedure. Furthermore, the mont catalysts are
reusable without an appreciable loss of activity and selectivi-
ty. We believe the application of catalytic systems based on
monts as a macroanion goes beyond mere immobilization
and will lead to the development of high-performance heter-
ogeneous Lewis acid catalysts for ’green’ organic syntheses.


Results and Discussion


Preparation and characterization of montmorillonite-en-
wrapped metal cations : The mont-enwrapped metal cation
species, Cu, Sc, Y, Yb, La, and Zn, were prepared by treat-
ing Na+-mont with the aqueous solution of the appropriate
metal nitrates or triflates. Among the products, the catalytic
abilities of Cu- and Sc-monts were particularly attractive for
carbon–carbon bond-forming reactions.


Cu-mont : The Cu-mont was prepared by treatment of Na+-
mont with aqueous Cu(NO3)2·3H2O [Eq. (1)]. On the basis
of the X-ray diffraction (XRD) analysis, the layered struc-
ture was identified and the basal spacing for the Cu-mont
was estimated to be 2.9 M, which is comparable to that of
the parent Na+-mont. Elemental analysis confirmed that
two Na+ ions are replaced by one Cu2+ ion during ion-ex-
change (Cu 3.21; Na 0.09%).


CuðNO3Þ2 þ 2Naþ-ðmontÞ2� in water
����!½CuðH2OÞ6�2þ-ðmontÞ2�


þ2NaNO3


ð1Þ


UV/Vis spectra of the Cu-mont exhibited an absorption
peak at 1.7 eV, which is similar to that of Cu2+-exchanged
zeolites with CuIIO6 octahedral species within their
pores.[10,11] Figure 1 shows Cu K-edge X-ray absorption near-
edge structure (XANES) spectra of the Cu-mont and Cu
reference compounds. The absorption edge varies with re-
spect to the oxidation state of copper, and the XANES spec-
trum of Cu2O has a strong peak due to the 1s–4pp* transi-
tion near 8980 eV.[12] The XANES spectrum of the Cu-mont
resembles that of the CuO with a distorted octahedral coor-
dination environment,[13] but differs from those of Cu foil


and Cu2O in shape and position of the edge, supporting for-
mation of a divalent Cu ion. Figure 2a depicts the Fourier
transform (FT) of the k3-weighted Cu K-edge extended X-
ray absorption fine structure (EXAFS) of the Cu2+-mont.


Scheme 1. Schematic structures of the Mn+-monts: (a) a chain-like metal
species and (b) a monomeric aqua complex.


Figure 1. Normalized Cu K-edge XANES spectra of (a) Cu foil, (b)
Cu2O, (c) CuO, and (d) Cu2+-mont.


Figure 2. (a) FT magnitude of k3-weighted EXAFS of the Cu2+-mont,
and (b) inverse FT of the peaks with the 1.1<RM�1<1.9 range in (a).
Phase shift was not corrected in (a). The dotted line in (b) showed the
result of a curve-fitting analysis using two Cu�O shell parameter in the
range 4–12 M�1.
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The peak at 1.5 M was assignable to a Cu�O moiety (Fig-
ure 2b).[14]


The results of the curve-fitting analysis (Table 1) show a
slightly distorted CuO6 octahedron with four short (1.90 M)
and two long (2.03 M) Cu�O shells. Because of the restrict-


ed interlayer space of the mont, the Cu�O distance of
2.03 M is shorter than the axial Cu�O bond of 2.43 M ob-
served in a [Cu(H2O)6]


2+ complex in perchlorate solution.[15]


In the FT EXAFS, the peaks above 2 M, attributed to the
presence of contiguous Cu sites, were not detectable for the
Cu2+-mont. Based on the basal spacing and the Cu�O dis-
tances of the Cu2+-mont, it is reasonable to assume that the
monomeric Cu aqua complex in the interlayer is inclined at
about 458 with respect to the c axis of the mont. An analo-
gous [Cu(H2O)6]


2+ species has been reported within the in-
terlayer space of hectrites[7b,16] and the pores of zeolite-X.[10]


Sc-mont : Treatment of Na+-mont with aqueous Sc(OTf)3 af-
forded Sc-mont [Eq. (2)]. Elemental analysis (Sc 1.78, Na
0.04%) of the Sc-mont showed that three Na+ ions are re-
placed by one Sc ion.


ScðOTfÞ3 þ 3Naþ-ðmontÞ3� in water
����!½ScðH2OÞ6�3þ-ðmontÞ3�


þ3NaOTf


ð2Þ


XRD studies verified that the layered structure of the Sc-
mont is retained with a basal spacing of 3.6 M. X-ray photo-
electron spectroscopy (XPS) revealed formation of a triva-
lent Sc species. Fourier transform of k3-weighted Sc K-edge
EXAFS of the Sc2O3 had a broad peak near 3.0 M due to
Sc�Sc and Sc�O shells in the second coordination sphere
(Figure 3). In contrast, the lack of this peak for the Sc3+-
mont samples supported the presence of a monomeric Sc


species. The peak at 1.7 M was assignable to a Sc�O shell
and curve-fitting results revealed that the interatomic dis-
tance (R) and the coordination number (CN) of the Sc�O
bond were 2.13 M and 6.0, respectively (Table 1).
A monomeric aqua Sc ion is clearly formed within the in-


terlayer of the mont. The distances between the scandium
and oxygen atoms in the Sc3+-mont are comparable to those
observed in hexacoordinate scandium aqua complexes, such
as [Sc(H2O)4(picrate)2]


+ (2.109 M),[17] [Sc(H2O)4(tosylate)2]
+


(2.117 M),[18] and [ScCl3(H2O)3] [H2L]·3H2O (2.122 M).[19]


The situations involving Cu2+ and Sc3+ ions contrast
sharply with that of the Ti4+ ion in the mont interlayer,
where the Ti cations form a chainlike structure linked by
Ti�O�Ti moieties.[9a–d] We think that this difference can be
explained by the hydrolysis constant (Kh) of the metal cat-
ions.[20] Metal cations with small pKh values (2.3 for Ti4+)
generally are easy to hydrolyze to the corresponding
[M(OH)n] cation species that are precursors to the M�O�M
moiety. However, Cu and Sc cations have large pKh values
(7.53 for Cu2+ and 4.3 for Sc3+), and thus are stable against
hydrolysis and remain monomeric.
The present preparation method, which utilizes the


cation-exchange ability of monts, is a powerful protocol for
the stabilization of monomeric aqua metal species of Cu and
Sc within the interlayer of monts for use as heterogeneous
acid catalysts.


Michael reaction using the Cu2+-mont catalyst : The Michael
reaction of 1,3-dicarbonyl compounds with enones provides
access to 1,5-dioxo synthons, which can be transformed
easily into cyclohexenone derivatives for use as important
intermediates in steroid and terpenoid synthesis.[21] The Mi-
chael reactions of ethyl 2-oxocyclopentanecarboxylate (1a)
with 2-cyclohexen-1-one (2a) in various solvents were con-
ducted in the presence of the Cu2+-mont (Table 2). Nitro-
methane was an optimal solvent to give 2-oxo-1-(3-oxocyclo-
hexyl)-cyclopentanecarboxylate (3a) in 82% yield (Table 2,


Table 1. Results of curve-fitting analysis of the Cu�O and Sc�O shells
for mont-enwrapped Cu2+ and Sc3+ catalysts


Sample Shell CN[a] R[b] [M] Ds[c] [M2]


Cu2+-mont
fresh Cu�O (1) 4.0 1.90 0.0005


Cu�O (2) 2.0 2.03 0.0004
recovered[d] Cu�O (1) 4.0 1.92 0.0025


Cu�O (2) 2.0 2.03 0.0028
in substrates[e] Cu�O (1) 2.1 1.93 0.0006


Cu�O (2) 1.0 2.39 0.0065
Cu�O (3) 2.1 1.86 0.0009
Cu�O (4) 1.0 2.60 0.0063


Sc3+-mont
fresh Sc�O 6.0 2.13 0.0019
recovered[f] Sc�O 6.1 2.13 0.0014


[a] Coordination number. [b] Interatomic distance. [c] Ds is the differ-
ence between the Debye–Waller factor of the sample and that of the ref-
erence material. [d] The recovered catalyst by filtration after the Michael
reaction of ethyl 2-oxocyclopentanecarboxylate (1a) with 2-cyclohexen-1-
one (2a) under solvent-free conditions (see text). [e] The catalyst treated
with both 2a and acetylacetone (1c). [f] The recovered catalyst after the
Michael reaction of 1a with 3-buten-2-one (2b) in water (see text).


Figure 3. Fourier transforms of k3-weighted Sc K-edge EXAFS of (a)
Sc2O3, (b) fresh Sc3+-mont, and (c) recovered Sc3+-mont after the Mi-
chael reaction of 1a with 2b (see text). Phase shift was not corrected.
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entry 2). Ethanol and n-hexane were also effective solvents,
affording 76 and 69% yields of 3a, respectively (Table 2, en-
tries 3 and 4). In marked contrast to the Sc3+-mont-cata-
lyzed Michael reaction,[9f] vide infra, water was a poor sol-
vent (Table 2, entry 9). Interestingly, the Cu2+-mont exhibit-
ed the greatest catalytic activity under neat conditions
(Table 2, entry 1).[22]


The catalytic activity for the Michael reaction without sol-
vents was compared by using various Mn+-monts. The Cu2+-
mont gave the highest yield of 3a (Table 2, entry 1 versus
entries 13–17). The Michael reaction did not occur in the
presence of the parent Na+-mont (Table 2, entry 18). Nota-
bly, catalytic activity of the Cu2+-mont was greater than that
of a homogeneous Cu(NO)3·3H2O (Table 2, entry 19). The
yield of 3a increased with an increase in Lewis acid strength
of the metal cation in the mont.[23]


The scope of substrates for the Michael reaction catalyzed
by the Cu2+-mont under solvent-free conditions was exam-
ined (Table 3). The Michael reactions of various b-keto
esters and 1,3-diketones with 3-buten-2-one (2b) occurred
efficiently to afford the corresponding 1,5-dioxo compounds,
even at room temperature (Table 3, entries 1–4). In addition,
1-penten-3-one (2c) also acted as a good acceptor (Table 3,
entry 5). It is said that the solvent-free Michael reaction
with cyclic enones using FeCl3·6H2O


[24] and Cu(OAc)2·
H2O


[25] is unsuccessful. However, the Cu2+-mont was effec-
tive for such enones to give the corresponding Michael
adducts within 5 h (Table 3, entries 6 and 9). In all cases, the


desired 1,4-addition products were obtained exclusively
without formation of 1,2-addition compounds.
It is noteworthy that 100 mmol of diethyl malonate (1e)


readily reacted with 2-cyclopenten-1-one (2d) under sol-
vent-free conditions with only 0.25 mol% of the Cu2+-mont
catalyst to afford diethyl 3-oxocyclopentylmalonate (3h) in
a high yield (Scheme 2).


Generally, the Michael reaction of dialkyl malonates does
not proceed easily under traditional Lewis acid catalyzed
conditions,[21d] but some base catalysts such as sodium ethox-
ide show high catalytic activity toward these substrates.[21c]


Table 2. Michael reaction of 1a with 2a using various Mn+-mont cata-
lysts.[a]


Entry Catalyst Solvent Yield [%][b,c]


1 Cu2+-mont neat 96
2 Cu2+-mont nitromethane 82
3 Cu2+-mont EtOH 76
4 Cu2+-mont n-hexane 69
5 Cu2+-mont toluene 46
6 Cu2+-mont ethyl acetate 43
7 Cu2+-mont 1,2-dichloroethane 32
8 Cu2+-mont acetonitrile 6
9 Cu2+-mont water 6
10 Cu2+-mont DMA 0
11 Cu2+-mont DMF 0
12 Cu2+-mont DMSO 0
13 Sc3+-mont neat 63
14 Y3+-mont neat 25
15 Yb3+-mont neat 20
16 La3+-mont neat 16
17 Zn2+-mont neat 11
18 Na+-mont neat trace
19 Cu(NO3)2·3H2O neat 59
20 no neat 0


[a] Reaction conditions; active metal species (0.05 mmol), 1a (4 mmol),
2a (6 mmol), solvent (5 mL) (entries 2–12), 70 8C, 2 h. [b] Yields of prod-
ucts were determined by GC based on donor. [c] A 1:1 ratio of diaster-
eoisomers.


Table 3. Solvent-free Michael reaction catalyzed by Cu2+-mont.[a]


Entry Donor Acceptor Product Temp. Time Yield[b]


[8C] [h] [%]


1 20 1 99


2 20 1 97


3 20 1 97


4 20 1 97


5 1a 20 2 96


6 1a 2a 3a 70 2 92[c]


7[d] 1a 2a 3a 70 2 92[c]


8[e] 1a 2a 3a 70 2 92[c]


9 1a 70 5 99[c]


[a] Reaction conditions; Cu2+-mont (Cu: 0.05 mmol), donor (4 mmol),
acceptor (4.4 mmol). [b] Yields of products were determined by GC
based on donor. [c] A 1:1 ratio of diastereoisomers. [d] Reuse-1. [e]
Reuse-2.


Scheme 2. Cu2+-mont-catalyzed 100 mmol-scale Michael reaction under
solvent-free conditions.
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Shibasaki et al. recently reported that the La-linked-BINOL
catalysts were highly efficient for the asymmetric Michael
reaction of dialkyl malonates with enones, in which the
metal center and the naphthoxide moiety act as a Lewis
acid and Brønsted base, respectively.[26] In a similar fashion,
the Michael reaction by the Cu2+-mont likely proceeds by
bifunctional catalysis between the Lewis acid Cu complex
and the silicate layer of the mont; the latter efficiently ab-
stracts a proton from 1,3-dicarbonyl compounds.
Upon completion of the Michael reaction, the Cu2+-mont


catalyst was readily recovered from the reaction mixture by
simple filtration, and could be reused without any discern-
ible loss in activity and selectivity. As shown in Table 3,
yields of 92% were obtained in two recycling experiments
(entries 7 and 8). Elemental analysis of the used Cu2+-mont
confirmed no leaching of Cu species from the catalyst. The
retention of monomeric Cu2+ species in the recovered Cu-
mont catalyst was supported by EXAFS data (Table 1). In
the reaction of 1a with 2a, the Cu2+-mont was removed by
filtration after about 50% conversion of 1a at 70 8C; further
treatment of the filtrate under similar reaction conditions
did not afford any additional 3a. These observations clearly
demonstrate that the Michael reaction occurred at the Cu
species within the mont layers.


Catalysis of the Sc3+-mont for Michael reactions in water :
Performing carbon–carbon bond-forming reactions in water
as the solvent is of great interest because of practical and
environmental considerations.[6,27] While many Lewis acids
such as Ti, Al, Sn, and B complexes are hydrolyzed to form
inactive hydroxides and oxides in the presence of water,[28]


rare-earth (RE) metal complexes can act as Lewis acids.
[RE(OTf)3] (OTf: trifluoromethanesulfonyl) compounds are
known as water-compatible catalysts.[29] However, these cat-
alysts exhibit low activity or require long reaction times.
The Michael reaction of 1a with 2b was carried out under


aqueous conditions using various Mn+-monts and the results
are summarized in Table 4. No reaction occurred in the ab-
sence of the catalyst (Table 4, entry 8). As expected, Mn+-
monts having RE3+ metal cations were effective within 0.5 h
(Table 4, entries 1–4); the Sc3+-mont gave the highest yield


of ethyl 2-oxo-1-(3-oxobutyl)-cyclopentanecarboxylate (3b)
(Table 4, entry 1) and exhibited significantly higher catalytic
activity than that of the homogeneous Sc(OTf)3 (Table 4,
entry 7).[30]


In contrast, the catalytic activities of Cu2+- and Zn2+-
monts under similar conditions were extremely low (Table 4,
entries 5 and 6). A similar phenomenon is also observed for
Mukaiyama–aldol reactions using various metal salts under
aqueous conditions.[20]


Generally, treatment of RE3+ metal triflates with water
gives RE3+ aqua complexes surrounded by low nucleophilic
OTf counteranions in the second coordination sphere, which
act as Lewis acids.[31] Yb salts with low nucleophilic counter-
anions such as OTf� and ClO4


� catalyze the aldol reaction
of silyl enol ethers with aldehydes in aqueous media, where-
as combining Yb salts with Cl� , OAc� , NO3


� , and SO4
2�


ions results in low catalytic activity.[33] Elemental analysis of
the Sc3+-mont revealed an absence of OTf groups in the
mont catalyst. Additionally, Sc/Al2O3 and Sc/SiO2 were com-
pletely inactive for Michael reactions. Presumably, Sc3+


aqua complexes partnered with anionic silicate layers of
monts, whose negative charge is delocalized along the
layer,[7,33] would provide an outstanding catalytic activity.
Under aqueous conditions, Sc3+-mont-catalyzed Michael


reactions were extended to other 1,3-dicarbonyl substrates
(Table 5). In all cases, the reaction proceeded smoothly in


Table 4. Michael reaction of ethyl 2-oxo-cyclopentanecarboxylate (1a)
with 3-buten-2-one (2b) using various catalysts.[a]


Entry Catalyst Yield[b] [%]


1 Sc3+-mont 99
2 Y3+-mont 83
3 Yb3+-mont 62
4 La3+-mont 62
5 Cu2+-mont 17
6 Zn2+-mont 16
7 [Sc(OTf)3] 7
8 no 0


[a] Reaction conditions; active metal species (0.04 mmol), 1a (2 mmol),
2b (2.2 mmol), water (3 mL), 30 8C, 0.5 h. [b] Yields of 3b were deter-
mined by GC based on donor.


Table 5. Michael reaction of various 1,3-dicarbonyl compounds with
enones catalyzed by Sc3+-mont in water.[a]


Entry Donor Acceptor Product Temp. Time Yield[b]


[8C] [h] [%]


1 1a 2b 3b 30 0.5 99
2[c] 1a 2b 3b 30 0.5 99
3[d] 1a 2b 3b 30 0.5 99
4[e] 1a 2b 3b 30 0.5 99
5 1b 2b 3c 50 2 90
6 1a 2c 3 f 30 1 98


7 1a 50 1 90


8 2b 50 2 99


9 2b 45 3 99


10[f] 2b 60 2 80


11 2b 50 2 97


12 2b 50 1 96


13 1c 2b 3d 45 3 98
14 1d 2b 3e 50 1 97


[a] Reaction conditions; Sc3+-mont (Sc: 0.04 mmol), donor (2 mmol), ac-
ceptor (2.2 mmol), H2O (3 mL). [b] Yields of products were determined
by GC based on donor. [c] Reuse-1. [d] Reuse-2. [e] Reuse-3. [f] Sc3+-
mont (Sc: 0.02 mmol), 1h (0.5 mmol), 2b (0.55 mmol), H2O (1 mL).
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the presence of 2–4 mol% Sc catalyst within 3 h to afford
the corresponding Michael adducts in excellent yields. Hy-
drolysis of the ester moieties did not occur (Table 5, en-
tries 1–11). Recently, heterogeneous Michael reactions in
water using organic polymer-supported[4j,m] and surfactant-
combined[34] Sc catalysts as Lewis acids have been reported.
These systems have the drawback of waste production be-
cause activated donors such as silyl enol ethers or 1.5–
3 equivalents of acceptor are required. The Sc3+-mont over-
comes these limitations and is the most active Lewis acid
catalyst for the Michael reaction of 1,3-dicarbonyl com-
pounds with enones using water as a solvent. Importantly,
even after three recycling experiments, no appreciable loss
of catalytic activity and selectivity occurred. For reaction of
1a with 2b, 99% yields for 3b were obtained during three
recycling experiments (Table 5, entries 2–4). The used cata-
lyst retained its original Sc content as confirmed by elemen-
tal analysis. The stability of the [Sc(H2O)6]


3+ species in the
recovered Sc3+-mont catalyst was established by XAFS
measurement, as shown in Figure 3 and Table 1.


Application of the Cu2+-mont catalyst to Sakurai–Hosomi
and Diels–Alder reactions : To explore the catalytic activity
of Cu2+-mont as a Lewis acid, it was applied to the Sakurai–
Hosomi reaction, that is the allylation of carbonyl com-
pounds with allylalkylsilanes, which is of great interest in or-
ganic chemistry because of the synthetic utility of homoallyl-
ic alcohols.[35] The catalytic activity in the reaction of benzal-
dehyde (4a) with allyltrimethylsilane (5) under solvent-free
conditions was compared with that of many other copper
catalysts; typical results are displayed in Table 6. Among the


Cu catalysts tested, the Cu2+-mont possessed the greatest
activity (99% yield after 1 h, Table 6, entry 1) to afford tri-
methyl[(1-phenyl-3-butenyl)oxy]silane (6a) and 4-phenyl-1-
buten-4-ol (7a) in 98 and 1% yields, respectively. In con-
trast, the allylation reaction hardly occurred in the presence
of Cu2+-hydrotalcite, Cu2+-zeolite-(X), Cu/Al2O3, Cu/SiO2,
and Cu(NO)3·3H2O (Table 6, entries 2–6).
In the above reaction, a small amount of the homoallylic


alcohol 7a, which is formed by hydrolysis of the homoallyl


silyl ether 6a, was detected. We explored the simple and ef-
ficient proton-mediated desilylation to homoallylic alcohols.
After complete conversion of 4a, ethanol was added and
the reaction mixture was stirred at 80 8C for 1 h to afford 7a
in 99% yield.[36]


One-pot syntheses of various homoallylic alcohols were
performed by using the Cu2+-mont catalyst, as exemplified
in Table 7. A variety of aldehydes and ketones reacted


smoothly with 5 to give the corresponding homoallylic alco-
hols. Cyclic and linear aliphatic aldehydes, as well as ke-
tones, required nitromethane as a solvent to obtain the de-
sired products in high yields. The recovered catalysts
showed comparable activity and selectivity with fresh ones.
Yields of the homoallylic alcohol remained at 99%, while
the catalysts were recycled three times. A 100-mmol-scale
reaction of 4a with 5 in the presence of the Cu2+-mont cata-
lyst afforded 7a in 86% yield. In contrast to previously re-
ported homogeneous aluminum bis(trifluoromethylsulfo-
nyl)amides,[37] ytterbium trichlorides,[38] trimethylsilylme-
thane sulfonates,[39] indium trichloride/chlorotrimethylsi-
lane,[40] and heterogeneous Al- and K-10 montmorillon-
ites,[41] the Cu2+-mont catalyst system is nonpolluting and re-
cyclable, and eliminates halogenated reagents and solvents.
The Cu2+-mont catalyst also promoted Diels–Alder reac-


tions under solvent-free conditions (Table 8). For example,
the reaction between 1,3-cyclohexadiene (8b) and 2b pro-
duced 2-acetylbicyclo[2.2.2]oct-5-ene (10b) in 99% yield
(Table 8, entry 2). A control experiment confirmed that a
trace of 10b formed without catalyst under identical reac-
tion conditions. The imino Diels–Alder reaction of benzyl-
ideneaniline (8d) with 2,3-dihydrofuran (9c) also proceeded


Table 6. Allylation reaction of benzaldehyde with allyltrimethylsilane
using various Cu catalysts.[a]


Entry Catalyst Yield of (6a+7a)[b] [%]


1 Cu2+-mont 99
2 Cu2+-hydrotalcite 0
3 Cu2+-zeolite-(X) 0
4 Cu/Al2O3 0
5 Cu/SiO2 0
6 Cu(NO3)2·3H2O 0


[a] Reaction conditions; catalyst (Cu: 0.05 mmol), 4a (4 mmol), 5
(6 mmol), 45 8C, 1 h. [b] Yields of products were determined by GC
based on 4a.


Table 7. Allylation of carbonyl compounds with allyltrimethylsilane (5).[a]


Entry Carbonyl 5 [equiv] Product Temp.[b] Time[b] Yield[c]


compound [8C] [h] [%]


1 4a 1.1 7a 45 1 99


2 1.5 45 1 97


3[d] 1.5 RT 6 95


4[d] 1.5 RT 1 90


5[d] 2 40 2 80


6[d] 2 55 3 81


[a] Reaction conditions; 1) Cu2+-mont (Cu: 0.05 mmol), 4a–f (4 mmol), 5
(1.1–2 equiv), 2) EtOH (1 mL), 80 8C, 1 h. [b] For the allylation reaction
(1). [c] Yields of products were determined by GC based on carbonyl
compound. [d] Nitromethane (3 mL) was used as the solvent.
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to give the tetrahydroquinoline derivative (10e) in a high
yield (Table 8, entry 5). Dimerization of dienes was not ob-
served.


Reaction mechanism for the Cu2+-mont-catalyzed Michael
reactions : Transition-metal and rare-earth metal catalysts
have been extensively used for the Michael reaction of 1,3-
dicarbonyl compounds with enones.[21d] For Ni2+ , Cu2+ ,
Co2+ , Fe3+ , and Sc3+ , the reaction mechanism is considered
to involve a ternary complex, in which both the 1,3-dicar-
bonyl compound and the enone are coordinated to a Lewis
acid metal center.[21d]


A shift in the IR spectrum of the coordinated ketone is a
measure of the Lewis acid strength of metal cations.[42] The
n(CO) band of cyclopentanone adsorbed onto the Cu2+-
mont appeared in the IR spectrum at 1685 cm�1, which is
lower than that of the free cyclopentanone (1751 cm�1). This
shift of 66 cm�1 was larger than those found for the Sc3+-,
Y3+-, Yb3+-, and La3+-monts (34 cm�1), demonstrating that
the Cu2+-mont catalyst possesses significantly stronger
Lewis acid strength than the other Mn+-monts. Yields of the
Michael adduct increased with increasing Lewis acid
strength of the metal cation (Table 2). Thus, it is reasonable
that the Lewis acid sites of Mn+-monts play an important
role in these carbon–carbon bond-forming reactions. Pre-
sumably, the silicate layers of the monts may act as a macro-
anion with low nucleophilicity, leading to the formation of a
cationic copper center with extremely strong Lewis acidity.
As seen in Figure 4b, upon treatment of the Cu2+-mont


with 2-cyclohexen-1-one (2a), the IR spectrum contained a
n(CO) band at 1658 cm�1, ascribed to 2a coordinated to the
copper Lewis acid site. Addition of acetylacetone (1c) as a
donor gave new peaks at 1580, 1558, and 1539 cm�1, as-


signed to the acetylacetonato–copper species (* in Fig-
ure 4c).[43] EXAFS analysis of the same sample supported
the generation of two Cu�O bonds 1.86 M in length and one
Cu�O bond 2.60 M in length, along with the loss of three
H2O ligands from the original Cu2+-mont (Table 1). On the
basis of these results, it is reasonable that the Cu2+-mont-
catalyzed Michael reactions involve the ternary copper com-
plex II, in which both the 1,3-dicarbonyl compound and the
enone coordinate to the Cu2+ center (Scheme 3).[44] The
carbon–carbon bond formation produces a Cu-alcoholate in-
termediate III, followed by protolysis to afford the Michael
adduct together with regeneration of the original Cu species
I. The same reaction mechanism has been proposed for the
Sc3+-mont-catalyzed Michael reactions in water.[9f] Notably,
Michael reactions of nitriles such as ethyl cyanoacetate and
malononitrile as donors instead of 1,3-dicarbonyl com-
pounds barely proceeded under these conditions. It is likely
that such nitrile compounds strongly coordinate to copper
and prevent the interaction of the enones with the Cu com-
plexes. It seems that the Lewis acid site originating from the
Cu2+ aqua species induces both Sakurai–Hosomi and Diels–
Alder reactions by coordination of carbonyl compounds.
One of the important characteristics of montmorillonites


is the enlargement of the interlayer distance that occurs in
solvents. Indeed, the interlayer space of the Cu2+-mont was
expanded from 2.9 to 11.5 M when soaked in a mixture of
1c and 2a under solvent-free conditions, as confirmed by
XRD.[45] The efficient catalysis by the Cu2+-mont under sol-
vent-free conditions could be related to the expansion of the
interlayer space as well as the strong Lewis acid nature of
the aqua Cu2+ ion enwrapped in the mont interlayer.


Table 8. Cu2+-mont-catalyzed Diels–Alder reaction.[a]


Entry Diene Dienophile Product Temp. Time Yield[b,c]


[8C] [h] [%]


1 2b 40 1 99(90/10)


2 2b 40 1 97(99/1)


3 8b 40 1 95(90/10)


4[d] 40 0.5 90


5[e] 50 4 85(54/46)[f]


[a] Reaction conditions; Cu2+-mont (Cu: 0.05 mmol), 8a and 8b (4.4 mmol),
2b and 9a (4 mmol). [b] Yields of products were determined by GC based on
dienophile. [c] Values in parentheses were endo/exo ratio determined by
1H NMR. [d] 8c (2 mmol), 9b (3 mmol). [e] 8d (1 mmol), 9c (3 mmol). [f] cis/
trans ratio.


Figure 4. IR spectra of a) fresh Cu2+-mont, b) the Cu2+-mont after treat-
ment with 2a, and c) the Cu2+-mont after treatment with both 2a and
1c. D : coordinated 2a (1658 cm�1); *: acetylacetonato-Cu species (1580,
1558, and 1539 cm�1, ref. [43]); &: free 1c (1747 cm�1). The fresh Cu2+-
mont (0.2 g) was treated with 2a (1.0 equiv Cu) in nitromethane (1 mL).
The 2a-covered Cu2+-mont was further reacted with one equivalent of
1c.
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Conclusion


Montmorillonite-enwrapped copper and scandium aqua
complexes have been developed as extremely active and
versatile Lewis acid catalysts that can be applied to a variety
of carbon–carbon bond-forming reactions under solvent-free
or aqueous conditions. The remarkable activity of the mont
catalysts is attributable to the negatively charged silicate
layers that are capable of stabilizing metal cations. These
catalysts are also reusable without any appreciable loss in
activity and selectivity.


Experimental Section


General : The following instruments were used in this study: 1H and 13C
NMR (JNM-AL400), IR (JASCO FTIR-410), XRD (Philips X’Pert-
MPD), XPS (ESCA-2000), and GLC (Shimadzu GC-8A PF equipped
with a flame ionization detector and silicone UC W-98 and OV-1 col-
umns). The interlayer distance was determined by subtracting the c di-
mension of the silicate sheet (9.6 M) from the observed d001 values in a
XRD spectrum.[16]


The sodium montmorillonite (Na+-mont) was supplied by Kunimine In-
dustry Co. Ltd. as Kunipia F (Na 2.69, Al 11.8, Fe 1.46, Mg 1.97%).
Cu(NO3)2·3H2O and Sc(OTf)3 were purchased from Wako Pure Chemi-
cal and Tokyo Kasei, respectively, and used as received. SiO2 (JRC-SIO-
8) and c-Al2O3 (JRC-ALO-4) were supplied by the Catalyst Society of
Japan as reference catalysts. All organic compounds used as substrates
and solvents were obtained from Wako Pure Chemical, Tokyo Kasei, Al-
drich, or Acros, and purified by standard procedures before use.[46] The
identities of products were confirmed by comparison with reported IR,
GC-MS, and 1H and 13C NMR data.


Preparation of Cu2+-mont catalyst : The Na+-mont (3.0 g) was stirred in
aqueous Cu(NO3)2·3H2O (8.3Q10�3m, 200 mL) at 50 8C for 24 h. The re-
sulting suspension was filtered and the solid was washed repeatedly with


deionized water and dried at 110 8C to
yield a light blue powder (2.5 g; Cu
3.21 wt%, 0.505 mmolg�1).


Preparation of Sc3+-mont catalyst :
The Na+-mont (3.0 g) was stirred in
aqueous Sc(OTf)3 (5.0Q10�3m,
200 mL) at 50 8C for 24 h. The result-
ing suspension was filtered, and the
solid was washed repeatedly with de-
ionized water, then dried at 110 8C to
afford a Sc3+-mont as a light gray
powder (2.7 g; Sc 1.78 wt%,
0.396 mmolg�1). XPS: Sc 2p3/2=
402.6 eV. The XPS peak position is re-
ferred to C 1 s at 284.6 eV.


Preparation of mont-enwrapped Y,
Yb, La, and Zn cation species : Na+-
mont (3.0 g) was added to 200 mL of
the aqueous solution containing 0.70 g
of the corresponding M(OTf)3, fol-
lowed by stirring at 50 8C for 24 h.
After filtration and washing with de-
ionized water, the powder was dried at
110 8C to give Y3+-mont (Y, 3.1 wt%),
Yb3+-mont (Yb, 4.3 wt%), or La3+-
mont (La, 4.5 wt%). Treatment of
3.0 g of the Na+-mont with aqueous
Zn(OTf)2 (1.0Q10�2m, 200 mL) fol-
lowed by filtration, washing, and drying
afforded Zn2+-mont (Zn, 6.3 wt%).


Preparation of Cu/SiO2 and Cu/Al2O3 : SiO2 (3.0 g) was added to aqueous
CuCl2·2H2O (1.5Q10�2m, 100 mL) at 80 8C for 24 h. The solid obtained
was then dried at 110 8C to give Cu/SiO2 (Cu, 3.2 wt%). The same treat-
ment using Al2O3 afforded Cu/Al2O3 (Cu, 3.2 wt%), which may involve
the formation of small clusters of CuO on the Al2O3 surface.


[12a]


Preparation of Cu2+-hydrotalcite (Cu-Mg-Al-CO3): A mixture of
CuCl2·2H2O (12.9 mmol), MgCl2·6H2O (129.6 mmol), and AlCl3·H2O
(43.2 mmol) was dissolved in deionized water (120 mL). Then aqueous
Na2CO3 (120 mL, 0.24 mol) and NaOH (0.39 mol) were slowly added,
and the resulting mixture heated at 65 8C for 18 h with vigorous stirring.
The resulting slurry was filtered, washed with deionized water, and dried
at 100 8C for 15 h to give 12.0 g of Cu-Mg-Al-CO3 (Mg 23.4, Al 5.37, Cu
6.4 wt%). The hydrotalcite structure of the gray powder was confirmed
by XRD, and had a basal spacing of 7.9 M, similar to that of the parent
Mg-Al-CO3 hydrotalcite (7.9 M). The Cu2+ species were located within
the Brucite-like sheet by isomorphic substitution of Mg2+ cation at the
octahedral sites.[47]


Preparation of Cu2+-X zeolite : Copper-ion-exchanged X zeolite (Cu-X)
was prepared by treating Na-X zeolite (Wako Pure Chemical), Na86(Al86-
Si106O384)·264H2O (Si/Al=1.23), with a 1.0Q10�2m aqueous solution of
Cu(NO3)2·3H2O. The resulting powder was washed with deionized water,
dried, and calcined at 300 8C to give Cu–X[10] with a Cu content of
12.0 wt%, which corresponds to 83% ion exchange of Na+ . Retention of
the crystal structure of the X zeolite was confirmed by XRD. In situ
EPR, UV/Vis, and Cu K-edge XANES spectra for the Cu–X indicated
dispersed divalent Cu species with a centrosymmetric octahedral coordi-
nation environment. Curve-fitting analysis of the k3-weighted EXAFS
showed that the Cu2+ ions displayed Jahn–Teller distorted CuO6 octahe-
dra with four short Cu�O distances (1.91 M) and two long Cu�O distan-
ces (2.28 M).


Pretreatment of Cu2+-mont catalyst : Prior to use in C�C bond-forming
reactions, the Cu2+-mont was heated under vacuum at 100 8C for 2 h in a
reaction vessel. Before addition of substrate, the sample was cooled to
room temperature under vacuum. This pretreatment is necessary to
achieve high catalytic activity and reproducibility of the Michael reaction
results. EXAFS studies showed that the local structure of Cu2+ ions in
the Cu2+-mont did not change appreciably after this treatment. Removal
of adsorbed water within the interlayer of mont by the pretreatment


Scheme 3. Proposed mechanism for Michael reaction using the Cu2+-mont catalyst.
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allows access of the substrates to the active Cu2+ species enwrapped in
the mont.


A typical procedure for the Michael reaction with a Cu2+-mont catalyst
under solvent-free conditions : 1a (4 mmol) and 2a (4.4 mmol) were
added to the pretreated Cu2+-mont (0.09 g, Cu: 0.05 mmol). The hetero-
geneous reaction mixture was stirred at 70 8C for 2 h, and the Cu2+-mont
was removed by filtration and washed with acetone and deionized water,
followed by drying at 110 8C. GC analysis of the filtrate showed 92%
yield of 3a.


Procedure for 100-mmol-scale Michael reaction : 1e (16.0 g, 100 mmol)
was poured onto the pretreated Cu2+-mont catalyst (0.5 g, Cu:
0.253 mmol), followed by addition of 2d (12.3 g, 150 mmol). After the
mixture had been stirred at 100 8C for 14 h, the Cu2+-mont was removed
by filtration and washed with acetone. The acetone washings were com-
bined and distilled to give 3h (22.0 g; 91% yield) as a colorless oil.


A typical procedure for the Michael reaction with a Sc3+-mont catalyst in
water : A mixture of 1a (2 mmol), 2b (2.2 mmol), the Sc3+-mont (0.1 g,
Sc: 0.039 mmol), and water (3 mL) was stirred at 30 8C under argon.
After 0.5 h, the Sc3+-mont was separated by centrifugation and GC anal-
ysis of the supernatant showed 99% yield of 3b. The residual solid cata-
lyst was washed with acetone and reused under identical conditions.


A typical procedure for the Cu2+-mont-catalyzed Sakurai–Hosomi reac-
tion under solvent-free conditions : 4a (4 mmol) and 5 (4.4 mmol) were
added to the Cu2+-mont (0.09 g, Cu: 0.05 mmol). After the mixture had
been stirred at 45 8C for 1 h, EtOH (1 mL) was added and the mixture al-
lowed to react further at 80 8C. The Cu2+-mont was removed by filtration
and GC analysis of the filtrate showed 99% yield of 7a. The isolated cat-
alyst was washed with acetone and deionized water, followed by drying
at 110 8C. Product yields remained at 99% during three cycles of the re-
action using the same catalyst.


Procedure for 100-mmol-scale Sakurai–Hosomi reaction : Compounds 4a
(10.6 g, 100 mmol) and 5 (12.6 g, 110 mmol) were added onto pretreated
Cu2+-mont (0.5 g, Cu: 0.253 mmol). After the mixture had been stirred at
50 8C for 2 h, EtOH (20 mL) was added to the reaction mixture and it
was allowed to react further at 80 8C. The Cu2+-mont was removed by fil-
tration and washed with acetone. The combined acetone washings were
distilled to afford pure 7a as a colorless oil (12.7 g, 86%).


Diels–Alder reaction between cyclohexadiene and 3-buten-2-one : 2b
(4 mmol) and 8b (4.4 mmol) were added to the pretreated Cu2+-mont
catalyst (0.09 g, Cu: 0.05 mmol) and the resulting mixture was stirred at
40 8C for 1 h. A 99% yield of 10b (endo:exo=99:1) was confirmed by
GC analysis. The endo:exo ratio was determined by 1H NMR spectrosco-
py.


IR measurements for determination of the ternary complex : The IR
spectra of the Mn+-monts were obtained at room temperature in trans-
mission mode. The Mn+-monts (0.2 g) were treated with one equivalent
of a donor relative to the amount of metal cation in nitromethane (1 mL)
at room temperature. After removal of the solvent by evaporation at
30 8C, the Mn+-monts were subsequently treated with an acceptor
(1.0 equiv) in the same manner as the donor. In each step, the Mn+-
monts were pressed into a disk and subjected to IR measurement.


X-ray absorption fine structure (XAFS) measurements : The Cu K-edge
X-ray absorption spectra were measured in transmission mode at the
EXAFS facilities installed at the BL-7C line of KEK-PF, Tsukuba, Japan
(prop. No.2001G143). For details of the data analysis, refer to the report-
ed procedure.[48] The curve-fitting analysis of reverse FT was conducted
by using Cu�O and Sc�O shells with empirical values of back scattering
amplitude and phase shift extracted from CuO and Sc2O3, respectively,
assuming the peaks originated from scattering by the neighboring
oxygen.
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Water-Soluble Molecular Capsules: Self-Assembly and Binding Properties
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Mercedes Crego-Calama,*[a] and David N. Reinhoudt*[a]


Introduction


Nature is the main source of inspiration when looking for
novel synthetic systems with functional properties. Particu-
larly interesting architectures are the molecular containers
obtained from the self-assembly of preorganized scaffolds,[1]


resembling the shape of natural shell-like containers such as
viruses and ferritin. Beside their fascinating design, the pos-
sibility to isolate molecules or ions of different size and
shape in the interior of their cavities makes noncovalent
molecular capsules very attractive. Thus far supramolecular
capsules have found applications in binding, separation, and
sensing of small molecules and ions,[2] stabilization of reac-
tive intermediates, and catalysis.[3–6] However, one of the
most challenging objectives of supramolecular chemistry is


the synthesis of supramolecular capsules for medical purpos-
es (like storage of molecules and drug delivery)[7–12] or bio-
logical model studies (for example, the mimicry of the cata-
lytic efficiency of enzymes).[13] Needless to say that to ach-
ieve these aims water solubility represents an essential re-
quirement. Water soluble noncovalent molecular cages have
been obtained mainly by metal–ligand interactions,[1c,14] al-
though few examples of molecular capsules based on hydro-
gen bonds[15] soluble in wet solvents have been reported.
Ionic interactions,[16] employed as an important attractive
noncovalent force both in biological and artificial molecular
recognition, have been only marginally used for building
molecular capsules.[17] Previously, we have reported the for-
mation of stable molecular capsules based on ionic interac-
tions between a tetrasulfonate and several tetraamidinium-
calix[4]arenes.[18] Although the 1:1 complexes were found to
be soluble in methanol and in mixtures of methanol/water
(up to 40% of water) precipitation was observed upon in-
creasing the percentage of water. Only recently a water-
soluble molecular capsule based on ionic interactions has
been obtained when one of the calix[4]arene building blocks
was functionalized with four l-alanine moieties.[19]


Here we describe a study on the synthesis and characteri-
zation of water-soluble calix[4]arene-based molecular capsu-
les 1·2. The formation of the assemblies 1a·2 and 1b·2 is the
result of the ionic interactions between the amino acidic res-
idues and the amidinium groups of the calix[4]arene build-
ing blocks 1a,b and 2, respectively. The capsules were stud-


Keywords: docking · host–guest
systems · ionic interactions ·
molecular capsules · self-assembly


Abstract: The self-assembly and characterization of water-soluble calix[4]arene-
based molecular capsules (1·2) is reported. The assemblies are the result of ionic
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at the upper rim with amino acid moieties, and a positively charged tetraamidi-
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1H NMR spectroscopy, ESI mass spectrometry (ESI-MS), and isothermal titration
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ied by 1H NMR spectroscopy, ESI mass spectrometry (ESI-
MS), and isothermal titration calorimetry (ITC). For compa-
rative purposes calix[4]arene 3, derivatized with carboxylic
acid groups, was also synthesized and the formation of the
molecular capsule 3·2 investigated. The analysis of the data
obtained by ITC allows an estimation of the influence of the
size of the amino acid side chains in 1a and 1b, and of the
distance of the carboxylic acid groups from the calix[4]arene
scaffold, on the self-assembly process.
Additionally, we describe the encapsulation properties of


the molecular capsule 1a·2. Evidence for the inclusion of
the N-methylquinuclidinium (NMQ) cation was provided by
1H NMR spectroscopy and mass spectrometry. Moreover, a
computational method (docking)[20,21] has been successfully
applied to identify possible guest molecules for the capsule
1a·2. Molecular docking is a virtual screening method that
allows for the rapid evaluation of the steric and electrostatic
complementarity of potential guest molecules with a host.
The docking study was performed with 1a·2 as the host and
a selection of commercially available small molecules. The
actual binding properties of the selected guest molecules
were subsequently experimentally tested by 1H NMR spec-
troscopy.


Results and Discussion


Synthesis : The formation of assemblies 1a,b·2 and 3·2 is the
result of the electrostatic interactions between the positively
charged calix[4]arene 2 and the negatively charged calix[4]-
arenes 1a, 1b, or 3.
Tetracarboxycalix[4]arene 3 was obtained in a Br–Li ex-


change reaction on the precursor tetrabromo derivative[22]


with tBuLi in THF at �78 8C followed by quenching with
CO2. Compounds 1a and 1b were synthesized from calix[4]-
arene 3 (Scheme 1). After the formation of its tetraacyl
chloride derivative 4, l-alanine methyl ester hydrocloride or
Ne-(tBoc)-l-lysine methyl ester hydrocloride were added to
a solution of 4 in CH2Cl2 affording calix[4]arene tetraesters
5a and 5b, respectively. Hydrolysis with LiOH in MeOH/
H2O provided 1a and 1b (Scheme 1), which were fully char-
acterized by NMR spectroscopy, ESI-MS, and elemental
analysis. The 1H NMR spectra of both compounds in D2O
([1]=2mm) display well-resolved patterns, indicating that
under these conditions aggregation is not likely. Moreover,
no changes in the 1H NMR spectrum were discernible upon
dilution of concentrated solutions of 1a and 1b in D2O, thus
confirming their monomeric structure.


Characterization of the molecular capsules 1a,b·2 : Building
blocks 1a and 1b are readily soluble in H2O, while a cloudy
solution is obtained by mixing the two building blocks in
H2O. However, the 1:1 mixture of 1 and 2 is completely
soluble in H2O buffered at pH 9.2 (borate buffer). In the
case of assembly 1a·2 the 1H NMR spectrum of the 1:1 mix-
ture of 1a and 2 in buffered D2O shows upfield shifts
(DdHa=0.22, DdHb=0.20, DdHc=0.25 ppm; for assignment of
these protons see Figure 1) for the protons of the propyl


amidinium chains of 2. In analogy with what was observed
for a previously described tetrasulfonate–tetraamidinium
capsule,[18] upfield shifts are attributed to the shielding pro-
vided by the aromatic walls of the calix[4]arene upon inclu-


Figure 1. 1H NMR spectra (borate buffer, CD3OH/H2O (xwater=0.4),
298 K) for a) 2, b) 1b·2, and c) 1b.
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sion of the propyl side chain in the cavity of the capsule
1a·2.
An equimolar solution of 1b and 2 in buffered D2O


showed a complex 1H NMR spectrum with broad signals,
but analogously to the assembly 1a·2, the upfield shifts of
the protons of the propyl chains are evident. A more re-
solved spectrum was obtained in CD3OH/H2O (xwater=0.4)
in the presence of borate buffer (Figure 1). Upfield shifts ac-
companied by broadening were observed for the protons of
the propyl chains of 2 (DdHa=0.09, DdHb=0.08, DdHc=


0.15 ppm). An upfield shift (DdHd=0.11 ppm) of the signal
of the aromatic protons of 2 was also observed, while small
downfield shift changes are detectable for the protons of the
methylene bridge of 2. The rest of the signals of 2 did not
undergo any significant changes (DdHa�0.02 ppm).
The signal of the aromatic protons Hg of 1b (Figure 1)


also experiences a small upfield shift (DdHg=0.09 ppm). In-
terestingly, the protons NHh, He, and Hf (Figure 1) are all
upfield shifted (DdHh=0.21, DdHe=0.12, DdHf=0.06 ppm),
probably as a consequence of their proximity to the carbox-
ylic groups, which interact with the oppositely charged ami-
dinium groups of 2. No changes were observed for the rest
of the protons of the side chains. This finding indicates that
the side chains of 1b are most probably outside the cap-
suleMs cavity.


Addition of an excess of either calix[4]arenes 2 or 1a,b to
the 1:1 mixture of the components resulted in averaged sig-
nals for the free and complexed building blocks indicating
that the assembly formation is fast on the NMR timescale.
Electrospray mass spectrometry (ESI-MS) provided addi-


tional evidence for the formation of self-assembled molecu-
lar capsules. The spectrum of an equimolar mixture of 1a
and 2 (c=0.1mm) in buffered H2O shows a peak at m/z
1134 corresponding to the capsule [(1a·2)+2Na]2+ together
with two other major peaks, one at m/z 1049 and the other
at m/z 620 corresponding to [(2�4HCl)+H]+ and
[(1a�H+Na)+2Na]2+ , respectively (Figure 2).
Analogously, the ESI-MS spectrum of a 0.1mm solution


of the assembly 1b·2 in buffered H2O shows a doubly charg-
ed peak at m/z 1681 corresponding to the capsule
[(1b·2)+2Na]2+ together with other two relatively intense
signals at m/z 1049 and at m/z 526 corresponding to
[(2�4HCl)+H]+ and [(2�4HCl)+2H]2+ , respectively.
The thermodynamic parameters for the self-assembly of


the molecular capsules 1a·2 and 1b·2 were studied by means
of isothermal titration calorimetry (ITC). To evaluate the
effect that the side chains of 1a and 1b and the distance of
the carboxylate groups from the calix[4]arene scaffold play
in the assembly formation, self-assembly of 3·2 was also in-
vestigated. Titrations were carried out in MeOH/H2O


Scheme 1. i) SOCl2, CCl4/DMF, 50 8C; ii) l-alanine methyl ester, DMAP, Et3N, dry CH2Cl2, RT; iii) N
e-(tBoc)-l-lysine methyl ester, DMAP, Et3N, dry


CH2Cl2, RT; iv) LiOH/H2O/MeOH, THF, RT.
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(xwater=0.4) and in pure H2O containing in both cases
borate buffer (pH 9.2, I=0.03m).
In an MeOH/H2O solvent mixture the formation of a 1:1


complex was observed for all the assemblies (Figure 3) with
association constants (Ka) in the order of 10


5
m


�1 (Table 1).


Analysis of the thermodynamic parameters shows negative
values for both DH8 and DS8 in this solvent mixture that ac-
count for an exothermic and enthalpy driven association
process. The favorable change in enthalpy is the result of
the formation of four ionic interactions upon self-assembly
of the molecular capsules. This contribution overrides the
cost in energy needed for the desolvation of the charged
groups prior to the self-assembly process. The large unfavor-


able entropy change reflects instead a loss of degrees of
freedom associated with conformational restrictions and/or
reorganization upon capsule formation.[13c]


Analysis of the thermodynamic data indicates that the as-
sembly 1b·2 shows the largest negative value for DS8
(�140 JK�1mol�1) in MeOH/H2O, indicative of a higher loss
of entropy relative to assemblies 1a·2 and 3·2 upon complex
formation. Calix[4]arene 1b is indeed less preorganized than
1a and 3, due to the long side chain of the lysine moieties,


thus explaining the higher pen-
alty in entropy paid for the for-
mation of the molecular capsule
1b·2. The formation of the
complex 3·2 has the lowest loss
of entropy (DS8=
�66 JK�1mol�1). In compound
3, the carboxylic acid moieties
are directly attached to the cal-
ix[4]arene scaffold allowing
more preorganization than in
1a and 1b.
On the other hand, the small


differences between the associ-
ation constants determined for
1a·2 and 1b·2 (DlogKa=0.10)
suggest that under these condi-
tions the binding strength is in-
dependent of the nature of the
amino acidic moieties at the
upper rim of the calix[4]arene
scaffold. Moreover, comparison
with assembly 3·2 indicates that
the strength of the binding is
not affected by the structural
differences of the anionic build-
ing components of the capsule.


Only a small decrease in association constant in the order
Ka3·2>Ka1a·2>Ka1b·2 is observed (DlogKa(3·2�1b·2)=0.30).
In pure H2O changes in the thermodynamics of binding


were determined for the formation of complexes 1a·2, 1b·2,
and 3·2. In general, when compared to the self-assembly in
MeOH/H2O, much less favorable values for DH8 but more
favorable (positive) values for DS8 are observed. As depict-
ed in Figure 3, the resulting titration curves for the self-as-


Figure 3. ITC binding curves for capsule formation ~: 1a·2, *: 1b·2, &: 3·2 a) in MeOH/H2O (xwater=0.4) at
298 K, borate buffer, I=0.03m, pH 9.2; b) in H2O at 298 K, borate buffer, I=0.03m, pH 9.2.


Table 1. Association constants and thermodynamic parameters for the
formation of assemblies 1·2 and 3·2 as determined by ITC at 298 K. [1a],
[1b], [3]=1mm, [2]=0.1mm.


Assembly Ka [m
�1] DH8 [kJmol�1] DS8 [JK�1mol�1]


1a·2[a] (1.4�0.2)N105 �58.5�0.4 �98�1
1a·2[b] (2.3�0.7)N104 �12.3�0.2 43�2
1b·2[a] (0.9�0.1)N105 �69.9�0.3 �140�1
1b·2[b] (1.7�0.1)N106 74.7�0.4 370�2
3·2[a] (1.8�0.1)N105 �49.7�0.2 �66�2
3·2[b] (1.5�0.7)N105 �8.9�0.2 69�1


[a] MeOH/H2O (xwater=0.4), borate buffer, I=0.03m, pH 9.2. [b] H2O,
borate buffer, I=0.03m, pH 9.2.


Figure 2. ESI-MS spectrum (borate buffer, H2O, 298 K) for 1a·2.
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sembly of 1a·2 and 3·2 in H2O account for an exothermic
process; while the binding curve for 1b·2 is indicative of an
endothermic binding event (vide infra).
A slight decrease in the association constants for both


1a·2 and 3·2 was found in H2O versus MeOH/H2O. This can
be qualitatively explained by considering the higher dielec-
tric constant (e) of H2O relative to an MeOH/H2O solvent
mixture. The shielding of the electrostatic interactions de-
pends on the e of the surrounding medium. The coulombic
interaction energy is proportional to e�1, that is, higher e


values result in a weaker binding.
The thermodynamic parameters indicate that the forma-


tion of 1a·2 and 3·2 in water is enthalpically favored. The
formation of capsule 1b·2 is instead strongly entropically
driven. The nature of the carboxylate–amidinium interac-
tions should be similar for assemblies 1a·2, 1b·2, and 3·2,
thus the different behavior was rationalized considering the
differences in the side chain of the amino acidic resi-
dues.[23,24]


In particular the microcalorimetric data suggest a contri-
bution coming from hydrophobic effect in the formation of
capsule 1b·2. The complex formation involves rearrange-
ments of the more hydrophobic and Ne-protected lysine
chains. However, the entropy loss for this process is over-
compensated by the release of ordered water molecules,
thus leading to a large entropy gain (DS8=370 JK�1mol�1).
The large positive DH8 value (74.7 kJmol�1) is most proba-
bly the reflection of the energy needed to set these solvent
molecules free upon assembly formation. Similar changes in
thermodynamics of binding due to side-chain lengths have
been observed by Hamilton[25] in the molecular recognition
of tetraanionic peptides.


Guest encapsulation in 1a·2 : Priority has been given to the
study of the encapsulation of quaternary ammonium cations
which, according to previous results, act as suitable guests
for a molecular capsule held together by ionic interac-
tions.[18] Molecular mechanics calculations suggested that the
N-methylquinuclidinium cation (NMQ), exhibits a good fit
for encapsulation in the assembly 1a·2. 1H NMR studies
were performed in D2O/Na2B4O7·10H2O. The propyl side
chain of 2 was used as a probe to detect guest encapsulation
(Scheme 2, Figure 4). According to the model (Scheme 2)


the inclusion of a suitable guest molecule should result in
the extrusion of the alkyl chain from the capsuleMs
cavity.[18,19]


Changes in the chemical shifts of the signals of the pro-
tons of the amidinium propyl chains (DdHa=0.17, DdHb=
0.15, DdHc=0.17 ppm) were observed upon addition of
30 equivalents of N-methylquinuclidinum chloride to a
1.2mm solution of 1a·2 (Figure 4) in D2O/Na2B4O7·10H2O.
A slight downfield shift was also observed for the a-proton
of compound 1a. The chemical shifts of the other protons,
including the ones of the guest, did not show significant
changes. The fact that there is only one set of resonances of
the guest indicates that the encapsulation is a fast process
on the NMR timescale. Therefore, the chemical shifts are
averaged signals between free and complexed NMQ. A
1H NMR titration was performed by adding increasing
amounts of NMQ chloride to a solution of 1a·2 in D2O/
Na2B4O7·10H2O, giving an association constant Ka=36�
12m�1.
An experiment to detect chemical shift changes in the


guest by adding increasing amounts of the capsule 1a·2 to a
1N10�4m solution of the guest in D2O/Na2B4O7·10H2O was
also performed. Due to solubility reasons only an excess of
ten equivalents of the capsule could be reached; this did not
result in significant changes in the guestMs resonances (Dd=
0.005 ppm). Interestingly, addition of an excess (up to
100 equiv) of acethylcholine (Ach) and tetramethylammoni-
um (TMA) chloride to a solution of 1a·2 in D2O/
Na2B4O7·10H2O did not show any indication for guest en-
capsulation. As reported by Rebek, binding of molecules in
the cavity of a molecular capsule in solution can be expected
when the packing coefficient (PC), that is, the ratio of the
guest volume to the host volume, is around 0.55.[26] Presuma-
bly, even if the ACh and TMA cations could fit into the cap-
suleMs cavity their PCs are too small for the encapsulation to
occur.
A calorimetric titration of 2 with 1a in presence of a large


excess (60 equiv) of NMQ chloride was performed. The ex-
perimental data were consistent with a 1:1 binding mode
with an association constant Ka of the same order of magni-
tude as that found in absence of the NMQ; this fact rulesScheme 2. Model for guest encapsulation.


Figure 4. Part of the 1H NMR spectra (Na2B4O7·10H2O, D2O, 298 K) for
a) 1a·2 and b) 1a·2 + 30 equiv of NMQ chloride.
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out the possibility that the addition of NMQ, being a charg-
ed guest, dissociates the capsule.
The encapsulation of the NMQ cation was also supported


by mass spectrometry. The ESI-MS spectrum of an aqueous
solution of 1a·2 containing 30 equivalents of NMQ chloride
shows signals at m/z of 2222.6 and 2347.7 corresponding to
[(1a·2)+H]+ and [(1a·2)+NMQ]+ , respectively (Figure 5).


Analogous results were obtained by using FAB mass spec-
trometry (FAB-MS). Signals at m/z 2222.6 and 2244.4 corre-
sponding to [(1a·2)+H]+ and [(1a·2)+Na]+ , respectively,
and m/z 2347.7 and 2369.7 corresponding to
[(1a·2)+NMQ]+ and [(1a·2�H+Na)+NMQ]+ , respectively,
were observed. An additional experiment with FAB-MS was
performed: the addition of a small amount of K2CO3 result-
ed in a shift of the peaks of 16 mu, indicating the exchange
between the Na+ for the K+ ion, which confirms the molec-
ular weight of the complexes.
To identify suitable guest molecules for the molecular


capsule 1a·2, a computational method (docking) was utiliz-
ed, which allows for rapid screening of molecular databases
for potential guest molecules on the basis of their steric and
electrostatic complementarity to a receptor. Docking tech-
niques are often used in medicinal chemistry to identify new
leads or to suggest possible binding modes of known li-
gands.[27–29] Applications involving the screening of molecu-
lar databases requires a simplified representation of the
binding pocket of a protein or receptor from a crystal struc-
ture by, for instance, a number of spheres or interaction site
points. Subsequently, a large number of potential substrates
are fitted into this binding site model and the docking algo-
rithm decides whether the interaction energy of each guest
in the binding site is favorable or unfavorable. Suitable ori-
entations within the cavity for molecules from the database
are obtained by the DOCK 4.0 (see Experimental Section)
by superimposing atoms of the ligands onto the spheres de-
scribing the cavity of the host. A maximum of 75 orienta-
tions was generated per ligand, with those matches that
have the smallest differences in distances between the atoms


in the ligand and the spheres describing the cavity being
generated first.
In the absence of an X-ray crystal structure, a molecular


modeling study provided the conformation of the molecular
capsule 1a·2 that was used for docking of the available
chemicals database (ACD; Figure 6).


Docking into the molecular capsule 1a·2 was a challeng-
ing exercise due to the small size/volume ratio and the ex-
tremely charged nature of the assembly. Potential guest mol-
ecules with molecular weights below 250 were selected from
the ACD database of commercially available chemicals
(MDL, San Leandro, USA). After filtering out molecules
with reactive functionalities, a database of 27999 compounds
was obtained. A further selection was made retaining only
those molecules possessing a 0 or 1 charge. This yielded a
database containing 22818 molecules for docking. Two dif-
ferent scoring functions were used for docking of the select-
ed ACD molecules to 1a·2. The “energy scoring”, which ap-
plies a grid-based representation of the AMBER force field,
provided a large number of neutral molecules with hydro-
gen-bond donor groups (�OH and/or �NH) for the interac-
tion with the oxygen of the ethylene glycol chains located at
the lower rim of the components of the capsule 1a·2. Most
of the molecules also have polar groups that could interact
with the belt of carboxylate–amidinium moieties. The
“chemical scoring” function, however, provided quite hydro-
phobic molecules with some polar functionalities that could
interact with the charges that hold the capsule together.
Based on cost and commercial availability, a restricted


number of guest molecules were selected for experimental
screening. To obtain a rapid indication as to whether a guest


Figure 5. Portion of the ESI-MS spectrum (D2O/Na2B4O7·10H2O) of 1a·2
+ 30 equiv of NMQ chloride.


Figure 6. Conformation of the molecular capsule 1a·2 used for docking
study. The propyl chains of 2 are pointing outside the capsuleMs cavity.
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binds or not, 1H NMR experiments were performed. This
method takes advantage of the downfield shifts of the pro-
tons of the propyl chains of 2 upon addition of the guest
molecules; this shift is considered an indication of guest en-
capsulation (Scheme 2). The study was performed by adding
the pure compounds to a solution of the preformed molecu-
lar capsule 1a·2 in D2O/Na2B4O7·10H2O. Unfortunately,
most of the guest molecules provided by the docking studies
are very insoluble in D2O/Na2B4O7·10H2O and their addi-
tion to the host solution resulted in precipitation. A further
limitation was due to the fact that 2 undergoes hydrolysis
over time or with heat. Therefore, no heating was allowed
for dissolution of the guest molecules and their encapsula-
tion, limiting the amount of studies that could be per-
formed.
However, among the selected molecules, compounds 6–10


showed good indication of guest encapsulation as their addi-
tion to a solution of 1a·2 shifted the signals for the protons
of the propyl side chains of 2 downfield (Table 2).[30] More-


over, in all the cases, small but reproducible changes were
also observed for the methylene, a, and CH3 protons of the
alanine moieties of 1a (Dd�0.05 ppm).[31]
Among the guest molecules studied for encapsulation, 6-


amino-2-methylquinoline (10) is the one that shows better
solubility under the experimental conditions reported above.
For this reason we decided to further investigate its binding
to the capsule 1a·2 by 1H NMR spectroscopy. According to
the docking studies, compound 10 is expected to be included
into the capsule with its �NH2 group pointing towards the


first oxygen atom of one of the ethylene glycol chains locat-
ed at the lower rim of the calix[4]arene. In this way the pro-
tons of the aniline ring of the guest would reside in the core
of the calix[4]arene and, therefore, experience the shielding
provided by the aromatic rings of the aromatic scaffold.
Interestingly, upon addition of an excess of 10 to a 0.5mm


solution of 1a·2 in D2O/Na2B4O7·10H2O significant upfield
shifts of the resonances of the guest were observed, accom-
panied by small downfield shifts for the protons of the
propyl chains of 2 (Table 2).
Additionally, 1H NMR experiments were carried out to


assess whether the upfield shifts observed for the resonances
of the guest 10 were generated from the binding to one of
the calix[4]arene components or indeed to inclusion in the
capsuleMs cavity. Addition of one equivalent of 1a to a 1mm


solution of 10 in D2O/Na2B4O7·10H2O caused an upfield
shift for the protons of the guest (Figure 7 and Table 3), ac-


companied by an upfield shift change for the a proton of
the alanine moieties. These results indicate that there is an
interaction between the guest and 1a, most likely an inclu-
sion complex of the aniline ring of the guest into the core of


Table 2. 1H NMR chemical shift changes (downfield) for the protons of
the propyl side chains of 2 upon addition of an excess (25–30 equiv) of
guest molecules to the capsule 1a·2. (D2O/Na2B4O7·10H2O, 298 K). For
assignment of Ha, Hb and Hc see Figure 4.


Guest DdHa DdHb DdHc


6 0.13 0.06 0.1
7 0.09 0.08 0.07
8 0.13 0.05 0.07
9 – – 0.04
10 0.03 0.03 0.02


Table 3. 1H NMR chemical shift changes [ppm] for the protons of 6-
amino-2-methylquinoline (10) for the binding to the tetraalanine calix[4]-
arene 1a and to the capsule 1a·2 (Na2B4O7·10H2O, D2O, 298 K). For as-
signment of the protons see Figure 7.


10 10 + 1 equiv 1a 10 + 1 equiv 1a·2
dfree Dd=d�dfree Dd=d�d1a


Hi 7.04 0.24 �0.16
Hl 7.23 0.35 �0.25
Hm 7.94 0.32 �0.21
Hn 7.68 0.12 �0.10
Ho 7.22 0.04 –
Hp 2.51 0.08 �0.05


Figure 7. Part of the 1H NMR spectra (Na2B4O7·10H2O, D2O, 298 K) of
a) 6-amino-2-methylquinoline 10, b) 10 + 1 equiv 1a, and c) 10 +


1 equiv 1a + 1 equiv 2.
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the calix[4]arene as, suggested by the largest upfield shifts
experienced by the protons Hi, Hl, and Hm. (In contrast, the
addition of one equivalent of 2 to a 1mm solution of the
same guest led only to slight upfield shifts of the guestMs res-
onances.) The subsequent addition of one equivalent of the
tetraamidinium calix[4]arene 2 caused a downfield shift of
the resonances of the guest towards the position of the free
guest (Figure 7), while the tetraamidiniumcalix[4]arene 2
shows the characteristic upfield shifted signals for the pro-
tons of the propyl side chains indicative for capsule forma-
tion.
The partial downfield shift experienced by the guestMs res-


onances can be ascribed either to a partial dissociation of
the complex 1a·10 upon addition of 2 and subsequent for-
mation of the capsule 1a·2 (which results in an increase in
the amount of guest free in solution), or simply to a rear-
rangement of the guest inside the cavity of 1a upon forma-
tion of the complex 1a·2@10 (Scheme 3).


As a control experiment, an excess of calix[4]arene 2 (up
to three equivalents) was added to the 1:1 solution of 1a·2
and 10. No additional upfield shifts in the resonances of the
protons of the guest were observed upon addition of 2. If
the guest was expelled from the cavity all the guest signals
should have had the chemical shifts of the free guest, or at
least shift further towards the chemical shifts for the free
guest. The fact that the upfield shifts are retained at least
partly even in the presence of an excess of tetraamidinumca-
lix[4]arene 2 is a good indication that the guest resides in
the capsuleMs cavity.
A 1H NMR titration was performed by adding increasing


amounts of capsule 1a·2 to a solution of 10 in D2O/
Na2B4O7·10H2O. The titration caused small but reproducible
changes in the resonances of the guest.[32] The corresponding
isotherm could be fitted to a 1:1 model and gave a binding
constant Ka of 2N10


3
m


�1 (Figure 8).


Conclusion


The results reported in this paper demonstrate that water-
soluble molecular capsules are easily obtained upon intro-


duction of amino acid groups at the upper rim of one of the
calix[4]arene components. The strength of the ionic interac-
tions allows the formation of stable molecular assemblies in
pure water, with association constants Ka~105m�1.
ITC studies have shown that although the association con-


stants for the assembly of the molecular capsules 1a·2 and
1b·2 in water are similar; the length of the side chain of the
different amino acid moieties strongly influences the ther-
modynamic parameters of binding. Docking against 1a·2 al-
lowed the identification of several guest molecules that are
encapsulated in the molecular capsule. The ability of 1a·2 to
encapsulate guest molecules in water could open new ways
for the use of supramolecular structures as molecular recep-
tors or drug delivery systems in physiological media.


Experimental Section


General information and instrumentation : The reagents used were pur-
chased from Aldrich or Acros Chimica and used without further purifica-
tion. All the reactions were performed under nitrogen atmosphere. Ana-
lytical thin-layer chromatography was performed using Merk 60F254 silica
gel plates. 1H and 13C NMR spectra were recorded on a Varian Unity
INOVA (300 MHz) or a Varian Unity 400 WB NMR spectrometer.
1H NMR chemical shift values (300 MHz) are reported as d in ppm, with
the residual solvent signal as an internal standard (CHD2OD: d=3.30;
HDO: d=4.67 ppm). 13C NMR chemical shift values (100 MHz) are re-
ported as d in ppm using the residual solvent signal as an internal stan-


Scheme 3. Schematic representation of the two possible complexes
formed upon addition of one equivalent of 2 to 1a·10.


Figure 8. Chemical shift changes for protons Hm (top) and Hp (bottom)
experienced by the 6-amino-2-methylquinoline (10) upon addition of in-
creasing amount of 1a·2. The line represents the fit to a 1:1 binding
model.
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dard (CD3OD: d=49.0 ppm). Infrared spectra were recorded on a FT-IR
Perkin–Elmer Spectrum BX spectrometer and only characteristic absorp-
tions are reported. Fast atom bombardment (FAB) mass spectra were re-
corded with a Finnigan MAT 90 spectrometer. Electrospray ionization
(ESI) mass spectra were recorded on a Micromass LCT time-of-flight
(TOF) mass spectrometer. Samples were introduced using a nanospray
source. Elemental analyses were carried out using a 1106 Carlo-Erba
Strumentazione element analyzer. Compound 3 was synthesized accord-
ing to a literature procedure.[33]


Calorimetric measurements : The titration experiments were carried out
by using a Microcal VP-ITC microcalorimeter with a cell volume of
1.4115 mL. The titrations were performed in a 10mm solution of
Na2B4O7·10H2O in H2O. The formation of the assemblies 1a,b·2 and 3·2
was studied by adding aliquots of a 1mm solution of 2 in H2O/
Na2B4O7·10H2O to a 0.1 mm solution of 1a,b or 3 in H2O/
Na2B4O7·10H2O, in the calorimetric cell, and monitoring the heat change
after each addition. Dilution effects were determined in a second experi-
ment by adding the same 1mm solution of 2 in H2O/Na2B4O7·10H2O into
the solvent and subtracting this contribution from the raw titrations to
produce the final binding curves. The association constants were deter-
mined by applying a 1:1 binding model using Microcal OriginQ.
1H NMR spectroscopy : The titrations were performed in a 10mm solution
of Na2B4O7·10H2O in D2O. A solution containing 1mm of 1a·2 and
200mm of N-methylquinuclidinium chloride in D2O/Na2B4O7·10H2O was
added in numerous aliquots to a 1mm solution of 1a·2 in D2O/
Na2B4O7·10H2O, and the observed chemical shift was recorded after each
addition.


In the case of 6-amino-2-methylquinoline (10) titrations were carried out
by adding increasing amounts of a solution containing 0.3mm of 1a·2 and
1.0mm of 10 in D2O/Na2B4O7·10H2O to a 0.3mm solution of 1a·2 in D2O/
Na2B4O7·10H2O and following the chemical shift changes of 10. The
binding of 10 to 2 and 1a was evaluated in separate titrations. The associ-
ation constants were calculated by fitting the experimental spectral
changes to a 1:1 binding model.


Docking : A model of the molecular capsule 1a·2 with N-methylquinucli-
dinium (NMQ) as a guest was created by using Quanta97 (Accelrys, San
Diego, USA) and minimized with CHARMm.[34–36] Since NMQ is the
largest known ligand of 1a·2, its inclusion in the capsule prior to docking
ensures the cavity in 1a·2 is of a suitable size for ligand binding. The
minimized structure was used for docking with DOCK 4.0 with default
parameters.[37] The minimized N-methylquinuclidinium coordinates were
used as spheres to match with non-hydrogen atoms of small molecules in
the ACD database of commercially available chemicals (MDL, San
Leandro, USA). After filtering out molecules in the ACD database with
reactive functionalities or a molecular weight >250, a database of 27999
compounds was obtained. The selection was further refined, retaining
only those molecules possessing a 0 or 1 formal charge. This yielded a
final database containing 22818 molecules for docking. All ACD com-
pounds were docked in a single, CORINA-generated conformation[38]


with Gasteiger–Marsili charges.[39] Scoring of the interactions with the
host was done with two different scoring functions: a grid-based version
of the AMBER[40] force-field intermolecular energy and a scoring func-
tion called “chemical scoring”, which penalizes interactions between non-
complementary functional groups in the guest/host complex (i.e. polar/
nonpolar).[41] The 250 best docking results for the host were visually in-
spected with VIDA (OpenEye Scientific Software, Santa Fe, USA).


5,11,17,23-(Carbonyl-N-l-alanine)-25,26,27,28-tetrakis(2-ethoxyethoxy)-
calix[4]arene (1a): Compound 3 (340 mg, 0.38 mmol) was dissolved in
CCl4 (1 mL) and 1 drop of DMF under N2. SOCl2 (0.15 mL, 2.10 mmol)
was added to the solution at 0 8C and the resulting mixture was stirred
for 2 h at 50 8C. The solvent was removed under vacuum to afford com-
pound 4, which, without further purification, was dissolved in dry CH2Cl2
(5 mL) and added to a mixture of H-l-Ala-OMe·HCl (222 mg,
1.59 mmol), DMAP (17.7 mg, 0.145 mmol) and Et3N (0.47 mL, 3.4 mg) in
dry CH2Cl2 (10 mL). The reaction mixture was stirred under N2 for 24 h
at 25 8C. The reaction course was followed by TLC (silica gel, CH2Cl2/
acetone 5:1). The reaction mixture was diluted with ethyl acetate and
washed with citric acid (0.5m), NaHCO3, and brine. The solvent was then


removed under vacuum and compound 5a was purified by column chro-
matography with toluene/ethanol (95:5) as the eluent. Compound 5a
(200 mg, 0.16 mmol) was dissolved in MeOH/H2O/THF (3:1:1; 7 mL) and
added to a solution of LiOH (76.6 mg, 3.2 mmol) in MeOH/H2O (3:1;
4 mL). The reaction was stirred for 24 h at 25 8C. The solvent was then
removed under vacuum. Upon re-dissolution in H2O and addition of 1n
HCl, compound 1a was obtained as a white precipitate. Yield: 54%;
1H NMR (300 MHz, CD3OD): d=7.38 (s, 4H), 7.35 (s, 4H), 4.68 (d, J=
13.2 Hz, 4H), 4.33 (q, J=7.5 Hz, 4H), 4.26 (t, J=4.8 Hz, 8H), 3.90 (t, J=
4.8 Hz, 8H), 3.55 (q, J=7.2 Hz, 8H), 3.33 (d, J=13.2 Hz, 4H), 1.45 (d,
J=7.2 Hz, 12H), 1.21 ppm (t, J=7.2 Hz, 12H); 13C NMR (300 MHz,
CD3OD): d=170.63, 163.41, 154.51, 130.26, 130.10, 123.57, 123.07, 69.01,
64.98, 61.84, 26,35, 25.10, 12.67, 10.58 ppm; IR (KBr): ñ=3365, 2977,
1732, 1621, 1538, 1456, 1209, 1120 cm�1; MS (ESI-MS): m/z calcd for
[C60H76N4O20Na]: 1195.5; found 1194.5 [M+Na]+ ; elemental analysis
calcd (%) for C60H76N4O20: C 61.42, H 6.53, N 4.75; found: C 62.07, H
6.83, N 4.21.


5,11,17,23-(Carbonyl-Ne-tBoc-l-lysine)-25,26,27,28-tetrakis(2-ethoxyeth-
oxy)calix[4]arene (1b): Compound 3 (340 mg, 0.38 mmol) was dissolved
in CCl4 (1 mL) and 1 drop of DMF under N2. SOCl2 (0.15 mL,
2.10 mmol) was added to the solution at 0 8C and the resulting mixture
was stirred for 2 h at 50 8C. The solvent was removed under vacuum to
afford compound 4, which, without further purification, was dissolved in
dry CH2Cl2 (5 mL) and added to a mixture of H-l-Lys(t-Boc)-OMe·HCl
(493 mg, 1.83 mmol), DMAP (20.3 mg, 0.17 mmol), and Et3N (0.5 mL,
3.90 mmol) in dry CH2Cl2 (10 mL). The reaction mixture was stirred
under N2 for 24 h at 25 8C. The reaction course was followed by TLC
(silica gel, CH2Cl2/acetone 5:1). The reaction mixture was diluted with
ethyl acetate and washed with citric acid (0.5m), NaHCO3, and brine.
The solvent was then removed under vacuum to afford compound 5b,
which was purified by column chromatography using toluene/ethanol
(90:1) as the eluent. Compound 5b (200 mg, 0.11 mmol) was dissolved in
MeOH/H2O/THF (3:1:1; 7 mL) and added to a solution of LiOH
(52.7 mg, 2.2 mmol) in MeOH/H2O (3:1; 4 mL). The reaction was stirred
for 24 h at 25 8C. The solvent was then removed under vacuum. Upon re-
dissolution in H2O and addition of 1n HCl, compound 1b was formed as
a white precipitate. Yield: 45%; 1H NMR (400 MHz, CD3OD): d=7.38
(s, 4H), 7.36 (s, 4H), 4.69 (d, J=10.6 Hz, 4H), 4.42 (t, J=7.2 Hz, 4H),
4.26 (t, J=6.8 Hz, 8H), 3.91 (t, J=6.8 Hz, 8H), 3.56 (q, J=9.2 Hz, 8H),
3.35 (d, J=10.2 Hz, 4H), 3.04 (t, J=8.8 Hz, 4H) 1.84 (m, 8H), 1.48 (m,
8H) 1.40 (m + s, 16H + 36H), 1.20 ppm (t, J=9.6 Hz, 12H); 13C NMR
(300 MHz, CDCl3): d=176.01, 170.05, 160.61, 158.46, 136.13, 129.59,
129.14, 79.82, 75.02, 71.00, 67.40, 54.42, 41.22, 32.15, 30.64, 28.84, 24.58,
15.72 ppm; IR (KBr): ñ=3365, 2977, 1732, 1621, 1538, 1456, 1209,
1120 cm�1; MS (ESI-MS): m/z calcd for [C92H136N8O28Na]: 1823.9; found:
1824.5 [M+Na]+ ; elemental analysis calcd (%) for C92H136N8O28: C 61.32,
H 7.61, N 6.22; found: C 60.64, H 7.39, N 6.47.
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Introduction


Disk- and star-shaped molecules like hexasubstituted ben-
zene derivatives with six functional side chains have re-
ceived considerable attention over the last two decades due
to their interesting properties such as being discotic liquid
crystals,[1] nonlinear optical materials,[2] core structures for
dendritic[3] as well as light-harvesting materials.[4] Suitably
hexasubstituted benzene derivatives have been designed as
hosts and complex-forming ligands with considerable poten-
tial.[5] An elegant route to hexaalkylbenzenes is by sixfold
alkylation of hexamethylbenzene activated as a cationic cy-
clopentadienyliron complex under basic conditions as devel-
oped by Astruc et al.[6] The sixfold coupling of hexahaloben-
zenes with alkynes and alkenes under palladium catalysis
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Supporting information for this article is available on the WWW
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pages of preparative procedures for starting materials and intermedi-
ates.


Abstract: Palladium-catalyzed sixfold
coupling of hexabromobenzene (20)
with a variety of alkenylboronates and
alkenylstannanes provided hexaalke-
nylbenzenes 1 in up to 73% and 16 to
41% yields, respectively. In some cases
pentaalkenylbenzenes 21 were isolated
as the main products (up to 75%).
Some functionally substituted hexaal-
kenylbenzene derivatives containing
oxygen or sulfur atoms in each of their
six arms have also been prepared (16
to 24% yield). The sixfold coupling of
the less sterically encumbered
2,3,6,7,10,11-hexabromotriphenylene
(24) gave the desired hexakis(3,3-di-
methyl-1-butenyl)triphenylene (25) in
93% yield. The first successful cross-
coupling reaction of octabromonaph-
thalene (26) gave octakis-(3,3-dimeth-
yl-1-butenyl)naphthalene (27) in 21%


yield. Crystal structure analyses dis-
close that, depending on the nature of
the substituents, the six arms are posi-
tioned either all on the same side of
the central benzene ring as in 1a and
1 i, making them nicely cup-shaped
molecules, or alternatingly above and
below the central plane as in 1h and
23. In 27, the four arms at C-1,4,6,7 are
down, while the others are up, or vice
versa. Upon catalytic hydrogenation,
1a yielded 89% of hexakis(tert-butyl-
ethyl)benzene (23). Some efficient ac-
cesses to alkynes with sterically de-
manding substituents are also de-
scribed. Elimination of phosphoric acid
from the enol phosphate derived from


the corresponding methyl ketones gave
1-ethynyladamantane (3b, 62% yield),
1-ethynyl-1-methylcyclohexane (3c,
85%) and 3,3-dimethylpentyne (3e,
65%). 1-(Trimethylsilyl)ethynylcyclo-
propane (7) was used to prepare 1-eth-
ynyl-1-methylcyclopropane (3d) (two
steps, 64% overall yield). The function-
ally substituted alkynes 3 f–h were syn-
thesized in multistep sequences starting
from the propargyl chloride 11, which
was prepared in high yields from the
dimethylpropargyl alcohol 10 (94%).
The alkenylstannanes 19 were prepared
by hydrostannation of the correspond-
ing alkynes in moderate to high yields
(42–97%), and the alkenylboronates 2
and 4 by hydroboration with catechol-
borane (27–96% yield) or pinacolbor-
ane (26–69% yield).


Keywords: alkynes · bromoarenes ·
cross-coupling · palladium
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offers another interesting access to a group of aesthetically
appealing molecules. Vollhardt et al.[7] reported the first suc-
cessful sixfold Sonogashira–Hagihara coupling[8] of hexabro-
mobenzene with terminal alkynes to yield hexakis(trimethyl-
silylethynyl)- and hexakis(trimethylsilylbutadiynyl)benzene.
Sixfold Heck coupling[9] of hexabromobenzene with styrene
and substituted styrenes under conditions of the Jeffery pro-
tocol[10] readily occurred, and gave very good yields of prod-
ucts showing the correct relative molecular masses, but
NMR spectroscopy disclosed that these products were
multi-component mixtures of different isomers, apparently
formed by additional intramolecular 5-exo-trig-cyclizations
during the consecutive palladium-catalyzed alkenylation of
an intermediate o-bromostilbene unit[11] on the central ben-
zene ring.[9b,c,12] Since pure hexastyrylbenzene derivatives 1
(R = Ar) could never be isolated from these mixtures, and
since such side reactions cannot occur in Suzuki[13] and
Stille[14] couplings, we turned our attention to the latter cou-
pling protocols to access C6-symmetric hexaalkenylbenzene
derivatives 1. Herein we report convenient syntheses of sev-
eral of these molecules and an extension of this approach to
compounds with larger aromatic cores.


Results and Discussion


Preparation of various alkenylboronates and alkenylstan-
nanes : In order to be able to test the possibilities of carrying
out sixfold Suzuki- and Stille-type couplings with hexabro-
mobenzene (20), a number of 2-substituted ethenylboro-
nates 2 and 4 and trialkylethenylstannanes 19 were prepared
by hydroboration and hydrostannylation, respectively, of the
corresponding terminal alkynes 3.


The hydroborations were performed with catecholborane,
described by Brown et al. ,[15] and pinacolborane introduced
by Knochel et al.[16] One advantage of the pinacol boronates
4 over the catechol boronates 2 is their stability towards
water. In addition, the hydroborations of terminal alkynes 3
with pinacolborane occur under milder conditions than
those with catecholborane (Scheme 1). The low yields of the
pinacol (2-tert-butylethenyl)boronate 4a and the (2-tert-pen-
tylethenyl)boronate 4e are due to losses upon purification
by chromatography on silica gel. Flash chromatography, as
applied to the hydroboration products 4g and 4h, provided
higher yields (Table 1).[17]


For the synthesis of adamantylethyne (3b), a much more
efficient route than the published one[18] was developed.
Commercially available adamantanecarboxylic acid (5b)
was converted to the methyl ketone 6b, and this was trans-


formed via the enol phosphate into the alkyne 3b (overall
yield for the two operations 60%, Scheme 2).[19] The same
sequence was applied to prepare (1’-methylcyclohexyl)-
ethyne (3c) from 1-methylcyclohexanecarboxylic acid (5c)
in 76% overall yield.


(1’-Methylcyclopropyl)ethyne (3d) was prepared by treat-
ment of the lithiated species of (2’-trimethylsilylethynyl)cy-
clopropane (7)[20] with dimethyl sulfate followed by hydro-
desilylation in 64% overall yield.[21]


Scheme 1. Hydroboration of terminal alkynes 3. For details see Table 1.


Table 1. Hydroboration of terminal alkynes 3 to catechol boronates 2
and pinacol boronates 4 (see Scheme 1).


3 R 2 [%] 4 [%]


a tert-butyl 91 37
b 1-adamantyl 96 –
c 1-methylcyclohexyl 61 –
d 1-methylcyclopropyl 31 –
e tert-pentyl 29 26
f 1,1-dimethyl-4-methoxybutyl – 36
g 1,1-dimethyl-3-thiomethylpropyl – 69
h 1,1-dimethyl-3-methoxypropyl 27 68


Scheme 2. Syntheses of sterically encumbered alkynes 3 from corre-
sponding carboxylic acids 5 via methyl ketone enol phosphates, from
silyl-protected cyclopropylacetylene 7 and from 3,3-dimethylpentanone
(9).
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Due to the low boiling point of tert-pentylethyne (3e), it
is difficult to obtain a pure product by the method presented
above for 3b and c. A significantly improved method com-
pared to that reported by Meshcheryakov et al.,[22] was used.
The direct dehydrochlorination with KOH in 2-ethoxyetha-
nol of the crude product obtained by the chlorination of 3,3-
dimethylpentanone with PCl5 gave 3e in 65% yield
(Scheme 2).


The functionally substituted alkynes 3 f–h were prepared
from dimethylpropargylic alcohol 10 (Scheme 3), following
in part literature procedures.[23,24] Thus, the tertiary alcohol
10 was transformed in high yield (94%) into the chloride
11.[25] Treatment of 11 with diethyl sodiomalonate gave the
substituted malonate 12 (62%) which,[26] upon heating with
sodium bromide in moist dimethyl sulfoxide, underwent
clean desethoxycarbonylation to give the monoester 13
(88%). The latter was reduced with LiAlH4 to the primary
alcohol 16 (90%), part of which was methylated to yield the
methoxypropyl-substituted alkyne 3h (81%). Another ali-
quot of the alcohol 16 was converted in almost quantitative
yield to the corresponding mesylate 15 (99%), which upon
treatment with methylmercaptane in the presence of sodium
methoxide provided the methylthiopropyl-substituted
alkyne 3g (67%). A fraction of the mesylate 15 was also
transformed with sodium cyanide to the nitrile 14 (91%)
which was saponified to the hexynoic acid 17 (94%). Reduc-
tion to the corresponding alcohol 18 (98%) followed by
methylation, provided the methoxybutyl-substituted alkyne
3 f (55%).


Tri-n-butylstannylethene derivatives 19 as reagents to be
applied in Stille cross-couplings of 20 were prepared by hy-
drostannylation[27] of the corresponding alkynes 3 with tri-n-
butyltin hydride at 80 8C without any solvent (Scheme 4).


Compounds 19 were obtained as mixtures of (E)- and (Z)-
diastereomers in moderate to very high yields (42–97%).
The particularly low yield of 19k was due to partial decom-
position of the product upon distillation at a rather high
temperature. The E/Z-isomer ratios (Table 2) were deter-
mined after distillation from the 1H NMR spectra. E/Z-dia-
stereomeric mixtures of 19 were used without separation,
because the Stille cross-coupling always yields the thermo-
dynamically more stable (E)-isomers.[28,29]


Sixfold cross-couplings with hexabromobenzene : An initial
attempt to perform a sixfold coupling of hexabromobenzene
(20) with tert-butylethenylboronate 2a, applying
[PdCl2(PPh3)2] as a catalyst and sodium ethoxide in ethanol
as a base, only led to partial dehalogenation of 20. This kind
of reductive dehalogenation has frequently been observed in
Suzuki couplings,[13a] and found to be suppressed upon use
of sodium hydroxide as a base. Under optimized conditions
{[PdCl2(PPh3)2], NaOH, toluene/THF (1:1), 100 8C, 24 h} the
cross-coupling of 20 with 2a gave hexakis-(tert-butylethe-
nyl)benzene (1a) in 73% yield.[30] This corresponds to an
average yield of 95% for each cross-coupling step.


In an attempt to further optimize this coupling, cesium
fluoride[31] and barium hydroxide,[32] which have been re-
ported to be particularly efficient bases for the Suzuki reac-
tion, were also tested. However, the yield of 1a was signifi-
cantly lower in both cases (5 and 22%, respectively), and
with barium hydroxide a small amount (9%) of the partially
reduced fivefold coupling product pentakis(3,3-dimethyl-1-
butenyl)benzene (21a) was obtained. With the pinacol ethe-
nylboronate 4a and sodium hydroxide under the conditions
optimized for catechol (3,3-dimethyl-1-butenyl)boronate
(2a), 1a was obtained in 45% yield along with 38% of 21a.
The formation of such reduction products must be a conse-
quence of the steric shielding of the palladium residue on
the benzene ring after oxidative addition of the vicinally di-
alkenyl-substituted bromoarene by which the rate of trans-
metallation will be reduced, so that the transfer of hydride
from a different source to palladium can compete with the
transfer of the alkenyl residue. It has been reported that
such dehalogenation products can also be derived from re-


Scheme 3. Syntheses of functionally substituted alkynes 3 f–h. a) CaCl2,
CuCl2, Cu, conc. HCl, 0 8C, 1 h; b) NaCH(COOEt)2, EtOH; c) NaBr,
DMSO (wet), 180 8C, 20 h; d) LiAlH4, Et2O; e) NaCN, DMSO, r.t., 19 h;
f) MeSO2Cl, Et3N, CH2Cl2, 0 8C, 30 min; g) NaOH, EtOH, H2O, 100 8C,
17 h; h) HSMe, NaOMe, MeOH, r.t., 18 h; i) NaH, Et2O, MeI; j) LiAlH4,
Et2O, 36 8C, 1 h; k) NaH, Et2O, MeI.


Scheme 4. Hydrostannylation of terminal alkynes 3. For details see
Table 2.


Table 2. Hydrostannylation of terminal alkynes 3 with tri-n-butyltin hy-
dride (see Scheme 4).


3 R Yield of 19 [%] E :Z


a tert-butyl 72 9:1
b 1-adamantyl 91 9:1
i trimethylsilyl 97 9:1
j phenyl 86 9:1
k 3,5-di-tert-butylphenyl 42 5:1
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duction of arylpalladium hydroxide intermediates with tri-
phenylphosphine.[33]


Even under the optimized conditions, attempted analo-
gous cross-coupling reactions of hexabromobenzene (20)
with styryl- and n-nonenylboronates did not yield any of the
sixfold coupling products,[29] but only octadecadiene 22 as
the homocoupling product of the corresponding boronate,
when dichloro[1,1-bis(diphenylphosphano)ferrocene]palladi-
um in THF/DMF was applied. With [PdCl2(PPh3)2], only a
mixture of reduction products derived from hexabromoben-
zene (20) was obtained. Apparently, the tert-butyl groups in
2a are essential for the success of the sixfold coupling, and
indeed catechol (alkenyl)boronates with other tert-alkyl
groups gave the corresponding sixfold coupling products 1c–
h reasonably well in yields ranging from 10 to 44%
(Table 3).


The coupling of the sterically most encumbered (2-ada-
mantylethenyl)boronate 2b yielded only a small amount
(6%) of the corresponding hexakisadamantylethenyl deriva-
tive 1b. To achieve this, the palladacycle from palladium
acetate and tris(o-tolyl)phosphine first reported by Herr-
mann and Beller,[34] had to be used, while for all other alke-
nylboronates with mimics of the tert-butyl group bis(triphe-
nylphosphine)palladium dichloride could be applied. In
most cases the pentakis(tert-alkylethenyl)benzene deriva-
tives 21 (Scheme 5) resulting from reductive removal of one
of the six bromine substituents was isolated as the major
product (up to 75%). In addition, small amounts of the 1,4-
disubstituted butadienes 22c,d, f–h, arising from homocou-
pling of the corresponding alkenylboronates 2/4, were
obtained.[13f, 32b,35]


To test the accessibility of hexaalkenylbenzenes 1 by the
Stille cross-coupling reaction, sixfold alkenylations of hexa-
bromobenzene (20) with various 2-substituted (tri-n-butyl-
stannyl)ethenes 19 were carried out in refluxing toluene
with the palladacycle catalyst developed by Beller and Herr-


mann.[34] For each bromine substituent on the arene approxi-
mately 1 mol% of the catalyst was used, and the reaction
time was increased to up to 5 d (Scheme 6, Table 4). The
coupling of the tert-butylethenylstannane 19a gave 1a in a
moderate yield of 35%. The sixfold Stille coupling was also
successful with the trimethylsilyl(ethenyl)stannane 19 i and
gave 1 i in an acceptable yield of 41%.[30] However, the at-
tempted coupling of 20 with the sterically encumbered (ada-
mantylethenyl)stannane 19b gave only an inseparable mix-
ture of 1b and pentakis[2-(1’-adamantyl)ethenyl]benzene.
The attempted sixfold Stille coupling of 20 with the (aryl-
ethenyl)tributylstannane 19k produced only an oil which ex-
hibited a strong fluorescence under UV light. NMR and
mass spectra indicated the presence of the sixfold coupling
product 1k in this oil, but it could not be purified any fur-
ther.


Szeimies et al. recently reported the sixfold cross-coupling
of 20 with 1-(tri-n-butylstannyl)cyclobutene applying
[Pd(PPh3)4] as a precatalyst leading to an air-sensitive hexa-


Table 3. Sixfold Suzuki coupling of hexabromobenzene (20) with a varie-
ty of alkenylboronates in THF/toluene (1:1) at 100 8C (Scheme 5).


Boronate Conditions[a] t [h] Product (Yield/%)


2a A, NaOH 24 1a (73)
2a A, CsF 24 1a (5)
2a A, Ba(OH)2 24 1a (22), 21a (9)
2a B, NaOH[b] 48 1a (24)
4a A, NaOH 24 1a (45), 21a (38)
2b B, NaOH[c] 48 1b (6), 21b (6)
2c A, NaOH 18 1c (44), 21c (54), 22c (3)
2d A, NaOH 24 1d (16), 21d (40)[d] , 22d (3)
2e A, NaOH 43 1e (10), 21e (55)
4e A, NaOH 24 1e (16), 21e (74)
4 f A, NaOH 24 1 f (18), 21 f (34), 22 f (6)
4g A, NaOH 24 1g (22), 21g (38), 22g (4)
2h A, NaOH 24 1h (16), 21h (75), 22h (8)
4h A, NaOH 24 1h (24), 21h (25), 22h (24)


[a] A : [PdCl2(PPh3)2]; B : trans-di(m-acetato)bis[2-(di-o-tolylphosphino)-
benzyl]dipalladium(ii). [b] Toluene, 90 8C. [c] Toluene, 110 8C. [d] Yield
determined from the NMR spectrum.


Scheme 5. Sixfold Suzuki coupling of hexabromobenzene (20) with vari-
ous alkenylboronates and side reactions. For details see Table 3.


Scheme 6. Sixfold Stille coupling of hexabromobenzene (20) with alke-
nylstannanes 19. For details see Table 4.


Table 4. Yields for the coupling of hexabromobenzene (20) with alkenyl-
stannanes 19 under various conditions (Scheme 6).


19 R Conditions[a] Yield of 1 [%]


a tert-butyl A, 120 8C, 4 d 35
b 1-adamantyl A, 110 8C, 3 d –[b]


i trimethylsilyl A, 100 8C, 1 d 41
j phenyl B, 110 8C, 4 d 16
k 3,5-di-tert-butylphenyl A, 110 8C, 5 d –[c]


[a] A : trans-Di(m-acetato)bis[2-(di-o-tolylphosphino)benzyl]dipalladi-
um(ii); B : [Pd(PPh3)4], CuI. [b] According to the 1H NMR spectrum, the
crude product contained 1b and pentakis[2-(1’-adamantylethenyl]ben-
zene (21b); an attempted purification failed. [c] The product 1k was
formed according to the 1H NMR and mass spectrum, but could not be
separated from by-products.
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alkenylbenzene derivative.[36] When hexabromobenzene (20)
was treated with tri-n-butyl(phenylethenyl)stannane (19 j)
in the presence of [Pd(PPh3)4] and copper iodide as a co-cat-
alyst, which is well known to accelerate Stille-type cou-
plings,[37] the sparely soluble hexakis(phenylethenyl)benzene
(1 j) was obtained in 16% yield which is lower than those of
the previously reported alternative approaches to 1 j.[2b]


Any of the attempted Suzuki- and Stille-type couplings of
hexabromobenzene (20) with alkenylboronates and -stan-
nanes without a tert-butyl group or a mimic thereof did not
furnish the corresponding sixfold coupling product at all or
at best in very low yield. Apparently, the steric demand of
the tert-butyl groups or its mimics is indispensible for these
sixfold couplings to occur with moderate to high yields, and
this may have to do with attractive van der Waals interac-
tions during the self-assembly in the consecutive coupling
steps. This leads to interestingly cup-shaped molecules with
all six arms on the same side of the central ring in the case
of 1a and 1 i (Figures 1 and 2).


Such molecules with six heteroatom-containing arms,
stretching out from a rigid central structure, do bind simple
cations.[5,39] In view of this, attempts were made to prepare
hexakisalkenylbenzene derivatives with six functionally sub-
stituted arms by sixfold cross-coupling of hexabromoben-
zene (20). In fact, the sixfold Suzuki coupling of 20 with cat-
echol 2h and pinacol (1,1-dimethyl-3-methoxypropyl)ethe-
nylboronate (4h), respectively, worked out to give the corre-
spondingly substituted hexakis[(1,1-dimethyl-3-methoxypro-
pyl)ethenyl]benzene (1h), albeit only in poor to moderate
yield of 16 and 24%, respectively. The corresponding meth-
ylthio-substituted analogue 1g was obtained from 20 with
4g in 22% yield (Table 3).


Surprisingly, the six functionally substituted arms of 1h in
the crystal do not point to the same side of the central ring,
but alternatingly up and down (Figure 3). This must be due
to weak intermolecular—possibly dipole–dipole—interac-
tions between the methoxypropyl groups in the crystal of
1h. Anyhow, intramolecular attractive van der Waals inter-
actions between tert-butyl groups as in 1a are not essential
for the six arms of a hexaalkenylbenzene to point to the
same side, since the parent hexaethenylbenzene has been
shown to have the same orientation in the crystal.[40]


The closest intermolecular contacts in 1h are those be-
tween b-vinylic hydrogen and oxygen atoms which, with
2.67 Q are shorter than the sum of their van der Waals
radii.[41] In addition, the distance between a hydrogen atom
of the methoxy groups and a carbon atom of a neighboring
benzene ring with 2.88 Q is also shorter than the sum of
their van der Waals radii.


It is noteworthy that hexakis-(tert-butylethyl)benzene
(23), which was obtained by catalytic hydrogenation of 1a
over palladium on charcoal in hexane at room temperature
in 89% yield (Scheme 7), in the crystal also assumes a con-
formation in which its six arms are rotated alternatingly up
and down out of the central plane with a torsional angle of
89.28. This same conformation has also been found for hexa-
ethylbenzene,[42] and must be attributed to intramolecular
repulsion between neighboring benzylic hydrogen atoms. In
addition, at least for 23, there is a contribution from inter-
molecular attractive van der Waals interactions between
methyl groups, as the molecules of 23 are stacked in col-
umns along the axis of the central rings with interlocking
tert-butyl groups of nearest neighbors within the stacks
(Figure 4).


Multifold couplings with other perbromoarenes : The suc-
cessful sixfold coupling of hexabromobenzene (20) with a
variety of sterically encumbered alkenylboronates inspired
attempts to perform multiple coupling reactions of other
perbromoarenes. Indeed, six- and even eightfold Suzuki cou-
pling reactions could be brought about between catechol
(tert-butylethenyl)boronate 2a and hexabromotriphenylene
(24) as well as octabromonaphthalene (26), respectively. The
sixfold coupling of 2a with the less sterically congested 24
was particularly efficient and furnished hexakis-(tert-butyl-
ethenyl)triphenylene (25) in a yield of 93% (Scheme 8).


Figure 1. Stacking of the cup-shaped molecules of hexakis(tert-butylethe-
nyl)benzene (1a) in the crystal.[30,38]


Figure 2. Stacking of the cup-shaped molecules of hexakis(trimethylsilyl-
ethenyl)benzene (1 i) in the crystal.[30,38]
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This corresponds to a nearly quantitative yield (~99%) for
each newly generated C�C bond. According to an X-ray
structure analysis the six arms of 25 in the crystal are irregu-
larly rotated out of the plane of the central core, with two
neighboring arms up, the two next down, and the last two
almost in the plane (Figure 5).[43]


Under the same conditions, 2a and octabromonaphtha-
lene (26) gave only complex mixtures, which according to
mass spectra contained the eightfold coupling product as the
minor component along with heptakis(3,3-dimethyl-1-bute-
nyl)naphthalene and other partially reduced oligofold cou-
pling products. This must be attributed to the severe steric
congestion of twofold substitution in the peri-positions. Nev-
ertheless, the octaalkenylnaphthalene 27 was obtained in


21% yield, when the reaction
was carried out in an ultrasonic
bath with a large excess of the
alkenylboronate 2a (Scheme 9).
An eightfold Suzuki coupling of
a porphyrine derivative in
which the bromine subtituents
are not as close to each other
as in 26, has previously been re-
ported.[44]


After a long series of unsuc-
cessful attempts, good-quality
light-yellow crystals of 27 were
eventually grown from ethanol/
pentane and subjected to an X-
ray crystal structure analysis.[38]


It disclosed (Figure 6) that the
four arms on C-1,4,6,7 are ro-
tated upward with respect to
the central plane while the four
others are downward, or vice
versa.


Some physical properties of the
new peralkenylarenes : Arnett
et al. , who first synthesized the
parent hexavinylbenzene in
1966, already discovered that
the colorless crystals of this


compound changed to yellow upon exposure to daylight.[45a]


This same effect was observed for hexakis-(tert-butylethe-


Figure 3. Structure and packing of hexakis[(1,1-dimethyl-3-methoxypropyl)ethenyl]benzene (1h) in the crys-
tal.[38]


Scheme 7. Catalytic hydrogenation of hexakis-(tert-butylethenyl)benzene
(1a).


Figure 4. Packing of hexakis-(tert-butylethyl)benzene (23) in the crys-
tal.[30,38]
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nyl)benzene (1a) and its analogues during this work. The
freshly recrystallized, colorless crystals turned intensively
yellow upon storage in open daylight on the bench, while no
such change took place in the dark. Furthermore, when
stored for at least 24 h in the dark, the yellow crystals re-
turned to a completely colorless appearance. The same re-
versible discoloration also occurs in solution. However, the
reverse process, the loss of the yellow color, in solution re-
quires much longer than in the solid state of 1a.


The major absorption band in the UV spectrum of 1a at
lmax=262 nm (emax=53600) is very close to that of the
parent hexavinylbenzene (lmax=258 nm). Thus, the six addi-
tional tert-butyl substituents on the vinyl groups in 1a have
almost no apparent effect on the absorption maximum.
However, Arnett et al.[45b] report a hypsochromic shift of the
absorption maximum of hexaisopropenylbenzene compared
with that of a-methylstyrene which they attribute to an out
of plane rotation of the alkenyl substituents leading to de-
creased conjugation. Although such a conformation is also
indicated for 1a and 1 i, respectively—at least in the crystals
according to X-ray structure analyses—the major absorp-
tions of the hydrocarbons 1a and 1c around 262 nm are at
slightly longer wavelengths than that of b-methylstyrene
(lmax=248 nm) and b-tert-butylstyrene (lmax=250 nm).[46]


Presumably, the topomerization of 1a is less hindered in so-
lution than it is in the case of hexaisopropenylbenzene.


The band of octakis-(tert-butylethenyl)naphthalene (27) at
l=290 nm with a shoulder at l=341 nm, is significantly
red-shifted in comparison to that of the absorption of the
analogous benzene derivative 1a (see Table 5). However, the
bathochromic shift for this pair of arene derivatives is not as
large as for the related hexaphenylbenzene (l=247 nm) and
octaphenylnaphthalene (l=329 nm), respectively.


Monitoring the change of color of a solution of 1a in cy-
clohexane upon irradiation with a 250 Watt xenon high-pres-
sure lamp at a wavelength of l=262 nm showed that the
original maximum disappeared, and new maxima at l=444,
278 nm slowly emerged. When the irradiation was continued
for more than 30 min, all maxima started to decrease, appa-
rently because the compound was decomposing. When a
sample of 1a in solution was irradiated for 7 min and then
stored in the dark for 24 h, the extinction at 262 nm was re-
stored to approximately the same value as before the irradi-
ation (Figure 7), and the new absorption at 444 nm had
almost completely disappeared again. It is an open question,
what is really happening during the initial phase of the irra-
diation. As indicated by the observation of isosbestic points,


Scheme 8. Sixfold Suzuki coupling of hexabromotriphenylene (24) with
catechol (2-tert-butylethenyl)boronate (2a).


Scheme 9. Eightfold Suzuki coupling of octabromonaphthalene (26).


Figure 5. Structure of hexakis-(tert-butylethenyl)triphenylene (25) in the
crystal.[43]


Figure 6. Structure of octakis-(tert-butylethenyl)naphthalene (27) in the
crystal.[38]
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a distinct, long-lived intermediate must be formed upon irra-
diation. However, there is absolutely no clue to what the
structure of this intermediate might be. Both IR and
1H NMR spectra of the yellow modification disclosed no sig-
nificant differences as compared to the ones of the initial
colorless compound.


It is noteworthy that the development of the yellow color
in solution can be almost completely suppressed by flushing
the solution of 1a with argon for 5 min before irradiation.
This observation would make one suspect that the yellow
compound is a photooxygenation product[50] formed by addi-
tion of photochemically generated singlet oxygen molecules
to one or more of the double bonds of 1a. However, such
an assumed dioxetane[51] would have to have the unlikely
feature of not undergoing retro-[2+2] cycloaddition to two
carbonyl fragments, but cleavage back to the hexaalkenyl-
benzene 1a and oxygen in the dark.


Upon prolonged irradiation, the compound 1a probably
undergoes polymerization such as Meier et al. interpret the
complete disappearance of the main absorption band of hexa-
styrylbenzenes during irradiation as a “statistical C�C bond
formation of the olefinic centers (cross-linking) which yields
oligomers”.[52] In an attempt to monitor the discoloration of
a single crystal of hexavinylbenzene, Kr0ger et al. only ob-


served a progressive disappearance of the diffraction pattern
without significant change of the crystal structure.[40]


Conclusion


Six- and eightfold Suzuki and Stille couplings of hexa- and
octabromoarenes lead to interestingly shaped molecules
with extraordinary efficiency. Some of the functionally sub-
stituted hexaalkenylbenzene derivatives thus accessible may
have applications as hosts or ligands for supramolecular ag-
gregates and metal complexes, respectively.


Experimental Section


General : 1H NMR spectra were recorded with a Bruker AM 250 spec-
trometer (250 MHz) at ambient temperature in CDCl3, using CHCl3 (d=
7.26) or tetramethylsilane (d=0.00) as internal standard. Chemical shifts
(d) are quoted in ppm and coupling constants (J) are given in absolute
values in Hz to the nearest 0.1 Hz. The following abbreviations are used
for the signal multiplicities and shapes: s (singlet), d (doublet), t (triplet),
m (multiplet) and br (broad). 13C NMR spectra were recorded with a
Bruker AM250 spectrometer (62.9 MHz) or a Varian VXR 500S
(125.7 MHz) at ambient temperature in CDCl3, using CDCl3 (d=77.0) as
internal standard. Multiplicities were determined by the DEPT pulse se-
quence and are described as follows: + = CH or CH3, � = CH2 and
Cquat=C. Signals which could not be assigned unambiguously are marked
with an asterisk (*). Under the routine conditions employed, 13C signals
of carbon atoms directly attached to boron could not be detected. Infra-
red spectra were recorded with a Bruker IFS 66 FT-IR spectrometer.
Low and high-resolution mass spectra were recorded with a Finnigan
MAT 95 instrument using electron impact ionization at 70 eV or direct
chemical ionization with NH3 as reactant gas. High-resolution mass spec-
tra (HRMS) were obtained using preselected ion peak matching at R �
10000 to be within �2 ppm. Elemental analyses were performed by the
Mikroanalytisches Labor des Instituts f0r Organische Chemie der Uni-
versit5t Gçttingen, Germany. For routine chromatography Merck silica
gel 60 (230–400 mesh, 0.063–0.200 mm) and for flash chromatography
Macherey–Nagel silica gel 60 (70–230 mesh, 0.040–0.063 mm) was used.
TLC plates: Macherey–Nagel foils: Alugram Sil G/UV, detection under
UV light at 254 or 366 nm. If the substances were not UV active, the
plates were developed with anisaldehyde solution. All solvents were dis-
tilled before use. Anhydrous solvents were prepared according to stan-
dard laboratory techniques. All reactions with organometallic reagents
were performed under nitrogen and anhydrous conditions. In these cases
the glassware used was heated in vacuo to remove all of the residual
moisture. Unless specified otherwise, solutions of NH4Cl, NaHCO3 and
NaCl were saturated aqueous solutions.


Starting materials : All chemicals were used as commercially available,
unless otherwise noted. The compounds 2a,[15] 3a,[53] 3 i,[54] 3k,[55] 7,[20]


9,[56] 19 i,[57] 19j,[28] 24[58] and 26[59] were prepared according to literature
procedures. For further starting materials and intermediates see Support-
ing Information.


General procedure for the multifold Suzuki couplings (GP 6): To a so-
lution of the hexabromoarene (2 mmol) in a mixture of anhydrous tolu-
ene and THF (50 mL each), which had been flushed with argon for
5 min, was added the palladium catalyst (30 mol%), the respective alke-
nylboronate 2 or 4 (13 mmol) as well as powdered NaOH (36 mmol), and
the mixture was heated under an argon atmosphere at 100 8C for the
stated time. After the mixture had been cooled down to ambient temper-
ature, it was treated with 3m NaOH (18 mL) and 30% hydrogen perox-
ide (2 mL) and the mixture stirred at ambient temperature for 1 h. The
organic layer was then separated, washed with 3m NaOH (5V12 mL),


Table 5. Absorption maxima of selected benzene and naphthalene deriv-
atives.


Compound Absorption Extinction
maximum coefficient
(lmax/nm) (emax/10


4)


a-methylstyrene[a] 243 1.02
(E)-b-methylstyrene[b] 248 –[c]


(E)-b-tert-butylstyrene[d] 250 18.29
hexaisopropenylbenzene[e] 225 2.55
hexavinylbenzene[f] 258 4
1a 262 5.36
1c 263 4.91
27 290, 341 6.61, 0.78
hexaphenylbenzene[g] 247, 266 5.68, 3.47
octaphenylnaphthalene[h] 329 1.42


[a] Ref. [45b]. [b] Ref. [47]. [c] Not reported. [d] Ref. [46]. [e] Ref. [45b].
[f] Ref. [40, 45]. [g] Ref. [48]. [h] Ref. [49].


Figure 7. Absorption spectra of 1a in cyclohexane: without irradiation
(c), after irradiation for 7 min at l=262 nm (a), after 24 h in dark-
ness (·· –).
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and dried (MgSO4). The solvent was removed under reduced pressure,
and the residue purified by chromatography on silica gel.


General procedure for sixfold Stille couplings (GP 7): A solution of hexa-
bromobenzene (1 mmol) in toluene (20 mL) was flushed with argon for
5 min. Then palladium catalyst (30 mol%) and the respective alkenyl-
stannane 19 (6.6 mmol) were added, and the mixture heated at 110 8C for
the stated time. The reaction mixture was diluted with diethyl ether
(20 mL), mixed with a saturated aqueous solution of KF (20 mL), and
after 15 min filtered through a bed of Celite. The organic layer was sepa-
rated, and the treatment with the KF solution was repeated until no col-
orless solid was observed.[60] Then the organic layer was dried (MgSO4),
the solvent was removed under reduced pressure, and the residue puri-
fied by chromatography on silica gel.


Hexakis-[(E)-(3,3-dimethyl-1-butenyl)]benzene (1a)—Variant 1: Accord-
ing to GP 6, hexabromobenzene (1.001 g, 1.815 mmol) was treated with
2a (2.453 g, 12.08 mmol) in the presence of dichlorobis(triphenylphos-
phine)palladium (363 mg, 0.517 mmol) and powdered sodium hydroxide
(1.302 g, 32.55 mmol) in THF/toluene (1:1, 100 mL) at 100 8C for 24 h.
Column chromatography on silica gel (100 g, pentane, column 5V50 cm),
Rf=0.64, and subsequent recrystallization from hexane yielded 1a
(761 mg, 73%) as colorless crystals. M.p. 202 8C; IR (KBr): ñ=2947,
2863, 1473, 1385, 1361, 1282, 1259, 1200, 965, 911, 826 cm�1; UV (cyclo-
hexane): lmax (log e)=262 nm (4.72); 1H NMR (250 MHz, CDCl3): d=
1.09 [s, 54H, C(CH3)3], 5.57 (d, J=16.5 Hz, 6H, 2’-H), 6.24 ppm (d, J=
16.5 Hz, 6H, 1’-H); 13C NMR (62.9 MHz, CDCl3, additional DEPT): d=
29.7 [+ , C(CH3)3], 33.8 [Cquat, C(CH3)3], 124.7 (+ , C-2’), 134.8 (Cquat, Ph-
C), 145.5 ppm (+ , C-1’); MS (70 eV): m/z (%): 570 (55) [M]+ , 513 (5)
[M�C4H9]


+ , 457 (60) [M�C4H9�C4H8]
+ , 401 (10), 345 (10), 230 (10), 111


(15), 97 (25), 69 (30), 57 (100) [C4H9]
+ ; elemental analysis calcd (%) for


C42H66 (571.0): C 88.35, H 11.65; found C 88.57, H 11.71.


Hexakis-[2-(1-adamantyl)ethenyl]benzene (1b)—Variant 1: According to
GP 6, hexabromobenzene (149 mg, 0.270 mmol) was treated with 2b
(770 mg, 2.75 mmol) in the presence of trans-di(m-acetato)bis[2-(di-o-tol-
ylphosphino)benzyl]dipalladium(ii) (75 mg, 0.080 mmol) and powdered
sodium hydroxide (160 mg, 4.00 mmol) in toluene (10 mL) at 110 8C for
2 d. Column chromatography on silica gel (80 g, pentane, column 5V
50 cm) yielded fraction I: 1b (18 mg, 6%) (Rf=0.44). Recrystallization
from CHCl3/ethanol yielded a colorless solid. M.p. >320 8C; IR (KBr):
ñ=2963, 2905, 2848 (C�H), 1751, 1450, 1413, 1260, 1013, 865, 793,
701 cm�1; 1H NMR (250 MHz, CDCl3): d=1.70 (br s, 72H, 2’’-H, 4’’-H),
2.01 (br s, 18H, 3’’-H), 5.45 (d, J=16.6 Hz, 6H, 2’-H), 6.13 ppm (d, J=
16.6 Hz, 6H, 1’-H); 13C NMR (62.9 MHz, CDCl3): d=28.6 (C-3’’), 35.9
(C-1’’), 37.1 (C-4’’*), 42.3 (C-2’’*), 124.8 (C-2’), 134.6 (Ph-C), 145.8 ppm
(C-1’); MS (70 eV): m/z (%): 1039/1038 (25/30) [M]+ , 903 (100)
[M�C10H15]


+ , 768 (80) [M�2C10H15]
+ , 619 (50), 135 (100) [C10H15]


+ .
C78H102 (1039.7): calcd 1038.7981 (Without an authentic standard with ap-
proximately this value an accurate relative molecular mass could not be
obtained by HRMS). Fraction II: 15 mg (6%) of pentakis[2-(1-adamantyl)-
ethenyl]benzene (21b) (Rf=0.35), colorless solid. M.p. >320 8C;
1H NMR (250 MHz, CDCl3): d=1.72 (br s, 60H, 2-Hadam. , 4-Hadam.), 2.05
(br s, 15H, 3-Hadam.), 5.50 (d, J=16.5 Hz, 2H, 2’-H), 5.53 (d, J=16.5 Hz,
1H, 2’’-H), 5.89 (d, J=16.5 Hz, 2H, 2’’-H), 6.10 (d, J=16.5 Hz, 1H, 1’’’-
H), 6.15 (d, J=16.5 Hz, 2H, 1’-H), 6.50 (d, J=16.5 Hz, 2H, 1’’-H),
7.39 ppm (s, 1H, Ph-H); MS (70 eV): m/z (%): 832 (20), 718 (20)
[M�C12H16]


+ , 342 (60), 264 (40), 203 (35) [M�5C10H15]
+ , 135 (100)


[C10H15]
+ ; C66H86 (879.4).


Variant 2 : According to GP 7, hexabromobenzene (136 mg, 0.247 mmol)
was treated with 19b (1.013 g, 2.245) in the presence of trans-di(m-aceta-
to)bis[2-(di-o-tolylphosphino)benzyl]dipalladium(ii) (30 mg, 32 mmol) in
toluene (15 mL) at 110 8C for 68 h. Column chromatography (50 g, petro-
leum ether, column 3V30 cm), and subsequent recrystallization from pen-
tane/CH2Cl2 yielded 36 mg of a pale yellow solid which, according to its
1H NMR spectrum, contained mainly 1b and a small amount of 21b.


Hexakis-[2-(1’-methylcyclohexyl)ethenyl]benzene (1c): According to
GP 6, hexabromobenzene (441 mg, 800 mmol) was treated with 2c
(1.28 g, 5.29 mmol) in the presence of dichlorobis(triphenylphosphine)-
palladium (168 mg, 240 mmol) and powdered sodium hydroxide (576 mg,
14.4 mmol) in THF/toluene (1:1, 40 mL) at 100 8C for 18 h. Column chro-


matography on silica gel (60 g, hexane, column 3V50 cm) yielded fraction
I: 21 mg (3%) of 1,4-bis(1’-methylcyclohexyl)buta-1,3-diene (22c) as a
colorless solid, Rf=0.64. M.p. 98 8C; IR (KBr): ñ=2983 (C�H), 2854,
1611, 1475, 1384, 1321, 1259, 821 cm�1; 1H NMR (250 MHz, CDCl3): d=
0.99 (s, 6H, CH3), 1.26–1.51 (m, 20H, CH2), 5.55–5.61 [AA’ part of an
AA’BB’ system, 2H, 3(6)-H], 5.94–6.01 ppm [BB’ part of an AA’BB’
system, 2H, 4(5)-H]; 13C NMR (62.9 MHz, CDCl3, additional DEPT):
d=22.4 (�, CH2), 26.3 (�, CH2), 27.3 (+ , CH3), 35.8 (Cquat, C-2), 38.0 (�,
CH2), 127.1 [+ , C-3(6)], 142.5 ppm [+ , C-4(5)]; MS (70 eV): m/z (%):
246 (35) [M]+ , 149 (30) [M�cHexMe]+ , 97 (100) [cHexMe]+ , 55 (20); el-
emental analysis calcd (%) for C18H30 (246.4): C 87.73, H 12.27; found C
87.48, H 12.11. Fraction II: 285 mg (44%) of 1c (Rf=0.55). Recrystalliza-
tion from ethanol/pentane yielded colorless crystals. M.p. 261 8C; IR
(KBr): ñ=2951 (C�H), 2900, 1475, 1452, 1311, 1256, 1215, 963, 820 cm�1;
UV (isooctane): lmax (log e)=263 nm (4.69); 1H NMR (250 MHz,
CDCl3): d=1.06 (s, 18H, CH3), 1.34–1.56 (m, 60H, CH2), 5.55 (d, 3J=
16.6 Hz, 6H, 2’-H), 6.27 ppm (d, 3J=16.6 Hz, 6H, 1’-H); 13C NMR
(62.9 MHz, CDCl3, additional DEPT): d=22.4 (�, CH2), 26.1 (+ , CH3),
26.3 (�, CH2), 36.4 (Cquat, C-3’), 37.7 (�, CH2), 125.7 (+ , C-2’), 135.3
(Cquat, Ph-C), 144.8 ppm (+ , C-1’); MS (70 eV): m/z (%): 811/810 (58/90)
[M]+ , 713 (10) [M�cHexMe]+ , 618/617 (90/45), 97 (100) [cHexMe]+ , 55
(20); elemental analysis calcd (%) for C60H90 (811.4): C 88.82, H 11.18;
found C 88.94, H 10.91. Fraction III: 298 mg (54%) of a colorless solid
which, according to its 1H NMR spectrum was pentakis[2-(1’-methylcy-
clohexyl)ethenyl]benzene (21c). M.p. 107 8C; 1H NMR (250 MHz,
CDCl3): d=1.08 (br s, 15H, CH3), 1.31–1.69 (m, 50H, CH2), 5.61 (d, 3J=
16.4 Hz, 2H, 2’-H), 5.63 (d, 3J=16.4 Hz, 1H, 2’-H), 6.04 (d, 3J=16.5 Hz,
2H, 2’-H), 6.22 (d, 3J=16.4 Hz, 1H, 1’-H), 6.70 (d, 3J=16.4 Hz, 2H, 1’-
H), 6.62 (d, 3J=16.4 Hz, 2H, 1’-H), 7.46 ppm (s, 1H, Ph-H); C51H76


(689.2).


Hexakis-[2-(1’-methylcyclopropyl)ethenyl]benzene (1d): According to
GP 6, hexabromobenzene (276 mg, 500 mmol) was treated with 2d
(1.00 g, 5.00 mmol) in the presence of dichlorobis(triphenylphosphine)-
palladium (105 mg, 150 mmol) and powdered sodium hydroxide (520 mg,
13.0 mmol) in THF/toluene (1:1, 40 mL) at 100 8C for 24 h. Column chro-
matography on silica gel (40 g, pentane, column 3V50 cm) yielded frac-
tion I: 10 mg (2.5%) of 1,4-bis(1’-methylcyclopropyl)buta-1,3-diene (22d)
(Rf=0.48), colorless solid. M.p. 58 8C; IR (KBr): ñ=3053, 2951, 2844 (C�
H), 1635, 1478, 1320, 912, 852 cm�1; 1H NMR (250 MHz, CDCl3): d=0.57
(s, 8H, cPr-H), 1.17 (s, 6H, CH3), 5.17–5.28 [AA’ part of an AA’BB’
system, 2H, 3(6)-H], 5.92–6.04 ppm [BB’ part of an AA’BB’ system, 2H,
4(5)-H]; 13C NMR (62.9 MHz, CDCl3, additional DEPT): d=15.47 (�,
cPr-C), 17.31 (Cquat, cPr-C), 21.47 (+ , CH3), 126.01 [+ , C-3(6)],
139.14 ppm [+ , C-4(5)]; MS (70 eV): m/z (%): 162 (55) [M]+ , 147 (30)
[M�CH3]


+ , 105 (40), 91 (75), 81 (40) [CH�CHC(ethano)CH3]
+ , 79 (60),


77 (40), 41 (100); HRMS: m/z : calcd for C12H18 (162.3): 162.1408, found
162.1408. Fraction II: 45 mg (16%) of 1d (Rf=0.25). Recrystallization
from pentane/ethanol (2:1) yielded a colorless solid. M.p. 185 8C; IR
(KBr): ñ=3059, 2951, 2842 (C�H), 1633, 1475, 1382, 1242, 961 cm�1;
1H NMR (250 MHz, CDCl3): d=0.57 (s, 24H, cPr-H), 1.24 (s, 18H, CH3),
5.21 (d, 3J=16.3 Hz, 6H, 2’-H), 6.18 ppm (d, 3J=16.3 Hz, 6H, 1’-H);
13C NMR (125.7 MHz, CDCl3, additional DEPT): d=14.6 (�, cPr-C),
17.9 (Cquat, cPr-C), 21.6 (+ , CH3), 125.1 (+ , C-2’), 134.1 (Cquat, Ph-C),
143.1 ppm (+ , C-1’); MS (70 eV): m/z (%): 559/558 (44/100) [M]+ , 503
(30), 484 (40), 91 (35), 81 (100) [CH�CHC(ethano)CH3]


+ , 44 (80);
HRMS: m/z : calcd for C42H54 (558.9): 558.4225, found 558.4225. Fraction
III: 121 mg of a pale yellow solid (Rf=0.21) which, according to its
1H NMR spectrum was a 2:9 mixture of 1d and pentakis[2-(1’-methylcy-
clopropyl)ethenyl]benzene (21d). 1H NMR (250 MHz, CDCl3): d=0.63
(br s, 20H, cPr-H), 1.31 (br s, 15H, CH3), 5.32 (d, 3J=16.3 Hz, 2H, 2’-H),
5.36 (d, 3J=16.2 Hz, 1H, 2’-H), 5.61 (d, 3J=16.4 Hz, 2H, 2’-H), 6.21 (d,
3J=16.2 Hz, 1H, 1’-H), 6.27 (d, 3J=16.4 Hz, 2H, 1’-H), 6.58 (d, 3J=
16.3 Hz, 2H, 1’-H), 7.35 ppm (s, 1H, Ph-H); C36H46 (478.8).


Hexakis-(2-tert-pentylethenyl)benzene (1e)—Variant 1: According to
GP 6, hexabromobenzene (149 mg, 270 mmol) was treated with 2e
(585 mg, 2.71 mmol) in the presence of dichlorobis(triphenylphosphine)-
palladium (10 mg, 14 mmol) and powdered sodium hydroxide (271 mg,
6.77 mmol) in THF/toluene (1:1, 20 mL) at 100 8C for 43 h. Column chro-
matography on silica gel (40 g, hexane, column 3V50 cm, Rf=0.46) yield-
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ed a colorless solid. Recrystallization from hexane gave fraction I: 83 mg
(55%) of pentakis(2-tert-pentylethenyl)benzene (21e) as colorless crys-
tals. M.p. 187 8C; IR (KBr): ñ=3029 (C�H), 2953, 2861 (C�H), 1472,
1425, 1282, 1254, 973, 851 cm�1; 1H NMR (250 MHz, CDCl3): d=0.81–
0.88 (m, 15H, 5’-H), 1.05 [br s, 30H, C(CH3)2], 1.37–1.43 (m, 10H, CH2),
5.58 (d, 3J=16.6 Hz, 2H, 2’-H*), 5.60 (d, 3J=16.4 Hz, 1H, 2’-H), 5.96 (d,
3J=16.1 Hz, 2H, 2’-H*), 6.18 (d, 3J=16.4 Hz, 1H, 1’-H), 6.24 (d, 3J=
16.6 Hz, 2H, 1’-H*), 6.54 (d, 3J=16.1 Hz, 2H, 1’-H*), 7.42 ppm (s, 1H,
Ph-H); 13C NMR (62.9 MHz, CDCl3, additional DEPT): d=9.2 (+ , 2C,
C-5’*), 9.3 (+ , 1C, C-5’*), 9.3 (+ , 2C, C-5’*), 26.7 [+ , 4 C, C(CH3)2],
26.8 [+ , 2C, C(CH3)2], 26.8 [+ , 4C, C(CH3)2], 35.3 (�, 1C, C-4’*), 35.3
(�, 2C, C-4’*), 35.8 (�, 2C, C-4’*), 36.7 (Cquat, 2C, C-3’*), 36.9 (Cquat, 1C,
C-3’*), 37.1 (Cquat, 2C, C-3’*), 123.1 (+ , 1C, C-2’*), 124.0 (+ , 2C, C-2’*),
124.7 (+ , 1C, Ph-C), 126.8 (+ , 2C, C-2’*), 134.1 (Cquat, 2C, Ph-C), 134.9
(Cquat, 2C, Ph-C), 136.4 (Cquat, 1C, Ph-C), 139.7 (+ , 2C, C-1’*), 145.6 (+ ,
1C, C-1’*), 145.8 ppm (+ , 2C, C-1’*); MS (70 eV): m/z (%): 559/558 (26/
60) [M]+ , 462 (100), 417 (100), 363 (80), 321 (85), 71 (90); HRMS: m/z :
calcd for C41H66 (559.0): 558.5164, found 558.5164. Fraction II: 18 mg
(10%) of 1e as colorless crystals. M.p. 263 8C; IR (KBr): ñ=2945 (C�H),
2867 (C�H), 1762, 1461, 1412, 1364, 1209, 965, 911 cm�1; 1H NMR
(250 MHz, CDCl3): d=0.84 (t, 3J=7.5 Hz, 18H, 5’-H), 1.04 [s, 36H,
C(CH3)2], 1.36 (q, 3J=7.5 Hz, 12H, 4’-H), 5.50 (d, 3J=16.5 Hz, 6H, 2’-
H), 6.22 ppm (d, 3J=16.5 Hz, 6H, 1’-H); 13C NMR (125.7 MHz, CDCl3,
additional DEPT): d=9.2 (+ , C-5’), 26.6 [+ , C(CH3)2], 35.4 (�, C-4’),
36.7 (Cquat, C-3’), 125.9 (+ , C-2’), 135.2 (Cquat, Ph-C), 144.1 ppm (+ , C-
1’); MS (70 eV): m/z (%): 655/654 (10/20) [M]+ , 618 (30), 560 (10), 321
(100), 71 (90); elemental analysis calcd (%) for C48H78 (655.1): C 88.00,
H 12.00; found C 90.02, H 11.92.


Variant 2 : According to GP 6, hexabromobenzene (275 mg, 500 mmol)
was treated with 4e (1.05 g, 4.68 mmol) in the presence of dichlorobis(tri-
phenylphosphine)palladium (105 mg, 150 mmol) and powdered sodium
hydroxide (530 mg, 13.3 mmol) in THF/toluene (1:1, 40 mL) at 100 8C for
24 h. Column chromatography on silica gel (40 g, hexane, column 3V
50 cm, Rf=0.48) yielded 225 mg of a colorless solid. Recrystallization
from hexane gave fraction I: 207 mg (74%) of 21e. Fraction II: 52 mg
(16%) of 1e as colorless crystals.


Hexakis-[(E)-6’-methoxy-3’,3’-dimethyl-1’-hexenyl]benzene (1 f): Accord-
ing to GP 6, hexabromobenzene (165 mg, 300 mmol) was treated with 4 f
(805 mg, 3.00 mmol) in the presence of dichlorobis(triphenylphosphine)-
palladium (63 mg, 90 mmol) and powdered sodium hydroxide (324 mg,
8.10 mmol) in THF/toluene (1:1, 40 mL) at 100 8C for 24 h. Column chro-
matography on silica gel [100 g, pentane/diethyl ether (2:1), column 2.5V
45 cm] gave fraction I: 26 mg (3%) of 1,12-dimethoxy-4,4,9,9-tetrame-
thyldodeca-5,7-diene (22 f) as a colorless solid. Rf=0.62; 1H NMR
(250 MHz, CDCl3): d=1.01 [s, 12H, C(CH3)2], 1.26 [m, 4H, 3(10)-H],
1.51 [m, 4H, 2(11)-H], 3.34 (s, 6H, OCH3), 3.36 [t, 3J=7.2 Hz, 4H, 1(12)-
H], 5.54 [AA’ part of an AA’BB’ system, 2H, 5(8)-H], 5.91 ppm [BB’
part of an AA’BB’ system, 2H, 6(7)-H]. Fraction II: 23 mg of a pale
yellow oil (Rf=0.38) which, according to its 1H NMR spectrum was a
mixture of reduction products. Fraction III: 80 mg (34%) of penta-
kis[(E)-5’-methoxy-3’,3’-dimethyl-1’-hexenyl]benzene (21 f) as a colorless
solid. Rf=0.26; 1H NMR (250 MHz, CDCl3): d=1.11 [br s, 30H,
C(CH3)2], 1.33–1.61 [m, 20H, 4’(5’)-H], 3.31 (br s, 15H, OCH3), 3.30–3.41
(m, 10H, 6’-H), 5.59 (d, 3J=18.3 Hz, 2H, 2’-H), 5.62 (d, 3J=18.4 Hz, 1H,
2’-H), 5.98 (d, 3J=18.3 Hz, 2H, 2’-H), 6.18 (d, 3J=18.4 Hz, 1H, 1’-H),
6.25 (d, 3J=18.3 Hz, 2H, 1’-H), 6.56 (d, 3J=18.3 Hz, 2H, 1’-H), 7.39 ppm
(s, 1H, Ph-H). Fraction IV: 49 mg (18%) of 1 f as a colorless solid. Rf=


0.16; IR (KBr): ñ=2989, 2936, 2599, 1654, 1447, 1435, 1379, 1345, 1222,
1045, 977 cm�1; 1H NMR (250 MHz, CDCl3): d=1.05 [s, 36H, C(CH3)2],
1.31–1.59 [m, 24H, 4’(5’)-H], 3.30 (s, 18H, OCH3), 3.35 (t, 3J=6.9 Hz,
12H, 6’-H), 5.51 (d, 3J=18.4 Hz, 6H, 2’-H), 6.22 ppm (d, 3J=18.4 Hz,
6H, 1’-H); 13C NMR (62.9 MHz, CDCl3, additional DEPT): d=25.1 (�,
C-4’), 27.0 [+ , C(CH3)2], 36.3 (�, C-5’), 39.6 (Cquat, C-3’), 58.5 (�, C-6’),
125.9 (+ , C-2’), 135.0 (Cquat, Ph-C), 144.1 ppm (+ , C1’).


Hexakis-[(E)-3’,3’-dimethyl-5’-methylthio-1’-pentenyl]benzene (1g): Ac-
cording to GP 6, hexabromobenzene (276 mg, 500 mmol) was treated
with 4g (1.35 g, 5.00 mmol) in the presence of dichlorobis(triphenylphos-
phine)palladium (105 mg, 150 mmol) and powdered sodium hydroxide


(540 mg, 13.5 mmol) in THF/toluene (1:1, 36 mL) at 100 8C for 24 h.
Column chromatography on silica gel [100 g, pentane/diethyl ether
(20:1), column 2.5V35 cm] gave fraction I: 1,10-dimethylthio-3,3,8,8-te-
tramethyldeca-4,6-diene (22g) as a colorless solid (61 mg, 4.3%). Rf=


0.65; IR (KBr): ñ=3025 (C�H), 2960, 2913, 2851 (C�H), 1457, 1380,
1363, 1314, 1261, 1240, 1001, 802 cm�1; 1H NMR (250 MHz, CDCl3): d=
1.02 [s, 12H, C(CH3)2], 1.59 [m, 4H, 2(9)-H], 2.09 (s, 6H, SCH3), 2.39 [m,
4H, 1(10)-H], 5.53 [AA’ part of an AA’BB’ system, 2H, 4(7)-H],
5.92 ppm [BB’ part of an AA’BB’ system, 2H, 5(6)-H]; 13C NMR
(62.9 MHz, CDCl3, additional DEPT): d=15.6 (+ , SCH3), 27.1 [+ ,
C(CH3)2], 29.8 [�, C-1(10)], 36.2 [Cquat, C-3(8)], 42.7 [�, C-2(9)], 127.2
[+ , C-4(7)], 141.4 ppm [+ , C-5(6)]; MS (70 eV): m/z (%): 288/287/286
(10/16/100) [M]+ , 271 (14) [M�CH3]


+ , 211 (30), 107 (18), 75 (70), 61 (28)
[C2H5S]


+ ; elemental analysis calcd (%) for C16H30S2 (286.6): C 67.07, H
10.55; found C 67.01, H 10.39. Fraction II: 50 mg of a pale yellow oil
(Rf=0.41) which, according to its 1H NMR spectrum was a mixture of re-
duction products. Fraction III: pentakis[(E)-3’,3’-dimethyl-5’-methylthio-
1’-pentenyl]benzene (21g) as a colorless solid (148 mg, 38%). Rf=0.30;
IR (KBr): ñ=3024, 2958, 2914, 2865, 1652, 1472, 1437, 1383, 1361, 1253,
972 cm�1; 1H NMR (250 MHz, CDCl3): d=1.13 [br s, 30H, C(CH3)2],
1.63–1.73 (m, 10H, 4’-H), 2.09 (br s, 15H, SCH3), 2.41–2.56 (m, 10H, 5’-
H), 5.57 (d, 3J=16.5 Hz, 2H, 2’*-H), 5.59 (d, 3J=16.5 Hz, 1H, 2’-H), 5.98
(d, 3J=16.2 Hz, 2H, 2’*-H), 6.17 (d, 3J=16.5 Hz, 1H, 1’-H), 6.24 (d, 3J=
16.5 Hz, 2H, 2’**-H), 6.51 (d, 3J=16.2 Hz, 2H, 2’**-H), 7.42 ppm (s, 1H,
Ph-H); 13C NMR (62.9 MHz, CDCl3, additional DEPT): d=15.6 (+ ,
SCH3), 15.7 (+ , SCH3), 27.2 [+ , C(CH3)2], 27.2 [+ , C(CH3)2], 30.0 (�,
C-5’), 30.1 (�, C-5’), 36.9 (Cquat, C-3’), 37.1 (Cquat, C-3’), 37.2 (Cquat, C-3’),
42.6 (�, C-4’), 42.9 (�, C-4’), 123.4 (+ , C-2’*), 124.3 (+ , C2’*), 125.1 (+ ,
Ph-C*), 126.9 (+ , C2’*), 133.9 (Cquat, Ph-C), 134.8 (Cquat, Ph-C), 136.2
(Cquat, Ph-C), 139.2 (+ , C-1’), 145.0 (+ , C-1’), 145.3 ppm (+ , C-1’); MS
(70 eV): m/z (%): 790/789/788 (5/11/22) [M]+ , 673/672/671 (10/18/36)
[M�C6H13S]


+ , 117 (78) [C6H13S]
+ , 61 (100) [C2H5S]


+ ; elemental analysis
calcd (%) for C46H76S5 (789.4): C 69.99, H 9.70; found C 70.08, H 9.80.
Fraction IV: 102 mg (22%) of 1g as a waxy solid. IR (KBr): ñ=2959,
2916, 2677, 1652, 1472, 1437, 1383, 1363, 1261, 1036, 971, 804 cm�1;
1H NMR (250 MHz, CDCl3): d=1.10 [s, 36H, C(CH3)2], 1.61–1.67 (m,
12H, 4’-H), 2.08 (s, 18H, SCH3), 2.41–2.48 (m, 12H, 5’-H), 5.49 (d, 3J=
16.5 Hz, 6H, 2’-H), 6.22 ppm (d, 3J=16.5 Hz, 6H, 1’-H); 13C NMR
(62.9 MHz, CDCl3, additional DEPT): d=15.6 (+ , SCH3), 26.9 [+ ,
C(CH3)2], 29.9 (�, C-5’), 36.9 (Cquat, C-3’), 42.7 (�, C-4’), 126.1 (+ , C-2’),
135.1 (Cquat, Ph-C), 143.6 ppm (+ , C-1’); MS (70 eV): m/z (%): 934/933/
932/931 (5/11/12/20) [M]+ , 816/815/814/813 (6/12/15/25), 118/117 (28/100)
[C6H13S]


+ , 61 (57) [C2H5S]
+ ; elemental analysis calcd (%) for C54H90S6


(931.7): C 69.61, H 9.74; found C 69.69, H 9.53.


Hexakis-[(E)-5’-methoxy-3’,3’-dimethyl-1’-pentenyl]benzene (1h)—Var-
iant 1: According to GP 6, hexabromobenzene (276 mg, 500 mmol) was
treated with 2h (1.23 g, 5.00 mmol) in the presence of dichlorobis(triphe-
nylphosphine)palladium (53 mg, 75 mmol) and powdered sodium hydrox-
ide (540 mg, 13.5 mmol) in THF/toluene (1:1, 36 mL) at 100 8C for 24 h.
Column chromatography on silica gel [60 g, pentane/diethyl ether (1:1),
column 2.5V30 cm]: Fraction I: 53 mg (8.3%) of 1,10-dimethoxy-3,3,8,8-
tetramethyldeca-4,6-diene (22h). Rf=0.65; M.p. 49 8C; IR (KBr): ñ=


3027 (C�H), 2977, 2922, 2867 (C�H), 1434, 1376, 1353, 1311, 1257, 1235,
1014 cm�1; 1H NMR (250 MHz, CDCl3): d=1.02 [s, 12H, C(CH3)2], 1.61
[t, 3J=7.2 Hz, 4H, 2(9)-H], 3.28 (s, 6H, OCH3), 3.31 [t, 3J=7.2 Hz, 4H,
1(10)-H], 5.54 [AA’ part of an AA’BB’ system, 2H, 4(7)-H], 5.94 ppm
[BB’ part of an AA’BB’ system, 2H, 5(6)-H]; 13C NMR (62.9 MHz,
CDCl3, additional DEPT): d=27.6 [+ , C(CH3)2], 35.0 [Cquat, C-3(8)],
42.0 [�, C-2(9)], 58.5 (+ , OCH3), 70.0 [�, C-1(10)], 126.7 [+ , C-4(7)],
141.8 ppm [+ , C-5(6)]. Fraction II: 51 mg of a pale yellow oil (Rf=0.45),
according to 1H NMR spectrum a mixture of reduction products. Fraction
III: 270 mg (75%) of pentakis[(E)-5’-methoxy-3’,3’-dimethyl-1’-pentenyl]-
benzene (21h). Rf=0,22; IR (KBr): ñ=3029, 2981, 2921, 2877, 1661,
1472, 1424, 1368, 1224, 972 cm�1; 1H NMR (250 MHz, CDCl3): d=1.15
[br s, 30H, C(CH3)2], 1.68–1.76 (m, 10H, 4’-H), 3.31 (br s, 15H, OCH3),
3.38–3.47 (m, 10H, 5’-H), 5.60 (d, 3J=18.3 Hz, 2H, 2’-H), 5.62 (d, 3J=
18.4 Hz, 1H, 2’-H), 6.03 (d, 3J=18.3 Hz, 2H, 2’-H), 6.18 (d, 3J=18.4 Hz,
1H, 1’-H), 6.27 (d, 3J=18.3 Hz, 2H, 1’-H), 6.55 (d, 3J=18.3 Hz, 2 h, 1’-
H), 7.46 ppm (s, 1H, Ph-H); 13C NMR (62.9 MHz, CDCl3, additional
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DEPT): d=27.6 [+ , C(CH3)2], 27.6 [+ , C(CH3)2], 27.7 [+ , C(CH3)2],
35.6 (Cquat, C-3’), 35.8 (Cquat, C-3’), 35.9 (Cquat, C-3’), 41.9 (�, C-4’), 42.4
(�, C-4’), 58.5 (+ , OCH3), 70.1 (�, C-5’), 70.1 (�, C-5’), 70.2 (�, C-5’),
123.4 (+ , C-2’*), 123.9 (+ , C-2’), 124.6 (+ , Ph-C*), 126.4 (+ , C2’), 133.9
(Cquat, Ph-C), 134.9 (Cquat, Ph-C), 136.1 (Cquat, Ph-C), 139.6 (+ , C-1’),
145.4 (+ , C-1’), 145.7 ppm (+ , C-1’). Fraction IV: 67 mg (16%) of 1h,
Rf=0.20. IR (KBr): ñ=2962, 2921, 2687, 1654, 1456, 1441, 1383, 1345,
1225, 1031, 980 cm�1; 1H NMR (250 MHz, CDCl3): d=1.12 [s, 36H,
C(CH3)2], 1.67 (t, 3J=6.9 Hz, 12H, 4’-H), 3.30 (s, 18H, OCH3), 3.41 (t,
3J=6.9 Hz, 12H, 5’-H), 5.52 (d, 3J=18.4 Hz, 6H, 2’-H), 6.22 ppm (d, 3J=
18.4 Hz, 6H, 1’-H); 13C NMR (62.9 MHz, CDCl3, additional DEPT): d=
27.4 [+ , C(CH3)2], 35.6 (Cquat, C-3’), 41.9 (�, C-4’), 58.5 (+ , OCH3), 70.1
(�, C-5’), 125.7 (+ , C-2’), 135.0 (Cquat, Ph-C), 143.9 ppm (+ , C-1’); MS
(70 eV): m/z (%): 836/835 (54/100) [M]+ , 69 (28); elemental analysis
calcd (%) for C54H90O6 (835.3): C 77.65, H 10.85; found C 77.48, H 10.45.


Variant 2 : According to GP 6, hexabromobenzene (276 mg, 500 mmol)
was treated with 4h (1.27 g, 5.00 mmol) in the presence of dichlorobis(tri-
phenylphosphine)palladium (105 mg, 150 mmol) and powdered sodium
hydroxide (540 mg, 13.5 mmol) in THF/toluene (1:1, 36 mL) at 100 8C for
24 h. Column chromatography on silica gel [100 g, pentane/diethyl ether
(1:1), column 2.5V40 cm] gave: Fraction I: 155 mg (24%) of 22h, Rf=


0.65. Fraction II: 98 mg of a pale yellow oil, Rf=0.40, see above. Fraction
III: 88 mg (25%) of 21h, Rf=0.22. Fraction IV: 101 mg (24%) 1h, Rf=


0.12.


Hexakis-(2-trimethylsilylethenyl)benzene (1 i): According to GP 7, hexa-
bromobenzene (108 mg, 0.196 mmol) was treated with 19 i (770 mg,
1.98 mmol) in the presence of trans-di(m-acetato)bis[2-(di-o-tolylphosphi-
no)benzyl]dipalladium(ii) (10 mg, 0.011 mmol) at 100 8C for 20 h. Column
chromatography on silica gel (50 g, pentane, column 3V30 cm, Rf=0.69),
and subsequent recrystallization from ethanol/hexane yielded 1 i (53 mg,
41%) as colorless crystals. M.p. 227–230 8C; IR (KBr): ñ=2955, 2897,
1595, 1247, 1205, 986, 864 cm�1; 1H NMR (250 MHz, CDCl3): d=0.12 [s,
54H, Si(CH3)3], 5.93 (d, J=19.6 Hz, 6H, 2’-H), 6.86 ppm (d, J=19.6 Hz,
6H, 1’-H); 13C NMR (62.9 MHz, CDCl3, additional DEPT): d=�1.10
[+ , Si(CH3)3], 135.8 (Cquat, Ph-C), 137.1 (+ , C-2’), 143.9 ppm (+ , C-1’);
MS (70 eV): m/z (%): 666 (40) [M]+ , 593 (90) [M�Si(CH3)3]


+ , 568 (100)
[M�C=CHSi(CH3)3]


+ , 495 (90), 73 (100) [Si(CH3)3]
+ ; HRMS: m/z : calcd


for C36H66Si6 (667.4): 666.3780; found: 666.3780.


Hexastyrylbenzene (1 j): According to GP 7, hexabromobenzene
(200 mg, 0.363 mmol) was treated with 19j (1.396 g, 3.550 mmol) in the
presence of tetrakis(triphenylphosphine)palladium (126 mg, 0.109 mmol)
and additional copper iodide (15 mg, 0.079 mmol) in 20 mL of toluene at
110 8C for 4 d. Column chromatography on silica gel [50 g, petroleum
ether/CH2Cl2 (3:1), column 3V30 cm], yielded 1 j (40 mg, 16%) as a pale
yellow oil. Rf=0.25; IR (film): ñ=3026, 2923, 2853, 1699, 1599, 1494,
1449, 1261, 1075, 1030, 966, 754, 697 cm�1; 1H NMR (250 MHz, CDCl3):
d=6.61–7.40 (m, 30H), 7.08 ppm (s, 12H); 13C NMR (62.9 MHz, CDCl3):
d=126.2 [C-2’’(6’’)], 127.5 (C-4’’), 128.0 (C-1’*), 128.4 [C-3’’(5’’)], 128.7
(C-2’*), 134.9 (C-1*), 137.7 ppm (C-1’’*); MS (70 eV): m/z (%): 690 (10)
[M]+ , 599 (5) [M�C7H7]


+ , 542 (5), 378 (10), 250 (30), 154 (20), 105 (40),
91 (100) [C7H7]


+ ; HRMS: m/z : calcd for C54H42 (690.9): 690.3286, found
690.3286.


Hexakis-[2-(3,5-di-tert-butylphenyl)ethenyl]benzene (1k): According to
GP 7, hexabromobenzene (233 mg, 0.422 mmol) was treated with 19k
(1.500 g, 2.968 mmol) in the presence of trans-di(m-acetato)bis[2-(di-o-tol-
ylphosphino)benzyl]dipalladium(ii) (58 mg, 0.062 mmol) in toluene
(30 mL) at 110 8C for 5 d. Column chromatography on silica gel (100 g,
petroleum ether, column 3V30 cm) yielded 19k (30 mg, 5%) as a pale
yellow oil. Rf=0.23; 1H NMR (250 MHz, CDCl3): d=1.38–1.42 [m,
108H, C(CH3)3], 6.39–7.06 [m, 12H, 1’-H, 2’-H], 7.29–7.43 ppm (m, 18H,
Ph-H); 13C NMR (62.9 MHz, CDCl3, additional DEPT): d=31.4 [+ ,
C(CH3)3], 34.8 [Cquat, C(CH3)3], 120.6 [+ , C-2’’(6’’)], 122.0 (+ , C-4’’),
128.9 (+ , C-2’), 133.4 (+ , C-1’), 135.7 (Cquat, C-1), 136.6 (Cquat, C-1’’),
150.9 ppm [Cquat, C-3’’(5’’)]; MS (70 eV): m/z (%): 1365/1364/1363 (14/20/
18) [M]+ , 1248 (1), 1229 (5), 1162 (10), 1149 (5), 960 (5), 430 (15), 203
(20), 57 (100) [C(CH3)3]


+ ; C102H138 (1364.2): Without an authentic cali-
bration standard for this relative molecular mass region, the HRMS is


not reliable. Nevertheless the isotope ratio for the molecular peak is
identical to the one calculated for C102H138.


Hexakis-(3,3-dimethylbutyl)benzene (23): A solution of hexakis(3,3-di-
methyl-1-butenyl)benzene (1a) (52 mg, 91 mmol) in hexane (5 mL) with
added palladium on charcoal (10%, 21 mg) was stirred under an atmo-
sphere of hydrogen for 18 h. After removal of the catalyst by filtration,
the solvent was distilled off under reduced pressure. Recrystallization
from hexane yielded 23 (47 mg, 89%) as colorless crystals. M.p. 187 8C;
IR (KBr): ñ=2961, 2896, 2865, 1477, 1459, 1391, 1363, 1247 cm�1;
1H NMR (250 MHz, CDCl3): d=0.99 [s, 54H, C(CH3)3], 1.36–1.43 (m,
12H, 2’-H), 2.43–2.50 ppm (m, 12H, 1’-H); 13C NMR (62.9 MHz, CDCl3,
additional DEPT): d=24.1 (�, C-2’), 29.5 [+ , C(CH3)3], 30.9 [Cquat,
C(CH3)3], 46.2 (�, C-1’), 135.6 ppm (Cquat, Ph-C); MS (70 eV): m/z (%):
582 (100) [M]+ , 511 (5) [M�C5H11]


+ , 333 (10), 231 (10), 161 (10), 57 (15)
[C4H9]


+ ; elemental analysis calcd (%) for C42H78 (583.1): C 86.52, H
13.48; found C 86.48, H 13.38.


2,3,6,7,10,11-Hexakis-[(E)-3’,3’-dimethyl-1’-butenyl]triphenylene (25):
According to GP 6, a solution of hexa-
bromotriphenylene (24) (351 mg, 500 mmol) and 2-[(E)-3’,3’-dimethylbu-
tenyl]-1,3,2-benzodioxaborol (2a) (1.01 g, 5.00 mmol) in THF/toluene
(1:1, 40 mL) was treated with powdered NaOH (600 mg, 15.0 mmol) and
[PdCl2(PPh3)2] (105 mg, 150 mmol) at 100 8C for 12 h. Recrystallization of
the crude product from pentane and CH2Cl2 yielded 25 (335 mg, 93%) as
colorless needles. M.p. 275 8C (decomp); IR (KBr): ñ=3040 (C�H), 2957,
2900 (C�H), 2864, 1474, 1463, 1362, 1265, 966, 888 cm�1; 1H NMR
(250 MHz, CDCl3): d=1.24 (s, 54H, CH3), 6.31 (d, 3J=16.0 Hz, 6H, 2’-
H), 6.75 (d, 3J=16.0 Hz, 6H, 1’-H), 8.51 ppm (s, 6H, Ar-H); 13C NMR
(62.9 MHz, CDCl3, additional DEPT): d=29.7 [+ , C(CH3)3], 33.9 [Cquat,
C(CH3)3], 121.3 (+ , Ar-C*), 123.7 (+ , C-1’*), 128.5 (Cquat, Ar-C), 135.5
(Cquat, Ar-C), 144.7 ppm (+ , C-2’); MS (70 eV): m/z (%): 722/721/720
(15/59/100) [M]+ , 315 (9), 300 (15); elemental analysis calcd (%) for
C54H72 (721.2): C 89.94, H 10.06; found C 89.78, H 9.88.


Octakis-(3,3-dimethyl-1-butenyl)naphthalene (27): According to GP 6,
octabromonaphthalene (550 mg, 0.725 mmol) was treated with 2a (6.30 g,
31.2 mmol) in the presence of dichlorobis(triphenylphosphine)palladium
(204 mg, 0.290 mmol) and powdered sodium hydroxide (2.02 g,
50.6 mmol) in THF/toluene (1:1, 35 mL) in an ultrasonic bath for 24 h.
Column chromatography on silica gel (80 g, hexane, column 3V30 cm),
Rf=0.45 and subsequent recrystallization from CH2Cl2/ethanol yielded 27
(120 mg, 21%) as light-yellow crystals. M.p. 172 8C (decomp); IR (KBr):
ñ=2958, 2901, 2864, 1475, 1461, 1390, 1361, 1262, 1201, 964, 945 cm�1;
UV (hexane): lmax (log e)=290 nm (4.82); 1H NMR (250 MHz, CDCl3):
d=1.07 [s, 36H, C(CH3)3], 1.11 [s, 36H, C(CH3)3], 4.91 (d, J=16.3 Hz,
4H, 2’-H), 5.75 (d, J=16.3 Hz, 4H, 2’-H), 6.24 (d, J=16.3 Hz, 4H, 1’-H),
6.65 ppm (d, J=16.3 Hz, 4H, 1’-H); 13C NMR (62.9 MHz, CDCl3, addi-
tional DEPT): d=29.2 [+ , C(CH3)3], 29.8 [+ , C(CH3)3], 33.6 [Cquat,
C(CH3)3], 33.9 [Cquat, C(CH3)3], 124.3 (+ , C-2’), 129.9 (+ , C-2’), 133.0
(Cquat, Ph-C), 133.8 (Cquat, Ph-C), 133.9 (Cquat, Ph-C), 141.2 (+ , C-1’),
145.9 ppm (+ , C-1’); MS (70 eV): m/z (%): 788/787/786/785 (5/22/66/100)
[M]+ , 715/714 (10/22), 658 (8), 57 (14) [C4H9]


+ ; elemental analysis calcd
(%) for C58H88 (785.3): C 88.71, H 11.29; found C 88.73, H 11.10.


Crystallography : Information concerning the crystallographic data and
structure determinations of the five compounds is summarized in Table 6.
Intensities were collected with a Nicolet R3mV�1 four-circle diffractom-
eter for 1a, with a STOE-AED2 diffractometer for 1 i and 23, with a
STOE-IPDS II diffractometer for 1h using in all cases graphite-mono-
chromated MoKa radiation. Compound 27 was measured with a Bruker
SMART 6000 area detector using monochromated CuKa radiation. All
calculations were performed with the SHELXTL-Plus program pack-
age.[61] All non-hydrogen atoms were refined anisotropically.
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Synthesis, Structure, and Nonlinear Optical Properties of Cross-Conjugated
Perphenylated iso-Polydiacetylenes


Yuming Zhao,[a] Aaron D. Slepkov,[b] Clement Osei Akoto,[c] Robert McDonald,[d]


Frank A. Hegmann,*[b] and Rik R. Tykwinski*[c]


Introduction


Organic compounds continue to be desirable materials can-
didates for optical and opto-electronic applications,[1] and or-
ganic NLO materials with large molecular hyperpolarizabili-
ty would be particularly useful for the fabrication of all-opti-


cal signal processing/switching devices.[2] The realization of
such devices could substantially improve the capability of
modern computing and telecommunications technologies. In
the past several decades, enormous efforts have focused on
molecules with extensive p-delocalization that often afford
large nonlinear optical responses, that is, large molecular
first and second hyperpolarizabilities (b and g).[1,3] Conjugat-
ed oligomers are also attractive as nonlinear optical materi-
als due to their extended p-electron systems.[4] For example,
polyynes,[5] polyacetylenes (PAs),[6] polydiacetylenes
(PDAs),[7] polytriacetylenes (PTAs),[8] as well as many
others have been explored.[9] One disadvantage of linearly
conjugated oligomers, however, is the dramatic red-shift of
the maximum electronic absorption wavelength (lmax) to-
wards the visible region of the spectrum as the oligomer
chain length is increased. This results in longer oligomers
with considerably decreased transparency in the visible
region of the spectrum.[10] To circumvent this “transparency-
nonlinearity trade-off”, alternatives to linear conjugation
have been explored,[3] such as two-dimensional conjuga-
tion[11] and the substitution of functional groups in the
oligomer backbones.[12]


In this context, cross-conjugated enyne oligomers[13, 14]


have been examined with the following motives in mind:
1) The red-shift of lmax can be mediated, on account of the
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Abstract: Monodisperse, cross-conju-
gated perphenylated iso-polydiacety-
lene (iso-PDA) oligomers, ranging
from monomer 15 to pentadecamer 25,
have been synthesized by using a palla-
dium-catalyzed cross-coupling protocol.
Structural characteristics elucidated by
X-ray crystallographic analysis demon-
strate a non-planar backbone confor-
mation for the oligomers due to the
steric interactions between alkylidene
phenyl groups. The electronic absorp-
tion spectra of the oligomers show a


slight red-shift of the maximum absorp-
tion wavelength as the chain length in-
creases from dimer 17b to pentade-
camer 25, a trend that has saturated by
the stage of nonamer 22. Fluorescence
spectroscopy confirms that the pendent
phenyl groups present on the oligomer


framework enhance emission, and the
relative emission intensity consistently
increases as a function of chain length
n. The molecular third-order nonlinear-
ities, g, for this oligomer series have
been measured via differential optical
Kerr effect (DOKE) detection and
show a superlinear increase as a func-
tion of the oligomer chain length n.
Molecular modeling and spectroscopic
studies suggest that iso-PDA oligomers
(n>7) adopt a coiled, helical confor-
mation in solution.


Keywords: cross conjugation ·
enynes · foldamers · nonlinear
optics · optical Kerr effect · poly-
diacetylenes
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attenuated p-electron delocalization via a cross-conjugated
framework, yielding electronic transparency, even for ex-
tended oligomers, and 2) cross-conjugated oligomers remain
rich in p-electron density, which is essential for providing
large third-order molecular and bulk nonlinear optical sus-
ceptibilities.


Oligomers with a cross-conjugated enyne framework, such
as iso-polydiacetylenes (iso-PDAs) 1 and 2[15] and iso-poly-
triacetylenes (iso-PTAs),[16,17] have been studied previous-
ly.[18] These studies show that electronic communication is
observed along the cross-conjugated enyne frameworks and
that the oligomers also demonstrate high transparency in
the visible region of the spectrum.[19] The pendant alkyl sub-
stituents (e.g., isopropylidene 1 and adamantylidene 2),
however, did not supply sufficient stability and solubility for
extensive studies of nonlinear optical properties. In a quest
for oligomers more suitable for study of third-order NLO
behavior, a series of perphenylated iso-PDA oligomers 3
was targeted. It was also envisioned that both the stability
and solubility (processabiltiy) could be improved.[15–17] The
synthesis, spectroscopic, nonlinear optical, and conforma-
tional properties of these new oligomers are detailed in this
paper.


Results and Discussion


Synthesis : Friedel–Crafts acylation[20] of silyl-protected ace-
tylenes 4–6 with diphenylacetyl chloride 7 gave ketones 8–
10, and triflation[21] under standard conditions gave the vinyl
triflate building blocks 11–13 (Scheme 1). In the synthesis of
ketone 8, a mixture of bis and mono-acylated products was
formed, and desilylation of ketone 8 under the reaction con-
ditions was also observed. Replacing one of acetylenic pro-
tecting groups with a more robust triethylsilyl (TES) or tri-
isopropylsilyl (TIPS) group, however, reduced these trouble-
some side-reactions during acylation and greatly facilitated
the purification of ketones 9 and 10. Since ketones 8–10
showed limited stability, even when stored under inert gas
and at low temperature (�208C), transformation into the cor-
responding vinyl triflates 11–13 was immediately effected.


With the pure vinyl triflates in hand, the cross-conjugated
perphenylated iso-PDA oligomers were prepared via an iter-
ative cross-coupling strategy.[22,23] Whereas the synthesis of
alkyl substituted enediynes 1 and 2 was accomplished under
Pd-catalyzed cross-coupling conditions at room tempera-
ture,[15] the analogous reactions of triflates 12–13 with trime-
thylsilylacetylene 14 proceeded at an unbearably slow rate,
likely due to the increased steric demands of the phenyl sub-
stituents (Scheme 2). Increasing the reaction temperature to


60–65 8C (reflux), however, led to substantially accelerated
reaction rates and excellent yields of enediynes 15 and 16,
respectively.


Initial efforts to assemble perphenylated iso-PDA oligo-
mers were directed toward dimer 17a (Scheme 3). Monomer
16 was selectively desilylated and cross-coupled with triflate
13 by using [PdCl2(PPh3)2] as the catalyst, but this reaction
consistently gave almost exclusively the homocoupled prod-
uct 18a. Attempts to optimize the dimer formation were
then directed toward the formation of dimer 17b. The TMS
group of 15 was carefully removed with catalytic K2CO3 in
MeOH/THF, and the mono-deprotected product cross-cou-
pled with triflate 12. Using [PdCl2(PPh3)2] as the catalyst,
this reaction also resulted in a substantial amount of dimer
18b. Switching to [Pd(PPh3)4] as the catalyst, however, sub-
stantially reduced the yield of 18b (ca. 3 %) and afforded an
excellent yield of 17b. To date, the optimized cross-coupling
conditions for these and subsequent reactions used
[Pd(PPh3)4] as the catalyst, CuI as the co-catalyst, iPr2NH as
the base in THF under positive Ar pressure, at reflux for at
least 12 h.


Exhaustive deprotection of 15 with tetrabutylammonium
fluoride (TBAF) gave the bisterminal alkyne, which was
cross-coupled with triflate 12 to afford trimer 19 as a yellow
solid (Scheme 4). Repetition of the protiodeprotection and
cross-coupling sequence then afforded pentamer 20 and
heptamer 21 in respectable yields. Further elaboration of
heptamer 21 afforded nonamer 22, and while 22 shows
decent solubility in organic solvents, purification via column
chromatography (silica gel or alumina) was problematic be-


Scheme 1. Synthesis of vinyl triflate building blocks 11–13. a) AlCl3,
CH2Cl2, 0 8C; b) triflic anhydride, 2,6-di(tert-butyl)-4-methylpyridine,
CH2Cl2, RT.


Scheme 2. Synthesis of perphenylated iso-PDA monomers 15 and 16.
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cause of significant aggregation of the various products.
Size-exclusion chromatography (SEC) thus proved to be in-
valuable in the purification of nonamer 22, as well as longer
oligomers, by using CH2Cl2 as an eluent. This general proto-
col led to good yields of undecamer 23, tridecamer 24 and
pentadecamer 25. Compound 25 is the longest monodisperse
iso-PDA oligomer synthesized to date, and it consists of a
cross-conjugated enyne backbone composed of 62 sp and sp2


hybridized carbons.
It was only in the transformation of 15 to 19 where an


isolable amount of a homocoupled by-product 26 was also
isolated (8%). Although small amounts of such by-prod-


uct(s) were also detected in subsequent reactions, the com-
pounds were extremely difficult to isolate pure because of
the small quantity of material.


Characterization : Electrospray mass spectrometry (ESIMS)
proved to be a particularly powerful tool for characteriza-
tion of the oligomers. For all compounds, a clear signal for
[M+X]+ (X = Na and/or Ag) was observed in analysis
(positive mode) of MeOH/toluene solutions with added
AgOTf. For example, analysis of the tridecamer 24 shows a
signal at m/z 2991 as expected for [M+Ag]+ , and that of
pentadecamer 25 shows m/z 3309 and 3392, consistent with
[M+Na]+ and [M+Ag]+ , respectively.


In the 13C NMR spectra of the iso-PDA oligomers, the
resonances of the alkylidene carbons outside of the main
chain (Ph2C=C) are the most easily identified, resonating
quite downfield in a range of 155–158 ppm. In the spectrum
of heptamer 21, these four carbons remain discernible at d


154.9, 155.1, 155.4, and 156.9. For the longer oligomers, how-
ever, chemical shift degeneracy of these carbons exists, that
is, only five of seven are distinguishable for tridecamer 24,
and only four of eight can be seen for 25. The in-chain alkyl-


idene carbons (Ph2C=C) fall
farther upfield, in the chemical
shift range of the acetylenic
carbons. For the longer
oligomers, significant chemical
shift degeneracy is also ob-
served for resonances of sp
and sp2 carbons of the enyne
framework (even when mea-
sured at 125 MHz). For in-
stance, already in the spectrum
of pentamer 20, only 11 of 12
unique sp and sp2 carbon reso-
nances (excluding the phenyl
carbons) are discernible.


All iso-PDA oligomers show
reasonable thermal stability.
Dimer 17b, trimer 19, penta-
mer 20, and heptamer 21 show
well defined melting points at
67–69, 60–61, 85–86, and 124–
126 8C, respectively. Nonamer
22, undecamer 23, tridecamer
24, and pentadecamer 25 de-
compose at 134–135, 140–142,
148–150, and 155–159 8C, re-


Scheme 3. Synthesis of dimeric perphenylated iso-PDAs.


Scheme 4. Iterative synthesis of perphenylated iso-PDAs 19–25. a) TBAF, wet THF, RT; b) 12, [Pd(PPh3)4],
CuI, iPr2NH, THF, reflux, 12 h.
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spectively. Differential scanning calorimetric (DSC) analysis
of these longer oligomers confirmed the decomposition. In
comparison to the alkyl substituted iso-PDAs (i.e. , oligo-
mers 1 and 2),[15] the perphenylated oligomers exhibited sub-
stantially improved kinetic stability and no significant de-
composition could be detected by either TLC or NMR spec-
troscopic analysis for samples exposed to ambient conditions
for several weeks.


Solid-state structural properties : Crystallographic analyses
of monomer 15, dimer 17b, trimer 19, and homocoupled
dimer 18a were performed to examine the solid-state struc-
tural characteristics of the iso-PDA oligomers. While disor-
der, particularly in the ethyl groups, hampered the refine-
ment of the data for 15 (Figure 1), the resulting structure is
sufficient for an empirical analysis and as a point of compar-
ison to that of the other oligomers. The alkylidene angle C2-
C3-C5 at 114.3(3)8 is comparable to the that of its isopropyl-
idene analogue at 112.9(4)8.[15] Both SiC�C bond angles, at
172.2(3) and 174.9(4)8, are distorted from linearity, presuma-
bly due to crystal packing effects. Steric interactions be-
tween the two alkylidene phenyl groups prohibit co-planari-
ty and force the phenyl rings out of the enediyne plane by
47.7(6) and 43.0(6)8.


Crystallographic analysis of dimer 17b shows a pseudo
s-trans orientation of the two olefins about the central acet-
ylenic bond and a nonplanar the enyne framework
(Figure 2). The dihedral angle between the two alkylidene
least-squares planes, namely plane 1 (C2, C3, C4, and C5)
and plane 2 (C6, C7, C8, and C9), is 33.70(16)8. The two
enediyne alkylidene angles at 113.9(3) and 113.6(3)8 are
similar to that of monomer 15. The packing diagram of 17b
shows that the distance between H(32) and phenyl plane
(C41’, C42’, C43, C44’, C45’, C46’) is 3.26 P, which is an in-
dication of the intermolecular p-stacking in a “face-to-edge”
manner or “T-stacking” (Figure 2b).[24, 25]


Crystallographic analysis of trimer 19 shows that the
cross-conjugated oligoenyne framework does not assume a
planar conformation due to the steric interactions between


the phenyl groups of neighboring alkylidene moieties. Nota-
bly, trimer 19 shows a pseudo-cis-trans orientation rather
than an all s-trans orientation; the only iso-PDA to date that
displays a cisoid orientation for neighboring alkylidene
groups in the solid state (Figure 3). The intramolecular dis-
tance between H(55) and H(56) to phenyl plane 4 (C61,
C62, C63, C64, C65, C66) is observed at 3.20 and 3.37 P, re-
spectively, with an angle between the two phenyl planes is
798. This orientation suggests p-stacking of the “face-to-
edge” type that stabilizes the pseudo-cis orientation in the
solid state.


The cross-conjugated enyne framework of 18a (Figure 4)
shows a transoid, centrosymmetric, and nearly planar con-
formation (C2h symmetry), with a maximum deviation of
0.078(2) P from the least-squares plane (excluding the


Figure 1. ORTEP drawing (20 % probability level) of 15. Selected bond
angles [8]: Si1-C1-C2 172.2(3), C1-C2-C3 176.9(4), C2-C3-C5 114.3(3),
C3-C5-C6 177.5(4), C21-C4-C31 116.8(3), Si2-C6-C5 174.9(4).


Figure 2. a) ORTEP drawing (20 % probability level) of 17b. Selected
bond angles [8]: Si1-C1-C2 175.4(3), C1-C2-C3 175.4(4), C2-C3-C5
113.9(3), C3-C5-C6 176.5(4), C5-C6-C7 171.6(3), C6-C7-C9 113.6(3), C7-
C9-C10 176.8(4), Si2-C10-C9 172.7(3); b) crystal packing of 17b.


J 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 321 – 329324


F. A. Hegmann, R. R. Tykwinski et al.



www.chemeurj.org





phenyl and silyl moieties). It is clear that the central buta-
diynyl linkage sufficiently distances the alkylidene moieties
such that steric interactions are relieved, resulting in a fully
planar enyne conformation in the solid state.


Compound 18a shows a parallel stacking arrangement in
the solid state (Figure 5), with solid-state packing parame-
ters for the central butadiynyl moieties of F=358, R1,4=


6.1 P, d=8.6 P. When compared to the optimal parameters
for topochemical polymerization of butadiynes in a 1,4-addi-
tion fashion, F=458, R1,4<4.0 P, d=5.0 P, however,[26]


there is little possibility for reaction, since the distance be-
tween neighboring molecules is too great. In the packing of
18a, it is interesting to note that there are no intermolecular
and/or intramolecular p-stacking interactions observed be-
tween proximal phenyl groups.


Electronic absorption and emission : The electronic absorp-
tion characteristics of dimer 17b through pentadecamer 25


were investigated by UV/Vis spectroscopy (Figure 6). The
most obvious aspect of the UV/Vis spectra is the steadily in-
creasing molar absorptivity as the chain length is extended,
which ultimately reaches e=160 000 for iso-PDA 25. The
spectrum of dimer 17b shows two distinct absorptions at 373
and 323 nm. In the absence of a significant contribution
from cross-conjugation, the major absorptions for 17b, as
well as the other iso-PDAs, are expected to arise from the
longest linearly conjugated framework, ene-yne-ene segment
shown in bold in Scheme 3.[27] Previous work with cyclic iso-
PDAs suggests that the lower energy absorption (373 nm)
results from the HOMO!LUMO transition for both the
cisoid and transoid conformers of this ene-yne-ene segment,
with the cisoid absorption occurring at slightly higher
energy than the transoid. It is predicted that absorption at
323 nm arises from the HOMO!LUMO + 1 transition of
the cisoid conformer, a transition that is formally symmetry
forbidden for the transoid conformer.[15] The spectrum of
trimer 19 shows a similar absorption profile to that of 17b,
with distinctive absorptions at 375 and 324 nm. In the spec-
trum of pentamer 20, the low-energy absorption at 377 nm
becomes the only notable characteristic, as the higher-
energy absorption at 324 nm merges into a barely distin-
guishable shoulder. From heptamer 21 to pentadecamer 25,
the absorption profiles show a broad and featureless absorp-
tion at lmax=378 nm. Overall, a slight lowering of the lmax


value versus chain length is observed dimer 17b (lmax=


373 nm) to pentadecamer 25 (lmax=378 nm). This effect has,
however, already reached saturation by the length of about
n=7–9, similar to that of iso-PDAs 1.[15]


The influence of solvent polarity on the electronic absorp-
tions was investigated using nonamer 22. In most cases, only
a slight change of lmax (ca. 3 nm) was found. For example, in
CHCl3, hexanes, and benzene lmax=377 nm, whereas in
Et2O and THF lmax=374 nm. The absorption profiles are
also similar to each other. The UV/Vis spectrum of 22 in
acetonitrile, however, shows obvious differences when com-
pared with those from other solvents. In acetonitrile, the
lowest energy absorption has shifted toward higher energy


Figure 3. ORTEP drawing (20 % probability level) of 19. Selected bond
angles [8]: Si1-C1-C2 168.9(3), C1-C2-C3 176.5(3), C2-C3-C5 114.4(3),
C3-C5-C6 176.8(3), C5-C6-C7 175.1(3), C6-C7-C9 114.2(3), C7-C9-C10
174.4(4), C9-C10-C11 170.4(3), C10-C11-C13 113.0(3), C11-C13-C14
177.5(4), Si2-C14-C13 172.2(3).


Figure 4. ORTEP drawing (20 % probability level) of 18a. Selected bond
angles [8]: Si1-C1-C2 178.2(2), C1-C2-C3 176.2(3), C2-C3-C5 115.13(19),
C3-C5-C6 174.4(3), C5-C6-C6’ 178.7(3).


Figure 5. Crystal packing diagram of 18a viewed along b axis.
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by about 12 nm (lmax=365 nm), and the high energy absorp-
tion at 323 nm, as observed in the spectra of dimer 17b and
trimer 19 in CHCl3, is also discernible.[28] This observed be-
havior in CH3CN is analogous to that observed for the fold-
ing of oligo(m-phenylene ethynylene) systems reported by
Moore and co-workers[29] and will be discussed in more
detail below.


UV/Vis spectra of iso-PDA oligomers 21 and 22 were re-
corded at varied concentrations (from 10�5 to 10�7


m) in
CHCl3 in order to probe the possibility of aggregation in so-
lution. These results showed consistent profiles and nearly
identical extinction coefficients, suggesting little or no aggre-
gation over the accessible range of concentrations.


The absorption spectra of iso-PDA oligomers as thin films
cast from CHCl3 onto quartz slides were measured
(Figure 7). The oligomers form reasonably good quality thin
films with absorption profiles that are similar to those mea-
sured in solution. Thus, no pronounced intermolecular aggre-
gation band could be detected.[30] The slight random change
in lmax values observed in the spectra of the films was pre-
sumably due to scattering effects and slight variances in the
films.


Emission spectra were measured in degassed CHCl3 with
an excitation wavelength of 380 nm (Figure 8), and the per-
phenylated iso-PDAs show enhanced emission when com-
pared to their alkylidene analogues 1 and 2.[31] All oligomers
show only one broad emission peak, and the relative intensi-
ty steadily increases with chain length. The maximum emis-
sion wavelength (lem) shifts toward lower-energy in the pro-
gression from dimer 17b (lem=468 nm) to heptamer 21
(lem=503 nm). From heptamer 21 to pentadecamer 25, lem


maintains an essentially constant value. This trend concurs
with that observed for the UV/Vis absorption data, suggest-
ing an effective conjugation length (ECL) of nECL �7.


Nonlinear optical properties : One of the most appealing as-
pects of these new iso-PDA oligomers is their potential as
third-order NLO materials because of their significant opti-
cal transparency. The molecular second hyperpolarizabilities,
gs, for the iso-PDA samples were determined by differential


optical Kerr effect (DOKE) experiments.[14a,b] In these ex-
periments, the oligomer samples, from monomer 15 to pen-
tadecamer 25, were prepared as THF solutions of 0.035–
0.23m. The gs values were then obtained as previously de-
scribed,[14a,b] and all the gs values are referenced to that of
THF (gTHF). A summary of the gs values for the entire
oligomer series are listed in Table 1.


As depicted by the values in Table 1, the iso-PDA series
shows an order of magnitude increase in gs from the dimer
17b to pentadecamer 25, although the gs values themselves


Figure 6. Electronic absorption spectra in CHCl3 comparing the effects of
oligomer chain length between 17b, 19–25.


Figure 7. Solid state UV/Vis spectra for 17b and 19–25 as thin films cast
from CHCl3 onto quartz slides.


Figure 8. Emission spectra in CHCl3 for 17b and 19–25 (excitation at
380 nm); lem [nm] for each oligomer is shown in parentheses.


Table 1. DOKE results for the iso-PDA series.[a]


Entry n c [m] gs (Q 10�36 esu) gs/gTHF


15 1 0.23 9.2�0.4 17.7�0.8
17b 2 0.15 30.3�0.3 58.2�0.5
19 3 0.13 48�4 94�7
20 5 0.12 70�5 134�9
21 7 0.10 94�4 181�9
22 9 0.12 123�8 240�15
23 11 0.054 177�18 347�35
24 13 0.054 208�10 408�20
25 15 0.035 308�8 603�16


[a] gs and gTHF are the second hyperpolarizabilities of the oligomer sam-
ples and THF reference, respectively; n is the number of repeat units in
the oligomer.
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remain quite modest. On the basis of the absorption and
emission data, conventional wisdom dictates that limited
electronic communication is found across a cross-conjugated
bridge. Thus, increasing the number of repeat units would
simply increase the number of fixed-length linearly-conjugat-
ed paths (as shown in bold, Scheme 3). In the absence of sig-
nificant cross-conjugated p-delocalization, this would afford a
linear increase in gs values as a function of chain length.
Indeed, a linear trend for shorter iso-PDA oligomers (n=2–
7) was observed.[14a,b] Extending this investigation to longer
oligomers, however, revealed markedly different behavior as
shown in Figure 9a, where the oligomer nonlinearities clearly
increase superlinearly with respect to chain length.


A superlinear increase in g values as a function of chain
length is encountered in both theoretical and experimental
studies of linearly conjugated oligomers. These studies have
shown that optical nonlinearities typically increase with con-
jugated length according to a power-law relationship, g ~
n c, where c is the power law exponent.[32,33] Furthermore, a
fit of the data to expressions of the form g ~ n c is an indica-
tion of increased electronic communication along a conju-
gated backbone. While theories predict power law expo-
nents of c=2–4 for linearly conjugated systems, there are
currently no theoretical predictions for cross-conjugated sys-
tems. Figure 9b presents the data of iso-PDA series fit to a
power law function of the form g = a + bn c, where a and b
are constants. This analysis provides a superior fit to a
simple straight line, yielding a power of c=2.0�0.3. While
the data adequately fits a power-law, the correlation is not,
however, ideal.


A third possible relationship, consisting of two linearly in-
creasing regimes is considered as shown in Figure 9c. The gs


values show a good linear fit spanning n=2–7 and a second
linear fit with a steeper slope over the range of n=9–15.
Overall, the two-line analysis with a distinct change in slope
at n�9, provides the best description of the data.


The analyses in Figures 9b and c would be explained by
two different phenomena. A power-law relationship be-
tween g and oligomer length (Figure 9b) would presumably
arise from increased p-electron delocalization, a surprising
prospect considering the UV/Vis absorption and emission
data found for the iso-PDAs. A superlinear increase in non-
linearities with a distinct change in slope, however, could
arise from an increased ordering of the sample in solution,
such as folding.[34] This prospect is discussed below.


Solution state folding of iso-PDAs : The interesting results
from the NLO analyses suggested that the perphenylated
iso-PDA oligomers might prefer a specific, folded, confor-
mation in the solution state when n>7. This suggestion is
also supported by the crystallographic analysis of trimer 19,
where the pseudo-cis orientation between enediyne seg-
ments allows the neighboring phenyl groups to approach
close enough to effect p–p interactions, which could become
a dominant feature in the longer oligomers.


The geometry of iso-PDA oligomers of various length was
analyzed computationally.[35] When the initial oligomer ge-


ometry adopts an all-cisoid conformation (n>7), the mini-
mized structure consistently converged to a helical confor-
mation with a “folded” enyne framework (Figure 10a). The
phenyl rings of neighboring alkylidene units each participate
in p-stacking, which contributes to stabilization of the
folded conformation (Figure 10b). The pitch angle for the
helix is calculated to be approximately 408.


Folding of the oligomers is also supported by UV/Vis
spectroscopic analysis. Previous work on iso-PDAs provide
for the following assumptions: a) The HOMO!LUMO+1
transition at about 323 nm is symmetry allowed for the
cisoid conformation and forbidden for the transoid confor-


Figure 9. Correlation of relative molecular second hyperpolarizabilities
(gs/gTHF) as a function of oligomer length n. a) Linear fit (n=2–15).
b) Power-law fit of the form g=a + bn c (n=2–15). c) Two linear fits (n=
2–7 and 9–15).
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mation,[15] and b) the HOMO!LUMO transition for the
cisoid ene-yne-ene chromophore occurs at slightly higher
energy than that of the transoid conformer (although both
are observed as a combined absorption band at about
378 nm in the present case).[15,36] The ratio of these two ab-
sorbances (denoted as A378/A323) could therefore be an indi-
cator of conformation change, and a plot of this indicator
versus chain length n is presented in Figure 11. In both
CHCl3 and acetonitrile, the ratio of A378/A323 steadily in-
creased from dimer 17b to heptamer 21, and then reached a
constant value for the longer oligomers (n�7). In an effort
to provide additional support of a folded conformation, cir-
cular dichroism (CD) spectroscopy was also explored, as es-
tablished by Moore and co-workers,[37] including the use of
chiral solvents as well as attempts to incorporate a chiral


guest molecule. These studies, unfortunately, did not give
conclusive evidence for (or against) solution-state folding, as
a biased twist sense could not be achieved.


Conclusion


An efficient synthesis for perphenylated cross-conjugated
iso-PDAs (n=1–15) has been developed by using an itera-
tive divergent route. The oligomers were synthesized and
purified in satisfactory yields as stable and soluble solids.
Solid-state properties of monomer 15 to trimer 19[38] were
analyzed by X-ray crystallography and show that these
oligomers prefer non-planar conformations due to the steric
demands from the phenyl groups. Their electronic absorp-
tion behavior indicates an effective conjugation length of
nECL=7–9. iso-PDA oligomers show steadily increasing fluo-
rescence intensity as a function of chain length, and the
emission wavelength shifts slightly from 468 nm (dimer 17b)
to 503 nm (heptamer 21). Beyond the length of the heptam-
er, the emission energy remains essentially constant. The
third-order NLO properties of the iso-PDAs in THF solu-
tions were studied by differential optical Kerr effect
(DOKE) experiments. Molecular second hyperpolarizabili-
ties, gS, give a super-linear increase as a function of chain
length. The best fit to the NLO data shows two linear re-
gimes, suggesting an increased order in the system, likely
folding. While definitive proof of a folded conformation for
extended iso-PDAs remains elusive, empirical evidence of
this conformational presence is provided by molecular mod-
eling studies as well as UV/Vis spectroscopy. Additional
studies of conformation, as well as the synthesis of chiral
and optically pure iso-PDA derivatives, are currently under-
way.
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and A323 denotes the absorbance intensity at 323 nm.
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New Chiral Auxiliaries for Dynamic Kinetic Resolution:
From Theory to Experiment


A. Gil Santos,*[a] Jorge Pereira,[a, b] Carlos A. M. Afonso,[c] and Gernot Frenking[d]


Introduction


Chiral auxiliaries are at present time widely used as chemi-
cal blocks able to induce chirality in several known synthetic


strategies.[1–9] After the synthesis, these units are removed
and, at least in principle, they can be reused ad infinitum.
Two interesting families of compounds, which are used for
more then twenty years, are oxazolidinones 1 and imidazoli-
dinones 2. As, for our purpose, both families show identical
behaviour, we will treat them as a unique family.[10–18]


The excellent behaviour of this family of compounds as
chiral auxiliaries is mainly due to their low flexibility. In
fact, these auxiliaries are very rigid structures, formed by a
five-membered ring which is usually connected to the sub-
strate by an amide bond (Scheme 1). The system can rotate
through this bond but, since the calculated energy difference
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Abstract: New efficient chiral auxilia-
ries for dynamic kinetic resolution
(DKR) of bromides into amines are
proposed, based on a theoretical ra-
tionalisation of known literature re-
sults. One example was synthesized
and tested, affording diastereoselectivi-
ties up to 100%. Several results of
DKR reactions are known, based on
oxazolidinone or imidazolidinone units
as chiral auxiliaries. Nevertheless, their
behaviour was not fully understood
until a recent paper that we published.
We now used our proposed mechanism
to rationalize the behaviour of other
similar chiral auxiliaries and to propose
small structure changes in imidazolidi-
none rings which could largely improve


their performance. We could show that
the good performance of these mole-
cules as chiral auxiliaries for DKR re-
actions where bromine is the leaving
group and a primary or secondary
amine is the nucleophile is due, in a
first step, to the formation of a hydro-
gen bond between the amine and the
ring carbonyl oxygen and, in a second
step, to the strong electrostatic interac-
tion between the leaving bromide and
the carbonyl oxygen in the C-3 sub-


stituent. Considering the behaviour of
this substituent which rotates to mini-
mize the electrostatic repulsion with
the bromide when reaching the transi-
tion state, we proposed the introduc-
tion of a second substituent in the C-4
position of the imidazolidinone ring,
which prevents such rotation, thus in-
creasing the energy difference between
the transition states of the two dister-
eoisomers. With such an auxiliary we
were able to increase the best de
known in literature (88%), when ben-
zylamine is used as nucleophile, to 99,
or even 100%, when iodide replaces
the bromide in the substrate.


Keywords: ab initio calculations ·
asymmetric synthesis · chiral
auxiliaries · kinetic resolution ·
transition states
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is very high (>30 kJmol�1[19])—because of a large change in
the dipole moment—the equilibrium is strongly shifted to
the anti-coplanar side. The side chain can have destabilizing
steric interactions with the ring carbonyl group and the ring
substituent, which also reduces the number of possible con-
formers.[14,16–18] If the side chain contains functional groups
with the possibility of forming chelates with Lewis acids and
the carbonyl groups, then we get another way to control the
system rigidity.[12,16, 18] Since the most important condition to
achieve a high degree of stereocontrol in asymmetric syn-
thesis is the rigidity of the transition state or, in another
words, the low number of probable conformers, the proper-
ties of this system make it a very interesting chiral auxiliary.


The first published reports on the use of oxazolidinones
or imidazolidinones describe their use as chiral auxiliaries in
ionic reactions. The basis for an explanation of the reaction
mechanism is the work of Evans et al. about twenty years
ago.[11–14,17,18] After this, many results were published,
both on ionic[16,20–23] and radical reactions[24–29] (Scheme 2)
and even on dynamic kinetic resolutions (DKR)
(Scheme 3).[30–40]


In spite of the diastereoisomeric excess (de) in different
types of reactions being usually higher than 80 up to 95%,
an unexpected stereochemistry is obtained considering the


steric hindrance due to the ring substituent (Scheme 2). To
explain this observation, Evans proposed a mechanism
(Scheme 2) where the stereochemistry can be understood as-
suming that the reacting conformer is the one where the two
carbonyl groups are coplanar due to their complexation
with the Lewis acid.[18] After Evans, it was assumed that this
was the explanation for all reactions where this stereochem-
istry was obtained (almost all cases). In the cases where the
“expected” stereochemistry was reached, the explanation


was always that no complexa-
tion took place, with the attack
from the less hindered face
yielding the other possible
epimer (Scheme 2).


About ten years ago Nunami
et al.[34, 35] found that compound
3, when treated with secondary
or primary amines under DKR
conditions, afforded the epimer
4 (2’R) in more than 95% de
(depending on the amine used)
(Scheme 3) which was in disa-
greement with their initial hy-
pothesis that the amine would
easily attack the 2’R-bromine
isomer 3 from the less hindered
face. Notably this stereoselec-
tivity is exactly the same as that
obtained by Evans and follow-
ing workers in the field. Never-
theless, contrary to Evans,
Nunami could not explain his
results with some kind of chela-


Scheme 1. Possible interactions in imidazolidinone derivatives.


Scheme 2. Use of oxazolidinones as chiral auxiliaries in cycloadditions and in free radical reactions. Bottom:
Mechanism proposed by Evans et al.[18] to explain their experimental results on cycloadditions.


Scheme 3. Observations made by Nunami et al.[34–36] on DKR reactions.
Expected versus experimental observed products.
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tion where the carbonyl groups
would be coplanar. He also cal-
culated[36] the energy difference
between the two conformers
(molecular mechanics) and
found that the value was too
large (around 23 kJmol�1) to
easily favour the coplanar ori-
entation 5.


A mechanism was proposed
where a hydrogen-bonding in-
teraction between the amine
and the carbonyl on the ring
substituent would direct the
attack from the most hindered
face (Figure 1). In accordance with this, nucleophiles which
are not capable of hydrogen bonding yielded the “expected”
stereochemistry.[37–39]


A few years ago, Caddick et al.[31,32] found that the treat-
ment of compound 6 with primary or secondary amines
under DKR conditions similar to those used by Nunami
yielded epimer 7 (2’R) (Scheme 4), which is again the unex-
pected isomer. Since there is no possibility for hydrogen
bonding as suggested by Nunami, Caddick proposed a dif-
ferent mechanism where a hydrogen bond between the
amine and the two carbonyl groups would shift the equilibri-
um from the anti- to the coplanar conformation (Scheme 4).
A second amine would make another hydrogen bond, di-
recting the attack through the less hindered face.[32]


Our involvement in CaddickOs work brought us to another
proposal[19,41] where an interaction between the leaving
group (bromide) and the aromatic ring in the auxiliary
moiety (Figure 2) can explain all the experimental observa-
tions; this would avoid the need for the formation of a
rather unlikely complex as that in Scheme 4.


In this paper we wish to improve the results we published
before[19] introducing new data to explain NanamiOs observa-
tions. We propose subtle but rationalized structural modifi-
cations to known chiral auxiliaries, which can significantly
improve their performance. The synthesis of some examples
will be discussed as well as their experimental performance
as chiral auxiliaries in selected DKR reactions.


Results and Discussion


Theoretical studies : In our previous paper[19] we proposed a
reaction mechanism for CaddickOs system[32,41] based on cal-
culated transition states at HF/3-21G*. The results were en-
thalpic values (DH), calculated by subtracting the enthalpy
of the amine complex from that of the transition state
(Figure 3). In this paper we use free energy values (DG),
which were calculated at higher levels of theory. The activa-
tion energy (DG�) is calculated by subtracting the free
energy of the uncomplexed amine and substrate from that
of the transition state (Figure 3). This approach appears to
us more correct, since the amine complex must have a
higher energy than that of the free amine and free substrate,
as shown from the experimental results (no complex was ob-
served by NMR experiments) and also from the theoretical
results when the entropy is considered.


Our previous paper[19] employed a rather small basis set
due to limited computational resources[42] which yielded en-
ergies that could not be considered as very accurate. The
present results have been obtained at a higher level of
theory1 which should be more reliable.[43]


Structure 8 (Table 1) was used by Nunami[36] in order to
test his proposed model. If the mechanism shown in
Figure 1 is correct, the reduction of the carboxyl group to
ether would avoid hydrogen-bond formation yielding conse-
quent changes in the stereochemistry. Only a strong reduc-


Figure 1. Reaction mechanism proposed by Nunami et al.[37–39] to explain
their experimental observations.


Figure 2. Reaction mechanism proposed by us[19] as an alternative to Cad-
dickOs mechanism, based on theoretical results obtained at HF/3-21G*.


Scheme 4. Experimental observations made by Caddick et al.[32] and their proposed mechanism.


1 Full geometry optimizations have been performed employing HF or
DFT theories, with no symmetry restrictions, by using Gaussian 98[43]


and default optimization criteria. MP2 energies were obtained as
single-point calculations (MP2 (full)) over HF-optimized structures.
Electronic surfaces were calculated with Spartan,[42] by using a value of
0.002 e�au�3 at HF 6-31G**.
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tion in the de value was observed, but not inversion of con-
figuration; this indicates that the mechanism must be differ-
ent from that one shown in Figure 1. As it can be seen in
Table 1, the values obtained at HF/3-21G* are oscillating,
particularly for structure 3. Nevertheless, the basis set per-
forms acceptably for structure 6 and therefore, the previous
results appear to be acceptable. The values obtained at
MP2/6-31G**//HF/3-21G* are more consistent but the value
for compound 8 still indicates the opposite stereochemistry.


With larger basis sets at MP2/6-31G**//HF/6-31G** or
PW91/6-31G**[44] the results are in good agreement with the
experimental data after application of a normalization
factor. Since both NunamiOs and CaddickOs results show a
wide range of de values, we decided to use a value of 90%


de for CaddickOs auxiliary, which is near the upper side of
his range of values. By using the same factor for NunamiOs
auxiliary, we can see that the theoretical values are higher,
in accordance with the experimental results. Also, both
MP2//HF or DFT make a good prediction of the expected
de for compound 8.


The values in Table 1 were obtained by using ammonia as
the attacking group. Nevertheless, since the best experimen-
tal data was reached with several different amines, we decid-
ed to perform a few tests to dismiss any transition state
energy dependence on the attacking group. We used three
different amines and NunamiOs auxiliary, as depicted in
Table 2. No strong dependence on the attacking group can


be observed. The results are similar to those obtained with
ammonia and show that, in the transition state, there are no
strong interactions between the attacking group and the
auxiliary when small amines are used. The important differ-
ences observed experimentally, when different amines are
used as nucleophiles are probably caused by a strong de-
pendence on hydrogen-bond formation when solvents are
used.


While the energy values of the transition states for each
epimer are very sensible to the basis set used, the geome-
tries do not vary much. Nevertheless, the transition state ge-
ometries for different 2’R epimers show larger differences,
which indicates also larger differences in the molecular in-
teractions they are experiencing. Contrarily, the TS struc-
tures of the 2’S epimers are more similar, since both the
leaving and attacking groups do not have strong interactions
with the rest of the molecule.


Analysing first the 2’S epimers we can say that the energy
minimum structures at HF/3-21G* exhibit strong hydrogen
bonds which have shorter bond lengths compared with HF/
6-31G**. In the case of compound 3 (TS, epimer 2’S) two
hydrogen bonds are formed as depicted in Figure 4. One of
the rotamers of compound 8 (TS, epimer 2’S) even has a
second hydrogen bond between the ether oxygen and the
amine (8 b) but with a higher transition state energy (about
11 kJmol�1) relative to conformer 8 a (ts).


Figure 3. Transition state activation energies. Left: enthalpy, measured as
the energy difference between the complex and the TS structure and,
right: Gibbs energy measured as the energy difference between the re-
agents and the TS structures.


Table 1. Transition state Gibbs energy differences (epimer 2’R�epimer
2’S) for compounds 6, 3 and 8 with comparison of theoretical and experi-
mental diastereomeric excesses.[a–c]


Structure Method DG�


20R�DG�


20S de [%]
[kJmol�1] calcd exptl


6 HF/3-21G* 13.4 99.1 <90
MP2/6-31G**//HF/3-21G* 7.0 88.8
MP2/6-31G**//HF/6-31G**[a] 7.3 90.0
PW91/6-31G**[b] 7.3 90.0


3 HF/3-21G* 38.3 >99.9 <96
MP2/6-31G**//HF/3-21G* 13.3 99.1
MP2/6-31G**//HF/6-31G**[a] 12.4 98.7
PW91/6-31G**[b] 12.3 98.6


8 HF/3-21G* 0.9 17.9 �35
MP2/6-31G**//HF/3-21G** �1.2 �23.7
MP2/6-31G**//HF/6-31G**[a] 2.4 44.2
PW91/6-31G**[b] 2.0 38.9


[a] Scaling factor a=1.58. [b] Scaling factor b=1.78. [c] The values were
obtained after division by the scaling factor. The scaling factors were cal-
culated in order to obtain energy differences for compound 6 of about
7.3 kJmol (90% de).


Table 2. Effect of different amines on the TS as Gibbs energy differen-
ces.


DG�
20R�DG�


20S [kJmol�1]
Method R=H R=Me R=Me R= tBu


R’=H R’=H R’=Me R’=H


HF/3-21G* 38.3 33.2 36.2 34.0
MP2/6-31G**//HF/3-21G* 13.3 10.8 10.9 11.2
MP2/6-31G**//HF/6-31G**[a] 12.4 12.4 12.2 11.6
PW91/6-31G**[b] 12.3 11.8 12.9 12.8


[a] Scaling factor a=1.58. [b] Scaling factor b=1.78.
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When minimising the structures using HF/6-31G** no
second hydrogen bond was observed for any one of the
compounds. At the PW91/6-31G** level the C�Br partial
bond and the hydrogen bond are much shorter than the
equivalent ones obtained at the HF theory, as observed for
compound 3 (Figure 5). A similar result was obtained at
both levels of theory for all transition state structures.


Thus, we can say that structures optimized at HF/3-21G*
are quite accurate for starting materials, but are not so good
for transition states, with strong differences in the angles of
the amide bond and also in the lengths of some bonds.


If we now analyse the behaviour of 2’R epimers, very in-
teresting effects can be found. Since in these epimers there
is a strong contact (stereo and/or electrostatic) between the
leaving group and the substituentOs auxiliary, strong changes
can also be observed in order to lower the TS energy. In Nu-
namiOs auxiliary (3 (2’R)) the ring substituent rotates, taking
the carbonyl group away from the halogen leaving group
(Figure 6). In the case of CaddickOs auxiliary (6 (2’R)), a
similar rotation is not observed. Instead, a second effect
occurs, where the entire five-membered ring is distorted.
This brings the aromatic ring and the bromine atom away
from each other. Interestingly the rotation of the aromatic
ring would diminish the steric interactions between the aro-
matic ring and the bromine atom. But, since the centre of
the ring has a negative charge and the electrostatic repulsive
interaction with the bromine atom would thus increase the


energy of the system, the final
adopted conformation of the
molecule brings the positive
charge of the aromatic ring
close to the bromine atom
through the formation of a hy-
drogen bond (Figure 7).


In NunamiOs auxiliary (3
(2’R)) the five-membered ring
does not change much between
the initial structure and the


transition state. The energy decrease is reached by the rota-
tion of the group (Figure 6). This rotation brings the tert-
butyl group close to the leaving group but, since the electro-
static interactions between the carboxyl oxygen and the bro-
mine atom are very strong (Figure 7), it compensates for the
increase in steric interaction. Looking at structure 3 (2’R)
(Figure 7), one can see that the large rotation happens not
only due to the repulsion between the leaving bromide and
the carboxyl oxygen, but also due to the attraction (forma-
tion of hydrogen bond) between the leaving bromide and


Figure 4. Transition state structures for compounds 3 (2’S) and 8 (2’S) calculated at HF/3-21G*. Distances in S
and angles in degrees.


Figure 5. Transition state structures for compound 3 (2’S), calculated at
HF/6-31G** (left) and (right) at PW91/6-31G**. Distances in S and
angles in degrees (the negative angles mean that, contrary to Figure 4,
the carbonyl bond points inside the ring).


Figure 6. Transition state structures of compounds 3 (2’R), (2’S) and 6
(2’R) at HF/6-31G**. Angles in degrees (the negative angles have the
same meaning as in Figure 5.
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the hydrogen atoms in the tert-butyl group. Without this in-
teraction the rotation would not take place to such a large
extent. When we compare the dihedral angles for both 2’
epimers of compound 3 (Figure 6) we can see that for
epimer R the side chain angle increases by more than 1008,
while for epimer S there is a decrease by about 88. The large
difference shows how important the electrostatic interac-
tions become in such systems (Figure 7), which explains the
excellent behaviour of NunamiOs auxiliary in this type of
DKR reactions.


A strategy to increase the energy difference between the
epimers 2’S and 2’R would be to change the geometry of the
latter with the goal to make the rotation of the substituent
more difficult, because the epimer 2’S has already the opti-
mal form. Many structure alterations can be proposed to
reach this effect. If calculations would yield suitably modi-
fied compounds, then the choice between them will be just a
matter of experimental viability. One of them is compound
9, which is a simple methyl derivative of NunamiOs auxiliary.
Another example possesses a different structure with two
fused rings 10, but the theoretically predicted effect should
be similar (Table 3). The structures and the transition states


of the reactions with ammonia were optimized with the
same methods used for the known auxiliaries. The TS ener-
gies were scaled using the same factors we used before. The
results are summarised in Table 3 and the 3D structures are
shown in Figures 8 and 9.


Comparing the energy differences, we can see again a
quite good agreement between the results obtained at MP2/
6-31G**//HF/6-31G** and those obtained with DFT at
PW91/6-31G**.


If we now compare the TS 3D structures of compounds 3
and 9 (2’R epimers) (Figure 8), we can see that the rotation
of the ring substituent in structure 9 is only �70.88, while in
structure 3 it is �126.68. Further differences are also ob-
served in the amide bond rotation (smaller value in struc-
ture 9) and in the length of the hydrogen bond (shorter in
structure 9). Comparing the energies in Table 3 (structure 3)
with those in Table 1, we can notice an energy increase be-
tween 3 and 6 kJmol�1 for structure 9 and between 3 and
5.5 kJmol�1 for structure 10 (PW91/6-31G** and MP2/6-
31G**//HF/6-31G**, respectively). This difference is enough
to increase the expected de to near 100%.


It is interesting to analyse in more detail the TS 3D struc-
tures of compounds 6 and 10, epimers 2’R (Figure 9). In
both cases it can be seen that the molecule finds a confor-
mation where the leaving bromine atom makes a hydrogen
bond with one hydrogen of the aromatic ring (compound 6)
or with one hydrogen of the second five-membered ring
(compound 10). The formation of this type of hydrogen
bond is reasonable. Any factor which makes the formation


Figure 7. Electronic isodensity surfaces (0.002 e�au�3, HF/6-31G**)
mapped with the electrostatic potential, for TS structures of compounds
3 (2’R) and 6 (2’R), showing the electrostatic interactions (repulsive inter-
actions: black arrows; attractive interactions: blue arrows) between the
leaving bromide and the auxiliary substituent. Red zones indicate nega-
tive potential and blue zones indicate positive potential.


Table 3. Transition state Gibbs energy differences (epimer 2’R�epimer
2’S) for compounds 9 and 10 and theoretical diastereomeric excesses.


DG�
20R�G�


20S [kJmol�1] and de [%]
Method 9 (ts) 10 (ts)


HF/3-21G* 38.3 >99.9 22.4 >99.9
MP2/6-31G**//HF/3-21G* 19.5 99.9 6.2 84.8
MP2/6-31G**//HF/6-31G**[a] 18.3 99.9 17.7 99.8
PW91/6-31G**[b] 15.5 99.6 15.6 99.6


[a] Scaling factor a=1.58. [b] Scaling factor b=1.78.


Figure 8. Transition state 3D models for structures 3 and 9, epimers 2’R,
at HF/6-31G**. Distances in S and angles in degrees (the negative
angles shall be compared with those in Figures 4 and 5).


Figure 9. Transition state 3D models for structures 6 and 10, epimers 2’R,
at HF/6-31G**. Distances in S.
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of the hydrogen bond more dif-
ficult should increase the reac-
tion final de. For instance, a
structure type such as 11
(Table 4) could fulfil the re-
quirement. We made the transi-
tion state modelling of some de-
rivatives, but the results were
not very promising, as it can be
seen in Table 4.


The oxygen derivative 12 was
modelled only to compare the
results with those obtained for
compound 10 and also with the
nitrogen derivatives 13 and 14.
Compound 12 is an anhydride
and would not be possible to use it under the reaction con-
ditions. Although compounds 13 and 14 are amides, it
should be possible to use them. The results shown in Table 4
indicate that, in spite of a good result obtained for deriva-
tive 12, lower diastereoisomeric excesses are expected for
structures 13 and 14. Nevertheless, we still consider that,
due to their meso symmetry, they can be very interesting
from an experimental point of view.


As it will be seen latter in the Experimental Section, de-
rivatives of 10 were already prepared (structure 15,
Scheme 5) and tested as chiral auxiliaries. The results were
not promising, since the auxiliary moieties react readily with
the attacking amine to yield structures analogous of 16
(Scheme 5). The results, which indicate that compound 10 or
its derivatives will not be useful as chiral auxiliaries, suggest
a possible success of preparing analogous of 9 in a feasible
process.


The behaviour of 15 (Scheme 5) was the main reason why
we decided to calculate TS energies for several possible de-
rivatives of 9 (structures 17 to 23, Thable 5), expecting that
the results could be extrapolated to the precursors of 16.
This approach simplifies the calculations, since all deriva-
tives of 9 have less possible
conformers than similar precur-
sors of 16. In two cases, which
seemed interesting from an ex-
perimental point of view, we
also calculated the precursors
of 16 (structures 24 and 25).
The results are given in
Table 5. The conclusion from
these results is that, in all cases,
there is a reduction in the ex-
pected de in comparison with
compound 9, with the values
being close to those of com-
pound 3. Nevertheless we shall
see in the Experimental Discus-
sion that in order to get a relia-
ble comparison of calculated
relative energies, one has to


reduce the scaling factors when applying them to structures
18 to 25. In fact, compound 25 was prepared and tested in
DKR reactions yielding diastereoisomeric excesses up to
99%. The best result found by Nunami for compound 3, re-
acting with benzyl-
amine as nucleophile, under the same experimental condi-
tions we used was only 88%.[36] This means that structures
18 to 25 shall perform much better than indicated in
Table 5. If a similar conclusion can be made for the amide
structures 13 and 14 we can assume that the values in
Table 4 are also underestimated. This makes these structures


Table 4. Transition state Gibbs energy differences (epimer 2’R�epimer 2’S) for three derivatives of 11 and
theoretical diastereomeric excesses.


DG�


20R�G�


20S [kJmol�1] and de [%]
Method 12 13 14


MP2/6-31G**//HF/6-31G**[a] 15.7 99.7 9.1 95.0 4.9 75.6
PW91/6-31G**[b] 13.5 99.2 9.8 96.3 7.6 91.2


[a] Scaling factor a=1.58. [b] Scaling factor b=1.78.


Scheme 5. Ester aminolysis of 15 (derivatives of 10) when treated with
primary or secondary amines in DKR conditions.


Table 5. Transition state Gibbs energy differences (epimer 2’R - epimer 2’S) for derivatives of 9 and for two
precursors of 16 and theoretical diastereomeric excesses.


DG�
20R�DG�


20S [kJmol�1] and de [%]
MP2/6-31G**//HF/6-31G**[a] PW91/6-31G**[b]


17 R=OMe R1=Me 16.8 99.8 16.8 99.8
18 R=NH2 R1=Me 12.6 98.8 13.2 99.0
19 R=NMe2 R1=Me 16.0 99.7 14.0 98.2
20 R=N(iPr)2 R1=Me 14.8 99.5 11.7 98.2
21 R=NHtBu R1=Me 12.4 98.6 12.5 98.7
22 R=NMetBu R1=Me 15.3 99.6 13.5 99.2
23 R=Pyrrolidine R1=Me 13.6 99.2 14.1 99.3
24 R=NHtBu R1=CH2OMe 9.9 96.4 11.0 97.6
25 R=Pyrrolidine R1=CH2OMe 11.2 97.8 10.6 97.2


[a] Scaling factor a=1.58. [b] Scaling factor b=1.78.
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even more interesting than suggested by the values in that
Table.


We would finally like to analyze the behaviour of all cal-
culated structures and try to understand the differences be-
tween them. Structures 10, 12, 13 and 14 have to be grouped
together, since their fused ring system shows some particular
aspects which are quite different from those of single ring
structures. When we compare the structures in Figure 10


with the structures in Figure 8 we can see that, in all cases,
the leaving bromide moves in the direction of the auxiliary
ring. This movement forces the carbonyl group to move
away (Figure 8) with rotation of the auxiliary substituent. In
case of the structures in Figure 10 such a rotation is not pos-
sible. The leaving bromide still shows the same movement,
reaching in the transition state a position near the oxygen or
nitrogen atoms. The differences in electrostatic repulsion
with these atoms are the major reason why structure 12
beaves better than structure 13. Another effect is the elec-
trostatic attraction between the leaving bromide and the
methyl nitrogen group. This effect becomes very important
when going to the least effective structure 14. The result ob-
tained for structure 10 (Table 3) when compared with the
one for structure 12 (Table 4) indicates that, in spite of re-
moving the hydrogen bond, the repulsive interaction is more


strongly diminished, due to a removal of electron density
from the central oxygen (anhydride system).


One could assume that since, in the transition state, the
leaving bromide points away from the carbonyl oxygen
atoms in structures 10 to 14, the electrostatic interaction be-
tween them would not be as important. Nevertheless, we
calculated the relative energies for structure 26 (Figure 11)
showing that the change on the carbonyl position would
reduce dramatically the performance of such an auxiliary.


When we now compare the behaviour of structures 3, 8, 9
and structures 17 to 25, we can see that the final outcome is
a result of a very delicate equilibrium between repulsive and
attractive electrostatic interactions. In these systems, since
the bromine movement forces the rotation of the auxiliary
substituent, any effect which reduces this rotation can in-
crease the theoretical performance of the auxiliary in DKR
reactions, as was stated before. For instance, when compar-
ing structures 23 with 25, one can see that there is a signifi-
cant lowering of the de value. Since the only change is in
the substituent in position 4, this change has to affect the be-
haviour of the substituent in position 3, in order to change
the relative energies of both transition states. If one meas-
ures the rotation of the substituent in position 3, one can see
that the dihedral angle in structure 23 is �72.78 while in 25
it is �76.78 (HF/6-31G**). This small change is due to a
stronger polarization of the hydrogen atoms on the C-4 sub-
stituent, caused by the presence of the oxygen atom, which
increases the electrostatic attraction with the carbonyl
oxygen and decreases its electrostatic repulsion with the
leaving bromide. A similar effect can be observed when
comparing structures 21 and 24.


In order to understand the relative importance of steric
versus electrostatic interactions due to the substituent in C-
4, we calculated the relative TS energies for structures 27
and 28. The results are shown in Table 6 and suggest that
the electrostatic repulsive interactions dictate the final rela-
tive energies. The steric hindrance caused by the CF3 group


Figure 10. Electronic isodensity surfaces (0.002 e�au�3, HF/6-31G**)
mapped with the electrostatic potential, for TS structures of compounds
10, 12, 13 and 14 (2’R epimers), showing the electrostatic interactions (re-
pulsive interactions: black arrows; attractive interactions: blue arrows)
between the leaving bromide and the auxiliary substituent. Red zones in-
dicate negative potential and blue zones indicate positive potential.


Figure 11. Theoretical expected performance of structure 26 as a chiral
auxiliary in DKR reactions, showing the electrostatic interactions in the
transition state of epimer 2’R (repulsive interactions: black arrows; at-
tractive interactions: blue arrows). (Electronic isodensity surfaces
(0.002 e�au�3, HF/6-31G**) mapped with the electrostatic potential. Red
zones indicate negative potential and blue zones indicate positive poten-
tial.) Scaling factors: a=1.58 and b=1.78.
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(structure 28, Figure 12) has a value between the one due to
a methyl group (structure 9, Figure 12) and the one due to a
tert-butyl group (structure 27, Figure 12) but, in spite of this,
the rotation of the C-3 substituent in structure 28 is only
�19.28, while in structure 27 it is �34.28 (compare the same
rotation in structures 3 (�126.68) and 9 (�70.88)). Also, the
expected de for structure 28 is quite higher, making it the
best auxiliary for this kind of DKR reactions. We want to
point out that these structures are optimised for DKR reac-
tions where a bromide ion (or similar substituent) is the
leaving group. We should not expect similar behaviours for
reactions where electrostatic interactions are not as impor-
tant as, for instance, in the addition reactions to double
bonds. In such systems other factors shall be more important
such as the steric or p–p interactions. In those cases, the
substituents in the auxiliary have to be changed accordingly.


Experimental Discussion


Concerning the large number of possible chiral auxiliaries,
we decided to take advantage of the availability of the imi-
dazolidinone 29, a substrate intermediate in the Hoffmann-
La Roche synthesis of biotin[45] to synthesise the model sub-
strate 10. Initially we synthesised the analogue substrate 15
from 29 by partial deprotection (H2/Pd/C/HClO4) followed
by acylation with 2-bromopropionyl bromide under our pre-
viously optimised conditions (Scheme 6).[46] When we sub-
mitted each separated epimer to nucleophilic substitution
with benzylamine, the formation of a complex mixture was
observed, from which we could isolate compounds 32 and
33, resulting from competitive lactone ring opening and
chiral auxiliary cleavage (Scheme 6). This result prompted


us to synthesise the model
chiral auxiliaries containing the
carboxamide functional group
in carbon C-5.


After several attempts to
effect the short route based on
selective benzyl deprotection,
lactone ring opening and acyla-
tion of the resulted imidazolidi-
none unit, we ended up with
the longer route presented in


Scheme 7. After lactone ring opening with pyrrolidine and
etherification of the hydroxyl group (AgO/MeI[47]), imidazo-


Table 6. Transition state Gibbs energy differences (epimer 2’R�epimer 2’S) for structures 27 and 28 and theo-
retical diastereomeric excesses.


DG�
20R�DG�


20S [kJmol�1] and de [%]
MP2/6-31G**//HF/6-31G**[a] PW91/6-31G**[b]


27 R= tBu R1= tBu 17.8 99.9 15.0 99.5
28 R= tBu R1=CF3 23.8 99.99 19.7 99.9


[a] Scaling factor a=1.58. [b] Scaling factor b=1.78.


Figure 12. Electronic isodensity surfaces (0.002 e�au�3, HF/6-31G**)
mapped with the electrostatic potential, for TS structures of compounds
9, 27 and 28 (2’R epimers), showing the electrostatic interactions (repul-
sive interactions: black arrows; attractive interactions: blue arrows) be-
tween the leaving bromide and the auxiliary substituent. Red zones indi-
cate negative potential and blue zones indicate positive potential.


Scheme 6. Synthesis of the model substrate 15 and nucleophilic substitution attempts. a) Pd/C, H2, HClO4, MeOH, rt. b) 2,6-Lutidine, MeCHBrCOBr,
CH2Cl2, �20 8C. c) Benzylamine (1.5 equiv), TEA (1.2 equiv), THF, rt, 48 h.
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lidinone 34 was obtained, which originated 35 after hydroge-
nolysis (H2/Pd/C/HClO4). Several attempts to effect the
monoalkylation, namely by prior selective N-H deprotona-
tion, gave persistently the predominant alkylation in the un-
desired N-1 position. To circumvent this reactivity, 35 was
monobenzylated (NaH/BnBr) to give a mixture of 36 and 37
in a 87:13 ratio, which was followed by methylation (NaH/
MeI) and benzyl deprotection (H2/Pd/C/HClO4) to give a
mixture of 40 and 41. Acylation of this mixture under re-
ported conditions (tBuOK/MeCHBrCOBr)[48] gave the iso-
mers 42 and 43 which were separated by chromatography.


By using an 1:1 epimeric mixture of 42, several nucleo-
philic substitutions with benzylamine were tested (Table 7).
Under the same DKR conditions described before for sub-
strate 6, using Bu4NBr, we were pleased to observe that the
substitution occurs quantitatively and in a very high diaster-
eoselectivity (entry 1, de 99%). These results have to be
compared with the ones obtained for substrate 6 under iden-
tical experimental conditions (de 58%)[41] and also with the
one for substrate 3 (de 88%).[36] In case of BuNI the yield is
also high and, more important, we were unable to detect by
HPLC the minor epimer of 44 (entry 2) while in case of sub-
strate 6 moderate diastereoselectivity was observed (de
74%).[41] In order to afford enough quantity of the minor
epimer of 44 for characterization purposes and HPLC stan-
dard, the reaction was performed in the presence of AgNO3


giving 44 and the corresponding epimer as the minor prod-
uct but in lower stereocontrol (de 56%, entry 3). To deter-
mine the absolute configuration of product 44, we prepared
the corresponding methyl ester, by removing the chiral aux-
iliary via methanolysis. The resulting enantiomeric mixture
was analysed by chiral-phase HPLC and was compared with
a sample of the same compound, prepared by using sub-


strate 7, following the literature procedure.[41] We deter-
mined that the major product obtained in our reaction is, as
expected, (R)-methyl 2-(benzylamino)-propionate. All these
results clearly show that there is a very high difference in re-
activity between both epimers, which are in accordance with
the molecular modelling predictions. These results give
strong support for the idea that similar experimental stereo-
control should be obtained for the other structures present-
ed in Table 5, allowing the possibility to develop other more
efficient chiral auxiliaries, which should also be more easily
synthesized.


Conclusion


Since both imidazolidinones
and oxazolidinones are used as
chiral auxiliaries in a large
number of different types of re-
actions, understanding their be-
haviour is still a very important
matter. Numerous papers are
known where the rationaliza-
tion of the performance of this
type of auxiliaries was mainly
based in the idea that the two
carbonyl groups can be in a par-
allel or antiparallel conforma-
tion, usually depending on the
coordination with a Lewis acid.
Here, we reinforce the idea that
this is not necessarily true, pro-
posing an alternative mecha-


Scheme 7. Synthesis of the model substrate 42. a) i) pyrrolidine (1.5 equiv), CH2Cl2, rt, 24 h; ii) AgO
(1.5 equiv), MeI (excess), MeCN, 40 8C, 3 d, 59%. b) Pd/C, H2, HClO4, MeOH, rt, quantitative. c) NaH
(0.5 molequiv), BnBr (0.5 molequiv), THF, 0 8C to rt, 3 h, 35%. d) NaH (0.5 molequiv), MeI (1.0 equiv), THF,
0 8C to rt, 3 h, 91%. e) tBuOK (1.0 equiv), THF, MeCHBrCOBr (1.4 equiv), �50 to �30 8C, 87%.


Table 7. Nucleophilic substitution on 42 with benzylamine (1:1 mixture
of epimers).


Conditions Yield
[%]


de
[%][a]


Reported
de [%]


6[b] 3[c]


1 BnNH2 (1.5 equiv), nBu4NBr
(0.2 equiv)
TEA (1.2 equiv), THF, rt, 48 h quant. 99 58 88


2 BnNH2 (1.5 equiv), nBu4NI
(0.2 equiv)
TEA (1.2 equiv), THF, rt, 48 h 92 100 74


3 BnNH2 (3.0 equiv), AgNO3


(2.0 equiv)
THF, rt, 48 h 97 56


[a] de determined by HPLC. [b] Reported de under identical experimen-
tal conditions for substrate 6.[41] [c] Reported de under different experi-
mental conditions (TEA, HMPA, rt) for substrate 3.[36]
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nism and also new molecules with optimized performance.
Our proposed mechanism was experimentally tested yield-
ing very good results which opens the door to the idea that
similar explanations can be acceptable for other reaction
types, where performance enhancement shall also be
reached, based in simple but efficient structural modifica-
tions.


Experimental Section


General methods : THF was distilled over calcium hydride immediately
before use, while triethylamine and dichloromethane were freshly distil-
led over calcium hydride and P2O5, respectively. Sodium hydride was
used as a 55% dispersion in mineral oil. All reactions were performed in
oven-dried glassware under an atmosphere of argon. Flash chromatogra-
phy was carried out on silica gel 60M from Macherey–Nagel (no.
815381). Reaction mixtures were analysed by TLC by using ALUGRAM
SIL G/UV254 from MN (no. 818133, silica gel 60). Visualisation of TLC
spots was effected using UV and solution of phosphomolybdic acid or I2.
The melting points were determined with an Electrothermal Mod.
IA6304 in capillary tubes and are uncorrected. The diastereomeric ratio
of 44 was determined by HPLC analysis using Dionex components P680,
UVD340S on a Chiralpak AD column (0.46 cm, 25 cm) at 25 8C. IR spec-
tra were recorded by using a Mattson Instruments, model Satellite FTIR,
as thinly dispersed films and, unless otherwise stated, are quoted in cm�1.
High and low resolution mass spectra (EI, FAB) were carried out by
Mass Spectrometry Service at the University of Santiago de Compostela
(Spain). The microanalyses were carried out by the CQFB analytical
service using a CHNS Analyser Thermo Finnigan model Flash 1112.
NMR spectra were recorded in a Bruker AMX 400 using CDCl3 as sol-
vent (unless otherwise stated) and (CH3)4Si (1H) as internal standard.
Chemical shifts are expressed in ppm and coupling constants in Hz. The
assignment of the signals in the NMR spectra of the compounds were
based on their characteristic chemical shifts, multiplicity and, when neces-
sary, by 2D NMR techniques (COSY and HMQC).


Preparation of 30 and 31 by partial hydrogenation of lactone 29 : A so-
lution of 29 (2.00 g, 6.20 mmol), 60% perchloric acid (0.4 mL, 4.0 mmol),
and 10 wt.% palladium on charcoal (500 mg, 0.5 mmol Pd) in MeOH
(290 mL) was hydrogenated at 40 psi for a period of 2 d at room temper-
ature. The catalyst was removed by filtration and the solution was neu-
tralized with solid NaHCO3. After filtration of the latter, the crude reac-
tion mixture was subjected to a column chromatography (70% ethyl ace-
tate/hexane to pure ethyl acetate) to yield 29 (107 mg, 5%), 30 (205 mg,
10%) and 31 (136 mg, 6%), while the fully unprotected product re-
mained on the silica gel.


Compound 30 : white needles; m.p. 133–134 8C (hexane/ethyl acetate);
[a]D = ++678 (c = 1.2, CHCl3);


1H NMR (CDCl3): d = 7.37–7.24 (m,
5H, Ph), 4.68 (d, J = 15.4 Hz, 1H, 1=2 of Ph-CH2), 4.31–4.19 (m, 5H, 1=2
of Ph-CH2 + CH + CH + OCH2);


13C NMR (CDCl3): d = 174.7 (CO),
159.7 (CO), 135.6 (iPh), 129.0 (Ph), 128.1 (Ph), 69.8 (OCH2), 56.2 (CH),
51.2 (CH), 46.0 (CH2Ph); IR: ñ = 3254, 3088, 2969, 2923, 1782, 1701,
1447, 1421, 1216, 1025, 975, 758, 706 cm�1; MS (EI): m/z (%): 232 (68)
[M]+ , 174 (9) [M�COOCH2]


+ , 147 (41), 132 (28), 91 (100) [PhCH2]
+ ;


HRMS (EI+ ): m/z : calcd for C12H12N2O3: 232.084792; found:
232.085448.


Compound 31: white needles; m.p. 160–161 8C (hexane/ethyl acetate);
[a]D = ++978 (c = 1.2, CHCl3);


1H NMR (CDCl3): d = 7.39–7.31 (m,
5H, Ph), 4.90 (d, J = 15.0 Hz, 1H, 1=2 of Ph-CH2), 4.50–4.38 (m, 3H,
CH2CH + OCH2), 4.35 (d, J = 15.0 Hz, 1H, 1=2 of Ph-CH2), 4.05 (d, J =


8.4 Hz, 1H, COCH); 13C NMR (CDCl3): d = 172.8 (CO), 160.2 (CO),
135.6 (iPh), 128.8 (Ph), 128.6 (Ph), 127.9 (Ph), 73.5 (OCH2), 54.7
(COCH), 50.8 (CH2CH), 44.5 (CH2Ph); IR:ñ = 3289, 3030, 2970, 2923,
1772, 1699, 1450, 1427, 1363, 1244, 1216, 1178, 996, 754, 715 cm�1; MS
(EI): m/z (%): 232 (40) [M]+ , 188 (5) [M�CO2]


+ , 174 (17)


[MCOOCH2]
+ , 97 (31), 91 (100) [PhCH2]


+ , 58 (53); HRMS (EI+ ): m/z :
calcd for C12H12N2O3: 232.084792; found: 232.085885.


Preparation of 15 : 2-Bromopropionyl bromide (190 mL, 1.81 mmol) was
added to a stirred solution of 30 (278 mg, 1.20 mmol) and 2,6-lutidine
(200 mL, 1.72 mmol) in CH2Cl2 (15 mL) at �20 8C, and the reaction mix-
ture was stirred at �20 8C for 2 h. The solution was allowed to reach the
room temperature, washed with aqueous NH4Cl and dried with MgSO4.
The solvent was evaporated and the residue was purified by column chro-
matography (20% ethyl acetate/hexane to pure ethyl acetate) to yield in
order of elution 15a (less polar epimer, 77 mg, 21.0%), 15b (more polar
epimer, 76 mg, 20.8%) and recovered starting material 30 (105 mg,
37.8%).


Compound 15 a : white needles; m.p. 181–182 8C (hexane/ethyl acetate);
[a]D = �1068 (c = 0.55, CHCl3);


1H NMR (CDCl3): d = 7.39–7.25 (m,
5H, Ph), 5.81 (q, J = 6.8 Hz, 1H, CHBr), 5.24 (d, J = 5.6 Hz, 1H,
COCH), 4.84 (d, J = 15.2 Hz, 1H, 1=2 of Ph-CH2), 4.39–4.27 (m, 4H, 1=2
of Ph-CH2 + CH2CH + OCH2), 1.88 (d, J = 6.8 Hz, 3H, CH3);
13C NMR (CDCl3): d = 171.2 (CO), 168.8 (CO), 152.6 (CO), 134.1 (iPh),
129.3 (Ph), 128.6 (Ph), 128.0 (Ph), 67.2 (OCH2), 53.6 (CH), 52.5 (CH),
46.1 (PhCH2), 39.3 (CHBr), 20.7 (CH3); IR: ñ =3030, 2980, 2927, 1791,
1738, 1699, 1376, 1206, 1155, 1024 cm�1; elemental analysis calcd (%) for
C15H15BrN2O4: C 49.06, H 4.12, N 7.63; found: C 48.74, H 4.10, N 7.30.


Compound 15b : white needles; m.p. 185–186.5 8C (hexane/ethyl acetate);
[a]D = �1158 (c = 0.31, CHCl3);


1H NMR (CDCl3): d = 7.39–7.24 (m,
5H, Ph), 5.80 (q, J = 6.0 Hz, 1H, CHBr), 5.30 (d, J = 6.8 Hz, 1H,
COCH), 4.83 (d, J = 15.3 Hz, 1H, 1=2 of Ph-CH2), 4.39–4.27 (m, 4H, 1=2
of Ph-CH2 + CH2CH + OCH2), 1.86 (d, J = 6.0 Hz, 3H, CH3);
13C NMR (CDCl3): d = 170.4(CO), 168.9(CO), 152.6 (CO), 134.1 (iPh),
129.4(Ph), 128.7(Ph), 128.4(Ph), 67.4 (OCH2), 53.4 (CH), 51.9 (CH), 46.3
(PhCH2), 38.5 (CHBr), 20.3 (CH3); IR: ñ = 3030, 2986, 2932, 1791, 1737,
1695, 1411, 1375, 1323, 1208, 1155, 985 cm�1; elemental analysis calcd
(%) for C15H15BrN2O4: C 49.06, H 4.12, N 7.63; found C 48.77, H 4.10, N
7.62.


Substitution reaction of 15a with benzylamine : Benzylamine (67 mL,
3 equiv) was added at room temperature to a stirred solution of 15 a
(77 mg, 0.21 mmol) in THF (0.7 mL). After 48 h the solvent was evapo-
rated and the crude reaction mixture was purified by column chromatog-
raphy (60% ethyl acetate/hexane to pure ethyl acetate) to yield a com-
plex mixture (21 mg) from which the product 32 was obtained by crystal-
lization from ethanol, white plates. M.p. 201–202 8C; 1H NMR
([D6]DMSO): d = 7.35–7.21 (m, 15H, Ph), 5.04 (t, J = 4.1 Hz, 1H), 4.79
(d, J = 9.4 Hz, 1H), 4.61 (d, J = 15.7 Hz, 1H), 4.53 (q, J = 6.7 Hz, 1H,
CHCH3), 4.43 (m, 2H), 4.23 (dd, J = 15.3, 5.0 Hz, 1H), 3.85–3.41 (signals
overlapped with water), 1.18 (d, J = 6.6 Hz, 3H, CH3);


13C NMR
([D6]DMSO): d = 176.6 (CO), 167.3 (CO), 155.1 (CO), 140.8 (iPh),
139.2 (iPh), 137.5 (iPh), 128.9 (Ph), 128.7 (Ph), 128.6 (Ph), 127.84 (Ph),
127.8 (Ph), 127.6 (Ph), 127.3 (Ph), 127.4 (Ph), 60.4 (OCH2), 56.6 (CH),
55.7 (CH), 54.6 (CH), 50.9 (CH2Ph), 45.9 (CH2Ph), 40.4 (CH2Ph), 19.5
(CH3); IR (KBr): ñ = 3292, 3109, 3024, 2933, 2843, 1724, 1686, 1661,
1568, 1453, 1421, 1399, 1324, 1247, 1227, 1063, 748, 738, 700 cm�1; MS
(CI): m/z (%): 501 (1) [M+H]+ , 394 (3) [M�NHCH2Ph], 340 (10)
[M�COCH(CH3)NHCH2Ph]+ , 233 (41), 205 (13), 175 (13), 134 (68)
[CONHCH2Ph+]+ , 119 (25) [PhCH2NHCH]+ , 106 (63) [NHCH2Ph]+ , 91
(100) [PhCH2]


+ ; HRMS (CI+ ): m/z : calcd for C29H33N4O4: 501.250181;
found: 501.249859.


Substitution reaction of 15 b with benzylamine : Benzylamine (67 mL,
3 equiv) was added at room temperature to a stirred solution of 15b
(76 mg, 0.21 mmol) in THF (0.7 mL). After 48 h the solvent was evapo-
rated and the crude reaction mixture was purified by preparative TLC
(ethyl acetate) to yield 33 (55 mg) with some impurities that were re-
moved by crystallization in ethyl acetate, white plates. M.p. 201–202 8C;
1H NMR ([D6]DMSO): d = 7.34–7.23 (m, 10H, Ph), 4.82 (t, J = 4.9 Hz,
1H), 4.57 (d, J = 15.7 Hz, 1H), 4.29 (d, J = 5.6 Hz, 2H), 4.16 (d, J =


15.7 Hz, 1H), 4.13 (d, J = 10.1 Hz, 1H), 3.67–3.48 (signals overlapped
with water); 13C NMR ([D6]DMSO): d = 170.1 (CO), 162.2 (CO), 139.4
(iPh), 138.5 (iPh), 128.8 (Ph), 128.7 (Ph), 128.0 (Ph), 127.9 (Ph), 127.4
(Ph), 127.3 (Ph), 60.4 (OCH2), 58.4 (CH), 55.4 (CH), 45.4 (CH2Ph), 42.8
(CH2Ph); IR (KBr): ñ = 3391, 3298, 2930, 1711, 1670, 1649, 1550, 1474,
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1454, 1252, 1082, 1070, 1058, 1044, 1030, 701; MS (IE): m/z (%): 339 (1)
[M]+ , 308 (2) [M�CH2OH]+ , 232 (6), 205 (10) [M�CONHCH2Ph]+ , 175
(60) [M�CH2OH-CONHCH2Ph]+ , 106 (9) [NHCH2Ph]+ , 91 (100)
[PhCH2]


+; HRMS (EI+ ): m/z : calcd for C19H21N3O3: 339.158292; found:
339.159463.


Preparation of 34 : Pyrrolidine (2 mL, 24 mmol) was added to a stirred
solution of 29 (5.07 g, 15.7 mmol) in CH2Cl2 (30 mL). The solution was
stirred at room temperature for 24 h, and then washed consecutively with
an aqueous HCl (1m) solution and brine. After drying with MgSO4, the
organic phase was evaporated. The white solid compound was dissolved
in acetonitrile (15 mL), and then Ag2O (5.5 g, 24 mmol) and CH3I (6 mL)
were added. The reaction mixture was stirred under argon atmosphere
for 3 d at 40 8C and after filtration, the crude reaction mixture was dilut-
ed with CH2Cl2 and washed with 10% aq. ammonia. The organic phase
was dried with MgSO4, evaporated and the residue was purified by
column chromatography (80% ethyl acetate/hexane), after which the
product 34 (3.77 g, 59%) was obtained as an oil. [a]D = ++128 (c = 1.1,
CHCl3);


1H NMR (CDCl3): d = 7.32–7.21 (m, 10H, Ph), 5.04 (d, J =


14.5 Hz, 1H, 1=2 of Ph-CH2), 4.66 (d, J = 15.7 Hz, 1H, 1=2 of Ph-CH2),
4.25 (d, J = 15.7 Hz, 1H, 1=2 of Ph-CH2), 4.00 (d, J = 9.3 Hz, 1H, CH-
CO-Py), 3.84 (d, J = 14.5 Hz, 1H, 1=2 of Ph-CH2), 3.69 (m, 1H, CH-
CH2OMe), 3.38–3.51 (m, 3H, 1=2 of CH2NCH2 + 1=2 of CH2OMe), 3.30
(t, J = 8.9 Hz, 1H, 1=2 of CH2OMe), 3.11 (m, 1H, 1=4 of CH2NCH2), 3.12
(s, 3H, OCH3), 2.60 (m, 1H, 1=4 of CH2NCH2), 1.73 (m, 4H,
CH2CH2NCH2CH2);


13C NMR (CDCl3): d = 165.6 (CO), 160.4 (CO),
137.6 (iPh), 136.3 (iPh), 128.7 (Ph), 128.4 (Ph), 127.7 (Ph), 127.6 (Ph),
127.2 (Ph), 70.3 (CH2OMe), 58.7 (OCH3), 56.0 (CH), 54.0 (CH), 46.6
(CH2), 46.0 (CH2), 45.7 (CH2), 25.9 (NCH2CH2), 23.4 (NCH2CH2); IR: ñ
=3062, 3029, 2973, 2927, 2875, 1699, 1649, 1447, 1358, 1237, 1130, 1099,
703 cm�1; MS (EI): m/z (%): 408 (2) [M+H]+ , 375 (4) [M�MeOH]+ , 362
(2) [M�MeOCH2]


+ , 309 (25) [M�COPy]+ , 98 (25), 91 (100) [PhCH2]
+ ,


55 (25); HRMS (EI+ ): m/z : calcd for C24H29N3O3: 407.220892; found:
407.219322.


Preparation of 35 : A solution of 34 (3.479 g, 8.5 mmol), 60% perchloric
acid (0.4 mL, 4.0 mmol), and 10 wt.% palladium on charcoal (1.03 g,
1 mmol Pd) in MeOH (200 mL) was hydrogenated at 65 psi for a period
of 4 d at room temperature. The catalyst was removed by filtration and
the solution was neutralized with solid NaHCO3. After filtration of the
latter, the crude reaction mixture was subjected to a column chromatog-
raphy (10% MeOH/CH2Cl2) and the product 35 was obtained in a quan-
titative yield as a white solid. [a]D = �458 (c = 1.4, CHCl3);


1H NMR
(CDCl3): d = 4.73 (d, J = 9.3 Hz, 1H, CH-CO-Py), 4.21 (m, 1H, CH-
CH2OMe), 3.61 (m, 1H, 1=4 of CH2NCH2), 3.50–3.27 (m, 5H, 3 H of
CH2NCH2 + CH2OMe), 3.50 (s, 3H, OCH3), 2.03–1.83 (m, 4H,
CH2CH2NCH2CH2);


13C NMR (CDCl3): d = 167.9 (CO), 164.5 (CO),
71.5 (CH2OMe), 59.0 (OCH3), 55.9 (CH-CO-Py), 53.4 (CH-CH2OMe),
46.4 (NCH2), 46.2 (NCH2), 26.0 (NCH2CH2), 23.9 (NCH2CH2); IR: ñ =


3385, 2976, 2930, 2882, 1695, 1632, 1455, 1343, 1268, 1196, 1097 cm�1; MS
(EI): m/z (%): 227 (2) [M]+ , 195 (6) [M�MeOH]+ , 182 (7)
[M�MeOCH2]


+ , 129 (53) [M�COPy]+ , 99 (88), 98 (100), 84 (26), 70
(58), 56 (38), 55 (43); HRMS (EI+ ): m/z : calcd for C10H17N3O3:
227.126992; found: 227.126997.


Preparation of 36 and 37: A solution of compound 35 (2.40 g, 11 mmol)
in dry THF (10 mL) was added to a stirred suspension of NaH (60% in
oil, 260 mg, 6.5 mmol) in dry THF (40 mL) at 0 8C. The mixture was stir-
red for 10 min at 0 8C, and afterwards benzylbromide (770 mL, 6.5 mmol)
was added, and the stirring was continued at room temperature for 3 h.
The solvent was evaporated and the crude reaction mixture was purified
by column chromatography (ethyl acetate to 20% MeOH/CH2Cl2) to
obtain a mixture of isomers 36 and 37 (1.22 g, 35%, 70% based on limit-
ing NaH) in 87:13 ratio (determined by NMR). A small sample of this
mixture was subjected to preparative TLC (3% MeOH/CH2Cl2) and
after several developments the major product 36 was isolated and charac-
terised.


Compound 36 : 1H NMR (CDCl3): d = 7.30–7.18 (m, 5H, Ph), 5.00 (d, J
= 14.5 Hz, 1=2 of Ph-CH2), 4.13 (d, J = 8.9 Hz, 1H, CH-CO-Py), 3.87 (d,
J = 14.5 Hz, 1H, 1=2 of Ph-CH2), 3.87 (m, 1H, CH-CH2OMe), 3.52 (m,
1H, 1=4 of CH2NCH2), 3.46–3.37 (m, 2H, 1=4 of CH2NCH2 + 1=2 of


CH2OMe), 3.29 (m, 1H, 1=2 of CH2OMe), 3.26 (s, 3H, OCH3), 3.14 (m,
1H, 1=4 of CH2NCH2), 2.82 (m, 1H, 1=4 of CH2NCH2), 1.81 (m, 4H,
CH2CH2NCH2CH2);


13C NMR (CDCl3): d = 164.8 (CO), 161.0 (CO),
135.9 (iPh), 128.8 (Ph), 128.6 (Ph), 127.7 (Ph), 72.0 (CH2OMe), 59.0
(OCH3), 57.3 (CH-CO-Py), 50.4 (CH-CH2OMe), 46.1 (NCH2), 45.7
(CH2Ph + NCH2), 26.0 (NCH2CH2), 23.9 (NCH2CH2); IR: ñ = 3265,
2921, 2851, 1702, 1642, 1451, 1343, 1254, 1128, 1097, 704 cm�1; MS
(FAB+ ): m/z (%): 318 (34) [M+H]+ , 231 (49), 155 (19), 154 (89), 137
(100), 109 (47); HRMS (FAB+ ): m/z : calcd for C17H24N3O3: 318.181767;
found: 318.181607.


Partial spectral data obtained for 37 from the mixture of 36 and 37:
1H NMR (CDCl3): d = 4.75 (d, J = 15.5 Hz, 1H, 1=2 of Ph-CH2), 4.50 (d,
J = 9.0 Hz, 1H, CH-CO-Py), 4.13 (d, J = 15.5 Hz, 1H, 1=2 of Ph-CH2),
3.18 (s, 3H, OCH3);


13C NMR (CDCl3): d = 137.3 (iPh), 70 (CH2OMe).


Preparation of 38 and 39 : A solution of a mixture of 36 and 37 (1.51 g,
4.76 mmol) in dry THF (10 mL) was added at 0 8C to a stirred suspension
of NaH (60% in oil, 190 mg, 4.76 mmol) in dry THF (30 mL). The reac-
tion mixture was stirred for 10 min at 0 8C, and afterwards CH3I (0.3 mL,
4.76 mmol) was added, and the stirring was continued at room tempera-
ture for 2 h. The mixture was diluted with CH2Cl2, washed with aq
NH4Cl, and dried with MgSO4. After evaporation, the residue was puri-
fied by column chromatography (3% MeOH/CH2Cl2) and a mixture of
regioisomers 38 and 39 (1.43 g, 91%) was obtained.
1H NMR (the number of the protons is calculated with respect to the in-
tegral of the peak at 4.30 for the minor and at 4.07 for the major product
38): d = 7.33–7.21 (m, Ph of both isomers), 4.98 (d, J = 14.5 Hz, 1H, 1=2
of Ph-CH2


major), 4.69 (d, J = 15.3 Hz, 1H, 1=2 of Ph-CH2
minor 39), 4.30 (d,


J = 8.9 Hz, 1H, CH-CO-Pyminor), 4.19 (d, J = 15.3 Hz, 1H, 1=2 of Ph-
CH2


minor), 4.07 (d, J = 8.9 Hz, 1H, CH-CO-Pymajor), 3.82 (d, J = 14.5 Hz,
1H, 1=2 of Ph-CH2


major), 3.71 (m, 1H, CH-CH2OMe), 3.60–3.22 (m,
CH2OMe + 3=4 of CH2NCH2 of both isomers), 3.25 (s, 3H, OCH3


major),
3.17 (s, 3H, OCH3


minor), 2.83 (s, 3H, NCH3
major), 2.79 (s, 3H, NCH3


minor),
2.72 (m, 1=4 of CH2NCH2 of both isomers), 1.81 (m, CH2CH2NCH2CH2 of
both isomers); 13C NMR (CDCl3): d = 165.8 (COminor), 165.6 (COmajor),
160.4 (CO), 137.4 (iPhminor), 136.3 (iPhmajor), 128.8 (Ph), 128.4 (Ph), 127.8
(Ph), 127.5 (Ph), 127.2 (Ph), 70.1 (CH2OMemajor), 69.8 (CH2OMeminor),
58.8 (OCH3), 56.5 (CH), 56.1 (CH), 46.4 (CH2), 46.2 (CH2), 46.0 (CH2),
45.7 (CH2), 30.0 (NCH3


major), 29.8 (NCH3
major), 26.1 (NCH2CH2


minor), 26.0
(NCH2CH2


major), 23.9 (NCH2CH2); IR: ñ = 2971, 2927, 2877, 1696, 1647,
1449, 1403, 1342, 1245, 1098, 704 cm�1; MS (EI): m/z (%): 332 (2)
[M+H]+ , 299 (6) [M�MeOH]+ , 233 (31) [M�COPy]+ , 98 (35), 91 (100)
[PhCH2]


+, 56 (23), 55 (30); HRMS (EI+ ): m/z : calcd for C18H25N3O3:
331.189592; found: 331.188348.


Preparation of 40 and 41: A solution of 38 and 39 (1.43 g, 4.32 mmol),
60% perchloric acid (0.1 mL, 1 mmol), and 10 wt.% palladium on char-
coal (500 mg, 0.5 mmol) in MeOH (100 mL) was hydrogenated at 65 psi
for a period of 18 h. The catalyst was removed by filtration and the so-
lution was neutralized with solid NaHCO3. After filtration of the latter,
the crude reaction mixture was subjected to a column chromatography
(3% MeOH/CH2Cl2) and a mixture of isomers 40 and 41 was obtained in
quantitative yield as a white solid.
1H NMR (the number of the protons is calculated with respect to the in-
tegral of the peak at 4.37 for the minor and at 4.51 for the major prod-
uct): d = 4.51 (d, J = 9.3 Hz, 1H, CH-CO-Pymajor), 4.37 (d, J = 9.3 Hz,
1H, CH-CO-Pyminor), 3.84–3.99 (m, CH-CH2OMe of both isomers), 3.21–
3.48 (m, CH2OMe + CH2NCH2 of both isomers), 3.18 (s, OCH3 of both
isomers), 2.69 (s, 3H, NCH3


major), 2.62 (s, 3H, NCH3
minor), 1.72–1.90 (m,


CH2CH2N CH2CH2 of both products); 13C NMR (CDCl3): d = 167.5
(CO), 165.4 (COminor), 161.9 (CO), 71.7 (CH2OMeminor), 69.7 (CH2OMemajor),
61.4 (CHCOPyminor), 58.9, 58.7, 54.2 (CHCOPymajor), 50.2 (CHCH2OMeminor),
46.4 (NCH2


major), 46.2 (NCH2
minor), 46.0 (NCH2


major), 45.9 (NCH2
minor),


29.3 (NCH3
minor), 29.1 (NCH3


major), 26.1 (NCH2CH2
minor), 26.0


(NCH2CH2
major), 24.0 (NCH2CH2


minor), 23.9 (NCH2CH2
major); IR: ñ =


3419, 2975, 2934, 2884, 1690, 1634, 1455, 1407, 1344, 1262, 1193, 1095,
624 cm�1; MS (EI): m/z (%): 241 (2) [M]+ , 209 (4) [M�MeOH]+ , 143
(39) [M�COPy]+ , 113 (53), 98 (100), 70 (27), 56 (37), 55 (52); HRMS
(EI+ ): m/z : calcd for C11H19N3O3: 241.142642; found: 241.143564.
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Preparation of 42 : Potassium tert-butoxide (424 mg, 3.78 mmol) was
added to a solution of a mixture of isomers 40 and 41 (910 mg,
3.78 mmol) in THF (10 mL) at �50 8C with stirring under argon atmos-
phere. After 20 min, 2-bromopropionyl bromide (640 mL, 5.29 mmol) was
added, and stirring was continued for another hour at �30 8C. Dichloro-
methane was added and the reaction mixture was washed with aq NH4Cl.
After drying with MgSO4 and evaporation of the solvent, the residue was
subjected to a column chromatography (80% ethyl acetate/hexane) and
a mixture of isomers 42 and 43 (1.24 g, 87%) was obtained. This mixture
was then separated by preparative TLC (five developments with 50%
ethyl acetate/hexane) and the desired pure epimers 42a and 42 b were
obtained in order of elution.


Compound 42a : oil ; [a]D = ++178 (c = 0.80, CHCl3);
1H NMR (CDCl3):


d = 5.95 (q, J = 6.8 Hz, 1H, CHBr), 4.96 (d, J = 9.2 Hz, 1H, CH-CO-
Py), 3.93 (m, 1H, CH-CH2OMe), 3.41–3.93 (m, 6H, CH2OMe +


CH2NCH2), 3.32 (s, 3H, OCH3), 2.90 (s, 3H, NCH3), 1.92 (m, 4H,
CH2CH2NCH2CH2), 1.82 (d, J = 6.8 Hz, CHBrCH3);


13C NMR (CDCl3):
d = 170.3 (COCHBr), 165.0 (CO), 153.7 (CO), 70.6 (CH2OMe), 59.1
(OCH3), 54.8 (CH-CO-Py + CH-CH2OMe), 46.5 (NCH2), 46.2 (NCH2),
40.0 (CHBr), 29.7 (NCH3), 26.2 (NCH2CH2), 24.2 (NCH2CH2), 21.1
(CHCH3).


Compound 42b : white cubes; m.p. 102–103 8C; [a]D = �6.88 (c = 0.50,
CHCl3);


1H NMR (CDCl3): d = 5.90 (q, J = 6.8 Hz, 1H, CHBr), 4.97 (d,
J = 9.5 Hz, 1H, CH-CO-Py), 3.91 (m, 1H, CH-CH2OMe), 3.43–3.89 (m,
6H, CH2OMe + CH2NCH2), 3.31 (s, 3H, OCH3), 2.91 (s, 3H, NCH3),
1.95 (m, 4H, CH2CH2NCH2CH2), 1.81 (d, J = 6.8 Hz, 3H, CHBrCH3);
13C NMR (CDCl3): d = 169.8 (COCHBr), 164.2 (CO), 153.7 (CO), 70.7
(CH2OMe), 59.1 (OCH3), 54.8 (CH), 54.6 (CH), 46.4 (NCH2), 46.2
(NCH2), 39.2 (CHBr), 29.8 (NCH3), 26.1 (NCH2CH2), 24.2 (NCH2CH2),
21.1 (CHBrCH3); IR of the epimer mixture 42 : ñ = 2977, 2929, 2880,
1733, 1649, 1448, 1649, 1448, 1389, 1245, 1190, 1012 cm�1; MS (FAB+ ) of
the epimer mixture 42 : m/z (%): 378 (46) [M+H]+ , 376 (47) [M+H]+ ,
231 (62), 155 (27), 154 (100) [M�HBr�COPy�CH2OCH3]


+ , 137 (86),
109 (22); HRMS (FAB+ ): m/z : calcd for C14H23N3O4Br: 376.087193;
found: 376.087442.


Compound 43 : oil ; 1H NMR (CDCl3): d = 5.92 (m, 1H, CHBr), 4.70 (m,
1H, CH-CH2OMe), 4.46 (d, J = 8.4 Hz, 1H, CH-CO-Py of one isomer),
4.39 (d, J = 8.4 Hz, 1H, CH-CO-Py of one isomer), 3.60 (m, 1H, 1=2 of
CH2OMe), 3.53–3.44 (m, 5H, 1=2 of CH2OMe + CH2NCH2), 3.24 (s, 3H,
OCH3 of one isomer), 3.23 (s, 3H, OCH3 of one isomer), 2.89 (s, 3H,
NCH3 of one isomer), 2.87 (s, 3H, NCH3 of one isomer), 1.92 (m, 4H,
CH2CH2NCH2CH2), 1.82 (d, J = 6.8 Hz, CHBrCH3 of one isomer), 1.79
(d, J = 6.8 Hz, CHBrCH3 of one isomer); 13C NMR (CDCl3): d = 169.7
(COCHBr of one isomer), 169.5 (COCHBr of one isomer), 164.3 (CO),
153.7 (CO), 67.8 (CH2OMe of one isomer), 67.1 (CH2OMe of one
isomer), 58.8 (OCH3 of one isomer), 58.6 (OCH3 of one isomer), 52.1
(CH), 51.3 (CH), 46.4 (NCH2), 45.8 (NCH2), 39.7 (CHBr of one isomer),
39.2 (CHBr of one isomer), 29.9 (NCH3 of one isomer), 29.7 (NCH3 of
one isomer), 26.1 (NCH2CH2), 24.1 (NCH2CH2), 21.1 (CHBrCH3 of one
isomer), 20.5 (CHBrCH3 of one isomer); IR: ñ = 2975, 2926, 2881, 1736,
1688, 1652, 1447, 1377, 1242, 1189, 1099, 734, 677 cm�1; MS (EI): m/z
(%): 375 (2) [M]+ , 295 (10) [M�HBr]+ , 279 (99) [M�COPy]+ , 277 (100)
[M�COPy]+ , 143 (83) [M�COPy�COCH(CH3)Br]+ , 111 (22)
[M�COPy�COCH(CH3)Br�MeOH]+ , 98 (26) [COPy]+ ; HRMS (EI+ ):
m/z : calcd for C14H22N3O4Br: 375.079368; found: 375.079321.


DKR of 42 by substitution with benzylamine : Benzylamine (16 mL,
0.15 mmol) was added to a stirred solution of both epimers 42 (38 mg,
0.10 mmol), nBu4NBr or nBu4NI depending on the experiment
(0.2 equiv) and Et3N (17 mL, 0.12 mmol) in dry THF (1 mL). After 48 h
the crude reaction mixture was purified by preparative TLC (10%
MeOH/CH2Cl2) to yield the substituted product 44, oil, de 99%
(nBu4NBr) and de 100% (nBu4NI) determined by HPLC, iPrOH/nhex-
ane 20:80, 1.0 mLmin�1, lmax=254 nm, tR (44)=13.5, tR (epimer (S)-44)=
15.4 min; [a]D=++268 (c = 3.0, CHCl3);


1H NMR (CDCl3): d = 4.97 (d,
J = 9.6 Hz, 1H, CH-CO-Py), 4.74 (q, J = 6.8 Hz, 1H,
CH(NHCH2Ph)CH3), 3.90 (m, 1H, CH-CH2OMe), 3.91–3.44 (m, 8H,
CH2OMe + CH2NCH2 + NHCH2Ph), 3.32 (s, 3H, OCH3), 2.88 (s, 3H,
NCH3), 1.94 (m, 4H, CH2CH2NCH2CH2), 1.34 (d, J = 6.8 Hz, 3H,


CH(NHCH2Ph)CH3);
13C NMR (CDCl3): d = 176.9


(COCH(NHCH2Ph)CH3), 165.1 (CO), 154.1 (CO), 139.6 (iPh), 128.6
(Ph), 128.2 (Ph), 126.8 (Ph), 70.7 (CH2OMe), 59.1 (OCH3), 55.0
(CH(NHCH2Ph)CH3 + CH-CH2OMe), 54.5 (CH-CO-Py), 51.4 (CH2Ph),
46.4 (NCH2), 46.2 (NCH2), 29.7 (NCH3), 26.2 (NCH2CH2), 24.2
(NCH2CH2), 19.1 (CH(NHCH2Ph)CH3); IR: ñ = 3440, 2963, 2933, 2876,
1733, 1649, 1451, 1390, 1343, 1239, 1105, 749, 701 cm�1; MS (EI): m/z
(%): 403 (1) [M+H]+ , 311 (6) [M�CH2Ph]+ , 134 (68), 91 (100)
[PhCH2]


+, 56 (20), 55 (25); HRMS (EI+ ): m/z : calcd for C21H30N4O4:
402.226706; found: 402.226782.


Substitution on 42 with benzylamine in the presence of AgNO3 : Benzyla-
mine (33 mL, 0.3 mmol) was added to a stirred solution of both isomers
42 (38 mg, 0.1 mmol) and AgNO3 (34 mg, 0.2 mmol) in dry THF (1 mL).
After 48 h the crude reaction mixture was purified by preparative TLC
(10% MeOH/CH2Cl2) to yield the substituted product 44 as mixture of
diastereoisomers (39 mg, 97%).
1H NMR (the number of the protons is calculated with respect to the in-
tegral of the peak at 4.88 for the minor and at 4.97 for the major prod-
uct): d = 7.38–7.20 (m, 5H, Ph), 4.97 (d, J = 9.6 Hz, 1H, CH-CO-Pymajor


44(R)), 4.88 (d, J = 9.7 Hz, 1H, CH-CO-Pyminor 44(S)), 4.73–4.79 (m,
CH(NHCH2Ph)CH3 of both products), 3.39–3.93 (m, CH-CH2OMe +


CH2OMe + CH2NCH2+ NHCH2Ph of both products), 3.32 (s, 3H,
OCH3


major), 3.31 (s, 3H, OCH3
minor), 2.884 (s, 3H, NCH3


major), 2.876 (s,
3H, NCH3


minor), 1.97 (m, CH2CH2NCH2CH2 of both products), 1.37 (d, J
= 6.8 Hz, 3H, CH(NHCH2Ph)CH3


minor), 1.34 (d, J = 6.8 Hz, 3H,
CH(NHCH2Ph)CH3


major); 13C NMR (CDCl3): d = 176.9
(COCH(NHCH2Ph)CH3


major), 176.1 (COCH(NHCH2Ph)CH3
minor), 165.1


(COmajor), 164.8 (COminor), 154.3 (COminor), 154.1 (COmajor), 139.6 (iPh),
138.9 (iPh), 128.8 (Ph), 128.6 (Ph), 128.2 (Ph), 126.8 (Ph), 70.7
(CH2OMe), 59.1 (OCH3), 55.3, 55.0, 54.5, 54.2, 52.0, 51.4, 46.4 (NCH2),
46.2 (NCH2), 46.0 (NCH2), 29.7 (NCH3


major), 29.6 (NCH3
minor), 26.2


(NCH2CH2), 24.2 (NCH2CH2), 19.4 (CH(NHCH2Ph)CH3
minor), 19.1


(CH(NHCH2Ph)CH3
major).


Methanolysis of 44 : Triethylamine (25 mL, 0.18 mmol) was added to a
stirred solution of isomers 44 (58 mg, 0.14 mmol) in methanol (1.5 mL).
The reaction was heated under reflux for 24 h. The reaction was allowed
to cool to room temperature, the solvent was evaporated and the residue
purified by preparative TLC (50% AcOEt/hexane) yielding, as the major
enantiomer, (R)-methyl 2-(benzylamino)-propionate (45 ; 14 mg, 50%) as
a colourless liquid. The spectral data for product 45 are identical to the
literature ones.[41] HPLC analysis (iPrOH/nhexane 5:95, 1.0 mLmin�1,
lmax=225 nm) shows, by comparison with an authentic sample enriched
in enantiomer (R), tR=6.30 min (S enantiomer, minor product) and tR=
6.63 min (R enantiomer, major product).
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Ferrocenyl-Modified DNA: Synthesis, Characterization and Integration with
Semiconductor Electrodes


Andrew R. Pike,[a] Lyndsey C. Ryder,[a] Benjamin R. Horrocks,*[a] William Clegg,[a]


Bernard A. Connolly,[b] and Andrew Houlton*[a]


Introduction


Recently, several groups, including our own, have demon-
strated the attachment of DNA strands to bulk silicon sub-
strates by using electrostatic interactions,[1] post-synthetic
conjugation,[2,3] or automated solid-phase synthesis.[4,5] These
may provide opportunities for new types of gene sensing[6–8]


based on microelectronics; they may also be useful for the
fabrication of nanoscale features using self-assembly proc-
esses and be important in the development of DNA-based
molecular electronics.[8–12]


With these concepts in mind we have previously demon-
strated the synthesis of regular oligonucleotides at modified
silicon electrodes, by generating DNA strands tethered at
the 3’ terminal.[5,11] Subsequent STM studies have establish-
ed that, after hybridisation with complementary strands, the
resulting duplex structures effectively lie on the surface.[4] A
challenge now is to seek to functionalise the DNA with ap-
propriate groups and, as a prototypical system we have con-
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. HPLC of digest-
ed 1-ODN, UV/Vis spectrum of 1-ODN, thermal denaturation curve
of 1-ODN with complement, MALDI-TOF spectrum of 1-ODN and
electrochemical analysis of ferrocenyl derivatives.


Abstract: The ferrocenyl-nucleoside, 5-
ethynylferrocenyl-2’-deoxycytidine (1)
has been prepared by Pd-catalyzed
cross-coupling between ethynylferro-
cene and 5-iodo-2’-deoxycytidine and
incorporated into oligonucleotides by
using automated solid-phase synthesis
at both silica supports (CPG) and mod-
ified single-crystal silicon electrodes.
Analysis of DNA oligonucleotides pre-
pared and cleaved from conventional
solid supports confirms that the ferro-
cenyl-nucleoside remains intact during
synthesis and deprotection and that the
resulting strands may be oxidised and
reduced in a chemically reversible
manner. Melting curve data show that
the ferrocenyl-modified oligonucleo-
tides form duplex structures with native


complementary strands. The redox po-
tential of fully solvated ferrocenyl 12-
mers, 350 mV versus SCE, was shifted
by +40 mV to a more positive poten-
tial upon treatment with the comple-
ment contrary to the anticipated nega-
tive shift based on a simple electrostat-
ic basis. Automated solid-phase meth-
ods were also used to synthesise 12-
mer ferrocenyl-containing oligonucleo-
tides directly at chemically modified
silicon <111> electrodes. Hybridisa-
tion to the surface-bound ferrocenyl-
DNA caused a shift in the reduction


potential of +34 mV to more positive
values, indicating that, even when a fer-
rocenyl nucleoside is contained in a
film, the increased density of anions
from the phosphate backbone of the
complement is still dominated by other
factors, for example, the hydrophobic
environment of the ferrocene moiety in
the duplex or changes in the ferro-
cene–phosphate distances. The re-
duction potential is shifted
>100 mV after hybridisation when the
aqueous electrolyte is replaced by
THF/LiClO4, a solvent of much lower
dielectric constant; this is consistent
with an explanation based on confor-
mation-induced changes in ferrocene–
phosphate distances.


Keywords: cytidine · DNA ·
ferrocenyl-nucleoside · molecular
films · silicon
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sidered the synthesis of redox-active DNA strands. For this
we and others have focused on the use of ferrocenyl-modi-
fied nucleosides and in particular on derivatives in which
the redox group is fully conjugated to the nucleobase.[13,14]


Forms of DNA functionalised with redox-active organome-
tallic groups have been developed for some time as artificial
nucleases.[15–18] More recently they have been used for sens-
ing applications,[6,19–27] and they are also important in studies
on DNA-mediated electron transfer.[5,6,22,28–44] There is also
interest in tailoring the properties of DNA for direct use in
electronics and photonics applications.[5,9–11,45–48]


The preparation of DNA oligonucleotides bearing metal-
containing groups has involved either post-synthetic conju-
gation of a preformed complex at the terminal position of
an oligonucleotide[16,38,44,49–51] or addition of metal ions to
ligand-modified oligonucleotides.[15, 18,40,52, 53] More recently
the synthesis of metal-modified nucleosides as phosphorami-
dite monomers for use in automated solid-phase synthesis,
or triphosphates for polymerase substrates have also been
explored.[5,20,23, 50,53–62] The advantages of this approach in-
clude the ease of synthesis and the ability to incorporate the
modified base into the oligonucleotide sequence site-specifi-
cally. Furthermore, the former method in particular provides
a means for functionalising device features, and surfaces in
general, with DNA.[5]


Here we report the synthesis of a new type of metal-
modified DNA in which the ferrocenyl group is incorporat-
ed into strands at dC sites as 5-ethynylferrocenyl-2’-deoxycy-
tidine, 1. Oligonucleotide synthesis was performed by using
automated solid-phase methods at both conventional control
pore glass (CPG) supports, for characterisation in solution,
and at modified Si<111> substrates in an effort to assess


the behaviour of these redox-active DNA strands attached
directly to a semiconductor electrode surface.


Results and Discussion


Synthesis, spectroscopy and structure of C5-ethynylferroce-
nylcytidine : The solution-phase synthetic aspects of the
work are presented in Scheme 1. Ethynylferrocenyl-deoxy-
cytidine, 1, was synthesised by Sonogashira cross-coupling of
ethynylferrocene and 5-iodo-2’-deoxycytidine. Yields of iso-
lated products and ease of purification were improved when
5-iodo-2’-deoxycytidine was first protected with the dime-
thoxytrityl (DMT) group due to the increase in solubility of
the nucleoside. We have observed similar results previously
for C5-ethynylferrocenyl-thymidine.[14] For subsequent incor-
poration into oligonucleotides by solid-phase methods, the
exocyclic 4-NH2 group was selectively protected by acetyla-
tion by using acetic anhydride in DMF.[65] Compound 1a
was then converted by reaction with 2-cyanoethoxy-N,N-di-
isopropylaminochlorophosphoramidite to give the fully pro-
tected phosphoramidite monomer 1b.


The electronic absorption spectrum of 1 (Figure 1) shows
a shift in the main absorption band to longer wavelength
compared to dC (lmax=291 nm for 1 compared to lmax=


280 nm for deoxycytidine). This shift indicates conjugation
between the nucleobase and the ferrocenyl group, as has
been previously noted for thymidine derivatives.[14] DFT cal-
culations at the B3LYP level also predict a decrease in the
HOMO/LUMO separation for the 1-methyl analogue of 1
(1-Me) compared to 1-methylcytosine (1-MeC) (DE=


435 kJmol�1 for 1-Me; DE=513 kJmol�1 for 1-MeC). The
HOMO for each is shown in Figure 2 and it can be seen


Scheme 1. Synthesis of C5-ethynylferrocenyl-deoxycytidine, 1, and its protection for use in solid-phase oligonucleotide synthesis.
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that in 1-Me this molecular orbital extends over much of the
molecule.


The molecular structure of C5-ethynyl-ferrocenyl-2’-deoxy-
cytidine, 1, was obtained by X-ray crystallography of crystals
grown by slow evaporation of a dichloromethane/methanol
(95:5) solution. The asymmetric unit contains two independ-
ent molecules, one of which is shown in Figure 3. All bond
lengths and angles lie within the expected range (Fe�C
bond lengths range from 2.027(4) to 2.055(4) K, with an
average of 2.044 K). The Fe�C5H5 perpendicular distances
are 1.65(4) and 1.65(4) K in the two molecules, which are
similar to the Fe�C5H4 distances of 1.66(4) and 1.63(4) K.
The interplanar angles between the cyclopentadienyl rings
are 1.1 and 1.28, and those between the nucleobase and the
substituted Cp ring are 82.8 and 87.68. The two Cp rings
within each molecule are virtually eclipsed (mean torsion
angles C-X1-X2-C are 2.6 and 2.98, where X1 and X2 are
the centroids of the rings). The ethynyl linkage between the
nucleobase and the ferrocene unit has bond lengths indica-


tive of delocalisation, with a
central bond length of 1.182(5)
and 1.215(6) K (C(7)�C(8))
and adjacent single bonds
C(5)�C(7) of 1.447(5) and
1.412(6) K, and C(8)�C(9) of
1.440(6) and 1.422(6) K. This
C2 linkage between the ferro-
cenyl group and the cytidine
moiety deviates only slightly
from linearity: C(5)-C(7)-C(8)
174.5(4) and 173.3(4)8, C(7)-
C(8)-C(9) 178.3(4) and
177.8(4)8.


Analysis of the crystal pack-
ing reveals that all three hydro-
gen-bonding groups of the nu-


cleobase are involved in intermolecular interactions
(Figure 4). A self-complementary base-pairing is seen which
involves N(3) of one molecule and the exocyclic amino
group N(4) of the second independent molecule
(N(3)···N(4) distances of 2.964(5) and 2.929(5) K). The car-
bonyl oxygen O(2) interacts with the 3’-OH group
(O(2)···HO-3’ 2.789(4) and 2.773(4) K) so as to form an ex-
tended parallel network throughout the crystal structure.
This packing motif confirms that the attachment of the fer-
rocenyl moiety to C(5) of the nucleoside does not interfere
with its ability to form Watson–Crick-type hydrogen-bond-
ing interactions.


Cyclic voltammetry reveals that 1 exhibits the expected
one-electron wave with a formal potential, E0, of 290 mV
versus ferrocenium–ferrocene (MeCN/NtBu4PF6). This is
markedly more positive than for the thymidine analogue in
the same solvent (E0=140 mV versus Fc/Fc+ couple,
MeCN/NtBu4PF6) and indicates that the nature of the nucle-
obase has a significant effect on the redox potential, as we


Figure 1. Comparison of the electronic absorption spectra for 1 (grey)
and dC (black) in water.


Figure 2. Comparison of the HOMO level of 1-Me (a) and 1-methylcytosine (b) indicating the delocalisation
across the molecule in (a).


Figure 3. Molecular structure of one independent molecule of 1. Selected
bond lengths [K] and angles [8]: Fe�C (av) 2.05, Fe�C5H5 1.65, Fe�C5H4


1.66, C(7)�C(8) 1.18, C(8)�C(9) 1.44; Cp�Cp 1.1, interplanar Cpsub�pyri-
midine 82.8.
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have noted for the series of simple ferrocenylmethyl nucleo-
bases.[66]


Incorporation of C5-ethynylferrocenyl-deoxycytidine, 1, into
synthetic oligonucleotides : It has been noted previously that
C5-ethynylferrocenyl-thymidine undergoes base-catalyzed
ring closure to the corresponding furanopyrimidone during
the deprotection step of regular DNA synthesis.[29] This in-
volves treatment with aqueous NH3 for 12 h at room tem-
perature, or for 5 h at 55 8C.[67] This cyclisation can be re-
duced, though not eliminated, by use of ULTRAMILD base
phosphoramidites (Glen Research, VA, USA).[14] These re-
agents are deprotected in a few hours in 0.05m methanolic
K2CO3 or in several minutes with anhydrous methylamine.
In the case of the cytidine derivative 1, the deprotection in
anhydrous methylamine does not induce cyclisation. As a
control experiment, a solution of 1 in CDCl3 was stirred vig-
orously in a saturated atmosphere of anhydrous methyl-
amine for 20 min. A 1H NMR spectrum showed that no cyc-
lisation occurred in this time. The use of anhydrous methyl-
amine is also important to avoid decomposition of the ferro-
cenium produced in the iodine oxidation steps of solid-
phase synthesis. Further, deprotection with anhydrous meth-
ylamine does not damage/corrode the silicon wafers/elec-
trodes (vide infra) as can treatments with aqueous NH3.


[4]


Oligonucleotide synthesis was performed at commercial
control pore glass supports, and at oriented single-crystal
Si<111> chemically modified for DNA synthesis.[5] The
former solid support allowed analysis of the ferrocenyl-
modified DNA by standard methods after cleavage from the
surface, whereas the latter offered the opportunity for elec-
trochemical observation of the hybridisation at the semicon-
ductor surface.


The 12-mer oligonucleotide,
5’-ACFcGTCCAATCGT-3’, 1-
ODN, was prepared on
0.2 mmol CPG columns using
standard protocols except that,
for the insertion of 1, a pro-
longed coupling reaction time
(15 min) was used.[57] No at-
tempts were made to optimise
coupling efficiency beyond ex-
tending the coupling time to
15 min as is common for non-
standard phosphoramidites. De-
protection with anhydrous
MeNH2 was monitored by
HPLC and it was found that
after 10 min the oligonucleotide
is fully deprotected. Analysis by
MALDI-TOF mass spectrome-
try confirmed incorporation of
the ferrocenyl-nucleoside, 1,
into the oligonucleotide strand
(calcd MS [M+] 3813(�5);
found 3813.98).


HPLC analysis of the purified sequence 1-ODN after di-
gestion with snake venom phosphodiesterase and alkaline
phosphatase (see Supporting Information) confirmed incor-
poration of 1 (HPLC retention time 32.5 min).


Duplex formation of the ferrocenyl-containing sequence,
1-ODN, was confirmed by hybridisation with the native
complementary sequence, 5’-ACGATTGGACGT-3’, ODN*.
Thermal denaturation curves show good reproducibility with
a melting temperature indicating a slight reduction in the
stability compared to the equivalent unmodified duplex (Tm


1-ODN :ODN*=49.4 8C compare ODN :ODN*=52 8C). For
single base-pair mismatches against the ferrocenyl-cytidine
the following stability sequence was found for 12-mers 5’-
ACGATTGGAXT-3’: X=G > X=T > X=A > X=C.
This can be rationalised from the number of H-bonding in-
teractions, namely 3MDA > 2MDA > 1DD, 1AA > 1DD,
2AA (where D=H-bond donor, A=H-bond acceptor) and
supports the expected formation of typical Watson–Crick
base-pair formation.


Semi-empirical calculations were performed on the 6-mer
oligonucleotides, 5’-ACxGTCC-3’, in an effort to gain further
insight into the effect of ferrocenyl incorporation into the
duplex. At the PM3 level the converged gas-phase structures
indicated that the ethynylferrocenyl group at the C5 position
of Cx has little effect on the overall duplex structure.
Figure 5 and Figure 6 compare the two optimised structures.
The ferrocenyl group is effectively coplanar with the cyti-
dine ring (Figure 5) and is accommodated in the major
groove (Figure 6). Local distortions of the modified duplex
are minimal, for example, the hydrogen bonding distances
for the GCX pair are equivalent and the dihedral angle be-
tween these two bases is 9.88 in the modified case compared
to 8.48 for the unmodified. The intra-strand base···base


Figure 4. Watson–Crick-type hydrogen-bonding network in the crystal structure of 1.
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stacking angles are very slightly affected, with the largest
differences (~28) being seen in the complementary 5’-
GGACGT-3’ strand of the two duplexes. These calcula-
tions support the experimental data and suggest that the
ferrocenyl-modified oligomers hybridise to complemen-
tary sequences with only slight differences from natural
strands.


Cyclic voltammetry of the 12-mer 1-ODN in aqueous so-
lution showed a formal potential of ~350 mV (versus SCE)
compared to ~300 mV for the ferrocenyl nucleoside 1. A
simple electrostatic argument suggests the anionic charge of
the phosphodiester backbone would cause a shift to more
negative potentials. However, this does not take into ac-
count screening by the electrolyte, changes in the ferrocene–
phosphate distances and hydrophobic effects associated with
the local environment. Upon hybridisation with the comple-
mentary strand, we observed a positive shift of +37 mV.
This suggests that the anions/solvent are capable of screen-
ing the extra negative charges on the phosphate groups and
that other factors are dominant.


Ferrocenyl-DNA on modified silicon surfaces : The integra-
tion of molecular compounds with bulk silicon substrates
has expanded significantly since the reports by Chidsey and


Linford on the alkylation of the hydrogen-terminated sur-
face layer.[68,69] Subsequently a wide range of chemistry has
been shown to give similar surface functionalisation with
robust Si�C-bonded monolayers.[70] Our preferred method is
thermal hydrosilation of alkenyl/alkynyl derivatives due to
its functional group tolerance.[71,72] Alkylation of hydrogen-
terminated Si<111> (Si-H) with 4,4’-dimethoxytrityl-pro-
tected w-undecenol provides modified silicon surfaces (Si-
C11-ODMT) which, after detritylation, present a primary al-
cohol group suitable for on-chip DNA synthesis.[5] As a
phosphoramidite, 1 was incorporated at the electrode sur-
face as a monomer (Si-1) and into growing oligonucleotides
(Si-1-ODN), as shown in Scheme 2. In these surface bound
oligonucleotides the ferrocenyl nucleobase was coupled to
the Si-C11-ODMT surface as the first nucleobase, the 3’-end.
In doing this, the compatibility of 1 with the repeated expo-
sure to reagents used in automated synthesis is rigorously
tested. The modified wafers were examined by cyclic vol-
tammetry in both aqueous and organic solvent systems, spe-
cifically 1m LiClO4 in THF: hybridisation was carried out in
aqueous media and the electrode transferred to THF for
electrochemistry. It has been shown by electrochemical stud-
ies that silicon-bound alkyl monolayers are not penetrated


Figure 5. Gas-phase PM3-optimised structures of 6-mer duplexes
ACXGTCC, with a) CX=cytidine and b) CX=C5-ethnylferrocenyl-cyti-
dine, showing co-planarity of ferrocene and cytidine ring.


Figure 6. 6-mer duplexes of ACXGTCC, with a) CX=cytidine and b)
CX=C5-ethnylferrocenyl-cytidine, viewed along the helical axis, showing
the ferrocene moiety sitting external to the phosphate backbone in the
major groove.
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by THF.[73] In addition these measurements allow some as-
sessment of the role of solvents in charge screening. Table 1
contains data for the ferrocenyl-DNA-modified Si<111>
electrodes and the monomer 1 compared to ferrocene in
THF solvent.


Modified Si<111> electrodes bearing ethynylferrocenyl-
cytidine, Si-1, showed reversible electrochemical behaviour
with a formal potential of 30 mV. This is significantly shift-
ed, by �110 mV, to a lower potential in comparison to the
free monomer (E0=140 mV).
To establish if this was a gener-
al phenomenon, the effect of
surface attachment on the re-
duction potential of ethynylfer-
rocene was determined. The
same 110 mV difference was
observed, ethynylferrocene in
THF/LiClO4 (E0=450 mV) and
when attached to Si<111> by
thermal alkylation (E0=


340 mV).
Figure 7 compares surfaces


Si-1 and Si-1-ODN (Si-
CFcACTCGCTCGCA), and
shows there is a small negative
shift in the formal potential
(�15 mV) upon attachment of
further nucleotides. This is in


contrast to solution-based
measurements, where a positive
shift (+50 mV) was seen upon
incorporation of 1 into the poly-
nucleotide chain. This suggests
that there is some stabilization
of the cationic ferrocenium on
the surface, which may be at-
tributed to properties of the
bulk film, that is, neighbouring
DNA strands, rather than a mo-
lecular property of individual
DNA chains.


The feasibility of synthesising
polyfunctional DNA strands di-
rectly at the electrode surface


was explored with surfaces Si-1-ODN, Si-1,1-ODN and Si-
1,1,1-ODN. In these the ferrocenyl-cytidine replaces deoxy-
cytidine in the sequence 3’-CACTCGCTCGCA-5’. Integra-
tion of the anodic peak current of cyclic voltammograms for
these three surfaces shows the expected proportionality be-
tween the charge passed during electrochemical oxidation of
Si-1-ODN, Si-1,1-ODN and Si-1,1,1-ODN and the number
of ferrocene groups (one, two or three CFc units) incorpo-
rated in the sequence (Figure 8). This indicates that the fer-
rocenyl groups remain intact throughout the repeated cycles
of the automated synthesiser. The use of anhydrous methyl-
amine is important to achieve the stability of the incorporat-
ed ferrocene groups, which may be oxidised during the
solid-phase synthesis and are then susceptible to hydrolysis
on exposure to aqueous base.


The complementary sequence was hybridised to the sur-
face-bound ferrocenyl oligonucleotide, Si-1-ODN. Cyclic
voltammetry performed in HEPES–NaCl buffer indicated a
positive shift of +34 mV upon hybridisation. This shift is
comparable to the +37 mV observed upon hybridisation of
the dissolved ferrocenyl oligonucleotide, 1-ODN. This sug-
gests that the effect of hybridisation on the redox potential


Scheme 2. Modification of silicon surface with ferrocenyl-cytidine as a monomer, Si-1, in single-stranded
DNA, Si-1-ODN and duplex DNA, Si-1-ODN/ODN*.


Table 1. Electrochemical data for ferrocenyl-DNA synthesised at C11OH-
modified Si<111> electrode surfaces. The data were measured in 1m
LiClO4 in THF using a W counter-electrode, Ag quasi reference elec-
trode (Ag QRE). Scan rate 100 mVs�1 (ambient illumination).


Ferrocenyl mono-
mer/


Anodic
peak


Cathodic
peak


E0’ E0’ after


modified surface potential potential hybridisation
[mV] [mV] [mV] [mV]


ferrocene 410 212 311 –
1 181 99 140 –
Si-1 60 0 30 –
Si-1-ODN 32 �2 15 130


Figure 7. Cyclic voltammograms of Si-1 (black line) and Si-1-ODN (grey line). Electrolyte 1m LiClO4 in THF
using a Pt counter-electrode, Ag quasi reference electrode (Ag QRE). Scan rate 100 mVs�1.
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has a common origin for both dissolved and surface-bound
DNA. In principle, an electrostatic effect can be due to ad-
ditional charges on the phosphate groups of the complemen-
tary strand or a conformational change which alters the fer-
rocene-nearest phosphate distance; a positive shift can occur
from the latter if the extra negative charges are screened
equally in both cases.


The same electrochemical comparison was performed by
using THF as solvent—the low dielectric constant of THF
was expected to enhance electrostatic effects—and gave
some interesting results. The observed redox potential shift
of Si-1-ODN upon hybridisation was +130 mV, a large in-
crease over the aqueous system (+34 mV). Although the
simple anionic charge density argument predicts that the
redox potential will shift to more negative values, we ob-
serve a positive shift in both solvent systems. A hydrophobic
effect in which a similar magnitude (40 mV) positive shift in
potential upon binding of metal complexes to DNA from
aqueous solution is known.[74] In THF, the hydrophobic
effect seems less likely; an alternative explanation is that
the shift reflects an increase in the distance between the fer-
rocene and the nearest phosphate. Our recent STM images
of DNA-modified Si<111> surfaces show evidence for
conformational changes after hybridisation.[4] For single-
stranded surfaces, little in the way of DNA-related features
are apparent. However, upon hybridisation the images fea-
ture worm-like structures that are interpreted as regions of
aligned DNA molecules lying nearly parallel to the surface.
These data are in agreement with recent studies by Barton
of the structural dependence of DNA-modified surfaces on
the site of attachment.[75] It is also conceivable that the
THF/LiClO4 electrolyte has a strong influence on the con-
formation of ssDNA and dsDNA on the surface. To summa-
rise, the positive redox potential shifts upon hybridisation in
THF or water are consistent with an explanation in terms of
a conformation change-induced increase in the phosphate-
ferrocene nearest-neighbour distances.


Conclusion


In contrast to C5-ethynylferrocenyl-thymidine, the cytidine
analogue 1 can be incorporated into synthetic DNA oligonu-


cleotides by using phosphoramidite chemistry without trans-
formation. This enables the synthesis of ferrocenyl-modified
DNA at standard CPG supports for studies in solution after
cleavage, or directly at modified silicon electrodes for sur-
face-confined electrochemistry. The oligonucleotides exhibit
the reversible redox behaviour typical of the ferrocenyl
group and hybridise with complementary strands. In solution
the hybridisation shifts the redox potential of the ferrocenyl
group slightly positive (+37 mV). When confined to an elec-
trode by solid-phase synthesis at modified Si<111> wafers
the effect of solvent on the shift in redox potential after hy-
bridisation is observable. The silicon-bound DNA films
show a shift of +34 mV upon hybridisation with comple-
mentary strands when measured in aqueous buffer, but this
is enhanced on changing the solvent to THF where the shift
in redox potential is +130 mV. The overall increase in
the ferrocenyl redox potential indicates that electrostatic
effects expected from the increase in anionic charge density
from the phosphate groups of the complement (negative
shift) are dominated by changes in the conformation which
influence the local electronic environment through, for ex-
ample, increased phosphate–ferrocene distances (positive
shift).


Experimental Section


Materials : Reagents were purchased from Aldrich and Lancaster and
used as received unless otherwise stated. Solvents were dried and distil-
led under N2 prior to use. All reactions were performed under N2 using
standard Schlenk techniques. 1H NMR spectra were performed on a
200 MHz Bruker Spectrospin AC 200E spectrometer and 31P NMR spec-
tra on a 300 MHz Bruker Spectrospin WM 300 WB spectrometer. UV/
Vis electronic spectra were recorded on a Shimadzu UV-2101PC scan-
ning spectrophotometer. Mass spectra were measured at the MS Service
Centre, University of Wales, Swansea and at the Moredun Research In-
stitute, Scotland.


5’-Dimethoxytrityl-5-iodo-2’-deoxycytidine : 5-Iodo-2’-deoxycytidine
(2.0 g, 5.61 mmol) was dissolved in dry pyridine (50 mL) and 4-dimethyl-
aminopyridinde (DMAP, 70 mg) and dimethoxytrityl chloride (2.5 g,
7.39 mmol) were added. The mixture was stirred at ambient temperature
under nitrogen for 16 h. Then 5 mL of 5% (v/w) sodium bicarbonate was
added before the reaction mixture was evaporated to dryness. Final
traces of pyridine were removed by repeated dissolution in toluene
and evaporating to an oil. The reaction mixture was then dissolved in
dichloromethane, washed twice with 5% (v/w) sodium bicarbonate and
then dried over magnesium sulfate. After filtration, removal of the sol-
vent gave a thick off-white oil. This was dissolved in the minimum
amount of dichloromethane, and methanol was added until the solution
went cloudy. Crystallisation overnight at 4 8C gave a white powder, which
was filtered off and dried at a vacuum pump. Second and third crystalli-
sations yielded further crops of the desired product (1.93 g, 53%).
1H NMR (200 MHz, [D6]DMSO): d=2.18–2.26 (m, 2H; H-2’, H-2’’), 3.28
(m, 2H; H-5’, H-5’’), 3.28 (s, 6H; OMe), 4.01 (m, 1H; H-4’), 4.25 (m,
1H; H-3’), 6.21 (t, 1H; H-1’), 7.01 (d, 4H; DMT), 7.32–7.52 (m, 9H;
DMT), 8.07 ppm (s, 1H; H-6); MS: ES+ /([M+Na])=678.1071, calculat-
ed for C30H30N3O6INa=678.1077.


5’-Dimethoxytrityl-5-ethynylferrocene-2’-deoxycytidine, tritylated-1: 5’-
Dimethoxytrityl-5-iodo-2’-deoxycytidine (1.0 g, 1.5 mmol) was dissolved
in dry acetonitrile (10 mL). Triethylamine (10 mL), ethynylferrocene
(480 mg, 2.2 mmol), copper(i) iodide (100 mg, 0.52 mmol), and bis(triphe-
nylphosphine)dichloropalladium(ii) (100 mg, 0.14 mmol) were added se-
quentially under nitrogen. The reaction mixture was stirred at 70 8C for


Figure 8. Plot of surface coverage versus number of ferrocenyl groups
(CFc units) in the 12-mer oligonucleotide strands, Si-1-ODN, Si-1,1-ODN
and Si-1,1,1-ODN.
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2 h. Disodium EDTA (5% v/w) (5 mL) was added to the resulting sus-
pension before evaporation to dryness. The crude product was redis-
solved in chloroform (100 mL) and washed twice with disodium EDTA
(5% v/w) and once with water before being dried over sodium sulfate.
After filtration and concentration by rotary evaporation the reaction
mixture was loaded onto a silica gel column packed in chloroform–meth-
anol–triethylamine (95:4:1) and eluted by using chloroform–methanol
(95:5). Fractions containing the product were combined and the solvent
was removed to yield the title compound as a dark orange powder
(954 mg, 86%). 1H NMR (200 MHz, CDCl3): d=2.18–2.77 (m, 2H; H-2’,
H-2’’), 3.34 (m, 2H; H-5’, H-5’’), 3.73 (s, 6H; OMe), 4.06 (s, 5H; ferro-
cene), 4.16 (m, 3H; H-4’, ferrocene), 4.23 (m, 2H; ferrocene), 4.47 (m,
1H; H-3’), 6.34 (t, 1H; H-1’), 6.82 (m, 4H; DMT), 7.18–7.45 (m, 9H;
DMT), 8.12 ppm (s, 1H; H-6). Elemental analysis calculated (%) for tri-
tylated-1·MeOH: C 67.10, H 5.63, N 5.46; found: C 66.99, H 5.08, N 5.17;
MS: ES+ /([M+Na])=760.2076, calcd for C42H39N3O6FeNa=760.2086.


N-4’-Acetyl-5’-dimethoxytrityl-5-ethynylferrocene-2’-deoxycytidine, 1a :
5’-Dimethoxytrityl-5-ethynylferrocene-2’-deoxycytidine (200 mg,
2.7 mmol) was dissolved in dry DMF (5 mL). Distilled acetic anhydride
(33 mg, 3.3 mmol) was added and the reaction mixture stirred at room
temperature for 16 h. The reaction was checked by TLC and two more
portions of acetic anhydride were added until the reaction had gone to
completion. The solvents were removed by rotary evaporation and the
resulting orange oil was redissolved in dichloromethane. The mixture was
washed with water and dried over magnesium sulfate. The crude product
was obtained as a red-brown powder. Purification on a silica column
eluted with chloroform–methanol (95:5) with a trace of triethylamine
gave the pure desired product (150 mg, 71%). 1H NMR (200 MHz,
CDCl3): d=2.07–2.32 (m, 2H; H-2’, H-2’’), 2.72 (s, 3H; -OCH3), 3.35 (m,
2H; H-5’, H-5’’), 3.72 (s, 6H; OMe), 4.03 (m, 1H; H-4’), 4.13 (s, 5H; fer-
rocene), 4.20 (m, 2H; ferrocene), 4.25 (m, 2H; ferrocene), 4.52 (m, 1H;
H-3’), 6.27 (t, 1H; H-1’), 6.78 (m, 4H; DMT), 7.17–7.40 (m, 9H; DMT),
8.30 ppm (s, 1H; H-6); MS: ES+ /([M+H]): 780.2374, calcd for
C44H41N3O7Fe=780.2372.


N-4’-Acetyl-5’-dimethoxytrityl-3’-cyanoethyldiisopropyl-5-ethynylferro-
cene-2’deoxycytidine, 1b : N-4’-Acetyl-5’-dimethoxytrityl-5-ethynylferro-
cene-2’-deoxycytidine (365 mg, 0.47 mmol) was dissolved in dry dichloro-
methane (25 mL) and cooled in an ice/salt bath. Freshly distilled diiso-
propylamine (210 mL, 0.56 mmol) was added, followed by 2-cyanoethyl-
N,N-diisopropylchlorophosphoramidite (130 mL, 0.3 mmol). The reaction
mixture was stirred at 0 8C for 1 h and then allowed to warm to room
temperature. The product was precipitated by slow addition of the crude
reaction mixture, in the minimum amount of dichloromethane, to rapidly
stirring hexanes at �78 8C. Filtration yielded an orange solid (413 mg,
92%). 1H NMR (200 MHz, CDCl3): d=1.02–1.11 (m, 12H; NMe2), 2.03–
2.17 (m, 1H; H-2’’), 2.24 (t, 2H; CH2CN), 2.55 (t, 2H; OCH2CH2), 2.56
(s, 3H; OCH3), 2.65–2.81 (m, 1H; H-2’’), 3.17–3.21 (m, 2H; H-5’, H-5’’),
3.23–3.44 (m, 2H; CH(CH3)2), 3.54 (d, 6H; OMe), 3.91 (t, 1H; H-3’),
3.97 (s, 5H; ferrocene), 4.03 (m, 2H; ferrocene), 4.11 (m, 2H; ferrocene),
4.25 (m, 1H; H-4’), 6.10 (m, 1H; H-1’), 6.58–6.64 (m, 4H; DMT), 7.04–
7.24 (m, 9H; DMT), 8.13 ppm (d, 1H; H-6); 31P NMR (300 MHz): d=


145 (d, P; 150.28, 149.69); MS: ES+ /([M+H])=980.3460, calcd for
C53H59N5O8PFe=980.3450.


5-Ethynylferrocene-2’-deoxycytidine, 1: 5’-Dimethoxytrityl-5-ethynylfer-
rocene-2’-deoxycytidine (50 mg, 0.14 mmol) was dissolved in dichlorome-
thane (10 mL). Several drops of trichloroacetic acid in dichloromethane
(2%) were added and the reaction mixture stirred at room temperature
until the entire dimethoxytrityl group had been removed as shown by
TLC. The solution was concentrated and purified on a short silica
column, eluting first with dichrolomethane to remove the fast running
tritly group and then with dichloromethane–methanol (90:10) to obtain
the title compound. 1H NMR (200 MHz, [D6]DMSO): d=2.14–2.27 (m,
2H; H-2’, H-2’’), 3.73 (m, 2H; H-5’, H-5’’), 4.36 (s, 5H; ferrocene), 4.42
(m, 2H; ferrocene), 4.70 (m, 2H; ferrocene), 5.25 (t, 1H; H-3’), 5.237(d,
1H; H-4’), 6.24 (t, 1H; H-1’), 8.32 ppm (s, 1H; H-6).


Crystal data : 1: C21H21FeN3O4·CH4O, Mr=467.3, triclinic, space group P1,
a=10.0474(6), b=10.0553(6), c=11.1393(7) K, a=72.691(2), b=


77.152(2), g=87.676(2)8, V=1047.14(11) K3, Z=2, T=160 K. Data were


collected on a Bruker SMART 1 K CCD diffractometer with MoKa radia-
tion (l=0.71073 K, q=28.68) and corrected semi-empirically for absorp-
tion, based on repeated reflections: 9056 measured data, 8153 unique,
Rint=0.0194, transmission factors 0.793–0.949. The structure was solved
by direct methods and refined on all F2 values, with anisotropic displace-
ment parameters and with constrained/restrained isotropic H atoms. The
asymmetric unit is the complete unit cell, and contains two molecules of
the complex and two molecules of methanol; H atoms were not located
for the solvent molecules. R (on F values for 7123 data with F2>2s)=
0.0338, Rw (on all F2 values)=0.0825, goodness-of-fit on F2 values=0.984,
with 583 refined parameters and 10 restraints. The absolute configuration
was confirmed by successful refinement of the Flack parameter to
0.002(13).[63] The final difference map contained no features outside
�0.42 eK�3. Programs were standard Bruker control and integration
software and SHELXTL (G. M. Sheldrick).


CCDC-248593 (1) contains supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax (+44) 1223-336-
033; or deposit@ccdc.cam.uk).


Electrochemistry : Cyclic voltammograms of dissolved monomers or oli-
gonucleotides and of surface-bound oligonucleotides were collected on
an EG&G Princeton Applied Research Potentiostat, Model 263A (using
Echem software 4.11). We used a gold disc working electrode (1 mm di-
ameter) for the solution-phase measurements and a 1-cm diameter area
of a silicon surface for the surface-bound species. The counter-electrode
was either a tungsten or platinum wire (1 mm diameter) in all experi-
ments. Three different solvents were employed depending on solubility
considerations: aqueous buffer, MeCN and THF. For water-soluble spe-
cies we used an aqueous buffer identical to that employed for hybridisa-
tion (HEPES buffer, pH 7.5, 200 mm NaCl, 1 mm EDTA) with a saturat-
ed calomel reference electrode (SCE) and we refer to this throughout as
HEPES–NaCl buffer. For reasons of solubility and for comparison with
previous data, the voltammetry of some monomers was recorded in 0.1m
MeCN/NtBu4PF6 using a silver wire as a quasi-reference electrode
(AgQRE). Some experiments on DNA-modified silicon surfaces also em-
ployed THF/1m LiClO4 as electrolyte. Modified silicon wafers were pre-
pared for use as working electrodes by scratching the unpolished back
side and applying a coating of In/Ga (3:1) eutectic to make ohmic con-
tact. Electrochemistry was performed with the wafer sealed by an O-ring
to the base of a 1-cm diameter Teflon cell. The electrolyte was either
HEPES–NaCl buffer, or 1m LiClO4 in THF.


Electronic structure calculations : All calculations were performed by
using the Titan program package (Wavefunction Inc., USA) running on a
Dell Precision 330 workstation. Small molecule geometries were opti-
mised in DFT by using the B3LYP functional and the LA-CVP* basis
set. Geometry optimisations on the oligonucleotides were performed by
using the PM3 semi-empirical Hamiltonian with initial coordinates gener-
ated by using the program B at www.scripps.edu/case/Biomer.


Oligonucleotide synthesis : An Applied Biosystems Expedite synthesiser
was used for the preparation of oligonucleotides. The base-phosphorami-
dites were ULTRAMILD (Glen Research, VA, USA) and the standard
Cap A was replaced with phenoxyacetic anhydride. Standard coupling
protocols (45 s) were used with the exception of the ferrocenyl-phosphor-
amidite, for which the coupling time was increased to 15 min. On comple-
tion of the synthesis the column was washed thoroughly with acetonitrile
and then dried with argon. Deprotection of the oligonucleotides involved
treatment with MeNH2 at a pressure of ~2 bar for 20 min. The columns
were then rinsed with water to release the oligonucleotide and the wash-
ings sequentially extracted with ethyl actetate and diethyl ether.


Oligonucleotide analysis : Oligonucleotides were digested to monodeoxy-
nucleoside constituents using snake venom phosphodiesterase and alka-
line phosphatase following a literature procedure and analysed by using
RP-HPLC.[64] A Gilson system 712 controller software in association with
a Gilson 811B dynamic mixer, a 802C manometric module, two Gilson
Model 303 pumps and an Applied Biosystems 757 absorption detector
was used for HPLC. Analytical runs were performed on a Jones APEX
ODS 5m column incubated at 30 8C with an injection loop of 5 mL. The


Chem. Eur. J. 2005, 11, 344 – 353 www.chemeurj.org F 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 351


FULL PAPERFerrocenyl-Modified DNA



www.chemeurj.org





solvent system consisted of solvent A (2.5% acetonitrile in water con-
taining TEAA buffer pH 6.5) and solvent B (65% acetonitrile in water
containing TEAA buffer pH 6.5). The 40 min digest gradient ran at 0%
B for 8 min, increasing linearly to 60% B at 30 min, and decreasing back
to 0% B at 40 min.


Oligonucleotides synthesised on silicon : Oriented single-crystal silicon
(n-type <111> ) wafers were cleaned with acetone, soaked in piranha so-
lution (H2SO4/H2O2, 4:1) for 10 min and then etched in deoxygenated
ammonium fluoride for 15 min. The resulting hydrogen-terminated sili-
con wafers were then alkylated with 4,4’dimethoxytrityl-protected w-un-
decenol by refluxing in a 0.02m solution in toluene.[5] These wafers were
used as substrates for oligonucleotide synthesis using the procedure de-
scribed above by means of a custom-built Teflon cell. Dry ethyl acetate
was used in the washing steps after deprotection with MeNH2 so as to
avoid potential corrosion of the surface as noted elsewhere.[4]


Hybridisation on surfaces : Hybridisation reaction conditions involved ap-
plying the oligonucleotide solution (composition: 5–6 mL of 30 mmoldm�3


oligonucleotide in 400 mL HEPES buffer pH 7.5, 200mm NaCl, 1mm


EDTA) to the DNA-modified Si wafer, heating to 80 8C and then allow-
ing to cool to room temperature over one hour. The wafers were then
rinsed with Millipore water and dried under a nitrogen flow.


Melting temperature measurements : Oligonucleotide concentrations
were determined from the absorbance at 260 nm and the extinction coef-
ficients were determined by the online calculation tools at www.basic.
nwu.edu/biotools/oligocalc.html. The extinction coefficient of 1 at 260 nm
is very close to that of C (see Figure 1) and therefore the same value was
used as for unmodified C in this calculation. The extinction coefficient of
1-ODN was 1.23M105


m
�1 cm�1 and its complement ODN*=1.33M


105
m


�1 cm�1. Melting temperature curves were obtained in HEPES–NaCl
buffer on a Cary 100 UV/Vis spectrophotometer. Each Tm was deter-
mined over three cycles between 12 and 90 8C at 0.2 8Cmin�1.
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Synthesis, Characterization, and Properties of Subporphyrazines: A New
Class of Nonplanar, Aromatic Macrocycles with Absorption in the Green
Region


M. Salom! Rodr"guez-Morgade,[a] Sagrario Esperanza,[a] Tom(s Torres,*[a] and
Joaqu"n Barber([b]


Introduction


In 1972, the first subphthalocyanine (the lowest homologues
of the various, structurally modified tetraazaporphyrins),
was synthesized; namely chlorosubphthalocyanine[1] (1).
However, detailed studies of the chemical structure, general
synthesis, and physical features of the subphthalocyanines
(SubPcs), were not reported until twenty years later.[2–4]


These tribenzotriazaporphyrin analogues, bearing boron
within their central cavity, are of great interest due to their
specific structure and physicochemical characteristics. On
the one hand, their 14 p-electron aromatic core confers opti-
cal properties related to those of phthalocyanines (Pcs), but
with some notable differences. For example, the reduced p


conjugation with respect to Pcs results in Soret and Q-bands
at shorter wavelengths (300 and 560 nm, respectively).[4a]


This quality makes SubPcs potentially useful as optical re-
cording media.[5] On the other hand, the absorption coeffi-
cients of the Soret and Q-bands also decrease with respect
to those of Pcs, and the smaller Q-band is attributed to the
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Abstract: Novel subphthalocyanine an-
alogues that display strong absorption
in the green region have been synthe-
sized by using a boron template cyclo-
trimerization of maleonitrile deriva-
tives. The spectroscopic properties of
these macrocycles indicate that, like
subphthalocyanines, they have 14 p


electrons and are aromatic compounds
with a conical shape. The removal of
the three fused benzene rings from the
subphthalocyanine skeleton produces a
75–80 nm blue shift of the Q-band and
a slight lowering of the absorption co-
efficients for this band. In addition, the


reduction of the p system from 18 to
14 electrons that accompanies progres-
sion from porphyrazines to subporphy-
razines causes a hypsochromic shift of
the Q-band of around 100 nm. Subpor-
phyrazines that are peripherally func-
tionalized with six thioether chains,
and in which the sulfur atoms are at-
tached directly to the pyrrole moieties,


exhibit optical features that may be ex-
plained in terms of the extension of p


conjugation over the six thiolene
groups, as well as strong p donation
from the sulfur lone pairs to the macro-
cycle. These two effects are quantita-
tively and qualitatively very similar to
those observed for porphyrazines that
possess the same type of substitution.
In addition, the mesomorphic behavior
at low temperatures of a macrocycle
that is substituted with six thiododecyl
chains was demonstrated by using dif-
ferential scanning calorimetry and opti-
cal polarising microscopy.


Keywords: absorption · macro-
cycles · subphthalocyanines ·
subporphyrazines · UV/Vis
spectroscopy
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nonplanar, concave shape of the SubPcs.[6] The aromatic,
conical shape of SubPcs accounts for other physical features,
such as octupolar character, and hence, for extraordinary
nonlinear optical properties.[4a] In addition, SubPcs are po-
tentially useful as precursors of interesting three-dimension-
al architectures. For example, the subphthalocyanine fused
dimer[7] exists as two topological syn and anti extended con-
jugated isomers. On the other hand, SubPcs have been em-
ployed as building blocks for the construction of molecular
cages,[8] and have been proposed as subunits for potential
nanometer-sized “heterofullerenoids”.[4a]


Contrary to what might be expected, the nonplanar struc-
ture of SubPcs has not prevented their organization in con-
densed phases. Indeed, spin-coated[9] and Langmuir–Blodg-
ett films[10] based on these macrocycles have been prepared.
Furthermore, chlorosubphthalocyanines containing thioether
functions have displayed mesogenic behavior at room tem-
perature, exhibiting head-to-tail, polar, columnar stacking,
which forms a hexagonal array with random polarity.[11] Fur-
ther studies on the mesogenic properties of SubPcs suggest
that, unlike some porphyrazines,[12] their liquid crystalline
behavior is strongly dependent on axial substitution, with
the result that hydroxy and silyloxy axially substituted mac-
rocycles are isotropes over a wide temperature range.[13]


The physical properties of SubPcs can also be modulated
by introducing different substituents at the periphery of the
macrocycle. Despite their laborious synthesis, the number of


new SubPcs bearing a wide range of functional groups has
been increasing in recent years.[4,14] For this study, we devel-
oped a different approach to peripherally modified SubPcs
by replacing the isoindole moieties of these macrocycles by
pyrrole rings, thus producing the corresponding subporphy-
razine (subtriazaporphyrin) analogues (2). This strategy
would provide a new family of tripyrrole macrocycles, in
which some subphthalocyanine properties (e.g., conical
shape and aromatic nature) could be preserved and others
(e.g., absorption profiles, reactivity, or supramolecular or-
ganization) could be tailored. Furthermore, the efficient
modulation of subporphyrazine properties through their pe-
ripheral substitution with selected specific functions is possi-
ble, because the substituents are attached directly at the b-
positions of the pyrrole moieties. Consequently, a more effi-
cient coupling between the peripheral groups and the aro-
matic azaporphyrinic core is expected.[15] We report the syn-
thesis and characterization of subporphyrazines that possess
alkyl and thioether chains at their periphery.[16] In addition,
we have explored their liquid crystalline properties, since, in
principle, their molecular shape defines a discotic mesomor-
phism, and long alkyl and thioalkyl chains usually give rise
to porphyrazines exhibiting mesogenic properties.[12,17] In
this respect, we studied the effect of the length of the pe-
ripheral thioether chains.


Results and Discussion


Synthesis of subporphyrazines : The backbone of SubPcs is
usually assembled through a boron template cyclotrimeriza-
tion of phthalonitrile derivatives.[4] Similarly, subporphyra-
zines (SubPzs) 4 a–d were prepared by treating dipropylma-
leonitrile 3 a,[18] or the corresponding dithioalkyl-substituted
maleonitrile 3 b–d,[12] with boron trichloride at 140 8C
(Scheme 1).


Abstract in Spanish: Mediante ciclotrimerizaci�n asistida por
boro de derivados de maleonitrilo, se han sintetizado nuevos
an�logos de subftalocianina que absorben en el verde. Las
propiedades espectrosc�picas de estos macrociclos indican
que, al igual que las subftalocianinas, estos derivados poseen
14 electrones p y son compuestos arom�ticos con forma
c�nica. La eliminaci�n de los tres anillos de benceno fusiona-
dos del esqueleto de la subftalocianina produce un desplaza-
miento hacia el azul de 75–80 nm en la banda Q, adem�s de
una ligera reducci�n del coeficiente de absorci�n de dicha
banda. Desde otro punto de vista, la reducci�n del sistema p


de 18 a 14 electrones al pasar de una porfirazina a una sub-
porfirazina, causa un desplazamiento hipsocr�mico de apro-
ximadamente 100 nm en la banda Q. Cuando se funcionali-
zan las subporfirazinas en su periferia con seis cadenas tioal-
quilo, los �tomos de azufre est�n unidos directamente a los
anillos de pirrol, y debido a esto, los macrociclos tienen pro-
piedades �pticas especiales, que pueden justificarse conside-
rando una extensi�n de la conjugaci�n a trav,s de los grupos
tioleno, adem�s de una fuerte donaci�n p desde los pares so-
litarios de los �tomos de azufre hacia el macrociclo. Estos
dos efectos son muy similares, tanto cuantitativa como cuali-
tativamente, a los observados en porfirazinas con el mismo
tipo de sustituci�n. Adicionalmente, se ha puesto de manifies-
to el comportamiento mesom�rfico a baja temperatura del
macrociclo sustituido con seis cadenas tiododecilo, mediante
t,cnicas de DSC y microscop/a �ptica de luz polarizada.


Scheme 1. Synthesis of subporphyrazines.
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The isolation of these chlorosubporphyrazines is compli-
cated by their high solubility in most aromatic and aliphatic
solvents and, especially, by their lability in silica gel when
nonpolar eluents are used. Under the latter conditions, sub-
stitution of the chlorine atom by water occurs, resulting in
the corresponding axially substituted hydroxysubporphyra-
zine. Thus, compounds 5 a,b were synthesized by treating the
crude reactions obtained for 4 a,b with silica gel in a nonpo-
lar solvent, such as hexanes. On the other hand, we had ob-
served that compounds 4 a–d were not hydrolyzed during
flash chromatography of the crude reactions on silica gel by
using either an 8:1 mixture of hexane/ethyl acetate or more
polar blends. However, to completely separate chlorosub-
porphyrazines from the corresponding succinimides[19] and
other byproducts, and to obtain pure samples, it was neces-
sary to repeat the flash column chromatography, this time
using cyanopropyldichlorosilyl-modified silica gel as a solid
support,[20] and hexane as the eluent. Compounds 4 a, 4 b,
and 4 d were obtained at high purity and no substantial hy-
drolysis was observed during the process. For the isolation
of compound 4 c, further gel permeation chromatography on
BioBeads, with toluene as the eluent, was necessary. The
yields for the macrocyclization step ranged from 8 to 22%.
In addition, the hydroxy-substituted compounds 5 a,b were
obtained in 8 and 5% yields, respectively, presumably due
to partial decomposition of the SubPz substrates during hy-
drolysis.


To increase the overall yield for the synthesis of some of
these compounds, cyclotrimetrization of fumaronitriles 6[18]


and 7[21] was attempted under the same reaction conditions
as those described above. By using this strategy, we intended


to elucidate the photochemical isomerization step, which is
necessary for the synthesis of dialkyl-substituted maleoni-
trile derivatives.[18] In addition, this alternative would pro-
vide a route for the synthesis of other SubPzs, such as aryl-
substituted macrocycles, the maleonitrile precursors of
which have not yet been reported. Disappointingly, no
SubPz was detected by UV/Vis spectrophotometric analysis
on the reaction crudes.


Characterization of subporphyrazines : The structures of sub-
porphyrazines 4 and 5 were established from 1H and
13C NMR, UV/Vis, and IR spectroscopy, as well as mass
spectrometry. For the chlorosubporphyrazines 4 a–d,
MALDI-TOF MS revealed molecular ions as low intensity
peaks at m/z=532, 892, 1481, and 1986, respectively, togeth-
er with more intense signals at m/z=497, 857, 1446, and


1951, respectively, that may be assigned to a loss of the
chlorine ion under the mass spectrometric conditions.


The 1H NMR spectra (see Supporting Information) show
the expected multiplets that correspond to the aliphatic moi-
eties, with deshielded chemical shifts. This is particularly no-
ticeable for the methylene groups located closer to the aro-
matic cores, due to the diamagnetic ring current of the mac-
rocycles. Thus, SubPz 4 a reveals a multiplet centered at d=
3.09 ppm, assignable to twelve CH2 protons, which is shifted
0.74 ppm downfield with respect to the corresponding triplet
exhibited by its maleonitrile precursor 3 a.[18] The 1H NMR
spectra of the thioalkyl-substituted series 4 b–d are identical,
except for the integration of the multiplets centered at d=


1.26 ppm, which are assigned to the fourth and further
methylene groups of the aliphatic chains (see Supporting In-
formation). Perhaps the most remarkable feature for this
series is the presence of two groups of multiplets at d=


3.70–3.93 and 3.99–4.16 ppm, each integrating for six protons
that correspond to the first methylene moieties of the thio-
alkyl functions. Notably, maleonitriles 3 b–d display the cor-
responding methylene signal as a triplet at d=3.11 ppm.
The conversion of this triplet into several multiplets reveals
a nonequivalence between the first methylenic protons of
SubPzs 4 b–d, which can be attributed to the restricted rota-
tion of the S�CH2 bonds due to sterical constraints. More-
over, polarizable sulfur atoms from the thioether functions
could effect charge transfer to the neighboring subporphyra-
zinic core, giving rise to an extended p system that involves
the thiolene moieties. Similar p donation has been observed
for porphyrazines substituted by electron-rich hetero-
atoms,[15,22] such as sulfur,[23] oxygen,[24] or nitrogen.[25] Under
this assumption, free rotation of the large sulfur atoms,
which possess two bulky lone pairs, would also be restricted
to allow conjugation with the SubPz nucleus. The conical
shape of the macrocycle, together with the anisotropy pro-
duced by the presence of an electronegative chlorine ion on
the axial position, cause differences of around 0.2 ppm be-
tween some of the methylenic protons attached directly to
the sulfur atom. The nonequivalence between the methylene
moieties, and even between macrocyclic pyrrole rings, is also
apparent from 13C NMR spectroscopic analysis. This differs
from the NMR spectra of thioalkyl-substituted subphthalo-
cyanines, in which no such differences are found for the
analogous signals, due to the separation of the thioalkyl
moieties from the macrocycleQs core by fused benzene
rings.[11, 13] The NMR spectra of hydroxysubporphyrazines
5 a,b revealed no differences with respect to the correspond-
ing chlorinated compounds, except for the presence of
broad, well-shielded signals at d=�0.94 for 5 a and
�1.47 ppm for 5 b, which have been assigned to the axial hy-
droxy groups, confirming the aromaticity of these com-
pounds.


Electronic absorption spectroscopy: It was anticipated that
the formal removal of the three benzene rings from the sub-
phthalocyanine skeleton would produce compounds with al-
tered optical properties. The UV/Vis spectra of SubPzs 4
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and 5 confirm the proposed structures and also the structur-
al considerations inferred from their 1H NMR spectra. Thus,
hexapropyl-substituted compounds 4 a and 5 a displayed
very similar UV/Vis spectra, composed of two equally in-
tense absorption bands at l=295 and 501 nm for 4 a, corre-
sponding to the Soret and Q-transitions, respectively
(Figure 1). Progression from a phthalocyanine to the similar-


ly substituted subphthalocyanine reduces the p-conjugated
system from 18 to 14 p electrons and induces changes in the
UV/Vis spectra that are best exemplified by an approxi-
mately 100 nm hypsochromic shift of the Q-band.[4a] Taking
into account that the Q-band of octaethylporphyrazinato
magnesium(ii) is seen at l=597 nm,[26] the corresponding
absorption exhibited by 4 a and 5 a at l~500 nm fulfils the
expected blue-shift magnitude.


The UV/Vis spectra of the thioalkyl-substituted series
4 b–d are qualitatively identical, exhibiting a Soret peak at
l=298 nm in addition to two broad bands at 444 and
559 nm (Figure 1). The band at 444 nm is assigned to n!p*
transitions from the peripheral sulfur lone-pair electrons
into a p* macrocyclic orbital, and its high intensity is diag-
nostic of the strong p donation. Similar effects have been
described for octakis(dimethylamino)porphyrazines.[25b]


Moreover, the absorption at 559 nm is assigned to the
Q-band of the SubPz, and corresponds to a blue-shift of
110 nm with respect to the comparable Q-band of the octa-
kis(octylthio)porphyrazinato nickel(ii).[26] Compound 5 b ex-
hibits a very similar electronic pattern. The bathochromic
shift of 59 nm exhibited by the Q-band of the hexakis-
(thioalkyl)subporphyrazines, with respect to the hexapropyl-
substituted derivatives, may be rationalized in terms of the
extended p conjugation over the six thiolene groups. Judging
by the electronic spectra, this delocalization seems to be
more important than for thioether-substituted subphthalo-
cyanines. In the latter case, when compared to alkyl-substi-
tuted SubPcs, only half of this low-energy shift is observed


for the same band. Notably, the Q-bands described for the
two previously reported SubPzs appear at l=411 nm for
the tricyanotri(o-trifluoromethylphenyl)subporphyrazine[16b,c]


and 378 nm for hexakis(tert-butylphenyl)subporphyra-
zine.[16a] According to our results, we would expect these
bands to appear at around 500 and 530 nm, respectively.[26]


Calorimetric analysis and optical textures : The phase behav-
ior of SubPz 4 and 5 is summarized in Table 1. Solid crystal-
line subporphyrazines 4 a, 4 d, and 5 a show unequivocal


phase transitions to isotropic liquids when observed by using
microscopy. Moreover, heating and cooling curves for com-
pounds 4 a and 4 d (see Supporting Information) are well re-
solved and unaffected by thermal treatment, with peak tem-
peratures corresponding to melting endotherms of 168 and
38 8C, respectively, associated with enthalpy values of 37.3
and 109.0 kJmol�1, respectively. The differential scanning
calorimetry (DSC) heating curve of macrocycle 5 a, howev-
er, shows discontinuous changes, indicative of solid polymor-
phism. Thus, the melting endotherm of a solution-crystal-
lized sample is characteristic of a multiphase system, with a
melting temperature of 141 8C and a total enthalpic change
of 16.6 kJmol�1. No crystallization is observed upon cooling,
but rather a glass transition, characterized by Tg=19 8C,
occurs. The second DSC heating scan for 5 a exhibits an en-
thalpic value of 13.7 kJmol�1, which corresponds to crystalli-
zation at 88 8C. Furthermore, melting takes place at 133 8C,
with an associated enthalpy of 13.4 kJmol�1, apparently
being the corresponding endotherm, which is a single one,
although still quite wide. The crystallization of 5 a upon
heating is also observed under polarized light as a birefrin-
gent texture that appears at 88 8C.


Subporphyrazines bearing thiopentyl chains 4 b and 5 b
are isotropic liquids at room temperature and demonstrate
no transition phase upon heating or cooling. In contrast,
SubPz 4 c, endowed with six peripheral thiododecyl chains,
exhibits mesomorphic behavior under polarized light, char-
acterized by a birefringent texture at 10 8C that is difficult to
identify. Calorimetric analysis confirms that compound 4 c is


Figure 1. UV/Vis spectra of SubPc 1 (dashed line), SubPz 4 a (thick line),
and SubPz 4 d (thin line) in chloroform.


Table 1. Phase transition temperatures and enthalpies for SubPzs deter-
mined by using differential scanning calorimetry. All values correspond
to the second thermal treatment, except for compound 5 a.


T [8C] (DH [kJmol�1])
SubPz Heating Cooling


4a K 168(37.3) I I 124(34.8) K
4b – –
4c LC 6(8.4) I I 10(4.9) LC
4d K 38(109.0) I I 34(111.7) K
5a [a]K 141(16.6) I I 34(3.0S10�2) G


[b]G 19(0.1) I 88(13.7) K’
[b]K’ 133(13.4) I


5b – –


[a] First heating. [b] Second heating. T= temperature onset; K, K’= solid
crystalline phase; I= isotropic phase; LC= liquid crystalline phase; G=


glass phase.
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an isotropic liquid at room temperature, which exhibits a
transition to a mesophase at 6 8C upon heating, involving an
enthalpy change of 8.4 kJmol�1. This small molar enthalpy
value appears within the typical range expected for the tran-
sition to a liquid crystalline phase. No further crystallization
peaks for 4 c are detected upon cooling to �20 8C.


X-ray diffraction : X-ray diffraction patterns for SubPzs
were registered at room temperature for both virgin and an-
nealed samples. Annealing was performed by heating the
compound for 1 min at a temperature at which it is a fluid
liquid, followed by cooling of the sample to room tempera-
ture. The low-temperature value (6 8C) of the isotropic
liquid!liquid crystal transition for 4 c prevented us from
obtaining a clear X-ray diffraction pattern, with which the
nature of the mesogenic phase detected by DSC and optical
polarising microscopy could be determined. In all other
cases, the X-ray patterns confirmed the phase transitions ob-
served by optical and calorimetric techniques. Thus, com-
pound 4 a exhibits identical sharp rings on both the virgin
and annealed samples that are characteristic of its crystalline
nature, and the same occurs for 4 d. In addition, SubPz 4 d
exhibits, in the small-angle region, three Bragg equidistant
reflections indicative of a lamellar crystalline phase with
29 U of separation between layers, and a distance of 4.08 U
between macrocycles. Compound 5 a is clearly crystalline
prior to thermal treatment, as indicated by its sharp rings.
However, the X-ray pattern of an annealed sample lacks
Bragg reflections, denoting the presence of an amorphous
structure, which is in agreement with the glass phase ob-
served by DSC analysis. Further heating at 90 8C provides
evidence for its polymorphism; a crystalline pattern, which
is different to that exhibited by the virgin sample, is ob-
tained.


Conclusion


In this study we have synthesized and unequivocally charac-
terized new SubPzs. As expected, the changes to the optical
properties of these macrocycles, induced by the formal
replacement of all isoindole rings in the SubPc framework
by pyrrole moieties, are qualitatively comparable to those
achieved on progression from phthalocyanines to porphyra-
zines. Consequently, SubPzs absorb at shorter wavelengths
than SubPcs, and this characteristic makes them potentially
applicable as optical recording media.[27] In addition, the
SubPz cores of 4 and 5 were strongly coupled to their pe-
ripheral substitutents, which is of great interest for further
applications of these types of systems to areas like, for ex-
ample, nonlinear optics.


Chlorosubphthalocyanines bearing thioalkyl chains of 10–
18 carbon atoms in length exhibit liquid crystalline behav-
ior,[11] as do octakis(alkylthio)metalloporphyrazines possess-
ing alkyl chains with 4–12 carbon atoms.[12,17] Conversely, the
ability of SubPzs to form liquid crystalline phases is highly
dependent on the number of atoms in the peripheral thio-


alkyl chains. Thus, we have observed mesogenic behavior
for only the SC12-hexasubstituted system (4 c), but not for
their lower SC5 and higher SC18 homologues. This is not sur-
prising, considering that the aromatic “disc” of SubPzs is
markedly smaller than that of the subphthalocyanines and
porphyrazines. Therefore, the range of peripheral aliphatic
chains that can promote organization as liquid crystals
should be more restricted for the former compounds.


Experimental Section


Materials : UV/Vis spectra were recorded by using a Hewlett–Pack-
ard 8453 instrument. IR spectra were recorded by using a Bruker
Vector 22 spectrophotometer. FAB-MS (fast atom bombardment mass
spectrometry) spectra were determined by using a VG AutoSpec instru-
ment. MALDI-TOF MS and HRMS (high-resolution mass spectrometry)
spectra were recorded by using a Bruker Reflex III spectrometer. NMR
spectra were recorded by using a Bruker WM-200-SY and Bruker AC-
300 instruments. Silica gel Merck-60 (230–400 mesh, 60 U) was used for
the preparation of the hydroxysubporphyrazines 5. Column chromatogra-
phy was performed by using silica gel Merck-60 (230–400 mesh, 60 U)
and cyanopropyldichlorosilyl-modified silica gel, which was prepared
without endcapping, according to a reported procedure.[20] The loading of
the cyano-bonded silica gel was determined by elemental analysis with a
Perkin–Elmer 2400 apparatus, and was 6.94%C. TLC was performed on
aluminum sheets precoated with silica gel 60 F254 (E. Merck). Gel perme-
ation chromatography was carried out by using Biobeads SX-3. Chemi-
cals were purchased from Aldrich and used as received without further
purification. Dicyano precursors 3 a–d,[12] 6,[18] and 7[21] were prepared ac-
cording to reported procedures. Thermal behavior was investigated by
using a Nikon polarizing microscope equipped with a Linkam THMS600
hot stage, and by DSC with a TA-Instruments DSC-2910 operated at a
scanning rate of 10 8Cmin�1 in a nitrogen atmosphere. The apparatus was
calibrated with indium (156.6 8C, 28.4 Jg�1). X-ray patterns were obtained
by using a pinhole camera (Anton–Paar), operating with a point-focused
Ni-filtered CuKa beam. The sample was held in Lindemann glass capilla-
ries (1 mm in diameter) and heated when necessary, by means of a varia-
ble-temperature attachment. The patterns were collected on flat photo-
graphic film.


General procedure for the synthesis of chlorosubporphyrazines 4a–d
A solution of BCl3 in xylene (1m, 1.0 mL=1.0 mmol) was added under
argon to the corresponding maleonitrile 3a–d (1.0 mmol), and the mix-
ture was stirred at 140 8C for 45 min. The solvent was evaporated under
reduced pressure and the residues were treated as follows:


Chloro[1,2,6,7,11,12-hexapropylsubporphyrazinate]boron(iii) (4a): The
crude was extracted with hexanes, the solution was removed by using a
rotary evaporator, and the residue was subjected to chromatography on
silica gel (eluent: hexanes/ethyl acetate, 8:1). Further chromatography on
cyanopropyldichlorosilyl-modified silica gel (eluent: hexanes) afforded
4a as an orange, crystalline solid (yield=22%). 1H NMR (200 MHz,
CDCl3): d=3.2–3.0 (m, 12H; pyrr-CH2), 2.1–2.0 (m, 12H; pyrr-CH2CH2),
1.18 ppm (t, 18H; CH3);


13C NMR (50 MHz, CDCl3): d=155.8 (C3, C5,
C8, C10, C13, C15), 136.7 (C1, C2, C6, C7, C11, C12), 26.9 (C1’), 24.8 (C2’),
14.6 ppm (C3’); IR (KBr): ñ=2957, 2930, 2866 (C�H) 1742, 1718, 1684,
1649 (C=N), 1460, 1410, 1380, 1375, 1236, 1167, 1084, 933 (B�Cl), 781,
719, 692 cm�1; UV/Vis (CHCl3): lmax (loge)=295 (4.58), 335 (sh), 501 nm
(4.60); MS (MALDI-TOF, 7,7,8,8-tetracyano-p-quinodimethane,
(TCNQ)): m/z : 532 [M]+ , 514 [M�Cl+OH]+ , 497 [M�Cl]+ ; HRMS
(MALDI-TOF): calcd for C30H42BClN6: 532.325; found: 532.327.


Chloro[1,2,6,7,11,12-hexakis(pentylthio)subporphyrazinate]boron(iii)
(4b): The crude reaction was subjected to chromatography on silica gel
(eluent: hexanes/ethyl acetate, 8:1). Further chromatography on cyano-
propyldichlorosilyl-modified silica gel (eluent: hexanes) afforded 4 b as a
dark red syrup (yield=8%). 1H NMR (200 MHz, CDCl3): d=4.2–4.0,
4.0–3.7 (2 m, 12H; SCH2), 2.0–1.9 (m, 12H; SCH2CH2), 1.7–1.4 (2 m,
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24H; CH2), 0.94 ppm (t, 18H; CH3);
13C NMR (50 MHz, CDCl3): d=


154.3, 153.8, 153.6, 152.7, 152.2, 150.8, 149.4, 134.4, 134.1, 133.4, 132.4,
132.0 (C-macrocycle), 35.0, 34.7, 34.2 (SCH2), 31.1, 30.9, 30.2, 30.0, 22.3
(CH2), 14.0 ppm (CH3); IR (NaCl): ñ=2924, 2856 (C�H) 1726, 1645,
1587 (C=N), 1477, 1450, 1423, 1383, 1356, 1302, 1275, 1169, 1128, 999,
862, 727, 673 cm�1; UV/Vis (CHCl3): lmax (loge)=299 (4.38), 444 (4.40),
559 nm (4.32); MS (MALDI-TOF, TCNQ): m/z : 892–895 [M]+ , [M+H]+ ,
857–860 [M�Cl]+ , [M�Cl+2H+H]+ ; HRMS (MALDI-TOF): calcd for
C42H66BClN6S6: 892.345; found: 892.343.


Chloro[1,2,6,7,11,12-hexakis(dodecylthio)subporphyrazinate]boron(iii)
(4c): The crude reaction was subjected to chromatography on silica gel
(eluent: hexanes/ethyl acetate, 8:1), and then on cyanopropyldichlorosil-
yl-modified silica gel (eluent: hexanes). Finally, gel permeation chroma-
tography on Biobeads SX-3 (eluent: toluene) yielded 4 c as a dark red
syrup (yield=8%). 1H NMR (200 MHz, CDCl3): d=4.2–4.0, 4.0–3.7
(2 m, 12H; SCH2), 2.0–1.9 (m, 12H; SCH2CH2), 1.7–1.5 (m, 12H; CH2),
1.26 (br s, 96H; CH2), 0.88 ppm (t, 18H; CH3);


13C NMR (75.5 MHz,
CDCl3): d=154.4, 153.8, 153.6, 152.7, 150.8, 149.4, 134.4, 134.1, 133.3,
132.3, 132.0 (C-macrocycle), 35.1, 34.8, 34.3 (SCH2), 31.9, 30.5, 30.4, 29.7,
29.4, 29.3, 29.0, 28.8, 22.7 (CH2), 14.1 ppm (CH3); IR (NaCl): ñ=2924,
2856 (C�H) 1726, 1657, 1587 (C=N), 1466, 1398, 1358, 1290, 1265, 1124,
1003, 854, 729, 675 cm�1; UV/Vis (CHCl3): lmax (loge)=297 (4.18), 442
(4.18), 559 nm (4.12); MS (MALDI-TOF, TCNQ): m/z : 1481–1486 [M]+ ,
[M+2H+H]+ , 1446–1449 [M�Cl]+ , [M�Cl+2H+H]+ ; HRMS (MALDI-
TOF): calcd for C84H150BClN6S6: 1481.002; found: 1481.002.


Chloro[1,2,6,7,11,12-hexakis(octadecylthio)subporphyrazinate]boron(iii)
(4d): The crude reaction was subjected to chromatography on silica gel
(eluent: hexanes/ethyl acetate, 8:1), and then on cyanopropyldichlorosil-
yl-modified silica gel (eluent: hexanes), affording 4 d as a dark red, crys-
talline solid (yield=8%). 1H NMR (200 MHz, CDCl3): d=4.1–4.0, 4.0–
3.7 (2 m, 12H; SCH2), 2.0–1.9 (m, 12H; SCH2CH2), 1.6–1.5 (m, 12H;
CH2), 1.26 (br s, 168H; CH2), 0.88 ppm (t, 18H; CH3);


13C NMR
(50 MHz, CDCl3): d=154.4, 153.8, 153.6, 152.7, 152.2, 150.8, 149.4, 134.4,
134.1, 133.3, 132.3, 132.0 (C-macrocycle), 35.1, 34.8, 34.3 (SCH2), 31.9,
30.5, 30.4, 29.7, 29.4, 29.3, 29.2, 29.0, 28.9, 22.7 (CH2), 14.1 ppm (CH3);
IR (NaCl): ñ=2916, 2849 (C�H) 1722, 1630 (C=N), 1466, 1360, 1288,
1173, 1115, 999, 860, 721, 675 cm�1; UV/Vis (CHCl3): lmax (loge)=298
(4.55), 446 (4.57), 558 nm (4.48); MS (MALDI-TOF, TCNQ): m/z : 1986–
1991 [M]+ , [M+2H+H]+ , 1951–1454 [M�Cl]+ , [M�Cl+2H+H]+ ;
HRMS (MALDI-TOF): calcd for C120H222BClN6S6: 1985.566; found:
1985.568.


General procedure for the synthesis of hydroxysubporphyrazines 5a,b
A solution of BCl3 in xylene (1m, 1.0 mL=1.0 mmol) was added under
argon to the corresponding maleonitrile 3a,b (1.0 mmol), and the mixture
was stirred at 140 8C for 45 min. The solvent was evaporated under re-
duced pressure and the residues were extracted with hexanes. Silica gel
(50 g) was added to the resulting solution in hexanes, and the suspension
was stirred at room temperature for 15 min. After filtration the silica gel
was washed with ethyl acetate and the combined extracts were obtained
by using a rotary evaporator. The residue was subjected by chromatogra-
phy on silica gel (eluent: hexanes-hexanes/ethyl acetate, 8:1 gradient), af-
fording the corresponding hydroxysubporphyrazine.


Hydroxy[1,2,6,7,11,12-hexapropylsubporphyrazinate]boron(iii) (5a):
Compound 5 a was obtained as an orange crystalline solid (yield=8%).
1H NMR (200 MHz, CDCl3): d=3.1–2.9 (m, 12H; pyrr-CH2), 2.0–1.9 (m,
12H; pyrr-CH2CH2), 1.16 (t, 18H; CH3), �0.94 ppm (br s, 1H; OH);
13C NMR (50 MHz, CDCl3): d=157.0 (C3, C5, C8, C10, C13, C15), 135.5 (C1,
C2, C6, C7, C11, C12), 26.7 (C1’), 24.9 (C2’), 14.6 (C3’); IR (KBr): ñ=3584–
3271 (br, O�H), 2955, 2928, 2874 (C�H) 1713, 1655 (C=N), 1479, 1452,
1412, 1387, 1244, 1194, 1167, 1115, 1088, 1047, 777, 731 cm�1; UV/Vis
(CHCl3): lmax (loge)=289 (4.45), 327 (sh), 500 nm (4.38); MS (FAB,
NBA): m/z : 515 [M+H]+ , 514 [M]+ , 497 [M�OH]+ ; HRMS (MALDI-
TOF): calcd for C30H43BN6O: 514.358; found: 514.359.


Hydroxy[1,2,6,7,11,12-hexakis(pentylthio)subporphyrazinate]boron(iii)
(5b): Compound 5 b was obtained as a dark red syrup (yield=5%).
1H NMR (200 MHz, CDCl3): d=4.1–3.9, 3.8–3.6 (2 m, 12H; SCH2), 2.0–
1.9 (m, 12H; SCH2CH2), 1.6–1.3 (2 m, 24H; CH2), 0.93 (t, 18H; CH3),
�1.47 ppm (br s, 1H; OH); 13C NMR (75.5 MHz, CDCl3): d=155.8,


155.2, 155.1, 154.2, 153.7, 150.7, 132.6, 132.4, 131.5, 131.4, 130.7 (C-macro-
cycle), 35.0, 34.8, 34.3 (SCH2), 31.1, 30.1, 22.3 (CH2), 14.0 ppm (CH3); IR
(NaCl): ñ=3665–3074 (br, O�H), 2953, 2926, 2858 (C�H) 1717, 1666,
1585 (C=N), 1452, 1344, 1263, 1177, 1109, 1041, 795, 733 cm�1; UV/Vis
(CHCl3): lmax (log e)=288 (4.27), 430 (4.09), 550 nm (4.03); MS
(MALDI-TOF, dithranol): m/z : 874–878 [M]+ , [M+2H+H]+ , 857–859
[M�OH]+ , [M�OH+2H]+ ; HRMS (MALDI-TOF): calcd for
C42H67BN6OS6-OH: 857.376; found: 857.376.
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Versatile Self-Complexing Compounds Based on Covalently Linked
Donor–Acceptor Cyclophanes


Yi Liu, Amar H. Flood, Ross M. Moskowitz, and J. Fraser Stoddart*[a]


Introduction


As early as in 1959, Feynman addressed the importance of
materials functioning at the molecular level in his lecture
entitled “There is Plenty of Room at the Bottom”.[1] Since
then, the design and synthesis of functional molecules[2]


have become one of the most important branches of chemis-
try. In particular, a molecular machine[3] refers to a molecule
that contains multiple movable components, the locations
and motions of which can be controlled by external stimuli.
An efficient molecular machine requires fast and reversible


actions in response to a given stimulus associated with the
generation of distinctive signals. Recent examples[4] of such
systems (Scheme 1a and b) include bistable switchable
[2]catenanes[5,6] and [2]rotaxanes,[7,8] which contain two ring
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Abstract: A range of covalently linked
donor–acceptor compounds which con-
tain 1) a hydroquinone (HQ) unit, 2) a
1,5-dioxynaphthalene (DNP) ring
system, or 3) a tetrathiafulvalene
(TTF) unit as the p-donor, and 4)
cyclobis(paraquat-p-phenylene)
(CBPQT4+) as the p-accepting tetraca-
tionic cyclophane were prepared and
shown to operate as simple molecular
machines. The p-donating arms can be
included inside the cyclophane in an in-
tramolecular fashion by virtue of stabi-
lizing noncovalent bonding interac-
tions. What amounts to self-complex-
ing/decomplexing equilibria were
shown to be highly temperature de-
pendent when the p-donating arm con-
tains either an HQ or DNP moiety.
The thermodynamic parameters associ-


ated with the equilibria have been un-
raveled by using variable-temperature
1H NMR spectroscopy. The negative
DH8 and DS8 values account for the
fact that the “uncomplexed” conforma-
tion becomes the dominant species,
since the entropy gain associated with
the decomplexation process overcomes
the enthalpy loss resulting from the
breaking of the donor–acceptor inter-
actions. The armEs in-and-out move-
ments with respect to the linked cyclo-
phanes can be arrested by installing a
bulky substituent at the end of the


arm. In the case of compounds carrying
a DNP ring system in their side arm,
two diastereoisomeric, self-complexing
conformations are observed below
272 K in hexadeuterioacetone. By con-
trast, control over the TTF-containing
armEs movement is more or less inef-
fective through the thermally sensitive
equilibrium although it can be realized
by chemical and electrochemical ways
as a result of TTFEs excellent redox
properties. Such self-complexing com-
pounds could find applications as
thermo- and electroswitches. In addi-
tion, the thermochromism associated
with the armEs movement could lead to
some of the compounds finding uses as
imaging and sensing materials.


Keywords: donor–acceptor sys-
tems · molecular switches ·
self-complexing · thermochromism ·
thermodynamics


Scheme 1. Graphical representations of switchable molecular machines,
a) a bistable [2]catenane, b) a bistable [2]rotaxane and c) a covalently
linked donor–acceptor macrocyle. S and S’ indicate external stimuli.
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components and one ring and one dumbbell component, re-
spectively, that are interlocked with each other by mechani-
cal bonds. The relative ring-to-ring or ring-to-dumbbell loca-
tions are dictated by noncovalent interactions. By switching
“off” and “on” these mutual interactions using chemical,[9]


electrochemical,[10] or photochemical[11] means, the relative
locations of the components can be changed accordingly to
generate machinelike molecular motions.


Following an analogous yet different approach, controlla-
ble molecular motions can exist in a self-complexing system
(Scheme 1c), in which an arm that is covalently linked to a
ring component has sufficient flexibility such that the arm
can be included inside the ringEs cavity by virtue of the pre-
programmed, stabilizing, noncovalent bonding interactions.
Several self-complexing systems[12–14] have been constructed
by the attachment of an arm component to an already pre-
formed ring, for example, a b-cyclodextrin,[12] a crown
ether,[13] or a cyclam.[14] Controlling the armEs movement
takes advantage in these different systems of 1) hydrophobic
interactions,[12] 2) hydrogen bonding,[13a] and 3) ionic[13b, 14] in-
teractions.


Self-complexing compounds—such as 1·4 PF6 and 2·4 PF6


shown in Scheme 2—have also been obtained[15, 16] by carry-
ing out macrocyclizations mainly with the aid of donor–ac-
ceptor interactions[17] around an aromatic template (usually
p-donating) that is covalently linked to one of the ringEs pre-
cursors. In the case of the cyclophane 1·4 PF6, it was found
(Scheme 2a) that the self-complexing conformation in which
the 1,5-dioxynaphthalene (DNP) ring system resides inside
the tetracationic cyclophane, cyclobis(paraquat-p-phenyl-


ene) (CBPQT4+), is strongly favored[15] over the “uncom-
plexed” conformation in solution. However, in the case of
the cyclophane 2·4 PF6, the “uncomplexed” conformation in
which the substituted tetrathiafulvalene (TTF) unit is pres-
ent in a dangling arm (Scheme 2b) was observed to be much
more favored[16] in a very slow equilibrium process. In the
case of both of these examples, temperature is a less than
successful handle for controlling the armEs position, thus
limiting the usage of these systems as thermoswitches. For
the purpose of building more efficient machines that can
generate quick and reversible molecular movements, the
molecular structures need to be fine-tuned in order to adjust
their self-complexing abilities.


In this paper, we demonstrate that the in-and-out move-
ments of the arms can be made highly sensitive to tempera-
ture and applied voltages after an all-important structural
modification, thus rendering these systems potential thermo-
sensors and electroswitches. In contrast with the benzoyl
linkage in 1·4 PF6, a p-donor-containing arm is attached[18]


by a spacer to a diimide that is fused symmetrically onto
the CBPQT4+ cyclophane in the molecular structures
(Scheme 2c) of compounds 3–7·4 PF6. The diimide moiety
serves to increase the distances between the donors and the
acceptors, as well as simplifying the spectroscopic analyses.
We describe here 1) the template-directed synthesis of five
self-complexing compounds 3–7·4 PF6, 2) their quick and
reversible thermally and electrochemically controllable
switching behavior together with 3) a description of switch-
ing hysteresis, 4) a novel diastereoisomerism observed in the
DNP-containing compounds in addtion to their chromo-


Scheme 2. The complexation/decomplexation equilibria for a) 1·4 PF6 and b) 2·4PF6 in solution showing that 1·4 PF6 favors a self-complexed conforma-
tion, while 2·4PF6 favors an “uncomplexed” one, and c) molecular structures of self-complexing compounds 3–7·4 PF6.
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phoric receptor behavior
toward TTF, and 5) the fixing
of the threading/dethreading
motion of the arm in one case
by attachment of a bulky stop-
per to the end of its arm. The
potential of the self-complexing
molecules to undergo reversible
movements of their arm into
and out of their ringEs cavities
in response to a particular stim-
ulus renders them viable candi-
dates for the construction of
nanoscale machinery.[19] In addi-
tion, interesting properties asso-
ciated with the thermo-switch-
ing behavior could lead to their
future applications as imaging
and sensing materials.


Results and Discussion


Synthesis : The synthesis of
3·4 PF6 is outlined in Scheme 3.
The alcohol 10 was obtained by
reaction of the tosylate 8[7b]


with phenol (9) in the presence
of K2CO3 in 95 % yield. Esteri-
fication of 10 with the carboxyl-
ic acid derivative 11[18] with 1,3-
dicyclohexyl carbodiimide
(DCC) as the coupling agent
gave the desired dibromide 12
in 71 % yield. The cyclophane
3·4 PF6 was isolated in a yield
of 9 % by reaction of the di-
bromide 12 with the
bis(hexafluorophosphate) salt
13·2 PF6,


[15] followed by counter-
ion exchange and column chro-
matography, by using a mixture
of MeOH/NH4Cl (2m)/MeNO2


(7:2:1) as the eluent. The equili-
brium between “uncomplexed”
(UC) and self-complexed (SC)
conformations in solution are
described in Equilibrium (I)
(Scheme 3). The equilibrium
constant K refers to the molar
ratio of the SC to the UC con-
formation present in the so-
lution. The synthesis of
DNP-containing compounds
4·4 PF6


[18] and 5·4 PF6 are out-
lined in Scheme 4. The alcohols
16 and 17 were obtained by re-


Scheme 3. The synthesis of the HQ-containing compound 3·4PF6 and the equilibrium (I) between the “uncom-
plexed” and self-complexing conformations UC-3·4 PF6 and SC-3·4PF6, respectively.


Scheme 4. The synthesis of DNP-containing compounds 4·4 PF6 and 5·4 PF6.
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action of the tosylate 14 with phenol (9) or 4-hydroxybenzy-
laldehyde (15) in the presence of K2CO3. Esterification of
16 or 17 with the carboxylic acid derivative 11, with DCC as
the coupling agent, gave the desired dibromide, either 18 or
19. The cyclophanes 4·4 PF6 and 5·4 PF6 were isolated after
reaction of either the dibromide 18 or 19 with the bis(hexa-
fluorophosphate) salt 13·2 PF6, followed by counterion ex-
change and column chromatography, by using a mixture of
MeOH/NH4Cl (2m)/MeNO2 (7:2:1) as the eluent. Following
a similar synthetic protocol (Scheme 5), the TTF-containing


self-complexing compounds 6·4 PF6
[18] and 7·4 PF6 were ob-


tained. The alcohols 21 and 22 were obtained separately by
the reactions of the tosylate 20[20] with either phenol (9) or
4-hydroxybenzylaldehyde (15) in the presence of K2CO3. Es-
terification of 21 or with the carboxylic acid derivative 11,
with DCC as the coupling agent, gave the desired dibro-
mide, either 23 or 24. The cyclophanes 6·4 PF6 and 7·4 PF6


were isolated after the reactions of either the dibromide 23
or 24 with the dicationic salt 13·2 PF6, followed by counter-
ion exchange and column chromatography, by using a mix-
ture of MeOH/NH4Cl (2m)/MeNO2 (7:2:1) as the eluent.


Establishing the intramolecular self-complexing behavior :
The intramolecular self-complexing behavior of 3–7·4 PF6


was measured by titration experiments by employing
1H NMR and UV-visible spectroscopic methods. For exam-
ple, the absorption spectrum of 4·4 PF6, recorded in MeCN
at 25 8C, shows a broad charge-transfer (CT) band in the
visible region (lmax=521 nm, emax=900m�1 cm�1), which is
characteristic of the donor–acceptor interactions between its
two bipyridium units and the complementary p-electron-rich
DNP ring system.[15] Linear correlations between absorption


A and the concentration c0 over the range 3.6 O 10�3–2.8 O
10�5


m is observed, suggesting the presence of a unimolecular
equilibrium and the absence of any high order equilibria.
Moreover, since the 1H NMR spectra of 4·4 PF6 recorded at
243 K in CD3COCD3 show only marginal concentration de-
pendences in a range 3.11 O 10�2–0.97 O 10�3


m, it seems un-
likely that supramolecular oligomers or polymers are being
formed to any significant extent. Similarly, the absorption
UV-visible spectra of 6·4 PF6, recorded in MeCN at 25 8C,
show a strong CT band in the visible region (lmax=859 nm,


emax=3342m�1 cm�1), which is
characteristic for the donor–ac-
ceptor interactions between its
two bipyridium units and its
TTF unit.[9f] A linear correla-
tion between absorption A and
concentration c0 over the range
of 1.91 O 10�4 to 5.35 O 10�5


m is
also observed, suggesting the
absence of high order equili-
bria. The same conclusions
were reached for the other tet-
racationic cyclophanes 3·4 PF6,
5·4 PF6, and 7·4 PF6.


1H NMR spectroscopy of the
HQ- and DNP-containing cy-
clophanes : Both SC and UC
conformations were observed in
CD3COCD3 by 1H NMR spec-
troscopy in the case of 3·4 PF6,
4·4 PF6, and 5·4 PF6. Resonances
associated with either the UC
or SC conformation can be dif-
ferentiated as a result of the


following two properties: 1) the complexing/decomplexing
equilibria in CD3COCD3 are slow on the 1H NMR timescale
within a certain temperature range, and 2) the molecular
structures of the SC conformations possess Cs symmetry,
while the UC conformations have averaged C2v symmetry
on the 1H NMR timescale, as a result of the fast rotation
of the bipyridium and xylene units. Consequently, equilibri-
um constants (K) for the self-complexing equilibria at dif-
ferent temperatures can be obtained by measuring the ratio
of these coexisting conformations from 1H NMR integra-
tion.


In the 1H NMR spectrum of 3·4 PF6 (CD3COCD3, 196 K),
four resonances were observed (Figure 1) for both the a-
and the b-bipyridinium protons, indicating a structure for
SC-3·4 PF6 with Cs symmetry. The two doublets at very high
field (d=1.99 and 2.45 ppm), together with two doublets at
d=5.62 and 5.70 ppm, correspond to the four HQ ring pro-
tons, indicating that this ring is located inside the cavity of
the cyclophane.[21] Additionally, no resonances were evident
for protons from the “uncomplexed” HQ ring. As the tem-
perature was increased in the range between 196 and
260 K,[22] resonances for the UC-3·4 PF6 conformation in-


Scheme 5. The synthesis of TTF-containing compounds 6·4PF6 and 7·4PF6.
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creased in intensity. Equilibrium constants, as well as the de-
rived free energies (DG8) at different temperatures were ob-
tained (Table 1). Thermodynamic parameters, such as DH8
and DS8 values, were deduced by plotting lnK against 1/T.
The vanEt Hoff plot[23] of Equilibrium (I) (Figure 2) gives
DH8 and DS8 values of �6.95 kcal mol�1 and �26.3 cal
mol�1 K�1, respectively.


Changing the p-electron donor from an HQ ring to a
DNP ring system introduces more complexity into 1H NMR
spectra, because of the DNPEs additional element of planar
chirality,[24] a property which gives rise to two self-complex-
ing conformations for each of the DNP-containing cyclo-
phanes 4·4 PF6 and 5·4 PF6. One of the two possible self-
complexing conformations, in which H-4 on the DNP ring is
pointing away from diimidophenylene ring and towards the
xylene ring of the tetracationic cyclophane, is denoted as
exo-SC (Scheme 6). The other conformation, in which H-4
on the DNP ring system is pointing towards the diimidophe-
nylene ring of the tetrcationic cyclophane, is denoted as
endo-SC. Both of the SC conformations are in equilibrium
with a UC conformation. The equilibria demonstrated by
both 4·4 PF6 and 5·4 PF6 in CD3COCD3 solutions were char-


Figure 1. The 1H NMR spectrum of SC-3·4PF6 recorded in CD3COCD3


at 196 K corresponding to a self-complexing conformation.


Table 1. Thermodynamic data[a] for Equilibrium (I) of 3·4PF6 in MeCN
at different temperatures.


T [K][b] K DG8 [kcal mol�1]


207 35.7 -3.6
218 16.8 �2.8
228 9.1 �2.2
237 4.8 �1.6
249 2.1 �0.74
260 1.2 �0.18


[a] Determined by 1H NMR spectroscopy. [b] Calibrated by using a neat
MeOH sample.


Figure 2. The vanEt Hoff plot for the equilibrium between the UC and SC
conformations of 3·4 PF6. The following equation for the equilibrium was
obtained: (lnK/T)= (�6.95 kcal mol�1)(1/RT)+ (�26.3 cal mol�1 K�1)/R.


Scheme 6. The equilibria between the UC-conformation and the exo-SC
conformation and the endo-SC conformation for the DNP-containing
compounds 4·4PF6 and 5·4 PF6. The descriptor exo refers to the SC con-
formation in which H-4 on the DNP ring is pointing away from diimido-
phenylene ring and towards the xylene ring, while the descriptor endo
refers to the SC conformation in which H-4 on the DNP ring is pointing
towards the diimidophenylene ring.
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acterized by variable-temperature 1H NMR spectroscopy.
Although the resonances (Figure 3) from the three confor-
mations overlap each other partially, three species are clear-


ly discernable. In particular, the
location of the a-H resonances
of the bipyridinium units at low
field, and the resonances for H-
4 and H-8 on the DNP ring
system at high field, are evident
for all three conformations. The
UC conformation of 5·4 PF6, as
indicated (Figure 3a) by the
two doublets (full circles), was
the major one in CD3COCD3


solution at 272 K. As the tem-
perature was lowered, however,
the equilibria become displaced
towards the formation of the
SC conformations, which are in-
dicated (Figure 3b–e) by the
emergence of two sets (empty
circles and full squares) of four
doublets in the region of d=


8.7–9.6 ppm. Formation of the
SC conformations were also
evidenced by the appearance of
two sets of doublets with un-
equal intensities, resonating at
very high field between d=2.5
and 3.0 ppm and corresponding to the shielded H-4 and H-8
protons on the DNP ring system in the two SC conforma-
tions.[25]


On the basis of a 2D TROESY spectrum of 5·4 PF6 re-
corded at 227 K (Figure 4), the exo-SC conformation can be
assigned as the major self-complexing isomer present in the
solution. The ratio of the exo-SC to the endo-SC conforma-
tion is 3.7:1. A triplet, centered on d=6.47 ppm, correlates
to a doublet (H-8 of the DNP ring) at d=2.64 ppm and thus
can be assigned to H-7 of the DNP ring. This triplet, in turn,
exhibits through-space correlation to the singlet for the di-
imidophenylene protons (H-a) at d=8.82 ppm (Figure 4).
This through-space correlation is the key to the assignment,
because it is only in the exo-SC conformation that such a
correlation between DNP protons and diimidophenylene
protons could be present. By contrast, in the endo-SC con-
formation, no such correlation should be observed, since the
DNP and diimidophenylene protons are far apart, as illus-
trated in Figure 4. Thus, the major isomer is exo-SC-5·4 PF6


and the minor one is endo-SC-5·4 PF6.
Equilibrium constants [Kexo for Equilibrium (II) and Kendo


for Equilibrium (III); Scheme 6] and the derived free ener-
gies DG8 (Table 2) for self-complexing in 5·4 PF6 were mea-
sured at different temperatures. The vanEt Hoff plots
(Figure 5) give DH8 and DS8 values of �11.2, �7.45 kcal
mol�1 and �44.1, �29.6 calmol�1 K�1 for the Equilibria (II)
and (III), respectively. A similar treatment was applied to
4·4 PF6, from which equilibrium constants [Kexo for Equilibri-
um (II) and Kendo for Equilibrium (III)] and derived free en-


ergies DG8 (Table 2) for its self-complexation at different
temperatures were obtained. The vanEt Hoff plots (Figure 6)
give DH8 and DS8 values as �9.67, �6.72 kcal mol�1 and


Figure 3. Partial 1H NMR spectra of 5·4 PF6 recorded in CD3COCD3 at
different temperatures, showing the a-bipyridinium proton region (d=
8.7–9.5 ppm) and H-4 and H-8 of DNP ring system (d=2.6–2.8 ppm) of
the exo-SC (*), endo-SC (&) and the UC-conformations (*).


Figure 4. The partial 2D TROESY spectrum of 5·4PF6 recorded in CD3COCD3 at 227 K. The correlation be-
tween the DNP proton (H-7) and the diimidophenylene protons (H-a) in the major conformational isomer
exo-SC-5·4 PF6 is highlighted (Box). The diastereotopic CH2 protons (H-b and H-b’) can also be assigned as a
result of a correlation of H-b (at d=6.32 ppm) with H-a.
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�36.8, �26.9 cal mol�1 K�1 for Equilibria (II) and (III), re-
spectively.


The negative DH8 values associated with Equilibria (I)–
(III) indicate that the formation of SC conformations is an


enthalpically favored process as a result of favorable donor–
acceptor interactions, while the negative DS8 values suggest
that SC conformations have more constrained structures
and are less flexible than the UC conformations. As temper-
ature increases, the entropy gain associated with the decom-
plexation processes overcomes the enthalpy loss from dimin-
ishing donor–acceptor stabilization, pointing the equilibrium
towards the formation of UC conformations.


Thermochromism : One interesting property associated with
the temperature-dependent complexing/decomplexing be-
havior is thermochromism. Since the UC conformations are
colorless, while the SC conformations are colored, a ther-
moreversible color change can be displayed by the heat-in-
duced conformational changes. Typically, variable-tempera-
ture UV-visible absorption spectroscopic studies of a so-
lution of 4·4 PF6 in MeCN (Figure 7) reveal that, as the so-


lution is heated from 0 to 50 8C, the intensity of the CT
band around 520 nm decreases accordingly, correlating with
the decomplexation of the SC-4·4 PF6. The temperature-de-
pendent color change is completely reversible and can be re-
cycled many times. This thermochromic behavior occurs as a
result of thermally induced molecular motions. By contrast,
the TTF-bearing 6·4 PF6 and 7·4 PF6 compounds display very
small temperature-dependent spectroscopic changes in the
temperature range +10 to +50 8C, with an intense green
color persisting throughout. The stronger donor–acceptor in-
teractions[9f] between TTF and CBPQT4+ is believed to be
responsible for the weaker temperature dependence shown
by 6·4 PF6 and 7·4 PF6.


1H NMR spectroscopy of the TTF-containing cyclophanes :
No UC conformation is observed in the 1H NMR spectra of
the TTF-containing compounds 6·4 PF6 and 7·4 PF6, an ob-
servation that is presumably the result of the strong donor–
acceptor interactions between the TTF unit and the
CBPQT4+ cyclophane. In addition, each compound exists as


Table 2. Thermodynamic data[a] for Equilibria (II) and (III) of both
4·4PF6 and 5·4PF6 in MeCN at different temperatures.


T Kexo Kendo DGo
exo DGo


endo


[K][b] [kcal mol�1] [kcal mol�1]


4·4PF6 227 18.2 3.8 �1.3 �0.60
238 7.0 2.0 �0.92 �0.33
250 2.5 1.0 �0.46 0.00
261 1.1 0.59 �0.031 0.28
272 0.55 0.31 0.32 0.63


5·4PF6 227 18.2 4.9 �1.3 �0.72
237 7.7 2.5 �0.96 �0.44
248 2.9 1.3 �0.53 �0.14
259 0.95 0.65 0.026 0.22
271 0.33 0.34 0.60 0.58


[a] Determined by 1H NMR spectroscopy. [b] Calibrated by using a neat
MeOH sample.


Figure 5. The vanEt Hoff plots for the equilibria between the UC confor-
mation and the exo-SC or the endo-SC conformations of 5·4PF6. The fol-
lowing equations for the two equilibria were obtained: (lnK/T)=
(�11.2 kcal mol�1)(1/RT)+ (�44.1 calmol�1 K�1)/R and (lnK/T)=
(�7.45 kcal mol�1)(1/RT)+ (�29.6 calmol�1 K�1)/R.


Figure 6. The vanEt Hoff plots for the equilibria between the UC confor-
mation and the exo-SC or the endo-SC conformations of 4·4PF6. The fol-
lowing equations for the two equilibria were obtained: (lnK/T)=
(�9.67 kcal mol�1)(1/RT)+ (�36.8 calmol�1 K�1)/R and (lnK/T)=
(�6.72 kcal mol�1)(1/RT)+ (�26.9 calmol�1 K�1)/R.


Figure 7. UV-visible spectra of 4·4PF6 recorded in MeCN in the tempera-
ture range 0–50 8C, showing the intensity decrease of the charge-transfer
band at around 520 nm.
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a mixture of cis/trans-TTF isomers. These isomers can inter-
convert between each other under different conditions (vide
infra).


The 1H NMR spectra of both 6·4 PF6 and 7·4 PF6 recorded
in CD3COCD3 show that two species with Cs symmetry are
present such that the ratio varies when they experience dif-
ferent conditions, for example, acid,[26] electricity,[27] and
light.[28] The interconversion suggests that the two species
are indeed the cis/trans-TTF isomers that can interconvert
between each other when conditions favorable to cis/trans
isomerization are established. The 1H NMR spectrum
(CD3COCD3, 253 K) of 6·4 PF6, recorded immediately after
workup, shows that the cis/trans isomers are present in the
ratio of about 2:3. However, when a solid mixture is stored
in the dark for two months only one of the isomers is fa-
vored (Figure 8a)—probably the trans one.[29] Four doublets


resonating between d=10.0 and 9.0 ppm, together with four
doublets resonating between d=7.0 and 6.0 ppm, can be as-
signed to the eight a-protons of the bipyridinium units and
the eight methylene protons of the cyclophane, respectively.
The occurrence of four sets of signals is consistent with the
location of the TTF unit residing inside the cavity of the cy-
clophane. In addition, the two protons of the disubstituted
TTF units experience different shielding effects and are well
separated. When a solution of the all-trans self-complex, ob-
tained after dark storage, in CD3COCD3 is irradiated with
broad-band visible light (500 W) at room temperature, the
trans-to-cis isomerization is triggered, as evidenced by the
emergence of signals associated with the cis self-complex of
6·4 PF6 (Figure 8b and 8c). An equilibrium (photostationary
state) is reached after 50 min when the cis/trans ratio is ap-
proximately 2:3. By comparison, such an isomerization is


almost imperceptible under ambient light conditions. The
trans-to-cis isomerization can also be triggered by the addi-
tion of acid. When a trace amount of trifluoroacetic acid
(TFA) is added into a solution of trans-6·4 PF6 in Me2CO,
the same equilibrium state (cis/trans=2:3) is attained after
two weeks. The all-cis self-complex could not be prepared.


Chromophoric receptor behavior of self-complexing cyclo-
phanes toward TTF : The self-complexing cyclophanes
3·4 PF6, 4·4 PF6, and 5·4 PF6 also behave as chromophoric
probes for the receptor binding of TTF. For instance, addi-
tion of one molar equivalent of TTF to the solution of
5·4 PF6 in MeCN results in a dramatic color change of the
solution from purple to green, consistent with the inclusion
of TTF inside its cavity with the concomitant exclusion of
the DNP ring system. The color change reflects a shift in the
absorbance maximum, corresponding to the CT band[30] as-
sociated with donor–acceptor interactions, from lmax=


521 nm (when the DNP ring system is the donor) to lmax=


850 nm (when the TTF unit is the donor). The 1H NMR
spectrum of this complex, recorded in CD3CN, displays sig-
nals at d=6.84 (1 H), 7.11 (1 H), 7.34 (2H), and 7.79 ppm
(2 H) for the unbound DNP ring protons, indicating that the
DNP ring system is indeed expelled from the cavity. By con-
trast, the TTF ring protons resonate in the spectrum as a
singlet at d=5.69 ppm, reflecting the fact that they are
shielded within the cavity of the tetracationic cyclophane.[30]


A UV-visible dilution method was employed to determine
the binding constant (Ka) between TTF and 5·4 PF6 in
MeCN, and a Ka value of 3250m�1 was obtained. Such a che-
mosensitive color change, based on a supramolecular switch-
ing action, is characterized by its efficiency and simplicity.


Stoppering the arm movement of a DNP-containing cyclo-
phane : The in-and-out movement of the arm with respect to
the linked cyclophane can be arrested by installing a bulky
substituent at the end of the arm (Scheme 7). 3,5-Di-tert-bu-
tylaniline (25) was chosen for 1) its bulk and 2) its reactivity
towards the formyl group in 5·4 PF6. Both the SC conforma-
tions and the UC conformation of 5·4 PF6 should react with
25 to generate stoppered version of all three conformations.
While the self-complexing equilibrium of 5·4 PF6 is tempera-
ture sensitive, such behavior is expected to be prohibited
after the condensation reaction, since the bulky stopper will
prevent the arm from passing through the linked cyclo-
phane. A mixture of 25, 5·4 PF6, and MgSO4 in CD3CN were
kept in an NMR tube at room temperature and the conden-
sation reaction was monitored by 1H NMR spectroscopy.
The completion of the reaction was verified by the disap-
pearance of the resonance at d=9.95 ppm, corresponding to
the aldehyde proton in 5·4 PF6. The electrospray ionization
mass spectrometry (ESI-MS) of the reaction mixture
showed a singly charged peak at m/z value 1691.6
([M�PF6]


+), together with doubly and triply charged peaks
at m/z values 773.3 ([M�2 PF6]


2+) and 467.2 ([M�3 PF6]
3+),


an observation which corresponds to the consecutive loss of
one, two, and three hexafluorophosphate ions (mol. wt.=


Figure 8. Partial 1H NMR spectra for the self-complexing cyclophane
6·4PF6 recorded in CD3COCD3 after irradiation with visible light
(500 W) for a) 0 min, b) 20 min, and c) 50 min, indicating the formation
of presumably the cis-TTF-containing isomer from the trans one.


H 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 369 – 385376


J. F. Stoddart et al.



www.chemeurj.org





145 Da each) from the mixture
of products which we will refer
to as 26·4 PF6.


The 1H NMR spectrum of a
solution recorded at 298 K indi-
cates (Figure 9a) the presence
of a major species correspond-
ing to UC-26 a·4 PF6, together
with small amount of another
species, which is presumably a
mixture of exo-SC-26 b·4 PF6


and endo-SC-26 b·4 PF6. All
these forms of 26·4 PF6 are the
stoppered versions of the three
different conformations of
5·4 PF6. By comparison, the
spectrum of 5·4 PF6, taken
under the same condition (Fig-
ure 9b) is similar except that 1)
it is broader and 2) the signals
of SC conformations are barely
evident, suggesting that the
complexation/decomplexation
equilibrium is fast on the
1H NMR timescale at this tem-
perature. As the temperature is lowered to 233 K, UC-
26 a·4 PF6 remains the major species in solution (Figure 9c),


while the resonances for SC-26 b·4 PF6 become sharper. By
contrast, lowering the temperature of a solution of 5·4 PF6 to


Scheme 7. The “in” and “out” motion of the DNP-containing arm of 5·4PF6 is prevented when it is treated with a sterically hindered amine 25, which un-
dergoes a condensation reaction with 5·4PF6 to give 26·4PF6.


Figure 9. Partial 1H NMR spectra of a) 26·4 PF6 at 298 K, b) 5·4PF6 at 298 K, c) 26·4PF6 at 233 K, and
d) 5·4PF6 at 233 K. The peaks with asterisks in a) and c) represent an excess of 3,5-di-tert-butylanaline (25).
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233 K displaces the equilibria towards the formation of SC
conformations (Figure 9d). Concurrently, there is no visual
color change when the solution of 26·4 PF6 is cooled down
from room temperature to �40 8C, in sharp contrast to the
behavior of unstoppered 5·4 PF6. All these observations sug-
gest that, by attaching a bulky stopper to the end of the self-
complexing system, the threading action of the side-arm is
passivated to generate an approximate “snapshot” of the
fixed equilibrium state. This stoppering strategy provides a
delicate way of controlling molecular motions through dy-
namic covalent-bond formation.[31]


Chemical switching behavior of a TTF-containing cyclo-
phane : Although temperature is more or less ineffective in
controlling the movement of the TTF arm in SC-64+ and
SC-74+ , both chemical and electrochemical methods work
well. The reason is that the molecular recognition between a
TTF donor and a CBPQT4+ acceptor can be turned “off” by
the oxidation of the TTF unit to a charged species—either
TTFC+ or TTF2+—and “on” by their reduction back to the
neutral form. The chemical redox cycle of 6·4 PF6 has been
monitored by 1H NMR spectroscopy at 253 K in
CD3COCD3 (Figure 10). Prior to its oxidation, the TTF unit
in SC-6·4 PF6 is observed to be a 2:3 mixture (d=6.0–
7.0 ppm) of cis/trans-isomers (Figure 10a). Upon addition of
two equivalents of the chemical oxidant, tris(p-bromophe-
nyl)aminium hexachloroantimonate,[9f] into the solution of
6·4 PF6 in CD3COCD3, a much simpler spectrum (Fig-
ure 10b) is observed, indicating that, upon oxidation, the


TTF2+ dication no longer resides inside the CBPQT4+


cavity: its protons resonate at d=9.83 ppm. The remainder
of the spectrum of the hexacationic species is commensurate
with the UC-66+ conformation with averaged C2v symmetry.
When Zn dust is added to the NMR tube, the original spec-
trum (Figure 10c) is regenerated, indicating a return to the
SC-64+ conformation with the neutral TTF unit back inside
the cavity of the CBPQT4+ cyclophane.


Electrochemical switching behavior of a TTF-containing cy-
clophane : The cyclic voltammograms (CVs) of the self-com-
plexing macrocycle 6·4 PF6, and of the dumbbell analogue
21, were recorded in order to reveal its electrochemical
switching behavior. In addition, the dynamic processes re-
sponsible for the oxidatively initiated switching between the
self-complexing and uncomplexed forms were investigated.
The decomplexation/complexation and oxidative electro-
chemical processes can be considered with reference to a re-
action scheme involving five species (Scheme 8). In the
starting state, an excess of SC-64+ exists relative to UC-64+ ,
with the relative amounts of each controlled by a dynamic
equilibrium pro-
cess, reaction A (Ka). The singly oxidized TTFC+ states of
the two forms of 6·4 PF6 can be generated by applying posi-
tive potentials. Oxidation of the SC conformation by reac-
tion B results in the generation of a single positive charge
on the TTF unit residing within the tetracationic cyclophane
and consequently its oxidation potential, E’(SC-6)5+ /4+ is ex-
pected to lie at more positive potentials than that for the


Figure 10. Partial 1H NMR spectra of 6·4 PF6 recorded in CD3COCD3 at 253 K a) before oxidation, b) after addition of two eqeuivalents of tris(p-bromo-
phenyl)aminium hexachloroantimonate, and c) after addition of Zn dust as a reductant. The resonances indicated by the asterisk arise from the oxidant.
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dumbbell 21. The monocationic state, initially in the SC con-
formation, is electrostatically unfavored—equivalent to a
transition state (�)—and so, rapidly decomplexes by reac-
tion D (kUC) to the thermodynamically favored UC confor-
mation. The small amount of UC-6·4 PF6, which will also be
present in the starting state on account of equilibrium A, re-
sembles the free dumbbell and
has a formal reduction poten-
tial, associated with reaction C
(E’(UC-6)5+ /4+), which is pre-
dicted to lie at a similar poten-
tial as that for
the dumbbell 21. The UC con-
formation is the only stable
form of the monocation. It dis-
plays one further single-elec-
tron oxidation process, reac-
tion E (E’(UC-6)6+ /5+), which is
predicted to lie at the same po-
tential as that for the dumbbell.
The SC conformation of the di-
cation TTF2+ (not shown in
Scheme 8) is predicted to be
highly unfavored and thus, is
not considered an important
species when considering the
switching behavior of 6·4 PF6.


The CV of 6·4 PF6 reveals a
typical profile[5b] for a com-


plexed TTF unit and is assigned
to two reversible TTF-based
oxidations concomitant with
molecular motion and a scan-
rate-dependent behavior. At
the faster scan rate of
1000 mV s�1, the CV displays
only one two-electron oxidation
peak at +0.91 V versus SCE,
together with two single-elec-
tron reduction peaks on the
return sweep (Figure 11a). At
10 mV s�1, two separate one-
electron oxidation processes are
observed at +0.53 and
+0.73 V versus SCE with their
corresponding reduction pro-
cesses along the return sweep
(Figure 11b). This scan-rate-de-
pendent observation differs
from that of the dumbbell,
which displays two reversible
and well-separated, one-elec-
tron oxidation processes, E1/2-
(21)+ /0=++0.36 and E1/2(21)2+ /+ =


+0.70 V versus SCE, both of
which are independent of the
scan rate. Furthermore, CV res-


olution of the cis and trans isomer forms in the 2:3 mixture
was not observed by comparison with the CVs of the all-
trans-SC-6·4 PF6 compound.


The scan-rate dependence of the CV can be rationalized
from Scheme 8. At 10 mV s�1 the starting state will contain
both UC and SC conformations. The initially small concen-


Scheme 8. Parametric reaction scheme illustrating how 6·4PF6 interconverts between SC and UC conforma-
tions (parameter 1) as a function of the TTF oxidation state (parameter 2). Process A is a reversible thermody-
namic equilibrium; processes B, C, and E are reversible electrochemical equilibria; and D is an irreversible re-
action.


Figure 11. Cyclic voltammograms of 1 O 10�3
m solutions of 6·4 PF6 and 21 in MeCN at a) 1000 mV s�1 and


b) 10 mV s�1, and the proposed mechanistic pathways along which the oxidation process (thin arrows) and re-
duction process (bold arrows) occurs at the c) fast and d) slow scan rates, respectively.
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tration of the UC starting state will continually decrease by
electrochemical oxidation (reaction C). However, it will also
be continually replenished by the decomplexation equili-
brium A. The rate of replenishment by equilibrium A is suf-
ficiently fast to convert all of the SC conformation in the
starting state into the UC conformation, ready for subse-
quent oxidation at applied potentials that are greater than
+0.53 V, that is, all of the starting state becomes oxidized
along the reaction pathway C before it can be oxidized by
reaction B. Subsequently, the oxidative process E, which is
responsible for interconverting between the mono- and di-
cationic states, is dominated by the UC conformation, as
evidenced by the redox coupleEs reversibility (DE=70 mV)
and its similarity to the dumbbell. Returning the monocat-
ionic state of the UC conformation to the SC starting state
is, again, along a pathway that is dominated by coupling be-
tween the electrochemical reaction C and the dynamic equi-
librium A. The coupling of these two reactions generates
the appearance of a quasi-reversible (DE=120 mV) oxida-
tion process at +0.53 V that is anodically shifted by 170 mV
(Figure 11a) relative to the dumbbell. Anodic shifts of
140 mV have been reported for TTF-based macrocyclic
hosts in the presence of the ionic Pb2+ guests,[32] and a simi-
lar rationalization for the observed shift was proposed. In
contrast, at 1000 mV s�1, the rate of the decomplexation
equilibrium A is slow by comparison with the sweep rate of
the applied potential. Therefore, the singly-oxidized state of
the SC conformation is produced by reaction B at or near
the same potential (�+0.9 V) as reaction E, which produces
the dicationic state of the decomplexed form. Consequently,
E1/2(SC-6)5+ /4+ =E1/2(UC-6)6+ /5+ and the two peaks coalesce
to give the appearance of a 2e� process in the CV. There-
fore, the UC conformation of the dication is produced along
a different pathway at a faster scan rate than at a slower
scan rate. However, the starting state of the SC conforma-
tion is regenerated along the same pathway at both slow
and fast scan rates, because the TTFC+-based UC conforma-
tion is not in dynamic equilibrium with any other species.


The scan-rate dependent behavior distinguishes between
two different mechanisms that are available for electro-
chemically switching the self-complexed 6·4 PF6 between
two states. At fast scan rates, the switching is oxidatively
driven and results in a hysteresis cycle; that is, when the
monocationic state of the SC conformation is generated by
oxidation B, it rapidly proceeds by the irreversible decom-
plexation reaction D at potentials that are sufficient to pro-
duce simultaneously the dicationic state by oxidation pro-
cess E. At slower scan rates, the UC conformation of the
starting state is oxidatively trapped. In this case, the inter-
conversion between SC-64+ and UC-65+ is along the same
pathway. Consequently, the applied potential needs only to
sit at intermediary voltages for oxidation reaction C to be
initiated in order to drive decomplexation reaction A to
completion. In summary, when the switching reaction is
driven quickly, the dicationic form TTF2+ is generated; how-
ever, when it is driven slowly, it is the monocationic TTFC+


form that is produced.


It is informative to consider how the two mechanisms of
switching can be rationalized in terms of two explanatory
models[33] for biomolecular machinery.[34] The oxidatively
driven process is akin to the “power-stroke” mechanism,[33]


postulated to account for the rotary motions in ATPase. In
this instance, chemical oxidation of the TTF unit, rather
than binding and hydrolysis of ATP, generates an instanta-
neous high-energy conformational state that relaxes by mo-
lecular mechanical movements. Furthermore, given that the
cycle of switching at fast scan rates can be considered as a
hysteresis (Figure 11c) in two parameters—TTF oxidation
state and conformational state—then these molecular ma-
chines display a parametric trajectory that has been postu-
lated[35] to produce unidirectional motion at these nanoscop-
ic length scales. Alternatively, the oxidatively trapped pro-
cess reflects the utilization of the TTFEs oxidation, rather
than ATPEs hydrolysis, as a switch[36] that captures the mole-
cule in its “uncomplexed” conformation that is itself gener-
ated by stochastic Brownian motions. Although a thorough
analysis of the self-complexing systems, together with other
molecular switches is the objective of future work, this brief
discussion suggests that technological applications with arti-
ficial molecular machinery may continue to profit[36b, 37] by
the transfer of concepts from the life sciences to materials
science.


In addition to its oxidative activity, 6·4 PF6 displays rever-
sible reduction electrochemistry. The first two-electron re-
duction is split into two closely spaced one-electron process-
es at �0.25 and �0.35 V versus SCE. This splitting can be
assigned to the presence of chemical inequivalence between
the two paraquat units.[5b, 38] The second two-electron reduc-
tion process, observed at �0.71 V versus SCE, occurs at the
same position as the free cyclophane[5b, 38] and is therefore
consistent with the formation of the “uncomplexed” form
following the first two single-electron reduction processes.


The UV-visible spectroelectrochemistry of the oxidation
cycle of 6·4 PF6 (Figure 12), obtained by using a controlled-
electrolysis protocol in an optically-transparent thin-layer
electrochemical (OTTLE) cell, was investigated in order to
confirm the site of redox activity and the slow-scan-rate
electrochemically driven decomplexation and complexation
reactions. Two oxidation and two reduction processes are
observed; this is consistent with the CV recorded at
10 mV s�1, included as insets in Figure 12. The first oxidation
process C is initiated at +0.4 V and continues as the applied
potential is increased in 50 mV steps up to +0.65 V. The
TTF!CBPQT4+ band at 853 mm is bleached concomitant
with the formation of the TTF+-based chromophore in the
visible region.[39] The second oxidation process E displays a
bleach of the TTF+ chromophore as the TTF2+-based band
at 388 nm is observed to emerge. These changes are initiated
directly after the completion of the first series of changes at
+0.65 V in a manner that is consistent with the two closely
spaced oxidation waves observed in the CV (10 mV s�1).
The reduction processes display the reverse spectroscopic
changes over a range of applied voltages that are less posi-
tive than those required for the oxidation, an observation


H 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 369 – 385380


J. F. Stoddart et al.



www.chemeurj.org





that is consistent with the CV. The charge transfer band at
853 nm of the self-complexed neutral TTF state grows back
with the bleaching of the monocationEs spectrum. The pres-
ence of TTFC+ and TTF2+ chromophores in the spectroelec-
trochemistry is consistent with oxidation processes centered
on the TTF unit. The reformation of the spectrum of the
ground state is consistent with a switch that can be reversi-
bly operated under electrochemical control.


Conclusion


A series of molecular switches in the form of covalently
linked donor–acceptor cyclophanes have been prepared by
fine-tuning the molecular structures so that they display re-
versible thermally or redox-activated molecular motions.
The donor-bearing arms in the former class, containing
either hydroquinone or 1,5-dioxynaphthalene ring systems,
are capable of rapidly complexing and decomplexing into
and out of the cyclophaneEs cavity, respectively, under ther-
mal control over a range of ambient temperatures from �40
up to +50 8C. Furthermore, the cyclophanes bearing the


1,5-dioxynaphthalene ring system are purple in their self-
complexed form and consequently display thermochromism.
On the other hand, the compounds containing tetrathiaful-
valene can be switched using chemical or electrochemical
means. In this manner, the initial self-complexed state can
be converted completely and almost instantaneously to the
“uncomplexed” conformation by electrochemical oxidation
of the tetrathiafulvalene unit to its dication or more slowly
via its monocation. Of the systems studied, the thermochro-
mic self-complexing compound is the most promising switch
for imaging and sensing materials.


Experimental Section


General methods : Reagents were purchased from Aldrich or synthesized
as described. The tosylates 8,[7b] 14,[18] and 20,[20] the carboxylic acid deriv-
ative 11,[18] and the bis(hexafluorophosphate) 13·2PF6


[15] were all pre-
pared according to literature procedures. Solvents were purified accord-
ing to literature procedures.[40] Thin-layer chromatography (TLC) was
carried out by using aluminum sheets, precoated with silica gel 60F
(Merck 5554). The plates were inspected by UV-light prior to develop-
ment with iodine vapor. Melting points were determined on an Electro-
thermal 9200 apparatus and are uncorrected. UV-visible spectra were ob-
tained using a Varian Cary 100 Bio spectrophotometer. 1H and 13C NMR
spectra were recorded on a Bruker Avance 500, Avance 600, or ARX500
spectrometers, using the deuterated solvent as lock and the residual pro-
tiated solvent as internal standard. All chemical shifts are quoted using
the d scale, and all coupling constants (J) are expressed in Hertz (Hz).
Electrospray mass spectra (ESI-MS) were measured on a VG ProSpec
triple focusing mass spectrometer. Elemental analyses were performed
by Quantitative Technologies Inc.


General procedure for the preparation of the alcohols 10, 16, 17, 21, and
22 : A mixture of the appropriate monotosylate (1.0 mmol), the phenol 9
or 15 (1.2 mmol), K2CO3 (2.0 mmol), LiBr (catalytic amount), and
[18]crown-6 (catalytic amount) in MeCN (30 mL) was heated under
reflux for 24 h. The resulting suspension was filtered and the solid was
washed with Me2CO until the filtrate was colorless. The combined organ-
ic solution was evaporated and subjected to column chromatography
(SiO2: hexanes/EtOAc 1:4) to give the product.


Alcohol 10 : This alcohol was obtained as a white solid (0.34 g, 95%).
M.p. 67.0–68.5 8C; 1H NMR (CDCl3, 500 MHz, 298 K): d=2.94 (br s, 1H),
3.65 (t, J=4.2 Hz, 2 H), 3.75 (m, 2H), 3.82 (t, J=4.2 Hz, 2H), 3.91 (m,
4H), 4.07 (t, J=4.2 Hz, 2 H), 4.11 (t, J=4.2 Hz, 2H), 4.15 (m, 2 H), 6.87
(s, 4 H), 6.95 (m, 3 H), 7.30 ppm (m, 2 H); 13C NMR (CD3COCD3,
125 MHz, 298 K): d=61.5, 67.2, 67.9, 68.0, 69.6, 69.8, 69.9, 72.6, 114.5,
115.5, 115.6, 120.8, 129.3, 152.9, 153.1, 158.6 ppm; HRMS (MALDI): m/z
calcd for C20H26O6Na+ [M+Na]+ : 385.1622; found: 385.1605; elemental
analysis calcd (%) for C20H26O6: C 66.28, H 7.23; found: C 66.12, H 7.23.


Alcohol 16 : This alcohol was obtained as a white solid (0.35 g, 84%).
1H NMR (CD3OD, 500 MHz, 298 K): d=7.88, 7.85 (2 d, J=3.7 Hz, 2H),
7.42–7.24 (m, 4H), 6.96–6.92 (m, 5H), 4.33 (m, 4 H), 4.18 (t, J=4.5 Hz,
2H), 4.06 (t, J=4.5 Hz, 2H), 4.00 (m, 4H), 3.76 ppm (m, 4H); 13C NMR
(CD3OD, 125 MHz, 298 K): d=159.0, 154.2, 154.2, 128.9, 126.6, 126.6,
124.6, 124.6, 120.3, 114.1, 114.0, 114.0, 105.3, 105.2, 72.4, 69.6, 69.5, 69.3,
67.6, 67.0, 60.8, 60.8 ppm; MS (EI): m/z (%): 412.2 (90) [M]+ .


Alcohol 17: This alcohol was obtained as a white solid (0.39 g, 88%).
M.p. 81.0–82.5 8C; 1H NMR (CD3COCD3, 500 MHz, 298 K): d=9.86 (s,
1H), 7.82 (m, 4H), 7.34 (m, 4 H), 7.10 (d, J=7.6 Hz, 2H), 6.95 (t, J=
7.6 Hz, 2H), 4.30 (m, 6 H), 4.04 (t, J=4.5 Hz, 2H), 3.99 (t, J=4.5 Hz,
2H), 3.95 (t, J=4.5 Hz, 2 H), 3.65 ppm (m, 4 H); 13C NMR (CD3COCD3,
125 MHz, 298 K): d=163.8, 154.3, 154.3, 131.5, 130.2, 126.6, 125.0, 114.8,
114.1, 114.1, 105.6, 105.5, 72.8, 72.8, 69.5, 69.3, 67.9, 67.8, 61.0. 60.9 ppm;
HRMS (MALDI): m/z calcd for C25H28O7Na+ [M+Na]+ : 463.1727;


Figure 12. UV-visible spectroelectrochemistry of a 1O 10�3
m MeCN (0.1m


TBAPF6) solution of 6·4 PF6 at a) 0.40–0.65, b) 0.65–0.95, c) 0.75–0.65,
and d) 0.65–0.00 V. Insets: 10 mV s�1 CV, with the potential ranges that
correspond to each redox process highlighted in bold.
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found: 463.1754; elemental analysis calcd (%) for C25H28O7: C 68.17, H
6.41; found: C 68.22, H 6.38.


Alcohol 21: This alcohol was obtained as a yellow wax (0.41 g, 79%).
1H NMR (CD3COCD3, 500 MHz, 298 K): d=7.29 (m, 2 H), 6.96 (m, 3H),
6.57 (s, 1H), 6.55 (s, 1 H), 4.36 (s, 4H), 4.15 (t, J=4.5 Hz, 2H), 3.85 (t,
J=4.5 Hz, 2 H), 3.70–3.56 (m, 10 H), 3.54 ppm (t, J=4.5 Hz, 2H);
13C NMR (CD3COCD3, 125 MHz, 298 K): d=158.9, 134.7, 129.2, 120.4,
116.6 (2), 116.5 (2), 114.4, 109.9, 72.6, 70, 3, 70.0, 69.4, 69.1 (2), 67.6, 67.5,
67.1, 61.0 ppm; MS (FAB): m/z (%): 516.05 (75) [M]+ .


Alcohol 22 : This alcohol was obtained as a yellow wax (0.45 g, 83%).
1H NMR (CD3COCD3, 500 MHz, 298 K): d=9.92 (S, 1H), 7.90 (dd, J1=


8.8 Hz, J2=1.7 Hz, 2H), 7.16 (dd, J1=8.8 Hz, J2=1.7 Hz, 2H), 6.57 (s,
1H), 6.55 (s, 1H), 4.36 (s, 4 H), 4.30 (t, J=4.5 Hz, 2H), 3.90 (t, J=4.5 Hz,
2H), 3.73 (m, 2H), 3.67–3.59 (m, 8H), 3.55 ppm (t, J=4.5 Hz, 2H);
13C NMR (CD3COCD3, 125 MHz, 298 K): d=190.2, 163.8, 134.8, 134.7,
134.7, 131.5, 130.2, 116.6, 116.5, 116.5 114.8, 72.6, 70, 3, 70.1, 69.2, 69.2
69.1, 67.8, 67.6, 67.5, 61.0 ppm; HRMS (MALDI): m/z calcd for
C23H28O7S4


+ [M]+ : 544.0712; found: 544.0695.


Synthesis of the carboxylic acid derivative 11:[18] A mixture of 3,6-dime-
thylphthalimide (1.57 g, 8.97 mmol), tert-butyl 2-bromoacetate (1.92 g,
9.90 mmol), and K2CO3 (2.48 g, 17.90 mmol) in MeCN (50 mL) was
heated under reflux for 3 h. The resulting suspension was filtered and the
filtrate was evaporated to give a pale yellow solid, which was recrystal-
lized from EtOAc and hexanes (1:1) as colorless crystals (2.48 g, 95%).
Subsequently, a mixture of the obtained cyrstal (1.90 g, 6.57 mmol), NBS
(2.34 g, 13.15 mmol), and AIBN (20 mg, cat. amount) in CH2Cl2 (20 mL)
was heated under reflux for 4 h. The resulting suspension was filtered,
and the filtrate was evaporated and subjected to column chromatography
(SiO2: hexanes/EtOAc, 8:1) to give a white solid (1.40 g). The solid was
dissolved in CH2Cl2 (10 mL) and placed in an ice/water bath, and HNO3


(1.5 mL, 90%) was added dropwise into the solution. The mixture was
then stirred at room temperature for three more hours. The solvent was
evaporated under reduced pressure and the remaining solid was washed
with hexanes to give 11 as a white solid (1.09 g, 41 % for three steps).
M.p. 228.0–230.5 8C; 1H NMR (CDCl3, 500 MHz, 298 K): d=7.90 (s, 2H),
5.07 (s, 4 H), 4.44 ppm (s, 2 H); 13C NMR (CDCl3, 125 MHz, 298 K): d=
167.7, 166.3, 137.3, 136.7, 128.5, 38.2, 25.8 ppm; MS (EI): m/z (%): 389.0
(25) [M]+, 309.0 (100) [M�Br]+ ; elemental analysis calcd (%) for
C12H9Br2NO4: C 36.86, H 2.32, N 3.58; found: C 37.07, H 2.21, N 3.58.


General procedure for the preparation of the dibromides 12, 18, 19, 23,
and 24 : A mixture of the appropriate alcohol (0.50 mmol), the carboxylic
acid derivative 11 (0.55 mmol), 1,3-dicyclohexylcarbodiimide (1.0 mmol),
and 4-dimethylaminopyridine (catalytic amount) in CH2Cl2 (20 mL) was
stirred overnight at room temperature. The resulting suspension was fil-
tered, and the filtrate was evaporated and subjected to column chroma-
tography (SiO2: hexanes/EtOAc 1:1) to give the dibomide.


Dibromide 12 : This dibromide was obtained as a white wax (0.26 g,
71%). 1H NMR (CD3COCD3, 500 MHz, 298 K): d=7.92 (s, 2H), 7.30 (t,
J=8.5 Hz„ 2H), 6.96 (m, 3H), 6.90 (s, 4H), 5.09 (s, 4H), 4.51 (s, 2H),
4.37 (t, J=4.5 Hz, 2 H), 4.17 (t, J=4.5 Hz, 2H), 4.12 (t, J=4.5 Hz, 2H),
4.07 (t, J=4.5 Hz, 2 H), 3.90, (m, 4H), 3.81 ppm (m, 4 H); 13C NMR
(CD3COCD3, 125 MHz, 298 K): d=167.1, 166.2, 158.9, 153.1, 137.3,
136.7, 129.2, 128.4, 120.4, 115.4, 115.3, 114.3, 69.6, 69.5, 69.4, 68.5, 67.8,
67.2, 64.7, 38.4, 25.8 ppm; HRMS (MALDI): m/z calcd for C32H33Br2NO9-


Na+ [M+Na]+: 756.0414; found: 756.0411.


Dibromide 18 : This dibromide was obtained as a yellow semisolid
(0.30 g, 77%). 1H NMR (CDCl3, 500 MHz, 298 K): d=7.91, 7.88 (2 d, J=
8.5 Hz, 2H), 7.64 (s, 2 H), 7.40–7.29 (m, 4H), 7.00–6.97 (m, 3H), 6.87 6.86
(2 d, J=7.5 Hz, 2H), 4.94 (s, 4 H), 4.49 (s, 2H), 4.44 (t, J=4.5 Hz, 2 H),
4.33 (t, J=4.5 Hz, 2 H), 4.30 (t, J=4.5 Hz, 2H), 4.21 (t, J=4.5 Hz, 2H),
4.10 (t, J=4.5 Hz, 2 H), 4.04 (t, J=4.5 Hz, 2H), 4.00 (t, J=4.5 Hz, 2H),
3.90 ppm (t, J=4.5 Hz, 2 H); 13C NMR (CDCl3, 125 MHz, 298 K): d=


167.0, 166.3, 158.7, 154.2, 154.1, 137.0, 136.4, 129.3, 128.2, 126.6, 125.1,
125.0, 120.8, 114.6, 114.6, 114.5, 105.7, 69.9, 69.9, 69.7, 69.0, 67.9, 67.8,
67.4, 64.9, 38.7, 25.7 ppm; MS (EI): m/z (%): 785.1 (10) [M]+ ; HRMS
(MALDI): m/z calcd for C36H35Br2NO9 [M]+ : 783.0679; found: 783.0685.


Dibromide 19 : This dibromide was obtained as a yellow solid (0.39 g,
95%). M.p. 65.0–67.0 8C; 1H NMR (CD3COCD3, 600 MHz, 298 K): d=


9.89 (s, 1H), 7.83 (m, 4H), 7.75 (s, 2H), 7.36 (t, J=8.2 Hz, 1H), 7.33 (t,
J=8.2 Hz, 1H), 7.11 (d, J=8.2 Hz, 2 H), 6.92 (dd, J=7.7 Hz, 2.7 Hz,
2H), 4.98 (s, 4H), 4.49 (s, 2 H), 4.40 (t, J=4.5 Hz, 2 H), 4.30 (m, 4H),
4.26 (t, J=4.5 Hz, 2 H), 4.05 (t, J=4.5 Hz, 2H), 4.01 (t, J=4.5 Hz, 2H),
3.97 (t, J=4.5 Hz, 2H), 3.87 ppm (t, J=4.5 Hz, 2 H); HRMS (MALDI):
m/z calcd for C37H35Br2NO10Na+ [M+Na]+ : 834.0520; found: 834.0568.


Dibromide 23 : This dibromide was obtained as a yellow wax (0.15 g,
33%). 1H NMR (CD3COCD3, 500 MHz, 298 K): d=7.95 (s, 2H), 7.29
(m, 2 H), 6.96 (m, 3 H), 6.57 (s, 1 H), 6.55 (s, 1 H), 5.12 (s, 4 H), 4.52 (s,
2H), 4.36 (s, 4 H), 4.18 (t, J=4.5 Hz, 2H), 3.85 (t, J=4.5 Hz, 2H), 3.74–
3.62 ppm (m, 12 H); 13C NMR (CD3COCD3, 125 MHz, 298 K): d=167.1,
166.3, 158.9, 137.3, 136.8, 134.7, 129.3, 128.4, 120.4, 116.6, 114.3, 70.3 (2),
69.4, 69.1, 69.0, 68.5, 67.2, 64.7, 38.5, 25.9 ppm; MS (FAB): m/z (%):
886.96 (20) [M]+ .


Dibromide 24 : This dibromide was obtained as a yellow wax (0.32 g,
71%). 1H NMR (CD3COCD3, 500 MHz, 298 K): d=9.91 (s, 2H), 7.92 (s,
2H), 7.88 (t, J=8.8 Hz, 2 H), 7.15 (t, J=8.8 Hz, 2H), 6.56 (s, 1 H), 6.54 (s,
1H), 5.10 (s, 4H), 4.52 (s, 4 H), 4.35 (m, 2H), 4.30 (t, J=4.5 Hz, 2H),
3.90 (t, J=4.5 Hz, 2 H), 3.76–3.61 ppm (m, 10 H); 13C NMR (CD3COCD3,
125 MHz, 298 K): d=190.2, 167.1, 166.3, 163.8, 137.3, 136.7, 134.7, 134.7,
130.5, 130.1, 128.4, 116.6, 116.5, 114.8, 70.3, 70.3, 69.2, 69.1, 69.1, 69.1,
68.5, 67.9, 64.7, 38.5, 25.9 ppm; MS (FAB): m/z (%): 914.95 (25) [M]+ .


General procedure for the preparation of the self-complexing compounds
3–7·4 PF6 : A solution of the appropriate dibromide (0.36 mmol) and the
bipyridium salt 13·2PF6 (0.36 mmol) in DMF (5 mL) was stirred at room
temperature for eight days. In order to ensure full precipitation of the
purple salt, Et2O (50 mL) was added to the reaction mixture. The precipi-
tate was filtered off under reduced pressure and subjected to column
chromatography (SiO2: MeOH/NH4Cl (2m)/MeNO2 7:2:1). The fractions
containing the product were combined and concentrated. NH4 PF6 was
added to precipitate the product as a solid.


Cyclophane 3·4 PF6 : This compound was obtained as a red solid (47 mg,
9%). M.p. 190 8C (decomp); 1H NMR of the SC-conformer (CD3COCD3,
500 MHz, 196 K): d=9.65 (d, J=5.4 Hz, 2H), 9.52 (d, J=5.4 Hz, 2H),
9.42 (d, J=5.4 Hz, 2H), 9.06 (br s, 2 H), 8.75 (d, J=5.4, 2H), 8.58 (s, 2H),
8.52 (d, J=5.4, 2 H), 8.50 (d, J=5.4, 2H), 8.50 (s, 2 H), 8.18 (br s, 2 H),
8.01 (s, 2H), 7.35 (t, J=8.4 Hz, 2H), 7.15 (d, J=8.4 Hz, 2H), 7.05 (d, J=
12.8 Hz, 2 H), 7.01 (t, J=8.4 Hz, 1H), 6.41 (d, J=12.8 Hz, 2H), 6.22 (d,
J=12.8 Hz, 2H), 5.97 (d, J=12.8 Hz, 2H), 5.77 (d, J=7.4 Hz, 1 H), 5.67
(d, J=7.4 Hz, 1 H), 5.12 (br s, 2 H), 4.59 (br, 2 H), 4.51 (br, 2 H), 4.32 (br,
2H), 4.11 (br, 2H), 3.92 (br, 4H), 3.82 (br, 4H), 2.53 (br, 1H), 2.02 ppm
(d, J=7.4 Hz, 1H); HRMS (ESI): m/z calcd for C60H57F24N5O9P4S4


[M�PF6]
+ : 1554.1606; found: 1554.1638.


Cyclophane 4·4PF6 : This compound was obtained as a purple solid
(96 mg, 17%). M.p. 220 8C (decomp); 1H NMR of the major isomer
(CD3COCD3, 500 MHz, 253 K): d=9.69 (d, J=5.4 Hz, 2H), 9.63 (d, J=
5.4 Hz, 2 H), 9.52 (d, J=5.4 Hz, 2H), 9.23 (d, J=5.4 Hz, 2 H), 8.65 (br d,
2H), 8.54 (s, 2H), 8.45 (br d, 2H), 8.36 (m, 4H), 7.98 (s, 2H), 7.88 (s,
2H), 7.10 (t, J=8.4 Hz, 2 H), 6.82 (t, J=8.4 Hz, 1H), 6.75 (d, J=12.8 Hz,
2H), 6.74 (s, 1 H), 6.61 (d, J=8.4 Hz, 2H), 6.20 (s, 1 H), 6.13 (d, J=
12.8 Hz, 2 H), 6.02 (d, J=12.8 Hz, 2 H), 5.94 (d, J=12.8 Hz, 2 H), 4.72 (s,
2H), 4.62 (br d, 2 H), 4.30 (m, 4 H), 4.23 (s, 2 H), 4.15 (br t, 2H), 4.05 (br.
t, 2 H), 3.97 (br t, 2H), 3.75 (br t, 2H), 3.68 (br t, 2H), 3.59 (br t, 2 H), 2.77
(d, J=8.4 Hz, 1 H), 2.67 ppm (d, J=8.4 Hz, 1 H); HRMS (ESI): m/z calcd
for C64H59F24N5O9P4 [M�PF6]


+ : 1476.2869; found: 1476.3189; HRMS
(ESI): m/z calcd for C64H59F24N5O9P4 [M�2 PF6]


2+ : 665.6793; found:
665.6796.


Cyclophane 5·4PF6 : This compound was obtained as a purple solid
(77 mg, 13%). M.p. 214 8C (decomp); 1H NMR of the major isomer
(CD3COCD3, 500 MHz, 227 K): d=9.82 (s, 1H), 9.46 (d, J=6.2 Hz, 2H),
9.37 (d, J=6.2 Hz, 2 H), 9.15 (d, J=6.2 Hz, 2H), 8.92 (d, J=6.2 Hz, 2H),
8.83 (s, 2 H), 8.47 (s, 2 H), 8.22 (s, 2 H), 8.00 (d, J=6.2 Hz, 2 H)), 7.93 (d,
J=6.2 Hz, 2H), 7.88 (d, J=6.2 Hz, 2 H), 7.80 (d, J=8.4 Hz, 2 H), 7.60
(br, 2H), 7.15 (d, J=8.4 Hz, 2H), 7.10 (d, J=12.8 Hz, 2 H), 6.54 (d, J=
8.4 Hz, 2 H), 6.47 (t, J=8.4 Hz, 1 H), 6.35 (d, J=8.4 Hz, 1H), 6.31 (d, J=
12.8 Hz, 2 H), 6.19 (t, J=8.4 Hz, 1H), 6.16 (d, J=12.8 Hz, 2H), 6.00 (d,
J=12.8 Hz, 2H), 5.28 (s, 2H), 4.65–4.38 (m, 12 H), 4.19 (br, 2H), 4.03
(br, 2 H), 2.71 (d, J=8.4 Hz, 1H), 2.64 ppm (d, J=8.4 Hz, 1H); HRMS
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(ESI): m/z calcd for C65H59F24N5O10P4 [M�PF6]
+ : 1504.3182; found:


1504.3624; HRMS (ESI): m/z calcd for C65H59F24N5O10P4 [M�2PF6]
2+ :


679.6767; found: 679.6905.


Cyclophane 6·4PF6 : This self-complexing compound was obtained as a
green solid (0.23 g, 36 %). M.p. 250 8C (decomp); 1H NMR spectroscopy
of the major isomer (CD3COCD3, 500 MHz, 253 K): d=9.69 (d, J=
5.4 Hz, 2H), 9.63 (d, J=5.4 Hz, 2 H), 9.52 (d, J=5.4 Hz, 2 H), 9.23 (d, J=
5.4 Hz, 2 H), 8.65 (br d, 2H), 8.54 (s, 2H), 8.45 (br d, 2 H), 8.36 (m, 4 H),
7.98 (s, 2 H), 7.88 (s, 2H), 7.10 (t, J=8.4 Hz, 2 H), 6.82 (t, J=8.4 Hz, 1H),
6.75 (d, J=12.8 Hz, 2H), 6.74 (s, 1H), 6.61 (d, J=8.4 Hz, 2 H), 6.20 (s,
1H), 6.13 (d, J=12.8 Hz, 2 H), 6.02 (d, J=12.8 Hz, 2H), 5.94 (d, J=
12.8 Hz, 2 H), 4.72 (s, 2 H), 4.62 (br d, 2 H), 4.30 (m, 4H), 4.23 (s, 2H),
4.15 (br t, 2H), 4.05 (br t, 2 H), 3.97 (br t, 2 H), 3.75 (br t, 2H), 3.68 (br t,
2H), 3.59 ppm (br t, 2H); HRMS (ESI): m/z calcd for C62H59F24N5O9P4S4


[M�PF6]
+ : 1580.2121; found: 1580.2232.


Cyclophane 7·4PF6 : This self-complexing compound was obtained as a
green solid (0.22 g, 35 %). M.p. 245 8C (decomp); 1H NMR spectroscopy
of the major isomer (CD3COCD3, 500 MHz, 253 K): d=9.77 (s, 1H), 9.67
(d, J=5.4 Hz, 2 H), 9.61 (d, J=5.4 Hz, 2 H), 9.52 (d, J=5.4 Hz, 2 H), 9.25
(d, J=5.4 Hz, 2 H), 8.58–8.52 (m, 4 H), 8.45 (d, J=5.4 Hz, 2H), 8.40–8.35
(m, 4H), 7.98 (s, 2 H), 7.88 (s, 2H), 7.68 (d, J=5.6 Hz, 2 H), 6.89 (d, J=
5.6 Hz, 2 H), 6.80 (d, J=13.7 Hz, 2 H), 6.73 (s, 1 H), 6.22 (s, 1H), 6.13 (d,
J=13.7 Hz, 2 H), 6.02 (d, J=13.7 Hz, 2 H), 5.92 (d, J=13.7 Hz, 2 H), 4.72
(s, 2H), 4.46 (br s, 4H), 4.30 (s, 4 H), 4.23 (s, 2 H), 4.07 (br t, 2H), 3.97
(br t, 2H), 3.75 (br t, 2H), 3.66 (br t, 2H), 3.61 ppm (br t, 2H); HRMS
(ESI): m/z calcd for C63H59F24N5O10P4S4 [M�PF6]


+ : 1608.2065; found:
1608.2435; HRMS (ESI): m/z calcd for C63H59F24N5O10P4S4 [M�2PF6]


2+ :
731.6209; found: 731.6221.


Electrochemistry and spectroelectrochemistry : Electrochemical and spec-
troelectrochemical experiments were carried out at room temperature in
argon-purged solutions of the compounds in MeCN, with a Princeton Ap-
plied Research 263A Multipurpose instrument interfaced to a PC. Cyclic
voltammetric experiments were performed by using a glassy carbon
working electrode (0.018 cm2, Cypress Systems); its surface was polished
routinely with a 0.05 mm alumina–water slurry on a felt surface immedi-
ately before use. The counter electrode was a Pt wire and the reference
electrode was a Ag/AgCl electrode (“No Leak” Ag/AgCl Reference
Electrode, Cypress Systems). Tetrabutylammonium hexafluorophosphate
(0.1m) was added as supporting electrolyte. Cyclic voltammograms were
obtained at scan rates of 10, 100, 500 and 1000 mV s�1. For reversible
processes, E1/2 was calculated from an average of the cathodic and anodic
cyclic voltammetric peaks. To establish the reversibility of a process, we
used the critieria of 1) 60 mV between cathodic and anodic peaks, and 2)
close to unity ratio of the intensities of the cathodic and anodic currents.
[Ru(bpy)3]


2+ [E1/2(Ru3+/Ru2+)=++1.290 V][41] was present in the solution
as an internal reference. Spectroelectrochemical experiments were made
in a custom built optically-transparent thin layer electrochemical
(OTTLE) cell[42] with an optical path of 1 mm, using a Pt grid as working
electrode, a Pt wire as counter electrode, and a Ag wire pseudo-reference
electrode. Experimental errors: potential values, �10 mV; absorption
maxima, �2 nm.
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Acid Zeolites as Alcohol Racemization Catalysts: Screening and Application
in Biphasic Dynamic Kinetic Resolution


S. Wuyts, K. De Temmerman, D. E. De Vos, and P. A. Jacobs*[a]


Introduction


One of the emerging methods to obtain enantiomerically
pure chiral compounds is the application of dynamic kinetic
resolution (DKR), in which a resolution step, often through
biotransformation, is combined in situ with a racemization
step.[1–6] A large number of resolution methods has been de-
scribed in the literature, comprising use of enzymes[7–10] and
other, purely chemical, tools.[11] The main drawback of clas-
sical kinetic resolution (KR) is the maximum yield of 50%
that can be obtained when starting from the racemic mix-
ture. When a racemization step is integrated in the reaction,
the main advantage of KR remains: one can start from the
cheap racemic mixture, but the yield of 50% can be sur-
passed and yields of up to 100% can be achieved in one
step. Moreover, depletion of the reacting enantiomer is
avoided in DKR, and in this way a decrease of the enantio-
meric purity of the product in the course of the reaction is
circumvented.[2,12] The mechanism of racemization and the
reaction conditions required depend on the stability of the
stereogenic center, which is itself influenced by the function-
al groups on the stereogenic atom or at the a-position.[13] In


many cases, racemization of a chiral substrate requires harsh
conditions that are incompatible with the milder reaction
conditions needed for successful resolution. Therefore, it is
important to catalyze racemization so that it can proceed
under milder conditions. For the racemization of chiral alco-
hols, transition-metal-catalyzed routes have been developed
based on hydrogen-transfer mechanisms.[14–20] Recently,
Maschmeyer et al. studied in detail the mechanisms of these
racemization reactions, which are closely related to Meer-
wein–Ponndorf–Verley reduction and Oppenauer oxidation
reactions (MPVO redox reactions).[21] Some racemization
catalysts were successfully combined with a resolving
enzyme in DKR; however, the re-use of these catalysts is
not trivial, and in some resolution reactions 4-chlorophenyl
acetate is used[6] instead of more convenient acyl donors,
such as ethyl acetate[14b] or isopropenyl acetate.[17, 20]


Alternatively, chiral alcohols, such as 1-phenyl-1-ethanol,
may be racemized by means of protonation, water loss, and
formation of an sp2 carbenium ion, which is planar and pro-
chiral.[22–24] Subsequent water addition is aselective and re-
sults in a racemic mixture (Scheme 1). If this Brçnsted acid
catalyzed racemization is performed in a water-rich
medium, the elimination reaction to the alkene can be
avoided. As this racemization method is especially suitable
for alcohols, producing well-stabilized carbenium ions, for-
mation of an anti-Markovnikov product, for example, 2-phe-
nylethanol, is highly unlikely.


In line with our previous attempts to develop heterogene-
ous catalysts for alcohol racemization and potential applica-
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Abstract: Acid zeolites were screened
as heterogeneous catalysts for racemi-
zation of benzylic alcohols. The most
promising zeolites appeared to be H-
Beta zeolites, for which the optimal re-
action conditions were studied in fur-
ther detail. The zeolite performance
was compared to that of homogeneous
acids and acid resins under similar re-
action conditions. In a second part of


the research, H-Beta zeolites were ap-
plied in dynamic kinetic resolution
(DKR) of 1-phenylethanol, which was
conducted by means of a two-phase ap-
proach and which resulted in yields


smoothly crossing the 50% border up
to 90%, with an enantiomeric excess
of >99%. To explore the applicability
of this biphasic methodology, several
other substrates were examined in the
standard racemization reaction and in
the biphasic dynamic kinetic resolu-
tion.


Keywords: biphasic catalysis ·
heterogeneous catalysis · kinetic
resolution · racemization · zeolites
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tion in DKR,[25] our attention
was drawn to the use of
heterogeneous acids, like zeo-
lites, as racemization catalysts.
In the patent literature, the use
of AmberlystI and DeloxanI


acid resins for the racemization
of benzylic alcohols has been
described.[22,23] Zeolites may not
only be more stable than these
resins, but it is also known that
hardly any acidity leaks from
zeolites to an aqueous solvent;
this fact makes them favourable
for combination with the enzy-
matic reaction.


Herein, we investigate the
potential value of acid zeolites as heterogeneous alcohol
racemization catalysts. Relations are established between
the racemization activity of the zeolites and their structure
and composition. Re-use of the zeolite catalysts is also in-
vestigated. We then present a new reaction methodology in
which racemization, in seemingly “harsh, acid” conditions, is
combined with a resolving biotransformation using a lipase.
A preliminary account of this work has appeared previous-
ly.[24]


Results and Discussion


Racemization


Homogeneous acids: Hydrochloric acid (HCl) and p-toluene-
sulfonic acid (pTSA) were both tested in 0.1 and 0.5m con-
centrations. As can be concluded from Figure 1, no evident
difference in racemization activity could be measured be-
tween these two acids: both 0.5m acid solutions were able to
racemize the substrate to an enantiomeric excess below 5%
within 3 h.


Heterogeneous resin catalysts : Different classes of commer-
cially available resins were screened in a standard racemiza-
tion of (R)-1-phenylethanol (Table 1). The resins were based


on either polystyrene (PS), polymethacrylate (PM), or poly-
acrylate (PA) and contained either weak carboxylic acid
groups (entries 1–3) or strong sulfonic acid groups (en-
tries 4–8). Some perfluorinated (PF) sulfonic acid resins
were also tested (entries 9 and 10).


The racemization of benzylic alcohols requires an acid of
sufficient strength; this explains why weak, immobilized car-
boxylic acids like DowexI MWC-1, DowexI CCR-1, and
AmberliteI IRC-50 did not lead to any inversion of the alco-
hol configuration within 3 h (Table 1, entries 1–3), under the
previously defined reaction conditions. All strong acid resins
caused racemization, though a large range of activities was
seen. Within the DowexI 50 series, a clear trend of increas-
ing activity with degree of cross linking was observed (en-
tries 4–6, corresponding to 2, 4, and 8% cross linking, re-
spectively). This tendency can be explained in terms of the
gel character of the polymer matrix: a less cross-linked poly-
mer will have less accessible acid sites because of the gel
properties of the polymer matrix; a more cross-linked poly-
mer results in a more macroreticular network and makes
the acid sites far more accessible for the substrate molecules.
Of all the resins, macroreticular AmberlystI 15, described
earlier as a racemization catalyst in the patent literature,[23]


gave the best results (entry 8). Perfluorinated acid resins
gave good activity, particularly if one takes into account
the small amount of acid groups per gram of material


Scheme 1. Acid-catalyzed racemization of 1-phenyl-1-ethanol.
Figure 1. Racemization of 1-phenylethanol with homogeneous HCl (0.1
(&) and 0.5m (^)) and pTSA (0.1 (M) and 0.5m (~)) acids.


Table 1. Activity of resins in racemization of benzylic alcohols.[a]


Entry Resin Support[b] Acid mmolH+ eealcohol [%]
group g�1 after 3 h


1 DowexI MWC-1 PA �COOH 9.5 100
2 DowexI CCR-1 PA �COOH 3.8 100
3 AmberliteI IRC-50 PM �COOH 10 100
4 DowexI 50X2-100 PS �SO3H 4.8 86
5 DowexI 50X4-100 PS �SO3H 4.8 65
6 DowexI 50X8-100 PS �SO3H 4.8 48
7 AmberliteI IR-118 PS �SO3H 4.3 63
8 AmberlystI 15 PS �SO3H 4.8 23
9 NafionI NR-50 PF �SO3H 0.8 56
10 NafionI SAC-13 PF–SiO2 �SO3H 0.15 30


[a] Reaction conditions: 5 mL double-distilled water, 80 mg resin, 0.26 mmol (R)-1-phenylethanol at 60 8C
under vigorous stirring. [b] PA=polyacrylate; PM=polymethacrylate; PS=polystyrene resin; PF=perfluori-
nated resin; PF–SiO2=perfluorinated resin dispersed on amorphous silica, 10–20%, >200 m2g�1.
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(entry 9). The activity increased even more when the
NafionI polymer was dispersed on an amorphous silica sup-
port (entry 10).


Heterogeneous zeolite catalysts : The properties of the zeolite
samples are summarized in Table 2. Before use, all zeolites
were converted to the H+ form by repeated exchange with
NH4


+ , followed by calcination.


As is evident from Figure 2a, the activity of the H-Y zeo-
lites strongly depends on the Si/Al ratio. At low ratios (2.6,
5.8) hardly any activity can be discerned. The best results
are obtained with Si-rich zeolites.


The results for mordenites were, in general, better than
those for H-Y zeolites (Figure 2b). Sufficiently de-aluminat-
ed zeolites resulted in fast racemization. The fastest reac-
tions were observed with H-Beta zeolites from various sup-
pliers and synthesis batches (Figure 2c): the enantiomeric
excess (ee) of the substrate steeply decreased and fell below
10% after 2 h in all cases. All H-Beta zeolite samples tested
have a similar Si/Al ratio; consequently, activity differences
between these zeolites were only minor. Finally, H-MCM-22
was found to display considerable activity (Figure 2c). This
is not unexpected, as H-MCM-22 and H-Beta zeolites share
some of the same important properties, such as small crystal
size, relatively high Si/Al ratio, and affinity for hydrophobic
compounds.


During racemization, no acetophenone was detected; ad-
dition of acetaldehyde to a reaction in a closed pressure
vessel did not influence its reaction rate. This confirms that
on acid zeolites, such as H-Beta, racemization is catalyzed
by Brçnsted acids and not by Lewis acids, as in the related
MPVO redox reactions.[21]


Two phenomena might explain why only samples with
high Si/Al ratio have appreciable racemization activity.
Firstly, racemization is a strongly acid-catalyzed reaction,
and it is known that the acid strength in zeolites increases
with the Si/Al ratio. Secondly, the hydrophobicity of the lat-
tice increases with the Si/Al ratio. Because racemization of


the apolar substrate takes place in an excess of water, it is
clear that the zeolite must be sufficiently hydrophobic so
that adsorption of the benzylic alcohol is preferred over
water adsorption.


Kinetics and temperature dependence of racemization : The
kinetics of the racemization reaction can be described either
as the rate of interconversion of enantiomers or as the rate
of formation of the racemic mixture.[26] The first approach
can be described by reversible first-order kinetics as shown
in Equation (1):


Table 2. Properties and origin of zeolite samples used.


Zeolite Topology Si/Al Specific Manufacturer
ratio surface [m2g�1]


CBV 600 FAU 2.6 660 PQ zeolites
CBV 712 FAU 5.8 730 PQ zeolites
CBV 720 FAU 13 780 PQ zeolites
CBV 760 FAU 30 720 PQ zeolites
CBV 780 FAU 37 780 PQ zeolites
ZM 101 MOR 5.8 480 PQ zeolites
CBV 21A MOR 10 500 PQ zeolites
CBV 20A MOR 10 550 ZSocat
ZM 510 MOR 11 530 ZSocat
CP 811BL-25 BEA 12.5 740 PQ zeolites
CP 814E-22 BEA 11 680 Zeolyst
CP 806B-25 BEA 12.5 730 PQ zeolites
ZGO-52025 BEA 10–15 >400 STd-Chemie
H-MCM-22 MWW 10–15 n.d.[a] –


[a] n.d.: not determined.


Figure 2. Racemization of (R)-1-phenylethanol with acid zeolites. a) H-Y
zeolites, b) H-MOR zeolites, and c) H-Beta zeolites and H-MCM-22.
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� d½R�
dt


¼ k1½R��k�1½S� ð1Þ


where [R] and [S] are the concentrations of the R and S
enantiomers, and k1 and k�1 are the interconversion con-
stants for the R and S enantiomers, respectively. Initially,
when one of the enantiomers dominates the medium is
chiral, and therefore, k1 may differ from k�1. In the case of a
diluted solution, however, one can assume that the differ-
ence is negligible and that k1=k�1=k. If the racemization
reaction starts from the pure R enantiomer, the elaboration
of this first-order differential, with the condition [S]t=
[R]0�[R]t, leads to Equation (2):


ln
�


½R�0
2½R�t�½R�0


�
¼ 2kt ð2Þ


where [R]0 and [R]t are the concentrations of R enantiomer
at time zero and at time t, respectively. Plotting the left-
hand term of Equation (2) versus time results in a straight
line for the data of the zeolite H-Beta catalyzed racemiza-
tion of (R)-1-phenylethanol (Figure 3a). The half-life t1=2 can
easily be calculated from the equation t1=2 = ln2/2k, in which


t1=2 is the time required to obtain a mixture with an enantio-
meric excess of 50%.


If Equation (2) is valid for racemization, plots of the per-
centage S enantiomer formed versus time should be identi-
cal for reactions with 50 or 150% of the original amount of
substrate, but using the same amount of catalyst. This can
be clearly seen in Figure 3b, which proves that the assump-
tion of a first-order rate in alcohol substrate is correct.


Additionally, the temperature dependence of racemiza-
tion was investigated by screening the performance of the
different racemization catalysts (0.5m pTSA, AmberlystI 15,
and H-Beta) at four different temperatures (Figure 4 and
Table 3). The highest activation energy (Ea=112 kJmol�1)


was obtained for the homogeneous catalyst pTSA. The
values were lower for the H-Beta zeolite (92 kJmol�1) and
especially for the AmberlystI resin (72 kJmol�1). This indi-
cates that for the heterogeneous catalysts, and particularly
for AmberlystI, diffusion of the reactants might slow down
the overall conversion. However, the effect of diffusion on
the rate seems limited for H-Beta, and the reaction is as-
sumed to be practically under chemical control.


Substrate concentration : In order to investigate the effect of
the substrate concentration on racemization, reactions using
H-Beta were performed with different amounts of water
(Table 4). If the substrate concentration was too high
(>0.1m), the side reaction to the 1-phenylethyl ether
became important (Scheme 2, Table 4 entry 1). The dilution


Figure 3. a) Kinetics of H-Beta-catalyzed standard racemization of (R)-1-
phenylethanol. The straight line was fitted using Equation (2), assuming
reversible first-order kinetics. b) Percentage inverted alcohol as a func-
tion of time for H-Beta-catalyzed racemization reactions with 15 (~), 30
(&), and 45 mg (^) (R)-1-phenylethanol in 10 mL water, using 80 mg H-
Beta.


Figure 4. Arrhenius plots for the racemization of (R)-1-phenylethanol
over acid catalysts under standard conditions. Catalysts: AmberlystI 15
(^), H-Beta (&), and 0.5m pTSA (~).


Table 3. Temperature dependence of racemization.


Catalyst lnk=a(1/T)+b R2 Ea


[kJmol�1]


AmberlystI 15 lnk=�8642(1/T)+20807 0.9937 71.9
H-Beta zeolite lnk=�11087(1/T)+28979 0.9703 92.1
pTSA (0.5m) lnk=�13531(1/T)+36472 0.9881 112.5
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also affected the ee value obtained after a given time. It was
evident that the reaction rate increased with the substrate
and catalyst concentration.


Substrate scope : A number of commercially available chiral
alcohols were used as the racemization substrate with H-
Beta in the standard conditions developed for (R)-1-phenyl-
ethanol (Table 5). One of the drawbacks of the methodology
is the low solubility of apolar substrates in pure water. This
was definitely the case for (S)-1-(2-naphthyl)ethanol, which


showed no racemization after extended reaction times
(Table 5, entry 1). For (R)-3-chloro-1-phenyl-1-propanol, the
substrate solubility was low but sufficient to make racemiza-
tion possible (entry 2). The substrate was completely race-
mized within 48 h. The addition of different amounts of
water-miscible co-solvents, such as acetone, 2-butanone, or
acetic acid, did not result in any improvement of the reac-
tion rate. It is likely that the increased substrate solubility
was partially offset by the presence of an excess of organic
molecule, which possibly adsorbed competitively on the zeo-
lite. When ketones, such as acetone or 2-butanone, were
added as co-solvents to the racemization of (R)-1-phenyl-
ethanol, a decrease of the reaction rate was indeed ob-
served, which was proportional to the amount of co-solvent
added (data not shown). (S)-2-Butanol was also screened to
test the applicability of the method to simple aliphatic alco-
hols (entry 3); however, no racemization took place, even
after extended reaction times and at an increased tempera-
ture of 80 8C.


In the case of benzylic alcohols with electron-donating
substituents, for example, 1-(4-methoxyphenyl)ethanol, or in
the case of (S)-1-indanol, the zeolite quickly turned purple
or pink, respectively (Table 5, entry 4). Similarly, formation
of colored products has been described upon adsorption of
4-vinylanisole on dry NaY, CaY, or NaX zeolites, or on
H-Y, H-Beta, and H-ZSM-5 zeolites.[27–29] As shown in
Figure 5, virtually identical UV/Vis DRS (DRS=diffuse re-
flectance spectroscopy) spectra can be observed when the
H-Beta zeolite is exposed to 4-vinylanisole instead of 1-(4-
methoxyphenyl)ethanol, and to indene instead of 1-indanol.
In the case of 1-indanol, the substrate disappeared during
the 24 h reaction time, and indene was formed in nearly
quantitative amounts. This contrasts with all former sub-
strates, which were not dehydrated. All of these factors indi-
cate that the condensation in the zeolite pores probably pro-
ceeds by means of cationic intermediates (Scheme 3). In the
spectrum of the zeolite reacted with 1-(4-methoxyphenyl)-
ethanol, the absorptions at 368 and 580 nm have previously
been ascribed to cationic intermediates.[28,29] Indene conden-
sation on zeolites has also been described[27] with similar
UV/Vis absorption maxima as in the present study. Thermo-
gravimetric analysis (TGA) of a H-Beta zeolite exposed to
1-(4-methoxyphenyl)ethanol showed that the sample lost ap-
proximately 20% of its weight between 300 and 500 8C. This
proves that the pore volume is indeed filled to a large
extent with rather stable organic residues.


Dynamic kinetic resolution : As it is likely that racemization
occurs through a Brçnsted acid catalyzed mechanism, it
must be performed in pure water or in a water-rich environ-
ment to avoid undesired reactions of the carbenium ion. An
excess of water effectively suppresses dehydration to sty-
renes or ether formation (Scheme 2). On the other hand, a
successful kinetic resolution requires that the enantiomeri-
cally pure product is stable, not only towards racemization,
but also towards other chemical degradation reactions. The
most common enzymatic resolution of alcohols is the lipase-


Table 4. Effect of substrate concentration on racemization.[a]


Volume of Substrate Ether eealcohol [%]
water [mL] concentration [m] after 30 min


2 0.125 + 24
5 0.05 � 45
8 0.03 � 55


[a] Reactions in water at 60 8C, 0.26 mmol (R)-1-phenylethanol, 80 mg of
H-Beta.


Scheme 2. Formation of 1-phenylethyl ether as a potential side reaction.


Table 5. Racemization of chiral commercial benzylic alcohols.[a]


Entry Substrate t [h] eealcohol [%]


1 48 >99


2 24 28


48 1


3 48 >99


4 3 <5[b]


[a] Reactions in water at 60 8C, 0.26 mmol enantiopure alcohol, 80 mg of
H-Beta. [b] Less than 10% of the amount of 1-indanol remained.
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catalyzed (trans)acylation to enantiopure esters. While these
esters are not susceptible to acid-catalyzed racemization,
they are easily hydrolyzed in a water-rich environment, as
the lipase also accelerates the reverse-hydrolytic reaction.
To physically separate racemization in the aqueous medium
from the resolution reaction in the non-aqueous medium, a
biphasic water/apolar solvent system was used.


In a biphasic reaction, the concentration of the substrate
in either phase affects the rates of racemization and esterifi-
cation. Therefore, the partitioning behavior of 1-phenyletha-
nol was quantified by comparison with the internal standard
tetradecane, which completely resides in the apolar layer.
Various parameters, such as presence of the zeolite catalyst
or the concentration of the acylating agent, were investigat-
ed (Table 6). The addition of H-Beta zeolite to the biphasic


system resulted in an increased residence of the substrate in
the aqueous layer, probably due to adsorption of the sub-
strate on the zeolite. Conversely, addition of 10 or 20 equiv-
alents, corresponding to approximately 2 or 4 mL, respec-
tively, of an apolar acid such as octanoic acid resulted in an
increased dissolution of 1-phenylethanol in the organic
layer. In all cases, the reaction products, namely, acetyl, oc-
tanoyl, and lauryl esters, were exclusively present in the or-
ganic layer due to their pronounced apolarity. Hence, an
easy product separation was possible.


The efficiency of the mass transfer of the substrate be-
tween the two layers was investigated in the following repre-
sentative experiment: a 0.37m HCl solution (50 mL) and
octane (50 mL), containing an internal standard, were intro-
duced into the reactor and brought to 60 8C. Subsequently,
1-phenylethanol (775 mg) was introduced into the upper
layer, and the amount of 1-phenylethanol in the upper layer
was monitored as a function of time under stirring at
300 rpm (Figure 6). An equilibrium concentration was
reached within one hour. An additional indication of effi-
cient mass transfer was the small difference between the ee
values of the alcohol substrate in the water and organic


Figure 5. DRS spectra of H-Beta zeolite exposed to: a) 1-(4-methoxyphe-
nyl)ethanol, b) 4-methoxystyrene, c) 1-indanol, and d) indene. H-Beta
zeolite (1 g) in water (5 mL) was stirred overnight at 60 8C in the pres-
ence of alkene or alcohol (2 mmol).


Scheme 3. Cationic intermediates resulting from condensation reactions
within the H-Beta zeolite pores.


Table 6. Distribution of 1-phenylethanol over the biphasic system.[a]


Octanoic acid Zeolite[b] Substrate in
equiv organic phase[c] [%]


– � 80
– + 58
10 � 88
20 � 94
20 + 87


[a] Reaction system at 60 8C containing 50 mL water, 50 mL octane,
775 mg 1-phenylethanol, and internal standard. [b] 155 mg of H-Beta zeo-
lite. [c] Measurement after complete equilibration (>1 h stirring at reac-
tion temperature).


Figure 6. Representative distribution of 1-phenylethanol over the bi-
phasic system as a function of time. Conditions: 775 mg 1-phenylethanol,
50 mL of 0.37m HCl solution, 50 mL octane, 60 8C.
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layers during DKR. In the water layer the ee was lower due
to the ongoing racemization, but the difference between it
and the ee of the substrate in the organic layer was less than
5% for all dynamic kinetic resolution measurements per-
formed.


Effect of the acyl donor : Apart from the choice of the organ-
ic solvent, the most important parameter in biphasic dynam-
ic kinetic resolution is the choice of the acyl donor. One
may choose either (activated) esters or carboxylic acids as
the acylating agents; in these cases, the resolution is either a
transesterification or an esterification.


In enol esters, the leaving group is an unstable alcohol
that tautomerizes to a ketone or an aldehyde. These enol
esters are commonly used as acyl donors in kinetic resolu-
tion reactions to shift the equilibrium of the esterification to
completion. The use of 1-ethoxyvinyl esters, which has re-
cently been reported, is based on a similar principle, with
ethyl acetate as a byproduct.[30] In Table 7 the different vinyl


esters that were applied in biphasic DKR are represented,
together with the maximal yield obtained when acyl donor
(two equivalents) was added at the start of the reaction (en-
tries 1–4). Clearly, in the biphasic system the enol ester was
susceptible to enzyme- or zeolite-catalyzed hydrolysis.
Apolar enol esters, such as vinyl octanoate (VO), prefer to
reside in the octane layer (approximately 85%, depending
on the reaction conditions) and are therefore less suscepti-
ble to zeolite-catalyzed hydrolysis. Consequently, yields of
the desired ester product were higher with VO than with
vinyl acetate (VA) or isopropenyl acetate (IPA).


When the amount of VO was increased to 10 or 20 equiv-
alents (together with the amount of enzyme), yields of up to
73 or 81% could be achieved within 24 and 48 h, respective-
ly (Table 7, entries 5 and 6). Increasing the VO excess from
10 to 20 equivalents seemed to have a negligible effect;
moreover, the VO was completely hydrolyzed after 2 and
3 h, respectively. As the hydrolysis of these enol esters leads
to the formation of carboxylic acids, the ongoing resolution
reaction changes from a transesterification into an esterifica-
tion. Therefore, the use of these acids as acylating agents in


DKR was also considered. Of course, the reaction is then
limited by equilibrium, but this equilibrium can be shifted to
the right by using an appropriate excess of the acid.


The use of acetic acid (AA), which was attempted first,
was not successful (Table 8, entry 1). The high concentration
of acetic acid in the water probably facilitated the aselective
acid-catalyzed esterification, and thus led to low ee values
for the ester product. Moreover, the presence of a large
amount of acetic acid (20 equivalents equals 1.45 mL) also
increased the water content of the organic layer and thus fa-
vored the ester hydrolysis, with the direct consequence of a
low overall yield. When the C2 acid, with a logP=�0.44,
was replaced with a more apolar reagent such as octanoic
acid (OA, logP=2.68), the ee was very high (�98%), indi-
cating that the acylation was nearly exclusively catalyzed by
the enzyme in the upper layer. Between 2 and 20 equiva-
lents of the carboxylic acid were added at the start of the re-
action (Table 8, entries 2–5). With acid additions of five
equivalents and more, the eventual yields were well above


50%, proving that DKR, with
coupled racemization and reso-
lution, has indeed proceeded.


When comparing the activat-
ed esters to the acids as acyl
donors, it was seen that DKR
was faster with addition of the
enol ester at a rate of
2 equivh�1 than the reactions
with octanoic acid (Table 7,
entry 7 versus Table 8). Howev-
er, when the ester was com-
pletely added at the beginning
of the reaction, no profit con-
cerning yield, reaction time, or


enantioselectivity was gained with respect to the use of the
corresponding acid. In this context, the acid is preferred be-
cause it is much cheaper. By contrast, when VO was added
in portions of 2 equivh�1, a fast and high-yielding DKR re-


Table 7. Dynamic kinetic resolution with enol esters as acylating agents.[a]


Entry Acyl donor logP[b] Acyl t Enzyme Yield eeester
equiv [h] amount [mg] [%] [%]


1 vinyl acetate (VA) 0.58 2 2.5 11 18 >99
2 isopropenyl acetate (IPA) 0.94 2 1.5 11 10 >99
3 vinyl octanoate (VO) 3.59 2 4 11 28 >99
4 vinyl laurate (VL) 5.80 2 5 11 22 >99
5 vinyl octanoate (VO) 3.59 10 24 110 74 98


48 80 98
6 vinyl octanoate (VO) 3.59 20 24 110 73 98


48 81 98
7 vinyl octanoate (VO) 3.59 16[c] 8 110 90 >99


[a] Reaction conditions: 1.27 mmol 1-phenylethanol, 50 mL water, 50 mL octane, air atmosphere, 60 8C,
413 mg H-Beta zeolite CP814E-22, NovozymI 435, acyl donor added at the beginning of the reaction. [b] Cal-
culated values using IA_LogPI predictor (available at http://www.logp.com). [c] 2 equivh�1 VO.


Table 8. Dynamic kinetic resolution reactions with carboxylic acids as
acylating agents.[a]


Entry Acid[b] Acid t Yield eeester
equiv [h] [%] [%]


1[c] AA 20 24 18 10
48 21 4


2 OA 20 5.5 69 >99
22 78 98


3 OA 10 5.5 68 >99
22 74 >99


4 OA 5 5.5 24 >99
22 54 >99


5 OA 2 22 28 >99


[a] Reaction conditions: 50 mL water, 50 mL octane, 1.27 mmol 1-phenyl-
ethanol, 413 mg H-Beta zeolite CP814E-22, 110 mg NovozymI 435, 60 8C.
[b] AA=Acetic acid, OA=octanoic acid. [c] Reaction performed under
identical conditions, but with 6.35 mmol substrate.
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action was achieved: a yield of 90% (>99% ee) could be
reached within 8 h after the addition of 16 equivalents of
VO in total (Table 7, entry 7).


Effect of the organic solvent : As explained before, it is im-
perative to use a water-immiscible solvent in biphasic DKR,
in order to perform the enzyme-catalyzed resolution in the
absence of water. The solvents toluene, octane, and tetrade-
cane were investigated, using just two equivalents of vinyl
octanoate as the acyl donor. These solvents have different
logP values, and water and the alcohol substrate are expect-
ed to dissolve to a varying extent in them. As can be seen in
Table 9, the use of toluene resulted in a poor yield. This is


probably due to the relatively high water content of saturat-
ed toluene, and results in hydrolysis of both the acyl donor
and the ester product. Switching to the more apolar octane
or tetradecane resulted in substantially higher yields. How-
ever, in tetradecane the reaction was much slower while the
yield was not significantly increased (Table 9, entry 3).


Amounts of enzyme and zeolite : For successful DKR, the
resolution rate should never exceed the racemization rate
too much, to avoid depletion of the resolved enantiomer;
this could result in an ee decrease of the ester reaction prod-
uct.[2,12] Therefore, the amounts of zeolite and enzyme must
be well adjusted while keeping the overall rate at an accept-
able level.


The impact of the amount of enzyme is shown in Table 10
(entries 1–3). As can be seen, an increase from 11 to 110 mg
resulted in a remarkable improvement of the ester yield and
ee (entries 1 and 2). Control experiments showed that the
enzyme was only responsible for a minor fraction of the acyl


donor hydrolysis, while the major part of the acyl donor was
lost through zeolite-catalyzed hydrolysis. Hence, an in-
creased amount of enzyme does not lead to substantial loss
of acyl donor, and results in a much faster overall resolution.
Increasing the amount of enzyme to 220 mg did not further
improve the yield (entry 3).


As the amount of zeolite affects the racemization rate, a
changing zeolite concentration also influences the evolution
of the substrate ee during DKR. After a few hours, the sub-
strate ee became stationary; this stationary ee value was
higher in reactions with less zeolite. The ester yield depends
on the zeolite concentration in a complex way. When IPA
was used, the zeolite evidently catalyzed the undesired hy-
drolysis of the acyl donor, and this effect was expected to
decrease the ester yield. On the other hand, when IPA was
used as the acyl donor in the presence of a large amount of
zeolite, a lot of acetic acid became available by hydrolysis of
the IPA, and this resulted in spontaneous formation of both
the (R)- and (S)-ester. This explains why the yield was more
or less constant, but the ester ee decreased when the
amount of zeolite was increased (Table 10, entries 4–7).


When VO was used as the acyl donor, aselective transes-
terification was reduced to a minimum. This allowed the use
of a larger amount of zeolite to keep the ee of the substrate
at a low level and to preserve a high product ee (Table 7,
entry 7).


Reaction temperature : As DKR comprises two different re-
actions with a different response to temperature, it is likely
that there exists an optimal temperature for the overall
DKR. According to the supplier, the lipase displays an opti-
mum activity in the range of 40–60 8C combined with a high
value for the enantiomeric ratio E. However, it is unclear
how fast the enzyme deactivation is. Literature indicates
that a reaction temperature of 60 8C should not result in
enzyme denaturation.[31] Furthermore, the temperature will
affect other phenomena, such as substrate distribution and
diffusion, and also the side reactions. Biphasic DKR reac-
tions were performed at 50, 60, and 80 8C, and the corre-
sponding yields and ee values were compared. As expected,
the racemization reaction was fastest at the highest tempera-
ture, resulting in a consistently low(er) ee value during the
whole reaction. On the other hand, the temperature depen-
dence of the yield was influenced by the resolution method.


In the case of transesterification
with VO (added at 2 equivh�1),
the highest yield was obtained
at 60 8C (Figure 7a and b). On
the other hand, with octanoic
acid as the acylating agent (ten
equivalents at t=0), the yield
was highest for T=80 8C (Fig-
ure 7c and d). In all reactions of
Figure 7, the ee of the 1-phenyl-
ethyl octanoate product was
>99%. In summary, the absence
of a clear pattern is probably


Table 9. Effect of the solvent on DKR of 1-phenylethanol.[a]


Solvent logP Reaction Ester eeester
time [h] yield [%] [%]


toluene 2.7 4.5 6 >99
octane 4.76 4 28 >99
tetradecane 7.14 24 30 >99


[a] Reaction conditions: 1.27 mmol 1-phenylethanol, 50 mL water, 50 mL
organic solvent, air atmosphere, 60 8C, 413 mg H-Beta zeolite CP814E-
22, 11 mg NovozymI 435, 2 equiv VO at t=0 h.


Table 10. Effect of the amount of enzyme and zeolite.[a]


Entry Enzyme H-Beta zeolite t Acyl donor Yield eeester eealcohol
amount [mg] amount [mg] [h] [%] [%] [%]


1 11 413 3 VO 22 96 17
2 110 413 3 VO 68 >99 43
3 220 413 3 VO 60 >99 44
4 110 413 8 IPA 69 75 22
5 110 207 8 IPA 61 78 29
6 110 104 8 IPA 69 82 41
7 110 52 8 IPA 70 89 63


[a] Reaction conditions: 1.27 mmol 1-phenylethanol, 50 mL water, 50 mL octane, air atmosphere, 60 8C, H-
Beta zeolite CP814E-22, NovozymI 435, 2 equivh�1 acyl donor.
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due to the number and complexity of the reactions and phe-
nomena involved.


Reaction upscale, product isolation, and re-use : To evaluate
the usefulness of the system for synthesis on a gram scale,
the concentration of the substrate 1-phenylethanol was in-
creased fivefold, together with the amounts of zeolite and
enzyme. VO was added as an acylating agent at a rate of
2 equivh�1. After 8 h, a maximum yield of 77% was ob-
tained (eeester=99%). In the next attempt, the substrate con-
centration was again increased by five times (0.127m,
0.775 g), but the amounts of enzyme and zeolite were kept
equal, and the acylating agent was octanoic acid. This result-
ed in a yield of 80% after 96 h (eeester=95%). This DKR
was repeated without the tetradecane internal standard, en-
abling isolation of the pure reaction product. After removal
of the zeolite-containing water layer, the organic layer was
washed three times with a 0.6m NaHCO3 aqueous solution
(50 mL) to remove the excess octanoic acid together with
the residual substrate. After drying with MgSO4 and solvent
evaporation, an isolated yield of 72% in 95% pure (R)-1-
phenylethyl octanoate was collected. This clearly shows that
the system is also useful for syntheses on a larger, gram
scale.


As the described protocol uses a heterogeneous zeolite
catalyst and an immobilized enzyme, the re-use of both cata-
lysts was attempted. After the first run, the organic layer
was removed from the reactor, and the water layer was
washed twice with pure octane to extract all residual sub-
strate. A fresh solution of the substrate (155 mg, 1.27 mmol)
in octane (50 mL) was added to the aqueous zeolite suspen-


sion, and the basket containing the original enzyme was
mounted again in the reactor. As can be observed from
Figure 8, there is no significant difference in reaction prog-
ress at any time during the reaction; both curves follow a
similar course.


Substrate scope : To evaluate the scope of the new DKR,
several benzylic alcohols were subjected to biphasic DKR,
and the results were compared to those with the standard
substrate (Table 11, entry 1). With 1-(4-methoxyphenyl)etha-
nol, the reaction was performed in toluene as the molecule
does not dissolve in octane. Under these conditions, the
yield was low and the ee was moderate, as might be expect-


Figure 7. Effect of temperature on DKR. Yield=yield of (R)-1-phenylethyl octanoate. Reaction conditions for a) and b): 1.27 mmol 1-phenylethanol,
50 mL water, 50 mL octane, air atmosphere, 413 mg H-Beta zeolite CP814E-22, 110 mg NovozymI 435, 2 equivh�1 vinyl octanoate. Temperatures in a):
50 (~), 60 (&), and 80 8C (^). Reaction conditions for c) and d): 1.27 mmol 1-phenylethanol, 50 mL water, 50 mL octane, air atmosphere, 413 mg H-Beta
zeolite CP814E-22, 110 mg NovozymI 435, 10 equiv octanoic acid. Temperatures in c): 50 (^), 60 (&), and 80 8C (~). Data in b) and d) taken after 3 h.


Figure 8. Re-use of the enzyme and zeolite suspension (after it was ex-
tracted to remove all residual substrate). Reaction conditions: 1.27 mmol
1-phenylethanol, 50 mL water, 50 mL octane, air atmosphere, 60 8C,
413 mg H-Beta zeolite CP814E-22, 110 mg NovozymI 435, 2 equivh�1


VO.
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ed, owing to the previously mentioned side reactions. After
21 h no substrate was left in the reaction (entry 2). With 1-
(4-tolyl)ethanol, an enantiopure ester was obtained in yields
comparable to those for 1-phenylethanol. The low substrate
ee during the reaction indicated a smooth racemization
(entry 3). For the same substrate in toluene, both yield and
ee were decreased, in line with earlier data (entry 4). For 1-
(3-trifluoromethylphenyl)ethanol, the product yield slowly
approached 50% after an extended reaction time (entry 5).
The substrate ee increased during the reaction. Comparison
of ester yield and substrate ee indicated that the substrate
was not being racemized. In that case, kinetic resolution is
the only reaction going on, and the yield–substrate ee rela-
tion is given by yieldKR=100eeOH/(100+eeOH).


The lack of racemization, even at 90 8C, was not due to
zeolite deactivation, as zeolite isolated from this reaction
was white and was still able to racemize (R)-1-phenyletha-
nol. A more likely cause is that during DKR, more than
98% of the substrate resides in the organic layer, making it
practically unavailable for the zeolite. Apparently, the intro-
duction of a CF3 group strongly increases the logP value of
the substrate.


With 1-(4-bromophenyl)ethanol (Table 11, entries 6 and
7), a satisfactory yield of 74% 1-(4-bromophenyl)ethyl ester
in 98% ee was achieved within 96 h. Compared to 1-phenyl-
ethanol, the reaction was slower; this could be due to a
lower resolution rate or to a slower racemization rate, as a
result of the electron-withdrawing substituent in the para
position. The latter would translate into a continuously high
substrate ee during the reaction. Since a true depletion of
the R enantiomer was not observed at any point during the
reaction, a slow resolution is probably the main reason for
the low overall reaction rate. Yields were again lower in tol-
uene than in octane.


Finally, 1-phenylpropanol was transformed into its octa-
noate by means of DKR: a yield of 79% with an enantio-
meric purity of 97% was achieved after 70 h (entry 8). In
order to get a smooth conversion, it was necessary to in-
crease the amount of enzyme to 330 mg.


Conclusions


Use of zeolites as acid catalysts for alcohol racemization
were shown to be clearly superior to other heterogeneous or
homogeneous acids in the racemization of (R)-1-phenyletha-
nol. The best zeolite, H-Beta, was selected for an in-depth
investigation of reaction conditions, kinetics, and substrate
scope. Electron-rich benzylic alcohols were not suitable sub-
strates for racemization, because of the formation of stable
cationic dimers in the zeolite pores, but industrially relevant
substrates, like (R)-3-chloro-1-phenyl-1-propanol, could be
successfully racemized.


Biphasic dynamic kinetic resolution was studied in detail
and optimized. This reaction used two cheap, robust, and re-
usable catalysts. For a series of benzylic alcohols, the enan-
tiopure esters were obtained in yields well above 50% with
excellent enantioselectivities, proving that racemization and
resolution have been successfully coupled.


Experimental Section


Materials : All compounds were used as-received: 1-phenylethanol
(Fluka, >98%), (R)-1-phenylethanol (Acros, >99% ee), 1-phenyl-1-
propanol (Fluka, 98%), (R)-3-chloro-1-phenyl-1-propanol (Fluka,
98% ee), 1-(p-tolyl)ethanol (Fluka, 97%), 4-bromo-a-methylbenzyl alco-
hol (Acros, 98%), 4-methoxy-a-methylbenzyl alcohol (Aldrich, 99%), 3-
(trifluoromethyl)-a-methylbenzyl alcohol (Acros, 96%), (S)-1-indanol
(Aldrich, 99%), 1-(2-naphthyl)ethanol (Aldrich, 98%), styrene (Janssen
Chimica, 99%), indene (Acros, 90%), p-methoxystyrene (Acros, 96%),
octanoic acid (Fluka, 99.5%), vinyl laurate (Fluka, >99%), vinyl acetate
(Acros, >99%), isopropenyl acetate (Fluka, 99%), vinyl octanoate
(ABCR, 98%), n-octane (Acros, >99%), tetradecane (Acros, >99%),
toluene (Acros, >99%), acetic acid (UCB, >96%), toluene-4-sulfonic
acid monohydrate (Sigma, 99%), hydrochloric acid (VEL, 37%), Na-
fionI NR-50 and SAC-13 (Aldrich), NovozymI 435 Candida Antarctica
Lipase B immobilized on acrylic resin (Aldrich).


Instrumentation : Yields and enantiomeric purities of substrates and reac-
tion products were determined with GC (HP 6890) on a CP-CHIRASIL-
DEX CB chiral column (25 m) with FID detection. Yields were deter-
mined using tetradecane as an internal standard. The presence of the di-


Table 11. DKR of different benzylic alcohols.[a]


Entry Substrate t eesubstrate Yield eeester
[h] [%] [%] [%]


1 22 <5 78 98


2[b] 21 –[c] 13 79


3 17.5 <5 84 >99


4[b] 41 <5 66 94


5 74 62 39 >99


6 96 39 74 98


7[b] 130 53 45 98


8[d] 70 <5 79 97


[a] Reaction conditions: 1.27 mmol racemic alcohol, 50 mL water, 50 mL
octane, air atmosphere, 60 8C, 413 mg H-Beta zeolite CP814E-22, 110 mg
NovozymI 435, 20 equiv octanoic acid. [b] Toluene was used as organic
solvent. [c] All substrate was reacted to other species (see above).
[d] Amount of enzyme increased to 330 mg.
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meric ether side product, for example, di(a-methylbenzyl) ether, was in-
vestigated by using GC (HP 5890A) on a 30 m CP-Sil-5 CB column with
FID, and a GC-MS 8000 (Fisons Instruments), equipped with a 30 m
BPX5 SGE column and an MD 800 mass-spectrometer.


UV/Vis DRS measurements were performed by using a UV/Vis light
source (Top Sensor Systems DH-2000 deuterium-halogen source) and a
photodiode array detector (Ocean Optics SD 2000), both with optical
fiber technology (Top Sensor Systems FCB-UV400-ME cable and FCG-
UV400-0.1-XHT probe). For TGA measurements, a Setaram TG-DTA
92 thermobalance was employed. The sample (approximately 25 mg) was
heated from 293 to 1073 K at 1 Kmin�1 in a flow of helium containing
20% oxygen.


Racemization reactions : Racemization activities of homogeneous or het-
erogeneous acids in water were compared by using (R)-1-phenylethanol
as a standard substrate.


Two dissolved acids, namely, HCl and pTSA, were tested in two different
concentrations (0.5m and 0.1m). (R)-1-Phenylethanol (31.7 mg,
0.26 mmol) was added to the acidic solution (5 mL) in a 10 mL glass reac-
tor and vigorously stirred (900 rpm) at 60 8C in air.


The solids tested as heterogeneous catalysts were either resins or zeolites.
All materials were commercially available samples, except the H-MCM-
22 zeolite, which was synthesized in-house following a standard synthesis
procedure.[32] For the standard racemization tests, the resin or zeolite
(80 mg) was suspended in doubly distilled water (5 mL) in a 10 mL glass
reactor, and (R)-1-phenylethanol (31.7 mg, 0.26 mmol) was added. Al-
though the substrate was only sparingly soluble in pure water at room
temperature, the solubility seemed to be sufficient under reaction condi-
tions. The reaction mixture was heated to 60 8C in air while being vigo-
rously stirred (900 rpm).


Biphasic DKR reactions : The reaction set-up consisted of a 100 mL glass
batch reactor containing water (50 mL) and a water-immiscible solvent
(50 mL) with a density <1 gcm�3. A stirring rotor was installed in the
water layer and rotated at 300 rpm. This ensured dispersion of the zeolite
in the water layer and mass transfer of the substrate between the two
layers at a sufficient rate without turbulent mixing of the two phases;
hence, the water–organic interphase remained clearly observable. A trun-
cated-conical basket, containing the immobilized enzyme, was mounted
on the rotating shaft at an appropriate height to be totally immersed in
the upper organic layer without contact with the lower water layer
(Figure 9).


Unless mentioned otherwise, typical reaction conditions were: 1-phenyl-
ethanol (155 mg, 1.27 mmol), doubly distilled water or aqueous acid
(50 mL), organic solvent (50 mL), 60 8C, H-Beta zeolite (413 mg), and
NovozymI 435 lipase (11 or 110 mg, corresponding to 138 or 1375 propyl
laurate units, respectively). Products added during the reaction, for exam-
ple, the acyl donor, were introduced into the upper layer. NovozymI 435
was chosen as it displays excellent activity and enantioselectivity in the


resolution of 1-phenylethanol,[33] and because it is commercially available
as small particles (in the range of 0.3–0.9 mm). The basket was made of
inox gauze with a pore diameter of 0.15 mm; hence, the NovozymI 435
particles were well retained inside the basket. The reactor was immersed
in an oil bath in such a way that the water layer was completely beneath
the oil surface. Resulting internal temperatures for the organic upper
layer are listed in Table 12. The slight temperature difference between
the two layers was favorable for the overall reaction, because high tem-
peratures favored the rate of racemization in the lower water layer, while
they decreased the stability of the biocatalyst in the upper layer.
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Ferromagnetic Interaction in m1,3-Cyanamido-Derived Copper(ii) Cryptates


Albert Escuer,[a] Vickie Mc Kee,[b] Jane Nelson,[c] Eliseo Ruiz,[a, d] Nfflria Sanz,[a] and
Ramon Vicente*[a]


Introduction


Pseudohalide-linked assemblies[1] represent one of the most
intensively studied groups of bridged assemblies, particularly
in respect of their magnetic properties. This is because the
rich variety of coordination linkage options they offer is mir-
rored by a matching variety of magnetic interaction path-
ways. In most cases the magnetic interaction transmitted in
the various available bridging modes is significantly affected
by the geometry around the bridge. With the symmetric
azido linker,[2,3] the consequence of this interaction ranges


from effective magnetic silence in some noncolinear 1,3-
linked dimetallic systems[4] to ferromagnetic coupling in 1,1-
and colinear 1,3-arrangements.[5,6] In cases in which the
bridging pseudohalide is unsymmetrical, the options for co-
ordination linkage and associated magnetic interaction path-
ways are further increased.[3b]


Despite the considerable attention given to polynuclear
bridging N3


� systems,[2] the isoelectronic cyanamido ana-
logue, NCN2�, or the protonated hydrogencyanamido group,
NCNH� , have attracted minimal interest. We know of only
one report of magnetic interaction mediated by a hydrogen-
cyanamido-derived link;[7a] this relates to a doubly-bridged
hydrogencyanamido dicopper(ii) assembly accidentally gen-
erated in the course of a thiourea desulfurisation reaction.
(A dinickel m-hydrogencyanamido complex of dipodand
amine ligand[7b] has been recently synthesised, but no mag-
netic results are available for this compound.) On the other
hand, the versatile dicyanamido NCNCN� linker (Scheme 1)
has been widely studied for its ability to generate one-, two-
and three-dimensional derivatives with interesting magnetic
properties.[8] This ligand can operate as terminal- (a), in m1,5-
(b), m1,3,5- (c), and m1,1’,3,5-bridging (d) modes. The m1,3-bridg-
ing mode (e), has been only observed in a polynuclear cop-
per(ii) compound with two differing Cu�N(dicyanamide) co-
ordinate bond lengths, for which one Cu�Ndicyanamide bond is
no more than hemicoordinate. In consequence, the dicyana-
mido ligand does not act as a bridge, and fails to transmit
magnetic interactions.[9] On the other hand, the existence of
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Abstract: The reaction of dinuclear
copper(ii) cryptates with calcium cyan-
amide, CaNCN, and sodium dicyana-
mide, Na[N(CN)2] results in dinuclear
compounds of formulae [Cu2(HNCN)-
(R3Bm)](ClO4)3 (1), [Cu2(dca)-
(R3Bm)](ClO4)3·4H2O (2), and
[Cu2(NCNCONH2)(R3Bm)](CF3SO3)3
(3), in which R3Bm=N[(CH2)2-
NHCH2(C6H4-m)CH2NH(CH2)2]3N and
dca=dicyanamido ligand (NCNCN�).


The X-ray diffraction analysis reveals
for both 1 and 3 a dinuclear entity in
which the copper atoms are bridged by
means of the -NCN- unit. The molar
magnetic susceptibility measurements


of 1–3 in the 2–300 K range indicate
ferromagnetic coupling. The calculated
J values, by using theoretical methods
based on density functional theory
(DFT) are in excellent agreement with
the experimental data. Catalytic hydra-
tion of a nitrile to an amide functional
group is assumed responsible for the
formation of 3 from a m1,3-dicyanamido
ligand.


Keywords: copper · density
functional calculations · magnetic
properties · N ligands · structure
elucidation
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phenylcyanamide derivatives[10] and their capacity for bridg-
ing[11] has been known for some time, but the first magnetic
measurements on these systems have been only recently re-
ported for a series of polynuclear manganese(ii) com-
plexes.[12] These in general show antiferromagnetic coupling
somewhat weaker than in the azido analogues.
Given the scarcity of magnetic studies of 1,3-linked cyana-


mido-derived systems and the possible importance of the
1,3-pathway in the dicyanamido systems, we undertook the
synthesis of dinuclear �NCN-linked derivatives by using a
strategy well-established for azido[6] and other triatomic[13]


bridging units. This involves the use of aminocryptand li-
gands to supply a pair of appropriately (5–6 N) separated
N4-cap coordination sites to attract and retain transition-
metal ions, which then (fully or partially) complete their co-
ordination sphere by insertion of an axially disposed bridg-
ing ligand.[14] Within the range of cryptate hosts studied,
single mono-, bi- and triatomic bridges can be accommodat-
ed; the m-xylyl linked cryptand R3Bm has been shown to
offer the best fit for triatomic bridges.


Results and Discussion


Synthesis of complexes :


[Cu2(HNCN)(R3Bm)](ClO4)3 (1): The affinity of Cu
II for


additional ligation is shown in the ready acquisition of
bridging hydrogencyanamido, HNCN� , ligands in a hetero-
genous reaction between calcium cyanamide and a solution
of the dicopper(ii) cryptate [Cu2(R3Bm)]


4+ .
IR spectroscopy shows a single, moderately strong, asym-


metric-stretching absorption nas around 2200 cm
�1 for the


hydrogencyanamido ligand, shifted somewhat to low fre-
quency relative to its uncoordinated protonated parent[15]


and considerably to high frequency of the absorption in the
bent doubly bridged geometry:[7] a pattern familiar from the
spectroscopic behaviour of the azido series.[16] As in the case
of azido cryptates, the symmetric stretch falls in the region
of cryptand fingerprint absorption and cannot be reliably as-
signed. Crystals of 1·MeCN·MeOH suitable for X-ray dif-
fraction were obtained by vapor diffusion of MeOH into a
solution of the perchlorate salt of the copper(ii) cryptate cy-
anamide complex in MeCN.


[Cu2(dca)(R3Bm)](ClO4)3·4H2O (2): Having synthesised the
dimeric, bridging hydrogencyanamido derivative, we studied
the dicyanamido link. A similar synthetic procedure was
used, substituting Ca(NCN) for Na[N(CN)2].
From the analytical and IR data we assign the formula


[Cu2(dca)(R3Bm)](ClO4)3·4H2O (dca=dicyanamido) to
product 2. From consideration of the steric requirements, we
assume that the dicyanamido ligand acts as a bridging ligand
between the two copper(ii) atoms in the 1,3-mode.


[Cu2(NCNCONH2)(R3Bm)](CF3SO3)3 (3): Complex 2 could
not be satisfactorily recrystallised on account of the low sol-
ubility of the perchlorate salt, so the synthetic procedure
was repeated with the more soluble triflate cryptate salt.
Slow crystallisation in this case produced blue-green crys-


tals of 3·0.5EtOH·0.5H2O with a simple nas absorption at
2228 cm�1 and a new moderately intense band at 1663 cm�1


in the carbonyl stretching region, together with enhanced in-
tensity and complexity in the NH stretching region. X-ray
crystallographic examination of this product readily explains
the origin of the spectroscopic modifications. The dicyana-
mide link NCNCN� has been changed to the corresponding
amido NCNCONH2


� , presumably through catalytic hydroly-
sis of the uncoordinated �CN link following attack by H2O,
activated by coordination to the Lewis acidic CuII ion. Con-
sequently the IR spectrum demonstrates the presence of
new CO and NH2 absorptions, as well as simplification of
the 2300–2100 cm�1 cyanamido region deriving from substi-
tution of a single coupled NCN oscillator for the more com-
plex NCNCN system.
It is apparent that long-term residence in solution has re-


sulted in alteration of the dicyanamide entity. As this reac-
tion has not been mentioned by other researchers in the di-
cyanamide field,[8] we suspect it may be explained by the co-
ordination of the dicyanamide ligand in a “cascade” fashion
to the pair of cations encapsulated by the azacrytand: the
secondary coordination of anionic or other bridges between
the cations themselves coordinated by a cryptand host mole-
cule was termed cascade coordination[17] quite some time
ago, in the implicit expectation that the bridging groups
might be activated toward further chemical reaction.[13,14,17]


Catalytic hydration of nitriles is not unknown; indeed the
dinickel salt of the pseudocryptand dipodand host men-
tioned above has been recognised as a potent catalyst in the
cooperative hydration of nitriles.[7b] The activation of the b-
carbon atom of the dicyanamido ligand by coordination to
CuII against the reaction with methanol has also been re-
ported.[18] A recent communication,[19] the results of which,
however, we have been unable to replicate,[20] reports quan-
titative conversion of MeCN to CN� within the analogous p-
xylene spaced dicopper cryptate.


Description of structures :


[Cu2(HNCN)(R3Bm)](ClO4)3·MeCN·MeOH (1·MeCN·-
MeOH): A view of the cation is presented in Figure 1 and
selected bond lengths and angles are listed in Table 1. The


Scheme 1.
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structure of the cation confirms the -NCN- bridge with dif-
ferent Cu-N-C angles (Cu1-N21-C22 and C22-N23-Cu2
136.3(3) and 160.5(4)8, respectively). Both CuII ions are five-
coordinate, one in approximately square-pyramidal geome-
try[21] (trigonality index, t=0.28 for Cu1) and the other cen-
tering a near-regular trigonal bipyramid (t=0.92). The


bridging link is well localised, with one short (C22�N23,
1.161(6) N) and one long (N21�C22, 1.290(6) N) bond. The
N23 atom involved in the shorter bond coordinates the CuII


ion in the trigonal-bipyramidal environment and that in-
volved in the longer one, N21, the CuII ion in the irregular
square-pyramidal environment. The proton of the cyanami-
do bridge makes a weak N�H···O(ClO3) hydrogen bond
(N21···O14#3=3.003(5) N). The overall distance between
the paramagnetic centres (6.024 N) compares well with that
in the azido analogue (6.027 N),[14] as do the relatively short
Cu�N distances (Cu1�N21, 1.968(4) and Cu2�N23,
1.925(4) N). The overall conformation of the cryptate, a par-
allel disposition of two of the xylyl rings with the third lying
mutually perpendicular, is also similar to that found in the
azido systems. There are some longish (3.5–3.7 N) intermo-
lecular p–p contacts, as found in the analogous azido-bridg-
ed cryptates. In comparison with the relatively unconstrain-
ed dinickel m-hydrogencyanamido complex mentioned ear-
lier,[7b] which has N�C bond lengths of 1.176 and 1.286 N,
together with an N�H···O(ClO3) hydrogen bond of 3.035 N,
the cyanamido bridge in 1 is less delocalised toward the
pseudoallylic resonance form. All of the cryptand amine
protons are involved in weak hydrogen-bonding interactions
with anions or solvate molecules.


[Cu2(NCNCONH2)(R3Bm)](CF3SO3)3·0.5EtOH·0.5H2O
(3·0.5EtOH·0.5H2O): A view of the cation is presented in
Figure 2 and selected bond lengths and angles are listed in


Table 2. The structure of the cation demonstrates the conse-
quences of bridge asymmetry, in that one atom (Cu1) is
near five-coordinate square-pyramidal (t=0.15), while the
other approaches six-coordinate geometry, following hemi-
coordination of the amidic O1 atom at 2.714(5) N. As
before the shortest Cu�N distances are those involving the
1,3-cyanamido bridge (Cu1�N4, 1.947(7); Cu2�N5,
2.040(6) N), which again shows localised bonding: one short


Figure 1. Labelled plot of the cationic unit [Cu2(HNCN)(R3Bm)]
3+ in 1.


Table 1. Selected bond lengths [N] and angles [8] for 1·MeCN·MeOH.[a]


Cu1�N21 1.968(4) Cu2�N23 1.925(4)
Cu1�N1 2.072(4) Cu2�N2 2.047(4)
Cu1�N3A 2.105(4) Cu2�N4A 2.125(4)
Cu1�N3C 2.111(4) Cu2�N4C 2.144(4)
Cu1�N3B 2.255(4) Cu2�N4B 2.157(4)
N21�C22 1.290(6) C22�N23 1.161(6)


N21-Cu1-N1 163.73(15) N23-Cu2-N2 176.64(16)
N21-Cu1-N3A 91.56(15) N23-Cu2-N4A 93.77(15)
N1-Cu1-N3A 83.48(16) N2-Cu2-N4A 84.97(15)
N21-Cu1-N3C 93.90(15) N23-Cu2-N4C 94.29(16)
N1-Cu1-N3C 82.18(15) N2-Cu2-N4C 83.74(16)
N3A-Cu1-N3C 146.70(15) N4A-Cu2-N4C 121.22(15)
N21-Cu1-N3B 113.33(15) N23-Cu2-N4B 98.76(16)
N1-Cu1-N3B 82.91(15) N2-Cu2-N4B 84.54(15)
N3A-Cu1-N3B 102.92(14) N4A-Cu2-N4B 120.72(15)
N3C-Cu1-N3B 104.90(14) N4C-Cu2-N4B 115.25(15)
C22-N21-Cu1 136.3(3) C22-N23-Cu2 160.5(4)
N23-C22-N21 179.3(5)


Hydrogen bonds
D�H···A d(D�H) d(H···A) d(D···A) a(DHA)


N3A�H3A···O13 0.90 2.38 3.129(6) 140.9
N3A�H3A···O14 0.90 2.41 3.168(5) 142.1
N3B�H3B···O21 0.90 2.39 3.146(6) 140.8
N3C�H3C···N31 0.90 2.43 3.228(7) 148.1
N4A�H4A···O11#1 0.90 2.32 3.156(6)155.3
N4A�H4A···O61#2 0.90 2.59 3.150(11) 120.6
N4B�H4B···O22#3 0.90 2.59 3.209(6) 126.6
N4C�H4C···O12#1 0.90 2.38 3.263(7) 166.3
N21�H21···O14 0.97 2.30 3.003(5) 128.9


[a]Symmetry transformations used to generate equivalent atoms: #1:
�x+1, �y+1, �z ; #2: �x+3/2, y+1/2, �z+1/2; #3: �x+3/2, y�1/2,
�z+1/2.


Figure 2. Labelled plot of the cationic unit [Cu2(NCNCONH2)(R3Bm)]
3+


in 3.


K 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 398 – 405400


R. Vicente et al.



www.chemeurj.org





N4�C1, 1.156(8) N(approximately triple) and one long C1�
N5 1.323(9) N (approximately single) bond within the 1,3-
bridging entity. The irregular six-coordinate site involves the
effectively singly-bonded C�N donor, which makes the
smaller (�1208) C-N-Cu bridge angle. The cyanamide link
is thus less colinear (Cu1-N4-C1 and C1-N5-Cu2 angles of
161.4(5)8 and 117.4(6)8, respectively) with respect to the
pair of CuII paramagnets than the HNCN� bridge. The sepa-
ration of the paramagnetic CuII ions is 6.133(2) N. As usual
in this cryptand system, there are intermolecular p–p con-
tacts of the order (3.46 to 3.78 N) of van der Waals distance.


Magnetic susceptibility and EPR measurements : The mag-
netic susceptibility of the hydrogencyanamido-bridged crypt-
ate 1 was studied at a field of 1 T over the temperature
range 2–250 K. The cMT versus T plot (Figure 3) shows the
cMT values to increase with decreasing temperature to a
maximum value of 1.029 cm3Kmol�1 at 7 K and subsequent-
ly to decrease to a value of 0.997 cm3Kmol�1 at 2 K. The ex-
perimental values can be fitted to a modified Bleaney–
Bowers expression[22] for the magnetic susceptibility of iso-
tropically coupled S= 1=2 dinuclear compounds, derived from
the Hamiltonian H=�J·S1·S2 : c= [2Ng


2b2/k(T�q)][exp(�J/


kT)]. The Weiss q parameter was introduced in the formula
to take into account possible antiferromagnetic interactions
between dinuclear molecules together with zero-field split-
ting in the S=1 ground state. The results of the best fit,
shown as the solid line in Figure 3 were J=19.9(3) cm�1, g=
2.03(1), q=�0.07(1) K, showing a moderate ferromagnetic
coupling. This coupling is of the same sense although larger
size than that found in the colinear azido analogue (J=
7.5 cm�1).[23,24] The moderately strong antiferromagnetic in-
teraction in the bis(1,3-m-HNCN)dicopper(ii) complex re-
ported earlier[7a] (bridge angles Cu-N-C�121–1268 and 144–
1478), implied by the 298 K moments of 1.35 mB (298 K) and
0.66 mB (98 K), respectively, is comparable with the level of
antiferromagnetic interaction mediated by similarly bent
azido bridges.[3]


Another similarity with the azido analogues is demon-
strated by the ESR spectrum of 1, which confirms the exis-
tence of a triplet ground state in the range 4–298 K for the
polycrystalline solid. Although the signals are broad
(Figure 4), the spectrum possesses many of the features seen
in azido analogues,[14–16] including a pair of broad g? and gk
features, separated by zero-field splittings complicated by


Table 2. Selected bond lengths [N] and angles [8] for 3·0.5EtOH·0.5 -
H2O.


[a]


Cu1�N4 1.947(7) Cu2�N2 2.082(6)
Cu1�N1 2.033(6) Cu2�N4C 2.094(5)
Cu1�N3C 2.087(5) Cu2�N4A 2.282(5)
Cu1�N3B 2.124(6) Cu1�N3A 2.148(6)
C1�N5 1.323(9) N4�C1 1.156(8)
C2�O1 1.209(8) N5�C2 1.415(9)
Cu2�N5 2.040(6) C2�N3 1.333(9)
Cu2�N4B 2.077(5)


N4-Cu1-N1 174.6(2) N5-Cu2-N4B 90.2(2)
N4-Cu1-N3C 93.4(2) N5-Cu2-N2 159.1(2)
N1-Cu1-N3C 84.9(2) N4B-Cu2-N2 83.9(2)
N4-Cu1-N3B 92.2(2) N5-Cu2-N4C 93.2(2)
N1-Cu1-N3B 84.8(2) N4B-Cu2-N4C 150.3(2)
N3C-Cu1-N3B 127.3(2) N2-Cu2-N4C 82.5(2)
N4-Cu1-N3A 102.6(2) N5-Cu2-N4A 119.2(2)
N1-Cu1-N3A 82.6(2) N4B-Cu2-N4A 100.6(2)
N3C-Cu1-N3A 124.4(3) N2-Cu2-N4A 81.7(2)
N3B-Cu1-N3A 105.2(3) N4C-Cu2-N4A 103.4(2)
C1-N4-Cu1 161.4(5) C2-N5-Cu2 107.5(5)
N4-C1-N5 178.7(7) O1-C2-N3 124.2(7)
C1-N5-C2 117.4(6) O1-C2-N5 116.7(6)
C1-N5-Cu2 135.1(5) N3-C2-N5 118.9(7)


Hydrogen bonds
D�H···A d(D�H) d(H···A) d(D···A) a(DHA)


N3A�H3A···O13#1 0.93 2.49 3.404(13) 165.8
N4A�H4A···O31#1 0.93 2.31 3.159(8) 152.1
N3B�H3B···O21 0.93 2.19 3.000(8) 144.6
N4B�H4B···O1 0.93 2.29 2.914(7) 123.6
N3C�H3C···O11#2 0.93 2.29 2.966(8) 129.1
N4C�H4C···O12 0.93 2.20 3.043(9) 151.1
O41�H41···O23 0.84 2.22 2.85(2) 132.7
N3�H3F···O21 0.91 2.45 3.045(9) 123.0
N3�H3D···O22 0.91 2.69 3.147(9) 111.7


[a] Symmetry transformations used to generate equivalent atoms: #1:
�x+1/2, y�1/2, �z+1/2; #2: �x+1/2, �y+3/2, �z.


Figure 3. Plot of cMT versus T for compound 1. The full line represents
the best theoretical fit.


Figure 4. 298 K polycrystalline ESR spectrum of compound 1.
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overlapping of the low-field Dk component feature with the
half-band DM=2 transition.
The magnetic susceptibility of the cryptates 2 and 3 was


studied at a field of 1 T over the temperature range 2–
300 K. The cMT versus T plot (Figure 5) indicates that the
cMT values increase with decreasing temperature to maxima
of 0.931 cm3Kmol�1 at 9 K for 2 and 0.972 cm3Kmol�1 at
5.5 K for 3. The lowest values obtained are 0.772 and
0.914 cm3Kmol�1 at 2 K for 2 and 3, respectively. The exper-
imental values can be fitted as in the case of 1 to the modi-
fied Bleaney–Bowers expression. The results of the best fit,
shown as the solid lines in Figure 5, were J=9.9(1) cm�1, g=
2.08(1), q=�0.79(1) and J=7.5(1) cm�1, g=2.12(1), q=


�0.57(1) K for 2 and 3, respectively, indicating moderate fer-
romagnetic couplings.


The X-band ESR spectrum of 3 (Figure 6) exhibits sharp-
er signals than that of compound 1 and provides confirma-
tion of a triplet ground-state configuration,[24] resembling
that of the analogous azides.[25,26] The most intense transi-


tion, presumably attributable to the forbidden half-band
DM=2 transition, appears around 1055 G, while pairs of
peaks deriving from a zero-field splitting D of 800 G (as is
shown in the simulation of Figure 6).


Electronic structure calculations : To understand the origin
of the ferromagnetic coupling and the relative strength of
the interaction, we have performed calculations using the
B3LYP functional (see computation details in the Experi-
mental Section). The calculated J constants for complexes 1
and 3 are +18.7 and +12.9 cm�1, respectively, in excellent
agreement with the values of +19.9 and +7.5 cm�1 found
experimentally. The spin density maps corresponding to the
triplet states of such complexes are represented in Figure 7.


The analysis of the spin density distribution shows the
predominance for both complexes of a delocalisation mech-
anism in the nitrogen atoms coordinated to the copper
atoms.[27] It is worth noting the different shape of the spin
density distribution due to the trigonal-bipyramid coordina-
tion of one of the copper atoms, whilst an axially elongated
planar pyramid is adopted for the other copper atom. Small
negative values of the spin density are found in the carbon
atom of the bridging ligand, indicating a polarisation mecha-
nism. In such cases, the odd number of atoms in the bridging


Figure 5. Plot of cMT versus T for compounds 2 & and 3 *. The full lines
represent the best theoretical fits.


Figure 6. 4 K polycrystalline ESR spectrum of compound 3. Dotted line
shows the simulated triplet spectrum.


Figure 7. Representation of the spin density map calculated a B3LYP
level for the complexes for complexes 1 (above) and 3 (below) (clear and
dark regions indicate positive and negative spin populations, respective-
ly).
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ligands favours the presence of a ferromagnetic interaction
between the paramagnetic centres.
To explain the stronger ferromagnetic coupling of the hy-


drogencyanamido complex 1, we have analysed the energies
of the SOMOs corresponding to the triplet states of the two
studied complexes (see Figure 8).[28] The energy gap is rela-


tively small in both cases, in agreement with the ferromag-
netic behaviour, being 0.08 eV for the hydrogencyanamido
complex 1 and 0.30 eV for 3. Hence a stronger ferromagnet-
ic coupling would be expected for the complex 1, as found
experimentally. The origin of such difference cannot be at-
tributed to the different nature of substituents of the cyana-
mido-bridging ligand, because the contribution of such sub-
stituents is almost negligible, as can be observed in Figure 8.
The main structural differences between these two com-
plexes are the larger bond lengths in the complex 3, proba-
bly due to the steric effects of the amido substituent. For in-
stance, the Cu�N bond length closer to the lower bond
order C�N bond is 2.044 N for the complex 3 and 1.968 N
for 1. To check the influence of such structural parameters,
we repeated the calculation of the exchange coupling con-
stant for the complex 1, modifying the structure to have the
same Cu�N bond lengths in the bridging ligand as in com-
plex 3, obtaining a value of +13.8 cm�1. This value is rela-
tively close to the result obtained for the complex 3
(+12.9 cm�1), indicating that such structural changes in the
geometry of the bridging ligand may be considered responsi-
ble for the stronger ferromagnetic coupling in complex 1.


Conclusion


In the present work, we have used dicopper cryptates as
hosts for hydrogencyanamido ions and related species to
generate 1,3-NCN-bridged cascade complexes. Starting from
CaNCN and Na(NCNCN) we have prepared three new
compounds, namely [Cu2(HNCN)(R3Bm)](ClO4)3 (1),
[Cu2(dca)(R3Bm)](ClO4)3·4H2O (2), and [Cu2(NCN-


CONH2)(R3Bm)](CF3SO3)3 (3) (R3Bm=N[(CH2)2NHCH2-
(C6H4-m)CH2NH(CH2)2]3N; dca=dicyanamido ligand
(NCNCN�)). For complexes 1 and 3, X-ray diffraction anal-
yses confirm the existence of a 1,3-cyanamido bridge. In
compound 3 hydrolysis of the nitrile to amide, explained as
cascade reactivity, is observed. All three compounds exhibit
ferromagnetic coupling. The observation in three different
complexes, which incorporate the 1,3-cyanamido bridge, of
sizeable ferromagnetic interaction between the CuII para-
magnets is striking and suggests a major role for this 1,3-
pathway in explaining the ferromagnetically ordered behav-
iour seen in many dicyanamido bridged complexes. Theoret-
ical calculations demonstrate the importance of geometry,
especially CuII�N distances, and in particular the significant
influence of the more singly bonded N�Cu contact on the
size of the interaction mediated. This suggests that careful
tuning of this distance by means of host-molecule design
may enable observation of larger ferromagnetic couplings
between pairs of CuII ions or other paramagnets.


Experimental Section


The ligand R3Bm was made as previously described.[29]


Caution : Perchlorate salts of transition-metal complexes are hazardous
and may explode. Only small quantities should be prepared and great care
should be taken.


[Cu2(HNCN)(R3Bm)](ClO4)3 (1): We added Cu(ClO4)2·6H2O (74.1 mg,
0.2 mmol) dissolved in a mixture of MeCN (5 mL) and EtOH (3 mL) to
a solution of the cryptand (61.2 mg, 0.1 mmol) in MeOH (3 mL). An
excess of CaNCN (12.0 mg, 0.15 mmol) was added to this solution, and
the mixture was stirred at room temperature for 3 h, during which time a
green precipitate appeared. This green solid was recrystallised by using
vapor diffusion of MeOH into a solution of the solid in acetonitrile. The
crystals obtained in 62.9% yield were suitable for X-ray crystallography.
Elemental analysis calcd (%): C 41.7, H 5.2, N 13.1; found: 41.3, H 5.3, N
12.9; FAB-MS clusters (run on the more soluble triflate salt) m/z (%):
659 [Cu(R3BM)]+ (45), 873 [Cu2(R3BM)(CF3SO3)]


+ (100), 1065
[Cu2(R3Bm)NCNH(CF3SO3)2]


+ (85); Selected IR data (perchlorate salt):
ñ=3264 (ms; NH), 3231 (ms; NH), 3224 (ms; NH), 2219 (ms; HNCN�),
1089 (vs; counterion), 625 cm�1 (ms; counterion).


[Cu2(dca)(R3Bm)](ClO4)3·4H2O (2): R3Bm (61.2 mg, 0.1 mmol) was dis-
solved in MeOH (3 mL); then Cu(ClO4)2·6H2O (75.0 mg, 0.2 mmol) in a
mixture of MeCN (2 mL) and EtOH (3 mL) was added. Finally we
added solid Na[N(CN)2] (10.3 mg, 0.10 mmol), which rapidly dissolved.
After a few minutes stirring we observed the formation of a bright blue
precipitate in 82.1% yield. This product was too insoluble for recrystalli-
sation or for FAB-MS.Elemental analysis calcd (%): C 39.3, H 5.4, N
13.3; found: C 39.0, H 5.3, N 13.1; Selected IR data: ñ=3319 (w; NH),
3307 (mw; NH), 3294 (w; NH), 3252 (w; NH) 2214 (mw; NCNCN�), 2193
(ms; NCNCN�), 2140 (w; NCNCN�), 1095 (vs; counterion), 624 cm�1


(ms; counterion).


[Cu2(NCNCONH2)(R3Bm)](CF3SO3)3 (3): We added Cu(CF3SO3)2
(73.8 mg, 0.2 mmol) dissolved in a mixture of CH3CN (5 mL) and EtOH
(2 mL) to a solution of R3Bm (61.7 mg, 0.1 mmol) in MeOH (3 mL); this
was followed by the addition of Na[N(CN)2] (13.1 mg, 0.15 mmol) as a
solid. After several minutes stirring, the solution was filtered and allowed
to evaporate slowly to dryness. The resulting solid was treated with
MeCN/EtOH (5 mL:1 mL) and filtered. The blue solution was allowed to
evaporate slowly and a blue crystalline solid suitable for X-ray crystallog-
raphy was obtained in 5.2% yield. Elemental analysis calcd (%): C 39.2,
H 4.5, N 12.3; found: C 38.5, H 4.5, N 12.1; Selected IR data: ñ=3248


Figure 8. Representation of the SOMOs corresponding to the triplet stat-
ers calculated a B3LYP level for the complexes 1 (left) and 3 (right).
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(ms; NH2), 2228 (ms; NCN), 1663 (ms; CO); 1253 (counterion), 1164
(counterion), 1031 cm�1 (counterion).


Physical measurements : IR spectra were measured on Nicolet 520 FTIR
spectrophotometers as KBr pellets. Magnetic susceptibilities were mea-
sured on polycrystalline powders at the Servei de Magnetoqu:mica of the
Universitat de Barcelona with a Quantum Design SQUID MPMS-XL
susceptometer working in the range 2–300 K under magnetic fields of ap-
proximately 1 T. Diamagnetic corrections were estimated from Pascal
constants. EPR spectra were recorded with a Bruker ES200 spectrometer
at X-band frequency.


X-ray crystallography : Details of data collection and refinement are
given in Table 3. Data were collected on a Bruker SMART 1000 diffrac-
tometer, the structures were solved by direct methods and refined by


full-matrix least-squares on F2 using all the data. All programs used in
structure solution and refinement are included in the SHELXTL pack-
age.[30] All non-hydrogen atoms were refined with anisotropic atomic dis-
placement parameters and hydrogen atoms were included at calculated
positions using a riding model except for those described below:


[Cu2(R3BM)(HNCN)](ClO4)3·MeCN·MeOH : The asymmetric unit con-
tained one molecule of acetonitrile and two half-occupancy methanol sol-
vate molecules; the amine protons were located from difference maps.
There was some residual electron density around one of the methanol
solvate molecules, but this was not modelled.


[Cu2(R3Bm)(NCNCONH2)](CF3SO3)3·0.5EtOH·0.5H2O : Hydrogen
atoms bound to the primary amine in the bridging group were inserted as
2/3 occupancy of the three sp3 positions, while those bound to partial oc-
cupancy oxygen atoms were not located or included in the refinement.
There were a few significant peaks in the difference map suggestive of
some disorder of the tren-derived caps, possibly connected with the ob-
servation that one of the cryptand strands had a different conformation
to the others. No attempt was made to model this very minor disorder.


CCDC 241786 and 241787 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax:(+44)1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk).


Computational details : The hybrid density functional B3LYP[31–33] with
the broken-symmetry approach provided good numerical estimates of the
exchange coupling constant J (introduced by the phenomenological Hei-
senberg Hamiltonian H=�J·S1·S2)


[34,35] by using the GAUSSIAN pack-
age and an all-electron basis set.[36] The use of the nonprojected energy


of the broken symmetry solution as the energy of the low-spin state
within the DFT framework provided good results, because it avoided the
cancellation of the nondynamic correlation effects as stated recently by
works of Kraka and the Cremer group.[37, 38] The details of the methodolo-
gy employed were discussed in detail in a previous report.[39,40] We em-
ployed a triple-z all-electron basis set that included two p polarisation
functions for the copper atoms[41] and a double-z all-electron for the
other elements[42] proposed by Ahlrichs et al.
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