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Inorganic Electrides


Zhenyu Li, Jinlong Yang,* J. G. Hou, and Qingshi Zhu[a]


Introduction


How simple can an anion be? The appearance of elec-
trides[1,2] shows that it can merely a stoichiometrically trap-
ped or itinerant electron. In electrides, the electron density
is spread over a cavity or channel rather than being confined
to a particular atom or molecule. Analogues of these anionic
electrons are solvated electrons in ammonia or electrons
trapped at anion vacancies in alkali halide salts (F centers).
The mechanism of electron trapping in electrides is suggest-
ed so as to minimize the kinetic energy by spreading the
electron density throughout a large empty space despite the


possible existence of a maximum in the potential energy in
that region.[3] With such a unique structure, electrides pro-
vide a rich area for theoretical investigations and promise
broad applications in chemical synthesis, catalysis, nano-
devices, and functional materials.


Traditionally, the counterpart cations of electrides are
alkali metals sequestered within organic molecular cages or
sandwiched between two organic ligands. Because the trap-
ped electrons are powerful reducing agents, they tend to de-
stroy the organic ligands. Therfore, the organic electrides
must be kept at temperatures below �40 8C, which hampers
the research and their potential application. Many efforts
have been devoted to the search for thermally stable elec-
trides.


Alkali metal loaded porous zeolites have been extensively
studied.[4±6] The alkali metals are found dissolved and ion-
ized in the zeolite host, which make this kind of systems a
good candidate for an inorganic electride.[4] Recently room-
temperature stable inorganic electrides with cation-to-elec-
tron ratios of 1:1, as found in organic electrides, have been
synthesized by intercalating alkali metals to all-silica zeo-
lites.[7,8] The aim of this article is to introduce the interesting
concept of inorganic electrides based on alkali metal loaded
zeolites.


Synthesis and Structure


In 1960s, Kasai and co-workers have found that electrons
could be trapped in aluminosilicate zeolites by either ioniz-
ing radiation or exposure to sodium vapor.[9] To obtain stoi-
chiometic inorganic electride, Dye et al. chose pure silica
zeolites ITQ-4, ITQ-7, and b, which are free of pre-existing
cations, to add alkali metals.[7,8] They have tested various
alkali metals and zeolites, but we will only concern the typi-
cal cesium-loaded zeoite ITQ-4 example here. ITQ-4 has a
unit cell with formula Si32O64 and has sinusoidal open chan-
nels with diameters of about 6.4 ä.[10] ITQ-4 with low defect
concentrations was calcined by using fluoride as mineralizer.
Then the dehydrated zeolite and a weighed amount of
cesium are sealed under vacuum in a borosilicate flask, and
the whole system is heated with frequent mechanical agita-
tion or occasional brief exposure to an ultrasonic bath to ac-
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Abstract: Inorganic electrides are a novel kind of ionic
compounds in which the anions are electrons confined
in a complex array of cavities or channels and the cat-
ions are nanoscale arrays of alkali metal ions that pro-
vide charge balance. In electrides the donated electron
behaves like a low-density correlated electron gas,
whereby the dimensionality of the electron gas and its
electronic and magnetic properties are determined by
the topology of the cavities in the host matrix. Unlike
traditional electrides, in which alkali cations are encap-
sulated within an organic cage, inorganic electrides are
thermally stable. The current inorganic electrides based
on alkali metal loaded zeolites can be designed as
useful reduced-dimensionality materials. Inorganic elec-
trides are powerful reducing agents, and they are able
to reduce small aromatic molecules to the radical
anions within the channels of the zeolite.


Keywords: alkali metals ¥ electrides ¥ reduction ¥
zeolites
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celerate the adsorption of cesium vapor. The surface of the
powdered zeolite sample turned blue within a few hours;
this is an indication of the generation of an electride. The
reaction was completed overnight. After complete absorp-
tion of the cesium, the samples have overall uniform Cs con-
centrations between and within crystals, as indicated by
energy dispersive spectroscopy. The overall amount of ab-
sorbed metal per unit cell of the zeolites was determined by
collection of hydrogen gas produced by reduction of water,
and by titration of the CsOH formed.


Based on the well-prepared sample, the pair distribution
function (PDF) technique was used by Petkov et al. to de-
termine the ionzation and atomic ordering of the cesium in-
tercalated inside the pseudo-1D nansize pores of the zeolite
ITQ-4.[11] In powder XRD, the added cesium atoms smear
out the peaks into a diffuse pattern and no new Bragg peaks
due to Cs appear; therefore, the location of the cesium spe-
cies could not be directly determined. PDF analysis is a way
to extract disorder information from an XRD pattern and
can be applied to materials that exhibit any degree of struc-
tural coherence, ranging from perfect crystals to nanocrys-
talline particles and liquids. From the overall PDF patterns
for 3.6 and 4.6 Cs per unit cell in ITQ-4, they found that the
local Si�O structure is not significantly disturbed by the in-
corporation of Cs, but that the long-range order is disrupted.
The Cs differential PDFs, which have the advantage of
being chemically specific and reflect only the atomic correla-
tions between Cs atomic or ionic species and their immedi-
ate environment, were best fit by a model of zigzag Cs+


chains within the 1D sinusoidal channels of ITQ-4. Hence,
the structural model established by PDF analysis is that the
Cs+ ions form continuous zigzag chains along the narrow
pore channels as shown in Figure 1; this makes them distinct
from the previously studied ionized large clusters of cesium
in zeolite-X[5] and the body-centered cubic array of Na4


+3


ions in sodalite.[6]


This PDF structure model has been validated by our first-
principles calculations.[12] We relaxed the geometry from the
optimized zeolite unit cell (Cs4Si32O64) together with ran-
domly located cesium atoms in the zeolite channels. After
the geometry relaxation, we found the zeolite framework
was little affected and the doped cesium atoms formed
zigzag cesium chains within the channels. The optimized po-
sitions of cesium atoms agree well with the PDF-fitting re-


sults, except for some deviations in the coordinates along
the channel direction. We obtain variable Cs�Cs distances
(5.42 and 5.65 ä alternately), which match the channel
shape better than the PDF-fitting results and is consistent
with the spin-paring model proposed on the which basis of
magnetic susceptibilities and EPR spectra.[7] In the opti-
mized geometry, each cesium atom is bound by several Si�
O�Si units.


Evidence for Ionization of Cs and Delocalization
of Electrons


In organic electrides, the strongest experimental argument
in favor of electron trapping comes from their structural
similarity to alkalides, which are crystalline compounds with
the same type of complexed cations and with alkali-metal
anions occupy the anionic sites.[13] Here, structure analysis
also gives a strong clue for the electride model of Cs loaded
ITQ-4. By comparing their results of Cs differential PDF
with models of ITQ-4 containing either neutral or charged
cesium atoms, Petkov et al. found that only positively charg-
ed cesium fits the data.[11]


The optical spectra of thin organic electride films always
show a distinct absorption peak in the near-IR region which
is similar to that of solvated electrons in ammonia and is a
characteristic of electron localization. Diffuse optical reflec-
tance spectra were collected by the Dye group for the alkali
metal loaded zeolite samples and converted to apparent ab-
sorbance with the Kubelka±Munk function.[7,8] The charac-
teristic near-IR peak at 1400 nm for Cs loaded ITQ-4
sample has been observed. Our first-principles calculation
shows that this peak may contribute to the transition be-
tween bands that mainly originate from the occupied and
unoccupied Cs 6s orbitals.


Ichimura et al. have found additional experimental evi-
dence from 133Cs and 29Si NMR spectra, obtained over wide
scan regions,[7] for delocalization of the electrons following
ionization of Cs in cesium loaded ITQ-4. No detectible
signal was found in the 133Cs spectrum and there was signifi-
cant reduction in signal in the 29Si spectrum. It is known
that alkali metals in aluminosilicate zeolites often give ob-
servable signals in alkali metal, silicon, and aluminum NMR
spectra, even at high loadings. However, in this case the


Figure 1. Schematic atomic structure of cesium loaded zeolite ITQ-4.
Left: Perspective view of the unit cell. Alkali metal atoms (purple circles)
are in the nanopores. Oxygen atoms are in red and silicon is in gray.
Right: Channel model of zeolite ITQ-4. Within the sinusoidal zeolite
channel, cesium forms zigzag chains.
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electron density is spread out enough so as to broaden the
NMR lines substantially. Air oxidation restores the NMR
spectra.


Theoretical evidence comes from band structure calcula-
tions. Fictitious stand alone Cs+ zig-zag chains with the
same geometry as those of within the zeolite channel give
prefect 6s band structure, which is coincident with the corre-
sponding bands of cesium loaded zeolite ITQ-4. However, a
band structure calculation for fictitious Cs atomic chains
gives much higher energy for the 6s bands. This result
strongly suggests the ionization of cesium with the channels.
The delocalization of the excess electrons can be directly
observed from our first-principles calculations. We plot the
charge density in Figure 2 for one of the bands of those
excess electrons. We can clearly see that the charge density
distributes mainly within the zeolite channel and is delocal-
ized from the cesium cations. In the iso-surface image, with
the iso-value being a little larger than the mean value, we
can find chains of connected charge density maxima that are
very similar to those of organic electrides.


A simple but clear picture for ionization to form Cs+ and
itinerent electrons was proposed by Ichimura et al.[7] As
shown in Figure 1 (left), the smaller Cs+ can be strongly
bound with the sinusoidal channel wall, whereas the large
neutral cesium atom would be only weakly bound. The re-


leased electron could then occupy the remaining free space.
Although the electron density is attracted to the cation
through Coulombic forces, it is polarized away from the
cation by the interaction of Cs+ with the oxygen lone pairs.


Properties and Applications


Magnetic susceptibilities and EPR spectra for cesium added
ITQ-4 show only a minor ™Curie Tail∫, corresponding to
paramagnetism from less than 1% of the total cesium. De-
spite the difficulties in the interpretation of the detailed
magnetic behavior of the paramagnetic species in undoped
zeolites, these experiments have indicated that most of the
electrons in this inorganic electride are spin-paired; this sug-
gests that loose dimmers or chains of ions and electrons are
favored over separate Cs+�e� species. Electron spin-pairing
is ubiquitous in open channel electrides such as K+


(C222)e�[14] and in metal±ammonia solutions.
Besides Heisenberg antiferromagnetism, most confined


electron gases in organic electrides exhibit Mott insulating
behavior. However, our calculations give a metallic band
structure for the cesium-loaded zeolite ITQ-4. When doped
with cesium, two interstitial electride energy bands, which
mainly originate from the Cs 6s electrons, appear in the


energy gap of zeolite ITQ-4
near the bottom of conduction
band. As well as the two elec-
tride bands, there are three
energy bands crossing the
Fermi level. The density of
states at the Fermi level is
7.09 states per eV per cell. A
simple estimation shows that
the electron correlation should
not be so strong in this inor-
ganic electride, and the DFT
description is valid. Calcula-
tions with various doping rates
of Cs all predict metallic be-
havior. The metallic properties
promise a broad application of
this material in areas such as
nanodevices. An example of
metallic organic electride is
Li(NH3)4.


[15]


This material is a powerful
reducing agent. In addition to
their quantitative formation of
hydrogen by reduction of
water as mentioned above, the
included cesium can reduce ar-
omatic molecules such as ben-
zene, which is difficult to
reduce in solution, to radical
anions within the pores of the
zeolite, as shown by both EPR
and optical spectra. The high
reducing power of this material


Figure 2. Charge density of an electride state at the G point in Brillouin zone (taken from reference [12]). Top:
Contour map of the charge density within a slice parallel to the a and c axis. The purple and red circles are Cs
and O atoms, respectively. Bottom: Isosurface of the charge density with the iso-value of 2.0î10�4 eä�3 . The
mean value of the charge density is 8.0î10�5 eä�3.
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may originate from its relatively high Fermi energy and the
delocalization of the donated electron density.


Conclusion


Inorganic electrides are room-temperature stable electrides.
Within the channels of zeolites, the alkali metals are ionized
and release nearly-free electrons. The inorganic electride
based on cesium-loaded zeolite ITQ-4 has been predicted to
have metallic behaviour. Given the advances in both synthe-
sis and characterization of the room-temperature stable in-
organic eletrides highlighted here, it may be possible to de-
velop applications for electrides, such as detectors, catalysts,
and electro-optics for communication. By careful control of
the alkali metal content and the host structure, this material
offers the possibility of a high degree of chemical control
over important electronic properties.


Note Added in Proof


After the submission of this work, a new kind of inorganic
electride was synthesized through the removal of clathrated
oxygen ions from the crystallographic cages in a single crys-
tal of 12CaO¥7Al2O3.


[16,17]
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New Simulation Model of Multicomponent Crystal Growth And Inhibition


Brent Wathen,[a] Michael Kuiper,[b] Virginia Walker,[b] and Zongchao Jia*[a]


Introduction


Antifreeze proteins : Antifreeze proteins (AFPs) depress the
freezing point of aqueous solutions by inhibiting the growth


of ice seed crystals in a noncolligative manner.[1] AFP activi-
ty, termed thermal hysteresis (TH), is defined as the differ-
ence between the resulting freezing and melting points of
these solutions. The most extensively characterized AFPs
come from fish that inhabit polar and other ice-laden seas,
as well as from two cold-climate insects, although AFPs are
also found in plants and bacteria. X-ray crystallographic and
NMR studies have combined to produce high-resolution 3D
structures for most of the discovered AFPs, revealing a col-
lection that is remarkable in its structural diversity. AFP
structures range from the single a-helices of type I AFP and
antifreeze glycoproteins,[2,3] to the globular types II and III
AFPs,[4,5] to the exceptionally regular b-helix folds in the
beetle[6] and spruce budworm moth[7] AFPs (Figure 1). Sev-
eral of these show striking regularities in the positioning of
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[b] Dr M. Kuiper, Dr. V. Walker
Departments of Biology, Queen×s University
Kingston, Ontario K7L 3N6 (Canada)


Abstract: We review a novel computational model for
the study of crystal structures both on their own and in
conjunction with inhibitor molecules. The model advan-
ces existing Monte Carlo (MC) simulation techniques
by extending them from modeling 3D crystal surface
patches to modeling entire 3D crystals, and by including
the use of ™complex∫ multicomponent molecules within
the simulations. These advances makes it possible to in-
corporate the 3D shape and non-uniform surface prop-
erties of inhibitors into simulations, and to study what
effect these inhibitor properties have on the growth of
whole crystals containing up to tens of millions of mole-
cules. The application of this extended MC model to the
study of antifreeze proteins (AFPs) and their effects on
ice formation is reported, including the success of the
technique in achieving AFP-induced ice-growth inhibi-
tion with concurrent changes to ice morphology that
mimic experimental results. Simulations of ice-growth
inhibition suggest that the degree of inhibition afforded
by an AFP is a function of its ice-binding position rela-
tive to the underlying anisotropic growth pattern of ice.
This extended MC technique is applicable to other crys-
tal and crystal±inhibitor systems, including more com-
plex crystal systems such as clathrates.


Keywords: ab initio calculations ¥ antifreeze proteins ¥
crystal growth ¥ ice ¥ inhibitors


Figure 1. Representative structures for three fish AFPs (A±C) and two
insect AFPs (D, E). a-Helices are shown in red, b-strands in blue, and
coil region in light green. A) Type I AFP from winter flounder (PDB
code: 1WFA). B) Type II AFP from sea raven (PDB code: 2AFP).
C) Type III AFP from ocean pout (PDB code: 1mSI). D) Beetle AFP
from Tenebrio molitor (PDB code: 1EZG). E) Moth AFP from spruce
budworm (PDB code: 1EWW). Figures were produced using the soft-
ware programs MOLSCRIPT[8] and RENDER.[9]
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suspected ice-binding motifs (for example, the recurring Thr
residues in type I AFP, and the repeated Thr-X-Thr motif in
the insect AFPs), while others, most notably the globular
types II and III AFPs, show no obvious repetitive compo-
nents on their surfaces. Indeed, these proteins appear to
share little in common other than their defining characteris-
tic of ice-growth inhibition.


Amongst AFPs, there is considerable variance in TH ac-
tivity. Beetle and budworm AFPs, for example, have approx-
imately 100 times more activity than fish AFPs on a molar
basis.[6] By adsorbing to the ice surface, AFPs are thought to
disrupt ice growth by introducing increased ice surface cur-
vature, thereby altering the surface-area-to-volume ratio
and making subsequent growth energetically unfavorable.[10]


Unfortunately, despite the abundance of AFP structural in-
formation, the precise mechanism of this activity remains
unclear. Neither X-ray crystallography nor NMR studies,
both so useful for unlocking protein-.ligand interactions, are
applicable for understanding AFP±ice interactions, because
the AFP±ice complex is technically unsuitable for such
direct studies. Thus, important questions such as what struc-
tural features differentiate an AFP from a non-AFP, or what
structural features determine the maximum TH activity of
an AFP, remain unanswered.


Nonbiophysical techniques, however, have been useful for
the characterization of AFP±ice interactions. Ice-etching ex-
periments pioneered by Knight et al.[11] have demonstrated
that each AFP has a strong affinity for a specific plane(s) of
ice. In addition, inspection of natural amino acid sequence
variation and in vitro mutagenesis experiments have helped
to identify AFP ice-binding faces and fostered debate on the
interactive forces involved in AFP±ice interactions.[12±17] Fur-
thermore, many in silico studies investigating AFP±ice inter-
actions have been reported.[18±21] The majority of these have
docked a single AFP to a static ice block (either with or
without the presence of aqueous waters), and subjected the
system to molecular dynamics and/or energy-minimization
techniques. Resulting interaction energies have been used to
predict optimal AFP side-chain orientations and AFP±ice
docking arrangements. Two other innovative computational
studies are noteworthy: a novel algorithm was used to deter-
mine the importance of protein ™flatness∫ for AFP activi-
ty,[22] and a neural network was used to relate TH activity to
fish type III AFP surface properties.[15]


In all these AFP±ice interaction studies, ice crystals are
treated as static blocks. Differences in AFP activities are as-
sumed to result from difference in AFP±ice dissociation
rates related to AFP±ice binding forces and interaction en-
ergies. However, this model is problematic in three signifi-
cant areas. First, an ice surface at sub-zero temperatures is a
highly dynamic entity, not a static block. Second, there is a
growing recognition that any TH activity requires near-irre-
versible AFP±ice binding due to the incredibly high associa-
tion rates of water to ice at sub-zero temperatures,[1] from
which it follows that differences in AFP±ice dissociation
rates cannot explain difference in TH rates. Third, the focus
on the binding of individual AFPs to ice surfaces has direct-
ed attention away from investigating whole-crystal phenom-
ena, including the morphological changes that ice crystals


undergo as a result of interactions with innumerable AFPs.
These considerations have motivated us to re-examine the
role of ice in AFP±ice interactions, seeking to understand
what role ice itself may play in AFP TH activity.


Ice crystals and crystal growth theory : The common form of
ice, Ih, belongs to the P63/mmc space group and adopts an
hexagonal packing arrangement that allows each constituent
water molecule to form four hydrogen bonds to its nearest
neighbors (Figure 2). This network of hydrogen bonds re-


sults in oriented crystal growth, whereby different surfaces
of ice present specific water arrangements and hydrogen-
bonding opportunities. Miller±Bravis indices, used to de-
scribe particular planes of ice, have two types of axes, three
symmetrical a axes, and a single c axis.[23] Several key planes
are identified by name: the basal plane (perpendicular to
the c axis), the secondary prism plane (perpendicular to the
a axis), and the primary prism plane (at right angles to both
the basal and secondary prism planes). Of particular impor-
tance is the fact that the oriented nature of ice Ih leads to
unequal growth rates, termed anisotropic growth, on differ-
ent crystal surfaces. In particular, growth is much more
rapid in both the primary and secondary prism plane direc-
tions than in the basal plane direction. At low degrees of


Figure 2. Views of the crystal structure of ice Ih. A) Representative dia-
gram showing the basic repetitive hexagonal nature of ice Ih in relation
to the Miller±Bravis axes system. B) Basal plane view looking down the c
axis. C) Primary prism plane view looking perpendicular to the c axis.
D) Secondary prism plane view, also perpendicular to the c axis, looking
down one of the a axes. E) View of the ice crystal, again perpendicular to
the c axis, this time askew from the secondary prism plane (from http://
cst-www.nrl.navy.mil/lattice/).
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super-cooling, this leads to ice crystals with circular disk
morphologies.


As summarized by Jackson,[24] the classical expressions de-
scribing general crystal growth from the melt given by
Wilson[25] and Frenkel[26] can be simplified to Equation (1):


n ¼ n0


�
exp


�
� L
kBTE


�
P


�i
1


kBT


�
�exp


�
�
P


�i
C


kBT


��
ð1Þ


in which the first term describes the rate at which molecules
join a crystal, and the second term describes the rate at
which molecules dissociate from a crystal. Here, kB is Boltz-
mann×s constant, TE is the equilibrium temperature between
the solid and liquid phases, T is the absolute temperature,
and the fs, summed over the Z×s nearest neighbors of each
atom at the interface, are the bond energies that are broken
(f1) and formed (fC) during phase transitions. L is given by
L= (f1�fC)Z/2. Although this equation is difficult to deal
with mathematically, it can be investigated by using Monte
Carlo (MC) statistical simulations.[24] Unlike molecular me-
chanics (MM) techniques that focus on the atomic forces
within and between a small number of molecules, MC statis-
tical models forego rigorous interatomic calculations in
order to model systems that contain vast numbers of mole-
cules, enabling the study of macromolecular phenomena
that result from a large number of random molecular
events, such as crystal surface-growth behavior.


The basic MC technique used for crystal growth simula-
tion is based on the kinetic Ising model.[27] Implicit in this
model is an underlying lattice of spatial positions that corre-
spond to the molecular positions inside a crystal of interest;
some examples are given in Figure 3A. Gilmer identified
the following assumptions underlying the kinetic Ising
model:[27] 1) crystal molecules are only permitted at lattice
positions, 2) only one molecule can occupy a lattice position
at a time, and 3) attractive interactions between molecules
only occur between nearest neighbor molecules as defined
by the underlying lattice. A fourth, implicit assumption is
that all participating molecules are ™simple∫ in nature, occu-
pying a single lattice position (Figure 3B). MC simulations
proceed by maintaining a list of the occupied lattice posi-
tions, which collectively define the current shape of the crys-
tal, and repeatedly compute, based on the probabilities de-
scribed by Equation (1), whether a molecule should ™join∫ a
crystal (by occupying an interface position, defined as a
vacant lattice position adjacent to an occupied lattice posi-
tion) or ™dissociate∫ from a crystal (by leaving an occupied
surface lattice position, thereby rendering that position
vacant). Equation (1) dictates that molecular association/dis-
sociation probabilities are based on the number of bonds
that must be formed or broken to neighboring lattice posi-
tions, and so these probabilities are position-dependent.
However, the simplifying assumption that association proba-
bilities are independent of position is generally adopted.[27]


Because MC statistical models for crystal growth simula-
tion require absolute uniformity in both the crystal structure
in question and in all molecular interactions, this technique
has not been suitable for investigating crystal growth in
which participating molecules contain structural variations


or in which interaction energies amongst molecules are vari-
able. AFPs provide an excellent example of this. While the
MM techniques have been useful for understanding AFP±
ice docking arrangements, whole-crystal phenomena such as
ice-growth inhibition and morphological changes seem
better suited to a MC approach that investigates ice crystals
containing millions of water molecules interacting with hun-
dreds or thousands of AFPs. However, AFPs are complex
3D molecules presenting non-uniform electrostatics across
their surface, making them unsuitable for use in MC simula-
tion models.


In this paper we discuss new extensions to the MC statisti-
cal model for simulating crystal growth that attempt to
bridge the division between existing MC and MM modeling
techniques. The application of this extended MC model to
AFP ice-crystal-growth inhibition is reviewed.


Extensions to Monte Carlo Crystal Growth
Simulations


Complex molecules : The MC simulation model has been ex-
tended in two fundamental ways.[28,29] The first extension en-
ables simulations to contain molecules that occupy more
than one lattice position, termed ™complex∫ molecules. By
allowing molecules to occupy more than one position, realis-
tic 3D representations of molecules of interest (such as in-
hibitors) can be introduced into simulations (Figure 3C).


Figure 3. Monte Carlo (MC) simulations. A) Examples of lattice orienta-
tions. i) the simple cubic lattice and ii) the face centered cubic lattice. The
balls represent the relative spatial lattice positions (extended repetitively
in all directions), and the connecting lines define the neighboring rela-
tionship amongst positions. Also shown is iii) a simplified two-dimension-
al lattice, expanded in B) to illustrate a snapshot of a simulation in prog-
ress. Occupied positions are shown with a blue circle; occupied surface
positions are in yellow, occupied buried positions are in cyan and vacant
interface positions are in green. C) MC simulations using ™complex∫ mol-
ecules. The left portion shows how the volume set for a complex mole-
cule is defined, while the right portion shows how its energetics set is de-
termined a priori. D) Using the predetermined energetics set, the interac-
tion energy between a complex molecule and its neighboring crystal mol-
ecules can be determined as indicated.
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Furthermore, an approximation to the charge distribution
on a molecular surface can be integrated into simulations by
stipulating non-uniform bonding energies to neighboring lat-
tice positions for different components of a complex mole-
cule (Figure 3D). A molecule×s 3D structure and surface
properties can thus directly influence crystal growth behav-
ior in MC simulations.


Complex molecules are incorporated into extended MC
simulations by first determining a suitable crystal docking
orientation(s) for the molecule, either from a known crystal
structure or by performing some form of MM modeling to
dock the complex molecule in question to the crystal.[28]


This docking orientation is used to create the volume set for
the molecule, which is a collection of relative 3D lattice po-
sitions that are occupied by the oriented molecule (Fig-
ure 3C). Following this, the energetics set for the molecule
must be determined. In order for the technique to remain
computationally feasible, complex molecules are limited to a
finite number of fixed 3D orientations relative to the under-
lying lattice of crystal positions. Given this restriction, it is
possible to determine approximations to the interaction en-
ergies between any two simulation molecules by using MM
techniques (such as molecular dynamics or energy minimiza-
tion) a priori, because molecules can only interact in a finite
number of pre-determinable fixed orientations within simu-
lations.[29] Given this a priori energetics information, the spe-
cific interaction energy between any complex molecule and
a crystal structure is then defined as the sum of the interac-
tion energies with all of its individual neighbors (Figure 3D).
The energetics set for a complex molecule contains all pre-
calculated interaction energies between the molecule and all
other simulation molecules, in each possible relative orienta-
tion in the lattice.


Simulations involving ™complex∫ molecules proceed in an
analogous manner to those using simple molecules. As in
other MC simulations, association rates are assumed to be
independent of position, and thus are not determined by the
energetics of bond formation. Dissociation rates are posi-
tion-dependent, and so are a function of the total interaction
energy between molecules and their neighbors in the lattice.


Entire 3D crystal simulations : The second extension that we
have made to MC simulations is to model 3D crystals that
contain up to tens of millions of simple molecules in con-
junction with hundreds or thousands of complex molecules.
Although existing MC techniques appear to be 3D, they are
in fact only 2D because they consider only a restricted sur-
face region, and extend the surface into the horizon by
using periodic boundary conditions.[24,27, 30,31] While these
models can provide insights into surface properties, such as
nucleation events and surface roughening, simulations of
true 3D crystal structures allows for the examination of such
whole-crystal phenomena as crystal morphology and inhibi-
tor effects on crystal growth.


Whole-crystal simulations have been achieved by the judi-
cious selection of computational storage algorithms for the
crystal in the lattice. Enormous computational storage re-
sources are required to support crystals containing up to
tens of millions of molecules. To balance the requirements


of mass storage and rapid access, the lattice positions in sim-
ulations are separated into surface positions (those lattice
positions that are occupied with vacant neighboring lattice
positions), interface positions (those lattice positions that are
vacant with occupied neighboring lattice positions), and
buried lattice positions (those occupied lattice positions that
have all of their neighboring positions likewise occupied)
(Figure 3B). Surface and interface lattice positions, which
are the positions that participate in association and dissocia-
tion events, are contained in readily accessible lists organ-
ized by interaction energies, while buried lattice positions
are maintained in a compressed format.


New MC Model Applied: Antifreeze Proteins


AFP±ice growth simulations : Out extended MC model has
been applied to the study of ice crystals and ice-growth in-
hibition by AFPs. To model ice growth, a lattice arrange-
ment matching the water molecule arrangement depicted in
Figure 2 was adopted to properly capture the growth charac-
teristics of ice Ih. Three AFPs were selected for use in ice
growth simulations, the type I AFPs from winter flounder
(WfAFP) and shorthorn sculpin (SsAFP), and the hyperac-
tive beetle AFP from Tenebrio molitor (TmAFP). Docked
models of each AFP bound to their ice binding
planes[2,6,11,19] were obtained by using molecular dynamics
and energy minimization techniques (Figure 4A). These
models were used to determine the volume set for each
AFP by identifying the lattice positions that are occupied by
each AFP in its docked orientation. Energetic sets that de-
scribe the interaction energy between each AFP and single
water molecules fixed at each possible neighboring lattice
position (following Figure 3) were then determined by using
energy minimization. Each AFP had a volume set composed
of ~300 lattice positions, and an energetics set describing
the interactions to ~400 neighboring lattice positions. Tem-
perature-dependent association and dissociation rates were
obtained for water molecules that produced crystals with cir-
cular disk morphologies. Association/dissociation rates for
AFPs were empirically determined, but generally reflected
the principle that AFPs with a snug fit to ice have a lower
probability of dissociating than more loosely fit AFPs.


The suitability of the extended MC model was established
by a comparison of the binding patterns of WfAFP and
SsAFP in simulations. The results of MC simulations with
both of these fish AFPs are shown in Figure 4B, and com-
pared with experimentally derived ice etches. Although the
scale between the two sets of images differs by several
orders of magnitude, the similarity in binding patterns is un-
mistakable. To compare the differences between WfAFP
and the hyperactive TmAFP, each AFP was introduced into
a simulation initiated with large ice seed crystals and run at
temperatures near their respective maximal TH limits.[32]


For WfAFP, the seed-crystal size was 25 million water mole-
cules and the simulation temperature was �2.0 8C; for
TmAFP, the seed-crystal size was 8 million water molecules
and the simulation temperature was �4.5 8C. As can be seen
in Figure 5A, both AFPs were able to achieve ice-growth in-
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hibition for prolonged simulation time (more than 5 billion
association/dissociation events). To directly compare their
ice-growth-inhibition abilities, both AFPs were also subject-
ed to simulations starting from the same seed crystal
(750000 water molecules) and using the same simulation
temperature (�3.5 8C) (Figure 5A). Mirroring the results ob-
tained from physical experiments, TmAFP was able to in-
hibit ice growth under these conditions, while WfAFP could
not. Furthermore, artificially increasing the dissociation
rates for TmAFP by a factor of two (a net decrease in bind-
ing affinity) failed to significantly reduce its ability to inhibit
crystal growth. As well, an artificial decrease in the dissocia-


tion rates for WfAFP by a factor of five (a net increase in
binding affinity) likewise failed to improve its ability to in-
hibit ice growth. In addition, ice crystal morphologies under-
went remarkable changes during the course of the simula-
tions, mimicking the effects seen in vitro (Figure 5B). Actual
crystals grown in the presence of TmAFP and WfAFP, and
those obtained after prolonged simulations in the presence
of these AFPs, were transformed from their initial spherical
seed crystals into the characteristic hexagonal bipyramid
and lemon-shaped, biconcave morphologies, respectively.[6,33]


The close-up views of ice crystal growth shown in Figure 6
illustrate the effects of AFP±ice binding on the ice-growth
process. The first frame shows ordered step growth as newly
nucleated layers of the prism plane grow out towards the
edges. In contrast, the second frame shows a much more
chaotic picture of prism growth in the presence of bound


Figure 4. AFP±ice binding. A) The docking orientations used to deter-
mine volume and energetics sets for two isoforms of fish Type I AFP [iso-
form Hplc6 from winter flounter AFP (WfAFP) and isoform ss8 of short-
horn sculpin AFP (SsAFP)], and one insect AFP (TmAFP) are shown.
B) Comparison of AFP ice-etching experiments with AFP ice-binding in
simulations, using WfAFP (i/ii) and SsAFP (iii/iv). i) and iii) show the re-
sults of ice-etching experiments in which we transferred ice hemispheres
to dilute solutions of AFPs (~<0.01 mgmL�1) in order to deduce prefer-
ential ice binding planes (which appear as frosted regions). ii) and iv)
show the preferred binding locations for AFPs (blue cylinders) on ice
crystals (red spheres). White ovals have been added to the simulated sur-
faces to highlight adsorption planes.


Figure 5. AFP effects on ice growth. A) Ice-growth inhibition. i) Growth
of an initial seed crystal containing 25 million water molecules grown at
�2.0 8C, both on its own (line a) and in the presence of WfAFP (line b).
ii) Similar to i) except for 6 million water molecules at �4.5 8C with
TmAFP. iii) Comparison of the AF abilities of WfAFP and TmAFP.
Here, all plots show the growth of a seed crystal containing 750000 water
molecules at �3.5 8C. a) Unrestricted ice growth. b) Ice growth in the
presence of TmAFP. c) Same as b), but with a doubled AFP off rate.
d) Ice growth in the presence of WfAFP using the off rates from b) re-
duced by 80% (increasing the binding strength of this AFP 5-fold).
B) AFP-induced morphology effects. i) Hexagonal bipyramid crystal
grown in vitro in the presence of WfAFP. ii) Ice morphology arising in
silico after prolonged simulation time (lines added to highlight inhibited
planes). iii) In vitro biconcave morphology of ice crystals grown in the
presence of TmAFP. iv) Similar ice morphology arising in silico from sim-
ulations involving TmAFP.
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AFPs, resulting in a dramatic increase in the local surface
curvature of ice. These views are consistent with current the-
ories of both ice growth[34] and AFP-mediated ice-growth in-
hibition.[10]


Antifreeze protein activity–thermal hysteresis as a function
of binding position : Evidence from both ice-etching[3,11] and
ice-column-purification experiments,[35] coupled with the
highly elevated water association rate to ice at sub-zero tem-
peratures, suggests that AFPs must bind (essentially) irre-
versibly to ice regardless of their TH activity. As noted in
these MC simulations, alterations to an AFP×s dissociation
rates (prior to achieving irreversible binding) did not alter
its antifreeze abilities. These experiments and in silico find-
ings, taken together, indicate that AFP±ice binding strength
does not determine the level of TH activity.


Because ice-growth inhibition was achieved in simula-
tions, we were able to visually examine the AFP±ice crystal
system during growth inhibition. Figure 5B shows that ice
surface coverage for WfAFP and TmAFP are distinct.
WfAFP, which has a large c axis component to its binding
orientation, cannot bind to the basal plane, leaving that por-
tion of the crystal surface largely exposed. By contrast, the
binding orientation of TmAFP has virtually no c axis com-


ponent, and so, given a minimal basal surface curvature, this
AFP is able to bind to the basal plane. From the examina-
tion dozens of simulation snapshots, it appears that this
greater surface coverage is responsible for the improved TH
activity of the beetle AFP.


WfAFP and TmAFP are both rodlike proteins with
roughly equal dimensions. Were ice to grow isotropically, ice
crystals would be spherical in nature; such crystals grown in
the presence of either of these two AFPs would be expected
to have the same amount of AFP±crystal coverage, though
at different surface patches tangential to their binding orien-
tations. We can conclude then, that the differences in sur-
face coverage found for WfAFP and TmAFP are ultimately
a result of their binding orientations in relation to the aniso-
tropic nature of ice growth. TmAFP, with its binding orien-
tation perpendicular to the axis of the slowest growing sur-
face of ice, proves to be a more active AFP than WfAFP,
with its binding orientation almost parallel to the axis of this
slowest growing plane. Ultimately, binding orientations rela-
tive to the oriented ice crystal dictate the maximal support-
ed surface curvatures, which themselves indicate the maxi-
mal TH activity that can be supported.


Concluding Remarks


We have extended current MC models of crystal growth to
include the use of complex molecules that have 3D struc-
tures and variable surface properties. This extension allows
for the inclusion of noncrystal molecules in simulations to
study their structural and electrostatic effects on crystal for-
mation. We have also extended the technique from simulat-
ing 2D surfaces to whole 3D crystals. This model has been
applied to the study of AFP ice-growth inhibition, producing
simulation results in good agreement with reported experi-
mental observations. The ability to study crystal growth in
molecular detail has enabled us to postulate that AFP activi-
ty relies primarily on AFP ice-binding positioning, with re-
spect to the underlying orientation of ice, rather than from
the strength of the AFP±ice interaction.


MC simulations provide an opportunity for the investiga-
tion of both crystal growth and crystal-growth inhibition by
enabling a degree of control not otherwise possible. One
can artificially adjust any of the following properties and
compare the resulting crystals against a control crystal: asso-
ciation/dissociation rates for simple and complex molecules,
the reversibility of complex molecule binding, the 3D struc-
ture of complex molecules, the degree of cooperation or
competition amongst complex molecules, or the binding ori-
entations of complex molecules.


Because we have designed this model to be generic, it can
be applied to the study of other crystal structures or any
system in which the constituent molecules are assembled in
a regular fashion. We are currently applying this model to
clathrates, which involve two ™simple∫ molecules, water, and
gas, each having its own association/dissociation rates and
defined neighboring network. We are also interested in ap-
plying this technique to the study of nanotechnologies.


Figure 6. Prism plane growth. A) Step growth on the ice prism plane that
occurs in the absence of AFPs. Several single water molecules can be
seen in the figure, showing the dynamic nature of ice growth as new nu-
cleation events are spontaneously occurring. B) Effects of AFPs on the
highly regular step growth illustrated in A). Here, WfAFP, inhibiting ice
growth at �2.0 8C, increases the local surface curvature by forcing ice to
grow in bulges between bound AFPs.
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Design, Synthesis and Structural Investigations of a b-Peptide
Forming a 314-Helix Stabilized by Electrostatic Interactions


Magnus Rueping, Yogesh R. Mahajan, Bernhard Jaun, and Dieter Seebach*[a]


Introduction


Electrostatic interactions are important in many biological
processes, such as enzyme catalysis, protein±protein and pro-
tein±nucleic acid binding, protein folding, flexibility and sta-
bility. Close range electrostatic interactions, that is, salt -
bridges and their networks have been shown to contribute
to peptide and protein stability.[1] Salt bridges are formed by
amino acid residues with opposite charges (Asp or Glu with
Arg, Orn, Lys or His), which are often near each other in
the amino acid sequence. The strength of a salt bridge is de-
termined by the geometry and distance of interaction,
degree of exposure to solvent, and effects of neighboring
charged residues. Many charged residues that form salt -
bridges are found in a-helical conformations where the op-
positely charged side chains occur one turn apart on the
same face of the helix in i and i+3,4 positions.
Various synthetic oligomers with conformations similar to


those in natural peptides and proteins have recently been
studied to increase our understanding of protein folding and
stability.[2] Especially, b- and g-peptides (peptides consisting
of chiral b- and g-amino acid residues) have received consid-
erable attention.[2,3] These peptides have several attractive
characteristics: they are structurally related to the ubiqui-


tous a-peptides; they can be designed to fold into secondary
structures, such as helices,[4,5] turns[6] and sheets;[4,6a] and
they are resistant to proteolytic degradation by common
proteases and peptidases,[7] suggesting that they might be
useful peptidomimetics.
Short b-peptides consisting solely of b3-amino acids, that


are derived from natural l-amino acids via Arndt±Eistert
homologation, have been shown to fold into left-handed 314-
helical structures with the side chains of residues i and i+3
in juxtapositions at a distance of approximately 5 ä.[3] The
role of specific side-chain interactions of residues i and i+3
in stabilizing the helical structure of b-peptide 314-helices
has already been addressed. Previously, we showed, that in-
troduction of a conformational constraint by covalently link-
ing b3hCys side chains in i and i+3 positions stabilizes the
314-helix.


[8] In addition, we and others were able to demon-
strate that polar side chains, as well as properly chosen
charged side chains of b-amino acids can lead to helical con-
formations in aqueous solution.[9] However, these results
relied mainly on CD-spectroscopic measurements,[9c±e] which
are not always incisive.[10]


Now, we describe a combined and detailed CD- and
NMR-spectroscopic structural analysis of a b-heptapeptide 1
designed to be stabilized by electrostatic interactions
(Figure 1).
We selected b-peptide 1, an all-b3-peptide, which is ex-


pected to form a 314-helix, and introduced negatively and
positively charged residues in i and i+3 positions to allow
electrostatic interactions. The potential salt bridges are es-
tablished by b3hGlu (residues 2 and 6) and b3hArg (resi-
dues 3 and 5). b3hArg was specifically chosen, rather than
b3hOrn or b3hLys, as the guanidinium group is known to
play an important role in many organic and biological proc-
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der Eidgenˆssischen Technischen Hochschule Z¸rich
ETH-Hˆnggerberg, Wolfgang-Pauli-Strasse 10
8093 Z¸rich (Switzerland)
Fax: (+41)1-632-1144
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Supporting information for this article is available on the WWW
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Abstract: Two different strategies have
been employed for the synthesis of
Fmoc-protected b3-homoarginine; the
Arndt±Eistert homologation of a-argi-
nine and the guanidinylation of b3-ho-
moornithine. Solid-phase b-peptide
synthesis was used for the preparation
of b-heptapeptide 1, which was de-


signed to form a helix stabilized by
electrostatic interactions through posi-
tively (b3hArg) and negatively charged


(b3hGlu) amino acid residues. CD
measurements and corresponding
NMR investigations in MeOH and
aqueous solutions do indeed show that
the b-peptidic 314-helix can be stabi-
lized by salt-bridge formation.


Keywords: b-peptides ¥ electrostat-
ic interactions ¥ helical structures ¥
NMR spectroscopy ¥ salt bridges
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esses involving the binding of negatively charged substrates
for example, synthetic molecular receptors,[11] protein±nucle-
ic acid interactions,[12] DNA/RNA recognition and cellular
uptake.[13,14] Furthermore, the guanidinium group is basic
(pKa ~12, that is, the positive charge is maintained over a
wide pH range), planar, and demonstrates directionality in
hydrogen-bonding interactions. The remaining three b3-
amino acid residues of heptapeptide 1 were provided by
bhVal residues to facilitate helix formation by hydrophobic
interactions. In addition the C-terminus was amidated to
prevent interactions between the otherwise free carboxylic
acid and the bhArg residues.


Results and Discussion


Preparation of b3-homoarginine derivatives : The trifunction-
al guanidine group displays a strong nucleophilic character,
and thus if it is improperly protected, side reactions occur
such as intramolecular cyclisation to d-lactam derivatives,
acylation followed by decomposition to ornithine, and intra-
molecular cyclisation to 4-carboxy-2-imino-1,3-diazacyclo-
heptane derivatives.[15,16] Many different protecting groups
based on nitro, urethane, arylsulphonyl or aryl derivatives
have been proposed, but so far none of them satisfies the
basic requirements for an ideal protecting group, that is,
robust protection to prevent undesired side reactions, and
clean and smooth removal under mild conditions.[16] Never-
theless, acid-labile protections, such as Nw,Nw’-bis(Boc), Nw-
Pmc[17] or Nw-Pbf[18] are reported to be amenable to solid-
phase peptide synthesis using the Fmoc strategy.
For the synthesis of b3-homoarginine, two different ap-


proaches were chosen. The first approach involves the use
of the Arndt±Eistert homologation method which has been
successfully applied to the synthesis of various b3-amino


acids starting from the corre-
sponding a-amino acids[19,20] in-
cluding N a-Boc- and N a-Z-pro-
tected arginine derivatives.[21]


The second approach relies on
the guanidinylation[22] of a suit-
ably protected ornithine deriva-
tive, a strategy that has long
been used in a-peptide chemis-
try to synthesize arginine-con-
taining peptides from the ap-
propriate ornithine-containing
precursors.[23]


In accordance with the
Arndt±Eistert homologation
procedure of N a-Fmoc-protect-
ed a-amino acids developed in
our group,[20] the mixed anhy-
drides of commercially availa-
ble N a-Fmoc-protected a-argi-
nine, with either a Pmc or Pbf
protecting group on the Nw-po-
sition, were converted to the
corresponding Fmoc-protected


diazoketones which were subsequently homologated using a
modification of the base-free, silver(i)-catalysed, ultrasound-
promoted Wolff rearrangement protocol of Sewald and co-
workers.[24] In a typical homologation procedure used, the
diazoketones were ultrasonicated in the presence of catalytic
amounts of PhCOOAg and BnOH to provide the benzyl
esters 2a and 2b in moderate yields (57 and 46%, respec-
tively over two steps). Finally, debenzylation (H2, Pd/C) of
the fully protected b-amino acids 2 furnished the desired
compounds, Fmoc-b3hArgw(Pbf)-OH 3a and Fmoc-
b3hArgw(Pmc)-OH[25] 3b in 91 and 90%, respectively
(Scheme 1).


Fmoc-b3hOrn(Boc)-OH, which was required for the orni-
thine-to-arginine transformation, was obtained by homolo-
gation of Fmoc-(S)-Orn(Boc)-OH using the Arndt±Eistert
reaction[20] in combination with the ultrasound-promoted
Wolff rearrangement. Fmoc-b3hOrn(Boc)-OH was Boc-de-
protected (TFA) and subsequently treated with N,N’-
bis(Boc)-1-amidinopyrazole[26] (4) under basic conditions


Figure 1. Schematic representation of a 314-helical structure of b3-heptapeptide 1 from the side and top. Color
code: black=hydrophobic residues (b3hVal), red=negatively charged residues (b3hVal) and blue=positively
charged residues (b3hArg).


Scheme 1. Synthesis of b3-homoarginine derivatives via Arndt±Eistert ho-
mologation of the corresponding a-amino acids.
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(Et3N) in formamide/dioxane to afford Fmoc-b3hArgw,w’-
(Boc)2-OH 5 in 70% yield over two steps (Scheme 2).


Synthesis of b3-heptapeptide 1: b-Peptide 1 was envisaged to
be synthesized by coupling Fmoc-protected-amino acids on
a Rink amide resin.[27] The Fmoc-protected amino groups on
the Rink amide resin were liberated upon treatment with
20% piperidine in DMF. Anchoring of the first amino acid
was achieved by reacting the resin with Fmoc-b3-amino
acids (3±5 equiv with respect to the resin loading) activated
by HBTU/HOBt/(iPr)2NEt at RT in DMF for 2±4 h. Com-
pletion of the coupling was confirmed by a TNBS test.[28]


For elongating the peptide chain, the Fmoc-protecting group
of the anchored amino acid was removed using a combina-
tion of 20% piperidine in DMF and DBU/piperidine/DMF
1:1:48. The amino acids were coupled under conditions simi-
lar to those used for anchoring, namely HBTU/HOBt/
(iPr)2NEt. The deprotection and coupling cycles were re-
peated six times in total to furnish the Fmoc-protected b-
heptapeptides on the resin. The Fmoc-protecting group was
comfortably removed from the resin-bound b-peptide 1
using the standard DBU/piperidine protocol. Subsequently,
the resin-bound peptide was cleaved off the resin with 10%
TFA in CH2Cl2, and the side-chain-protected peptide thus
obtained was further subjected to acidolysis in the presence
of a scavenger (TFA/(iPr)3SiH/H2O 95:2.5:2.5) to afford the
crude b-peptide 1. After preparative HPLC, the b-peptide 1
(33% yield) was isolated in >98% purity (Scheme 3).


Structural Analysis


CD-Spectroscopic measure-
ments : Circular dichroism spec-
troscopy is a frequently used
method for analyzing a-peptidic
structures. Although, for b-pep-
tides, the correlation between
CD pattern and secondary
structure is not yet fully estab-
lished, for certain b-peptides,
CD spectra have been correlat-
ed with secondary structures
when used in combination with
other spectroscopic techniques.
Thus, CD measurements and


corresponding NMR investigations have established that b3-
peptides forming a 314-helical structure exhibit a characteris-
tic CD pattern (a negative Cotton effect near 215 nm and
zero crossing at ca. 207 nm).[4,8b,9a,b,29] As anticipated, the
CD spectra of b3-heptapeptide 1 in MeOH and aqueous sol-
ution display a pattern characteristic of a 314-helix (Fig-
ure 2a, b). However, the Cotton effect at 215 nm gradually
decreases with increasing amount of water, indicating a loss
of secondary structure (Figure 2a).
Remarkably, when one compares the mean molar elliptic-


ity of all b3-heptapeptides synthesized in our laboratory,
heptapeptide 1 exhibits the strongest ellipticity in MeOH.
Additionally, the pH dependence of the CD spectrum in
aqueous solution supports our view that electrostatic inter-


Scheme 2. Guanidinylation of Fmoc-b3hOrn(TFA)-OH using N,N’-
bis(Boc)-1-amidinopyrazole 4.


Scheme 3. Solid-phase synthesis of b-heptapeptide 1 on a Rink amide
resin.


Figure 2. CD Spectra of 1 a) in MeOH and H2O; b) in H2O at different pH values. The spectra were recorded
at a concentration of 0.2 mm at 20 8C and are not normalized to the number of residues.
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actions strongly stabilize the helical conformation of peptide
1 (Figure 2b). The ellipticity decreases at pH values above
the pKa values expected for the basic b3hArg side chains
and the terminal amino group, and below the pKa values of
the acidic b3hGlu side chains. The strongest molar ellipticity
is observed at pH 3.5, the value where the arginine residues
are anticipated to be protonated and the glutamic acid resi-
dues to be deprotonated (Figure 2b). These observations
clearly indicate that electrostatic interactions can be used to
stabilize the b-peptidic 314-helix, while non salt-bridge-form-
ing b-peptides without any conformational constraints do
not show the characteristic CD pattern in aqueous solutions.[29]


NMR Spectroscopy : In order to obtain more detailed infor-
mation on the secondary structure and its stability towards
unfolding, a detailed NMR-spectroscopic investigation of b3-
heptapeptide 1 was carried out. First, we examined peptide
1 in MeOH.[30] The presence of a regular secondary struc-
ture was indicated by a large dispersion of the chemical
shifts, as well as by the observation of large and small values
for the vicinal coupling constants 3J(H-C(b),Hax-C(a)) and
3J(H-C(b),Hla-C(a)), respectively. The amino acid spin sys-
tems were assigned using DQF-COSY and TOCSY techni-
ques, whereas the sequence assignment was derived from
daN(i,i+1) and dN,N(i,i+1) sequential NOEs and HSQC/
HMBC correlations. Large 3J(NH,H�C(b)) coupling con-
stants (~9 Hz) established that the NH and H-C(b) protons
are in an antiperiplanar arrangement. The diastereotopic
H-C(a) protons were assigned assuming that the axial pro-
tons exhibit a large, and the lateral protons a small coupling
with H-C(b). This is in agreement with stronger NOEs
being observed from H-C(b) to the lateral Hla-C(a) protons,
compared with the axial Hax-C(a) protons, and with stronger
NOEs from NHi+1 to the axial Hax-C(a)i protons.
To determine the three-dimensional structure, ROESY


spectra at different mixing times (150, 300 ms) were record-
ed, the NOE values were extracted, calibrated and classified
according to their volume into strong, medium and weak
distance categories. Examination of the NOEs and compari-
son with former b3-peptides showed that all the characteris-
tic cross-peaks[8a] for a 314-helical conformation were present
for peptide 1 in MeOH. In fact, they were either compara-
ble or even stronger than the corresponding NOEs earlier
observed for other b3-peptides[5e] suggesting that b3-hepta-
peptide 1 forms the most stable 314-helix we have observed
to date. The NOE derived distances as well as the dihedral
angles derived from coupling constants and NOEs were
used in a restrained molecular dynamics simulated annealing
protocol.[30] The calculation yielded 20 structures that could
be clustered into a well-defined left-handed 314-helix with
side chains of b3hGlu and b3hArg on top of each other, in
keeping with the presence of salt-bridges between these
charged groups (Figure 3).
Subsequently, b3-heptapeptide 1 was examined in an


aqueous solution. Unfortunately, poor dispersion of the
chemical shifts and overlapping resonance signals hampered
complete assignment by NMR and at the same time indicat-
ed that peptide 1 may adopt a more extended or partially
unwound conformation in aqueous solution as also indicated


by the CD measurements.[29] In order to obtain information
about the transition from a stable and well-defined 314-helix
in MeOH to either a more extended or multiconformational
state in aqueous solution, we carried out an NMR titration
experiment starting with pure MeOH and adding increasing
amounts of water (Figure 4). To our surprise, up to a con-
centration of ~25% H2O (v/v) little change of the amide
chemical shifts was observed and the dispersion of the
amide and side chain NH chemical shifts actually increased,
causing us to wonder whether the 314-helical structure may
be maintained or even further stabilized by the presence of
up to 25% (v/v) of water?
Therefore, a detailed NMR structural investigation of


peptide 1 in a MeOH/water (3:1) mixture was carried out.
The obtained spectra were analyzed along the same lines as
described for the MeOH solution.[30] Again, NOEs typical of
the 314-helix are found in the ROESY spectra, but some of
these NOEs are considerable weaker than those observed in
MeOH. A simulated annealing calculation was carried out
to test whether the NMR derived restraints were still consis-
tent with a single conformation. The resulting structures
with the lowest restraint violation formed a bundle of struc-
tures (Figure 5) that has the shape of a 314-helical conforma-
tion. However, due to the lower number of restraints
(NOEs) and lower intensity of the cross-peaks, the 314-helix
is now less well-defined than in MeOH. This indicates that,
although the 314-helix is still present, other conformations
become increasingly populated when water is added.


Conclusion


In summary, we have synthesized b3-homoarginine via two
different strategies–method A: Arndt±Eistert homologa-
tion of a-arginine and method B: guanidinylation of an ap-
propriately protected b3-homoornithine derivative–suitable
for solid-phase peptide synthesis. Solid-phase b-peptide syn-
thesis was used to prepare b3-heptapeptide 1. The Fmoc


Figure 3. NMR Structure of b-heptapeptide 1 in MeOH. The peptide
forms a well-defined 314-helical structure. Side view without side chains
(left) and top view with side chains (right).
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strategy and the acid labile Rink amide resin allowed a mild
cleavage of the final b3-heptapeptide amide 1. Based on the
strong ellipticity in the CD spectrum and the corresponding
NMR-structural investigations we conclude that b3-hepta-
peptide adopts a stable 314-helical conformation in MeOH.
The CD- and NMR-titration studies indicate a gradual loss


of secondary structure as the water content increases in the
medium. This observation suggests that the transition from
the folded to the unfolded structures proceeds progressively,
which would be in agreement with the proposed non-coop-
erative folding of b-peptides.[31] Furthermore, it confirms our
previous findings that hydrogen-bonding is more important
in stabilizing b-peptidic helices than the b-amino acid resi-
dues backbone.[32]


The surprisingly increased dispersion of the NH chemical
shifts at a water concentration of 25% (v/v) led us to the
first NMR structural analysis of a b-peptide 314-helical struc-
ture in a mixture of methanol and water. This result, in con-
junction with the pH-dependent CD measurements, clearly
demonstrates that electrostatic interactions can be utilized
to stabilize secondary structures, while similar to a-peptides,
non salt-bridge-forming peptides without any conformation-
al constraints remain unstructured under these condi-
tions.[29b]


Thus, we believe that these findings are of great impor-
tance with respect to our goals of designing b-peptidic terti-
ary structures, and of investigating the influences of b-pepti-
dic secondary structures on the folding, stability, activity of
mixed a/b-peptides and proteins.


Experimental Section


General methods : Starting materials and reagents: THF was distilled
from K under an Ar atmosphere prior to use. Solvents for chromatogra-
phy and workup procedures were distilled over anhydrous CaSO4, P2O5


or KOH/FeSO4 (Et2O). Et3N and (iPr)2NEt were distilled from CaH2.
Amino acid derivatives were purchased from Novabiochem. All other re-
agents were used as received from Fluka or Aldrich.


Caution : The generation and handling of CH2N2 requires special precau-
tions.[33]


Reactions carried out with the exclusion of light were performed in
flasks completely wrapped in aluminium foil. Acronyms: Pbf=2,2,4,6,7-
pentamethyl-dihydrobenzofurane-5-sulfonyl, Pmc=2,2,5,7,8-pentameth-
yl-chromane-6-sulfonyl, HBTU=2-(1H-benzotriazol-1-yl)-1,1,3,3-tetra-
methyluronium hexafluorophosphate, HOBt=1-hydroxybenzotriazole,
NMM=N-methyl morpholine, TNBS=2,4,6-trinitro-benzenesulfonic
acid, DBU=1,8-diazabicyclo[5.4.0]undec-7-ene, TFA= trifluoroacetic
acid, TIS= triisopropylsilane.


Equipment : Thin-layer chromatography (TLC): silica gel 60 F254 plates
(Merck); detection with UV and dipping into a solution of ™Mo-stain∫
(25 g phosphomolybdic acid, 10 g Ce(SO4)2¥H2O, 60 mL conc. H2SO4 and
940 mL H2O) followed by heating. Flash column chromatography (FC):
silica gel 60 (40±63 mm, Fluka) at 0.2±0.3 bar. Analytical HPLC: Knauer
HPLC system (pump type WellChrom K-1000 Maxi-Star, degasser, UV
detector (variable-wavelength monitor)), column: Nucleosil 100±5 C8


(250î4 mm, Macherey±Nagel). Preparative HPLC: Merck/Hitachi
HPLC system (pump type L-6250, UV detector L-4000) column: Nucleo-
sil 100-7C8 (250î21 mm, Macherey±Nagel). Optical rotations: Perkin±
Elmer 241 polarimeter (10 cm, 1 mL cell) at RT. CD Spectra: Jasco J-710
spectropolarimeter recording from 190 to 250 nm at 20 8C; 1 mm cell;
average of 5 scans; peptide concentration 0.2 mm ; smoothing was done
by Jasco software. Solvents: MeOH (HPLC grade), aq. buffers: pH 1.7,
3.5: 0.1m AcOK/AcOH, pH 5.7, pH 7.0 and 7.9: 0.1m KH2PO4/
K2HPO4;


[34] pH 9.6 and 11.0: 0.05m NaHCO3/NaOH.[35] IR Spectra: Per-
kin±Elmer-782 spectrophotometer. CHCl3 (Fluka) was filtered over Alu-
mina N, Akt. I (ICN Biomedicals GmbH, Germany) before use. NMR
Spectra: Bruker AMX 500 (1H: 500 MHz, 13C: 125 MHz) or Varian
Gemini 300 or Varian Mercury 300 (1H: 300 MHz, 13C: 75 MHz); chemi-
cal shifts d in ppm downfield from internal Me4Si (d=0). MS: IonSpec
Ultima (MALDI FT-MS, high resolution MS (HRMS), in a 2,5-dihydroxy-


Figure 4. 1H NMR Spectroscopic titration study of a MeOH solution of 1
with water. Up to a water concentration of ~25% (v/v) no considerable
change of the amide chemical shifts can be observed; but the dispersion
of the amide and the side-chain NH protons even increases. From 50 to
75% water, the amide protons move together and at 100% water their
assignment becomes difficult.


Figure 5. NMR Structure of b-heptapeptide 1 in 3:1 MeOH/H2O. Side
view without side chains (left) and top view with side chains (right).
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benzoic acid (DHB) matrix). Elemental analyses were performed by the
Microanalytical Laboratory, Laboratorium f¸r Organische Chemie, ETH-
Z¸rich.


Reversed-phase (RP) HPLC analysis and purification : RP-HPLC Analy-
sis was performed on a Nucleosil 100-5C8 column (250î4 mm, Macher-
ey±Nagel) with a linear gradient of A (0.1% TFA in H2O) and B
(MeCN) at a flow rate of 1 mLmin�1 (Knauer HPLC system); UV detec-
tion at 220 nm; tR in min. RP-HPLC purification was performed on a Nu-
cleosil 100-7C8 column (250î21 mm, Macherey±Nagel) with a linear gra-
dient of A and B at a flow rate of 20 mLmin�1 (Merck/Hitachi system),
UV detection at 215 nm.


Heptapeptide 1: The Rink amide resin[27] (410 mg, 0.25 mmol; loading
0.61 mmolg�1) was swelled in DMF (6 mL) for 30 min and Fmoc depro-
tected using 20% piperidine in DMF (6 mL, 3î20 min) under Ar bub-
bling. A solution of Fmoc-b3hVal-OH (4.0 equiv), HBTU (3.8 equiv) and
HOBt (4.0 equiv) in DMF (4 mL) and (iPr)2NEt (7.8 equiv) were added
successively to the resin and the suspension was mixed for 1±2 h by Ar
bubbling. The coupling was monitored with TNBS test.[28] The resin was
then filtered and washed with DMF (6 mL, 6î1 min) prior to the follow-
ing Fmoc deprotection step. By measuring the absorbance of the benzo-
fulvene/piperidine adduct the loading was determined to be 82%. The
Fmoc group was removed using 20% piperidine in DMF (6 mL, 2î
10 min), DBU/piperidine/DMF 1:1:48 (6 mL, 3î10 min), 20% piperidine
in DMF (6 mL, 10 min) under Ar bubbling. The resin was filtered and
washed with DMF (50 mLmmol�1, 6î3 min). For each coupling step, a
solution of the Fmoc-b3-amino acid (4/5 equiv), HBTU (3.8/4.8 equiv)
and HOBt (4/5 equiv) in DMF (4 mL) and (iPr)2EtN (7.8/9.6 equiv) were
added successively to the resin and the suspension was mixed by Ar bub-
bling for 1±2 h. In case of a positive TNBS test (indicating incomplete
coupling), the suspension was allowed to react further for 1±2 h. The
resin was then filtered and washed with DMF (6 mL, 6î1 min). After
coupling the last amino acid, the Fmoc group was cleaved and the resin
washed with DMF (6 mL, 6î1 min), DCM (6 mL, 6î1 min) and MeOH
(6 mL, 3î1 min). Drying overnight under hn afforded the Fmoc-depro-
tected peptide-resin (568 mg).


The dry Fmoc-deprotected peptide-resin (160 mg) was treated with a
mixture of CH2Cl2/TFA/TIS 90:9:1 (5î3 mL), allowing the solvent to
pass through the resin bed slowly. Excess TFA/CH2Cl2 was evaporated
and the side-chain protecting groups removed by stirring the oily residue
in TFA/TIS/H2O 95:2.5:2.5 for 3 h. The solvent was evaporated, co-
evaporated with CH2Cl2, to yield an oily residue. The precipitate formed
upon addition of cold Et2O to the oily residue was separated by decant-
ing the solvent. The precipitate was dissolved in H2O/dioxane solution
and lyophilized to yield 94 mg of the crude peptide. Purification of the
crude peptide by RP-HPLC (10±20% B in 40 min) afforded the TFA salt
of 1 (19 mg, 33%) as a white fluffy solid. Analytical RP-HPLC (17±27%
B in 40 min) tR 38.7 min, purity >98%. 1H NMR (500 MHz, D2O/H2O
1:9): d=0.87 (d, J(H,H)=6.7 Hz, 6H; Me), 0.88 (d, J(H,H)=6.5, 6H;
Me), 0.99 (d, J(H,H)=6.8, 3H; Me), 1.00 (d, J(H,H)=6.9 Hz, 3H; Me),
1.44±1.66 (m, 9H), 1.68±1.79 (m, 4H), 1.83±1.88 (m, 2H), 1.91±1.99 (m,
1H), 2.26±2.58 (m, 17H; 8CH2CO, CHHCO), 2.69 (dd, J(H,H)=16.2,
4.5 Hz, 1H; CHHCO), 3.17±3.18 (m, 4H; CH2N), 3.44±3.48 (m, 1H),
3.53±3.54 (m, 1H; CHN), 4.03±4.09 (m, 2H; CHN), 4.16±4.22 (m, 4H;
CHN), 6.83 (s, 1H; NH), 6.64 (br s, 7H), 7.15 (br s, 2H, 2NH), 7.52 (s,
1H; NH), 7.19±7.96 (m, 3H; 4NH), 7.96 (d, J(H,H)=10 Hz, 1H; NH),
8.12 (d, J(H,H)=9.7 Hz, 1H; NH), 8.14 (d, J(H,H)=9.6 Hz, 1H; NH);
13C NMR (125 MHz, D2O/H2O 1:9): d=19.9, 20.0, 20.9, 21.1, 27.3, 27.9,
28.1, 31.9, 32.7, 33.6, 33.7, 34.6, 37.3, 40.4, 41.1, 49.3, 49.4, 49.5, 55.1, 55.2,
57.1, 61.2, 72.7, 159.5, 159.6, 165.5, 165.8, 174.6, 174.9, 175.1, 175.8, 179.7,
180.8; IR (KBr): ñ =3307 (m), 2969 (w), 1654 (s), 1560 (w), 1438 (w),
1207 (s), 1136 (s), 982 (w), 841 (w), 801 (m), 723 (m), 602 (w), 518 (w),
418 cm�1 (w); MS (MALDI): m/z (%): 1006.6 (10), 1005.6 (19) [M+Na]+


, 985.6 (16), 984.6 (54), 983.6 (100) [M+H]+ , 967.6 (10), 966.6 (20), 941.6
(10); HRMS: calcd for [C44H83N14O11]


+ : 983.6360; found 983.6349.


Compound 2a : Fmoc-(S)-Arg(Pbf)-OH (9.73 g, 15.00 mmol) was dis-
solved in THF (43 mL) under Ar and cooled to �20 8C. After addition of
ClCO2iBu (2.04 mL, 15.75 mmol) and NMM (1.74 mL, 15.75 mmol), the
mixture was stirred at �20 8C for 30 min. The resulting white suspension
was allowed to warm up to �5 8C and a solution of CH2N2 in Et2O was
added until the rich yellow colour persisted. Stirring was continued for
4 h as the mixture was allowed to warm to RT. Excess CH2N2 was de-


stroyed by vigorous stirring. The mixture was then diluted with Et2O and
washed with sat. aq. NaHCO3, 1n HCl, and brine. The organic phase was
dried (MgSO4) and concentrated under reduced pressure. FC (EtOAc/
hexane 8:2!9:1) afforded Fmoc-(S)-Arg(Pbf)-CHN2 (6.73 g, 63%) as a
yellow foam. Rf=0.3 (EtOAc/hexane 9:1); 1H NMR (300 MHz, CDCl3):
d=1.42 (s, 6H; Me), 1.47±1.62 (m, 3H; CH2), 1.80±1.85 (m, 1H; CH2),
2.06 (s, 3H; Me), 2.49 (s, 3H; Me), 2.57 (s, 3H; Me), 2.90 (s, 2H; CH2),
3.22 (brm, 2H; CH2N), 4.11±4.16 (m, 2H; CHCH2O, CHN), 4.30±4.42
(m, 2H; CHCH2O), 5.53 (s, 1H; CHN2), 5.99 (d, J(H,H)=8.1 Hz, 1H;
NHFmoc), 6.23 (br s, 3H; NH), 7.25±7.33 (m, 2H; arom.), 7.36 (t,
J(H,H)=7.5 Hz, 2H; arom.), 7.55 (d, J(H,H)=7.2 Hz, 2H; arom.), 7.72
(d, J(H,H)=7.5 Hz, 2H; arom.); 13C NMR (75 MHz, CDCl3): d=12.6,
18.1, 19.4, 25.3, 28.7, 29.9, 40.8, 43.3, 47.2, 66.9, 86.4, 117.5, 119.9, 124.6,
124.9, 126.9, 127.6, 132.2, 132.5, 138.2, 141.2, 143.5, 156.1, 156.3, 158.7; IR
(CHCl3): ñ = 3432 (w), 3347 (w), 3007 (w), 2977 (w), 2111 (s), 1719 (s),
1624 (s), 1556 (s), 1508 (m), 1451 (m), 1370 (s), 1150 (m), 1105 (s), 1035
(w), 852 (w), 658 cm�1 (w); MS (MALDI): m/z (%): 822 (11), 821 (25),
695 (9) [M+Na]+ , 686 (15), 685 (35), 683 (15), 670 (12), 669 (33), 668
(35), 667 (90), 663 (11), 646 (16), 645 (38), 548 (13), 547 (40), 529 (22),
467 (10), 457 (11), 421 (18), 411 (33), 395 (22), 394 (14), 393 (59), 389
(16), 374 (22), 373 (100), 277 (17), 273 (16), 199 (15); HRMS: calcd for
[C35H40N6O6SNa]


+ : 695.2622; found: 695.2621.


PhCO2Ag (0.12 g, 0.5 mmol) was added to a solution of Fmoc-(S)-
Arg(Pbf)-CHN2 (3.36 g, 5.0 mmol) in THF/BnOH (8.5:1.5, 8.0 mL). The
resulting mixture was ultrasonicated for 4 h in the dark at RT. After re-
moving the bulk of THF under reduced pressure, the residue was dis-
solved in EtOAc and washed with sat. aq. Na2S2O3 (2î), sat. aq.
NaHCO3 (2î), sat. aq. NH4Cl solutions and brine. The organic phase
was dried (MgSO4) and concentrated under reduced pressure. FC
(EtOAc/pentane 1:1 ! 7:3) afforded 2a (3.44 g, 91%) as white foam.
Rf=0.22 (EtOAc/pentane 3:1); [a]RTD =�12.4 (c=1.00 in CHCl3);
1H NMR (300 MHz, CDCl3): d=1.42 (s, 6H; 2Me), 1.42±1.63 (m, 3H),
1.66 (brm, 1H), 2.06 (s, 3H; Me), 2.49 (s, 3H; Me), 2.49±2.57 (m, 2H;
CH2COOBn), 2.57 (s, 3H; Me), 2.89 (s, 3H; Me), 3.19 (m, 2H; CH2N),
3.96 (br s, 1H; CHNHFmoc), 4.13 (t, J(H,H)=7.2 Hz, 1H; CHCH2O),
4.34 (d, J(H,H)=6.2 Hz, 2H; CHCH2O), 5.09 (s, 2H; CH2Ph), 5.48 (d,
J(H,H)=9.0 Hz, 1H; NHFmoc), 6.05 (br s, 3H; 3NH), 7.23±7.39 (m,
9H), 7.55 (d, J(H,H)=7.5 Hz, 2H), 7.73 (d, J(H,H)=7.5 Hz, 2H);
13C NMR (75 MHz, CDCl3): d=12.6, 18.0, 19.4, 25.6, 28.7, 32.1, 39.6,
40.9, 43.3, 47.3, 47.5, 66.6, 66.8, 86.3, 117.4, 119.9, 124.5, 126.9, 127.6,
128.2, 128.3, 128.5, 132.2, 132.9, 135.4, 138.2, 141.2, 143.6, 143.7, 155.9,
156.3, 158.6, 171.0; IR (CHCl3): ñ=3621 (w), 3430 (w), 2976 (m), 1723
(m), 1621 (m), 1558 (m), 1514 (m), 1451 (m), 1390 (w), 1248 (m), 1106
(m), 1046 (m), 877 (w), 658 cm�1 (w); MS (MALDI): m/z (%): 776 (15),
775 (29) [M+Na]+ , 502 (33), 501 (100) [M�Pbf+2H]+ , 305 (40); elemen-
tal analysis calcd (%) for C42H48N4O7S (752.9): C 67.00, H 6.43, N 7.44;
found: 66.75, H 6.49, N 7.33.


Compound 2b : Fmoc-(S)-Arg(Pmc)-CHN2 was synthesized from Fmoc-
(S)-Arg(Pmc)-OH (9.94 g, 15.0 mmol) in a procedure analogous to that
of Fmoc-(S)-Arg(Pbf)-CHN2. FC (EtOAc/hexane 8:2!9:1) afforded
Fmoc-(S)-Arg(Pmc)-CHN2 (5.70 g, 55%) as a yellow foam. Rf=0.3
(AcOEt/hexane 90:10); 1H NMR (300 MHz, CDCl3): d=1.26 (s, 6H;
Me), 1.58 (brm, 3H; CH2), 1.72±1.80 (m, 1H; CH2), 1.74 (t, J(H,H)=
6.7 Hz, 2H; CH2), 2.08 (s, 3H; Me), 2.54 (s, 3H; Me), 2.57 (s, 3H; Me),
3.22 (brm, 2H; CH2N), 4.09±4.16 (m, 2H; CHCH2O, CHN), 4.30±4.37
(m, 2H; CHCH2O), 5.51 (s, 1H; CHN2), 5.99 (d, J(H,H)=7.8 Hz, NH),
6.13 (br s, NH), 6.22 (br s, 2H; NH), 7.24±7.27 (m, 2H; arom.), 7.35 (t,
J(H,H)=7.3 Hz, 2H; arom.), 7.54 (d, J(H,H)=7.5 Hz, 2H; arom.), 7.72
(d, J(H,H)=7.5 Hz, 2H; arom.); 13C NMR (75 MHz, CDCl3): d=12.3,
17.6, 18.7, 21.5, 25.3, 26.8, 29.9, 32.8, 40.8, 47.2, 66.9, 73.7, 117.9, 119.9,
124.1, 125.0, 126.9, 127.6, 132.9, 134.8, 135.4, 141.2, 143.6, 153.6, 156.1,
156.3; IR (CHCl3): ñ = 3345 (w), 2879 (w), 2944 (w), 2111 (m), 1720
(m), 1624 (s), 1552 (s), 1509 (m), 1450 (m), 1370 (m), 1299 (m), 1166 (w),
1110 (s), 1046 (w), 834 (w), 657 cm�1 (w); MS (ESI, pos.): m/z : 725.0 (20)
[M+K]+ , 710.0 (24), 709.0 (52) [M+Na]+ , 687.0 (100); HRMS: calcd for
[C32H46N4O6SNa]


+ : 681.2723; found: 681.2726.


Compound 2b was synthesized from Fmoc-(S)-Arg(Pmc)-CHN2 (3.36 g,
5.0 mmol) in a procedure analogous to that of 2a. FC (EtOAc/pentane
3:2!5:1) afforded 2b (6.33 g, 83%) as white foam. Rf=0.32 (EtOAc/
pentane 3:1); [a]RTD =�12.7 (c=0.82 in CHCl3);


1H NMR (300 MHz,
CDCl3): d=1.27 (s, 6H; Me), 1.31±1.61 (m, 4H; 2CH2), 1.75 (t, J(H,H)=
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6.7, 2H; CH2), 2.08 (s, 3H; Me), 2.50±2.60 (m, 2H; CH2COOBn), 2.55 (s,
3H; Me), 2.57 (s, 3H; Me), 3.96 (brm, 1H; CHNHFmoc), 4.14 (t,
J(H,H)=6.7, 1H; CHCH2O), 4.34±4.37 (m, 2H; CHCH2O), 5.09 (s, 2H;
CH2Ph), 5.43 (d, J(H,H)=9.3 Hz, 1H; NHFmoc), 5.96 (br s, 3H; NH),
7.24±7.39 (m, 9H), 7.54 (d, J(H,H)=7.5 Hz, 2H), 7.74 (d, J(H,H)=
7.5 Hz, 2H); 13C NMR (75 MHz, CDCl3): d=12.2, 17.6, 18.6, 25.4, 26.8,
32.1, 32.8, 39.5, 40.9, 47.2, 66.6, 66.7, 73.6, 117.8, 119.9, 123.9, 124.9, 126.9,
127.2, 128.2, 128.3, 128.5, 133.2, 134.8, 135.3, 135.4, 141.1, 143.5, 143.6,
153.4, 155.7, 156.3, 171.0; IR (CHCl3): ñ=3430 (w), 3352 (w), 3008 (w),
2946 (w), 1722 (m), 1621 (m), 1553 (s), 1513 (m), 1451 (m), 1385 (w),
1353 (w), 1299 (m), 1262 (m), 1167 (m), 1111 (s), 1013 (w), 657 cm�1 (w);
MS (MALDI): m/z (%): 805 (8) [M+K]+ , 791 (16), 790 (49), 789 (100)
[M+Na]+ , 502 (33), 501 (98) [M�Pmc+2H]+ , 481 (11), 305 (59); elemen-
tal analysis calcd (%) for C43H50N4O7S (766.9): C 67.34, H 6.57, N 7.31
found C 67.37, H 6.73, N 7.28.


Compound 3a : A few drops of AcOH and 10% Pd/C (140 mg) under Ar
were added to a solution of 2a (1.51 g, 2.0 mmol) in methanol (20 mL).
The apparatus was evacuated, flushed three times with H2 and the mix-
ture was stirred under an atmosphere of H2 for 2 h and 30 min. The mix-
ture was diluted with MeOH, filtered through Celite and concentrated
under reduced pressure. FC (CH2Cl2/MeOH/AcOH 95:5:1!90:10:1) af-
forded 3a (1.21 g, 91%) as a white foam. Rf=0.14 (CH2Cl2/MeOH/
AcOH 95:5:1); [a]RTD =�6.86 (c=1.02, CHCl3);


1H NMR (300 MHz,
CDCl3, signals of rotamers are given in italics): d=1.39 (s, 6H; Me), 1.56
(br, 4H; CH2), 2.04 (s, 3H; Me), 2.25±2.31 (m, 2H; CH2CO), 2.47 (s, 3H;
Me), 2.54 (s, 3H; Me), 2.86 (s, 3H; Me), 3.17 (br s, 2H; CH2CMe2), 3.59,
3.94 (br s, 1H; CHN), 4.10±4.16 (t, J(H,H)=6.9 Hz, 1H; CHCH2O), 4.30,
4.47 (br, 2H; CHCH2O), 5.81 (d, J(H,H)=8.4 Hz, 1H; NH), 6.36 (br,
3H; NH), 7.20±7.34 (m, 4H; arom.), 7.51 (d, J(H,H)=7.2 Hz, 2H;
arom.), 7.68 (d, J(H,H)=7.5 Hz, 2H; arom.); 13C NMR (75 MHz,
CDCl3): d=12.6, 18.0, 19.4, 25.5, 28.6, 31.4, 39.6, 40.8, 43.2, 47.8, 66.8,
86.4, 117.6, 119.8, 124.7, 124.9, 126.9, 127.5, 132.3, 138.3, 141.0, 143.5,
143.6, 156.2, 156.3, 158.8, 174.9; IR (CHCl3): ñ=3436 (w), 3348 (w), 3008
(w), 2976 (w), 1713 (s), 1622 (m), 1555 (s), 1451 (m), 1408 (m), 1371 (w),
1107 (s), 909 (w), 658 (w), 621 (w) cm�1; MS (MALDI): m/z (%): 686
(32), 685 (79) [M+Na]+ , 412 (22), 411 (100), 394 (18), 393 (79), 215 (18).


Compound 3b : Compound 3b was synthesized starting from 2b (5.50 g,
7.3 mmol) in a procedure analogous to that of 3a. FC (CH2Cl2/MeOH/
AcOH 95:5:1) afforded 3b (4.45 g, 90%) as a white foam. Rf= (CH2Cl2/
MeOH/AcOH 95:5:1); [a]RTD =�5.2 (c=1.12 in CHCl3);


1H NMR
(300 MHz, CDCl3, signals of rotamers are given in italics): d = 1.26 (s,
6H; Me), 1.38±1.46 (m, 1H; CH2), 1.57 (br, 3H; CH2), 1.73 (t, J(H,H)=
6.5 Hz, 2H; CH2), 2.07 (s, 3H; Me), 2.30, 2.52±2.54 (m, 2H; CH2CO),
2.52 (s, 3H; Me), 2.55 (s, 3H; Me), 3.17 (br, 1H; CH2N), 3.57, 3.93 (br,
1H; CHN), 4.09±4.16 (m, 1H; CHCH2O), 4.31±4.33, 4.49 (br, 2H;
CHCH2O), 5.75 (d, J(H,H)=9.0 Hz, 1H; NH), 6.27 (br, 3H; NH), 7.20±
7.26 (m, 2H; arom.), 7.33 (t, J(H,H)=7.5 Hz, 2H; arom.), 7.52 (d,
J(H,H)=7.5 Hz, 2H; arom.), 7.69 (d, J(H,H)=7.5 Hz, 2H; arom.);
13C NMR (75 MHz, CDCl3): d=12.24, 17.6, 18.6, 21.5, 25.5, 26.8, 29.8,
31.4, 32.7, 39.51, 40.8, 47.2, 66.7, 73.7, 117.9, 119.8, 124.1, 125.0, 126.9,
127.5, 132.7, 134.8, 135.4, 141.1, 143.5, 143.7, 153.6, 156.2, 156.3, 174.7; IR
(CHCl3): ñ=3348 (w), 2944 (w), 1713 (m), 1622 (m), 1651 (s), 1450 (m),
1385 (w), 1299 (m), 1248 (w), 1166 (w), 1110 (s), 1014 (w), 658 cm�1 (w);
MS (MALDI): m/z (%): 715 (5) [M+K]+ , 7.1 (12), 700 (43), 699 (100)
[M+Na]+ , 412 (20), 411 (86) [M�Pmc+2H]+ , 393 (17), 393 (77)
[M�Pmc�NH2]


+ , 215 (19); elemental analysis calcd (%) for
C36H44N4O7S (676.3): C 63.89, H 6.55, N 8.28; found C 63.77, H 6.68, N
8.12.


Compound 5 : TFA (12 mL) was added at 0 8C to a solution of Fmoc-(S)-
b3hOrn(Boc)-OH (2.92 g, 6.23 mmol) in CH2Cl2 (12 mL), and the mixture
allowed to warm to RT while stirring. After 4 h the solvent was removed
under reduced pressure, coevaporated with CH2Cl2 and the residue dried
under high vacuum to yield the TFA salt. The TFA salt was used as is.


(iPr)2NEt (3.4 mL, 20.14 mmol) was added to a suspension of the TFA
salt in formamide followed by a solution of 4 (2.9 g, 9.34 mmol) in diox-
ane (9 mL). After stirring the mixture for 48 h, 1n HCl (40 mL) was
added and extracted with EtOAc (3î100 mL). The organic phase was
washed with brine and concentrated under reduced pressure. FC
(EtOAc/pentane/AcOH 4:6:0.2) afforded 5 (2.67 g, 70%) as a white
foam. Rf = 0.43 (EtOAc/pentane/AcOH 5:5:0.2); [a]RTD =++1.88 (c=0.96
in CHCl3);


1H NMR (300 MHz, CDCl3, a mixture of slowly interconvert-


ing rotamers); 1H NMR (75 MHz, CDCl3): d=1.48 (s, 9H; tBu), 1.49 (s,
9H; tBu), 1.62±1.69 (br, 4H; CH2), 2.35, 2.59±2.68 (m, 2H; CH2CO),
3.25±3.40, 3.63 (br, 2H; CH2N), 4.00 (br s, 1H; CHN), 4.20 (t, J(H,H)=
6.7, 1H; CHCH2O), 4.39, 4.55 (d, J(H,H)=9.3, 2H; CHCH2O), 5.70 (d,
J(H,H)=9.3, 1H; NH), 7.27±7.41 (m, 5H; Ph), 7.59, 7.60 (d, J(H,H)=
7.2, 7.2 Hz, 2H; arom.), 7.75 (d, J(H,H)=7.5, 2H; arom.), 8.38 (br, 1H;
NH), 11.46 (br, 1H; NH); 13C NMR (75 MHz, CDCl3): d = 26.2, 28.2,
28.4, 31.1, 39.1, 40.5, 47.4, 48.1, 66.6, 79.5, 83.3, 119.9, 125.0, 126.9, 127.6,
141.2, 143.7, 153.1, 156.1, 163.1, 174.3; IR (CHCl3): ñ=3325 (w), 2984
(w), 1720 (s), 1616 (s), 1511 (w), 1450 (w), 1416 (m), 1333 (m), 1248 (m),
1135 (s), 1054 (w), 1028 (w), 622 cm�1 (w); MS (MALDI): m/z (%): 633.3
(3) [M+Na]+ , 412.2 (23), 411.2 (100); elemental analysis calcd (%) for
C32H42N4O8 (610.7): C62.94, H 6.93, N 9.17; found: C 62.92, H 6.95, N
9.13.
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Control of Hydrogen Bond Strengths through Push±Pull Effects Triggered by
a Remote Reaction Center: A Theoretical Study
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Ito Chao*[a]


Introduction


Supramolecular chemistry and self-assembly are playing in-
creasingly important roles in the assembly of novel devices
through a bottom-up approach.[1±3] The strength, directional-
ity, and selectivity of binding interactions form the founda-
tions of such assemblies. If the binding ability or the recog-
nition pattern of a molecule could be altered at will, this
could be exploitable in the design of novel sensors, signal
transducers, or supramolecular assemblies with tunable
structures. Hydrogen bonding represents one of the most
important interactions that could be used for molecular rec-
ognition. Several attempts to modulate the strengths of hy-
drogen bonds in synthetic host±guest systems[4] and in bio-
logically related structures[5] have been made by different


approaches. In view of the large differences in the substitu-
ent effects between neutral and charged substituents (e.g.,
the Hammett-type substituent constants sp for�NH2 and for
�NH3


+ are �0.57 and 0.60, respectively),[6] we felt that it
might be possible to tune the strength of the hydrogen bond
effectively by linking the hydrogen-bonding site to a reac-
tion center through a conjugated spacer, and by altering the
charge state of the reaction center in the solution. Protona-
tion, metalation, oxidation and reduction, or chemical trans-
formation are among the reactions that could cause such
charge alterations at the reaction center, and it is thought
that the binding ability of the remote hydrogen-bonding site
might respond to such reactions at the reaction center in sig-
nificant and interesting ways. We have recently undertaken
a theoretical study of these systems directed towards testing
this thesis. As a prototype, we have selected the three-com-
ponent molecular system depicted in Scheme 1, in which a
p-conjugated bridge has been used to link a pyrrole (the hy-
drogen-bonding center) with an imine (the reaction center).
For reasons of computational efficiency and ease of experi-
mental execution we limited the study to protonation reac-
tions at the imine.[7] At the hydrogen-bonding end, ammonia
is used as a proton acceptor to form a hydrogen bond with
the N�H group of pyrrole,[7] and we simulated the effects of
protonation of the imine on the strength of the hydrogen
bond of the pyrrole with the ammonia as a function of the
length of the p-conjugated bridge.


[a] Dr. T.-S. Hwang, N. Juan, Dr. H.-Y. Chen, C.-C. Chen, S.-J. Lo,
Prof. Dr. I. Chao
Institute of Chemistry, Academia Sinica
Taipei 11529 (Taiwan)
Fax: (+886)2-2783-1237
E-mail : ichao@chem.sinica.edu.tw
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Abstract: In an effort to manipulate
the bond strengths of hydrogen bonds,
we have studied a three-component
chemical system consisting of a reac-
tion center, a conjugated bridge, and a
hydrogen-bonding site. Protonation of
the reaction center triggers intramolec-
ular charge transfer from the hydro-
gen-bonding site, altering its affinity to
bind to an acceptor. Previously, we had
found that this communication (signal
transduction) between the reaction
center and the hydrogen-bonding site


does not necessarily die out with in-
creasing length of the conjugated
bridge. In certain cases, this signal
transduction is maintained–and even
amplified–over long distances (I.
Chao, T.-S. Hwang, Angew. Chem.
2001, 113, 2775±2777; Angew. Chem.


Int. Ed. 2001, 40, 2703±2705). In this
study we report the results of an exten-
sive theoretical investigation of this
problem to provide insights into this in-
triguing phenomenon. In the systems
we investigated it was found that the
push±pull process between the hydro-
gen-bonding site and the protonatable
reaction center was mediated with the
greatest facility by conjugated bridges
with low-lying p and p* orbitals.


Keywords: HOMO ¥ hydrogen
bonds ¥ intramolecular charge trans-
fer ¥ LUMO ¥ supramolecular
chemistry
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In the literature there are examples of charge-influenced
hydrogen-bonding systems in which the charge center and
the hydrogen-bonding center are covalently coupled as in
our three-component system.[8] Organic and organometallic
redox-switched hydrogen-bonded complexes have been re-
ported, for example.[9±11] A number of anion binders based
on hydrogen bonding have been designed by the metallation
(Mn+) strategy.[11,12] In several ditopic receptors[13] (i.e. , re-
ceptors that bind both cations and anions), allosteric effects
have been observed.[14] In addition to the through-space
electrostatic effects of a charge center on the hydrogen-
bonding site, the acidity of a proton donor could also be en-
hanced by polarization of a nearby cationic center.[10, 14c]


However, when the charge center and the binding center
are in close proximity, the strong electrostatic effect of the
charge center overshadows the polarization of the hydro-
gen-bonding site. In light of this, the cooperative effect ob-
served in allosteric ditopic receptors is very often ascribed
to electrostatic and structural pre-organization effects.[11]


In the earlier study, we deliberately picked a p-conjugated
bridge of sufficient size to curtail the through-space electro-
static effect, and the reaction-induced polarization of the hy-
drogen-bonding site was varied by increasing the number of
double bonds in the p-conjugated bridge between the hydro-
gen-bonding and reaction centers. In other words, the calcu-
lations were designed to highlight the remote communica-
tion. Interestingly, while ammonia binding in some protonat-
ed three-component systems (pyrrole�(CH=CH)n�iminium;
n = 1±4) showed a distance-dependent decay as expected,
systems with pure azo bridges (pyrrole�(N=N)n�iminium; n
= 1±4) exhibited an enhanced charge polarization effect as
the bridge got longer.[7] That is, we have observed signal am-
plification with the longer bridges, as if the reaction and
binding centers were behaving as signal input and output
centers, respectively. Subsequent tests with more synthetical-
ly feasible bridge systems–namely, the pyrrole�(CH=
CH)n�N=N)x�iminium system (n = 1±4, x = 1±2)–also re-
vealed signal amplifying/maintaining effects as x was in-
creased from 1 to 2.[7] Therefore, if the components are ap-
propriately chosen, efficient remote communication is ach-
ievable, not just limited to a system with a pure azo bridge.
Since we published our original theoretical work, we have


uncovered two relevant experimental reports in which the
reaction and binding centers were also not in close proximi-
ty. In these reports, the anion-binding ability of a pyrrole
was enhanced when metal coordination occurred on the poly-
cyclic heteroaromatic ligand to which pyrrole was attached


(1 and 2).[12] With F� as the common anion, for example, in-
creases in the binding constants of about tenfold[12b] to 30-
fold[12a] were observed upon the formation of Ru2+ com-
plexes. These results support the idea that remote communi-


cation between charge and binding centers is experimentally
feasible even in solution. In Sessler×s phenanthroline-con-
taining DPQ anion sensor (2),[12a] the hydrogen bond center
(pyrrole ring) and the metal coordination site (pyridine
ring) are separated by four fused aromatic rings.
It is of crucial importance to elucidate the mechanism(s)


for the signal-maintaining or signal-amplifying behavior of
the longer bridges, so that a design strategy for customized
three-component systems may be formulated. Previously, we
had interpreted the signal-amplifying effect of the azo-con-
taining three-component systems in terms of the weak
double bond character of an azo group and its cumulative
electron-withdrawing effects in the longer bridges.[7,15] In the
current work, we have extended our study to include a large
variety of hybrid C- and N-containing bridges, and have
found a molecular orbital approach that has proven to be
valuable for understanding the phenomenon. While some of
the bridges may not be readily amenable to direct chemical


Scheme 1. The three-component system investigated in this work.
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synthesis, we nevertheless need a large data set in order to
deduce and confirm the underlying principles. The results of
these hybrid bridges not only provide insights into, but also
provide certain guidelines for the design of effective remote
charge-controlled binding systems.


Computational Details


As in reference [7], ammonia was used as the proton acceptor in this
work. All the three-component systems were studied in their most ex-
tended forms: that is, the bridge double bonds were in s-trans relation-
ships. Calculations were carried out with Gaussian 98[16] and the listed
binding energies included counterpoise correction for basis set superposi-
tion errors.[17] Stationary points were confirmed to be local minima by
frequency analysis.


Both neutral and protonated systems were closed-shell, ground-state spe-
cies. The theory level of RHF/6-31G* was used throughout to obtain the
trends of binding energies in all the three-component systems of different
bridge lengths. We had previously shown that the trend of binding ener-
gies (i.e., whether a given bridge series belongs to a signal-maintaining or
-reducing system) observed at this level is consistent with that obtained
at the DFT, MP2, and MP4 levels.[7] Subsequently, we carried out more
calculations at higher levels (the highest level is CCSD(T)/6-31G*//
MP4(SDQ)/6-31G*) with the same conclusions as reached at the RHF/6-
31G* level, indicating that the latter is good enough to give the proper
binding trends. (See Supporting Information for binding energies calcu-
lated at different levels; Table S1 and S2.)


Results


(X=Y)n and (X=Y�X’=Y’)n bridges : An electron-withdraw-
ing bridge would be expected to increase the acidity of a
proton donor and hence increase its binding ability. As the
electron-withdrawing character of an azo group may be rele-
vant to the interesting signal-amplifying behavior noted ear-
lier,[7] in this study we calculated pyrrole�(CH=N)n�imine
and pyrrole�(N=CH)n�imine systems, in which the effects
of the bridges are electron-withdrawing and electron-donat-
ing, respectively. As (C�C)n bridges have been often used in
study of molecular wires, we have included calculations on a
system with these bridges for comparison between systems
containing the (CH=CH)n and (C�C)n bridges. The results


for the various bridges are shown in Table 1. It can be seen
that for a given series of bridges, the ammonia binding ener-
gies change little for the neutral three-component systems.[18]


Taking the series with the largest binding change, (CH=N)n,
as an example, we found that the binding energies (DEb,neutral)
are �7.27 and �8.09 kcalmol�1 for n = 1 and 4 bridges, re-
spectively. Therefore, the length of the bridge has a limited
effect on the binding strength of these neutral three-compo-
nent systems, even though small cumulative electron-with-
drawing effects of the CH=N and N=N units, and electron-
releasing effects of CH=CH and N=CH are at work, ac-
cording to the trend of DEb,neutral. (For N=N and CH=N, the
DEb,neutral increases as n becomes larger. The reverse is ob-
served for N=CH and CH=CH.) Upon protonation, the pos-
itive charge at the reaction center has a strong influence on
the binding ability of the pyrrole unit. All three-component
systems with an n = 1 bridge show an increase in binding
energies of ca. 6 to 8 kcalmol�1 upon protonation (see
DDEb(P-N) in Table 1). When the bridges are longer, the bind-
ing energies (DEb,protonated) show a distance-dependent de-
crease for all bridges, except for the systems with azo
bridges. To elucidate the importance of the through-bond
polarization effect in the charge-bearing system, we under-
took a calculation for a system in which the two middle
double bonds of the bridge in pyrrole�(CH=CH)4�iminium
were removed (3).[19] The calculated ammonia binding


energy of system 3 was �7.27 kcalmol�1, which was not very
different from that of neutral pyrrole�(CH=CH)4�imine
(�6.57 kcalmol�1), but significantly weaker than that of cat-
ionic pyrrole�(CH=CH)4�iminium (�10.47 kcalmol�1).
Therefore, the through-bond polarization effect plays an im-
portant role in our fully conjugated cationic systems.
For the protonated three-component systems with CH=


CH, CH=N, and N=CH sp2-hybrized bridging units, the elec-


Table 1. Ammonia binding energies (DEb) and binding energy differences (DDEb(P-N)) between protonated and neutral three-component systems with
different bridges at the HF/6-31G* level.


Bridge n = 1 n = 2 n = 3 n = 4


(N=N)n DEb,neutral �7.39 �7.66 �7.84 �7.95
DEb,protonated �15.50 �16.45 �17.99 �19.07
DDEb(P-N) �8.11 �8.79 �10.15 �11.12


(CH=N)n DEb,neutral �7.27 �7.61 �7.88 �8.09
DEb,protonated �13.88 �13.24 �12.75 �12.37
DDEb(P-N) �6.61 �5.63 �4.87 �4.28


(N=CH)n DEb,neutral �6.85 �6.69 �6.55 �6.43
DEb,protonated �13.56 �11.98 �9.88 �8.61
DDEb(P-N) �6.71 �5.29 �3.33 �2.18


(CH=CH)n DEb,neutral �6.84 �6.73 �6.64 �6.57
DEb,protonated �13.17 �12.04 �11.18 �10.47
DDEb(P-N) �6.33 �5.31 �4.54 �3.90


(C�C)n DEb,neutral �7.20 �7.35 �7.43 �7.47
DEb,protonated �13.15 �11.79 �10.66 �9.80
DDEb(P-N) �5.95 �4.44 �3.23 �2.33
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tron-withdrawing (CH=N)n series show less binding reduc-
tion with increasing bridge length (1.51 kcalmol�1 from n =


1 to n = 4) than (N=CH)n and (CH=CH)n bridges. Systems
with the electron-donating (N=CH)n bridges, on the other
hand, exhibited a significant reduction in the binding affinity
as n was increased (4.95 kcalmol�1 from n = 1 to n = 4).
As, in a given bridge series, the change in DEb,neutral is small,
the trend of DDEb(P-N) is basically determined by the change
in DEb,protonated.
To obtain high sensitivity for remote signal transduction,


two requirements have to be met. First, the change in bind-
ing strength, DDEb(P-N), in response to a reaction at the reac-
tion center should be large. Second, the distance-dependent
decay in DDEb(P-N) should be kept minimal. For the above
three-component systems, the efficiency of sp2-hybrized
bridges in achieving remote communication with better sen-
sitivity is (N=N)n> (C=NH)n> (CH=CH)n> (N=CH)n. Com-
parison of the sp2-hybrized (CH=CH)n and sp-hybridized
(C�C)n bridges reveals that the stronger electron-withdraw-
ing ability of sp-hybridized carbon atoms makes the DEb,neutral


values of systems with (C�C)n somewhat stronger than
those with (CH=CH)n bridges. Meanwhile, as electrons are
held more tightly by the sp-hybridized carbons, the (C�C)n
bridges are less responsive to the polarization of a charge
center; DEb,protonated drops more rapidly as the bridge gets
longer in the (C�C)n series than in the (CH=CH)n series.


Therefore, the (CH=CH)n bridges are better than the (C�
C)n bridges in terms of remote signal transduction.
Structural details are important for understanding of mo-


lecular properties. The three-component systems with (N=
N)n and (CH=CH)n have been taken as representatives of
signal-amplifying and -reducing systems, respectively, and
their bond length data are tabulated in Table 2. In compari-
son with the corresponding neutral systems, the degree of
bond length alternation (BLA) in protonated systems is sig-
nificantly increased in the pyrrole ring. In the three-compo-
nent system with (N=N)1, for example, the bond lengths of
r, s, j, k, and l are within 1.350 to 1.432 ä for the neutral
species, but 1.305 to 1.452 ä after protonation (Scheme 2,


Table 2). In the protonated (N=N)n systems, those with the
longer bridges lead to more BLA in the pyrrole ring. Fur-
thermore, the BLA pattern of the systems with the azo
bridge shifts from that of structure A in Scheme 2 (i.e., un<


Table 2. Bond lengths [ä] of three-component systems with (N=N)n and (CH=CH)n bridges.


Neutral Protonated
N 1 2 3 4 1 2 3 4


Pyrrole�(N=N)n�imine
r 1.350 1.347 1.346 1.346 1.305 1.298 1.287 1.281
s 1.365 1.366 1.366 1.367 1.413 1.427 1.447 1.461
j 1.373 1.374 1.375 1.375 1.408 1.417 1.429 1.437
k 1.351 1.351 1.351 1.350 1.335 1.332 1.327 1.324
l 1.432 1.432 1.433 1.433 1.452 1.458 1.466 1.471
t 1.391 1.387 1.385 1.384 1.308 1.294 1.275 1.266
u1 1.226 1.221 1.222 1.223 1.291 1.312 1.347 1.369
u’1 1.419 1.395 1.391 1.390 1.325 1.271 1.241 1.224
u2 1.215 1.213 1.214 1.288 1.336 1.370
u’2 1.424 1.399 1.396 1.322 1.253 1.228
u3 1.213 1.211 1.305 1.357
u’3 1.426 1.401 1.309 1.240
u4 1.213 1.322
u’4 1.427 1.298
v 1.247 1.245 1.245 1.244 1.297 1.298 1.306 1.314
Pyrrole�(CH=CH)n�imine
r 1.356 1.357 1.358 1.358 1.325 1.331 1.336 1.340
s 1.365 1.366 1.365 1.365 1.390 1.385 1.380 1.377
j 1.366 1.365 1.365 1.365 1.385 1.381 1.377 1.374
k 1.354 1.354 1.354 1.354 1.344 1.346 1.348 1.349
l 1.435 1.435 1.435 1.435 1.444 1.441 1.439 1.438
t 1.458 1.459 1.459 1.459 1.407 1.417 1.426 1.432
u1 1.329 1.331 1.332 1.331 1.375 1.368 1.360 1.354
u’1 1.468 1.457 1.456 1.456 1.390 1.399 1.409 1.418
u2 1.331 1.333 1.333 1.384 1.376 1.368
u’2 1.468 1.456 1.455 1.382 1.392 1.401
u3 1.331 1.333 1.390 1.383
u’3 1.468 1.456 1.377 1.385
u4 1.331 1.395
u’4 1.468 1.372
v 1.257 1.257 1.257 1.257 1.306 1.312 1.316 1.320


Scheme 2. Labels for the geometric parameters listed in Table 2. A and B
represent two possible resonance structures for the three-component sys-
tems.
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u’n) to that of structure B (u’n<un) with increasing bridge
length. (For the protonated system with (N=N)1 bridge, u1


and u’1 are 1.291 and 1.325 ä, respectively; the correspond-
ing values for the protonated (N=N)4 system are 1.369 and
1.224 ä.) These structural features imply that pyrrole is in-
volved in intramolecular charge transfer (ICT) upon proto-
nation of the imine reaction center. Once protonated, the
electron-rich pyrrole moiety of the three-component system
is effectively a ™push∫ (donor) group and the electron-with-
drawing iminium moiety is a ™pull∫ (acceptor) group. As a
result of this electron push±pull process, partial positive
charge is delocalized on the pyrrole. In agreement with the
increased BLA (and thus the increased positive charge de-
localization on pyrrole) in the (N=N)n systems, the gains in
positive charge on the pyrrole group are 0.417, 0.473, 0.587,
and 0.664 for n = 1±4, respectively.[20] With the increased
positive charge delocalization on pyrrole, the acidity of the
pyrrole proton donor (N�H group) is also increased.[21]


Therefore, in the (N=N)n series, the longer three-component
systems have stronger hydrogen-bonding ability. The corre-
sponding (CH=CH)n systems showed the opposite trends in
structure (Table 2) as well as the gains in positive charge on
the pyrrole (0.267, 0.223, 0.184, 0.152 for n = 1±4). Accord-
ingly, the longer (CH=CH)n bridges thwart the push±pull
process, and the hydrogen-bonding ability of the pyrrole de-
creases for the systems with the longer bridges. The reason
for the different behavior of the systems with (N=N)n and
(CH=CH)n bridges is discussed in the next section.
We have previously shown that the hybrid bridge systems


(pyrrole-((CH=CH)n�N=N)x�iminium; n = 1±4, x = 1±2)
exhibit a signal-amplifying/-maintaining effect as x changes
from 1 to 2.[7] It may seem that addition of an azo group to
the repeating unit of a bridge offers a strategy for creating a
signal-amplifying/-maintaining system. Figure 1 shows the


ammonia binding energies of different hybrid systems
(pyrrole�(X=Y�X’=Y’)n�iminium; n = 1±2). It is apparent
that all of the five signal-amplifying/-maintaining bridges


(see the top five bridges in Figure 1) contain an N=N unit.
However, the bridge with the largest binding reduction is
also an azo-containing bridge, the (N=N�N=CH)n bridge.
Interestingly, the bridge that enjoys the largest binding in-
crease, (N=CH�N=N)n, and that suffering the largest bind-
ing reduction, (N=N�N=CH)n, have the same constituents,
except that the order of N=N and N=CH units is exchanged.
It is also noteworthy that the (N=CH)n bridges are the most
strongly signal-reducing of the simple X=Y bridges, but
when N=CH and N=N units are incorporated in the correct
order, they constitute the most impressive X=Y�X’=Y’
bridge. These findings illustrate the importance of arranging
the bridge units in an appropriate order and that addition of
azo groups to a three-component system may be beneficial,
but does not necessarily guarantee efficient signal transduc-
tion.


Fragmental molecular orbital (MO) analysis : In this section
we attempt to understand the efficiency of pyrrole in deloc-
alizing the positive charge in different protonated three-
component systems. We pointed out in the previous section
that an electron push±pull process in the cationic three-com-
ponent system resulted in positive charge delocalization on
pyrrole. The extent of positive charge delocalization on pyr-
role thus influences the acidity of the N�H group and its hy-
drogen-bonding ability. We checked the relationship be-
tween the atomic Mulliken charge of the H atom of the pyr-
role N�H bond (QH) and the hydrogen-bonding energy
(DEb,protonated), and observed a good linear correlation be-
tween DEb,protonated and QH (R


2 = 0.9687; 40 data points).[22]


We therefore view QH as a convenient indicator that reflects
the extent of positive charge delocalization on pyrrole and
the strength of binding energy; larger positive QH values
imply more charge delocalization and better binding ability.
To understand why a bridge is signal-amplifying or -reduc-


ing, we sought help from MO-based analyses. From molecu-
lar orbital interaction theory it is known that efficient
charge transfer should be observed if the energy gap (DE)
between occupied and virtual orbitals is small and the over-
lap between these orbitals is large. The problem one then
faces is how to dissect the fully conjugated protonated
three-component system into electron-donor and -acceptor
parts. As the bridge is right next to the protonation center,
it should be strongly influenced by the added H+ , either
through space or through bond. Therefore, rather than dis-
secting the system into three parts, we assume that the elec-
tron is donated from the HOMO of the pyrrole unit into the
combined LUMO of the other two components (bridge-imi-
nium; see Scheme 3). Using pyrrole and two-component
structures frozen in the optimized geometry of protonated
three-component systems,[23] we calculated the energies of
occupied and virtual orbitals of pyrrole and the two-compo-
nent system. It was found that the range of the HOMO
energy of frozen pyrrole is fairly invariant (�7.5 to
�7.9 eV), while that of the two-component LUMO spans
the range �3.3 to �7.0 eV. The LUMO energies of the two-
component systems with signal-reducing (CH=CH)n bridges
are in the range of �3.83 to �3.29 eV (n from 1 to 4; note
that the longer the bridge, the higher the LUMO energy).


Figure 1. Binding energies of three-component systems containing (X=
Y�X’=Y’)n bridges. For simplicity, the hydrogen atoms next to carbon
atoms are not shown.
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The corresponding values of the (N=N)n series are �5.13 to
�7.04 eV (n from 1 to 4), much lower than that of the (CH=
CH)n series. Therefore, the energy gap between occupied
and virtual orbitals of the donor and acceptor is significantly
smaller for the (N=N)n series than for the (CH=CH)n series.
These results explains well: i) why the azo-containing sys-
tems are more efficient than the (CH=CH)n systems in de-
localizing the positive charge by donating electron from pyr-
role, and ii) why systems with longer (N=N)n bridges are still
successful in helping pyrrole to delocalize the positive
charge (signal-maintaining), but the systems with longer
(CH=CH)n bridges fail to do so (signal-reducing).
A further test of the soundness of the above simple


donor±acceptor model comes from the following analysis.
We plotted QH of all protonated three-component systems
against the energy gap (DE) of the donor and acceptor. A
smaller energy gap should lead to more charge transfer
from pyrrole and hence a more positive QH value. It is
shown in Figure 2 that smaller energy gaps (e.g., <3 eV) do


indeed lead to more positive QH values, as expected. Of
course, the extent of charge transfer is influenced not only
by DE, but also by orbital overlap. A large LUMO coeffi-
cient at the atom connecting to pyrrole (see the terminal
atom of the two-component part in Scheme 3) would afford


better orbital overlap and facilitate charge transfer. Using
the LUMO Mulliken population of the terminal atom
(qLUMO) to classify the data points in Figure 2, we found
good linear correlations between DE and QH for large
qLUMO values (i.e. , R


2>0.97 when qLUMO in the 0.350±0.510
or 0.250±0.349 ranges). When qLUMO is small, the correlation
coefficients drop significantly. Basically, there is no correla-
tion between DE and QH when qLUMO is in the 0.000±0.049
range (R2 = 0.0258). When the wave function amplitude at
the connecting atom is so small, charge transfer is not effi-
cient and contributes little to the charge-enhanced hydrogen
bonding of pyrrole. The five systems with qLUMO smaller
than 0.049 are those bearing (N=CH)3, (C�C)4, (N=N�N=
CH)2, (N=CH�CH=CH)2, and (N=CH)4 bridges; they are
the only protonated systems with ammonia binding energies
weaker than �10 kcalmol�1 (Table 1 and Figure 1). For
these cases, the through-space electrostatic effect exerted on
pyrrole by the protonated reaction center is examined by
calculation of the molecular electrostatic potential (MEP) of
a two-component system at the position in which the N
atom of pyrrole is supposed to be in a complete three-com-
ponent system.[24] The good correlation between MEP and
ammonia binding energy (DEb,protonated) of systems with small
qLUMO values (see Figure 3; R


2 = 0.9850) demonstrates that
when charge transfer involving pyrrole is not at work, the
through-space electrostatic effect is playing an important
role.


With the reasonableness of the simple donor±acceptor
model in Scheme 3 seemingly in place, we can now trans-
form our original questions of ™why are some three-compo-
nent systems more efficient in signal transduction than
others and why can signal transduction be maintained even
when the bridge is long?∫ into new ones: ™how can a low-
lying two-component LUMO be achieved and how may
raising of the LUMO energy be avoided as the bridge in the
two-component system gets longer?∫ We have mentioned
that LUMO energies of two-component systems containing
(N=N)n are lowered with larger n, but the opposite is ob-
served for the (CH=CH)n-containing systems.


[25] Normally,
more extended double bond conjugation results in lowering


Scheme 3. The proposed charge transfer model. Note that we presume
charge transfer from the HOMO of the pyrrole to the LUMO of the re-
maining bridge-iminium.


Figure 2. Correlation of charges at the H atom of the pyrrole N�H bond
and the energy gap between pyrrole HOMO and two-component
LUMO.


Figure 3. Correlation of binding energy and MEP at the N atom of pyr-
role.
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of the LUMO. However, this is not necessarily true in the
presence of a very low-lying LUMO of a charge center. In
Figure 4 we plotted the orbital energies of closed-shell sys-


tems relevant to the two-com-
ponent systems.[26] Since the
LUMO of the charge center
(H2C=NH2


+) is of p-symmetry,
we only show the highest occu-
pied p-orbital (p-HOMO) and
lowest unoccupied p-orbital (p-
LUMO) of bridges in Figure 4,
ignoring the nonbonding orbi-
tals of (N=N)n. When the
LUMO of a charge center is
low enough, it will not only in-
teract with the p-LUMO of a
bridge, but also with the p-
HOMO. For the (N=N)n series,
p-HOMO is low-lying in
energy, so the LUMO of the
charge center interacts primari-
ly with p-LUMO of the bridge.
Therefore, the resultant two-
component LUMO is lower in
energy as the number of bridge double bonds increases, as
in most conjugated systems. On the other hand, the p-
HOMO of (CH=CH)n is high-lying, so the LUMO of the
charge center also interacts significantly with p-HOMO
when forming a combined two-component LUMO
(Figure 4). Systems with longer bridges have higher p-
HOMOs and these p-HOMOs interact even more readily
with the charge center LUMO. Because the resultant two-
component LUMO is strongly influenced by the p-HOMO,
the energy trend of two-component LUMOs in the (CH=
CH)n series is no longer the same as in the (N=N)n systems.
One can think of the high-lying HOMO of (CH=CH)n as
more and more effective in deterring ICT from pyrrole
when the bridge gets longer. Therefore, a bridge with a low-


lying p-HOMO and p-LUMO would be expected to behave
quite differently from a common bridge such as (CH=CH)n.
It is conceivable that addition of electronegative atoms to
the bridge as we did, or of electron-withdrawing groups to
the two-component part, would help to achieve a low-lying
two-component LUMO and to avoid raising its energy as
the bridge gets longer.
Figure 5 shows the p-HOMOs and p-LUMOs of different


hybrid X=Y�X’=Y’ bridges. The orbitals are lower-lying
with more electronegative N atoms in the bridge. For the
five three-component systems that are signal-amplifying/-
maintaining in Figure 2 (the top five systems of Figure 2),
the p-HOMOs and p-LUMOs of their bridges ((CH=
CH�N=N)n, (CH=N�N=N)n, and (N=CH�N=N)n) are
indeed lower-lying than those of (CH=N�CH=CH)n and
(N=CH�CH=CH)n. Therefore, this finding reinforces the
idea that low-lying p-HOMOs and p-LUMOs could facili-
tate ICT from pyrrole to iminium. With this kind of bridge,
the involvement of the p-HOMO can be minimized when a
three-component system is protonated. According to the
above finding and reasoning, we modified the (CH=CH)n
bridge to (CF=CF)n, expecting the electron-withdrawing flu-
orine atoms to lower orbital energies and improve the signal


reduction phenomenon. The orbital energies of fluorinated
systems were indeed lowered,[27] and the ammonia binding
energies of pyrrole�(CF=CF)n�iminium (DEb,protonated) were
�14.00, �13.31, �12.82, and �12.51 kcalmol�1 for n = 1±4,
respectively. In relation to those of their (CH=CH)n counter-
parts (�13.17 to �10.47 kcalmol�1, n = 1±4; see Table 1),
the signal reduction phenomenon was indeed improved by
replacement of the H atoms with F atoms. The DDEb(P-N)


values were in the �6.93 to �4.97 and �6.33 to �3.90 kcal
mol�1 ranges for systems containing (CF=CF)n and (CH=
CH)n, respectively. Therefore, modification of the carbon
bridge on the basis of our rationale improves both the sensi-
tivity and the signal-maintaining ability of three-component
systems.


Figure 4. Energy level diagram of the LUMO of H2C=NH2
+ and the p-


HOMOs and p-LUMOs of H�(CH=CH)n�H, H�(N=N)n�H, n = 2 and
4. The orbitals relevant to the two-component LUMO are shown in bold.


Figure 5. The p-HOMOs and p-LUMOs of different hybrid bridges.
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Discussion


A proton exerts a strong electric field. The action of proto-
nation causes strong polarization of a molecule; the electron
cloud is redistributed and nucleus positions are relocated.
During the reorganization of the molecule, orbital energies
and the shapes of the electronic wave functions of our hypo-
thetical donor/acceptor parts will vary. If qLUMO and DE
were not derived from the frozen geometry adapted from
the protonated three-component system (which is the out-
come of charge transfer), but from optimized two-compo-
nent geometry (which has not been subjected to charge
transfer from pyrrole), the correlations shown in Figure 2
would become inferior. The following example illustrates
the difficulty in predicting the response of a bridge in ad-
vance of charge transfer by simply considering a fully opti-
mized two-component system: the LUMO energies of two-
component systems containing (N=CH)3 and (CH=N�N=
N)2 are similar (�4.30 and �4.32 eV, respectively) and their
qLUMO values are both small (0.034 and 0.050, respectively).
However, when the protonated three-component geometry
is adapted, the two-component LUMO energy of the (CH=
N�N=N)2 system (�4.97 eV) is significantly lower than that
of (N=CH)3 (�4.43 eV) and qLUMO is also much larger for
the former system (0.293 vs. 0.045). Because of the signifi-
cant difference in response to charge transfer, the DEb,protonated


values for the (CH=N�N=N)2 and (N=CH)3 three-compo-
nent systems are �14.67 and �9.88 kcalmol�1, respectively.
Therefore, although the donor/acceptor model in Scheme 3
provides a simple and insightful conceptual model, one has
to be aware that quantitative analysis (e.g., Figure 2) is suit-
able only under specific circumstances.
With the simple donor/acceptor model, it seems intuitive-


ly simple to understand the directional effects of X=Y
bridges. The (CH=N)n bridges are superior to the (N=CH)n
bridges because the electron-withdrawing power of CH=N
units helps to pull out the electron from pyrrole and the
electron-donating power of N=CH deters electron from
leaving pyrrole. However, it is difficult to apply similar argu-
ments to the complicated hybrid X=Y�X’=Y’ bridges. These
considerations point to the need for more sophisticated
analyses for rationalization and prediction of protonation-in-
duced push±pull behavior in conjugated systems. We are
currently pursuing the problem along this direction.
Finally, we comment on the influence of the weak double


bond character of an azo group. We had proposed that the
weak double bond character may be relevant to the larger
contribution of resonance form B in the azo-containing
three-component systems.[7,15] For a three-component system
containing a pure azo bridge, the net change in bonding pat-
tern between resonance forms A and B is that one weak N=
N and one strong C=C double bonds in form A are turned
into two strong C=N double bonds (Scheme 2).[15] For the
(CH=CH�N=N)2 and (N=N�CH=CH)2 bridges, twice the
number of bonds are changed in converting form A to B
(two N=N and two C=C bonds turned into four C=N
bonds). No other three-component system involves as many
N=N double bonds in converting form A to B. If a weak N=
N bond strength is playing a dominant role in facilitating


the molecule into form B, these two systems should have
the largest positive charges on pyrrole and show the best
binding ability. However, the binding energies of three-com-
ponent systems containing (CH=CH�N=N)2 and (N=
N�CH=CH)2 are not very different from those of other
hybrid azo bridges (Figure 1). Therefore, when designing a
three-component system, it is more effective to consider an
azo group as the means of lowering orbital energies of a
bridge, rather than as the source of a weak bond strength to
facilitate bond alternation.


Conclusions


In this study, we have employed a protonation-triggered
push±pull system to achieve control over hydrogen bonding.
Before protonation, the binding site is only weakly influ-
enced by the rest of the molecule. Upon protonation, the
low-lying LUMO of the protonated reaction center creates
a strong push±pull drive for charge redistribution. With a
suitable bridge, the binding site can contribute its electron
in response to the push±pull drive, and this causes the
change in its binding ability. Among different ways of build-
ing up a molecular orbital model, we have developed a rea-
sonable approach toward understanding the extent of
charge transfer in terms of the HOMO of the binding site
(donor) and the combined LUMO of the two remaining
components (acceptor). When the pyrrole and the two-com-
ponent parts are frozen in the protonated three-component
geometry to derive orbital details, the best correlations can
be obtained between orbital interaction and charge transfer.
This geometry limitation reflects that much electronic and
structural reorganization is in process before the positive
charge is equilibrated within the system, so the charge-equi-
librated geometry has to be used for a model in its simplest
form. For systems in which charge transfer from pyrrole is
not important, the through-space electrostatic effect domi-
nates the binding ability of pyrrole.
Our MO model, though simple, helps to clarify the factors


that could facilitate effective remote communication in pro-
tonated push±pull conjugated systems. A bridge with low-
lying filled and unoccupied p-orbitals not only has the po-
tential to facilitate charge transfer with its low-lying unoccu-
pied orbital, but its low-lying filled orbital also makes it less
likely to deter charge transfer as the bridge gets longer.
Modification of the (CH=CH)n bridges along these lines (to
(CF=CF)n) has been shown fruitful. Aside from this rule of
thumb, the way the bridge units are arranged (e.g., CH=N
vs. N=CH) also greatly influences the behavior of a three-
component system. It is noteworthy that if it were to be at-
tempted to construct bridges with vastly different communi-
cating ability, this could be achieved easily with the use of a
few building units, as demonstrated in our (X=Y�X’=Y’) re-
sults.
The study of protonated push±pull conjugated systems has


value in its own right. Rather than emphasize the electric or
optical properties of these conjugated systems, we choose to
examine their binding properties. This is because control
over intermolecular binding is an important issue in the con-
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struction of novel functional molecular assemblies, ma-
chines, or devices. Moreover, the potential of conjugated
molecules in this regard has been explored only to a limited
extent in the literature. We have demonstrated that some of
our three-component systems can be viewed as molecular
sensors/switches with remote sensing/communication ability.
Current experimental evidence supports the feasibility of
remote binding control through charge alteration in conju-
gated systems.[12] Our work thus serves to provide insights
into how these systems can be analyzed, and of how to iden-
tify potential bridge types that facilitate remote communica-
tion. Armed with the knowledge acquired in this study, the
design of new three-component systems with commonly
available building blocks is now in progress.
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Synthesis and Antimalarial Activity of Trioxaquine Derivatives
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Jean-Paul Sÿguÿla,[b] and Bernard Meunier*[a]


Introduction


Malaria, the third most infectious cause of mortality, is pro-
lific in more than 40% of the world×s population and causes
more than one million deaths each year, especially in
Africa.[1] Given the spreading resistance of Plasmodium fal-
ciparum to most of the current antimalarial drugs (namely
chloroquine, mefloquine, pyrimethamine, and proguanil), as
well as the absence of a vaccine for protection against ma-
laria, there is an urgent need for new effective, safe, and af-
fordable drugs.[2] The use of artemisinin and related deriva-
tives is increasing since they are among the few molecules
active in the treatment of multidrug resistant P. falciparum
malaria. They are well tolerated, and to date, significant re-


sistance has not been reported either in clinical isolates or
in laboratory experiments. These compounds are active
against the early form of the malarial blood stages and
induce a rapid clearance of the blood parasitemia. They also
act against gametocytes, which are the sexual stages of the
parasite that infect mosquitoes. As a result of a short half-
time of elimination and appearance of recrudescence, arte-
misinin derivatives are now combined with more slowly
eliminated drugs such as mefloquine or lumefantrine. This is
done both to increase the efficiency of the treatment and to
impede the development of resistance.[1,3] However, an er-
ratic supply of the natural parent compound and its short
half-life make it necessary to design cheap synthetic endo-
peroxide-based antimalarials.[4]


The action of artemisinin arises from the presence of an
endoperoxide group that is able to produce radicals, which
in turn damage the parasite.[4a] Our group contributed to
demonstrating the alkylating activity of artemisinin deriva-
tives and other related antimalarial trioxanes.[5±7] Subse-
quently, we decided to develop new molecules based on the
™covalent bitherapy∫ concept in an effort to generate new
affordable drugs that would be less prone to the develop-
ment of resistance. These chimeric compounds, named triox-
aquines, are obtained by covalent attachment of a trioxane
entity, known to be responsible for the activity of artemisi-
nin, to an aminoquinoline entity, which is responsible for
the accumulation and activity of chloroquine in the parasite.


The synthesis and antimalarial activity of the first trioxa-
quine 5a, named DU1102 (Figure 1), was recently report-
ed.[8] Encouraged by the in vitro antimalarial activity of 5a
on laboratory strains,[8] as well as chloroquine- and pyri-
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Abstract: Trioxaquines are dual mole-
cules that contain a trioxane motif
linked to an aminoquinoline entity.
Among the different compounds of
this series, trioxaquine cis-15
(DU1302c), prepared from a-terpi-
nene, a cheap natural product, showed
efficient antimalarial activity in vitro
on both sensitive and resistant strains


of Plasmodium falciparum (IC50=5±
19 nm). A stereochemical description
of this stable, nontoxic, and non-geno-
toxic antimalarial agent is detailed.


Mice infected with P. vinckei were suc-
cessfully treated with cis-15 in a four-
day suppressive test. The doses re-
quired to decrease parasitemia by 50%
(ED50) were 5 and 18 mgkg�1 d�1 after
intraperitoneal and oral administration,
respectively. Parasitemia clearance was
complete without recrudescence at an
intraperitoneal dose of 20 mgkg�1d�1.


Keywords: aminoquinoline ¥ perox-
ides ¥ spiro compounds ¥ trioxane ¥
trioxaquine
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methamine-resistant human isolates of P. falciparum,[9] we
aimed to synthesize a series of new trioxaquines (Figure 1)
in an effort to increase the antimalarial activity of this
series. In particular, we wanted to gain an understanding
into the influence of several structural parameters, such as:
1) the length of the tether between the 4-aminoquinoline
and the trioxane fragments [trioxaquines 5b (DU1106) and
5c (DU1108)]; 2) the use of different starting dienes [trioxa-
quines 10 (DU1402) and cis-15 (DU1302c), obtained from
1,3-cyclohexadiene and a-terpinene, respectively]; and 3)
the nature of the diketone used in the synthesis of the triox-
ane [trioxaquines 6a (DU1112) and 6b (DU1114) were ob-
tained from cis-bicyclo[3.3.0]octane-3,8-dione,[10] rather than
cyclohexane-1,4-dione, which has always been used previ-
ously]. Finally, trioxaquine 18 (DU2302c) was obtained
from primaquine, an antimalarial drug based on 8-aminoqui-
noline instead of the 4-aminoquinoline motif.


In vitro, trioxaquine cis-15 was found to be the most
active, its inhibitory concentration (IC50) being as low as
6 nm for the highly chloroquine-resistant P. falciparum strain
FcM29-Cameroon. Given these results, as well as taking into
consideration the feasibility of its synthesis, compound cis-
15 was chosen to be assessed for in vivo antimalarial activity
on mice (P. vinckei) in a four-day suppressive test. The doses
required to decrease parasitemia by 50% (ED50) were 5 and
18 mgkg�1d�1 after intraperitoneal and oral administration,
respectively. Moreover, parasitemia clearance was complete
without recrudescence at an intraperitoneal dose of
20 mgkg�1d�1. Mice treated at 120 mgkg�1d�1 for four con-
secutive days (oral route) did not experience any toxic ef-
fects. Furthermore, it was found that trioxaquine cis-15 was


unable to induce the SOS response in E. coli even at a
20 mm concentration. This is 1000 times higher than its anti-
malarial IC50 values and indicates that in vitro cis-15 is not
genotoxic.


Results and Discussion


The parent trioxaquine 5a was obtained by the convergent
synthesis of building blocks that allowed for several modifi-
cations. Aminoquinoline 1a was prepared by condensation
of 1,4-diaminoethane with 4,7-dichloroquinoline. The triox-
ane±ketone 3 was obtained by condensation of the 1,4-endo-
peroxide of 1,4-diphenyl-1,3-cyclopentadiene 2 with cyclo-
hexane-1,4-dione. Subsequent reductive amination of the tri-
oxane±ketone 3 by the primary amine of aminoquinoline 1a
led to trioxaquine 4a. To enhance its solubility, compound
4a was protonated by citric acid to provide trioxaquine cit-
rate 5a (Scheme 1). As yet, a stereochemical study of com-
pound 5a has not been completed.


As previously documented for the condensation of endo-
peroxide 2 with cyclopentanone,[11] in trioxane±ketone 3
(Scheme 1), both the trioxane and the cyclopentene are cis-
fused, and H5 and the phenyl C9 are contiguous. Therefore,
rather than a diastereomeric racemate (four stereoisomers),
as is theoretically expected for a molecule that has two
chiral carbons, compound 3 was obtained as a racemate.
Moreover, the reductive amination step in the trioxaquine
synthesis created a pseudoasymmetric center at the C12
spiro carbon. Therefore, two diastereomeric racemates were
obtained in which the amine and the endoperoxide were


Figure 1. Structures of trioxaquine citrates 5a±c, 6a, 6b, 10, cis-15, and 18. Trioxaquines 6a and 6b are racemates but only one enantiomer of each is de-
picted. Trioxaquines cis-15 and 18 are 50:50 mixtures of two diastereomeric racemates but only one of the four possible stereoisomers is depicted for
each trioxaquine.
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either trans or cis with respect to the mean plane of the cy-
clohexyl moiety. As a result, compound 4a (and consequent-
ly 5a) was isolated as an equimolecular mixture of two dia-
stereomeric racemates (four stereoisomers). This stereo-
chemical aspect is further discussed with respect to com-
pounds 12 and cis-14.


Trioxaquines synthesized from 4,7-dichloroquinoline


Variations of the diaminoalkyl tether : Changes in the length
of the lateral chloroquine chain influence antimalarial activi-
ty, and are able, in some cases, to circumvent chloroquine-
resistance of Plasmodium falciparum.[12,13] Several trioxa-
quines with diaminoalkyl tethers of different lengths were
synthesized to determine the effect this had on antimalarial
activity. Substitution of 4,7-dichloroquinoline with different
a,w-diaminoalkanes is generally easy, but poor yields have
been reported in the case of long diaminoalkanes because of
the formation of bisquinoline derivatives.[14] Substitution of
4,7-dichloroquinoline with 1,3-diaminopropane and 1,4-dia-
minobutane gave the expected aminoquinolines 1b and 1c
in 75 and 60% yield, respectively (Scheme 1). The subse-
quent steps were then performed under conditions similar to
those used for 5a.[8] Finally, reductive amination of the triox-
ane±ketone 3 by 1b and 1c produced trioxaquines 4b and
4c in 95 and 70% yield, respectively. As could be assessed
from the doubled-up 1H NMR signals assigned to H5 and


the quinoline protons, 4b and 4c were also obtained (and
not separated) as the trans and cis diastereomeric racemates.
These were subsequently protonated with citric acid in
quantitative yields to give the corresponding trioxaquine di-
citrates 5b and 5c, respectively. The chemical shifts of the
quinoline and diaminoalkane tether protons indicate that in
a solution of DMSO, 5a±c are monoprotonated trioxaquine
citrates. This has also recently been reported for trioxa-
quines 6a and 6b[10] (Figure 1).


Trioxaquine from 1,3-cyclohexadiene : Trioxaquines 4a±c
were obtained from endoperoxide 2, which in turn is pre-
pared by photo-oxygenation of 1,4-diphenyl-1,3-cyclopenta-
diene. Unfortunately, this diene, which is synthesized in four
steps from the sodium salt of ethyl acetoacetate and phenac-
yl bromide,[11,15] is obtained in an overall yield of only 20%.
To reduce the number of steps and to enhance the total
yield of the synthesis, we decided to use a commercially
available diene. Therefore, as depicted in Scheme 2 and


Scheme 3, respectively, trioxaquine 10 was prepared from
1,3-cyclohexadiene, while cis-15 was synthesized from a-ter-
pinene. Photo-oxygenation of 1,3-cyclohexadiene afforded a
mixture of the desired endoperoxide 7a (80% yield) and 3-
hydroperoxo-1,4-cyclohexadiene 7b (20% yield). Com-
pound 7a results from the [4+2]-cycloaddition of 1O2, while
7b arises from an ene reaction of 1O2. Attempts to purify 7a
by column chromatography were unsucessful. Subsequent
condensation of this mixture with cyclohexane-1,4-dione in
dichloromethane at �78 8C in the presence of Me3SiOTf as
catalyst gave, after silica-gel chromatography, the expected
trioxane±ketone 8 in low yield (<10%). The low yield ob-
tained for 8 arises because the 1,4-endoperoxide does not
contain any substituents. Therefore, in contrast to 1,4-di-
phenyl-1,3-cyclopentadiene, when this endoperoxide is
opened by Me3SiOTf, an unstabilized carbocation is formed.


Scheme 1. Synthesis of trioxaquines 5a±c from 1,4-diphenyl-1,3-cyclopen-
tadiene: a) O2, hn, TPP, CH2Cl2, 5 8C; b) cyclohexane-1,4-dione, Me3-
SiOTf, CH2Cl2, �78 8C; c) H2N(CH2)nNH2, 85 8C; d) NaBH(OAc)3,
CH2Cl2; e) citric acid, acetone.


Scheme 2. Synthesis of trioxaquine 10 from 1,3-cyclohexadiene: a) O2,
hn, TPP, CH2Cl2, 5 8C; b) cyclohexane-1,4-dione, Me3SiOTf, CH2Cl2,
�78 8C; c) NaBH(OAc)3, 1a, CH2Cl2; d) citric acid, acetone.
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In addition, in trioxane±ketone 8 the trioxane and cyclohex-
ene ring can be either cis or trans fused; this gives rise to a
mixture of two diastereomeric racemates, which correspond
to four different possible configurations at C5 and C10. This
is not the case for trioxane±ketone 3, as the short-ring con-
straint of cyclopentene does not allow a trans fusion. The
four stereoisomers of compound 8 could not be separated
(this problem will be further discussed for trioxane±ketone
12 and trioxaquine cis-14, see below, Scheme 3). Reductive
amination of 8 by aminoquinoline 1a produced trioxaquine
9. The aminoquinoline fragment can be introduced at C13
on the same side as the peroxide bond with respect to the
mean plane of the cyclohexane ring, or on the opposite side.
Thus, this gives rise to two diastereomeric trioxaquines for
each starting trioxane±ketone. Compound 9 (which refers to
the mixture of eight stereoisomers) was then further proto-
nated to give trioxaquine citrate 10 in 40% overall yield
from trioxane±ketone 8. The use of 1,3-cyclohexadiene did
reduce the number of steps in the synthesis but did not im-
prove on the overall yield (7% for 5a from the sodium salt
of ethyl acetoacetate compared to 2% for 10 from 1,3-cyclo-
hexadiene). Moreover, the latter synthesis doubled the
number of stereoisomers obtained.


Trioxaquine from a-terpinene : Given the low yields ob-
tained when an unsubstituted diene such as 1,3-cyclohexa-
diene was used, we turned our attention to the cheap and
commercially available disubstituted diene a-terpinene (1-
methyl-4-isopropyl-1,3-cyclohexadiene). We hereby report a
detailed study that includes stereochemical considerations,
of the synthesis of trioxaquine cis-15. Photo-oxygenation of
a-terpinene afforded the desired endoperoxide 11. Com-
pound 11 is in fact the natural product ascaridole, a racemic
endoperoxide that has a (1R,4R) and (1S,4S) configuration,
and which exhibits weak antimalarial activity (Scheme 3).[16]


Condensation of cyclohexane-1,4-dione with 11 in dichloro-
methane at �78 8C in the presence of Me3SiOTf as catalyst
gave, after separation by silica gel chromatography, three
different trioxane±ketones, namely trans-12, cis-12, and
trans-13. Both trans-12 and cis-12 have the expected triox-
ane±ketone structure and consist of two racemic diastereom-
ers. In cis-12, the trioxane and cyclohexene rings are cis
fused, that is, H5 and the 11-methyl group are contiguous.
This corresponds to a 5S,10R and 5R,10S configuration.
Therefore, cis-12 is a racemate that should be noted as
(5RS,10SR)-12 according to CIP convention.[17] However, to
shorten this notation, we use the cis/trans descriptor because
it is also accepted for cyclanes. In trans-12, the trioxane and
cyclohexene rings are trans fused, that is, H5 and the 11-
methyl group are on opposite planes of the C5�C10 bond.
In turn, this gives rise to the 5S,10S and 5R,10R configura-
tion (trans-12 should, therefore, be noted as (5RS,10RS)-12
according to CIP convention).


Although the formation of a trioxane that bears an angu-
lar isopropyl residue at C10 cannot in priciple be ruled out
during the condensation of ascaridole 11 with cyclohexane-
1,4-dione, this compound was not detected.


The structures of cis-12 and trans-12 were unambiguously
determined by X-ray diffraction of crystals obtained by the


slow evaporation of a solution of the corresponding com-
pound from a hexane/EtOAc (80:20, v/v) mixture
(Figure 2). It should be noted that in the case of trioxane±
ketone 3, a trans fusion of the trioxane and cyclopentene
ring is not possible because of steric constraints.[11] There-
fore, the only stereoisomers obtained for 3 were enantiom-
ers that had a 5S,9S and 5R,9R configuration.


The structure of the third, minor trioxane±ketone trans-13
was determined by NMR experiments. Compound 13 is an
analog of trans-12 in which the isopropyl substituent at C7
has been oxidized to an isopropenyl group (Scheme 3). In
the 1H NMR spectrum of trans-13, the signal for the 11-
methyl group appeared, as it did for trans-12, as a sharp
signal, whereas this resonance was a very broad singlet in
the case of cis-12. This analysis indicates that trans-13 has a
(5RS,10RS) configuration. In addition, NOE experiments
showed a spatial proximity between one of the H13 protons
and the two H8 protons; this is compatible with an s-trans
conformation of the diene.


The trioxane±ketone cis-12 was the major product isolat-
ed for all the different experimental conditions used. For ex-
ample, when the reaction was carried out with 6 molar
equivalents of diketone for 2 h, the trans-12/cis-12/trans-13
ratio was 12:78:10, and cis-12 was isolated in 26% yield
with respect to the a-terpinene. Unfortunately, changes in
reaction time, temperature, quantity of catalyst, or quality


Scheme 3. Synthesis of trioxaquine cis-15 from a-terpinene: a) O2, hn,
TPP, CH2Cl2, 5 8C; b) cyclohexane-1,4-dione, Me3SiOTf, CH2Cl2, �78 8C;
c) NaBH(OAc)3, 1a, CH2Cl2; d) citric acid, acetone; e) cis-14 is a 50:50
mixture of the two diastereomers trans,cis-14 and cis,cis-14 ; f) cis-15 is a
50:50 mixture of the two diastereomers trans,cis-15 and cis,cis-15.
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of solvent (distilled or not) did not improve the yield of cis-
12. Thus, it was necessary to separate and purify the major
diastereomer cis-12 by chromatography.


Reductive amination of cis-12 by aminoquinoline 1a af-
forded trioxaquine cis-14 in 60±80% yield (Scheme 3). From
analysis of the 1H NMR spectra, cis-14 was found to be a
50:50 mixture of two trioxaquine diastereomeric racemates
(i.e. four stereoisomers). In principle, non-stereoselective re-


ductive amination at C17 should afford compounds that
have the amine group of the aminoquinoline at C17 and the
peroxide at C3 either in an equatorial or axial position with
respect to the cyclohexane ring. Therefore, when a racemate
of the trioxane±ketone cis-12 (5R,10S + 5S,10R) is used as
the starting material, reductive amination is expected to pro-
vide eight compounds. In particular, there should be four
stereoisomers, each of which exist as two conformers be-
cause of the conformational equilibrium of the cyclohexane
ring (Figure 3).


In B and C (and B’ and C’), the amine and the peroxide
substituents are trans with respect to the cyclohexane ring.
For this reason, the mixture of racemates BB’ + CC’ is
named trans,cis-14. Here trans refers to the relative position
of the aminoquinoline and peroxide with respect to the cy-
clohexane ring, while cis refers to the trioxane±cyclohexene
ring junction. In A and D (and A’ and D’), the amine and
the peroxide substituents are cis, that is, on the same side of
the mean plane of the cyclohexane ring. As a result, this dia-
stereomeric racemate is named cis,cis-14.


To enable structure elucidation and biological evaluation,
the two diastereomers of cis-14 were partially separated by
selective precipitation (dichloromethane/cyclohexane, 1:8,
v/v); this led to an enriched trans,cis-14/cis,cis-14 mixture
(70:30). The enriched mixture was then subjected to column
chromatography on silica gel (EtOAc/triethylamine, 95:5,
v/v). The first diastereomeric racemate eluted was trans,cis-14.
Its structure was unambiguously determined [X-ray diffrac-
tion of a crystal obtained by the slow evaporation of an eth-
anol/EtOAc (50:50, v/v) solution (Figure 2)] to be conform-
er C (and C’), in which the aminoquinoline is in an equatori-
al position. Conformer B (and B’), which is less stable be-
cause the aminoquinoline residue is axial, was not observed.


The second diastereomeric racemate eluted was cis,cis-14.
This diastereomeric racemate was crystallized by the slow
diffusion of diethyl ether into a dichloromethane solution.
In this compound, the asymmetric unit contains both the A
and D conformer. It should be noted that a fast equilibrium
between conformers A (and A’) and D (and D’) exists in
solution, and therefore, did not allow the two to be distin-
guished by NMR spectroscopy at room temperature. More-
over, this conformational equilibrium makes the chromato-
graphic purification of cis,cis-14 tedious and erratic. The re-
covery of trans,cis-14 was much easier.


Each of the two diastereomeric racemates were protonat-
ed with citric acid to afford the corresponding trioxaquine
citrates trans,cis-15 and cis,cis-15 in quantitative yield. These
citrates were then tested for in vitro antimalarial activity.


Since trans,cis-14 and cis,cis-14 displayed similar in vitro
antimalarial activity (see below), they were not separated
any further. Compound cis-14, which consisted of a 50:50
mixture (quantified on the basis of its 1H NMR analysis) of
the two diastereomeric racemates trans,cis-14 and cis,cis-14
(four stereoisomers) was thereby protonated with citric acid
to afford cis-15. Subsequently, this mixture of trans,cis-15 and
cis,cis-15 (50:50 ratio) was used for in vivo antimalarial tests.


Trioxaquine synthesized from primaquine : The quinoline
entity of all the trioxaquines described up to this point was


Figure 2. Crystal structures of trioxanes cis-12 and trans-12, as well as tri-
oxaquines trans,cis-14 and cis,cis-14. In cis,cis-14, all conformers and
enantiomers co-crystallized but only A and D are represented.
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similar to chloroquine, a 7-chloro-4-aminoquinoline, and
was used on the basis of many structure±activity relationship
studies.[18] Primaquine 16 was considered as a suitable alter-
native as it has been widely used for eradication of the dor-
mant hepatic forms of the parasite responsible for relapses
in P. vivax or P. ovale infec-
tions,[19] and because it is also
active against the sexual stages
of the parasite involved in the
transmission of the disease.
Therefore, incorporation of a
primaquine moiety and a triox-
ane fragment into a single com-
pound could potentially lead to
new drugs that have both game-
tocidal and schizontocidal activ-
ities. Primaquine 16 (Scheme 4)
is an 8-aminoquinoline that
contains a primary amine that
can be directly utilized in the


reductive amination of a triox-
ane±ketone. Reductive amina-
tion of trioxane cis-12 with pri-
maquine gave trioxaquine 17 in
63% yield (Scheme 4). Subse-
quent protonation was carried
out in acetone with 2.0 molar
equivalents of citric acid to
afford trioxaquine citrate 18
after evaporation of the solvent.
This new trioxaquine is highly
soluble in acetone as well as in
water. It should be noted that
the diastereomers from the cis
or trans disposition of the per-
oxide and primaquine substitu-
ent with respect to the cyclo-
hexane ring were not separated.
Compound 18 consisted of an
equimolecular mixture of eight
stereoisomers, just like cis-15
because it contains an addition-
al chiral center at C13’ of pri-
maquine.


Characteristic data for the tri-
oxaquine citrates : Table 1 pres-
ents several characteristic fea-
tures of the different trioxa-
quines: molecular weight, over-
all yield for the syntheses from
commercially available reac-
tants, number of steps, and sol-
ubility. The trioxaquine pre-
pared from primaquine is the
only one that is soluble in pure
water. All the other trioxa-
quines have to be previously
dissolved in DMSO prior to the


addition of water, physiological serum, or culture medium.
The reported data indicate the maximum trioxaquine con-
centration in DMSO that can be diluted by an infinite
amount of physiological serum without precipitation.
Among the trioxaquines synthesized from 4-aminoquino-


Figure 3. The eight possible structures of trioxaquine cis-14, in which the amine and the peroxide functions are
either axial or equatorial with respect to the cyclohexane residue. (Quin�NH refers to the aminoquinoline 1a,
see Scheme 1).


Table 1. Molecular weights, yields, and solubilities of the different trioxaquines.


Trioxaquine Molecular weight Global Number Solubility[b]


[base (citrate form)] yield[a] [%] of steps[a] [mgmL�1]


5a (DU1102) 568.2 (952.4) 7 9 1.0�0.2
5b (DU1106) 582.2 (966.4) 5 9 1.0�0.2
5c (DU1108) 596.2 (980.4) 5 9 1.0�0.2
6a (DU1112) 594.2 (978.4) 2 9 0.6�0.2
6b (DU1114) 594.2 (978.4) 2 9 0.6�0.2
10 (DU1402) 430.0 (814.2) 2 5 70�10


cis-15 (DU1302c) 485.1 (870.3) 20 5 50�10
18 (DU2302c) 523.0 (907.2) 20 4 soluble in water[c]


[a] Calculated with respect to the starting materials (sodium salt of ethyl acetoacetate for 5a±c and 6a and 6b,
1,3-cyclohexadiene for 10, and a-terpinene for cis-15 and 18). [b] These trioxaquines are not directly soluble in
water or physiological serum. The reported solubility is the maximum concentration of the trioxaquine citrate
in DMSO that can be diluted with an infinite amount of physiological serum (0.9 wt% NaCl in water) without
precipitation. [c] Solubility in water: 1 mgmL�1.
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lines, those that contain a cyclo-
hexene (10) or terpinene
moiety (cis-15) had a solubility
of 70 and 50 mgmL�1 in
DMSO, respectively. This is
much higher than that found
for trioxaquines 5 and 6, which
have a diphenylcyclopentene
residue (1 mgmL�1). A molecu-
lar weight below 500 is one of
the ™five×s rule∫ points reported
by Lipiski et al. in order for a
drug to have good oral availa-
bility.[20] With a molecular mass
of 485 for its base form, and in
light of the high overall yield
(20%) obtained, cis-15 is the
most promising compound.


Biological activity


In vitro antimalarial activity :
We tested the in vitro antimalarial activity of the eight syn-
thesized trioxaquine citrates to determine the influence that
the different structural modifications had on their biological
activity. Four different strains of Plasmodium falciparum
were used: a Nigerian strain and F32-Tanzania, which are
chloroquine sensitive (CQS); and FcB1-Columbia and
FcM29-Cameroon, which are chloroquine resistant (CQR)
and highly chloroquine resistant (CQR+ ), respectively. The
threshold IC50 for in vitro resistance to chloroquine is usual-
ly estimated to be 100 nm.[21] The results are summarized in
Table 2.


First of all, it should be highlighted that the antimalarial
activities are high, especially for trioxaquines 5a and cis-15,
which have IC50 values in the range of 22±27 nm and 5±
19 nm, respectively. In addition, these drugs are as active on
chloroquine resistant as on chloroquine sensitive P. falcipa-
rum strains. For cis-15, the IC50 values are 7 and 17 nm for
F32-Tanzania and the Nigerian (sensitive) strains, and 15
and 6 nm for the FcB1 and FcM29 (resistant) strains, respec-
tively.


Variations in the length of the diaminoalkyl tether (-CH2-)n
between the trioxane and the 4-aminoquinoline moieties
(5a, n=2; 5b, n=3; 5c, n=4) did not significantly modify
the antimalarial activity. In some cases, lower activities were
observed when the diaminoalkyl chain was longer than two
carbon atom units: IC50=181 and 41 nm for the Nigerian
and FcB1 strains, respectively, for 5b (n=3), while for 5a
(n=2) the values obtained were 22 and 27 nm, respectively.
As a result, a two-carbon atom tether was used for most of
the trioxaquines that contained a 4-aminoquinoline fragment.


The influence of certain stereochemical features was also
evaluated. Trioxaquines 6a and 6b (Figure 1) are diastereo-
meric racemates, which were prepared from cis-bicy-
clo[3.3.0]octane-3,8-dione. They differ only in the stereo-
chemistry at the C3 spiro junction. That is, the peroxide
function is either on the same side or on the opposite side


of H11 and H15 with respect to the C10-C12-C14-C16
plane; this gives rise to the exo and endo racemates 6a and
6b, respectively. The structure of each diastereomer has
been proposed from a detailed NMR study.[10] The antima-
larial activity of these two diastereomers was not significant-
ly different. For example, IC50 values of 112 and 108 nm
were obtained for 6a and 6b, respectively, against the chlor-
oquine-sensitive Nigerian strain. For the chloroquine-resist-
ant strain a difference was observed (factor of 2), but it was
low and did not allow us to conclude that the C3 stereo-
chemistry of this trioxaquine has any real influence on its
antimalarial activity.


Scheme 4. Synthesis of trioxaquine 18 from primaquine: a) NaBH(OAc)3,
CH2Cl2; b) citric acid, acetone. cis-12 is a racemate but only one enan-
tiomer is depicted. Trioxaquines 17 and 18 are 50:50 mixtures of two dia-
stereomeric racemates but only one of the four possible stereoisomers is
depicted for each trioxaquine.


Table 2. IC50 values [nm] for the trioxaquine citrates against Plasmodium falciparum.


Trioxaquine IC50 [nm]
[a]


citrates Nigerian FcB1-Columbia FcM29-Cameroon
CQS[b] CQR[b] CQR+ [b]


5a (DU1102) 22 (1) 27 (3) 27 (10)
5b (DU1106) 181 (59) 41 (4) 133 (102)
5c (DU1108) 87 (20) 41 (4) 41 (14)
6a (DU1112) 112[c] 31 (17) 39 (22)
6b (DU1114) 108 (43) 63 (2) 85 (7)
10 (DU1402) 36 (12) 71 (52) 49 (0)


cis-15 (DU1302c) 17(6); [7[c]][d] 15 (2) 6 (1)
trans,cis-15 [9[c]][d] 19 (2) 7 (2)
cis,cis-15 [5[c]][d] 11 (4) 5 (1)


18 (DU2302c) 176 (39) 112 (17) 108 (16)
Chloroquine[e,f] 62 (10) 116 (57) 174 (26)
Artemisinin[e] 6 (1) 5 (1) 8 (1)
Primaquine[e,g] 875 (200) 1075 (17) 1400 (300)


[a] IC50 values are the mean of at least 2±5 independent experiments, except where noted (the SEM value is
indicated in parentheses, SEM= standard error of the mean). [b] CQS=chloroquine sensitive, CQR=chloro-
quine resistant, CQR+=highly chloroquine resistant. [c] Single experiment. [d] Measured on the chloroquine-
sensitive F32-Tanzania strain instead of the Nigerian strain. [e] Measured as reference. [f] Chloroquine diphos-
phate was used. [g] Primaquine diphosphate was used.
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Changes in the starting diene, that is, from 1,4-diphenyl-
1,3-cyclopentadiene in 5a to 1,3-cyclohexadiene in 10 or a-
terpinene in cis-15 also did not effect the antimalarial activi-
ties of these compounds and they too were quite active. Of
the two, trioxaquine cis-15 is the more active against both
the CQS and CQR strains, with IC50 values of 7 and 17 nm
for the sensitive F32-Tanzania and Nigerian strains, respec-
tively, and 15 and 6 nm for the resistant FcB1 and FcM29
strains, respectively (Table 2). These results indicate that tri-
oxaquine cis-15 is efficient on a wide range of strains. Fur-
thermore, each of the two diastereomers of cis-15 (trans,cis-
15 and cis,cis-15) were independently tested, and each were
found to have activities in the same range. For the highly re-
sistant strain FcM29, the IC50 values were 6(1) nM for the
50:50 mixture of diastereomers, and 7(2) and 5(1) nM for
trans,cis-15 and cis,cis-15, respectively. On the other hand,
for the chloroquine-sensitive F32 strain, the IC50 values were
9 nm for trans,cis-15 and 5 nm for cis,cis-15, while the value
for cis-15 was 7 nm. These IC50 values fall below the range
expected (10±20 nm) for efficient antimalarials based on a
trioxane moiety.[4,22,23] Since the two diastereomers of cis-15
displayed similar antimalarial activity in vitro, they were not
separated for further in vivo evaluation in mice. The high ef-
ficacy and solubility of trioxaquine cis-15, as well as the ease
with which it was synthesized, make cis-15 an attractive tri-
oxaquine.


A lower antimalarial activity was observed for the com-
pounds that contained 8-aminoquinoline as the quinoline
moiety (i.e. 18), and confirmed that the 4-aminoquinoline
entity is vital for activity. However, the results obtained for
18 also showed that covalent coupling of a trioxane moiety
with primaquine leads to a large increase in the intraery-
throcytic antimalarial activity in comparison to primaquine
itself, particularly for the CQR strains (FcB1 strain: IC50=


112 and 1075 nm for trioxaquine 18 and primaquine, respec-
tively). This result indicates that 18, as a ™modified prima-
quine∫, may have potential usage against both sexual and
asexual erythrocytic stages. In addition, since primaquine is
the only drug active against hepatic malaria stages, it would
be of interest to test 18 on hepatic parasite stages.


In vivo antimalarial activity of cis-15 (DU1302c) against P.
vinckei : Compound cis-15 (DU1302c) was tested in mice in-
fected with P. vinckei according to a modified version of
Peters× four day suppressive test, and was evaluated both
after intraperitoneal and oral administration using the intra-
venous route for parasite inoculation. Parasitemia in control
mice generally reached as high as 20±40% on day 5, and
death occurred within the following four days. After once
daily intraperitoneal administration for four days, the first
dose being administered 1 day after parasite inoculation,
compound cis-15 exhibited potent antimalarial activity with
an ED50 of 5 mgkg�1d�1. Moreover, parasitemia was com-
pletely cured without recrudescence over 60 days when 20
and 50 mgkg�1d�1 doses were administered.


By oral administration, an ED50 value of 18 mgkg�1d�1


was obtained for cis-15 ; this corresponds to 21 mmolkg�1d�1,
and is in the range reported for artemisinin antimalarial ac-
tivity (18±30 mmolkg�1 d�1 against P. berghei).[24, 25] It should


be noted that there was an absence of in vivo toxicity at
doses of 120 mgkg�1 d�1. Infected mice treated at this dose
orally for four days did not experience any toxic effects over
60 days of being monitored, and weight loss was not ob-
served for cured mice. The absence of toxicity at high doses
administered orally has also been observed in non-infected
mice (100 mgkg�1d�1 for three consecutive days).


In addition, it should be noted that the ED50 value for
oral treatment with cis-15 was only three to fourfold higher
than that obtained when treatment was intraperitoneal; this
suggests that this drug has a rather good bioavailability by
oral administration.


In vitro genotoxicity evaluation of cis-15 (DU1302c): The
genotoxicity of trioxaquine cis-15 was also evaluated.
Agents that damage DNA, such as alkylating or oxidative
agents, or UV radiation, also induce systems of DNA repair,
one of which involves a complex system of cellular changes
known as the SOS response. The SOS response has been ex-
haustively studied for Escherichia coli, and it has been
shown that a correlation exists between the ability of a drug
to induce the SOS response in E. coli and the genotoxicity
that it will display in humans.[26] To evaluate the potential
genotoxicity of cis-15, we measured its ability to induce the
SOS response in a modified strain of E. coli (GE 864). This
strain shows an increased expression of b-galactosidase
upon induction of the SOS response.[27] The mutagen drug
mitomycin C was used as a standard. The b-galactosidase ac-
tivity was measured through hydrolysis of the o-nitrophenyl-
b-d-galactopyranoside (ONPG), and was monitored spectro-
photometrically at 420 nm.[28] The ability to induce the SOS
response was then compared for trioxaquine cis-15 (5 mm in
DMSO) and mitomycin C (3 mm in H2O) (pure DMSO and
H2O were tested as blank experiments). The results are pre-
sented in Figure 4. Only baseline b-galactosidase activity
was detected when E. coli was treated with cis-15, either in
H2O or DMSO. Therefore, in contrast to mitomycin C, triox-
aquine cis-15 was unable to induce the SOS response. As a
result, higher concentrations of cis-15 were tested, and even
at a concentration of 20 mm, which is 1000 times more than
what was used to obtain the antimalarial IC50 values (results
not shown), cis-15 was unable to induce the SOS response.


Stability of the trioxaquine cis-15 : An antimalarial drug can-
didate should be stable under most storage conditions.
Indeed, as determined by 1H NMR spectroscopy, crystalline
trioxaquine cis-15 underwent less than 5% decomposition
upon storage in air at room temperature for more than six
months, or in acidic solution (HCl 0.01m) for three days.
The thermal stability of cis-15 is also very good. Upon heat-
ing the crystalline trioxaquine at 60 8C in air for 24 h, less
than 5% decomposition was observed (1H NMR spectrosco-
py).


Conclusions


A family of new antimalarial drugs has been prepared by
modification of the convergent synthesis of trioxaquine 5a.
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Compound 5a was the first dual antimalarial drug to com-
bine both a trioxane entity that acts as a potential alkylating
agent, as in artemisinin, and a 4-aminoquinoline moiety sim-
ilar to chloroquine. Therefore, trioxaquines are composed of
two fragments that act on a common target, namely heme
released from parasite hemoglobin digestion, but do so
through two different mechanisms. This concept of ™cova-
lent bitherapy∫ is better than a simple combination of an
aminoquinoline with a trioxane, as it allows potent antima-
larial agents to be prepared, while at the same time consid-
erably reducing the risk of drug resistance.


Trioxanes functionalized by a ketone were synthesized by
reaction of a diketone with the photo-oxygenation product
of a diene, namely 1,4-diphenyl-1,3-cyclopentadiene or a-
terpinene. The described trioxaquines were obtained by re-
ductive amination of the resultant trioxane±ketones with a
4-aminoquinoline that bears a primary amine side chain.
Synthetic modifications (quinoline, diamine, diene, dike-
tone) of the parent trioxaquine afforded compounds with
excellent in vitro antimalarial activities against different
CQS and CQR strains of P. falciparum. The majority of IC50


values obtained were in the range 5±40 nm.
Trioxaquine cis-15 (DU1302c) was selected for in vivo


evaluation. Mice infected with P. vinkei were successfully
treated in a four-day suppressive test with a once daily intra-
peritoneal or oral administration. The doses required to de-
crease parasitemia by 50% (ED50) were 5 and 18 mgkg�1d�1


for intraperitoneal and oral administration, respectively. Par-
asitemia clearance was complete without recrudescence at
an intraperitoneal dose of 20 mgkg�1d�1. In addition, trioxa-
quine cis-15 did not induce any toxic effects in mice treated
by the oral administration of 120 mgkg�1d�1 over four con-
secutive days.


In conclusion, trioxaquine cis-15 meets the main criteria
of pharmacological activity necessary for further biological
evaluation, namely the absence of genotoxicity, as well as
good chemical stability. Therefore, cis-15 can be considered
as a promising antimalarial drug candidate.


Experimental Section


Chemical materials and methods : NMR spectra were recorded on
Bruker AM250, DPX300, or AMX400 spectrometers. Chemical shifts are
given with respect to external trimethylsilane (TMS). DCI mass spectra
were acquired on a Nermag R10-10H instrument and electrospray (ES)
mass spectra were obtained on an API 365 Sciex Perkin Elmer instru-
ment. Chromatography columns were conducted on silica gel 60 ACC
Chromagel, 70±200 mm granulometry (SDS, Peypin, France), and 60 F254


plates (Merck, Darmstadt, Germany) were used for thin-layer chroma-
tography. Chloroquine diphosphate, primaquine diphosphate, artemisinin,
and mitomycin C were purchased from Sigma Aldrich, France.


Crystallographic data


cis-12 : C16H24O4, Mr=280.35, triclinic, P1≈ , a=5.9954(5), b=9.3036(8),
c=14.2689(12) ä, a=106.335(1), b=90.329(2), g=100.609(2)8, V=
744.32(11) ä3, Z=2, T=193(2) K, 5064 reflections (3617 independent,
Rint=0.0143), largest electron density residue: 0.410 eä�3, R1 [for I>
2s(I)]=0.0518 and wR2=0.1493 (all data) with R1=�kFo j� jFck /� jFo j
and wR2= [�w(F20�F2c)2/�w(F20)2]


1=2 .


trans-12 : C16H24O4, Mr=280.35, triclinic, P1≈ , a=6.056(2), b=9.230(3),
c=14.055(4) ä, a=104.992(6), b=90.626(6), g=100.614(6)8, V=
744.5(3) ä3, Z=2, T=193(2) K, 2431 reflections (1824 independent,
Rint=0.0201), largest electron density residue: 0.277 eä�3, R1 [for I>
2s(I)]=0.0642 and wR2=0.1905 (all data).


trans,cis-14 : C27H36ClN3O3, Mr=485.04, monoclinic, P21/c, a=17.429(2),
b=11.143(1), c=12.932(1) ä, b=91.443(2)8, V=2510.7(5) ä3, Z=4, T=
153(2) K, 8518 reflections (3206 independent, Rint=0.0492), largest elec-
tron density residue: 0.255 eä�3, R1 [for I>2s(I)]=0.0594 and wR2=


0.1464 (all data).


cis,cis-14 : C27H36ClN3O3, Mr=485.04, orthorhombic, Pca21, a=13.079(4),
b=11.157(3), c=35.171(10) ä, V=5132(3) ä3, Z=8, T=193(2) K, 11630
reflections (5093 independent, Rint=0.1790), largest electron density resi-
due: 0.318 eä�3, R1 [for I>2s(I)]=0.0921 and wR2=0.2488 (all data).
Very small, weak diffracting crystals and high disorder problems account
for the high R values obtained, as well as a data/parameter ratio of 6.16.


Data for all the structures were collected at low temperatures using an
oil-coated shock-cooled crystal on a Bruker-AXS CCD 1000 diffractome-
ter with MoKa radiation (l=0.71073 ä). The structures were solved by
direct methods (SHELXS-97)[29] and all non-hydrogen atoms were re-
fined anisotropically using the least-squares method on F2.[30] CCDC-
219910±219913 contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the CCDC, 12 Union Road, Cam-
bridge, CB2 1EZ, UK; fax: (+44)1223-336033; e-mail : deposit@ccdc.
cam.ac.uk).


Synthesis of the aminoquinolines : In a typical procedure,[8] a mixture of
4,7-dichloroquinoline (5.0 g, 25 mmol) and a,w-diaminoalkane (5.0 mol
equiv) was stirred at 85 8C for 5 h. Sodium hydroxide (40 mmol) was then
added (1m aqueous solution), and the resultant solid was extracted with
EtOAc (250 mL) at 50 8C. The organic layer was washed with distilled
water, brine, distilled water again, dried over anhydrous sodium sulfate,
and the solvent was evaporated under vacuum to dryness. Aminoquino-
lines 1a±c were used without further purification. Proton numbering is
reported in Figure 1 (the same numbering applies for both aminoquino-
lines 1a±c and the aminoquinoline moiety of trioxaquines 5a±c). The syn-
thesis of compounds 1a, 4a, and 5a was reported in ref. [8].


7-Chloro-4-[N-(3-aminopropyl)amino]quinoline (1b): Light-yellow
powder; yield: 75%; 1H NMR (250 MHz, CDCl3): d=1.58 (br s, 2H;
H2NC13’), 1.87 (m, 2H; H12’), 3.03 (t, 2H; H13’), 3.39 (m, 2H; H11’),
6.30 (d, 3J=5.5 Hz, 1H; H3’), 7.29 (dd, 3J=8.9 and 4J=2.2 Hz, 1H; H6’),
7.50 (br s, 1H; HNC4’), 7.70 (d, 3J=8.9 Hz, 1H; H5’), 7.90 (d, 4J=2.2 Hz,
1H; H8’), 8.48 ppm (d, 3J=5.5 Hz, 1H; H2’); MS (DCI/NH3


+): m/z (%):
235 (2), 236 (100) [M+H]+ , 237 (14), 238 (34), 239 (5).


7-Chloro-4-[N-(4-aminobutyl)amino]quinoline (1c): Light-yellow
powder; yield: 60%; 1H NMR (250 MHz, CDCl3): d=1.45 (br s, 2H;
H2NC14’), 1.64 (m, 2H; H13’), 1.85 (m, 2H; H12’), 2.81 (t, 2H; H14’),
3.29 (m, 2H; H11’), 6.04 (br s, 1H; HNC4’), 6.36 (d, 3J=5.5 Hz, 1H;
H3’), 7.31 (dd, 3J=8.9 and 4J=2.2 Hz, 1H; H6’), 7.72 (d, 3J=8.9 Hz, 1H;
H5’), 7.92 (d, 4J=2.2 Hz, 1H; H8’), 8.50 ppm (d, 3J=5.5 Hz, 1H; H2’);


Figure 4. Genotoxicity test: trioxaquine cis-15-mediated induction of b-
galactosidase expression by E. coli [5 mm in DMSO (&)]. Mitomycin C
[3 mm in H2O (*)], H2O (&), and DMSO (*) are given for comparison.
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MS (DCI/NH3
+): m/z (%): 249 (2), 250 (100) [M+H]+ , 251 (18), 252


(36), 253 (5).


Synthesis of the trioxane±ketones : In a typical procedure, the endoperox-
ide (25 mmol) was first obtained by photo-oxygenation (irradiation with
a 600 W visible lamp at 0±5 8C under bubbling oxygen with tetraphenyl-
porphyrin as photosensitizer) of the corresponding diene in dichlorome-
thane (50 mL). Formation of the endoperoxide was monitored by
1H NMR spectroscopy of the crude mixture (1±5 h from the starting
diene). When photo-oxygenation was complete, the crude solution was
cooled to �78 8C. Cyclohexane-1,4-dione (6.0 molequiv with respect to
the starting diene) and Me3SiOTf (0.4 equiv) were added, and the reac-
tion was stirred at �78 8C for 2 h. Triethylamine (1 equiv) was then
added and the solution was allowed to warm up to room temperature.
The organic layer was washed with distilled water, dried over anhydrous
sodium sulfate, and the solvent was evaporated. The light-brown powder
isolated was purified by column chromatography. Proton and carbon
atom numbering is reported in Scheme 2 and 3 for compounds 8 and 12,
respectively.


When 1,3-cyclohexadiene was used, the photo-oxygenation product con-
sisted of a mixture of the desired 1,4-endoperoxide (80%) and 3-hydro-
peroxo-1,4-cyclohexadiene (20%). This mixture was then used without
purification.


Trioxane±ketone 8 : Chromatography: SiO2, hexane/EtOAc, 70:30, v/v;
white solid; yield: 7%. Two diastereomeric racemates 8a and 8b were
obtained and were not separated. Characterization was performed on the
mixture, but for clarity, the 1H NMR signals of each diastereomeric race-
mate are described separately. 1H NMR (250 MHz, CDCl3): 8a d=1.55
(m, 1H; H9), 1.92 (m, 1H; H9), 2.02 (m, 2H; cyclohexanone), 2.32 (m,
2H; H8), 2.41 (m, 5H; cyclohexanone), 2.68 (m, 1H; cyclohexanone),
4.25 (ddd, 3J=13.0, 8.5, and 3.5 Hz; 1H; H10), 4.43 (m, 1H; H5), 5.53
(m, 1H; H7), 5.70 ppm (m, 1H; H6); 8b d=1.70±2.70 (m, 12H; H9, H8,
and cyclohexanone), 4.33 (m, 1H; H10), 4.52 (m, 1H; H5), 5.70 (m, 1H;
H7), 5.92 ppm (m, 1H; H6); MS (DCI/NH3


+): m/z (%): 242 (100)
[M+NH4]


+ , 243 (40), 244 (17).


Trioxane±ketone 12 : Chromatography: SiO2, hexane/EtOAc, 70:30, v/v;
then SiO2, pentane/diethyl ether, 75:25, v/v. Three trioxane±ketones were
separated. In order of elution they were trans-12, cis-12, and trans-13.
The ratio of purified compounds trans-12/cis-12/trans-13 was 12:78:10.
Yield of cis-12 was 26% with respect to a-terpinene.


trans-12 : 1H NMR (400 MHz, CDCl3): d=1.00 (d, 3J=6.8 Hz, 6H; H13
and H14), 1.41 (s, 3H; H11), 1.63 (m, 2H; H9), 2.05 (m, 2H; cyclohexa-
none), 2.15 (m, 3J=6.8 Hz, 1H; H12), 2.24 (m, 2H; H8), 2.30±2.55 (m,
5H; cyclohexanone), 2.65 (m, 1H; cyclohexanone), 4.61 (m, 1H; H5),
5.29 ppm (m, 1H; H6); 13C NMR (100.6 MHz, CDCl3): d=15.3 (C11),
21.7 and 21.8 (C13 and C14), 26.2 (C8), 27.5 (CH2 cyclohexanone), 29.6
(C9), 34.2 (C12), 34.2, 36.8, and 37.1 (CH2 cyclohexanone), 73.1 (C5),
81.2 (C10), 103.0 (C3), 118.4 (C6), 145.3 (C7), 210.5 ppm (C17); MS
(DCI/NH3


+): m/z (%): 298 (100) [M+NH4]
+ , 299 (27), 300 (11). Slow


evaporation of a solution of trans-12 in a mixture of hexane/EtOAc 80:20
v/v, afforded monocrystals that were subsequently analyzed by X-ray dif-
fraction.


cis-12 : 1H NMR (400 MHz, CDCl3): d=1.02 and 1.04 (2îd, 3J=6.4 Hz,
6H; H13 and H14), 1.10 (br s, 3H; H11), 1.55 (m, 1H; H9), 2.03 (m, 2H;
cyclohexanone), 2.10±2.35 (m, 4H; H12, H8, and 1H cyclohexanone),
2.35±2.55 (m, 4H; cyclohexanone), 2.75 (m, 2H; 1H cyclohexanone and
1H C9), 4.06 (m, 1H; H5), 5.44 ppm (m, 1H; H6); 13C NMR (100.6 MHz,
CDCl3): d=19.8 (C11), 21.5 and 21.8 (C13 and C14), 25.7 (C9), 26.4
(C8), 27.8 (CH2 cyclohexanone), 34.2 (CH2 cyclohexanone), 35.0 (C12),
37.0 and 37.2 (CH2 cyclohexanone), 68.3 (C5), 79.3 (C10), 101.4 (C3),
116.4 (C6), 150.5 (C7), 210.8 ppm (C17); MS (DCI/NH3


+): m/z (%): 298
(100) [M+NH4]


+ , 299 (22), 300 (7). Slow evaporation of a solution of
isomer cis-12 in a mixture of hexane/EtOAc 80:20 v/v, afforded mono-
crystals that were subsequently analyzed by X-ray diffraction.


trans-13 : 1H NMR (400 MHz, CDCl3): d=1.35 (s, 3H; H11), 1.74 (m,
1H; H9), 1.94 (m, 4H; 1H H9 and H14), 2.01 and 2.08 (m, 4H; H19 and
H15), 2.16 (m, 1H; H8), 2.42 (m, 1H; H8), 2.51 (m, 4H; H18 and H16),
4.34 (d, 3J=4.4 Hz, 1H; H5), 5.03 (s, 1H; H13), 5.13 (s, 1H; H13),
5.89 ppm (d, 3J=4.4 Hz, 1H; H6); 13C NMR (100.6 MHz, CDCl3): d=


21.0 (C14), 24.1 (C8), 24.5 (C11), 32.9 (C9), 36.0 and 37.2 (C19 and C15),
38.6 and 38.8 (C18 and C16), 78.1 (C5), 79.0 (C10), 107.4 (C3), 114.2


(C13), 120.5 (C6), 142.1 (C7), 142.8 (C12), 211.2 ppm (C17); MS (DCI/
NH3


+): m/z (%): 280 (100), 281 (22), 282 (8).


Synthesis of the trioxaquines : In a typical procedure,[8] the trioxane±ke-
tone (1.0 molequiv, 50 mm) and aminoquinoline (1.25 equiv) were mixed
in dichloromethane. Sodium triacetoxyborohydride (1.25 equiv) was then
added. The reaction mixture was stirred at room temperature for 15±20 h
and was then washed twice with distilled water. The organic layer was
dried over anhydrous sodium sulfate and the solvent was evaporated
under vacuum to dryness. For the preparation of trioxaquine 17, the com-
mercially available primaquine diphosphate was initially deprotonated
with aqueous sodium hydroxide (1m), and the primaquine base was then
extracted with dichloromethane. This step was quantitative.


Proton and carbon atom numbering is reported in Figure 1 (the same
numbering is used for each trioxaquine and the corresponding citrate
salt, for instance for trioxaquine 4a and its citrate 5a, for 9 and 10, for
cis-14 and cis-15, as well as for 17 and 18).


Trioxaquine 4b : Light-yellow oil; yield: 95%; 1H NMR (250 MHz,
CDCl3): d=1.25±2.10 (m, 10H; H10, H11, H13, H14, and H12’), 2.42 (m,
1H; H12), 2.60 (m, 1H; HNC12), 2.95 (m, 3H; 1H H8 and 2H H13’),
3.29 (d, 1H; H8), 3.39 (q, 2H; H11’), 5.10 and 5.17 (2îbrs, 2î0.5H;
H5), 6.30 (m, 2H; H6 and H3’), 7.25±7.65 (m, 11H; phenyl and H6’),
7.75 and 7.83 (2îd, 3J=10.0 Hz, 2î0.5H; H5’), 7.93 (2îd, 4J=3.0 Hz,
2î0.5H; H8’), 8.01 (br s, 1H; HNC4’), 8.50 ppm (2îd, 3J=6.0 Hz, 2î
0.5H; H2’); MS (DCI/NH3


+): m/z (%): 580 (5), 582 (100) [M+H]+ , 583
(39), 584 (39), 585 (15).


Trioxaquine 4c : Light-yellow oil; yield: 69%; 1H NMR (250 MHz,
CDCl3): d=1.25±2.10 (m, 12H; H10, H11, H13, H14, H12’, and H13’),
2.46 (m, 1H; H12), 2.61 (m, 1H; HNC12), 2.74 (q, 2H; H14’), 3.00 (d,
1H; H8), 3.30 (m, 3H; H8 and H11’), 5.18 (2îbrs, 2î0.5H; H5), 5.96
(br s, 1H; HNC4’), 6.35 (m, 2H; H6 and H3’), 7.25±7.65 (m, 11H; phenyl
and H6’), 7.78 (2îd, 2î0.5H; H5’), 7.89 (2îd, 2î0.5H; H8’), 8.50 ppm
(2îd, 2î0.5H; H2’); MS (DCI/NH3


+): m/z (%): 596 (100) [M+H]+ .


Trioxaquine 9 : Light-yellow oil; yield: 40%; the two diastereomeric race-
mates were not separated. 1H NMR (250 MHz, CDCl3): d=1.25±2.40 (m,
12H; H10, H11, H13, H14, H8, and H9), 2.65 (m, 2H; HNC13 and H13),
3.00 (m, 2H; H12’), 3.27 (m, 2H; H11’), 4.05±4.25 (m, 1H; H10), 4.42
(m, 1H; H5), 5.45±5.90 (m, 2H; H6 and H7), 6.03 (br s, 1H; HNC4’),
6.32 (m, 1H; H3’), 7.30 (m, 1H; H6’), 7.66 (m, 1H; H5’), 7.89 (m, 1H;
H8’), 8.46 ppm (m, 1H; H2’); MS (DCI/NH3


+): m/z (%): 430 (100)
[M+H]+ , 431 (29), 432 (45).


Trioxaquine cis-14 : Light-yellow oil; yield: 60%; MS (DCI/NH3
+): m/z


(%): 486 (100) [M+H]+ , 487 (36), 488 (42), 489 (12), 490 (2).


Separation of the two diastereomeric racemates of cis-14 : The 50:50 mix-
ture of trans,cis-14 and cis,cis-14 was diluted (12 gL�1) at room tempera-
ture in a mixture of dichloromethane/cyclohexane (1:8, v/v). Upon cool-
ing to �20 8C, a 70:30 mixture of trans,cis-14 and cis,cis-14 precipitated.
The precipitate was recovered by filtration. Further purification on silica
gel (EtOAc/triethylamine, 95:5, v/v) provided quantitative recovery of
the pure trans,cis-14, which eluted first. cis,cis-14 was then eluted, but
chromatography resulted in the loss of about 65% of this latter com-
pound. The supernatant solution, which contained a mixture of trans,cis-
14 and cis,cis-14 (30:70), was evaporated and the two diastereomeric
racemates were purified in the same manner as the precipitate. The over-
all yield of trioxaquine cis-14 isolated, as calculated from the commercial-
ly available a-terpinene starting material was 20%.


trans,cis-14 : 1H NMR (400 MHz, CDCl3): d=1.02 (d, 3J=6.9 Hz, 3H;
H14), 1.04 (d, 3J=6.9 Hz, 3H; H13), 1.05 (br s, 3H; H11), 1.52 (m, 2H;
1H H9 and 1H cyclohexyl), 1.59 (m, 2H; cyclohexyl), 1.70±1.90 (m, 5H;
cyclohexyl), 2.10±2.30 (m, 4H; H8, 1H H12, and HNC17), 2.60±2.80 (m,
2H; H17 and 1H H9), 3.07 (m, 2H; H12’), 3.36 (m, 2H; H11’), 3.98 (br s,
1H; H5), 5.42 (d, 1H; H6), 6.20 (br s, 1H; HNC4’), 6.35 (d, 3J=5.4 Hz,
1H; H3’), 7.35 (dd, 3J=8.9 and 4J=2.1 Hz, 1H; H6’), 7.76 (d, 3J=8.9 Hz,
1H; H5’), 7.91 (d, 4J=2.1 Hz, 1H; H8’), 8.48 ppm (d, 3J=5.4 Hz, 1H;
H2’); 13C NMR (100.6 MHz, CDCl3): d=19.8 (C11), 21.5 (C13), 21.8
(C14), 25.7 (C9), 26.6 (C8), 28.0±35.0 (C15, C16, C18, and C19), 35.0
(C12), 42.8 (C11’), 45.1 (C12’), 55.3 (C17), 67.4 (C5), 79.0 (C10), 99.5
(C3’), 102.5 (C3), 116.8 (C6), 117.7 (C10’), 122.1 (C5’), 125.7 (C6’),
128.6 (C8’), 135.3 (C7’), 149.1 (C9’), 150.0 (C7), 150.4 (C4’), 152.1 ppm
(C2’).
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Slow evaporation of a solution of trans,cis-14 in a mixture of EtOH/
EtOAC 50:50 v/v afforded monocrystals that were subsequently analyzed
by X-ray diffraction.


cis,cis-14 : 1H NMR (300 MHz, CDCl3): d=0.98 (d, 3J=6.9 Hz, 3H;
H14), 0.99 (d, 3J=6.9 Hz, 3H; H13), 0.99 (br s, 3H; C11), 1.30±1.60 (m,
4H; 1H C9 and 3H cyclohexyl), 1.70±1.90 (m, 5H; cyclohexyl), 2.00±2.30
(m, 4H; H8, H12, and HNC17), 2.40±2.70 (m, 2H; 1H H9 and H17), 2.97
(m, 2H; H12’), 3.24 (m, 2H; H11’), 4.02 (br s, 1H; H5), 5.37 (d, 1H; H6),
6.12 (br s, 1H; HNC4’), 6.30 (d, 3J=5.4 Hz, 1H; H3’), 7.29 (dd, 3J=9.0
and 4J=2.1 Hz, 1H; H6’), 7.68 (d, 3J=9.0 Hz, 1H; H5’), 7.88 (d, 4J=
2.1 Hz, 1H; H8’), 8.44 ppm (d, 3J=5.4 Hz, 1H; H2’); 13C NMR
(75.4 MHz, CDCl3): d=20.5 (C11), 21.0 (C13), 21.2 (C14), 23.0±35.0 (C8,
C9, C15, C16, C18H2, and C19), 34.5 (C12), 42.4 (C11’), 44.6 (C12’), 55.4
(C17), 67.2 (C5), 78.0 (C10), 98.9 (C3’), 102.0 (C3), 116.3 (C6), 117.3
(C10’), 121.8 (C5’), 125.1 (C6’), 127.9 (C8’), 134.7 (C7’), 148.7 (C9’), 149.5
(C7), 150.1 (C4’), 151.6 ppm (C2’).


Slow diffusion of diethyl ether into a dichloromethane solution afforded
monocrystals that were subsequently analyzed by X-ray diffraction.


Trioxaquine 17: Column chromatography: SiO2, hexane/EtOAc/Et3N,
60:35:5, v/v/v). Although several stereoisomers were present, they were
not separated. Light-yellow oil; yield: 63%; 1H NMR (250 MHz, CDCl3):
d=0.90±1.10 (m, 9H; H13, H14, and H11), 1.28 (2îd, 3J=6.3 Hz, 3H;
H12’), 1.30±1.90 (m, 13H; 1H H9, H15, H16, H18, H19, H14’, and H15’),
2.00±2.30 (m, 3H; H8 and H12), 2.40±2.80 (m, 5H; 1H H9, H16’, H17,
and HNC17), 3.60 (m, 1H; H13’), 3.86 (s, 3H; H11’), 3.98 (2îbr s, 1H;
H5), 5.39 (br s, 1H; H6), 6.03 (d, 3J=8.1 Hz, 1H; HNC8’), 6.27 (d, 4J=
2.4 Hz, 1H; H7’), 6.30 (d, 4J=2.4 Hz, 1H; H5’), 7.28 (dd, 3J=4.2 and
3J=8.3 Hz, 1H; H3’), 7.90 (brd, 3J=8.0 Hz, 1H; H4’), 8.50 ppm (dd, 3J=
4.2 and 4J=1.2 Hz, 1H; H2’); MS (DCI/NH3


+): m/z (%): 524 (100)
[M+H]+ , 525 (62), 526 (17), 527 (2).


Synthesis of the trioxaquine citrates : In a typical procedure,[8] the rele-
vant trioxaquine (20±200 mg) was solubilized in acetone (0.5±5 mL)
before a solution of anhydrous citric acid (2.5 mol equiv) in acetone
(0.5±5 mL) was added. The trioxaquine dicitrate spontaneously precipi-
tated, and after being centrifuged, the precipitate was washed with dieth-
yl ether and dried under vacuum. Elemental analysis and NMR spectro-
scopy confirmed the presence of two citric acid or citrate molecules per
trioxaquine. In DMSO solution, monoprotonation of the trioxaquine was
attested by the chemical shifts of the quinoline and diaminoalkane tether
protons. Proton numbering is reported in Figure 1.


Trioxaquine citrate 5b : White powder (quantitative yield from 4b);
1H NMR (250 MHz, [D6]DMSO): d=1.40±2.20 (m, 10H; H12’, H10,
H11, H13, and H14), 2.65 (d, 2J=15.1 Hz, 4H; citric acid/citrate), 2.76 (d,
2J=15.1 Hz, 4H; citric acid/citrate), 3.00±3.80 (m, 7H; H8, H11’, H13’,
and H12), 5.43 (2îbrs, 1H; H5), 6.61 (2îdd, 1H; H6), 6.72 (2îd, 1H;
H3’), 7.45 (m, 6H; phenyl), 7.65 (m, 5H; 4H phenyl and H6’), 7.93 (2îd,
1H; H8’), 8.42 (2îd, 1H; H5’), 8.60 ppm (2îd, 1H; H2’); MS (ES+): m/
z 582.3 (monoprotonated base); elemental analysis calcd (%) for
(C47H52ClN3O17, 1H2O): C 57.35, H 5.53, N 4.27; found: C 57.09, H 5.20,
N 4.24.


Trioxaquine citrate 5c : White powder (quantitative yield from 4c);
1H NMR (250 MHz, [D6]DMSO): d=1.50±2.10 (m, 12H; H12’, H13’,
H10, H11, H13, and H14), 2.65 (d, 4H; citric acid/citrate), 2.76 (d, 4H;
citric acid/citrate), 3.10±3.70 (m, 5H; H8, H14’, and H12), 3.50 (m, 2H,
H11’), 5.43 (2îbr s, 1H; H5), 6.61 (2îdd, 1H; H6), 6.75 (2îd, 1H; H3’),
7.53 (m, 6H; phenyl), 7.71 (m, 5H; 4H phenyl and H6’), 7.96 (m, 2H;
H8’ and HNC4’), 8.47 (2îd, 1H; H5’), 8.57 ppm (2îd, 1H; H2’); MS
(ES+): m/z 596.2 (monoprotonated base); elemental analysis calcd (%)
for (C48H54ClN3O17, 1H2O): C 57.74, H 5.65, N 4.21; found: C 57.91, H
5.59, N 4.33.


Trioxaquine citrate 10 : White powder (quantitative yield from 9);
1H NMR (250 MHz, [D6]DMSO): d=1.50±2.60 (m, 12H; H8, H9, H11,
H12, H14, and H15), 2.68 (d, 4H; citric acid/citrate), 2.78 (d, 4H; citric
acid/citrate), 3.35 (m, 3H, H11’ and H13), 3.77 (m, 2H; H12’), 4.05±4.40
(m, 1H; H10), 4.50±4.65 (m, 1H; H5), 5.55±6.10 (m, 2H; H6 and H7),
6.78 (m, 1H; H3’), 7.70 (m, 1H; H6’), 7.98 (m, 1H; H8’), 8.38 (m, 1H;
H5’), 8.63 ppm (m, 1H; H2’); MS (ES+): m/z 430.3 (monoprotonated
base); elemental analysis calcd (%) for (C35H44ClN3O17, 1H2O): C 50.51,
H 5.57, N 5.05; found: C 50.87, H 5.20, N 5.09.


Trioxaquine citrate cis-15 : White powder (quantitative yield from cis-14);
1H NMR (300 MHz, [D6]DMSO): d=0.97 (m, 9H; H11, H13, and H14),
1.10±2.50 (m, 13H; H8, H9, H12, H15, H16, H18, and H19), 2.57 (d, 2J=
15.2 Hz, 4H; citric acid/citrate), 2.67 (d, 2J=15.2 Hz, 4H; citric acid/cit-
rate), 3.24 (m, 3H; H12’ and HC17), 3.69 (m, 2H; H11’), 3.98 and 4.06
(2îbr s, 1H; H5), 5.32 (m, 1H; H6), 6.70 (d, 3J=5.8 Hz, 1H; H3’), 7.59
(dd, 3J=9.0 and 4J=2.1 Hz, 1H; H6’), 7.88 (d, 4J=2.1 Hz, 1H; H8’), 8.29
(d, 3J=9.0 Hz, 1H; H5’), 8.50 ppm (d, 3J=5.8 Hz, 1H; H2’); MS (ES+):
m/z 486.2 (monoprotonated base); elemental analysis calcd (%) for
(C39H52ClN3O17, 1H2O): C 52.73, H 6.13, N 4.73; found: C 52.66, H 6.30,
N 4.52.


Trioxaquine citrates trans,cis-15 and cis,cis-15 were prepared in the same
way, that is, from the separated trioxaquine diastereoisomers trans,cis-14
and cis,cis-14, respectively.


Trioxaquine citrate 18 : Trioxaquine 17 (164 mg) was dissolved in acetone
(4 mL) and a solution of 2.0 equivalents of citric acid (120 mg) in acetone
(4 mL) was added with stirring. The trioxaquine citrate 18 was obtained
by evaporation of the solvent. Orange powder (quantitative yield from
17); 1H NMR (300 MHz, [D6]DMSO): d=0.96 (m, 9H; H11, H13, and
H14), 1.23 (d, 3J=6.3 Hz, 3H; H12’), 1.30±2.30 (m, 16H; H14’, H15’, H8,
H9, H15, H16, H18, and H19), 2.57 (d, 2J=15.2 Hz, 4H; citric acid/cit-
rate), 2.66 (d, 2J=15.2 Hz, 4H; citric acid/citrate), 2.94 (m, 2H; H16’),
3.07 (m, 1H; H17), 3.37 (br s, 1H; HN), 3.70 (m, 1H; H13’), 3.83 (s, 3H;
H11’), 4.00 and 4.04 (2îbrs, 2î0.5H; H5), 5.33 (d, 1H; H6), 6.18 (d,
3J=8.9 Hz, 1H; HNC8’), 6.31 (d, 4J=2.4 Hz, 1H; H7’), 6.50 (d, 4J=
2.4 Hz, 1H; H5’), 7.44 (dd, 3J=8.3 and 3J=4.2 Hz, 1H; H3’), 8.09 (dd,
3J=8.3 and 4J=1.6 Hz, 1H; H4’), 8.30 (br s, HNC17), 8.55 ppm (dd, 3J=
4.2 and 4J=1.6 Hz, 1H; H2’); MS (ES+): m/z 524.4 (monoprotonated
base); elemental analysis calcd (%) for (C43H61N3O18, 1H2O, 1C3H6O): C
56.15, H 7.07, N 4.27; found: C 55.74, H 6.78, N 4.12.


Biological activity of the trioxaquines


Biological materials : Four strains of P. falciparum were cultured accord-
ing to a modified Trager and Jensen method in a 5% CO2 atmosphere at
37 8C.[31, 32] The chloroquine-sensitive strains, Nigerian (IC50=62 nm) and
F32-Tanzania (IC50=25 nm), and both chloroquine-resistant strains,
FcB1-Columbia (IC50=116 nm) and FcM29-Cameroon (IC50=174 nm),
were chosen for this study. The parasites were maintained in vitro in
human red-blood cells (O�) that were diluted to 1% hematocrit in
RPMI 1640 medium (BioMedia, Boussens, France) and supplemented
with 25 mm Hepes complemented with 5% human AB serum (Centre de
Transfusion Sanguine, Toulouse, France). Parasite cultures tested were
not synchronized in vitro. Male Swiss albino mice, which weighed 30±
40 g, were obtained from C.E.R Janvier (France). P. vinckei petteri
(279BY) was provided by Dr. I. Landau (Museum National d’Histoire
Naturelle, Paris, France).[33]


In vitro antimalarial activity : The antiplasmodial activity of the trioxa-
quines was evaluated by the radioactive microdilution method described
by Desjardins et al. and modified as follows.[34,35] Drug dilutions were
tested several times in triplicate in 96-well plates (TPP, Switzerland) that
contained cultures at various stages of 1% parasitemia, and that had a
1% hematocrit.[35] For each test, the plates of parasite culture were incu-
bated with drugs at decreasing concentrations for 48 h, and radioactive
hypoxanthine was added to the medium 24 h after the beginning of incu-
bation. The stock solutions of the trioxaquines (5 mgmL�1), primaquine,
and artemisinin (1 mgmL�1) were prepared in DMSO (Acros Organics,
Belgium), while the stock solution of chloroquine was prepared in RPMI
1640 (1 mgmL�1). All dilutions were done in RPMI 1640, and it was en-
sured that the trioxaquines did not reprecipitate under these conditions.
Parasite growth was estimated by [3H]hypoxanthine (Amersham Pharma-
cia Biotech, France) incorporation. Concentrations of trioxaquines that
inhibited 50% of the parasite growth (IC50) were graphically determined
by plotting the drug concentration versus percent of parasite growth in-
hibition at 48 h of incubation.[36] The IC50 values given in the text repre-
sent the mean value of 2±5 independent experiments (as mentioned in
the footnotes of Table 2). The chloroquine diphosphate, artemisinin, and
primaquine diphosphate (Sigma Aldrich, France) sensitivities for the four
strains were routinely tested.


In vivo antimalarial activity : In vivo antimalarial activity was determined
against the rodent strain P. vinckei petteri according to a modified version
of the four-day Peters× suppressive test.[37] Swiss mice were inoculated in-
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travenously with 107 parasitized red-blood cells (resuspended in 0.2 mL
saline medium). Thereafter, the drug was administered to the animals
once daily in DMSO for four consecutive days. Drug treatment was initi-
ated 24 h after parasite inoculation to study the curative properties of the
compounds and was administered intraperitoneally (100 mL) or orally
(100 mL). Parasitemia levels were determined on the day following the
last treatment. ED50, which is the dose that leads to 50% parasite growth
inhibition in comparison to the control test (treated with an equal
volume of vehicle) was evaluated from a plot of activity (expressed as
% of control) versus the log dose. For each dose, three animals were
treated, while six control animals were considered. Treatment was consid-
ered as curative when no parasites were detected after 60 days.[37]


Genotoxicity evaluation : An exponential culture of the Escherichia coli
modified strain GE864 was grown in an M9 liquid medium (6 gL�1


Na2HPO4, 3 gL�1 KH2PO4, 0.5 gL�1 NaCl, 1 gL�1 NH4Cl autoclaved for
20 min at 120 8C, then supplemented with 0.1 mm CaCl2, 1 mm MgSO4,
1 mm 0.2% glucose, 1 mgmL�1 thiamine, and 0.1% ™casaminoacid∫). This
E. coli culture was treated with cis-15 at concentrations of 5±20 mm in
DMSO or with 3 mm mitomycin C in H2O. The culture was incubated at
37 8C and aliquots were withdrawn after 0, 30, 60, 90, and 120 min of in-
cubation. The absorbance of the aliquots was measured at 600 nm to
evaluate the quantity of bacteria. Bacteria were lysed with chloroform
and a phosphate buffer that contained b-mercaptoethanol (0.06m
Na2HPO4, 0.04m NaH2PO4, 0.01m KCl, 0.001m MgSO4, 0.05m b-mercap-
toethanol). To measure the b-galactosidase activity the lysed cultures
were incubated at 28 8C and o-nitrophenyl-b-d-galactopyranoside
(ONPG) was added. After a determined time of incubation, Na2CO3


(1m) was added to quench the reaction, the bacterial fragments were cen-
trifuged, and absorbance of the supernatant at 420 nm was measured to
quantify the o-nitrophenate. The enzymatic activity u was calculated ac-
cording to the following formula and plotted against time: u=1000î
OD(420 nm)/reaction timeîreaction volumeîOD(600 nm).[28]
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Introduction


Chlorinated hydrocarbons (CHCs) are persistent toxic com-
pounds for which the environment has only little assimila-
tive capacity.[1] The currently employed method of treatment
is thermal incineration at temperatures above 1300 8C.[2]


These high temperatures and the related costs provide a mo-
tivation to look for other (preferentially catalytic) solutions.
Two main catalytic routes are reported in the literature.[3,4]


One is the oxidation of CHCs over supported noble metal
catalysts. The drawback of this route is the deactivation of
the noble metal by decomposition products such as Cl2 and
HCl. This problem can be (partially) solved by the use of
transition metal oxides, although volatile transition metal
oxide chlorides may be formed. The other catalytic option is
hydrodechlorination, in which CHCs are transformed in the
presence of hydrogen into alkanes and HCl. Although this
method has clear economic and environmental advantages,
such as the use of reaction products and elimination of haz-
ardous by-products (e.g., Cl2 and COCl2), it is not frequently
used because known catalysts are unstable due to chlorine
poisoning.


Another possible destruction method is based on the reac-
tion of basic metal oxides with, for example, CCl4 to form
CO2 and the corresponding metal chloride. This reaction,
usually referred to as destructive adsorption, was pioneered
by Klabunde et al.[5±7] It is not a catalytic process since the
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Abstract: The catalytic destruction of
carbon tetrachloride in the presence of
steam, CCl4 + 2H2O!4HCl + CO2,
was investigated at 200±350 8C over a
series of lanthanide (La, Ce, Pr and
Nd) and alkaline-earth metal (Mg, Ca,
Sr and Ba) oxide-based catalysts with
kinetic experiments, Raman spectro-
scopy, X-ray photoelectron spectrosco-
py, IR spectroscopy, X-ray diffraction,
and DFT calculations. This new catalyt-
ic reaction was achieved by combining
destructive adsorption of CCl4 on a
basic oxide surface and concurrent
dechlorination of the resulting partially
chlorinated solid by steam. The combi-
nation of the two noncatalytic reactions


into a catalytic cycle provided a rare
opportunity in heterogeneous catalysis
for studying the nature and extent of
surface participation in the overall re-
action chemistry. The reaction is pro-
posed to proceed over a terminal lat-
tice oxygen site with stepwise donation
of chlorine atoms from the hydrocar-
bon to the surface and formation of the
gas-phase intermediate COCl2, which is
readily readsorbed at the catalyst sur-


face to form CO2. In a second step, the
active catalyst surface is regenerated
by steam with formation of gas-phase
HCl. Depending on the reaction condi-
tions, the catalytic material was found
to transform dynamically from the
metal oxide state to the metal oxide
chloride or metal chloride state due to
the bulk diffusion of oxygen and chlor-
ine atoms. A catalyst obtained from a
10 wt% La2O3/Al2O3 precursor exhibit-
ed the highest destruction rate: 0.289 g
CCl4 h


�1 g�1 catalyst at 350 8C, which is
higher than that of any other reported
catalyst system.


Keywords: adsorption ¥ chlorohy-
drocarbons ¥ density functional cal-
culations ¥ heterogeneous catalysis ¥
lanthanides
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metal oxide is gradually transformed into the metal chloride
and, as a consequence, the exact nature of the transforma-
tions taking place in the destructive adsorbent could be
studied by Raman and X-ray photoelectron spectrosco-
py.[8±10] It was shown that the destruction rate for CCl4 paral-
lels the basicity of the metal oxide (the destruction activity
increases in the order MgO<CaO<SrO<BaO), and that
unusual metal oxide chlorides were formed as solid reaction
intermediates (e.g., Ba4OCl6).


This chemistry can be made catalytic if the state of the
metal oxide surface, that is, the extent of surface chlorina-
tion, can be controlled during the destruction of CCl4 by ad-
dition of steam. Recently, we reported a new class of cata-
lyst materials active in steam decomposition of CCl4.


[11, 12]


Here we provide a detailed account of steam-dechlorination
experiments on lanthanide oxide-based materials and show
how a novel catalytic cycle was constructed on the basis of a
fundamental understanding of the surface reactions. The
fact that this catalytic process is a combination of two non-
catalytic reactions provided a rare opportunity for studying
the reaction mechanism. In this respect, this chemistry is
rather unusual because typically in heterogeneous catalysis,
the exact way in which the surface participates in the overall
chemistry is difficult to determine. In addition to the mecha-
nistic studies, we describe metal oxide catalysts that exhibit
high activity and long-term stability in the catalytic dechlori-
nation of CCl4 by steam. The catalytic results are compared
with those of materials based on alkaline-earth metals.


Results and Discussion


From destructive adsorption towards a catalytic reaction
cycle : Metal oxides, such as those of alkaline-earth metals
and lanthanides, can destructively adsorb chlorinated hydro-
carbons (e.g., CCl4) on their surface and, as a consequence
of chlorine and oxygen diffusion in the bulk, are trans-
formed gradually into the corresponding metal chlorides.[5±7]


This reaction can be written for CCl4 and La2O3 as Equa-
tion (1).


3=2CCl4 þ La2O3 ! 2LaCl3 þ 3=2CO2 ð1Þ


In previous papers we showed that 1) the efficiency of this
destructive adsorption increases with increasing basicity of
the metal oxide, and 2) the transformation is accompanied
by the intermediate formation of metal oxide chlorides,[8±10]


for example, the unusual barium oxide chloride Ba4OCl6.
Figure 1 compares the destructive adsorption behavior of


La2O3, Pr2O3, and Nd2O3 at 300 8C.
[13] The conversion is ex-


pressed as the percentage of the metal oxide transformed
into the metal chloride after injecting 250 mL of CCl4 in He
at a molar CCl4 to metal oxide ratio of 20. It can be seen
that La2O3, Pr2O3, and Nd2O3 are partially transformed into
LaCl3, PrCl3, and NdCl3, and La2O3 is the most active de-
structive adsorbent. Destructive adsorption can be turned
into a catalytic process if the solids can be dechlorinated si-
multaneously with CHC conversion. One possible dechlori-
nation route is steaming [Eq. (2)].


2LaCl3 þ 3H2O ! La2O3 þ 6HCl ð2Þ


We tested dechlorination rates of LaCl3, PrCl3, and NdCl3
by treating these solids with steam for 4 h at 300 8C
(Figure 1). More than 50% of LaCl3 was converted to
La2O3, whereas only relatively small amounts of PrCl3 and
NdCl3 were transformed into the corresponding metal
oxides.[13] These results indicate that lanthanum oxide-based
materials are potential catalysts for the overall reaction
[Eq. (3)].


CCl4 þ 2H2O ! 4HCl þ CO2 ð3Þ


The catalytic activity of La2O3 in reaction (3) as a function
of reaction temperature is presented in Figure 2. The reac-
tion started at about 250 8C, and the conversion, which


steadily increased with increasing temperature, reached
62% at 350 8C. Consistently higher conversions at tempera-
tures above 250 8C were observed for 10 wt% La2O3 sup-
ported on alumina (Figure 2). The lowest reaction tempera-
tures for bulk and supported La2O3 are similar. Therefore, it
is likely that the reaction mechanism and corresponding en-
ergetics are also similar, and the difference in conversion
can simply be attributed to a larger number of active sites
per unit weight due to the higher surface area of the sup-


Figure 1. Destructive adsorption of CCl4 on lanthanide oxides at 300 8C.
The efficiency of the process (white bars) is expressed as the percentage
of the metal oxide transformed into the metal chloride after injecting
250 mL of CCl4 in a He stream with a molar CCl4/metal oxide ratio of 20.
Dechlorination of lanthanide chlorides at 300 8C in the presence of
steam. The efficiency of the process (gray bars) is expressed as the per-
centage of the metal chloride transformed into the metal oxide after
steaming the metal chloride for 4 h.


Figure 2. CCl4 conversion with steam (H2O/CCl4 feed molar ratio of 61)
after 7 h on stream as a function of reaction temperature for La2O3


(white bars) and 10 wt% La2O3/Al2O3 (black bars).
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ported catalyst.[14] The conversion over 10 wt% La2O3/Al2O3


catalyst reached 100% at 350 8C (Figure 2), which corre-
sponds to a destruction rate of 0.289 g CCl4 h


�1 g�1 catalyst.
This value is higher than that of any other reported catalyst
system.[11,12,16] For example, Pt, Pd, and Rh/TiO2 catalysts,
which are the most active CHC-destruction catalysts report-
ed, have a destruction rate of 0.102 g CCl4 h


�1 g�1 catalyst at
350 8C.[15] Although comparison is not easy because of the
different experimental conditions used, the destruction rate
of the present catalyst under study is superior to those of ex-
isting oxidation catalysts.


The lanthanum-oxide-based materials exhibit long-term
activity in the presence of steam (Figure 3), and this con-


firms their catalytic role. Importantly, the activity data in
Figure 2 were collected after 7 h on stream, whereas almost
complete loss of destructive-adsorption activity was ob-
served after 5.5 h and 40 min for pure and alumina-support-
ed lanthanide oxide materials, respectively. Figure 3 further
illustrates the essential role of steam for the catalytic per-
formance of the 10 wt% La2O3/Al2O3 catalyst. Under our
standard reaction conditions (H2O/CCl4 molar ratio of 61),
complete conversion was maintained at 350 8C for more
than 3 d. When the steam supply was switched off (point A
in Figure 3), the conversion gradually declined from 100 to
22% over 12 h. When steam was added to the system again
(point B), 100% CCl4 conversion was quickly regained and
maintained for more than three days. The difference in the
system response on steam shut off and addition is notable.
Specifically, steam reintroduction results in an almost imme-
diate restoration of the catalytic destruction rate, whereas
without steam, the activity decreases over a longer time
period. This phenomenon is even more pronounced for un-
supported lanthanide oxide catalysts.[16] These results indi-
cate that surface dechlorination by steam is a relatively fast
process compared to bulk diffusion of chlorine and oxygen
atoms.


In addition to experiments with steam, the effect of
oxygen addition was investigated. When O2 (He/O2 ratio of
19) was co-fed with steam (point C in Figure 3), the CCl4
conversion dropped from 100 to 60%. This result suggests


that the active site for the destructive adsorption is lattice
rather than adsorbed oxygen, and that gas-phase CCl4 and
O2 compete for surface sites. This result also has a practical
implication, since gas streams of commercial plants from
which removal of CHCs is required may contain some
oxygen: a somewhat lower, but still stable and high catalytic
activity could be achieved and maintained in the presence
of oxygen. Switching the oxygen supply off (point D in
Figure 3) restored complete conversion of CCl4, and this ac-
tivity could be maintained for more than four days.


Weiss et al. have already reported on the catalytic hydrol-
ysis of CCl4 to HCl and CO2 in the presence of steam over
unsupported MgO at 500 8C,[17a] whereas Fenelonov et al. re-
ported the dehydrochlorination activity of MgO towards 1-
chlorobutane between 200 and 350 8C.[17b] Our results indi-
cate that alkaline-earth metals are indeed active in dechlori-
nation reactions, but the conversions are lower than those of
lanthanide oxide-based catalysts (Figure 4). Under identical


reaction conditions the CCl4 conversions at 350 8C for
10 wt% alumina-supported MgO, CaO, SrO, and BaO cata-
lysts are 51, 52, 32, and 33%, respectively. The catalytic ac-
tivities of the other lanthanide-oxide-based catalysts are in-
cluded in Figure 4 for comparison. Like La2O3 10 wt% alu-
mina-supported CeO2, Pr2O3 and Nd2O3 all have higher ac-
tivities than the tested alkaline-earth metals.


Raman spectroscopic studies : In situ Raman spectra record-
ed during CCl4 decomposition in the presence of steam
[Eq. (3)] at an H2O/CCl4 molar ratio of 61 are shown in Fig-
ure 5A. The spectrum of the pure La2O3 starting material is
dominated by three bands at 106, 190, and 408 cm�1, which
are close to those reported in the literature and calculated
by us for model catalysts (Table 1).[18±21] After 16 h on


Figure 3. CCl4 conversion over 10 wt% La2O3/Al2O3 at 350 8C with a
H2O/CCl4 molar ratio of 61. Point A: H2O switched off; Point B: H2O re-
introduced; Point C: O2 added with an He/O2 molar ratio of 19; Point D:
O2 switched off.


Figure 4. CCl4 conversion in the presence of steam (H2O/CCl4 feed molar
ratio of 61) at 350 8C after 7 h on stream over 10 wt% alumina-supported
metal oxides.


Table 1. Experimental and theoretically calculated (in parentheses)
Raman shifts for La2O3, LaOCl and LaCl3.


Catalyst mate-
rial


Raman shift [cm�1] Ref.


La2O3 107 (102), 195 (211), 410 (400) ±[18]


LaOCl 125 (125), 188 (176), 215 (206), 335 (334), 440
(444)


±[19,20]


LaCl3 108 (112), 180 (184), 186 (187), 212 (191), 219
(195)


±
[19,20,21]
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stream, the peaks due to La2O3


disappear, and new Raman
bands at 122, 186, 210, 334, 375,
and 438 cm�1 become apparent.
These Raman bands, except for
the peak at 375 cm�1, are attrib-
uted to LaOCl. To elucidate the
nature of the Raman band at
375 cm�1, different laser excita-
tions were used. In the Raman
spectra obtained with 785 and
1064 nm laser excitation, this
band was not observed. There-
fore, it can be explained by the
luminescence effect mentioned
by Bowie et al.[22, 23] Thus, an
almost complete transformation
of La2O3 into LaOCl occurred
[Eq. (4)].


La2O3 þ 0:5CCl4 ! 2LaOCl þ 0:5CO2 ð4Þ


Complete CCl4 conversion was still maintained after 24 h,
by which time the Raman spectrum was dominated by fea-
tures of LaOCl. This result suggests that, besides La2O3,
LaOCl is also an active phase. The relative activity of these
two phases could not be determined in our current experi-
ments and will be addressed in the future.[24] However, both
phases should have a common active site that enables initial
breaking of the C�Cl bond. After 36 h on stream, new
bands that became visible at 183 and 208 cm�1 indicated the
onset of further transformation into LaCl3 [Eq. (5)].


2LaOCl þ CCl4 ! 2LaCl3 þ CO2 ð5Þ


After 48 h, both phases were still clearly present, but the
intensity of LaOCl bands decreased, while those of LaCl3 in-
creased. These results show that the transformation of
La2O3 into LaOCl [Eq. (4)] in the presence of steam is
faster than the transformation of LaOCl into LaCl3
[Eq. (5)]. However, the presence of steam slows the chlori-
nation process by concurrently regenerating the metal oxide
from LaCl3 [Eq. (2)] and LaOCl, as evidenced by separate
steam dechlorination experiments. To confirm the progres-
sive chlorination of La2O3, the catalyst bed was ™mapped∫


by Raman spectroscopy after 36 h (Figure 5B). The in situ
spectra indicate that almost pure LaCl3 was formed at the
top of the reactor (CCl4 feed inlet). However, at the
bottom, the catalyst remained as La2O3, and in the middle
section, the presence of all three La phases was detected.


In the second series of experiments, the effect of the H2O/
CCl4 molar ratio was investigated with in situ Raman spec-
troscopy by varying this ratio from 360 (Figure 6A) to 10
(Figure 6B). The spectra in Figure 6A show that the high
steam concentration practically preserved the sample in its
original La2O3 form after 16 h on stream. Complete CCl4
conversion was observed under these conditions. In contrast,


the low H2O/CCl4 ratio of 10 led to fast chlorination of the
solid to LaOCl and further to LaCl3 (Figure 6B) and conse-
quently to an almost complete loss of CCl4 decomposition
activity. This result provides further evidence for the critical
role of lattice oxygen in CCl4 decomposition and the catalyt-
ic inactivity of the LaCl3 phase. The gradual bulk transfor-
mation of La2O3 into LaOCl and further into LaCl3 was also
confirmed by XRD for different H2O/CCl4 molar ratios and
reaction times. Bulk transformation studies with Raman
spectroscopy for our alumina-supported lanthanide oxide
catalysts were hindered by strong fluorescence.[25]


IR spectroscopic studies : In situ IR spectra of the gas phase
were recorded to investigate the possible formation of gas-
eous intermediates. Figure 7 shows spectra recorded during
CCl4 conversion in the presence of steam over La2O3 at
350 8C after 1, 2, 4, and 8 h on stream. Peaks were observed
at 2890, 2348, 2143, and 1827 cm�1 and assigned to HCl,
CO2, CO, and COCl2, respectively.


[26] We attribute the small
concentrations of CO to a side reaction with formation of
chlorine [Eq. (6)].


CCl4 þ H2O ! CO þ 2HCl þ Cl2 ð6Þ


Cl2 is likely to react with the catalyst surface with the for-
mation of O2, and therefore Equation (6) can also be written
as Equation (7).


Figure 5. Raman spectra of La2O3 during the reaction of CCl4 with H2O
(H2O/CCl4 molar ratio of 61) at 350 8C: A) after 0) 0, 1) 8, 2) 16, 3) 24,
4) 36, and 5) 48 h on stream; and B) reactor ™mapping∫ from 1 (top) to 5
(bottom) after 36 h on stream.


Figure 6. A) Raman spectra of La2O3 during the reaction of CCl4 with H2O at 350 8C for A) H2O to CCl4
molar ratio of 360 after 1) 4, 2) 8, 3) 16, and 4) 32 h on stream; and B) H2O to CCl4 molar ratio of 10 after 1) 4
and 2) 8 h on stream.
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2CCl4 þ 4H2O ! 2CO þ 8HCl þ O2 ð7Þ


We propose that COCl2 is a reaction intermediate. The
mechanism of its formation and decomposition is discussed
below. Additional IR measurements indicate that the COCl2
concentration increases with increasing temperature.


X-ray photoelectron spectroscopy studies : X-ray photoelec-
tron spectroscopy (XPS) was used to monitor the extent of
surface chlorination of La2O3 with time on stream. Relative
changes in intensity of the O1s (ca. 531 eV), Cl2s (ca.
269 eV), and La4s (ca. 275 eV) peaks for treatment at an
H2O/CCl4 molar ratio of 61 at 350 8C are summarized in
Table 2. For comparison, the XPS peak positions for La2O3,


LaOCl, and LaCl3 as reference compounds are also includ-
ed.[27] The results in Table 2 indicate that after 2 and 8 h on
stream the catalyst surface remained almost entirely in its
original La2O3 form. After 16 h, the catalyst surface became
a mixture of La2O3 and LaOCl, after 24 h it had transformed
into mostly LaOCl and after 36 h into a mixture of LaOCl


and LaCl3. These observations
confirm our Raman data, al-
though it should be noted that
XPS is a surface technique,
whereas Raman spectroscopy
probes mostly the bulk of the
material. Therefore, the infor-
mation from these two techni-
ques is not identical. For exam-
ple, the Raman spectrum in
Figure 5A shows the presence
of the LaOCl phase after 8 h on
stream, but the XPS results in
Table 2 show that a Cl2s peak
was not detectable after the
same treatment. This difference
provides further evidence that


catalyst chlorination is not only a surface process, but also a
solid-state reaction in which oxygen diffuses from the bulk
to the surface to undergo O/Cl exchange. This conclusion is
in agreement with facile anion diffusion observed by NMR
experiments on lanthanum fluorides and hydroxide fluo-
rides.[28] Finally, we note that increasing the feed H2O/CCl4
molar ratio increased the O/La and reduced the Cl/La peak
ratios. Specifically, changing the H2O/CCl4 molar ratio from
10 to 61 and then to 360 changed the Cl/La peak ratio, re-
spectively, from 1.13 to 0.91 and then to 0.23 for a 16 h
treatment at 350 8C. This observation further confirms the
progressive transformation of La2O3 into LaCl3 in the ab-
sence of sufficient steam pressure for regenerating the cata-
lyst surface.


DFT calculations : The experi-
mental observations that 1) de-
structive adsorption of CCl4 on
La2O3 occurs in the absence of
gas-phase O2, and 2) that the
reaction rate of CCl4 destruc-
tion in the presence of steam
over La2O3 materials decreases
when O2 is introduced in the
inlet stream (Figure 3) suggest
that the reaction occurs over a
terminal lattice oxygen site. The
other possible reaction mecha-
nisms for hydrocarbon activa-
tion, which have been pro-
posed, for example, for meth-
ane coupling over La-based cat-
alysts, do not seem to apply in
this case.[1,29] Specifically, hydro-
carbon activation is not likely
to proceed over adsorbed


oxygen because the presence of oxygen in the feed is not re-
quired, and, furthermore, it actually reduces the reaction
rate. In addition, as the reaction starts at temperatures
below 250 8C, the formation of gas-phase radicals should be
limited, and, consequently, a free-radical mechanism is un-
likely to play a significant role. Another possible mecha-


Figure 7. IR spectra of the gas phase in the in situ reactor cell after 1) 0.5, 2) 1, 3) 2, 4) 4, and 5) 8 h on stream
for the reaction of CCl4 + H2O (H2O/CCl4 molar ratio of 61) over La2O3 at 350 8C.


Table 2. Binding energies of La4s, Cl2s, and O1s XPS peaks and relative peak ratios for pure La2O3, LaOCl,
LaCl3, and a La2O3 sample treated with CCl4 and H2O at 350 8C as a function of time on stream for an H2O/
CCl4 ratio of 61.


Catalyst material Relative amounts of La2O3, LaOCl,
and


Binding energies
(eV)


XPS peak ratios


LaCl3 at the catalyst surface[a] La4s Cl2s O1s O1s/
La4s


Cl2s/
La4s


La2O3 100% La2O3 275.1 na[b] 531.4 0.32 na
LaOCl 100% LaOCl 275.2 269.1 531.0 0.18 5.5
LaCl3 100% LaCl3 275.4 269.4 na 0.09 7
La2O3 after 2 h of reaction 100% La2O3 275.1 nd[c] 531.4 0.31 0
La2O3 after 8 h of reaction 100% La2O3 275.2 nd 531.4 0.31 0
La2O3 after 16 h of reac-
tion


64% La2O3 + 36% LaOCl 275.2 269.1 531.3 0.27 0.91


La2O3 after 24 h of reac-
tion


8% La2O3 + 92% LaOCl 275.2 269.2 531.2 0.19 7.5


La2O3 after 36 h of reac-
tion


67% LaOCl + 33% LaCl3 275.3 269.3 531.1 0.15 4.4


[a] The values are estimates of the individual contributions of La2O3, LaOCl and LaCl3 to the overall XPS
spectrum based on the measured XPS O1s/La4s and Cl2s/La4s peak ratios of the catalyst materials and those
of the reference compounds. [b] na=not applicable. [c] nd=not detected.
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nism, a reduction/oxidation cycle for the catalyst metal, sim-
ilar to the CuCl/CuCl2 transition, is unlikely because of the
large ionization potential for the La0/La3+ transition: La3+


is usually regarded as being in a catalytically irreducible
state.[30] Therefore, only a reaction mechanism with lattice
oxygen as an active site is considered here.


The results of our DFT calculations indicate that the de-
structive adsorption of CCl4 over La2O3 occurs by stepwise
Cl donation from the CHC to the surface. As illustrated in
Figure 8, when CCl4 approaches the surface, one of the Cl


atoms is activated over a surface acid site associated with
La. In the identified transition state (Figure 8B), the activat-
ed chlorine atom receives a partial negative charge (Cld�)
and the C�Cl distance for the activated bond increases from
the gas-phase value of 1.8 to 3.4 ä. The rest of the CHC
fragment becomes (CCl3)


d+ , and the other C�Cl distances
decrease to 1.7 ä. This initial step can be described as elec-
trophilic elimination over an acid site. On adsorption, the
CCl3 cation is stabilized on a terminal lattice oxygen site by
forming O�CCl3 species with a C�Cl bond length of 1.9 ä
(Figure 8C). In essence, one of the La�O�La bonds breaks,
and La�Cl and La�O�CCl3 bonds are formed. The surface
Cl atom bridges two La atoms with a bond length of 2.9 ä.
The terminal lattice O atom bonded to C is lifted up from
its original position, whereby the La�O bond length increas-
es from 2.4 to 2.6 ä. The initial CCl4 decomposition step in
Figure 8 is predicted to be exothermic with a reaction
energy of �192 kJmol�1 and an activation barrier of Ea=


147 kJmol�1, as illustrated in the energy diagram of
Figure 9. In addition to the configuration of O�CCl3 and Cl
in Figure 8C, several other arrangements were considered,
including those with the surface Cl above a La atom or
above a second-layer O atom. All considered arrangements
had similar energies, within 10 kJmol�1. We note that the
absolute accuracy of DFT calculations is usually insufficient
for predicting experimental kinetics. However, the calculat-
ed values can be useful as initial estimates in kinetic model-


ing and as a basis for comparing the relative significance of
the elementary steps in the reaction mechanism.


The O�CCl3 surface species can decompose by donating a
Cl atom to the surface and abstracting the bonding lattice
oxygen atom. This reaction can occur in two energetically
equivalent scenarios: in one step by concerted Cl donation
and O�CCl2 desorption, or in two steps, in which Cl is do-
nated first. The latter scenario is analogous to the well-stud-
ied mechanism of CCl2 formation by liquid-phase CHCl3 hy-
drolysis.[31] The O�CCl3 decomposition is similar to the pre-
viously described step illustrated in Figure 9 in the sense
that La�O and C�Cl bonds are broken and, instead, La�Cl
and C�O bonds are formed. The overall stoichiometry for
the two elementary steps corresponds to an exchange of two
Cl atoms from the CHC for one lattice O atom with the for-
mation of phosgene as gas-phase intermediate [Eq. (8)].


La2O3 þ CCl4 ! 2LaOCl þ COCl2 ð8Þ


As shown in Figure 7, formation of the phosgene inter-
mediate was confirmed by IR measurements. The second
step is less exothermic (DE=�67 kJmol�1) and more facile
(Ea=116 kJmol�1) than the first (Figure 9). Similarly to
CCl4, the COCl2 intermediate can be adsorbed on a terminal
lattice oxygen atom to form O�COCl by splitting of a Cl
atom. Phosgene is predicted to be very reactive, the activa-
tion energy for its destructive adsorption being 22 kJmol�1,
which compares with 147 kJmol�1 for CCl4 (Figure 9). The
donation of the last Cl atom from O�COCl to the surface
leads to the formation of gas-phase CO2. Like all other de-
structive adsorption steps, this step is predicted to be exo-
thermic, as shown in Figure 9. The calculated barrier for
gas-phase phosgene hydrolysis is 159 kJmol�1, which is sub-
stantially higher than 22 kJmol�1 predicted for COCl2 de-
composition on La2O3. Therefore, the calculations indicate
that COCl2 decomposition occurs primarily catalytically.


Based on the analysis of all reaction barriers in the
energy diagram of Figure 9, the first reaction step, splitting
off the first chlorine atom, is predicted to be the rate-deter-
mining step in destructive adsorption. Therefore, the decom-
position of intermediate COCl2 can be treated as quasi-equi-


Figure 8. Mechanism of CCl4 decomposition over La2O3(001). Side and
top views of a simplified representation with top two catalyst layers only.
A) CCl4 approaching the surface; B) transition state for dissociative ad-
sorption; C) adsorbed CCl3 and Cl.


Figure 9. Energy diagram for CCl4 decomposition on La2O3(001). Refer-
ence energy is defined as CCl4 + 2H2O + La2O3.
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librated. The equilibrium constant for CO2 formation from
COCl2 is predicted to decrease with increasing temperature,
because the reaction is exothermic. Therefore, larger quanti-
ties of gas-phase COCl2 are predicted at elevated tempera-
tures. This prediction is in agreement with our IR experi-
ments mentioned above.


After substitution of two Cl atoms for one lattice O atom
on the La2O3 surface, the two Cl atoms do not appear to be
restricted to the position of the original O atom. Calcula-
tions indicate that they can assume multiple surface configu-
rations. The barrier for surface diffusion is estimated to be
about 80 kJmol�1. In addition, surface Cl can diffuse into
the bulk, and this forces subsurface oxygen to migrate to the
surface. Diffusion of surface Cl into the bulk is predicted to
be endothermic by 68 kJmol�1. The estimated activation
energy for this reaction is 208 kJmol�1, which is larger than
that for any other considered reaction step. Therefore, for
nonregenerative destruction of CCl4 (in the absence of
steam, Figure 1), bulk Cl�O diffusion is predicted to be the
rate-determining step. The caveat for this prediction is that
bulk chlorination changes the lattice constants of the materi-
al, for example, as in the case of the La2O3 to LaOCl transi-
tion. Our periodic-slab calculations, in contrast, assumed in-
variable lattice constants and therefore most likely overesti-
mated the bulk diffusion barrier.


Our DFT calculations predict that all surface dechlorina-
tion steps are endothermic. These reactions can proceed by
stepwise hydroxyl formation and subsequent dehydroxyla-
tion [Eqs. (9)±(11)]


2Cl* þ H2O ! HCl þ OH* þ Cl* ð9Þ


Cl* þ OH* þ H2O ! HCl þ 2OH* ð10Þ


2OH* ! O** þ H2O ð11Þ


or by reaction of surface Cl and OH [Eq. (12) and (13)].


2Cl* þ H2O ! HCl þ OH* þ Cl* ð12Þ


Cl* þ OH* ! HCl þ O** ð13Þ


An energy diagram for the former mechanism is provided
in Figure 10. We emphasize again that the energies estimat-
ed from our DFT calculations are useful for relative com-
parisons, that is, identification of trends, rather than for an
analysis of the absolute values. The relative comparison of
the calculated reaction barriers indicates that the two reac-
tion pathways have similar energetics with an overall DE=


Ea=180 kJmol�1, and the reverse chlorination reactions are
practically unactivated. The diagram in Figure 10 shows the
energies for four reaction steps, corresponding to the remov-
al of four surface Cl atoms formed on CCl4 decomposition.


Steps 1 and 2 are the same reactions as steps 3 and 4 but
at a different surface Cl coverage. As can be seen from
Figure 10, the extent of surface chlorination does not have a
significant effect on the energetics of the steam-dechlorina-
tion steps. All activation and reaction energies differ by no
more than 17 kJmol�1. Similar Cl coverage calculations
were performed for CCl4 and COCl2 decomposition: the


same transition states for destructive adsorption were evalu-
ated on the clean La2O3(001) surface and on a surface in
which one terminal lattice O atom was substituted by two
Cl atoms in the 2î2 unit cell. Similar to dechlorination, the
activation energies for CCl4 destructive adsorption were
found to be practically insensitive to the amount of surface
Cl.


The reverse of the O/Cl bulk diffusion discussed earlier
occurs when LaCl3 is dechlorinated with steam (Figure 1).
In this case, surface O atoms migrate into the bulk, and bulk
Cl atoms onto the surface. The calculated barrier for this
bulk diffusion is 140 kJmol�1, which is lower than the over-
all barrier of about 180 kJmol�1 predicted for the water sur-
face reactions. Therefore, the dechlorination kinetics are
predicted to be largely controlled by the surface reactions. If
we assume that the same applies to other tested lanthanides,
then the results in Figure 1 can be interpreted as an indica-
tion that the La-based material is a good catalyst candidate
because its chlorinated surface can be easily regenerated.


With this mechanistic insight, the following explanation
can be given for the results in Figure 3. Initially CCl4 was
completely converted to CO2 by exchanging 4Cl for 2O
atoms with the surface, and the surface was concurrently re-
generated with H2O [Eq. (3)]. Under our standard testing
conditions, the rates of chlorination and dechlorination were
balanced for La2O3/Al2O3. In contrast, for pure La2O3 under
the same conditions, the rate of surface chlorination was
higher than the dechlorination rate. Combined with the bulk
Cl/O diffusion, this led to a gradual and continuous transfor-
mation of the initial La2O3 solid into LaOCl and, eventually,
into LaCl3, as evidenced by Raman spectroscopy, XRD and
XPS results (Figures 5 and 6, Table 2). A similar phenomen-
on was observed for the supported material on switching off
the steam supply (point A in Figure 3). In this case, similarly
to pure La2O3, chlorination of the solid was not counterbal-
anced by steam dechlorination. As a result, the observed
CCl4 conversion declined with decreasing number of termi-
nal lattice O sites, and the overall reaction rate was limited
by diffusion of oxygen atoms from the bulk to the surface.


Figure 10. Energy diagram for removal of surface Cl with steam on
La2O3(001). The initial structure 4Cl* is the same as the final structure in
Figure 9. The reference state for Figures 9 and 10 is the same.
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The flux of oxygen atoms to the surface undoubtedly de-
creased with increasing extent of chlorination of the solid.
Therefore, the apparent CCl4 conversion steadily declined
with time on stream. These conclusions are supported by re-
sults obtained with a low H2O/CCl4 ratio (Figure 6B). Rein-
troduction of steam dechlorinated (regenerated) the solid,
and the initial activity was restored and maintained (point B
in Figure 3). The dechlorination capability of steam was con-
firmed in separate experiments with LaCl3 (Figure 1). Addi-
tionally, the ability to run the reaction in a catalytic mode
by sufficiently regenerating the surface was confirmed in an
experiment with a large excess of H2O (Figure 6A). Gas-
phase oxygen is apparently not as affective as H2O for sur-
face dechlorination. In addition, O2 may compete with CCl4
for surface adsorption sites. As a result, introduction of O2


into the reaction mixture reduced CCl4 conversion (point C
in Figure 3). The elimination of oxygen from the feed
(point D in Figure 3) restored the initial catalyst activity and
stability.


Conclusion


The catalytic destruction of CCl4 in the presence of steam
was investigated at 200±350 8C over a series of lanthanide
(La, Ce, Pr, and Nd) and alkaline-earth metal (Mg, Ca, Sr,
and Ba) oxide-based catalysts by kinetic experiments, vari-
ous spectroscopic techniques and DFT calculations. This
new catalytic chemistry was achieved by combining destruc-
tive adsorption of CCl4 on a basic oxide surface and concur-
rent dechlorination of the resulting partially chlorinated
solid by steam. The following conclusions can be drawn
from this work:


1) The rates of CCl4 decomposition and steam dechlorina-
tion could be balanced over lanthanide-oxide-based ma-
terials to create a catalytic cycle. Depending on the reac-
tion conditions, especially the H2O/CCl4 molar ratio, the
catalytic material was found to transform dynamically
from the metal oxide state to the metal oxide chloride or
metal trichloride state due to bulk diffusion of oxygen
and chlorine atoms. Both La2O3 and LaOCl are active
materials in this reaction, whereas LaCl3 is catalytically
inactive. However, the two active phases are probably
part of a common catalytic cycle, and further work
should be directed towards understanding the properties
of the active site. Gas-phase oxygen in the feed stream
decreases the reaction rate; this indicates that oxygen is
in competition with the chlorinated hydrocarbon for the
active site.


2) Destructive adsorption of CCl4 proceeds over a terminal
lattice oxygen site with donation of a Cl atom from CCl4
to the catalyst surface. The splitting of this first Cl atom
is predicted to be the rate-determining step. The result-
ing O�CCl3 adsorbate can further decompose by donat-
ing another Cl atom to the surface and abstracting the
bonding oxygen atom, thus generating gas-phase COCl2
as a reaction intermediate, which was observed experi-
mentally.


3) The decomposition of the highly reactive COCl2 inter-
mediate is predicted to proceed primarily catalytically
rather than by gas-phase hydrolysis.


4) Surface dechlorination reactions of chlorinated lantha-
nide oxides with steam are endothermic and proceed
either by stepwise hydroxyl formation and subsequent
dehydroxylation or by reaction of surface Cl and OH.


5) Mechanistic studies indicate that catalyst activity can be
enhanced by increasing the number of terminal lattice
oxygen sites, for example, by depositing the lanthanide
oxide active phase onto a high surface area support. In
agreement with this prediction, a supported catalyst ob-
tained from a 10 wt% La2O3/Al2O3 precursor exhibited
the highest destruction rate: 0.289 g CCl4 h


�1 g�1 catalyst
at 350 8C, which is higher than values for any other re-
ported catalyst system.


The elucidated details of the reaction mechanism should
facilitate future theoretical studies for kinetic modeling,
process optimization and catalyst development. For exam-
ple, we are planning to identify theoretically and then con-
firm experimentally promoters that can be added for further
improvement of the lanthanide oxide-based system.


Experimental Section


Catalyst preparation : The following alkaline earths and lanthanide oxides
were studied: MgO (Aldrich, 99%, 117 m2g�1), CaO (Aldrich, 99.9%,
7 m2g�1), SrO (Aldrich, 99.9%, 2 m2g�1), BaO (Aldrich, 97%,
0.25 m2g�1), La2O3 (Acros, 99%, 1 m2g�1), CeO2 (Aldrich, 99,9%,
0.25 m2g�1), Pr2O3 (Alfa Aesar, 99.9%, 3 m2g�1), and Nd2O3 (Alfa Aesar,
99.9%, 3 m2g�1). Alumina-supported (Condea, 220 m2g�1) alkaline earth
and lanthanide-oxide-based catalysts were prepared by incipient wet im-
pregnation of aqueous metal acetates. The origin and purity of the corre-
sponding metal acetate salts were as follows: Mg (Aldrich, 99%), Ca
(Avocado, 98%), Sr (Avocado, 98%), Ba (Aldrich, 99%), La (Fluka,
97%), Ce (Aldrich, 99,9%), Pr (Aldrich, 99.9%), and Nd (Aldrich,
99.9%). After impregnation, samples were dried at 100 8C for 1 h. The
impregnation was repeated until the desired metal oxide loading was ob-
tained. All catalysts were granulated before testing and characterization,
and the 0.25±0.50 mm fraction was used for testing. Dechlorination ex-
periments in the presence of steam were performed with the following
metal chlorides: MgCl2 (VEL, pro analyze), CaCl2 (Riedel-de-Haen,
99%), SrCl2 (Acros, 99%), BaCl2 (Aldrich, 99%), LaCl3 (Aldrich,
99.999%), CeCl3 (Fluka, 98.5%), PrCl3 (Acros, 99.9%), and NdCl3 (Alfa
Aesar, 99.9%).


Activity testing : Activity tests were performed in a fixed-bed reactor at
atmospheric pressure. The reactor consisted of a quartz tube loaded suc-
cessively with quartz wool, quartz beads, quartz wool, 1 g of catalyst,
quartz wool, quartz beads and quartz wool. The reactor was placed in a
furnace in such a way that the catalyst bed was positioned in the center
of the furnace. Samples were pretreated in 10 cm3min�1 (STP) O2 flow at
450 8C overnight. During the reaction, a helium flow at 8 cm3min�1 (STP)
was passed through a saturator filled with CCl4 (VEL, pro analyze) and
maintained at 0 8C in an ice bath to preserve the same vapor pressure
and consequently the same CCl4 concentration of 0.047 vol%. The gas
hourly space velocity (GHSV) was 800 h�1. The gas flows were measured
and controlled by Bronkhorst mass flow controllers. Water was added to
the reactor at the rate of 0.02 cm3min�1 (STP) by means of a Methrom
dosimeter and evaporated when in contact with the reactor walls and
bed. The H2O/CCl4 molar ratio was in most cases 61, and thus an excess
of steam was added to the reaction mixture. Water in the effluent stream
was trapped with an impinger at room temperature. The remaining gases
were analyzed with a gas chromatograph (HP 4890D with an FID detec-
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tor and methanator) using a packed Hayesep Q CP column (80±
100 mesh, 3 m).


Catalyst characterization : Surface areas and pore volumes of the materi-
als were determined by N2 sorption measurements with a Micromeritics
Accelerated Surface Area and Porosimetry ASAP 2400 instrument. Sur-
face areas were calculated by using the BET model with micro- and mac-
ropores described by the Horvath±Kawazoe and BJH models, respective-
ly. The amount of chlorine in the solids after the dechlorination experi-
ments with steam was determined by Ag titration in a HNO3 solution ac-
cording to the Volhardt method. Raman spectra were recorded with a
Holoprobe Kaiser Optical RXN-532 or RXN-785 spectrometer equipped
with a holographic notch filter, laser Raman excitation at 532 or 785 nm
and a CCD camera. Some Raman spectra were also measured with a
Perkin-Elmer 2000 FT-Raman spectrometer with laser Raman excitation
at 1064 nm. A special in situ Raman cell was used that could be heated
in a stream of reagents at elevated temperatures. IR spectra were collect-
ed with a Nicolet 730 FT-IR spectrometer. A special in situ IR cell was
designed in which a catalyst wafer was placed in a quartz cell equipped
with KBr windows. X-ray diffraction measurements were performed with
a Siemens D5000 diffractometer using a Ni-filtered CuKa source with a
wavelength of 0.154 nm. X-ray photoelectron spectra were measured
with a Vacuum Generators system using a CLAM-2 hemispherical ana-
lyzer for electron detection. Nonmonochromatic Al X-ray radiation was
used for generating the photoelectrons at an anode current of 20 mA and
10 keV. The pass energy of the analyzer was set at 50 eV. The survey scan
was taken with a pass energy of 100 eV.


Theoretical calculations : Gradient-corrected periodic DFT calculations
with La2O3(001) model surfaces were performed to elucidate the reaction
mechanism using the DMol3 code in Materials Studio 2.2 software by Ac-
celrys Inc. Infinite slabs were constructed similarly to a recently proposed
La2O3 model.[32] The models were based on a 2î2 La unit cell with an
overall thickness of 10 layers: 2î(O, La, O, La, O), as shown in
Figure 11. The bottom seven slab layers were constrained during the cal-


culations, and the top three layers were optimized with an adsorbate to
simulate surface relaxation on adsorption. All adsorption and surface re-
action energies were calculated at 0 K without zero-point energy correc-
tions. The vacuum spacing was 15 ä. The calculated equilibrium lattice
constants closely matched accepted experimental values: a=b=3.954,
c=6.136 ä (exptl: a=b=3.939, c=6.136 ä). The calculations used the
double numerical with polarization (DNP) basis set and the generalized
gradient-corrected Perdew±Wang (GGA PW91) functional. The calcula-
tions were spin-nonpolarized. Tightly bound core electrons were repre-
sented with ultrasoft pseudopotentials. Reciprocal-space integration over
the Brillouin zone was approximated by a sampling at 3î3î1 k-points.
Convergence with respect to the number of k-points was tested by in-


creasing the mesh to 4î4î1 for several representative structures. The
real-space cutoff distance was 4.5 ä. The integration accuracy was set at
1000 grid points for each atom. The SCF tolerance was 10�5 Hartree. Oc-
tupole expansion was used in the maximum angular momentum function
representation of the charge density. To facilitate convergence, the densi-
ty mixing between consecutive iterations was set at 0.2 for the charge
and 0.5 for the spin. In addition, direct inversion in an iterative subspace
(DIIS) and thermal smearing of 0.002 Hartree were used.
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Effect of Inorganic Anions on the Morphology and Structure of Magnesium
Calcite


Damir Kralj,*[a] Jasminka Kontrec,[a] Ljerka Brecœevic¬,[a] Giuseppe Falini,[b] and
Vesna Nˆthig-Laslo[c]


Introduction


Calcium carbonate is one of the most important raw materi-
als for use as a filler and pigment in the production of
paper, plastics, rubber, paint, textiles, pharmaceuticals, food,
and many other materials. Such a variety of applications re-


quires it to have different granulometric, physical and chem-
ical properties. Both natural (limestone, marble, chalk and
coral) and synthetic (precipitated) calcium carbonates are
commonly used. Natural ground calcium carbonate (GCC),
obtained by mechanical treatment of minerals, often does
not meet the market demands for the high quality of a prod-
uct. To meet these needs, calcium carbonate should be pre-
pared under carefully controlled conditions. Only precipitat-
ed calcium carbonate (PCC) can provide a product with the
characteristics required, as it is precipitated in three anhy-
drous polymorphic modifications (calcite, aragonite and va-
terite), two hydrated crystalline forms (calcium carbonate
monohydrate±monohydrocalcite and calcium carbonate hex-
ahydrate±ikaite) and amorphous calcium carbonate,[1,2]


which provide plenty of possibilities of yielding a product
with predetermined properties. In contrast, calcium carbon-
ate produced from minerals is mostly calcite. The most
often used technological PCC production process is the re-
carbonation of milk of lime.[3,4] The properties of PCC pro-
duced in such a process are influenced principally by tem-
perature and the presence of suspended Ca(OH)2 par-
ticles.
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Abstract: Calcium carbonate was pre-
cipitated from calcium hydroxide and
carbonic acid solutions at 25 8C, with
and without addition of different mag-
nesium (MgSO4, Mg(NO3)2 and MgCl2)
and sodium salts (Na2SO4, NaNO3 and
NaCl) of identical anions, in order to
study the mode of incorporation of
magnesium and inorganic anions and
their effect on the morphology of cal-
cite crystals over a range of initial reac-
tant concentrations and limited
ci(Mg2+)/ci(Ca2+) molar ratios. The
morphology, crystal size distribution,
composition, structure, and specific sur-
face area of the precipitated crystals, as
well as the mode of cation and anion


incorporation into the calcite crystal
lattice, were studied by a combination
of optical and scanning electron micro-
scopy (SEM), electronic counting, a
multiple BET method, thermogravime-
try, FT-IR spectroscopy, X-ray diffrac-
tion (XRD), and electron paramagnetic
resonance (EPR) spectroscopy. In the
systems of high initial relative supersa-
turation, precipitation of an amorphous
precursor phase preceded the forma-
tion of calcite, whereas in those of


lower supersaturation calcite was the
first and only polymorphic modifica-
tion of calcium carbonate that ap-
peared in the system. The magnesium
content in calcite increased with the
magnesium concentration in solution
and was correlated with the type of
magnesium salt used. Mg incorporation
caused the formation of crystals elon-
gated along the calcite c axis and, in
some cases, the appearance of new
{011} faces. Polycrystalline aggregates
were formed when the ci(Mg2+)/
ci(Ca2+) molar ratios in solution were
increased. Addition of sulfate ions,
alone, caused formation of spherical
calcite polycrystalline aggregates.


Keywords: anions ¥ calcite ¥
crystal growth ¥ crystal morphology ¥
magnesium
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Deposition of calcium carbonate in biological systems
occurs during the formation of mollusc shells, egg shells,
exoskeletons of arthropods, pearls, and corals.[5] In all these
mineralized tissues an organic matrix plays an important
role in control of the orientation, polymorphism, composi-
tion, and morphology of the mineral phase.


Many studies have been carried out on the mechanisms
involved in biomineralization processes and several new bio-
logically inspired synthetic routes have been designed for
control of the formation of the mineral phase.[6±8] It has
been shown that the polymorphism, morphology and struc-
tural properties of calcium carbonate can be controlled by
the use of specific additives, macromolecules, small organic
molecules and inorganic ions.[9±16] Among the inorganic com-
ponents, magnesium has a particularly important role in cal-
cium carbonate precipitation. Under certain thermodynamic
conditions, magnesium can act either as a very effective in-
hibitor of nucleation and/or crystal growth of calcite or as a
promoter of aragonite nucleation. The inhibition of calcite
formation could be explained by the possible preferential
adsorption of strongly hydrated magnesium ions onto the
growing calcite surfaces, or by enhancement of the calcite
solubility caused by incorporation of magnesium into the
calcite structure.[11,12] The role of magnesium as a promoter
of aragonite formation is closely related to its ability to in-
hibit calcite nucleation.[17] When the conditions are such that
the formation of calcite nuclei is significantly reduced, the


nucleation of the less stable polymorph, aragonite, can take
place.


Our purpose in this paper is to investigate the influence
of factors, other than those connected with the suspension
characteristics and temperature, on the physical and chemi-
cal properties of precipitated calcium carbonate. Primarily,
this is a systematic study of the influence of foreign ions
(common anions and Mg2+), the possible impurities in a
precipitation system. Therefore, calcium carbonate poly-
morphs were precipitated from a homogeneous system in
which calcium hydroxide and carbonic acid were the reac-
tants. In this case, any possible effects of ions other than the
constituents (Ca2+ , CO3


2�) and the products of autoprotoly-
sis of water (H3O


+ , OH�) on the precipitation of poly-
morphs have been avoided, and CaCO3 and H2O are the
only products of the reaction. The precipitation diagram was
constructed from the data obtained by systematic variations
of the reactant concentrations. The information thus ob-
tained were used to find out: a) how the foreign ions added,
both cation (Mg2+) and anions (SO4


2�, NO3
� and Cl�),


affect the morphology of calcite; b) whether these ions are
incorporated in the crystal lattice of calcite, and if so, the
extent and mode of their incorporation; and c) whether
there is any interaction between the cation and the anions
in the process of incorporation.


To obtain an insight into how Mg2+ and the anions exam-
ined affect the unit cell parameters and the local environ-
ment of Ca2+ in the calcite crystal lattice, apart from X-ray
powder diffraction (XRD) and FT-IR spectroscopy, we also
used electron paramagnetic resonance (EPR) spectroscopy.
The Mn2+ paramagnetic ion is the most useful ion for such a
study because it is readily substituted for Ca2+ in the calcite
structure and gives a strong EPR signal at room tempera-
ture with a rich information content even in the powder
state.[18±24] Qualitative interpretation of the spectral parame-
ters as proposed by Angus et al.[19] was used.


Results


Precipitation of calcium carbonates : The precipitation was
investigated over a range of initial reactant concentrations
ci(Ca2+) = 0.005±0.010 moldm�3 and ci(CO3


2�) = 0.001±
0.010 moldm�3 at 25 8C.


In the three-dimensional precipitation diagram in Fig-
ure 1a, two axes represent the total initial concentrations of
two variable reactant components, ci(Ca)tot and ci(CO3)tot,
and the third axis gives the corresponding initial supersatu-
rations over the calcium carbonate precipitation range ex-
amined in this work. The initial supersaturation is defined as
relative supersaturation, S�1, S = (


Q
/Ksp8)


1=2 , where
Q


is
the ion activity product a(Ca2+)¥a(CO3


2�), and Ksp8 is the
thermodynamic equilibrium constant of dissolution of the
most stable calcium carbonate polymorph, calcite (Ksp8 =


3.313î10�9 at 25 8C). From the known total concentrations
of Ca(OH)2 and H2CO3 initially added to the precipitation
system, the molar concentrations and the corresponding ac-
tivities of all relevant ionic species that were assumed to
exist at considerable concentrations in the solution (H+ ,


Abstract in Croatian: Proucœavan je nacœin ugradnje magnezi-
ja i anorganskih aniona, kao i njihov ucœinak na morfologiju
kristala kalcita. U tu je svrhu kalcijev karbonat talozœen iz ot-
opina kalcijeva hidroksida i ugljicœne kiseline pri 25 8C, uz do-
datak i bez dodatka razlicœitih magnezijevih (MgSO4,
Mg(NO3)2 i MgCl2) i natrijevih (Na2SO4, NaNO3 i NaCl) soli
identicœnih aniona. Talozœenje je proucœavano u odred≈enom
podrucœju pocœetnih koncentracija reaktanata i unutar ograni-
cœenih molarnih omjera ci(Mg2+)/ci(Ca2+). Morfologija, ra-
spodjela kristala po velicœini, sastav, struktura i specificœna po-
vrsœina istalozœenih kristala, kao i nacœin ugradnje kationa i
aniona u kristalnu resœetku kalcita, proucœavani su primjenom
opticœke i pretrazœne elektronske mikroskopije (SEM), elektro-
nicœkog ured≈aja za brojanje cœestica, BET metode, termogravi-
metrije, FT-IR spektroskopije, rˆntgenske difrakcije i elek-
tronske paramagnetske rezonancijske (EPR) spektroskopije.
Sadrzœaj magnezija u kalcitu rastao je s porastom koncentraci-
je magnezija u otopini i pokazao je ocœitu med≈uovisnost s
tipom upotrijebljene magnezijeve soli. Nad≈eno je, da u susta-
vima visoke pocœetne relativne prezasicLenosti talozœenju kalcita
prethodi nastajanje amorfne prekursorske faze, dok se u su-
stavima nizœih prezasicLenosti kalcit pojavljuje kao prva i
jedina polimorfna modifikacija kalcijeva karbonata. Ugrad-
nja magnezija uzrokovala je nastajanje kristala kalcita izdu-
zœenih uzduzœ osi c i, u nekim slucœajevima, pojavu novih {011}
ploha. S porastom molarnog omjera ci(Mg2+)/ci(Ca2+) u ot-
opini, dosœlo je do stvaranja polikristalnih agregata, dok je do-
datak sulfatnih iona, bez dodatka magnezija, uzrokovao na-
stajanje polikristalnih agregata kuglastog oblika.
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OH� , CO3
2�, HCO3


� , CaCO3
0, CaHCO3


+ , Ca2+ , CaOH+)
were calculated. The detailed calculation procedure, which
takes into account the respective protolytic equilibria and
equilibrium constants as well as the charge- and mass-bal-
ance equations, has been described previously.[25±27]


Isergons (isograms for constant supersaturation) are indi-
cated; the samples selected for detailed analyses are denot-
ed by solid circles. The projection on the x±y plane of the
precipitation region from Figure 1a is shown in Figure 1b.
The initial pH of the reactant solutions was not preadjusted
to a certain value: the calculated initial pH for each ratio of
the initial total concentration of calcium and carbonate is
shown in Figure 1b alongside the solid circle representing
the relevant sample.


Additional consideration was given to the samples with
the greatest amount of solid precipitated (samples 1, 3, 6,
and 7 in Figure 1b), that is, to the samples obtained from


the systems with reactant concentrations close to equimolar.
The solid phase of these samples, aged for 20 min after the
reactants were mixed, was mostly calcite; only samples 1
and 3 also contained vaterite. This is not surprising, since
the formation of metastable phases during spontaneous pre-
cipitation from highly supersaturated solutions is quite
common. Besides, immediately after the mixing of the reac-
tant solutions, very high turbidity and a simultaneous drop
in pH were noticed, indicating the formation of an amor-
phous precursor.[1,28±30] Although the primary intention in
this work was not to study this precursor phase, its possible
impact on the physical and chemical properties (for exam-
ple, morphology, composition of precipitate) of the more
stable solid phases (calcite, magnesium calcite, aragonite)
and on later stages of the precipitation process had to be ex-
amined.[2,31,32] Therefore, the change in pH was recorded
and several samples were taken from the precipitation
system during the first 20 min of the process and then ana-
lyzed. The experimental steplike curve of pH versus time
(Figure 2A) which was recorded during the precipitation of


sample 1 (Figure 1b) is typical of the precipitation processes
in which the initial formation of metastable (precursor)
phase(s) is followed by a recrystallization process that takes
place through the so-called solution-mediated transforma-
tion.[25,29] FT-IR spectra (Figure 2B) of the samples isolated
from the system at time intervals a±d (see Figure 2A) sup-
port the assumption that an amorphous phase appears in the
early stage of the process. This amorphous phase was identi-


Figure 1. a) Three-dimensional precipitation diagram of the system
Ca(OH)2±H2CO3±H2O; b) its projection on the x±y plane. Aging time
20 min, 25 8C. For details, see the main text.


Figure 2. A) Changes in pH as a function of time during precipitation of
sample 1 (Figure 1); B) FT-IR spectra of precipitates isolated at time in-
tervals a±d as indicated on the pH curve.
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fied by means of the absorption bands characteristic of
amorphous calcium carbonate.[2,30] Spectrum a, obtained
from the sample isolated within 1 min after mixing the reac-
tants, exhibits the characteristic bands at about 1490 and
1430 cm�1 (n3a, n3b), 1080 cm�1 (n1) and 866 cm�1 (n2). The
bands at 725 and 690 cm�1 (n4a, n4b) are broadened exten-
sively, so that no discrete peaks could be observed. The
bands at 1640 cm�1, corresponding to the normal vibration
of water molecules (H�O�H bending) in the structure of
amorphous calcium carbonate, are also exhibited. Calcite in
this sample was identified by the absorption bands at 713
and 876 cm�1 (n4 and n2, respectively); the calcite content
was estimated, from the known value of the molar absorp-
tion coefficient for calcite at 713 cm�1, to be approximately
15%.[33] Spectrum b, obtained from the precipitate separated
about 2 min after the mixing of the reactants, exhibits the
absorption bands characteristic of vaterite (746 cm�1, n4),
apart from the absorption bands characteristic of calcite;
this spectrum still contains traces of amorphous calcium car-
bonate bands. At that stage of precipitation, the precursor
phase was in a process of transformation into vaterite and/
or calcite. The sample isolated at the end of the discontinu-
ous drop in pH is represented by spectrum c, which exhibits
bands characteristic of vaterite and calcite only. The amor-
phous precursor had disappeared from the system by that
time, as evidenced also by a reduction in turbidity. The
second drop in pH, which follows the discontinuity, indicates
the crystal growth of stable phase(s). Thus, spectrum d ex-
hibits the absorption bands of calcite and vaterite. A spec-
trum of the sample separated 24 h after preparation of the
system (not shown here) exhibited only the characteristics
of the thermodynamically stable polymorph calcite, as the
vaterite previously present in the system had been trans-
formed into calcite in the meantime. It should be empha-
sized that some recent investigations[2,34] gave experimental
evidence showing that the term ™amorphous calcium car-
bonate∫ describes two groups of phases: a hydrated modifi-
cation, containing up to one water molecule per mole of cal-
cium carbonate; and an (essentially) anhydrous modifica-
tion. Apart from the structural differences and different de-
grees of ordering, these two groups differ in their mecha-
nism of transformation into the (more) stable polymorphs.
Transformation of anhydrous amorphous calcium carbonate
takes place through an internal reorganization (™solid-state
transformation∫) leading to the crystalline structure of a
stable form, either calcite or aragonite. Transformation of
the hydrated modifications is the ™solution-mediated proc-
ess∫, that is, simultaneous dissolution of amorphous calcium
carbonate and nucleation and growth of stable modifica-
tion(s). Accordingly, the amorphous precursor detected in
this work may have been a hydrated modification of the
amorphous calcium carbonate.


FT-IR spectra of all the other samples denoted in
Figure 1, isolated from the systems 20 min after the mixing
of the reactants, showed either the absorption bands charac-
teristic of calcite or the bands of calcite and vaterite. The
specific surface area of the samples containing both calcite
and vaterite was 3.7 m2g�1, and that of the samples with cal-
cite as the only solid phase was in the range 0.7±1.6 m2g�1.


The difference between these two groups of samples is quite
noticeable. The reason for such a difference lies not only in
the different sizes of the calcite crystals, as is the case for
samples consisting of calcite only, but also in the presence of
vaterite particles. These are usually spherulites with an ir-
regular, rough surface, the specific surface area of which can
be an order of magnitude larger than the specific surface
area of the compact calcite crystals.[25, 35] Although these
samples contain a relatively small amount of vaterite parti-
cles, its contribution to the specific surface area of the
sample as a whole is quite evident. Figure 3 shows some typ-


ical number distributions of the samples examined. Those
consisting of calcite and vaterite (samples 1 and 3) exhibited
a maximum at about 14 mm ascribed to the quite uniform,
compact calcite crystals, and a wide range of smaller crystal
sizes (<10 mm) related to the spherulitic vaterite particles.
Such a wide range of vaterite particle sizes suggests that the
vaterite was in the process of transformation into calcite. As
reported previously,[25] this process is solution-mediated,
which means that calcite crystals grow on account of vaterite
particle dissolution. The wider crystal size distributions were
also obtained for the samples (such as sample 6) that pre-
cipitated at somewhat lower initial supersaturations (25<
(S�1)<30). The majority of calcite crystals in these samples
were about 7±11 mm in size. The presence of some smaller
crystals (<6 mm) in the samples suggests that crystal growth
was in progress when the process was interrupted, 20 min
after the mixing of the reactants. In contrast to the samples
precipitated at relatively high supersaturations, the precipi-
tation initiated at lower supersaturations ((S�1)<20) clear-
ly proceeds by another mechanism. There was no precursor
phase formation, the number of calcite crystals was smaller
and the crystals grew comparatively slowly. At such supersa-
turations, the decrease in pH in the system was very slow
and continuous with a simultaneous gradual increase in tur-
bidity. The reaction was preceded by a visually observed in-
duction period. All this corroborates the assumption that
heterogeneous nucleation with slow crystal growth is the
mechanism of precipitation at lower supersaturations. In this
way, a very narrow distribution of small crystals (maximum
at about 4 mm) was obtained (sample 14).


Figure 3. Crystal size distributions for samples 1, 3, 6 and 14 (numbered
as in Figure 1b) obtained 20 min after mixing the reactant solutions.
They were measured with the electronic counting device (Coulter Elec-
tronics Ltd) and given in differential mode.
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A systematic investigation of the influence of magnesium
on the physical-chemical properties of the precipitated calci-
um carbonate was performed for the ranges of ci(Ca2+) and
ci(CO3


2�) identical to those shown in Figure 1. For this pur-
pose, the second cationic component, Mg2+ , was added to
the systems and the initial molar ratio ci(Mg2+)/ci(Ca2+) was
kept at 1:1 in one case and 1:2 in the other. These relatively
low ci(Mg2+)/ci(Ca2+) molar ratios were chosen so as to be
comparable with the values found in natural and technologi-
cal systems, and also to avoid the precipitation of aragon-
ite.[9,36] No matter which of the three magnesium salts
(MgCl2, Mg(NO3)2 or MgSO4) was used, in addition to cal-
cite the coprecipitation of some amorphous Mg(OH)2 was
observed over the entire precipitation region examined,
except when there was an excess of CO3


2� ions and at the
lowest supersaturations ((S�1)<20). Aragonite also ap-
peared in some of the systems with molar ratio ci(Mg2+)/
ci(Ca2+) = 1:1, as a consequence of kinetic inhibition of cal-
cite nucleation and growth[37] rather than of thermodynamic
factors.


Isomorphic substitution of magnesium ions in the calcite
structure : For the reasons mentioned above (coprecipitation
of amorphous Mg(OH)2, precipitation of some vaterite or
aragonite), the influence of the initial ci(Mg2+)/ci(Ca2+)
ratio, and of the type of co-anion present in the system
during precipitation, on the extent and mode of magnesium
incorporation into the calcite lattice was investigated exclu-
sively in the system in which the total initial reactant con-
centrations were ci(Ca2+) = 0.005 moldm�3 and ci(CO3


2�)
= 0.010 moldm�3. This system was chosen following the
calculations in which a literature value of the thermodynam-
ic solubility product of brucite, Mg(OH)2, (pKsp8 = 11.15)
was used. From the data obtained it may be concluded that
coprecipitation of Mg(OH)2 is not possible at pH�9.45 and
at the initial concentration of Mg2+ (ci = 0.010 moldm�3)
applied in these experiments. Indeed, in this system, the
measured initial pHi was 9.3, no Mg(OH)2 was coprecipitat-
ed and no other Mg solid phase was detected, and calcite
was the first and only crystal modification appearing. Mag-
nesium was added to the system in the form of MgCl2,
Mg(NO3)2 or MgSO4, in such concentrations that the initial
ratio ci(Mg2+)/ci(Ca2+) = 0.5:1, 1:1 or 2:1. Changes in the
unit cell volume of calcite precipitated in the presence of
magnesium and, based on these data, the number percentag-
es of magnesium atoms incorporated in the calcite crystal
lattice, were determined by XRD of powdered samples. The
calcite unit cell parameters as a function of the initial Mg2+/
Ca2+ molar ratio and the percentage of magnesium atoms
incorporated in calcite in the presence of different inorganic
ions are given in Table 1. The magnesium content in the
samples was also analyzed by ion chromatography. Figure 4
shows the relationships between magnesium substitution in
calcite and the initial ci(Mg2+)/ci(Ca2+) ratio. The magnesi-
um substitution was found to depend on the type of magne-
sium salt used. Thus, the greatest magnesium content in cal-
cite was recorded when MgSO4 was used, followed by
Mg(NO3)2 and then MgCl2. These contents were still much
lower than those when Mg(OH)2 served as the magnesium


source (control system). The highest initial concentration of
magnesium in the systems in which Mg(OH)2 was used as
the magnesium source was 0.005 moldm�3 (initial molar
ratio ci(Mg2+)/ci(Ca2+) = 1:1). Any higher concentrations
of Mg(OH)2 led to an increase in pH and, consequently, to
the coprecipitation of Mg(OH)2. From the experimental evi-
dence, the process and the extent of magnesium incorpora-
tion in the calcite lattice probably depend very much on the
Mg-accompanying anions. These findings justify our precau-
tions in choosing the appropriate precipitation components,
that is, bringing about the precipitation of calcium carbonate
by mixing Ca(OH)2 and H2CO3 solutions. In this way, no
other anions except CO3


2�/HCO3
� and OH� could influence


the physical-chemical properties of the precipitate. This
could also explain a rather large amount of magnesium de-


Figure 4. Magnesium content [atom%] in the calcite samples as a func-
tion of the initial molar ratio ci(Mg2+)/ci(Ca2+). The samples were ob-
tained from the system ci(Ca2+) = 0.005 moldm�3, ci(CO3


2�) =


0.010 moldm�3, 20 min after mixing the reactants, at different initial con-
centrations of Mg2+ and from diverse sources, at 25 8C. Inset: magnesium
content [atom%] as a function of the initial molar ratio ci(anion)/ci(Mg2+)
in the system ci(Ca2+) = 0.005 moldm�3, ci(CO3


2�) = 0.01 moldm�3 to
which different magnesium salts (ci(Mg2+)/ci(Ca2+) = 1:1) and the ap-
propriate sodium salts were added in order to obtain various initial
molar ratios ci(anion)/ci(Mg2+) under otherwise comparable conditions.


Table 1. Calcite unit cell parameters as a function of the initial Mg2+/
Ca2+ molar ratio in solutions containing different inorganic anions.


Additive Mg/Ca Calcite unit cell parameters Mg
[molmol�1] a [nm] c [nm] V [nm] [atom%][a]


MgCl2 0.5:1 0.4956 1.7348 369.032 ±
Mg(NO3)2 0.5:1 0.4952 1.7376 369.043 ±
Mg(SO4)2 0.5:1 0.4949 1.7370 368.496 ±
Mg(OH)2 0.5:1 0.4926 1.7186 361.122 6.5(7)


MgCl2 1:1 0.4954 1.7207 364.443 3.1(5)
Mg(NO3)2 1:1 0.4949 1.7317 367.322 5.1(6)
Mg(SO4)2 1:1 0.4935 1.7282 364.521 6.3(5)
Mg(OH)2 1:1 0.4910 1.7186 361.122 8.1(6)


MgCl2 2:1 0.4929 1.7276 363.733 3.8(7)
Mg(NO3)2 2:1 0.4926 1.7198 361.380 6.5(7)
Mg(SO4)2 2:1 0.4917 1.7188 359.847 7.5(7)


[a] Obtained by volume contraction.[38]
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tected in the calcite samples treated with Mg(OH)2, com-
pared with the amounts reported in the literature[9] for simi-
lar experimental conditions (in these samples also, no addi-
tional anions were present).


Additional experiments were performed to elucidate the
role of anions in magnesium incorporation into the calcite
lattice. They were carried out under conditions similar to
those described previously (ci(Ca2+) = 0.005 moldm�3,
ci(CO3


2�) = 0.010 moldm�3, initial molar ratio ci(Mg2+)/
ci(Ca2+) = 1:1). The only difference was the addition of the
respective sodium salt, Na2SO4, NaNO3 or NaCl, so that the
molar ratio ci(Mg2+)/ci(anion) = 1:2, 1:4 and 1:8, thus ex-
ceeding the stoichiometry of the respective Mg salt. The
presence of Na+ was justified, because no observable
impact of this ion on the calcium carbonate precipitation
was detected for the range of concentrations applied. The
inset in Figure 4 shows that the increase in concentration of
either NO3


� or Cl� , respectively, does not change much, or
causes a gradual decrease in incorporation of magnesium
atoms into the crystal lattice of calcite. In contrast, the in-
crease in concentration of SO4


2� ions causes an increase in
incorporation of magnesium atoms. These observations, to-
gether with the effects of higher incorporation of magnesi-
um into the calcite lattice when MgSO4 and Mg(OH)2 were
used as the sources of magnesium, are in accordance with
the similar findings reported in the literature.[31] It is known
that calcites with a high magnesium content can be pro-
duced by using organic molecules able to chelate magnesi-
um. Such chelates suppress the hydration of Mg2+ ions, thus
giving the possibility of producing high-magnesium calcites.
The content of magnesium in such calcites can be above
10 mol% (magnesium calcite with a magnesium content of
more than 10 mol% is thermodynamically less stable/soluble
than aragonite). The tendency of magnesium to form strong
ion pairs with SO4


2� (Ks8(MgSO4
+) = 169.8) and OH�


(Ks8(MgOH+) = 380.2) has an effect similar to that of the
organic chelators, that is, it causes lowering of the concen-
tration of strongly hydrated Mg2+ ions in solution.


The local distortions induced by Mg2+ and the anions ex-
amined were investigated by EPR analysis. In Figure 5 the
EPR spectra of 55Mn2+-doped calcites, precipitated in the
systems into which Mg2+ was introduced by dissolution of
Mg(OH)2 (spectra a and b) and incorporating different
amounts of Mg2+ (8.1 and 6.5 atoms%, respectively), are
compared with the spectrum of pure calcite (spectrum c).
The presence of Mg2+ in the calcite lattice is reflected as an
increase in the D’ parameter from 1.76 mT (spectrum c) to
1.90 mT (spectrum b) and 1.94 mT (spectrum a), and as an
extensive line broadening of all hyperfine linewidths: DWk


changed from 0.27 mT to 0.85 mT and 0.9 mT, respectively.
Since no other anions except OH� and CO3


2� were present
in the precipitation system, only Mg2+ and the possibly
bonded water could provoke these distortions. According to
FT-IR spectroscopic and differential thermogravimetric
(DTG) analyses, no structural water was detected in these
samples, so it seems that the distortions were provoked ex-
clusively by incorporation of Mg2+ .


The EPR spectra of calcites prepared in the presence of
different magnesium salts (MgSO4, spectrum a; MgCl2, spec-


trum b; Mg(NO3)2, spectrum c) are shown in Figure 6. These
samples had the highest content of added anions in the
system: initial molar ratio Ca2+/Mg2+/anion = 1:1:8. Al-
though an increase in the axial distortion parameter D’ com-


Figure 5. EPR spectra of 55
mn2+ (IMn = 5=2) in calcites doped with Mg2+


from Mg(OH)2 containing [atom% Mg]: a) 8.1; b) 6.5; c) 0. Spectral
parameters measured [mT]: a) D’ = 1.94, DWk = 0.9, DW? = 2.7;
b) D’ = 1.90, DWk = 0.85, DW? = 2.7; c) D’ = 1.76, DWk = 0.27,
DW? = 2.7.


Figure 6. EPR spectra of 55
mn2+ in calcites prepared in the presence of:


a) MgSO4: D’ = 2.02 mT, DWk = 0.92 mT, DW? = 1.6 mT; b) MgCl2:
D’ = 1.87 mT, DWk = 0.45 mT, DW? = 0.78 mT; c) Mg(NO3)2: D’ =


1.88 mT, DWk = 0.35 mT, DW? = 0.72 mT. In each system sampled,
initial molar ratio Ca2+/Mg2+/anion = 1:1:8.
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pared with that of pure calcite (1.76 mT, spectrum c,
Figure 5) was observed in spectra b and c, the largest in-
crease in D’ concomitant with the extensive line broadening
was measured in spectrum a. The disturbances in the calcite
crystal lattice observed in the presence of SO4


2� ions were
similar to those obtained when calcite was precipitated from
the systems in which Mg(OH)2 was used as a magnesium
source (see Figure 5). However, the amount of Mg2+ incor-
porated in the presence of SO4


2� ions (3.9 atom%) was
much smaller than was incorporated in the presence of
Mg(OH)2 (8.1 atom%) and yet the disturbances were larger.
DTG and FT-IR spectroscopic analyses detected a small
amount of structural water (a loss of approximately 2 wt%
at about 290 8C) in calcite prepared with MgSO4. This could
cause slightly larger distortions compared with the calcites
without any bonded water, but probably not as large as
those observed in spectrum a. EPR spectra of the Mn2+-
doped calcite precipitated with Mg(OH)2 as the magnesium
source reveal the distortions along the axial crystal field as
well as the random displacement of the CO3


2� groups about
their equilibrium positions. It is evident that, apart from
Mg2+ and a small amount of structural water found in the
sample prepared with the addition of MgSO4, the structure
and charge differences between Cl� or NO3


� and SO4
2� also


have to be considered responsible for the disturbances of
the calcite lattice. It seems that SO4


2�, being a tetrahedron,
when incorporated to the same extent causes more distur-


bances of the calcite lattice than (for example) NO3
� , which


has a planar sp2 hybrid structure similar to that of CO3
2�


ions.


Morphological investigations : It is known that ionic addi-
tives can considerably affect crystal nucleation and can also
adsorb on the crystal surface, often inducing the formation
of aggregates.[39,40] Either by inhibiting growth sites of nuclei
and thus preventing their growth, or by adsorption on the
crystal surface and altering its double-layer surroundings, an
increase in the concentration of ionic additive increases the
tendency to form aggregates.


Scanning electron micrographs (Figure 7) show the mor-
phologies of calcite crystals formed when MgSO4, Mg(NO3)2
or MgCl2 was present in the precipitation system ci(Ca2+) =


0.005 moldm�3 and ci(CO3
2�) = 0.010 moldm�3 in the molar


ratios ci(Mg2+)/ci(Ca2+) = 0.5:1, 1:1 and 2:1. When calcite
was precipitated in the absence of any additive, the crystals
had the well-known rhombohedral shape, characterized by
the presence of the most stable {104} faces (see Figure 8a).
In the presence of additives, different shapes of calcite crys-
tals were formed as a consequence of additive concentration
and anion type. The effect of the anions investigated in this
study can be correlated strictly with the content of magnesi-
um added to the solution. As the amount of MgCl2 in solu-
tion increases, the crystals show more pronounced develop-
ment of the {011} faces, which combine with the typical


Figure 7. SEM images of calcite crystals isolated from the system ci(Ca2+) = 0.005 moldm�3, ci(CO3
2�) = 0.01 moldm�3 at 25 8C, to which the following


magnesium salts were added in the initial molar ratios ci(Mg2+)/ci(Ca2+) stated: MgCl2, a) 0.5:1, b) 1:1, c) 1:2; Mg(NO3)2, d) 0.5:1, e) 1:1, f) 1:2; MgSO4,
g) 0.5:1, h) 1:1, i) 1:2.


Chem. Eur. J. 2004, 10, 1647 ± 1656 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1653


Morphology and Structure of Magnesium Calcite 1647 ± 1656



www.chemeurj.org





rhombohedral {104} calcite faces (Figure 7a±c). As a result
of this combination, the crystals become {104} face-capped
and elongated along the calcite c axis. They always appear
as single crystals without any lateral aggregation. The addi-
tion of Mg(NO3)2 to the solution changes the rhombohedral
calcite crystals to the dumbbell-shaped crystals[31] at the
highest concentration of magnesium applied (Figure 7d±f).
These crystals are elongated along the calcite c axis but the
usual {104} face-capping is not evident. The presence of
SO4


2� anions in solution affects the morphology of calcite
crystals to a greater extent when compared with chloride
ions, which is in agreement with isomorphic substitution
data (Figure 7 g±i). Even at the lowest content of magnesi-
um relative to calcium in solution (ci(Mg2+)/ci(Ca2+) =


0.5:1), the crystals already show a modified morphology,
being elongated along the c axis and {104} face-capped. The
new faces, almost parallel to the c axis, are more stepped
than in the case of chloride. The increase in magnesium and
sulfate ion concentrations in solution has a dramatic effect
on the magnesium calcite morphology. The crystals are no
longer {104} face-capped. They are more stepped and seem


to be aggregates of small crystalline units elongated along
the c-axis. The resulting morphology ranges from the inter-
grown lobes to dumbbells as the amount of additive is in-
creased.[9] To clarify the role of sulfate ions, alone, in affect-
ing the morphology of calcite crystals, increasing concentra-
tions of Na2SO4 were added to the system ci(Ca2+) =


ci(CO3
2�) = 0.010 moldm�3. As an example, Figure 8 shows


the morphologies of calcite crystals formed when no addi-
tives were applied (Figure 8a) and when the initial ratio
ci(Ca2+)/ci(SO4


2�) = 1:0.1 (Figure 8b) and 1:1.5 (Figure 8c).
In the presence of sulfate ions the rhombohedral crystals of
calcite undoubtedly strive to group themselves in spherical
aggregates.


All these findings are in accordance with those reported
for modification of rhombohedral calcite crystals when
either Mg2+ or SO4


2� ions are present in solution, and for
the formation of spherical calcite crystals when both Mg2+


and SO4
2� ions are present in solution as impurities.[41,42]


However, our results reveal that sulfate ions, alone, cause
the formation of spherical calcite aggregates. In summary,
on the basis of our results, the following conclusions may be
drawn about the influence of Mg2+ and different anions
(SO4


2�, NO3
� and Cl�) on the precipitation of calcium car-


bonate and on the morphology of calcite crystals investigat-
ed at 25 8C, in the system in which calcium hydroxide and
carbonic acid solutions were used as reactants:


a) In the range of calcium carbonate precipitation exam-
ined in this work, calcite is the predominant solid phase
formed 20 min after mixing the reactants.


b) At the highest supersaturations, (S�1)>30, the forma-
tion of precursor phase(s) (amorphous calcium carbon-
ate) precedes the formation of calcite.


c) The content of magnesium incorporated in the calcite
crystals increases with increasing initial concentration of
magnesium salt added to the system.


d) The incorporation of magnesium in the calcite crystal
lattice depends on the type of co-anion present in the
system. For the molar ratios ci(Mg2+)/ci(Ca2+) = 1:1 and
2:1 of the initial solution concentrations, the magnesium
content in calcite crystals decreases in the series
MgSO4>Mg(NO3)2>MgCl2.


e) The highest magnesium content in the calcite lattice can
be achieved in systems with no additional anions, such as
systems in which the dissolved Mg(OH)2 is used as the
magnesium source.


f) Addition of sulfate ions, alone, causes the formation of
spherical aggregates of the originally rhombohedral cal-
cite crystals.


g) There is a clear relationship between the morphological
properties of magnesium calcites, the concentration of
the corresponding anion and the amount of Mg2+ incor-
porated into calcite lattice.


h) EPR measurements of magnesium calcites precipitated
from solutions of different anions have revealed differ-
ent modes and extents of magnesium incorporation. The
calcite lattice is the most significantly distorted by the
presence of SO4


2�, while Cl� and NO3
� have a minor


impact.


Figure 8. SEM images of a) pure calcite crystals and calcite crystals pre-
pared with an initial molar ratio ci(Ca2+)/ci(SO42�) of b) 1:0.1 and
c) 1:1.5.
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Experimental Section


A 400 cm3 double-walled, water-jacketed, thermostated glass crystalliser
was used throughout the experiments. Calcium carbonate was precipitat-
ed by mixing equal volumes (150 cm3) of both calcium hydroxide and car-
bonic acid solutions. The latter solution was prepared by bubbling a high-
grade carbon dioxide stream into water until apparent constancy of con-
ductivity or pH was obtained. The exact concentration of this solution
was then determined by potentiometric titration using a standard NaOH
solution (c = 0.10 moldm�3). The concentrations determined (c =


0.021 moldm�3) of freshly prepared carbonic acid stock solutions were
always comparable with those calculated (c = 0.024 moldm�3) from the
measured values of pHstock = 3.99. Calcium hydroxide stock solution was
prepared by adding an excess of analytically pure calcium hydroxide to
water. The suspension was then filtered through a 0.22 mm membrane
filter and the saturated solution was kept under an atmosphere of nitro-
gen. The exact concentration was determined by potentiometric titration
using the standard HCl solution (c = 0.10 moldm�3). In all the experi-
ments the water was deionized and of high quality (conductivity<
0.1 mScm�1). The freshly prepared carbonic acid solution of known con-
centration (diluted from the stock solution), pure or with the required
amount of extra salt(s) added (magnesium sulfate, magnesium nitrate,
magnesium chloride, sodium sulfate, sodium nitrate and sodium chloride)
was always poured into the calcium hydroxide solution. The initial calci-
um and carbonate reactant concentrations are given in the precipitation
diagram (Figure 1).


The effect of sulfate ions on the morphology of calcite crystals was inves-
tigated by addition of sodium sulfate to the carbonic acid solution. In this
series of experiments the initial ratio ci(Ca2+)/ci(SO4


2�) = 1:0.1, 1:0.5,
1:1.5, or 1:2.


To study the effect of different Mg salts on the physical-chemical proper-
ties of the precipitate, the respective salt (MgCl2, Mg(NO3)2 or MgSO4)
was added to the Ca(OH)2 solution. If not stated otherwise, the initial
ci(Mg2+)/ci(Ca2+) ratio was kept at 0.5:1 or 1:1.


When the effect of possible synergistic action of anions on the extent of
magnesium incorporation was investigated, a stoichiometric excess of
anion (above the stoichiometry of the respective Mg salt) was added to
the system in the form of the respective sodium salt (ratio ci(Mg2+)/ci(an-
ion) = 1:2, 1:4 or 1:8). The control system (that is, the system in which
no additional anion could influence the incorporation of magnesium into
calcite, except CO3


2�/HCO3
� and OH�), was prepared by dissolving an


appropriate amount of Mg(OH)2 into the carbonic acid solution before
mixing with the Ca(OH)2 solution.


During the experiments, the systems were stirred at a constant rate by a
flat-bladed stirrer with two perpendicular blades. All experiments were
carried out at 25 8C.


The propagation of the reaction was followed by measuring the pH of
the solution; the samples were taken after a predetermined aging time of
20 min. When the reaction was stopped, the total volume of suspension
was filtered through a 0.22 mm membrane filter and the precipitate was
dried at 105 8C.


Crystal number and size distributions were determined with an electronic
counting device (Coulter Electronics Ltd.) fitted with a 50 mm-orifice
tube. This aperture diameter enabled crystals in the size range between
about 1 and 30 mm to be measured and distributed into up to 256 size
classes. Each class corresponds to a nominal crystal diameter, that is, to
the diameter of a sphere of the same volume as the crystal measured.
The instrument was calibrated with standard latex spheres (13.3 mm di-
ameter). The samples, taken from the precipitation system 20 min after
mixing the reactant solutions, were filtered, dried and then re-dispersed
in 0.1 moldm�3 calcium chloride solution and measured immediately. The
precipitate composition was characterized by a combination of FT-IR
spectroscopic (Mattson), X-ray powder diffraction, XRD (Philips 1710),
thermogravimetric (Mettler TG50 thermobalance with a TC11TA pro-
cessor) and SEM (Philips XL20) analyses, and the specific surface area
of the crystals was determined by the multiple BET method (Micromerit-
ics) using nitrogen. The total content of calcium and magnesium ions in
the solid phase was determined by ion chromatography. The extent of
isomorphic substitution of magnesium for calcium in the calcite structure
was evaluated by measuring the calcite unit cell parameter by XRD.


Apart from XRD, the possible incorporation of foreign cations and
anions into the crystal structure of calcite was also studied by EPR spec-
troscopy (Varian E-9 spectrometer equipped with a dual microwave reso-
nant cavity). To study the local environment of Ca2+ in the crystal lattice
of calcite, Mn2+ ions were used as a paramagnetic substitute for Ca2+


and were doped into the calcite structure. For this purpose, Mn2+ was
added at a concentration of 2.0î10�7 moldm�3 to the carbonic acid solu-
tion before mixing the reactants, so that the manganese substitution for
calcium took place during the precipitation of calcium carbonate.[18] Pure
calcite crystals, the EPR spectrum of which was used as a reference, were
prepared by adding 500 cm3 of 2.0î10�2 moldm�3 calcium chloride solu-
tion to an equal volume of sodium carbonate solution of the same con-
centration. After the initial mixing of the reactants, the system was agi-
tated mechanically with a flat-bladed stirrer for 3 h at a constant rate,
and then aged for 24 h without further stirring. The calcite thus obtained
was filtered, dried and stored in a desiccator.


The EPR spectra of all powder samples were measured and a qualitative
interpretation of the spectral parameters proposed by Angus et al.[19] was
applied. These authors reported that the axial distortion parameter D’ of
the calcite unit cell depended on temperature, pressure and the concen-
tration and nature of the impurity ions incorporated into calcite. In the
magnetic field and in the absence of any ligands, Mn2+ ions give six lines
in the EPR spectrum due to the hyperfine interaction of the high elec-
tron spin state, S = 5=2, with the nuclear spin of 55


Mn2+ nuclei, I = 5=2.
The crystal field of the CO3


2� ligands in the calcite unit cell splits these
spectral lines further, giving rise to a multi-line EPR spectrum (Figure
9b)which provides information on the CO3


2� symmetry of the calcite lat-
tice. Any axial distortion of the CO3


2� ligands around Mn2+ in the calcite
lattice (Figure 9a, double-ended arrows) changes parameter D’ in the
spectrum (Figure 9b, inset). This parameter is best regarded as a measure
of the separation of the parallel and perpendicular components of each
of the six main hyperfine lines in the EPR spectra of calcite and is high-


Figure 9. a) Environment of CO3
2� groups around a Mn2+ ion substituted


for Ca2+ in the calcite lattice. b) The six main hyperfine lines; inset: ex-
pansion of the mMn = �5=2 line and the wing lines, showing the definition
of the measured parameters. Double-ended arrows indicate the possible
axial distortions along the c axis; simple arrows denote the random dis-
placements of CO3


2� groups around their equilibrium positions.
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est for the hyperfine line mMn = �5=2 (Figure 9b, inset). The lineshapes
DW (Figure 9b, inset) of the Mn2+ spectra are expected to be Lorenzian
because of homogeneous line-broadening. Deviations from these ideal
lineshapes (Figure 9b), giving rise to an inhomogeneous line-broadening,
can be caused by many effects. As suggested by Barberis et al. ,[23] a
random distribution of oxygen atoms of the CO3


2� groups about their
equilibrium positions in the calcite lattice (Figure 9a, simple arrows) can
be induced by the impurity ions. In the EPR spectra, this is reflected as
broadening of all the spectral lines and measured by the parallel (DWk)
and perpendicular (DW?) linewidths of the hyperfine line mMn = �5/2 at
half-height from the baseline.
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Silsesquioxane-Based Homogeneous and Heterogeneous Epoxidation
Catalysts Developed by Using High-Speed Experimentation


Paolo P. Pescarmona,[a] Jan C. van der Waal,[a, b] and Thomas Maschmeyer*[a]


Introduction


Silsesquioxanes are inorganic±organic hybrid compounds
with applications ranging from catalysis to materials science
and coordination chemistry.[1±3] They have the general for-
mula (RSiO1.5)a(H2O)0.5b, where R is a hydrogen atom or an
organic group and a and b are integers [a = 1, 2, 3º; b =


0, 1, 2, 3,º; a+b = 2n, where n is an integer; b�a+2]. In-
completely condensed silsesquioxanes (b¼6 0) contain silanol
groups (Si�OH) that make them applicable as model com-
pounds for silica surfaces or as ligands in coordination
chemistry/homogeneous catalysis.[4,5] Silsesquioxanes are
usually synthesised by the hydrolytic condensation of orga-
nosilanes [Eq. (1) and (2)].[1,6]The selectivity towards and
yields of specific silsesquioxane structures are influenced by
many parameters.[1] Therefore, a combinatorial chemistry
and high-speed experimentation[7] approach, which allows
the fast screening of broad parameter spaces, is particularly
suitable to study and optimise the synthesis of these com-
pounds. Recently, high-speed experimentation (HSE) tech-
niques have been successfully applied to the optimisation of
silsesquioxane precursors for titanium catalysts active in the


epoxidation of alkenes.[8,9] This work resulted in a new and
efficient way of synthesising silsesquioxane precursors and
generated knowledge about the effect of the various param-
eters involved in the synthesis. In particular, one of the ob-
served trends indicated favourable effects induced by high
polarity solvents. This result stimulated further investigation,
and herein the application of HSE techniques to the optimi-
sation of the synthesis of silsesquioxanes in very polar sol-
vents is presented.


RSiX3þ3H2O ! RSiðOHÞ3þ3HX ðX ¼ Cl; alkoxideÞ ð1Þ


aRSiðOHÞ3 Ð ðRSiO1:5ÞaðH2OÞ0:5 bþð1:5 a�0:5 bÞH2O ð2Þ


The experimental approach is similar to that used in pre-
vious studies.[8,9] The synthesis of silsesquioxane precursors
is optimised as a function of the epoxidation activity of the
catalysts obtained after titanium complexation. Therefore,
this approach is aimed at producing any incompletely con-
densed silsesquioxane that might result in active catalysts
after titanium complexation rather than a specific silses-
quioxane structure. A reaction time of 18 h was chosen for
the hydrolytic condensation, since one of the goals of this
work is to decrease the long time commonly required to
synthesise silsesquioxane precursors.[1,10]


Results and Discussion


The high-speed experimentation screening: Silsesquioxane
precursors for titanium catalysts were synthesised by the hy-


[a] P. P. Pescarmona, J. C. van der Waal, Prof. Dr. T. Maschmeyer
Laboratory of Applied Organic Chemistry and Catalysis
DelftChemTech, Technische Universiteit Delft
Julianalaan 136, 2628 BL Delft (The Netherlands)
Fax: (+31)15-2784289
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[b] J. C. van der Waal
Avantium Technologies B.V., Zekeringstraat 29, 1014 BV
P.O. Box 2915, 1000 CX Amsterdam (The Netherlands)


Abstract: A set of new titanium-silses-
quioxane epoxidation catalysts was dis-
covered by exploring the hydrolytic
condensation of a series of trichlorosi-
lanes in highly polar solvents by means
of high-speed experimentation techni-
ques. The most promising silsesquiox-
ane leads were prepared on a conven-
tional laboratory scale and fully charac-
terised. The lead generated by the hy-


drolytic condensation of tBuSiCl3 in
DMSO consisted of a set of incom-
pletely condensed silsesquioxane struc-


tures, whereas that obtained from the
hydrolytic condensation of tBuSiCl3 in
water consisted of a single silsesquiox-
ane structure, tBu2Si2O(OH)4. This is
the first reported example of the use of
this silsesquioxane as a precursor for
active Ti catalysts. The Ti complexes
prepared with tBu2Si2O(OH)4 were
supported on silica to produce active
heterogeneous epoxidation catalysts.


Keywords: epoxidation ¥ heteroge-
neous catalysis ¥ high-speed experi-
mentation ¥ homogeneous catalysis ¥
silsesquioxanes ¥ titanium silses-
quioxanes
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drolytic condensation of six different trichlorosilanes (R =


cyclohexyl, cyclopentyl, phenyl, methyl, ethyl, and tert-
butyl) in three highly polar solvents (dimethyl sulfoxide
(DMSO), water and formamide) by means of high-speed ex-
perimentation techniques. Previous work showed that the
R group on the organosilane and the solvent in which the
hydrolytic condensation is carried out are the most relevant
parameters influencing the synthesis of silsesquioxanes.[8,11]


The parameter space studied was defined by the full-facto-
rial combination of the six trichlorosilanes and the three sol-
vents. This parameter space was screened as a function of
the activity of the catalysts obtained after coordination of
[Ti(OBu)4] to the silsesquioxane structures in the epoxida-
tion of 1-octene with tert-butyl hydroperoxide (TBHP).[12] In
Figure 1, the relative activities of the titanium silsesquiox-
anes are shown together with those of the titanium silses-
quioxanes obtained from silsesquioxanes synthesised in ace-


tonitrile, which gave the best results among the solvents
tested in previous work.[8,9] The values are normalised to the
activity of the most active titanium silsesquioxane found so
far, specifically that obtained by reacting [Ti(OBu)4] with
cyclopentyl silsesquioxane a7b3 [(c-C5H9)7Si7O12-


TiOC4H9].
[12,13] The highest catalytic activities were found


for the titanium complexes obtained from tert-butyl silses-
quioxanes synthesised in DMSO and water, with 84% and
74%, respectively, of the activity of the reference catalyst
(c-C5H9)7Si7O12TiOC4H9.


[I] These two catalysts exhibited


almost the same activity as the previous best HSE catalyst
(87%) obtained from cyclopentyl silsesquioxanes synthes-
ised in acetonitrile,[8,9, 14] and are the first reported examples
of tert-butyl silsesquioxanes as precursors for very active ti-
tanium catalysts. Significant catalytic activities were also ob-
tained with cyclohexyl silsesquioxanes synthesised in DMSO
(67%) and with phenyl silsesquioxanes synthesised in H2O
(61%).


Besides the identification of these leads, the HSE screen-
ing provided some more information about the system
under study. No regular trend can be identified, that is, for
each solvent the order of activity as a function of the R
groups is different. This can be explained on the basis of the
different natures of the solvents employed. Water acts both
as solvent and reagent, and the fact that only silsesquioxanes
with a very low level of condensation are soluble in water[15]


means that condensed structures are rapidly precipitated
from solution. Formamide
has a high boiling point
(220 8C), necessitating the
use of high temperatures to
remove the solvent from the
silsesquioxane products. At
these high temperatures, the
silsesquioxanes tend to con-
dense further to produce
completely condensed struc-
tures, which are not suitable
for binding metal centres.[1]


This may explain the weak
activity observed for the cat-
alysts obtained from silses-
quioxanes synthesised in for-
mamide.


Finally, all the methyl and
ethyl silsesquioxanes proved
to be poor precursors for ti-
tanium-based epoxidation
catalysts, in agreement with
what was found in previous
work.[8,9]


Consequently, the tert-
butyl silsesquioxanes syn-
thesised in DMSO and water
(that is, the silsesquioxane


precursors that gave the most active catalysts; see Figure 1)
were synthesised on a conventional laboratory scale and
fully characterised by appropriate analytical techniques.


tert-Butyl silsesquioxanes synthesised in DMSO : The hydro-
lytic condensation of tert-butyltrichlorosilane in DMSO
was performed in a 25-fold scale-up of the HSE syn-
thesis. tBuSiCl3 is a solid at room temperature, and since
the HSE workstation employed can only handle liquids,
the trichlorosilane was first dissolved in the minimum
volume of acetonitrile. The same procedure was used
for the scaled-up synthesis. After 18 h of reaction at
50 8C, the clear solution obtained was distilled under re-
duced pressure to give a yellow gel that still contained


Figure 1. Screening of the epoxidation activity of the titanium silsesquioxanes as a function of the solvent and
of the trichlorosilanes used in the synthesis of the silsesquioxane precursors.


[I] Under the experimental conditions employed, (c-C5H9)7Si7O12TiOC4H9


gives complete and selective conversion of TBHP to the epoxide:
therefore, the relative activities of the reported catalysts correspond to
their conversions of TBHP to 1,2-epoxyoctane.
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DMSO.[II] Adding water to the
gel caused the precipitation of
the silsesquioxane product,
which could then be separated
from the DMSO/H2O solution.
13C and 29Si NMR analysis
showed that the sample consist-
ed of a number of oligomeric
silsesquioxane species. The 29Si
NMR spectrum (Figure 2)
shows two sets of peaks, one in
the region of silicon atoms con-
nected to three other silicon
atoms through oxygen bridges
(d = �61 to �55 ppm), and the
other corresponding to silicon
atoms bearing one or more OH
group(s) (d = �51 to
�45 ppm).[1] The latter set of
peaks has a much higher inten-
sity than the former, indicating
that most of the silsesquioxanes
are incompletely condensed
structures with a low level of
condensation. Characterisation
by mass spectrometry showed
that the main species is an a =


4 structure (i.e., consisting of
four tBuSiO1.5(H2O)0.5x units),
followed, in decreasing order of
concentration, by a = 5, a = 3,
a = 6, and a = 7 silsesquiox-
anes. Due to the possibility of
intramolecular condensation ac-
companied by loss of water
molecules during the ionisation
process, the level of condensa-
tion of the silsesquioxanes (i.e. ,
the b value) cannot be deter-
mined by means of MS analysis
of the crude product. More in-
formation about the number of
silanol groups present in the sil-
sesquioxane structures can be
obtained by their silylation with
trimethylchlorosilane
(CH3)3SiCl.[16,17] MS analysis of
the products of the silylation re-
action showed a main peak corresponding to a disilylated
a4b4 structure; other species in significant concentrations
were mono- and disilylated a3b3, mono- and disilylated
a4b2, monosilylated a4b4, mono- and disilylated a5b3, and
di- and trisilylated a5b5. While these MS data indicated the


presence of a3b3, a4b4, and a5b5 structures, they did not
allow us to establish whether structures a4b2 and a5b3 were
actually present in the product mixture or were formed in
the mass spectrometer. Taking together the results from the
NMR and MS analyses, it is proposed that the major com-
ponents of the product were silsesquioxanes a3b3 [tBu3-


Si3O3(OH)3], a4b4 [tBu4Si4O4(OH)4], and a5b5 [tBu5-


Si5O5(OH)5], for which the most likely structures are depict-
ed in Figure 3.


The mixture of tert-butyl silsesquioxanes was treated with
[Ti(OBu)4] and the complexes obtained were tested for cata-
lytic activity in the epoxidation of 1-octene with TBHP,


Figure 2. Liquid-phase 29Si NMR spectrum of the tert-butyl silsesquioxanes obtained by the hydrolytic conden-
sation of tert-butyltrichlorosilane in DMSO.


Figure 3. tert-Butyl silsesquioxanes a3b3, a4b4 and a5b5. For this type of structure it has been proposed that
the syn-conformation of the hydroxyls is the favoured one (stabilisation by intramolecular hydrogen bond-
ing).[25±27]


[II] Removing DMSO from the silsesquioxanes is necessary to prevent
competition between the oxidation of DMSO to dimethyl sulfone and
the epoxidation of 1-octene to 1,2-epoxyoctane. Complete removal of
DMSO was attained in the HSE experiments by drying the samples in
a vacuum centrifuge, which proved to be more effective than distilla-
tion in vacuo.
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giving analogous results to those obtained with the corre-
sponding HSE lead. An epoxidation test with aqueous H2O2


as the oxidant gave negligible activity accompanied by cata-
lyst deactivation.


tert-Butyl silsesquioxanes synthesised in H2O : The hydrolyt-
ic condensation of tert-butyltrichlorosilane, tBuSiCl3, in
water was performed in a 25-fold scale-up of the HSE syn-
thesis. As described above for the synthesis of tert-butyl sil-
sesquioxanes in DMSO, tBuSiCl3 was first dissolved in the
minimum volume of acetonitrile and then added to H2O.
After 18 h of reaction at 50 8C, the reaction mixture con-
tained a white precipitate, which was isolated by filtration
(fraction A). Upon removal of the solvent from the filtrate
under reduced pressure, a further batch of white solid was
obtained (fraction B). Next, the two fractions were dried in
an oven at 100 8C. Liquid-phase NMR characterisation
showed that both fractions contained the same single silses-
quioxane structure composed of equivalent tBuSiO1.5-
(H2O)0.5x units (Figure 4). The position of the 29Si NMR
peak (d = �49.55 ppm) indicates that this silsesquioxane
contains one or more silanol groups (x
1).[1] The structure
was assigned to silsesquioxane tBu2Si2O(OH)4 (Figure 5;
structural coding a2b4; cf. Equations (1) and (2)) on the
basis of these NMR data and a single-crystal X-ray diffrac-
tion analysis, which provided the same cell parameters of
the tert-butyl silsesquioxane a2b4 reported in the litera-
ture.[18] The synthetic procedure reported here allows com-
plete and selective conversion of tBuSiCl3 into silsesquiox-
ane tBu2Si2O(OH)4. This method is much more straightfor-
ward and results in a higher isolated yield (90%) than the
literature method (65%), in which the compound is synthes-
ised by addition of tBuSiCl3 in diethyl ether to a mixture of
KOH, water, and methanol.[18] The selectivity of the synthe-
sis is ascribed to the bulkiness of the tert-butyl group, which
may hinder further reaction of tBu2Si2O(OH)4, and to the
use of water as the solvent, which disfavours condensation
(cf. Equation (2)).


The fact that silsesquioxane a2b4 was obtained as the
only product both as a precipitate and on removal of the
solvent from the remaining reaction mixture prompted an
investigation of whether a shorter reaction time would lead
to the same product. Therefore, the hydrolytic condensation
was performed for just 20 minutes at room temperature. The
solvent was then removed by filtration to afford a white
solid, which was dried in an oven at 100 8C. 13C and 29Si
NMR analysis showed that, besides silsesquioxane a2b4, the
product contained a second species, assigned to the trisilanol
tBuSi(OH)3 (structural coding a1b3, cf. Equations (1) and
(2))[19] on the basis of the position of the 29Si NMR peak (d
= �40.06 ppm).[1] The molecular ratio between the a1b3
and a2b4 structures was about 2:1. This experiment indicates
that the formation of tert-butyl silsesquioxane a2b4 takes
place by the slow condensation of tert-butyl silsesquioxane
a1b3. The silsesquioxane a2b4 does not react further and it
starts to precipitate as its concentration in the solution in-
creases. Further investigation showed that 7 h of hydrolytic
condensation at 50 8C is necessary to obtain silsesquioxane
a2b4 as the only product.


The nature of the solvent in which the tBuSiCl3 is dis-
solved before being added to the water does not seem to in-
fluence the reaction: the same product was obtained if ace-
tone was used instead of acetonitrile. On the other hand,


Figure 4. 1H, 13C and 29Si NMR spectra of tert-butyl silsesquioxane tBu2-
Si2O(OH)4, obtained by the hydrolytic condensation of tert-butyltrichloro-
silane in H2O. In the 1H NMR spectrum (top), two peaks in a 9:2 ratio
are present: the signal at d = 1.46 ppm is due to the methyl resonances
of the tert-butyl groups, and that at d = 8.26 ppm is due to the four sila-
nol groups. The three additional peaks in the region d = 7±9 ppm are
due to pyridine (present in small amounts in the deuterated solvent). In
the 13C NMR spectrum (middle), two peaks in a 3:1 ratio are present:
the signal at d = 27.36 ppm is due to the three equivalent methyl groups
of the tert-butyl groups, while that at d = 18.25 ppm is due to the ipso-
carbon atom of the tert-butyl group. The peaks in the region d = 120±
150 ppm are due to pyridine (the solvent). The peak seen in the 29Si
NMR spectrum (bottom) is due to the two equivalent silicon atoms pres-
ent in structure a2b4.


Figure 5. tert-Butyl silsesquioxane a2b4, tBu2Si2O(OH)4.
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the amount of this co-solvent does have an effect: when the
tBuSiCl3 was dissolved in a fivefold smaller volume of ace-
tone, after 18 h at 50 8C the hydrolytic condensation pro-
duced large amounts of a precipitate containing viscous poly-
meric silsesquioxanes together with structure a2b4 (as deter-
mined by NMR analysis). After removal of the precipitate
by filtration, concentration of the filtrate afforded silses-
quioxane a2b4. The lower selectivity and the increased
amount of precipitate indicate that when less co-solvent is
present in solution, the formation and the precipitation of
silsesquioxanes take place more rapidly, probably as a con-
sequence of the reduced solubility of the silsesquioxanes in
the reaction mixture.


These observations confirm the complexity of the mech-
anism of formation of silsesquioxanes: small changes in the
reaction conditions result in significantly different amounts
and types of structures.


Besides the intrinsic value of the identification of a new,
selective, and high-yielding method for the synthesis of sil-
sesquioxane tBu2Si2O(OH)4, this experiment proved that
tert-butyl silsesquioxane a2b4 is a suitable precursor for tita-
nium catalysts. Thus, silsesquioxane structures different
from the known precursor silsesquioxane a7b3
[R7Si7O9(OH)3]


[12,13,20] can effectively coordinate titanium
centres to yield almost equally active epoxidation catalysts.
To investigate how the titanium centre coordinates to tert-
butyl silsesquioxane a2b4 and to ascertain the optimum
number of titanium centres that the structure can accommo-
date, catalysts with different titanium-to-silsesquioxane
ratios were prepared, characterised, and tested. The HSE
lead had a titanium-to-silsesquioxane ratio of about 1:3, the
ratio having been tuned for more condensed silsesquioxanes
(e.g. structure a7b3), which have a low average number of
OH groups per silicon atom. Silsesquioxane a2b4 has four
OH groups that may react with titanium alkoxide com-
plexes. Coordination of a titanium centre to two OH groups
on the same silicon would produce a geometrically strained
complex and is, therefore, unlikely. In principle, each titani-
um could coordinate to two OH groups on two different sili-
cons to form a polymeric chain with alternate titanium cen-
tres and silsesquioxane units (Figure 6). This chain would
have a 1:1 titanium-to-silsesquioxane molar ratio. Less or-
dered structures with a titanium-to-silsesquioxane molar ratio
>1 are also possible. Therefore, complexes were prepared
by reacting [Ti(OBu)4] with tert-butyl silsesquioxane a2b4 in


1:1 (catalyst I) and 2:1 (catalyst II) molar ratios. The two
catalysts were characterised and tested for epoxidation activity.


The liquid-phase 29Si NMR spectrum of catalyst I shows a
single peak at d = �49.55 ppm due to the unreacted tert-
butyl silsesquioxane a2b4, while that of catalyst II features a
very weak and broad signal at around d = �56 ppm. These
data indicate that a titanium-to-silsesquioxane ratio >1 is
needed to react all the silsesquioxane a2b4 and suggest that
both catalysts consist of polymeric titanium complexes
(which are difficult to detect by liquid-phase 29Si NMR spec-
troscopy). The solid-state 29Si NMR spectrum of catalyst I
(Figure 7, top) shows the peak due to tert-butyl silsesquiox-
ane a2b4 (already visible in the liquid-phase spectrum) and


two broad signals centred at d = �56 ppm and d =


�66 ppm (integral ratio � 1:2:1). The complexation of tita-
nium causes the silicon peak position to move towards
higher chemical shifts,[14,21] suggesting that the signals
around d = �56 ppm originate from siloxy groups to which
one titanium centre is coordinated, while those at d =


�66 ppm derive from siloxy groups to which two titanium
centres are coordinated. The solid-state 29Si NMR spectrum
of catalyst II (Figure 7, bottom) shows two broad and parti-
ally overlapping signals. These two peaks are in the same
positions as those found for catalyst I, but exhibit a different
ratio (4:1 as compared to 2:1), consistent with catalyst II
containing proportionally more siloxy groups to which only
one titanium centre is coordinated.


The liquid-phase 13C NMR spectra of both catalysts con-
firm that the titanium complexation took place and generat-
ed different types of complexes: a set of overlapping signals


Figure 6. Ideal structure of a polymeric chain obtained from the reaction
of Ti(OBu)4 with tBu2Si2O(OH)4 in a 1:1 molar ratio.


Figure 7. Solid-state 29Si NMR spectra of catalyst I (top) and of catalyst II
(bottom).
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is present in the region of the methyl resonances of the tert-
butyl groups on the silsesquioxanes (d = 27.3 to 27.5 ppm)
and another in the region of the ipso carbons of the tert-
butyl groups (d = 18.1 to 18.3 ppm), see Figure 8 (top). Be-
sides these peaks, the spectra feature four peaks of equal in-
tensity due to n-butanol. The solid-state 13C NMR spectra of
both catalysts contain two broad signals in the expected 3:1
ratio, due to the methyl groups and the ipso-carbon atoms
of the tert-butyl groups on the silsesquioxanes, respectively,
consistent with what was observed in the liquid-phase 13C
NMR spectrum (Figure 8). Besides these signals, the spectra
show four broad peaks attributable to a butoxy group coor-
dinated to a titanium.[22,23] The extreme broadness of the
peak centred at d = 79 ppm, which is due to the carbon in
the position a to the oxygen atom of the butoxy group, can
be attributed to the presence of different types of titanium
centres and/or to fast relaxation caused by poor mobility of
the a-carbon atom. Different degrees of complexation of ti-
tanium butoxide to the silsesquioxane a2b4 may have occur-
red: the butoxide groups can be partially or completely sub-
stituted by coordination to the silsesquioxanes. In addition,
the butoxide signals could also be due to n-butanol that was
released during the complexation of titanium butoxide to
the silsesquioxane structures and that may still have been
coordinated to the titanium centres. The difference in peak
position of the a-carbon signal in the solid-state and liquid-
phase 13C NMR spectra indicates that, in solution, the
butoxy groups originally coordinated to the titanium are ex-
changed with pyridine (the solvent), which is known to coor-
dinate to titanium centres.[24]


Upon gel permeation chromatography, catalyst I was re-
solved into two bands. The first, with a number average mo-
lecular weight of 273 gmol�1, corresponds to the unreacted
tert-butyl silsesquioxane a2b4 (MW = 254.43 gmol�1), as
also detected by NMR spectroscopy. The polydispersity of
this band is 1.24, in agreement with the presence of a single
species. The second band, with a number average molecular
weight of 1615 gmol�1, has a polydispersity of 2.14, indicat-
ing the presence of different structures. This suggests that,
on average, the titanium silsesquioxane complexes are com-
posed of four or five a2b4 struc-
tures and five or six titanium
centres.


Catalysts I and II were tested
for epoxidation activity with
TBHP as the oxidant (Figure 9;
Table 1), using the same titani-
um-to-substrate ratio for both.
The two catalysts displayed
higher activities (per mole of ti-
tanium) than the HSE lead
(74% TBHP conversion to 1,2-
epoxyoctane after 4 h of reac-
tion): catalyst I gave 80% con-
version after 3 h and reached a
plateau at 93% conversion
(TOF = 0.44 molepomolTi


�1 -
min�1); catalyst II gave 90%
conversion after 3 h and reached


a plateau at 97% conversion (TOF = 0.54 molepomolTi
�1 -


min�1). Both catalysts exhibited 97% selectivity in favour of
1,2-epoxyoctane. Catalyst II is homogeneously dissolved in
the epoxidation mixture, while catalyst I does not dissolve
completely: the insoluble fraction probably consists of un-


Figure 8. Liquid-phase (top) and solid-state (bottom) 13CNMR spectra of
catalyst II.


Figure 9. Activity of Ti-a2b4 complexes with 1:1 and 2:1 titanium-to-silsesquioxane ratios in the epoxidation of
1-octene with TBHP. The concentration of titanium and the titanium-to-TBHP ratio were the same in the two
catalytic tests.
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reacted silsesquioxane a2b4, which is not soluble in 1-
octene. The difference in activity between catalyst I and cat-
alyst II probably originated from the different nature of the
titanium centres (e.g., in terms of accessibility), as deter-
mined by solid-state 29Si NMR analysis.


The catalytic sites of these titanium silsesquioxanes show
strong interaction with alcohols: if the epoxidation test of
catalyst I was performed in a 1:1 mixture of 1-octene and 1-
propanol, very low activity was found. This deactivation is
reversible: the expected epoxidation activity was recovered
when reusing the catalyst without 1-propanol as a co-sol-
vent. The same loss of activity was observed when methanol
was used as a co-solvent instead of 1-propanol. This reversi-
ble coordination of alcohols to the titanium is in agreement
with the results of the 13C NMR analysis of the titanium-sil-
sesquioxane a2b4 complexes. The catalyst deactivation is as-
cribed to the interaction between the hydroxy group and the
titanium centre,[13] which would reduce the accessibility of
the catalytic site. The deactivation caused by coordination
of alcohols to the titanium centre is not encountered when
using (c-C5H9)7Si7O12TiOC4H9 as the catalyst, pointing to a
different nature of the catalytic centre in this case.


The main drawback of homogeneous catalysts lies in the
difficulty of recovering them from the reaction mixture. In
order to overcome this negative aspect, the titanium-silses-
quioxane a2b4 complex was supported on high surface area
silica and the materials obtained were tested as heterogene-
ous catalysts for the epoxidation of 1-octene. Titanium sil-
sesquioxane a2b4 was supported by adsorption on two types
of silica: one untreated and the other dehydroxylated by de-
rivatisation with (CH3)2SiCl2 (catalysts III and IV, respec-
tively). The larger size of the titanium-silsesquioxane com-
plexes compared to that of the other molecules present in
the epoxidation mixture should favour their adsorption as
well as prevent their leaching from the silica supports (en-
tropic driving force). After adsorption of the complexes on
the silica supports, possible leaching species were removed
by prolonged Soxhlet extraction with tetrahydrofuran. The
epoxidation test gave a 94% TBHP conversion and 92% se-
lectivity in favour of 1,2-epoxyoctane after 3 h of reaction
for both catalysts. The absence of leaching of the titanium
silsesquioxanes from the silica support was verified by filter-
ing the solid from the epoxidation mixture and measuring
the catalytic activity of the possible soluble titanium silses-
quioxanes: the soluble fractions showed negligible epoxida-
tion activity (equal to that of a blank sample), thus proving
that no leaching of active species had occurred. The hetero-


geneous catalyst supported on
untreated silica (III) could be
reused for three cycles and re-
tained comparable epoxidation
activity.


The titanium-silsesquioxane
a2b4 complexes were supported
on both untreated and silylated
silica in order to investigate the
nature of the adsorption. The
similar activity and selectivity
obtained with the two supports


suggests that the adsorption of the complexes takes place by
physical interaction with the silica surface rather than
through chemical anchoring on the OH groups (totally or
almost absent from the silica derivatised with (CH3)2SiCl2).


Remarkably, the heterogeneous catalysts displayed epoxi-
dation activities (per mole of titanium) similar to that of the
homogeneous titanium-silsesquioxane a2b4 complexes (see
Table 1).


Neither the homogeneous titanium-silsesquioxane a2b4
complexes nor the silica-supported heterogeneous catalysts
showed good activity in the epoxidation of 1-octene with
aqueous H2O2 as the oxidant.


Conclusions


The effect of highly polar solvents on the hydrolytic conden-
sation of a series of trichlorosilanes to produce silsesquiox-
ane precursors for titanium catalysts active in the epoxida-
tion of alkenes was studied by high-speed experimentation
techniques. The HSE screening allowed the identification of
a number of leads. The most promising of these, namely
tert-butyl silsesquioxane a2b4, synthesised by the hydrolytic
condensation of tert-butyltrichlorosilane in water, was stud-
ied in detail. The catalysts obtained by complexation of tita-
nium butoxide to the silsesquioxane a2b4 displayed very
good activity and selectivity in the epoxidation of 1-octene
with TBHP. Characterisation showed that these catalysts
consist of various titanium centres and silsesquioxane units
linked to each other in different arrangements. Titanium sil-
sesquioxane a2b4 complexes can be supported on silica to
produce an active, non-leaching, recyclable, heterogeneous
epoxidation catalyst.


Experimental Section


The high-speed experimentation screening : The HSE samples were pre-
pared by means of a Hamilton dual-arm liquid-handling robotic worksta-
tion[I] coupled with a personal computer supplied with software enabling
programming of the workstation. Reagents for the hydrolytic condensa-
tion were cyclohexyl-, cyclopentyl-, phenyl-, methyl-, ethyl-, and tert-bu-
tyltrichlorosilanes; the latter was pre-dissolved in acetonitrile (340 mmol
in 0.5 mL of CH3CN); acetonitrile, dimethyl sulfoxide (DMSO), deion-
ised water, and formamide were used as solvents (the organic solvents
were p. a. grade). The silsesquioxane precursors were prepared by dis-
pensing aliquots of each of the solvents (2 mL) into racks containing 6î4


Table 1. Conversions and selectivities in the epoxidation of 1-octene with TBHP. The same titanium:substrate
ratio was used in all the catalytic tests.


Catalyst Ti:silsesquioxane Conversion (3 h) [%] Selectivity[c] [%]


I 1:1 80 97
II 2:1 90 97
III[a] 1:1 94 92
IV[b] 1:1 94 92


[a] Supported on silica. [b] Supported on silylated silica. [c] Interestingly, the selectivity in favour of the epox-
ide is slightly lower in the case of the heterogeneous catalysts even though virtually no formation of diol as a
side product can be detected. This is consistent with a separate oxidation pathway involving radicals of homo-
lytically disassociated TBHP, a path promoted by the presence of a high surface area solid.


[I] Kindly provided by Avantium Technologies.
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arrays of glass tube reactors (3 mL working volume), and this was fol-
lowed by the addition of each of the trichlorosilanes (340 mmol) and of
deionised water (0.5 mL) to each reaction tube. Subsequently, the racks
were placed in a steel heater block mounted on an orbital shaker and
heated to 50 8C for 18 h. After evaporation of the liquids in a vacuum
centrifuge overnight, the silsesquioxane samples were redissolved in tet-
rahydrofuran (THF), titanium butoxide ([Ti(OBu)4], 98% purity,
54 mmol) was added to each sample, and the solutions in the rack were
stirred for 6 h at 60 8C. After titanium complexation, THF was removed
by vacuum centrifugation. Each sample was then tested for epoxidation
activity by adding 1-octene (2.26 mL, with 2% (v/v) of decane as internal
standard) and TBHP (121 mL, �45% (w/w) solution in cyclohexane).
After having been stirred in the orbital shaker for 4 h at 80 8C, the sam-
ples were analysed on an automated Unicam Pro GC under isothermal
conditions. The activities were obtained by normalising the 1,2-epoxyoc-
tane GC peak area by reference to the internal standard. The reported
results are averages of multiple runs.


tert-Butyl silsesquioxanes synthesised in DMSO : tert-Butyltrichlorosilane
(tBuSiCl3, >95% purity, 1.63 g) was dissolved in acetonitrile (12.5 mL).
The solution was added to DMSO (37.5 mL), and then deionised water
(12.5 mL) was added. The transparent, colourless solution was stirred for
18 h at 50 8C and then distilled under reduced pressure to remove volatile
species and to isolate the silsesquioxanes. The yellow gel obtained still
contained DMSO, which was removed by adding H2O (50 mL): the silses-
quioxanes precipitated as a sticky, soft solid that adhered to the glass
walls of the reaction flask, from which the water/DMSO solution was
easily removed. The silsesquioxane mixture was found to be soluble in
THF and pyridine.


The silylation of the silsesquioxane mixture was performed by adding tri-
methylchlorosilane (CH3)3SiCl (172 mL) to a solution of the silsesquiox-
anes (0.04 g) in toluene (30 mL) and triethylamine (C2H5)3N (1 mL). The
turbid solution was stirred overnight at room temperature. Thereafter,
the toluene and triethylamine were removed under reduced pressure, to
leave a white solid. This solid was extracted with pentane; the resulting
suspension was filtered to remove the insoluble (C2H5)3N¥HCl and con-
centrated and dried under reduced pressure to yield a solid containing
the silylated silsesquioxanes.


The titanium complexation and the catalytic tests were performed in a
similar manner as described for the HSE study. The molar ratio between
titanium and TBHP, as well as the concentrations of TBHP in the reac-
tion mixtures, were the same in all the catalytic tests reported in this arti-
cle.


The 29Si NMR spectrum of the silsesquioxane mixture was recorded on a
Varian Inova 300 spectrometer (1H decoupled, 25 8C). Selected data:
29Si{1H} NMR (liquid phase, [D5]pyridine as the solvent): d = �45.37
(relative integral �1), �46.50 (�3), �47.46 (�1), �47.96 (�2), �48.27
(�4.5), �48.94 (�6.5), �49.06 (�8.5), �49.37 (�11), �56.56 (�1),
�57.79 (�1), �58.32 ppm (�1).


Mass spectrometric analysis was performed on a Micromass Quattro LC-
MS with APCI+ as the ionisation technique. For the analysis, the sample
(�0.03 g) was dissolved in CH2Cl2/THF (4:1; 5 mL) and few drops of
CH3CO2H were added.


Silsesquioxane product (cone voltage = 45 V): for a = 3, m/z (%):
337.50 (20) [a3b1+H]+ , 355.54 (17) [a3b3+H]+ , 409.50 (22)
[a3b5+2H2O+H]+ ; for a = 4, m/z (%): 437.47 (100) [a4b0+H]+ , 455.52
(99) [a4b2+H]+ , 509.54 (32) [a4b6+H2O+H]+ , 527.39 (28)
[a4b6+2H2O+H]+ ; for a = 5, m/z (%): 537.45 (40) [a5b1�H2O+H]+ ,
555.56 (25) [a5b1+H]+ , 573.48 (52) [a5b3+H]+ , 627.43 (14)
[a5b7+H2O+H]+ ; for a = 6, m/z (%): 655.35 (15) [a6b0+H]+ , 673.39
(33) [a6b2+H]+ , 691.25 (11) [a6b4+H]+ ; for a = 7, m/z (%): 773.37 (14)
[a7b1+H]+ , 791.17 (7) [a7b3+H]+ , 809.34 (9) [a7b5+H]+ ; for a = 8, m/z
(%): 873.34 (4) [a8b0+H]+, 891.20 (6) [a8b2+H]+, 909.06 (6) [a8b4+H]+,
927.17 (5) [a8b6+H]+ ; for a = 9, m/z (%): 991.30 (7) [a9b1+H]+ ,
1027.15 (9) [a9b5+H]+ , 1045.32 (6) [a9b7+H]+ ; for a = 10, m/z (%):
1145.23 (11) [a10b6+H]+ .


Silylated silsesquioxanes (cone voltage = 15 V): for a = 3, m/z (%):
427.66 (37) [silylated a3b3+H]+ , 499.61 (22) [disilylated a3b3+H]+ ; for a
= 4, m/z (%): 455.64 (16) [a4b2+H]+ , 527.53 (51) [silylated a4b2+H]+ ,
545.53 (38) [silylated a4b4+H]+ , 599.53 (22) [disilylated a4b2+H]+ ,
617.60 (100) [disilylated a4b4+H]+ , for a = 5, m/z (%): 645.52 (37) [sily-


lated a5b3+H]+ , 717.46 (17) [disilylated a5b3+H]+ , 735.40 (19) [disilylat-
ed a5b5+H]+ , 807.41 (11) [trisilylated a5b5+H]+ ; for a = 6, m/z (%):
763.45 (7) [silylated a6b4+H]+ , 835.33 (7) [disilylated a6b4+H]+ ; for a
= 7, m/z (%): 953.32 (7) [disilylated a7b5+H]+ .


tert-Butyl silsesquioxanes synthesised in H2O : tert-Butyltrichlorosilane
(tBuSiCl3, >95% purity, 1.63 g) was dissolved in acetonitrile (12.5 mL).
This solution was added to deionised water (50 mL). After 18 h of reac-
tion at 50 8C, upon stirring, a fine white precipitate was formed. This pre-
cipitate was collected by filtration (fraction A) and the filtrate was con-
centrated and dried under reduced pressure to yield a fine white powder
(fraction B). To remove any water that might still have been present, the
two fractions were dried for 24 h in an oven at 100 8C; after drying,
0.335 g of fraction A and 1.502 g of fraction B were present. Both frac-
tions were found to consist of tert-butyl silsesquioxane a2b4, tBu2-


Si2O(OH)4 [MW = 254.43 gmol�1]. The yield of the isolated silsesquiox-
ane a2b4 was 90%, with >99% selectivity. The compound was found to
melt in the range 192±204 8C and to be soluble in pyridine, DMSO, and,
to a lesser extent, in THF. To obtain suitable crystals for single-crystal X-
ray diffraction analysis, the compound (0.1 g) was dissolved in THF
(10 mL) at 50 8C and recrystallised by carefully adding aliquots (1 mL) of
acetonitrile (5 mL in total) to the THF solution.


Catalysts I and II were prepared by titanium complexation of the silses-
quioxane structure under similar experimental conditions to those descri-
bed for the HSE study. CAB-O-SIL fused silica EH-5 (surface area:
380 m2g�1, �4 hydroxy groups nm�2) was used as support for the hetero-
genisation of the titanium-silsesquioxane a2b4 complexes. Dehydroxyla-
tion of the silica was performed by adding (CH3)2SiCl2 (1 mL) to a sus-
pension of the silica (1 g) in diethyl ether (30 mL) and stirring the sus-
pension for 1 h at room temperature. The volatiles were removed under
reduced pressure. The titanium-silsesquioxane a2b4 complexes (cata-
lyst I) were supported on the silica (both untreated and dehydroxylated)
by adding a solution of the complexes in THF (150 mL) (containing 5î
10�4 mol of titanium) to a suspension of silica (1 g) in THF (100 mL) and
stirring the suspension for 3 h at 60 8C. After isolation of the solid by fil-
tration, non-adsorbed species were removed by Soxhlet extraction with
THF for 7 h. Finally, the silica-supported catalysts (III and IV) were
dried overnight at 120 8C under reduced pressure.


The catalytic tests were performed in an analogous manner as described
for the HSE study. The same ratio between titanium and TBHP and the
same concentration of TBHP in the reaction mixture were employed in
all the catalytic tests reported in this article.


For the single-crystal X-ray diffraction analysis of tBu2Si2O(OH)4, the
crystal was mounted along an arbitrary axis on an Enraf-Nonius CAD-4
diffractometer. Lattice constants were determined from 25 reflections
with 108<q<178 (standard deviations are given in parentheses): a =


6.226(6), b = 6.223(6), c = 9.956(4) ä; a = 85.06(5), b = 80.72(5), g =


70.51(9)8.


NMR spectra were measured on a Varian VXR-400S (1H decoupled,
25 8C) or on a Varian Inova 300 spectrometer (1H decoupled, 25 8C).


Selected liquid-phase NMR data for silsesquioxane a2b4: 1H NMR
([D5]pyridine): d = 1.46 (tBu; relative integral = 9), 8.26 ppm (Si�OH;
relative integral = 2); 13C{1H} NMR ([D5]pyridine): d = 18.25 (ipso
carbon of tBu; relative integral = 1), 27.36 ppm (CH3 groups of tBu; rel-
ative integral = 3); 29Si{1H} NMR ([D5]pyridine): d = �49.55 ppm (tBu-
Si(OH)2O0.5).


Selected liquid-phase NMR data for the silsesquioxane attributed to the
a1b3 structure: 13C{1H} NMR ([D5]pyridine): d = 18.32 (ipso-carbon
atom of tBu; relative integral = 1), 27.51 ppm (CH3 groups of tBu; rela-
tive integral = 3); 29Si{1H} NMR ([D5]pyridine): d = �40.06 ppm (tBu-
Si(OH)3).


Selected data for catalyst I : solid-state 29Si{1H} NMR: d = �50 (relative
integral �1), �56 (broad signal; relative integral �2), �66 ppm (broad
signal; relative integral �1).


Selected data for catalyst II : liquid-phase 13C{1H} NMR ([D5]pyridine): d
= 14.17 (d), 19.54 (g), 35.74 (b), 61.72 (a) (1:1:1:1; dCH3


gCH2
bCH2


a


CH2OH), 18.2, 27.4 ppm (�1:3; multiplets; ipso-carbon atom and CH3


groups of the tBu group on the silsesquioxane species, respectively);
solid-state 13C{1H} NMR: d = 14.6 (d), 19.9 (g), 35.8 (b), 79.5 (a)
(�1:1:1:1; broad peaks, a very broad; dCH3


gCH2
bCH2


aCH2OTi), 18.0,
27.4 ppm (�1:3; broad peaks; ipso carbon and CH3 groups of the tBu
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group on the silsesquioxane species, respectively); solid-state 29Si{1H}
NMR: d = �56 (broad band; relative integral �4), �66 ppm (broad
signal; relative integral �1).


Gel permeation chromatography of catalyst I was performed on a
Waters 410 differential refractometer gel permeation chromatograph
equipped with a Waters Styragel HT 6E column calibrated on polystyr-
ene standards. THF was used as the eluent.
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Platinum Complexes of Naphthalene-1,8-dichalcogen and Related
Polyaromatic Hydrocarbon Ligands


Stephen M. Aucott, Heather L. Milton, Stuart D. Robertson, Alexandra M. Z. Slawin,
Greg D. Walker, and J. Derek Woollins*[a]


Introduction


The coordination chemistry of naphtho[1,8-cd][1,2]dichalco-
genoles and the structurally related compounds described
herein has been largely overlooked. The notable exceptions
to this statement being a series of publications by B. K. Teo
in the late 1970s and early 1980s on the oxidative addition
of tetrathionaphthalene (TTN), tetrachlorotetrathionaphtha-
lene (TCTTN) and tetrathiotetracene (TTT) to a variety of
low-valent metal substrates, for which a number of diverse
structural motifs were reported.[1±8] The only other reported
example of complexes containing this type of ligand system
is an unusual trinuclear nickel(ii) complex
[Ni3(PPh3)3(S2C10Cl6)3] (A), which was also obtained by oxi-
dative addition by reaction of hexachlorodithionaphthalene
(hcdtn) with [Ni(cod)2] in the presence of triphenylphos-
phine (PPh3).


[9] The trimeric nature of the nickel species is
in contrast to the mononuclear square-planar compounds


[M(PPh3)2(hcdtn)] (M=Pd or Pt) obtained by reaction of
[Pd(PPh3)3] or [Pt(PPh3)4] with the same ligand.


[9] More re-
cently oligomeric, dimeric and monomeric zinc complexes,
with no co-ligands, with pyridine or with neocuproin, respec-
tively, of sterically crowded and electron-poor naphthalene-
1,8-dithiolate derivatives were reported.[10] Complexes in
which the chalcogen±chalcogen bond remains unbroken
have also been described, examples of which are a series of
Group 6 pentacarbonyl systems bearing monodentate naph-
tho[1,8-cd][1,2]dichalcogenole ligands (M=Cr or Mo, E and
E’=S or Se) (B)[11] and a binuclear ReI carbonyl complex
with bridging bromides and a naphtho[1,8-cd][1,2]dithiole
ligand (C).[12] Although the literature pertaining to com-
plexes of naphtho[1,8-cd][1,2]dichalcogenoles or naphtha-
lene-1,8-dichalcogenates and related compounds is sparse,
there are no examples of naphthalene-1,8 mixed thiolato±
sulfenato (-S�M�S(=O)-), thiolato±sulfinato (-S�M�S(=O)2-),
sulfenato±sulfinato (-(O=)S�M�S(=O)2-) and disulfinato


[a] Dr. S. M. Aucott, H. L. Milton, S. D. Robertson, Dr. A. M. Z. Slawin,
G. D. Walker, Prof. J. D. Woollins
Department of Chemistry
University of St Andrews
Fife KY16 9ST (Scotland)
Fax: (+44)1334-463384
E-mail : jdw3@st-and.ac.uk


Abstract: Platinum bisphosphine com-
plexes bearing dichalcogen-derivatised
naphthalene, acenaphthene or phenan-
threne ligands have been prepared by
either oxidative addition to zero-valent
platinum species or from
[PtCl2(PPhR2)] (R=Ph or Me) and the
disodium or dilithium salts of the
parent disulfur, diselenide or mixed
S/Se species. The parent naphthalene,
acenaphthene and phenanthrene chal-
cogen compounds were treated with
either [Pt(PPh3)4] or [Pt(C2H4)(PMe3)2]
(prepared in situ from [PtCl2(PMe3)2],


ethene and sodium naphthalide or
super hydride [LiBEt3H]) to give the
appropriate platinum(ii) species. The
dilithium salts of 1,8-E2-naphthalene
(E=S or Se) prepared in situ by reduc-
tion of the E�E bond with [LiBEt3H]
were treated with [PtCl2(PPh3)2] to
give [Pt(1,8-E2-nap)(PPh3)2]. The tetra-
oxides [Pt(1,8-(S(O)2)2-nap)(PR3)2]


(PR3=PPh3 or PMe2Ph) were prepared
in a similar metathetical manner from
the appropriate [PtCl2(PR3)] complexes
and the disodium salt of naphthalene
1,8-disulfinic acid (1,8-(S(O)ONa)2-
nap). The X-ray structures of selected
examples reveal bidentate coordination
with the naphthalene-E2 unit hinged
(111±1378) with respect to the coordi-
nation plane. The naphthalene ring suf-
fers significant distortion from planari-
ty.


Keywords: chalcogens ¥ metathesis ¥
oxidative addition ¥ platinum ¥
structure elucidation
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(-(O=)2S�M�S(=O)2-) metal complexes. In more general
terms transition-metal complexes of sulfenato (-S(=O)R) or
sulfinato (-S(=O)2R) ligands are uncommon,


[13] when com-
pared to the vast number of
known thiolate complexes. Of
those that are known only the
mixed thiolato±sulfenato com-
plexes have been obtained by
oxidative addition reactions
and examples of this seem to
be limited to reactions of cyclic
thiosulfinates with Pt0 precur-
sors[14±20] and dithiirane 1-
oxides.[21] Thiolato±sulfenato
(-S�M�S(=O)-) complexes have
also been prepared through the mono-oxidation of dithio-
late complexes of which the diiron compounds [{(OC)3-
Fe}2SCH2CH2S(=O)] and [{(OC)3Fe}2SC6H10S(=O)] contain-
ing bridging 1,2-ethanesulfenatothiolato and 1,2-cyclohexyl-
sulfenatothiolato ligands are illustrative examples.[22,23] This
preparative method has also been utilised by Darensbourg
and co-workers in the preparation a series of thiolato±sulfe-
nato, disulfenato, thiolato±sulfinato, sulfenato±sulfinato and
disulfinato complexes of nickel(ii) and palladium(ii) from
bis(2-mercaptoethyl)-1,5-diazacyclooctane-MII (M=Ni, Pd)
and N,N’-bis(2-methyl-2-mercaptopropyl)-1,5-diazacyclooc-
tane-NiII.[24±28] Some further examples of thiolato±sulfenato,
thiolato±sulfinato and disulfinato complexes formed by oxi-
dation of thiolate complexes are known.[29±34] This paper de-
scribes the preparation of platinum bisphosphine complexes
of naphtha-1,8-dichalcogenates and related ligand systems
by both oxidative and metathetical methods and the oxida-
tive addition reactions of the oxides of naphtho[1,8-cd]
[1,2]dithioles. Furthermore platinum complexes bearing the
naphthalene-1,8-disulfinate ligand have been prepared. All
complexes from these reactions have been fully character-


ised, principally by multi element NMR spectroscopy and in
selected cases by single-crystal X-ray diffraction studies.


Results and Discussion


Platinum complexes of naphthalene-1,8-dichalcogenole li-
gands : Oxidative addition reactions (method A) of naph-
tho[1,8-cd][1,2]dithiole, its selenium analogue naphtho[1,8-
cd][1,2]diselenole and the mixed chalcogen derivative naph-
tho[1,8-cd][1,2]selenathiole with [Pt(PPh3)4] all proceed
smoothly in toluene at room temperature (Scheme 1) to
give [Pt(1,8-S2-nap)(PPh3)2] (1), [Pt(1,8-Se2-nap)(PPh3)2] (2)
and [Pt(1-S,8-Se-nap)(PPh3)2] (3), respectively, in good to
excellent yields (84±95%). The purification and isolation of
these compounds was straight forward; it was achieved by
filtration through a shallow pad of silica and elution with di-
chloromethane followed by evaporation of the filtrate and
precipitation of the product with diethyl ether and hexane.
An alternative synthetic approach (method B), which fur-
nished compounds 1±3 in slightly lower yields (73±85%), in-
volved the in situ generation of dilitho-1,8-dichalcogenato
naphthalenes, by reduction of the parent dichalcogen com-
pound with two equivalents of lithium triethylborohydride
(LiBEt3H) followed by reaction with cis-[PtCl2(PPh3)2]
[Eq. (1)]. The 31P{1H} NMR spectra (CD2Cl2) of complexes


1 and 2 display the anticipated single resonances with plati-
num satellites at d(P)=23.4 ppm (1J(31P,195Pt)=2966 Hz)
and d(P)=20.5 ppm (1J(31P,195Pt)=3016 Hz), respectively,
with additional 77Se satellites (2J(31P,77Se)=51 Hz) observed
in the spectra of complex 2. The 31P{1H} NMR spectra
(CD2Cl2) of 3 is of the AX type with both platinum and se-
lenium satellites. Although it is impossible to assign the two
distinct phosphorus doublets as being trans to either sulfur
or selenium with absolute certainty, the similarity of the two
shifts when compared to those of complexes 1 and 2 led us
to designate the phosphorus signal at d(P)=20.1 ppm
(1J(31P(A),


195Pt)=2984 Hz, 2J(31P(A),
77Se)=58 Hz) as being


trans to the selenium and that at d(P)=22.6 ppm
(1J(31P(X),


195Pt)=2989 Hz, 2J(31P(X),
77Se)=47 Hz) trans to the


sulfur of the (1S,8Se-nap) ligand. An additional
2J(31P(A),


31P(X)) coupling constant of 25 Hz is typical for plati-
num complexes bearing two inequivalent phosphine ligands
in a cis configuration. The 195Pt NMR spectra (CD2Cl2) show
triplets at d(Pt)=�4799 ppm and d(Pt)=�4912 ppm for 1
and 2, respectively, while that of 3 is a double doublet at
d(Pt) �4820 ppm. The spectrum of 2 also containes seleni-
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um satellites with 1J(195Pt,77Se)=165 Hz, which is within the
range of previously reported examples of 1J(195Pt,77Se) cou-
plings of 61±298 Hz.[35±39] The 77Se NMR spectra (CD2Cl2)
for complexes 2 and 3 are complex and appear as an ap-
proximate −septet× centred at d(Se)=189 ppm and a second-
order double doublet at d(Se)=278 ppm, respectiely. The
d(Se) NMR (57.2 MHz) resonances for the two selenium
starting materials for complex 2 (naphtho[1,8-cd][1,2]disele-
nole) d(Se)=402 ppm and 3 (naphtho[1,8-cd][1,2]selena-
thiole) d(Se)=542 ppm appear as well-resolved singlets.
The trimethylphosphine derivatives 4±6 were also pre-


pared by two methods, oxidative addition (method A) and
metathesis (method B). Method A entails the in situ prepa-
ration of the zero-valent platinum±ethene species
[Pt(C2H4)(PMe3)2] by reduction of the dichloride cis-
[PtCl2(PMe3)2] with either two equivalents of sodium naph-
thalide or lithium triethylborohydride in THF under an


ethene atmosphere followed by
addition of the appropriate 1,8-
dichalcogenole naphthalene
(Scheme 1) to give 4±6 in yields
of 75±89%. Method B is the
metathetical route, whereby cis-
[PtCl2(PMe3)2] is treated with
preformed dilitho-1,8-dichalco-
genato naphthalenes in an iden-
tical manner to the method de-
scribed above for the synthesis
of the triphenylphosphine de-
rivatives, again giving the prod-
ucts in lower yields than those
of method A (70±75%). The
trimethylphosphine analogues
are unstable in chlorinated sol-
vents; especially in chloroform
in which almost complete de-
composition occurs overnight
(observed by 31P{1H} NMR
spectroscopy), solutions in di-
chloromethane decompose in
around four days to give new
products, which we did not try
to isolate and identify. We
found that the addition of small
quantities of triethylamine
(Et3N acts as an acid scavenger)
to workup and NMR solvents
prevented decomposition lead-
ing us to surmise that free HCl
in the solvent was responsible
for the breakdown process. The
majority of the 31P{1H}, 195Pt
and 77Se NMR data (CD2Cl2/
Et3N) for complexes 4±6 is as
anticipated and is comparable
to those obtained for complexes
1±3 (Table 1). In addition to the
2J(31P,77Se) coupling constant
observed in the diselenato com-


plex 2, the 31P{1H} NMR spectra (CD2Cl2/Et3N) for the tri-
methylphosphine analogue [Pt(1,8-Se2-nap)(PMe3)2] (4) dis-
plays two sets of 77Se satellites with 2J(31P,77Se) values of 47
and 53 Hz, which we believe correspond to cis and trans
couplings.


Platinum complexes of related dithiole ligands : The ace-
naphthylene-, phenanthrene- and tert-butyl-substituted
naphthalene dithiolate complexes [Pt(1,2-S2-acenap)(PPh3)2]
(7), [Pt(4,5-S2-phenan)(PPh3)2] (8) and [Pt(1,8-S2--2-tBu-
nap)(PPh3)2] (9) were prepared by oxidative addition of the
relevant parent disulfide compound to [Pt(PPh3)4] in toluene
at room temperature (Scheme 1). All were isolated in good
to excellent yields (76±94%) as yellow/orange powders or
crystalline solids. The complexes are all very soluble in
chlorinated solvents especially complex 8, which is also solu-
ble in benzene and toluene. The 31P{1H} NMR (CD2Cl2)


Scheme 1. Oxidative addition reactions of dichalcogen ligands to platinum species.
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data for complexes 7±9 are consistent with the proposed
structures; that of 7 consisting of a singlet with platinum sat-
ellites at d(P)=23.0 ppm 1J(31P,195Pt) 2981 Hz, while the un-
symmetrically substituted complexes 8 and 9 display AX-
type spectra with resonances in the range of d(P)=19.5 and
25.5 ppm, and 1J(31P,195Pt) and 2J(31P(A),


31P(X)) coupling con-
stants with typical values of around 3000 and 26/27 Hz, re-
spectively. 195Pt NMR (CD2Cl2) d(Pt) values are in accord-
ance with those of complexes 1±6 and characteristically lie
within the �4900 to �4700 Hz range and appear as a well-
resolved triplet for 7 and as a doublet of doublets for 8
and 9.


Platinum complexes of naphthalene-1,8-dithiolate oxide li-
gands : Complexes 10, 11 and 12 were also prepared by oxi-
dative addition of the S�S-bridged mono-, di- and trioxides
of naphtho[1,8-cd][1,2]dithiole to [Pt(PPh3)4] in toluene at
room temperature. The yellow/orange microcrystalline
solids were obtained in almost quantitative yields (91±96%).
The 31P{1H} NMR (CD2Cl2) data (Table 1) for all three com-
plexes are similar in that the spectra are all of the AX type
with corresponding platinum satellites. The phosphorus reso-
nances and 1J(31P,195Pt) coupling constants of complex 10,
d(PA)=20.8 ppm (2451 Hz) and d(PX)=26.4 ppm (3587 Hz),
have been assigned to the phosphine groups trans to the sul-
fenato (-S(O)R) and the thiolato (-SR) groups, respectively.
In previously characterised examples of [(PPh3)2Pt] com-
plexes bearing thiolato/sulfenato ligand systems, phosphine
groups trans to the sulfenato moiety have much smaller
1J(31P,195Pt) coupling constants due to the larger trans influ-
ence of the (-S(O)R) ligand.[13±21] Assuming that (-S(O)2R)
ligands have a higher trans influence than (-SR) (see crystal-
lographic discussion below) the phosphine ligands of com-
plex 11 can been assigned thus, P trans to (-S(O)2R) d(PA)=
18.4 ppm, 1J(31P(A),


195Pt)=2451 Hz and P trans to (-SR)
d(PX)=22.4 ppm,


1J(31P(X),
195Pt)=3197 Hz. The assignment


of the 31P{1H} NMR spectra of 12 is more complicated, but
we believe that the signal at d(PA)=20.0 ppm


(1J(31P(A),
195Pt)=3094 Hz) corresponds to the Ph3P group


trans to the (-S(O)2R) and that at d(PX)=22.1 ppm
(1J(31P(X),


195Pt)=2554 Hz) is the Ph3P ligand trans to the
(-S(O)R) function. This assignment was based upon a quan-
titative comparison of the 1J(31P,195Pt) coupling constants of
complexes 1, 10, 11, 12 and 14 (Figure 1). The 1J(31P,195Pt) of


the dithiolate complex 1 is 2966 Hz, while that of the PPh3
ligand trans to the thiolate group of 10 is 3587 Hz, 600 Hz
larger than in 1, an increase we believe that is due to an
effect of the cis ligand (-S(O)R) in 10. In complex 11 the
coupling constants are 2451 Hz for P(A), PPh3 trans to
(-SO)2R) and 3197 Hz for P(X), PPh3 trans to (-SR). Once
more there is an increase, although smaller than in 10, in
the coupling constant magnitude for the PPh3 trans to the
(-SR) ligand; this is again a consequence of the ™cis effect∫
of a ligand with a higher trans influence. If this argument is


Table 1. 31P{1H}, 195Pt and 77Se NMR data for complexes 1±14.


Chemical shifts [ppm] Coupling constants [Hz]
Complex d(31PA) d(31PX) d(195Pt) d(77Se) 1J(PA,Pt)


1J(PX,Pt)
2J(PA,PX)


1[a,b] 23.4 ± �4799 ± 2966 ± ±
2[a±e] 20.5 ± �4912 [165] 189 3016 (51) ± ±
3[a±c,e] 20.1 22.6 �4820 278 2984 (58) 2989 (47) 25
4[f,g] �23.1 ± �4663 ± 2801 ± ±
5[c,d,f±h] �28.7 ± �4767 [215] 133 2840 (47, 53) ± ±
6[c,f±h] �27.3 �23.6 �4716 354 2805 (44) 2834 (63) 27
7[a,b] 23.3 ± �4836 ± 2981 ± ±
8[a,b] 21.9 24.6 �4736 ± 2944 2984 26
9[a,b] 19.5 25.5 �4664 - 2923 3017 27
10[a,b] 20.8 26.4 �4530 - 2451 3587 19
11[a,b] 18.4 22.4 �4529 ± 2451 3197 23
12[a,b] 20.0 22.1 �4097 ± 3094 2554 16
13[f,g] �10.6 ± �4352 ± 2599 ± ±
14[f,g] 14.2 ± �4250 ± 2672 ± ±


[a] 31P NMR spectra (109.4 MHz) measured in CD2Cl2. [b]
195Pt NMR spectra (58.1 MHz) measured in CD2Cl2. [c] Values in parentheses denote


2J(31P,77Se)Hz�1. [d] Values in square brackets denote 1J(195Pt,77Se)Hz�1. [e] 77Se NMR spectra (57.2 MHz) measured in CDCl3. [f]
31P NMR Spectra


(109.4 MHz) measured in CD2Cl2/Et3N. [g]
195Pt NMR Spectra (58.1 MHz) measured in CD2Cl2/Et3N. [h]


77Se NMR spectra (51.5 MHz) measured in
CD2Cl2/Et3N.


Figure 1. Comparison of 1J(31P,195Pt) coupling constants for complexes 1,
10, 11, 12 and 14.


Chem. Eur. J. 2004, 10, 1666 ± 1676 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1669


Platinum Chemistry 1666 ± 1676



www.chemeurj.org





applied to 12 then the ligand trans to (-S(O)2R) should have
a coupling constant that is substantially higher than that ob-
served in 11, which is what we find in 12, 3094 versus
2451 Hz, an increase of over 640 Hz. There is also an in-
crease in the trans to (-S(O)R) 1J(31P(X),


195Pt) coupling of 12
(2554 Hz) relative to that of 10 (2451 Hz) and which we also
observe in 11. Further evidence for the proposed ™cis
effect∫ of highly trans-influencing ligands can been seen by
comparison of the 31P{1H) NMR data (CD2Cl2) for a series
of PtII complexes bearing DPPE (1,2-bis(diphenylphosphi-
no)ethane), Me and Cl ligands. The 1J(31P,195Pt) coupling
constant of the chloride complex D is 3620 Hz,[40] while that
of F with Me ligands (the trans effect of Me is much greater
than that of Cl ligands) has a coupling of 1797 Hz.[41] The
couplings in E are 1738 Hz for the phosphorus trans to the


Me ligand and 4211 Hz for
phosphorus trans to Cl, an in-
crease of nearly 600 Hz relative
to that of dichloride D.[41] The
31P{1H} NMR spectra of 10, 11
and 12 also show the character-
istic 2J(31P(A),


31P(X)) couplings of
19, 23 and 16 Hz, respectively,
which are consistant with un-
symmetrically substituted cis-
platinum diphosphine com-
plexes. The 195Pt NMR data
(CD2Cl2) is also consistent with
the proposed structures, each
spectra being displayed as a
doublet of doublets in the ex-
pected range �4529 to
�4097 ppm. The tetraoxide de-
rivatives 13 and 14 were prepared from the appropriate cis-
[PtCl2(PR3)2] complex and the Na2 salt of naphthalene-1,8-
disulfinic acid [Eq. (2)] as attempted oxidative addition re-
actions of naphtho[1,8-cd][1,2]dithiole 1,1,2,2-tetraoxide[42]


failed. Compound 13 was isolated as yellow crystals, which
were found by microanalysis and X-ray crystallography to
contain a half molecule of dichloromethane per molecule of
product. The triphenylphosphine analogue 14 was isolated
as a yellow solvent-free powder. In common with complexes
4, 5 and 6, the tetraoxide derivatives were prone to degrada-
tion in chlorinated solvents–the decomposition products in


both cases were identified as cis-[PtCl2(PR3)2] (PR3=


PMe2Ph 13, PPh3 14) confirmed by comparison of the
31P{1H} d(P) and 1J(31P,195Pt) values to those of authentic
samples. The addition of triethylamine to chlorinated sol-
vents used in their preparation prevented decomposition.
The 31P{1H} NMR spectra (CD2Cl2/Et3N) of 13 and 14 are
both single resonances with platinum satellites at d(P)=
�10.6, (1J(31P,195Pt)=2599 Hz) and 14.2 ppm, (1J(31P,195Pt)=
2672 Hz), respectively, and the 195Pt NMR spectra (CD2Cl2/
Et3N) contain triplets centred at d(Pt)=�4352 and
�4250 ppm for 13 and 14, respectively. IR (KBr disc) data
for complexes 10±14 were consistent with the structural as-
signments showing n(S=O) bands for complexes 10 and 12
at about 1100 cm�1 and n(S(=O)2) bands for 11, 12, 13 and
14 at approximately 1200 and 1060 cm�1. Satisfactory micro-
analyses were obtained for all of the new complexes
(Table 2) and FAB+ MS data in all cases showed m/z corre-
sponding to [M]+ or [M+H]+ and mass peak profiles match-
ing [Pt(PR3)2]


2+ (PR3=PPh3, PMe3 or PMe2Ph).


X-ray crystallography : The crystal structures of complexes
2, 4, 10, 11, 12 and 13 are shown in Figures 2 and 3 and se-


lected bond lengths and angles are given (Table 3). The X-
ray analyses show that in every example the platinum core
lies at the centre of a distorted square-planar coordination
sphere, consisting of two phosphorus and two sulfur or sele-
nium atoms. The P(1)-Pt(1)-P(2) angles are typically 97±988,
showing considerable deviation from idealized 908 square-
planar geometry and are directly comparable to those of the
related compound [(PPh3)2Pt(ttn)Pt(PPh3)2] (ttn= tetrathio-
latonaphthalene) at 98.58.[3] The P(1)-Pt(1)-P(2) angle of
complex 12 lies outside the typical range and has a signifi-
cantly larger P(1)-Pt(1)-P(2) angle of 103.68. The corre-


sponding E(1)-Pt(1)-E(9)
angles are typically 86±878 and
are similar to those of
[(PPh3)2Pt(ttn)Pt(PPh3)2] 88.28.


[3]


Again the E(1)-Pt(1)-E(9)
angle of 12 (81.78) falls outside
the typical range, as does that
of 10 with the smallest E(1)-


Table 2. Microanalytical data for complexes 1 to 14 (calculated values in parentheses).


Compound C H S


1 [Pt(1,8-S2-nap)(PPh3)2] 60.45 (60.72) 4.00 (3.99) 6.88 (7.05)
2 [Pt(1,8-Se2-nap)(PPh3)2] 54.89 (55.04) 3.66 (3.62) ±
3 [Pt(1-S,8-Se-nap)(PPh3)2] 57.63 (57.74) 3.82 (3.79) 3.19 (3.35)
4 [Pt(1,8-S2-nap)(PMe3)2] 35.61 (35.75) 4.46 (4.50) 11.91 (11.93)
5 [Pt(1,8-Se2-nap)(PMe3)2] 30.51 (30.44) 3.89 (3.83) ±
6 [Pt(1-S,8-Se-nap)(PMe3)2] 32.64 (32.88) 4.04 (4.14) 5.45 (5.49)
7 [Pt(1,2-S2-acenap)(PPh3)2] 61.64 (61.60) 4.05 (4.09) 6.65 (6.85)
8 [Pt(4,5-S2-phenan)(PPh3)2] 62.24 (62.56) 4.11 (3.99) 6.53 (6.68)
9 [Pt(1,8-S2±2-tBu-nap)(PPh3)2] 62.61 (62.16) 4.50 (4.59) 6.23 (6.64)
10 [Pt(1-S,8-{S(O)}-nap)(PPh3)2] 59.45 (59.67) 3.84 (3.92) 6.72 (6.93)
11 [Pt(1-S,8-{S(O)2}-nap)(PPh3)2] 58.44 (58.66) 3.80 (3.85) 6.42 (6.81)
12 [Pt(1-{S(O)},8-{S(O)2}-nap)(PPh3)2] 57.61 (57.68) 3.57 (3.79) 6.43 (6.70)
13 [Pt(1,8-{S(O)2}2-nap)(PMe2Ph)2]¥0.5CH2Cl2 41.79 (41.46) 3.71 (3.81) 8.46 (8.34)
14 [Pt(1,8-{S(O)2}2-nap)(PPh3)2] 56.42 (56.73) 3.43 (3.73) 6.60 (6.59)


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 1666 ± 16761670


FULL PAPER J. D. Woollins et al.



www.chemeurj.org





Pt(1)-E(9) angle of 77.98. The cis P(1)-Pt(1)-E(1), P(2)-
Pt(1)-E(9) 85.88(4)±92.99(6)8 and trans P(1)-Pt(1)-E(9),
P(2)-Pt(1)-E(1) 152.29(6)±176.83(4)8 angles lie within the
expected ranges and are unremarkable; however, they serve
to highlight the distorted square-planar coordination envi-
ronments within 2, 4, 10, 11, 12 and 13. The P(1)-P(2)-Pt(1)-
E(1)-E(9) and E(1)-E(9)-naphthalene mean planes deviate
from planarity to a greater or lesser degree; in all cases the
maximum deviations from these planes are occupied by a


chalcogen atom, the largest distortion observed in the P(1)-
P(2)-Pt(1)-E(1)-E(9) plane is by the S(9) atom of 12 at 0.49 ä
and in the E(1)-E(9)-naphthalene plane by E(9)(molecule 2)
atoms of 2 and 11 at 0.42 and 0.43 ä, respectively. The
asymmetric unit of the diselenato complex 2 is composed of
two independent molecules with similar geometries. The
Pt(1)�P(1) (2.289(2), 2.292(2) ä) and Pt(1)�P(2) (2.283(2),


Figure 2. a) Crystal structure of [Pt(1,8-Se2-nap)(PPh3)2]¥0.25CH2Cl2 (2).
The solvent molecule has been omitted and only a single molecule from
the asymmetric unit is shown for the sake of clarity. b) Crystal structure
of [Pt(1,8-S2-nap)(PMe3)2] (4). c) Crystal structure of [Pt(1-S,8-{S(O)}-
nap)(PPh3)2] (10).


Figure 3. a) Crystal structure of [Pt(1-S,8-{S(O)2}-nap)(PPh3)2] (11). The
solvent molecule has been omitted and only a single molecule from the
asymmetric unit is shown for the sake of clarity. b) Crystal structure of
[Pt(1-{S(O)},8-{S(O)2}-nap)(PPh3)2] (12). c) Crystal structure of [Pt(1,8-
{S(O)2}2-nap)(PMe2Ph)2]¥0.5CH2Cl2 (13). The solvent molecule has been
omitted for the sake of clarity.
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2.287(2) ä) bond lengths of 2 closely resemble those of the
related species cis-[Pt(SePh)2(PPh3)2] (2.290(6),
2.294(6) ä),[43] cis-[Pt(Se2CH2)(PPh3)2] (2.274(2),
2.290(2) ä)[44] and the diselenooxalate complex cis-[Pt(Se2-
C2O2)(PPh3)2] (2.288(1), 2.303(1) ä).[45] The Pt(1)�Se(1)
(2.447(1), 2.43(1) ä), and Pt(1)-Se(9) (2.436(1), 2.460(1) ä)
distances of 2 can also be compared with the corresponding
bonds in cis-[Pt(SePh)2(PPh3)2] (2.489(1), 2.451(1) ä)


[43] and
cis-[Pt(Se2C2O2)(PPh3)2] (2.446(1), 2.461(1) ä),


[45] but are
longer than those found in [Pt(Se2CH2)(PPh3)2] (2.418(1),
2.435(1) ä);[44] this may be due to the fact that the latter
complex bears an aliphatic rather than aromatic diselenolato
ligand. The average distance between the two selenium
atoms of 2 is 3.365(1) ä, which is 88% of the van der Waals
radii of selenium and implies that there is a significant inter-
ation between the two Se atoms. The nonbonded Se¥¥¥Se
moiety in 2 is over 1 ä larger then bonded Se�Se distance
of naphtho[1,8-cd][1,2]diselenole[46] (2.357(1) ä) and is sig-
nificantly larger than the nonbonded S¥¥¥S distances of


3.22(1) (4), 2.94(1) (10), 3.17(1) and 3.19(1) (11), 3.03(1)
(12) and 3.14(1) ä (13). The Pt�P (2.284(1), 2.273(1) ä) and
Pt�S (2.320(1), 2.326(1) ä) bond lengths of [Pt(1,8-S2-
nap)(PMe3)2] (4) are normal and bear direct comparison to
the equivalent bonds in [(PPh3)2Pt(ttn)Pt(PPh3)2]: Pt�P=
2.293(3), 2.296(3) and Pt�S=2.298(3), 2.315(3) ä.[3] An
analysis of the Ni�S distances of a series of symmetrically
derivatised complexes showed the following bond length
trend Ni�S(O)R>Ni�SR and Ni�S(O)2R. This was ration-
alized by invoking a combination of competing factors: the
s-donor ability, a contraction in the size of the sulfur atom
with increasing oxidation state and destabilization of the
M�S bond due to repulsion between the filled d orbitals of
the metal and lone pairs on the ligand.[27] It has also been
observed that the Pt�P bond length increases with the in-
creasing trans influence of the co-ligand, the sulfenato
�S(O)R ligand having a larger trans influence than the thio-
lato �SR ligand.[13±21] As there are no reported examples of
platinum complexes with mixed phosphine±sulfinato ligand


Table 3. Bond lengths [ä] and angles [8] for complexes 2, 4, 10, 11, 12 and 13, where E=Se for 2 and E=S for 4, 10, 11, 12 and 13.


2(molecule 1) 2(molecule 2) 4 10 11(molecule 1) 11(molecule 2) 12 13


Pt(1)�E(1) 2.447(1) 2.4301(7) 2.320(1) 2.344(2) 2.310(5) 2.291(5) 2.306(2) 2.313(1)
Pt(1)�E(9) 2.436(1) 2.4595(7) 2.326(1) 2.338(2) 2.308(5) 2.332(5) 2.327(2) 2.288(1)
Pt(1)�P(1) 2.289(2) 2.292(2) 2.284(1) 2.308(2) 2.308(5) 2.295(5) 2.331(2) 2.336(1)
Pt(1)�P(2) 2.283(2) 2.287(2) 2.273(1) 2.316(2) 2.321(5) 2.337(5) 2.323(2) 2.327(1)
E(1)�C(1) 1.938(7) 1.940(6) 1.754(4) 1.829(8) 1.789(19) 1.806(18) 1.792(8) 1.835(4)
E(9)�C(9) 1.912(7) 1.915(7) 1.760(4) 1.767(10) 1.78(2) 1.791(17) 1.813(7) 1.770(5)
E(1)�E(1) 3.37(1) 3.36(1) 3.22(1) 2.94(1) 3.19(1) 3.17(1) 3.03(1) 3.14(1)
S(1)�O(1) ± ± ± 1.450(6) 1.436(14) 1.458(14) 1.452(5) 1.454(3)
S(1)�O(2) ± ± ± ± 1.455(13) 1.495(14) 1.466(5) 1.478(3)
S(9)�O(8) ± ± ± ± ± ± ± 1.469(3)
S(9)�O(9) ± ± ± ± ± ± 1.501(5) 1.437(3)


E(1)-Pt(1)-E(9) 87.36(2) 86.65(2) 87.62(4) 77.87(8) 87.25(18) 86.54(18) 81.69(6) 85.91(4)
P(1)-Pt(1)-P(2) 98.40(6) 98.84(6) 96.55(4) 97.86(6) 96.50(18) 96.53(18) 103.64(6) 98.12(4)
P(1)-Pt(1)-E(1) 87.50(5) 90.04(4) 85.88(4) 93.36(7) 90.45(18) 89.09(18) 90.01(6) 88.79(3)
P(2)-Pt(1)-E(9) 88.34(5) 85.11(5) 89.97(4) 91.14(7) 86.98(18) 88.58(17) 92.99(6) 90.36(4)
P(1)-Pt(1)-E(9) 169.80(5) 174.16(4) 173.45(4) 169.86(7) 171.95(18) 170.59(18) 152.29(6) 164.71(4)
P(2)-Pt(1)-E(1) 167.74(5) 168.47(5) 176.83(4) 168.56(7) 168.97(18) 172.61(19) 158.17(7) 165.56(3)
Pt(1)-E(1)-C(1) 109.2(2) 111.30(19) 113.24(14) 97.2(3) 110.3(6) 106.0(6) 103.0(2) 110.92(12)
E(1)-C(1)-C(10) 126.4(5) 129.0(5) 128.4(3) 126.3(7) 124.8(15) 122.3(14) 122.1(5) 127.9(3)
C(1)-C(10)-C(9) 126.4(6) 126.1(6) 125.8(3) 125.0(8) 126.9(16) 124.5(16) 127.0(6) 126.4(4)
C(10)-C(9)-E(9) 131.0(5) 124.9(5) 127.1(3) 122.5(7) 127.4(15) 131.8(15) 125.0(5) 120.1(3)
C(9)-E(9)-Pt(1) 110.81(19) 103.38(19) 110.28(14) 103.1(3) 114.7(7) 111.0(7) 106.3(2) 106.77(14)
Pt(1)-S(1)-O(1) ± ± ± 117.9(3) 115.1(6) 114.9(5) 113.3(2) 115.28(11)
Pt(1)-S(1)-O(2) ± ± ± ± 104.6(6) 109.6(6) 114.7(2) 107.84(10)
C(1)-S(1)-O(1) ± ± ± 106.0(4) 104.9(9) 105.8(9) 103.9(3) 107.02(15)
C(1)-S(1)-O(2) ± ± ± ± 104.7(9) 104.3(8) 106.0(3) 101.22(16)
O(1)-S(1)-O(2) ± ± ± ± 116.9(8) 115.1(8) 114.3(3) 113.66(15)
Pt(1)-S(9)-O(8) ± ± ± ± ± ± ± 108.64(13)
Pt(1)-S(9)-O(9) - - - - - - 115.64(19) 114.75(16)
C(9)-S(9)-O(8) ± ± ± ± ± ± ± 103.56(19)
C(9)-S(9)-O(9) ± ± ± ± ± ± 105.8(3) 107.4(2)
O(8)-S(9)-O(9) ± ± ± ± ± ± ± 114.78(19)
E(1)-C(1) ¥¥¥ C(9)-E(9) 9 25 9 3 14 24 9 24


dihedral angles
(PtE2) ¥¥¥ (E2Nap) 135 130 136 111 137 131 119 129


torsion angles of naphthalene ring
C(4)-C(5)-C(10)-C(9) 178.9(6) 177.7(6) 174.7(4) 177.2(9) 178.8(17) 170.3(18) 175.5(7) 171.6(4)
C(6)-C(5)-C(10)-C(1) 177.6(6) 173.9(7) 179.1(4) 176.4(9) 179.0(18) 177.4(17) 179.3(6) 173.7(4)
C(4)-C(5)-C(10)-C(1) 1.7(9) 3.4(9) 3.5(6) 0.9(13) 1.0(3) 4.0(3) 2.3(10) 7.5(6)
C(6)-C(5)-C(10)-C(9) 1.7(9) 5.0(1) 2.7(6) 5.6(13) 3.0(3) 8.0(3) 2.9(10) 7.2(6)
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donor sets a comparison of the trans influence of sulfinato
versus sulfenato versus thiolato ligands is not possible. Ex-
amination of the Pt�S bond lengths of the oxidized naph-
tha-1,8-dithiolate derivatives 10, 11, 12 and 13 shows no evi-
dent Pt�S bond length trend, the Pt�S(thiolato) distances of 10
and 11 are in the range 2.308(5)±2.338(2) ä; the Pt�S(sulfenato)
bond lengths of 10 and 12 (2.338(2) and 2.332(5) ä, respec-
tively) and the Pt�S(sulfinato) distance range of 11, 12 and 13
(2.291(5)-2.313(1) ä) show considerable overlap. The trans
influence of the sulfur ligand in relation to Pt�P bond
length trend as discussed above is observed in complexes 10,
11 and 12 : Pt�P(trans to thiolato) 2.308(2) (10), and 2.308(5) and
2.295(5) ä (11); Pt�P(trans to sulfenato) 2.316(2) (10), 2.337(5) ä
(12). Additionally we find that the Pt�P(trans to sulfinato) distan-
ces of 2.321(5) and 2.337(5) in 11, 3.323(2) in 12 and
2.336(1) and 2.327(1) ä in 13 are greater than the
Pt�P(trans to thiolato) bond lengths; this implies that (-S(O)R) has
a stronger trans influence than (-SR). However, there ap-
pears to be no significant difference in Pt�P(trans to sulfenato)
versus Pt�P(trans to sulfinato) bond lengths. The S�O bond lengths
appear to be independent of sulfur oxidation state and fall
within a narrow range 1.436(14)±1.501(5) ä; previous stud-
ies of average S�O distances in �S(O)R and �S(O)2R com-
plexes found that sulfinate S�O lengths were typically 0.1 ä
shorter than those of sulfenate ligands.[27] The X-ray struc-
tures of 10, 11 and 12 show that the oxygen atoms of the sul-
fenato groups in 10 and 12 and one oxygen atom of the sul-
finato moieties of 11 and 12 lie approximately within the
plane of the naphthalene ring. A similar situation is ob-
served in the S(9) sulfinato group of complex 13, in which
O(9) and the naphthalene ring are co-planar, whereas the
O(1) and O(2) oxygen atoms of the S(1) sulfinato group lie
above and below the naphthalene ring plane, respectively;
this may be a consequence of the distortion observed in the
ligand (see below). The naphthalene±E2 ligands are hinged
with respect to the coordination plane and the angles de-
fined by the Pt(1)-E(1)-E(9) and the E(1)-E(9)-naphthalene
mean planes are variable and range from 1118 in 10 to 1378
in 11; the most bent examples (those with a hinge angle
closest to 908) are molecules that contain a sulfenato
�S(O)R moiety in 10 (1118) and 12 (1198). Another interest-
ing feature of these complexes is observed in the naphtha-
lene ring, which although planar when the dichalcogen
bridge is intact[46] becomes twisted when incorporated in to
a six-membered platinacycle. Upon coordination the naph-
thalene backbone of the ligand becomes ™twisted∫–the
extent of the naphthalene ring distortion is variable (see di-
hedral S(1)-C(1)¥¥¥C(9)-S(9) and naphthalene ring torsion
angles in Table 3); the most planar example is 11(molecule 1)
and the most twisted is 13.


Conclusion


This paper reports the systematic synthesis of a series of bis-
phosphine platinum complexes of naphthalene-1,8-dichalco-
genole and related ligands by metathetical and oxidative ad-
dition reactions. We have shown that novel compounds par-
ticularly those containing mixed thiolato/sulfenato, thiolato/


sulfinato and sulenato/sulfinato donor sets are accessible
through simple oxidative addition reactions between zero-
valent platinum species and the appropriate E±E (E=S or
Se) bridged precursor. Further investigations into the coor-
dination chemistry of similar ligands, containing different ar-
omatic hydrocarbon backbones, are currently underway.


Experimental


General : Unless otherwise stated, manipulations were performed under
an oxygen-free nitrogen or argon atmosphere by using standard Schlenk
techniques and glassware. Solvents were dried, purified and stored ac-
cording to common procedures.[47] The ligands naphtho[1,8-cd][1,2]di-
thiole,[48] naphtho[1,8-cd][1,2]diselenole,[48] naphtho[1,8-cd][1,2]thiasele-
nole,[49] 5,6-dihydro-1,2-dithiacyclopent[fg]acenaphylene,[50] 4,5-dithiaace-
phenanthrylene,[51] 3-tert-butylnaptho[1,8-cd][1,2]dithiole,[52] naphtho[1,8-
cd][1,2]dithiole 1-oxide,[53] naphtho[1,8-cd][1,2]dithiole 1,1-dioxide,[54,55]


naphtho[1,8-cd][1,2]dithiole 1,1,2-trioxide,[56] disodium naphthalene-1,8-
disulfinate,[56] [Pt(PPh3)4]


[57] and sodium naphthalide (NaC10H8)
[58] were


prepared according to literature procedures and cis-[PtCl2(PMe3)2], cis-
[PtCl2(PMe2Ph)2] and cis-[PtCl2(PPh3)2] were synthesised by the addition
of two equivalents of the appropriate phosphine ligand to [PtCl2(cod)]
(cod=1,5-cyclooctadiene) in dichloromethane. All other reagents were
obtained commercially.


Infrared spectra were recorded as KBr pellets in the range 4000±
220 cm�1 on a Perkin±Elmer system 2000 Fourier transform spectrometer.
31P{1H} (109.4 MHz) and 195Pt (58.1 MHz) NMR spectra were recorded
on a Jeol DELTA GSX270 spectrometer with d(P) referenced to external
85% H3PO4 and d(Pt) to external H2PtCl6.


77Se spectra were recorded
either on a Bruker AM300 or a Jeol DELTA GSX270 operating at 57.2
and 51.5 MHz, respectively, with d(Se) referenced to external H2SeO3


(d(Se)=1277 ppm). Elemental analyses were performed by the St. An-
drews University School of Chemistry Service and positive-ion FAB mass
spectra were carried out by the EPSRC National Mass Spectrometry
Service, Swansea.


Precious metal salts were provided on loan by Johnson Matthey plc.


The final product complexes are reasonably stable to atmospheric
oxygen and moisture in the solid state, but were stored for longer periods
under nitrogen.


[Pt(1,8-S2-nap)(PPh3)2] (1)


Method A : [Pt(PPh3)4] (0.433 g, 0.348 mmol) and naphtho[1,8-cd][1,2]di-
thiole (0.066 g, 0.347 mmol) were stirred in toluene (20 cm3) for 2 h re-
sulting in a dark yellow solution. The solution was filtered through a
silica pad and further eluted with dichloromethane (100 cm3). The filtrate
was evaporated to dryness under reduced pressure, re-dissolved in the
minimum amount of dichloromethane ca. 5 cm3 and with stirring diethyl
ether (25 cm3) followed by hexane (50 cm3) were slowly added to induce
precipitation. The resulting bright yellow micro-crystalline solid was col-
lected by suction filtration washed with diethyl ether (10 cm3) and dried
briefly in vacuo. Yield 0.293 g, 92%; FAB+ MS: m/z : 910 [M]+ , 719/720
[M�(S2C10H6)]


2+ .


Method B : Super hydride (LiBEt3H) (0.75 cm
3 of a 1.0m solution in THF,


0.750 mmol) was added in one portion to a solution of naphtho[1,8-cd]
[1,2]dithiole (0.071 g, 0.373 mmol) in THF (10 cm3). Upon addition an
immediate colour change from bright red to very pale yellow was ob-
served accompanied by the evolution of gas. The solution of Li2[1,8-S2-
naphthalene] was transferred by means of a stainless steel canula to a
suspension of cis-[PtCl2(PPh3)2] (0.293 g, 0.371) in THF (10 cm


3) and the
mixture was rapidly stirred for 2.5 h giving a dark yellow solution. Isola-
tion of the product was identical to the procedure described for meth-
od A. Yield 0.288 g, 85%. The analytical and spectroscopic properties of
this material were identical to those of material prepared by method A.


[Pt(1,8-Se2-nap)(PPh3)2] (2): This was prepared by method A described
for compound 1, but with [Pt(PPh3)4] (0.440 g, 0.354 mmol) and naph-
tho[1,8-cd][1,2]diselenole (0.101 g, 0.356 mmol). Upon evaporation of the
filtrate to about 5 cm3 a bright orange crystalline solid was deposited;
this was collected by suction filtration, washed consecutively with toluene
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(5 cm3) and diethyl ether (2î10 cm3), and dried in vacuo. Yield 0.299 g,
84%; FAB+ MS: m/z : 1004 [M]+ , 719/720 [M�(Se2C10H6)]


2+ . This com-
pound was also prepared by method B (described for compound 1) with
naphtho[1,8-cd][1,2]diselenole (0.080 g, 0.282 mmol), super hydride
(0.56 cm3 of a 1.0m solution in THF, 0.56 mmol) and cis-[PtCl2(PPh3)2]
(0.223 g, 0.282 mmol). Isolation of the product was identical to the proce-
dure described for method A. Yield 0.235 g, 83%. The analytical and
spectroscopic properties of this material were identical to those of the
material prepared by method A.


[Pt(1-S,8-Se-nap)(PPh3)2] (3): This was prepared by method A described
for compound 1, but with [Pt(PPh3)4] (0.390 g, 0.313 mmol) and naph-
tho[1,8-cd][1,2]selenathiole (0.074 g, 0.312 mmol) to give an orange solid.
Yield 0.279 g, 95%; FAB+ MS: m/z : 958 [M+H]+ , 719/720
[M�(SSeC10H6]


2+ . This compound was also prepared by method B (de-
scribed for compound 1) with naphtho[1,8-cd][1,2]selenathiole (0.070 g,
0.295 mmol), super hydride (0.59 cm3 of a 1.0m solution in THF,
0.59 mmol) and cis-[PtCl2(PPh3)2] (0.233 g, 0.295 mmol). Isolation of the
product was identical to the procedure described for method A. Yield
0.206 g, 73%. The analytical and spectroscopic properties of this material
were identical to those of material prepared by method A.


[Pt(1,8-S2-nap)(PMe3)2] (4): cis-[PtCl2(PMe3)2] (0.157 g, 0.375 mmol) was
suspended in THF (30 cm3) and ethene gas was bubbled through the sus-
pension for 10 minutes. While ethene was passed over the suspension,
sodium naphthalide (2.5 cm3 of a 0.31m THF solution, 0.775 mmol) was
added dropwise over 45 mins resulting in a dirty yellow solution. Solid
naphtho[1,8-cd][1,2]dithiole (0.071 g, 0.373 mmol) was added in one por-
tion giving a bright yellow solution, which was stirred for 30 min and
then evaporated to dryness under reduced pressure. The residue was
taken up in dichloromethane (10 cm3) and passed through a shallow plug
of dry silica and washed through with more dichloromethane (100 cm3).
The filtrate and washings were combined and reduced in volume to
about 5 cm3; hexane (50 cm3) was added with stirring followed by reduc-
ing the solvent volume to about 20 cm3 to give a yellow solid. The precip-
itate was collected by suction filtration and dried in vacuo. Yield 0.152 g,
75%; FAB+ MS: m/z : 539 [M+H]+ , 347 [M�(S2C10H6)]


2+ . This com-
pound was also prepared by method B (described for compound 1) with
naphtho[1,8-cd][1,2]dithiole (0.053 g, 0.279 mmol), super hydride
(0.56 cm3 of a 1.0m solution in THF, 0.56 mmol) and cis-[PtCl2(PMe3)2]
(0.116 g, 0.277 mmol). Isolation of the product was identical to the proce-
dure described above for 4. Yield 0.104 g, 70%. The analytical and spec-
troscopic properties of this material were identical to those of material
prepared by the first method described above.


[Pt(1,8-Se2-nap)(PMe3)2] (5): A suspension of cis-[PtCl2(PMe3)2] (0.153 g,
0.366 mmol) in THF (20 cm3) was degassed for 20 min by bubbling
ethane gas through the suspension. With continued ethane bubbling,
super hydride (0.73 cm3 of a 1.0m solution in THF, 0.73 mmol) was added
to the suspension dropwise over 30 mins (hydrogen evolution was ob-
served) to give a pale yellow solution of [Pt(C2H4)(PMe3)2]. Solid naph-
tho[1,8-cd][1,2]diselenole (0.104 g, 0.366 mmol) was added and the mix-
ture was stirred for 1 h. The reaction solvent was removed under reduced
pressure and the residue was taken up in dichloromethane (20 cm3) and
filtered through a shallow pad of silica; the product was further eluted
with more dichloromethane (100 cm3). The filtrate was evaporated under
reduced pressure to about 5 cm3 and the product was precipitated by the
addition of hexane (50 cm3) followed by reducing the solvent volume to
about 20 cm3 to give an orange solid. Yield 0.206 g, 89%; FAB+ MS:
m/z : 632 [M+H]+, 347 [M�(Se2C10H6)]


2+ . This compound was also pre-
pared by method B (described for compound 1) with naphtho[1,8-cd]
[1,2]diselenole (0.073 g, 0.257 mmol), super hydride (0.52 cm3 of a 1.0m
solution in THF, 0.52 mmol) and cis-[PtCl2(PMe3)2] (0.107 g,
0.256 mmol). Isolation of the product was identical to the procedure de-
scribed above. Yield 0.121 g, 75%. The analytical and spectroscopic prop-
erties of this material were identical to those of the material prepared by
the first method described above.


[Pt(1-S,8-Se-nap)(PMe3)2] (6): This was prepared by the method de-
scribed for compound 5, but with cis-[PtCl2(PMe3)2] (0.138 g,
0.330 mmol), super hydride (0.66 cm3 of a 1.0m solution in THF,
0.66 mmol) and naphtho[1,8-cd][1,2]selenathiole (0.079 g, 0.333 mmol) to
give an orange solid. The solid was recrystallised from a dichlorome-
thane/hexane mixture by slow evaporation of the solvent over 4 days.
Yield 0.163 g, 84%; FAB+ MS: m/z : 586 [M+H]+ , 347


[M�(SSeC10H6)]
2+ . This compound was also prepared by method B (de-


scribed for compound 1) with naphtho[1,8-cd][1,2]selenathiole (0.065 g,
0.274 mmol), super hydride (0.55 cm3 of a 1.0m solution, 0.55 mmol) and
cis-[PtCl2(PMe3)2] (0.114 g, 0.273 mmol). Isolation of the product was
identical to the procedure described above. Yield 0.122 g, 71%. The ana-
lytical and spectroscopic properties of this material were identical to
those of the material prepared by the first method described above.


[Pt(1,2-S2-acenap)(PPh3)2] (7): This was prepared by method A described
for compound 1, but with [Pt(PPh3)4] (0.350 g, 0.281 mmol) and 5,6-dihy-
dro-1,2-dithiacyclopenta[fg]acenaphylene (0.061 g, 0.282 mmol) to give a
bright orange crystalline solid. Yield 0.246 g, 94%; FAB+ MS: m/z : 936
[M]+ , 719/720 [M�(S2C12H8)]


2+ .


[Pt(4,5-S2-phenan)(PPh3)2] (8): This was prepared by method A descri-
bed for compound 1, but with [Pt(PPh3)4] (0.180 g, 0.145 mmol) and 4,5-
dithia-acephenanthrylene (0.035 g, 0.146 mmol) to give a yellow solid.
Yield 0.111 g, 80%; FAB+ MS: m/z : 961 [M+H]+ , 719/720
[M�(S2C14H8)]


2+ .


[Pt(1,8-S2--2-tBu-nap)(PPh3)2] (9): This was prepared by method A de-
scribed for compound 1, but with [Pt(PPh3)4] (0.290 g, 0.233 mmol) and
3-tert-butyl-naptho[1,8-cd][1,2]dithiole (0.058 g, 0.234 mmol). The result-
ing solution was stirred with heating (80 8C) for 30 min, upon which the
solution turned red. The filtered reaction solution was evaporated to dry-
ness and dissolved in dichloromethane (5 cm3); hexane (30 cm3) was then
added. The solution was then reduced in volume to about 20 cm3 and the
yellow precipitate was collected by suction filtration, washed with hexane
(2î10 cm3) and dried in vacuo. Yield 0.172 g, 76%; FAB+ MS: m/z : 967
[M+H]+ , 719/720 [M�(C14H14S2)]


2+ .


[Pt(1-S,8-{S(O)}-nap)(PPh3)2] (10): This was prepared by method A de-
scribed for compound 1, but with [Pt(PPh3)] (0.341 g, 0.274 mmol) and
naphtho[1,8-cd][1,2]dithiole-1-oxide (0.057 g, 0.276 mmol). After stirring
for 30 min a yellow precipitate started to separate and stirring was con-
tinued for a further 1.5 h. The precipitate was dissolved by the addition
of dichloromethane (20 cm3); the resulting solution was filtered through
silica eluting first with dichloromethane (150 cm3), which was discarded,
and then with a 1:3 mixture of acetone/dichloromethane (150 cm3). The
filtrate was evaporated to dryness under reduced pressure and taken up
in the minimum amount of toluene;diethyl ether (30 cm3) then hexane
(70 cm3) were slowly added while stirring. The yellow/orange microcrys-
talline product was collected by suction filtration, washed with a 1:1 mix-
ture of diethyl ether/hexane (2î10 cm3) and dried in vacuo. Yield
0.214 g, 91%; FAB+ MS: m/z : 927 [M+H]+ , 719/720 [M�(S2OC10H6)]


2+ ;
IR (KBr): ñ=1095 cm�1 (s) (S=O).


[Pt(1-S,8-{S(O)2}-nap)(PPh3)2] (11): This was prepared by method A de-
scribed for compound 1, but with [Pt(PPh3)] (0.318 g, 0.256 mmol) and
naphtho[1,8-cd][1,2]dithiole 1,1-dioxide (0.057 g, 0.256 mmol). A precipi-
tate was deposited after 5 min and stirring was continued for a total of
30 min. The reaction mixture was poured on to a silica pad and eluted
with dichloromethane (150 cm3), which was discarded, followed by a 1:1
mixture of acetone/dichloromethane (150 cm3). The acetone/dichloro-
methane filtrate was evaporated to dryness under reduced pressure and
the residue was dissolved in a small amount of dichloromethane (ca.
5 cm3). Hexane (50 cm3) was slowly added to this solution while stirring.
The bright yellow/orange microcrystalline solid was collected by suction
filtration, washed with hexane (20 cm3) and diethyl ether (20 cm3) and
dried in vacuo. Yield 0.230 g, 95%; FAB+ MS: m/z : 943 [M+H]+ , 719/
720 [M�(S2O2C10H6)]


2+ ; IR (KBr): ñ=1185 (s), 1063 cm�1 (s) (S(=O)2).


[Pt(1-{S(O)},8-{S(O)2}-nap)(PPh3)2] (12): This was prepared by meth-
od A described for compound 1, but with [Pt(PPh3)] (0.411 g,
0.330 mmol) and naphtho[1,8-cd][1,2]dithiole 1,1,2-trioxide (0.079 g,
0.332 mmol). After stirring for 17 h the yellow-orange microcrystalline
precipitate was filtered off, washed with toluene (5 cm3) and diethyl ether
(2î10 cm3) and dried in vacuo. Yield 0.302 g, 96%; FAB+ MS: m/z : 959
[M+H]+ , 719/720 [M�(S2O3C10H6)]


2+ ; IR (KBr): ñ=1101 (s; S=O), 1212
(s; S(=O)2), 1061 cm


�1 (s; S(=O)2).


[Pt(1,8-{S(O)2}2-nap)(PMe2Ph)2]¥0.5CH2Cl2 (13): A mixture of cis-
[PtCl2(PMe2Ph)2] (0.105 g, 0.194 mmol) and disodium naphthalene-1,8-di-
sulfinic acid (0.072 g, 0.240 mmol) were stirred in methanol (20 cm3) for
24 h. The resulting yellow solution was evaporated to dryness under re-
duced pressure and the residue was extracted with dichloromethane (3î
15 cm3) containing triethylamine, approximately 0.5% by volume. The
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pale orange/yellow extracts were combined and filtered through a shal-
low Celite pad and evaporated to about 3 cm3; the product was then pre-
cipitated by the addition of diethyl ether. The pale yellow solid was col-
lected by suction filtration and briefly dried. The crude material was re-
crystallised by slow vapour diffusion of diethyl ether into a concentrated
solution of 13 in dichloromethane/0.5% triethylamine to give yellow
crystals, which were collected by suction filtration and dried overnight in
vacuo. Yield 0.109 g, 78%; FAB+ MS: m/z : 726/727 [M+H]+, 471
[M�(S2O4C10H6)]


2+ ; IR (KBr): ñ=1186 (s), 1051 cm�1 (s) (S(=O)2).


[Pt(1,8-{S(O)2}2-nap)(PPh3)2] (14): This was prepared by the method de-
scribed for compound 13, but with [PtCl2(PPh3)2] (0.132 g, 0.167 mmol)
and disodium naphthalene-1,8-disulfinic acid (0.067 g, 0.223 mmol) to
give a yellow powder, which was collected by suction filtration and dried
overnight in vacuo. Yield 0.117 g, 72%; FAB+ MS: m/z : 975 [M+H]+ ,
719/720 [M�(S2O4C10H6)]


2+ ; IR (KBr): ñ=1214 (s), 1058 cm�1 (s) (S(=O)2).


Crystal structure analysis : Details of the x-ray characterisation experi-
ments are given in Table 4. Data for 2, 4 and 10 were collected at 293 K
and 11, 12 and 13 at 125 K on a Bruker SMART CCD diffractometer
equipped with an Oxford Instruments low-temperature attachment, with
MoKa radiation (l=0.71073 ä). In 11 the carbon atoms were refined iso-
tropically, in all other structures all non-hydrogen atoms were refined
anisotropically. All refinements were performed by using SHELXTL
(Version 5.10, Bruker AXS, 1999). CCDC-215509 2, CCDC-215510 4,
CCDC-215511 10, CCDC-215512 11, CCDC-215513 12 and CCDC-
215508 13 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; e-mail :
deposit@ccdc.cam.ac.uk.


Single crystals suitable for X-ray diffraction studies of compounds
[Pt(1,8-Se2-nap)(PPh3)2] (2), [Pt(1,8-S2-nap)(PMe3)2] (4) and [Pt(1-
{S(O)},8-{S(O)2}-nap)(PPh3)2] (12) were obtained by layering a solution
of each compound in CH2Cl2 with either diethyl ether or hexane. Single
crystals of compound [Pt(1,8-{S(O)2}2-nap)(PMe2Ph)2]¥0.5CH2Cl2 (13)
were acquired in a similar manner except that the solution of 13 in
CH2Cl2 contained a small quantity of triethylamine to prevent acid for-
mation and decomposition of the complex. Crystals of [Pt(1-S,8-{S(O)}-
nap)(PPh3)2] (10) were obtained by the slow evaporation of a concentrat-
ed solution of the complex in CH2Cl2 and those of [Pt(1-S,8-{S(O)2}-
nap)(PPh3)2] (11) by layering a solution of 11 in CHCl3 with diethyl ether.
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Table 4. Crystallographic data for complexes 2, 4, 10, 11, 12 and 13.


2 4 10 11 12 13


formula C46H36P2PtSe2 C16H24P2PtS2 C46H36OP2PtS2 C46H36O2P2PtS2 C46H36O3P2PtS2 C26H28O4P2PtS2
¥0.25CH2Cl2 ¥0.25CHCl3 ¥0.5CH2Cl2


Mr 1024.94 537.50 925.90 971.74 957.90 768.10
crystal system triclinic monoclinic monoclinic triclinic monoclinic monoclinic
space group P1≈ P21/n P21/c P1≈ P21/c C2/c
a [ä] 11.9003(9) 12.8530(4) 10.6497(12) 11.855(2) 15.068(3) 18.865(4)
b [ä] 14.7985(11) 8.8142(3) 18.967(2) 14.613(3) 17.579(3) 15.201(3)
c [ä] 25.0528(18) 17.9522(6) 19.186(2) 24.799(5) 15.198(3) 19.066(5)
a [8] 74.2800(10) 90 90 74.707(4) 90 90
b [8] 86.6290(10) 109.4390(10) 95.726(2) 86.638(4) 103.771(3) 95.114(19)
g [8] 76.4220(10) 90 90 74.177(4) 90 90
V [ä3] 4128.2(5) 1917.85(11) 3856.0(8) 3996.7(13) 3909.8(11) 5446(2)
Z 4 4 4 4 4 8
1calcd [gcm


�3] 1.649 1.862 1.595 1.615 1.627 1.874
m [mm�1] 5.303 7.693 3.866 3.784 3.819 5.555
reflections measured 20900 7981 19176 20280 19030 11506
independent reflections 11717 2722 5492 11375 5556 3884
final R1 [I>2s(I)] 0.0346 0.0178 0.0343 0.0796 0.0406 0.0214
final wR2 [I>2s(I)] 0.0895 0.0434 0.0749 0.1715 0.0896 0.0506
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Reaction of Alkenes with Hydrogen Peroxide and Sodium Iodide:
A Nonenzymatic Biogenic-Like Approach to Iodohydrins


Josÿ Barluenga,* MarÌa Marco-Arias, Francisco Gonzµlez-Bobes, Alfredo Ballesteros, and
Josÿ M. Gonzµlez[a]


Introduction


The search for efficient preparations of different types of or-
ganic compounds is associated many times to the develop-
ment of new reagents and/or synthetic strategies. Neverthe-
less, more than often, the consideration of straight ap-
proaches relying on activating basic raw sources providing
the required components remains scarcely investigated and
credited. To this purpose, biomimetic considerations have
proved to be very enlightening, offering simple solutions to
many synthetic problems. Thus, in approaching the prepara-
tion of halogenated compounds halides are of prime inter-
est, as they are key players in those biohalogenation proc-
esses[1] leading to naturally occurring organohalogen com-
pounds.[2] Haloperoxidases are the enzymes responsible for
those reactions[3] and their catalytic activity has been chemi-
cally exploited for different purposes.[4] In this sense, biosyn-
thetic studies in the marine environment assigned an active
role to iodide ions in mediating conversion of alkenes to bi-
functional derivatives.[5] In sharp contrast to this natural
trend, safe and highly convenient sodium iodide has been


scantly considered for the conversion of alkenes to iodohy-
drins.[6] Furthermore, and oppositely to the situation encoun-
tered when preparing halohydrins containing bromine and
chlorine, it has been established that the related iodo-hy-
droxylation process by reaction of an alkene with iodine and
water does not represent an efficient alternative.[7] There-
fore, recent efforts towards the preparation of this class of
valuable iodinated synthetic intermediates have drawn
mainly their attention to the recognition of appropriate
starting materials,[8] better iodine donors,[9] or even alterna-
tive and more elaborated synthetic strategies.[10] Interesting-
ly, an alkyl iodide can be activated and used as a valuable
iodide source to accomplish a synthetically useful conversion
of an alkene to the corresponding iodohydrin.[11] Those lead-
ing findings call for the development of a straight conver-
sion of alkenes to iodohydrins that eventually should be
based on the combination of a convenient oxidant and a
simple salt that acts as the supplier of iodide ions. The valid-
ity and scope of such a conceptually simple methodology
still remains to be covered.[12]


Herein, we report on the iodo-hydroxylation reaction of
alkenes 1 with sodium iodide in aqueous media (Scheme 1).
The process uses environmentally benign[13] 33% aqueous
solution of hydrogen peroxide as oxidant.[14]


Results and Discussion


We initially undertook the search for reaction conditions
that promote the incorporation of iodide ions into the
alkene. Overall, this would allow for a direct iodo-hydroxy-
lation reaction of the unsaturated hydrocarbon. The enzy-
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Abstract: An efficient protocol to synthesize iodohydrins from alkenes is present-
ed. Reactions were conducted in aqueous media using safe and readily available
sodium iodide (the most abundant form of the element), and a highly convenient
oxidant such as hydrogen peroxide. Addition of a protic acid triggers a faster and
efficient process, a role formally related to that played by haloperoxidase enzymes
in naturally occurring transformations. The successful application of these condi-
tions to multigram scale preparations and over natural products derivatives is also
discussed.
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matic synthesis of 2-deoxy-2-halo sugars starting from the
parent glycal and the corresponding halide had been previ-
ously reported.[6b] Along those studies an isolated observa-
tion on the iodo-hydroxylation of d-galactal taking place
without requiring any enzymatic catalysis was noticed.[15] On
this basis, we first evaluated the scope of these non-enzy-
matic conditions over several representative alkenes. Under
those conditions, cyclohexene gave rise to a mixture of com-
pounds, yielding the desired iodohydrin in 31%. Further-
more, 1-hexene afforded exclusively the product that arose
from a competitive 1,2-diiodination process. Methyl cinna-
mate did not react at all, and only traces of the iodo-hy-
droxylated product were observed upon extending the reac-
tion time up to 60 h. Indene furnished a complex reaction
mixture, which suggested that oligomerization reactions
took place under those reaction conditions. Thus, as it was
early proposed,[6a] the catalytic action of an enzyme seems
to be generally required to promote the efficient incorpora-
tion of iodide ions to alkenes, resulting in iodohydrins. The
non-enzymatic conditions above referred are useful when
electron-rich alkenes are used as precursors, such as the case
of the given glycal.[6b] However, significant drawbacks were
found to obtain the desired iodohydrins for the case of
other classes of simple alkenes. Searching for a more general
synthetic methodology, we attempted to overcome those
limitations establishing an alternative way of triggering the
process. We used cyclohexene (1a) as a model compound to
screen the reaction conditions that might simulate the effect
of the enzymatic activation step. A graphic summary of rele-
vant data is presented in Table 1.


Addition of acid was required to promote an efficient
process. First we tested commercially available 35% aque-
ous solution of HBF4, obtaining good results. Entry 8 shows
a reasonably fast process and an excellent yield of isolated
2a, which is generated as a single stereoisomer.[16] The proc-
ess was fairly robust when scaled up to 0.1 mol of 1a, fur-
nishing 19.7 g of 2a (entry 9, Table 1).


The feasibility of alternative acids was also tested. We
chose indene (1b), being a more labile alkene under acid
conditions, as a convenient substrate to analyze the influ-
ence of this experimental variable. In all the cases tested, a
single adduct (2b) was formed in good yield, and as a single
isomer (see Table 2). Interestingly, the reaction can be also
executed by the addition of several types of acids routinely
used in chemical processes. In general, the observed reaction
rate nicely correlates with the pKa value of the correspond-
ing acid. Thus, stronger acids gave rise to faster reactions
than weaker ones. We observed that even H3PO4, an acid
with a pKa value in the range of 2, is adequate to promote
this iodination chemistry. Remarkably, a solid acid resin
(entry 5, Table 2) can be also conveniently employed to fur-
nish 2b, offering an easily recyclable proton source.


The scope was further explored, and the results are sum-
marized in Table 3 (unless otherwise noticed, the conditions
outlined in Table 1, entry 8, were routinely used).


As depicted, many types of representative alkenes suc-
cessfully reacted with a predictable selectivity, which follows
the already noticed trend for the reactions of 1a and 1b.
The reactivity of mono-substituted alkenes was explored
(Table 1, entries 3 and 4). The nature of the substituent
bounded to the alkene controls the regioselectivity of the
process. Thus, for the case of an alkyl substituent, the reac-
tion product was formed as a mixture of regioisomers, being
Markovnikov×s one the major component (5:1 ratio, by
GC). However, styrene furnished only one regioisomer.
More substituted alkenes were transformed into the corre-
sponding iodohydrin derivatives, including among them an
example of a tri-substituted one. When cyclopentene and cy-
cloheptene were assayed under the above defined condi-
tions, the iodo-hydroxylation reaction occurred, but minor


Scheme 1. 2-Iodoalkanols 2 from iodo-hydroxylation reaction of alkenes
1 based on biomimetic considerations.


Table 1. Iodo-hydroxylation of 1a using NaI and H2O2.
[a]


Entry Molar ratio[b] Reaction time Yield[d]


H2O2:HBF4
[c] [h] [%]


1 1:± 24 1
2 1:1 24 11
3 1:2 24 25
4 3:1 48 27
5 3:2 24 70
6 3:3 4.5 89
7 2:4 4.5 90
8 3:6 2 94
9 3:6 2.5 87[e]


[a] H2O2 (33% aqueous solution) was added to a cooled flask (ice bath)
containing a mixture of NaI and 1a in THF/H2O (12 mL/5 mL, for
5 mmol of 1a). [b] Referred to 1:1 molar ratio for 1a :NaI. [c] Added as
35% commercial aqueous solution. [d] Based on isolated amounts of 2a
and referred to NaI. [e] For 0.1 mol scale of NaI and using 0.11 mol of 1a
(the reaction mixture was mechanically stirred).


Table 2. Iodo-hydroxylation of 1b using NaI and H2O2.
[a]


Entry Acid t [h] Yield[b] [%]


1 HBF4 2 83
2 H2SO4 8 84
3 oxalic acid 30 77
4 H3PO4 30 69
5 Amberlyst 15 (wet)[c] 30 65[d]


6 TFA 20 80


[a] H2O2 was added to a cooled flask (ice bath) containing a mixture of
NaI, acid and 1b (5 mmol scale) in THF/H2O. [b] Based on isolated
amount of 2b and referred to 1b. [c] Amberlyst 15 (wet) ion-exchange
resin is a registered trademark of Rohm and Haas, and was purchased
from Aldrich. [d] 2.5 g of resin used.
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amounts of 2-iodoperoxides were detected in crude reaction
mixtures. The reaction was easily optimized by lowering the
amount of H2O2 added. Both electron-rich and electron-de-
ficient olefins are efficient partners in this process; the
nature of the acid and the reaction time being the only vari-
ables that have to be tuned (entries 5 and 7). For the elec-
tron-rich 3,4-dihydro-2H-pyran (1g), the use of the standard
conditions resulted in polymerization reactions. In this case,
the addition of lower amounts of a weaker acid (TFA) was
required to promote an efficient reaction. Under the opti-
mized conditions above established for 1g, the related tri-O-
benzyl-d-glucal (1 l) was also smoothly derivatized, yielding
potentially useful iodinated building blocks for carbohydrate
chemistry. In this case, the crude mixture isolated from the
iodination reaction was rapidly treated with Ac2O in Et3N,
rendering the mixture of compounds presented in Scheme 2.
A remarkable 14:1 ratio for the formation of manno over
gluco isomers was determined by HPLC analysis of the mix-
ture upon acylation.[17,18]


Pure samples of 2-deoxy-2-iodo-mannopyrannosyl deriva-
tives, a form 3 l and b form 3 l’, were isolated by standard
column chromatography, in the yields given in Scheme 2.


A terpene, (+)-3-carene (1m), was easily iodo-hydroxylat-
ed using this approach in nearly quantitative conversion, but
severe decomposition occurred along the standard chroma-
tographic purification leading to only 43% isolated yield of
2m. However, the purity in which 2m is generated in crude
reaction mixtures allows its direct use for further synthetic
elaboration. Thus, as an example, epoxide 3m was prepared
in 70% overall yield from 1m, as outlined in Scheme 3. The
observed stereochemistry for the epoxide nicely comple-
ments that accessible using the direct epoxidation reaction
of 1m with a peracid.[19]


The pattern of reactivity showed by the different alkenes
in these transformations, as well as the regio- and stereo-
chemistry observed are those expected for a reaction involv-
ing the participation of cyclic iodonium ions as reaction in-
termediates. These species should be formed upon interac-
tion of 1 with an electrophilic source of iodine.[20] An appro-
priate process that would contribute to generate iodonium
ions into the given solution could reasonably involve an ini-
tial nucleophilic attack of iodide[21] onto protonated hydro-
gen peroxide.[22] As a result, this would afford an active con-
centration of unstable and productive hypoiodous acid in
solution (Scheme 4). Interaction of HOI, or of its protonat-
ed form,[23] with 1 accounts well for the observed formation
of iodohydrins 2.[24]


Table 3. Iodohydrins 2 from alkenes 1, NaI and H2O2.
[a]


Entry Alkene t Product Yield[b]


1 [h] 2 [%]


1 2 94


2 2 83


3 5 76[c]


4 5 72[d]


5 60 81


6 2 65


7 6 88[e]


8 8 77[f]


9 22 85[e]


10 4 90[g]


11 4 92[g]


[a] Reaction performed with 5 mmol of the corresponding alkene.
[b] Based on isolated amount of 2 and referred to 1. [c] Combined yield
from the amount of each regiosomer isolated in pure form (2c was isolat-
ed in 63% upon column chromatography on silica gel using hexane/ethyl
acetate:10/1, from a crude reaction mixture containing 2c :2c’ in 5:1 ratio
by GC analysis). [d] 4 equiv HBF4 and 4 equiv H2O2 were used.
[e] CF3CO2H (1.1 equiv) instead of HBF4, and H2O2 (6 equiv) were
added. [f] Based on crude reaction. Upon chromatography Ph2C=CHI
was isolated. [g] 1.5 equiv H2O2 were used.


Scheme 2. Synthesis of 2-iodo-2-deoxymannopyranosyl derivatives from a protected glucal.
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Conclusion


In summary, a truly practicable, efficient and almost unpre-
cedented entry to an important class of iodine containing bi-
functional compounds has been devised and executed on
the basis of biomimetic considerations.


Among other distinctive features of this synthetically val-
uable iodo-hydroxylation process are the use of readily
available starting materials and that of a safe and conven-
ient oxidant, as diluted solutions of hydrogen peroxide. Fur-
thermore, the easiness in which the process was scaled up to
the use of 0.1 mol of starting material represents a worthy
and distinctive synthetic attractiveness of this new approach
for preparing 2-iodoalkanols, imitating biogenic pathways to
functionalize alkenes.


The reaction conditions were successfully applied over a
wide set of alkenes, including natural products derivatives.
Overall, using common chemicals, an aqueous medium and
a very simple synthetic Scheme could now be considered as
a solid alternative for preparing iodohydrins, overcoming
many problems usually faced under previously reported con-
ditions.


Experimental Section


General : All reactions were carried out under air atmosphere unless oth-
erwise is specified in the text. THF and Et2O were distilled from sodium/
benzophenone under N2. Analytical thin-layer chromatography plates
used were Merck UV-active silica gel 60 F254 on aluminium plates. Flash
column chromatography was carried out on silica gel 60, 230±240 mesh,
using appropriate mixtures of ethyl acetate and hexanes as eluent.
1H NMR (200, 300, 400 MHz) and 13C NMR (50, 75, 100 MHz) spectra
were measured at room temperature on a Bruker AC-200, AC-300 and
AMX-400 instruments with tetramethylsilane (1H NMR) or CDCl3
(13C NMR) as internal standard. Carbon multiplicities were assigned by
DEPT techniques. High resolution mass spectra (HRMS) were deter-
mined on a Finnigan MATT 95 spectrometer. Elemental analysis were
carried out on a Perkin±Elmer 2400 microanalyzer. Gas chromatographic
analyses were conducted on an HP6890 using a Beta dex 120 Supelco
(30 mî0.25 mmî0.25 mm) column. HPLC analyses were performed on a
Waters LC Module I plus using a Kromasil 100 C8 5 mm 25î1.0 column.
Melting points were determined on a B¸chi-Tottoli and are uncorrected.
Optical rotations were measured on a Perkin-Elmer 241 polarimeter.


General procedure for the preparation of iodohydrins 2a±2c, 2 f, and
2m : A 100 mL flask was charged with NaI (0.75 g, 1 equiv, 5 mmol), 1


(1 equiv, 5 mmol) and THF/H2O (12 mL/5 mL). The mixture was cooled
in an ice-water bath and magnetically stirred. To this vigorously stirred
mixture HBF4 (6.12 mL of 35% aqueous solution, 6 equiv, 30 mmol) and
H2O2 (1.5 mL, 3 equiv, 15 mmol, 33% aqueous solution) were sequential-
ly added. An exothermic reaction and development of a dark red colour
in solution were noticed. After 15 min, the cooling bath was removed
and the reaction mixture further stirred until the solution turned colour-
less (see Table 3 and Scheme 3). THF was then removed under vacuum,
and the resulting mixture was treated with Na2S2O3 (30 mL of 5% aque-
ous solution), and extracted with CH2Cl2 (3î50 mL). The combined or-
ganic layers were washed with brine, dried over Na2SO4 and concentrat-
ed. The crude reaction products were purified by column chromatogra-
phy (hexane/EtOAc) to give pure iodohydrins that gave satisfactory spec-
troscopic and analytical data. Analytical data for compounds 2a,[25] 2b,[9d]


2c,[26] 2 f[27] were in complete accordance with literature values.


(1S,3R,4R,6R)-4-Iodo-3,7,7-trimethylbicyclo[4.1.0]heptan-3-ol (2m):
yellow oil; Rf=0.7 (hexane/ethyl acetate 3:1); [a]D=�73 (c=18, CH2Cl2,


20 8C); 1H NMR (400 MHz, CDCl3): d=4.15 (dd, J=12, 7.2 Hz, 1H;
CH), 2.6 (ddd, J=14.9, 12, 8.5 Hz, 1H; CH2), 2.45 (ddd, J=14.9, 7.2,
0.8 Hz, 1H; CH2), 2.25 (br s, 1H; O-H), 2.1 (dd, J=14.5, 10.1 Hz, 1H;
CH2), 1.35 (m, 1H), 1.25 (dd, J=1.2, 0.5 Hz, 3H; CH3), 0.95 (s, 3H;
CH3), 0.85 (s, 3H; CH3), 0.75 (ddd, J=10.1, 9.1, 4.9 Hz, 1H; CH), 0.45
(ddd, J=9.1, 8.5, 0.8 Hz, 1H; CH); 13C NMR (75 MHz, CDCl3): d=70.8
(C), 49.8 (CH), 34.4 (CH2), 31.1 (CH2), 28.4 (CH3), 24.1 (CH3), 21.9
(CH), 20.1 (CH), 17.5 (C), 15.1 (CH3); HRMS (EI): m/z : calcd for
C10H17O: 153.1275; found: 153.1279 [M +�I].


General procedure for the preparation of iodohydrins 2 j and 2k : A
lower amount of H2O2 (0.75 mL, 1.5 equiv, 7.5 mmol) was used to avoid
competitive formation of hydroperoxides analogues. Analytical data for
compounds 2j,[28] 2k[28] were in complete accordance with literature
values.


General procedure for the preparation of iodohydrins 2g±2 i and 2 l : The
best results were obtained employing trifluoroacetic acid (0.42 mL,
1.1 equiv, 5.5 mmol). Analytical data for compounds 2g,[29] 2 i[12e] were in
complete accordance with literature values.


1-O-Acetyl-3,4,6-tri-O-benzyl-2-deoxy-2-iodo-a-mannopyranose (3 l):
yellow oil; Rf=0.27 (hexane/ethyl acetate 5:1); [a]D=++7.1 (c=7.5,
CH2Cl2, 20 8C); 1H NMR (300 MHz, CDCl3): d=7.4±7.1 (m, 15H), 6.4 (d,
J=1.4 Hz, 1H; CH), 4.86 (d, J=10.5 Hz, 1H; CH), 4.7 (m, 2H; CH2),
4.5 (m, 3H), 4.4 (dd, J=4, 1.6 Hz, 1H; CH), 4.0 (m, 2H; CH2), 3.78 (dd,
J=11.1, 4 Hz, 1H; CH2), 3.68 (dd, J=11.1, 1.6 Hz, 1H; CH2), 3.22 (dd,
J=8.2, 4 Hz, 1H; CH), 2.05 (s, 3H; CH3);


13C NMR (75 MHz, CDCl3):
d=168.4 (C), 138.1 (C), 137.8 (C), 137.2 (C), 128.4 (CH), 128.3 (CH),
128.2 (CH), 128.0 (2îCH), 127.9 (CH), 127.7 (CH), 127.6 (CH), 127.4
(CH), 95.4 (CH), 76.0 (CH), 75.3 (CH), 75.2 (CH2), 74.7 (CH), 73.4
(CH2), 70.9 (CH2), 68.4 (CH2), 30.9 (CH), 20.4 (CH3); HRMS (EI): m/z :
calcd for C29H31O6: 302.0168; found: 302.0169 [M +�I].


1-O-Acetyl-3,4,6-tri-O-benzyl-2-deoxy-2-iodo-b-mannopyranose (3 l’):
yellow oil ; Rf=0.24 (hexane/ethyl acetate 5:1); [a]D=�3.7 (c=13.7,
CH2Cl2, 20 8C); 1H NMR (300 MHz, CDCl3): d=7.4±7.1 (m, 15H), 5.00
(d, J=1.4 Hz, 1H; CH), 4.90 (d, J=10.8 Hz, 1H; CH), 4.70 (m, 3H),
4.60 (dd, J=2.3, 1.4 Hz, 1H; CH), 4.50 (dd, J=11.0, 6.5 Hz, 2H; CH2),
4.00 (m, 1H), 3.78 (m, 2H; CH2), 3.68 (ddd, J=9.7, 4.3, 2.3 Hz, 1H;
CH), 3.20 (dd, J=8.4, 4.3 Hz, 1H; CH), 2.20 (s, 3H; CH3);


13C NMR
(75 MHz, CDCl3): d=168.6 (C), 138.0 (C), 137.9 (C), 137.0 (C), 128.4
(CH), 128.2(2îCH), 127.9 (2îCH), 127.7 (2îCH), 127.6 (CH), 127.4
(CH), 91.2 (CH), 78.9 (CH), 76.9 (CH), 75.2 (CH), 75.1 (CH2), 73.4
(CH2), 70.6 (CH2), 68.4 (CH2), 36.0 (CH), 21.0 (CH3); HRMS (EI): m/z :
calcd for C29H31O6: 302.0168; found: 302.0166 [M +�I].


Procedure for the preparation of 2d : HBF4 (4.1 mL of 35% aqueous sol-
ution, 4 equiv, 20 mmol) and H2O2 (2 mL, 4 equiv, 20 mmol, 33% aque-
ous solution) were used. Analytical data for compound 2d[26] were in
complete accordance with literature values.


Synthesis of epoxide 3m : A crude mixture of 2m was treated with NaH
(1.3 g, �1 equiv, 5 mmol) in a THF/Et2O mixture (1:1, 30 mL) under N2


atmosphere. The reaction was magnetically stirred for 3.5 h and then hy-
drolyzed with ice. The mixture was extracted with Et2O (3î25 mL) and
washed with brine (2î50 mL). The combined organic layers were then
dried over anhydrous sodium sulphate and volatiles were removed under
vacuum. Further purification upon column chromatography (hexane/


Scheme 3. Sequential iodo-hydroxylation/epoxidation reactions of (+)-3-
carene.


Scheme 4. Proposed reaction pathway.
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EtOAc 50:1) afforded pure 3m (0.53 g, 3.5 mmol, 70%). Analytical data
for compound 3m[30] were in complete accordance with literature values.
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First Systematic Investigation of C�H¥¥¥Cl Hydrogen Bonding Using
Inorganic Supramolecular Synthons: Lamellar, Stitched Stair-Case,
Linked-Ladder, and Helical Structures


V. Balamurugan,[a] Maninder Singh Hundal,[b] and Rabindranath Mukherjee*[a]


Introduction


The field of crystal engineering of supramolecular architec-
tures is currently experiencing enormous growth.[1±4] A real-
istic approach to crystal engineering or synthesis is the iden-
tification and exploitation of reliable synthons[1d,e] that can
control the dimensionality of the molecular assembly and
therefore lead to controlled crystal structures or architec-
tures. Hydrogen bonds often play a dominant role in crystal
engineering because they combine, in addition to specificity,
strength with directionality, and hence these features, in
combination, control the design of various molecular assem-


blies.[2,3] Such bonds have been extensively used in the field
of organic crystal engineering to assemble organic molecular
building blocks into well-defined crystalline networks.[1±3]


The central aim of inorganic crystal engineering[4] is the de-
velopment of a general protocol for the propagation of or-
ganic ligand-bound metal-containing modules in directions
dictated by the coordination geometry of the metal center.
This can be achieved by using covalent or noncovalent inter-
actions, leading to novel supramolecular architectures of
varying dimensionality and topology.
In addition to the commonly occurring C�H¥¥¥N/O/S hy-


drogen-bonding interactions,[2] the existence of C�H¥¥¥Cl hy-
drogen bonds,[5] in general, and charge-assisted (for
strengthening noncovalent forces)[6] terminal M�Cl bonds[7]
of chlorometalate anions,[7±10] in particular, have been well-
appreciated in recent times. Such interactions have been
shown to be capable of playing a decisive role in the supra-
molecular structure of solids. It should be noted here that
terminal M�Cl bonds are distinctly directional acceptors of
hydrogen bonds (with typical H¥¥¥Cl�M angles in the range
of 90±1308).[9] The present investigation originated from our
search for the possibility of the existence and influence of
C�H¥¥¥Cl hydrogen-bonding interactions in primarily neutral
coordination complexes of a selected group of ligands (L1 ±
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Abstract: Using a group of six neutral
MIICl2-containing coordination com-
pounds as building blocks, the first sys-
tematic investigation of C�H¥¥¥Cl hy-
drogen-bonding interactions was per-
formed. Single-crystal X-ray structural
analyses of four new compounds
(pseudo-tetrahedral CoII and ZnII ; dis-
torted trigonal bipyramidal ZnII) au-
thenticate the metal coordination ge-
ometry. To provide a unified view of
the presence of noncovalent interac-
tions in this class of compounds, we
have re-examined the packing diagram
of two previously reported compounds
(a distorted square-pyramidal CuII


complex and a trans-octahedral CoII


complex). The organic ligands of our
choice comprise bidentate/tridentate
pyrazolylmethylpyridines and an un-
symmetrical tridentate pyridylalkyla-
mine. This systematic investigation has
allowed us to demonstrate the exis-
tence of versatile C�H¥¥¥Cl2M interac-
tions and to report the successful appli-
cation of such units as inorganic supra-


molecular synthons. Additional nonco-
valent interactions such as C�H¥¥¥O
and O�H¥¥¥Cl hydrogen bonding and
p±p stacking interactions have also
been identified. Formation of novel
supramolecular architectures has been
revealed: 2D lamellar (p-cyclophane)
and 3D lamellar, 3D ™stitched stair-
case∫ (due to additional hydrogen-
bonding interactions by water tetra-
mers, with an average O�O bond
length in the tetramer unit of 2.926 ä,
acting as ™molecular clips∫ between
staircases), 3D linked ladder, and
single-stranded 1D helix.


Keywords: crystal engineering ¥
hydrogen bonding ¥ pi interactions ¥
supramolecular chemistry ¥ water
tetramer
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L5) with MIICl2 moieties.
[11±14] Herein we combine the major


features of the approaches of organic and inorganic crystal
engineering. Thus, organic ligands are coordinated to metal


ions in well-defined geometries, as in the strategy for design-
ing inorganic coordination polymers. However, the chosen
ligands do not have a second site suitable for coordination
to another metal center, but rather carry sites suitable for
linking molecules through noncovalent interactions. As a
first step towards this goal we have selected six complexes–
[(L2)CoCl2] (1),


[12] [(L1)2CoCl2]¥4H2O (2),[11c] [(L4)CuCl2]
(3),[15] [(L1)ZnCl2] (4), [(L


3)ZnCl2] (5), and [(L
5)ZnCl2] (6)–


to explore the potential of these coordination building
blocks for systematically studying the formation of periodic
supermolecules. The complexes 1, 4, 5, and 6 were synthe-
sized[12] and structurally characterized, while the structures
of complexes 2 and 3 were re-analyzed. Our aim was to in-
vestigate how systematic change in 1) the nature of the
metal ion, 2) the nature and denticity of ligands, 3) the ori-


entation of metal-bound chloride ions, and 4) ligands’ ring
substituents would influence network topology. In this con-
tribution we provide examples of the presence of a wide va-


riety of noncovalent interac-
tions such as C�H¥¥¥Cl (intra-
and intermolecular), C�H¥¥¥O
and O�H¥¥¥Cl (intermolecular)
hydrogen bonding and p±p
stacking in a selected group of
simple coordination complexes.
Such secondary interactions led
to the formation of novel supra-
molecular networks. The pri-
mary concern of this work is
the demonstration of the gener-


ality and versatility of the existence of C�H¥¥¥Cl2MII hydro-
gen-bonding interactions in simple coordination compounds
(metal±ligand units), which eventually act as inorganic
supramolecular synthons.


Results and Discussion


Synthesis and properties of the investigated compounds :
Mixing equimolar quantities of an EtOH/MeCN solution of
MCl2¥xH2O (M=CoII, x=6; M=ZnII, x=0) and appropriate
ligand (L1±L5) at room temperature, resulted in the forma-
tion of desired new compounds [(L2)CoCl2] (1), [(L


1)ZnCl2]
(4), [(L3)ZnCl2] (5), and [(L


5)ZnCl2] (6). In each case, X-
ray±quality crystals were readily obtained (Table 1). Each


Table 1. Crystallographic data for [(L2)CoCl2] (1), [(L
3)ZnCl2] (4), [(L


1)ZnCl2] (5), and [(L
5)ZnCl2] (6).


1 4 5 6


empirical formula C11H13N3Cl2Co C9H9N3Cl2Zn C13H13N5Cl2Zn C14H17N3Cl2Zn
formula weight 317.07 295.46 375.55 363.58
crystal system triclinic monoclinic triclinic monoclinic
space group P1≈ (no. 2) P21/c (no. 14) P1≈ (no. 2) P21/n (no. 14)
a [ä] 8.113(3) 12.241(2) 8.519(5) 8.662(3)
b [ä] 8.228(1) 7.487(5) 8.833(5) 11.497(2)
c [ä] 10.727(5) 14.001(3) 11.580(5) 15.478(4)
a [8] 76.35(4) 79.460(5)
b [8] 76.90(4) 113.35(6) 69.940(5) 95.99(3)
g [8] 75.99(3) 70.940(5)
volume [ä3] 664.1(4) 1178.1(8) 771.2(7) 1533.0(7)
Z 2 4 2 4
1calcd [gcm


�3] 1.586 1.666 1.617 1.575
m [mm�1] 1.674 2.507 1.938 1.943
F(000) 322 592 380 744
crystal size [mm] 0.5î0.2î0.1 0.2î0.3î0.2 0.3î0.3î0.2 0.4î0.3î0.3
diffractometer Enraf Nonius MACH2 Siemens P4 Siemens P4 Siemens P4
q range for data collect. 1.99±24.998 1.81±27.508 1.88±24.998 2.21±24.988
reflections collected 2520 2833 2899 2431
independent reflect. (Rint) 2338 (0.0162) 2709 (0.0610) 2702 (0.0289) 2242 (0.0362)
absorption correction analytical not measured not measured not measured
reflections with I>2s(I) 2000 1409 2290 1750
no. of param. 162 136 202 179
GOF on F2 1.120 0.983 1.064 1.066
final R1[a] (I>2s(I))/wR2[b] 0.0300/0.0811 0.0842/0.2102 0.0440/0.1099 0.0730/0.1930
R1[a]/wR2[b] (all data) 0.0380/0.0848 0.1651/0.2457 0.0541/0.1161 0.0927/0.2102
max./min. peak [e ä�3] 0.43/-0.28 1.70/�0.99 1.00/�0.65 1.63/�0.52


[a] R1=�(j jFo j� jFc j j )/� jFo j . [b] wR2= {�[w(F2o�F2c)
2]/�[w(F2o)


2]}1/2.
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new complex gave satisfactory microanalytical results. The
characterization data of dark blue [(L2)CoCl2] (1), which is
soluble in most common organic solvents, have already been
described.[12] The ZnII compounds are soluble in N,N-dime-
thylformamide/dimethyl sulfoxide (Me2SO) and in aqueous
MeOH. The bulk properties of each isolated complex was
further examined by its 1H NMR spectral behavior (see Fig-
ures S1±S4 in the Supporting Information).[11d,e,12, 13,16] The
only paramagnetic compound [(L2)CoCl2] (1) gives rise to
paramagnetically shifted resonances[11d,12] ranging from d~
+60 to �20 ppm relative to Me4Si. The peaks have been as-
signed in comparison with available data on complexes of
this class of ligands. Each diamagnetic compound
[(L1)ZnCl2] (4), [(L


3)ZnCl2] (5), and [(L
5)ZnCl2] (6) dis-


played clean spectra. Thus, 1H NMR spectral results con-
vincingly demonstrated that the compound present in solu-
tion corresponds to that of the observed crystal structure
(see below), excluding the possibility of having other poly-
morphs in the product of the compound in question.


Structural analysis of compounds : X-ray analysis of complex
[(L2)CoCl2] (1) indicates that the coordination environment
around Coii is pseudo-tetrahedral, with coordination from
the bidentate ligand L2 and two chloride ions (see Figure S5
in the Supporting Information). The angle between the pyr-
idyl ring and that of the pyrazole ring is �49.68, confirming
its nonplanarity.[11,14] From a study of the crystal packing dia-
gram we identify a discrete dimeric unit, as exemplified by
others in various systems with other noncovalent interac-
tions[1c,10b,17] involving intermolecular C�H¥¥¥Cl contacts (the
Co�Co distance = 6.405 ä). In the dimer the Co�Cl bond
(of two only one is involved) of one molecule is linked with
the pyridyl C�H of the other in the adjacent layer (Figure 1,


Table 2). This is an example of self-complementary hydro-
gen-bonding interactions.[1c] Notably, using pyridyl groups,
such dimers stack[18±20] with a distance of �3.650 ä (strong
p±p interactions are accepted to have values around 3.3 ä,


and weaker interactions above 3.6 ä)[18] along the b axis in a
staggered fashion (the Co�Co distance = 7.571 ä). This
stacking, with additional intermolecular C�H¥¥¥Cl secondary
interactions between dimers (pyrazole C�H), eventually
leads to the formation of a 2D network. When viewed down
the b axis a channel (5.53î2.97 ä2) is clearly seen
(Figure 1). Each Cl2 atom of a coordination module (pyra-
zole C�H) is involved in an intramolecular C�H¥¥¥Cl interac-
tion[21] as well. Furthermore, intermolecular C�H¥¥¥Cl inter-
actions between the pyrazole methyl substituent and Cl1,
and p±p stacking interactions[18±20] involving pyrazole±pyra-
zole rings (�3.678 ä) in a staggered manner (Co�Co dis-
tance = 7.854 ä; a channel of �9.00î6.52 ä2 is formed)
lead to the formation of a novel 3D network array of two al-
ternate channels (see Figure S6 in the Supporting Informa-
tion). Interestingly, in each modular unit of 1, one of the
chloride ions acts as hydrogen acceptor to three molecules
(trifurcated)[9] through C�H¥¥¥Cl interactions (Figure 1).
Careful study of the extended structure of previously re-


ported[11c] trans-octahedral [(L1)2CoCl2]¥4H2O (2) reveals
two intramolecular C�H¥¥¥Cl contacts (CH2 spacer) and two
intermolecular contacts (pyridyl C�H) to two molecules in
two different layers. These secondary interactions lead to
the formation of a molecular ™staircase∫ (Figure 2, Table 3,
the neighboring Co�Co distance is 8.854 ä). We believe the


Figure 1. View of the dimerization of [(L2)CoCl2] (1) unit, the pyridyl±
pyridyl/p±p stacking (projection down b axis), the pyrazole±pyrazole/p-p
stacking (projection down c axis), and formation of a lamellar structure
(projection down b axis). All the hydrogen atoms except those involved
in hydrogen bonding have been omitted for clarity.


Table 2. Hydrogen-bonding (C�H¥¥¥Cl) parameters for [(L2)CoCl2] (1).
D�H¥¥¥A H¥¥¥A, ä D¥¥¥A, ä D�H¥¥¥A
C1�H1¥¥¥Cl2 2.543[i] 3.575[i] 159.648 [i]


C10�H10C¥¥¥Cl2 2.886 3.632 126.338
C11�H11A¥¥¥Cl2 2.678[ii] 3.756[ii] 177.198 [iii]


C11�H11C¥¥¥Cl1 2.734[iv] 3.740[iv] 154.848 [iv]


Symmetry codes: [i] 1�x, 2�y, 1�z ; [ii] x, 1+y, z ; [iii] x, �1+y, z ;
[iv] �x, 1�y, 2�z.


Figure 2. Water tetramer connecting four inorganic supramolecular syn-
thons, trans-[(L1)2CoCl2] in [(L


1)2CoCl2]¥4H2O (2) through C�H¥¥¥O and
O�H¥¥¥Cl hydrogen-bonding interactions. All the hydrogen atoms except
those involved in hydrogen bonding have been omitted for clarity.
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formation of such a novel molecular ™staircase∫ is due to
the presence of the trans-octahedral structure of the inor-
ganic supramolecular synthon [(L1)2CoCl2]. Most interest-
ingly, the crystal-packing diagram of 2 reveals the existence
of water tetramers (Table 4),[22] which was not appreciated


earlier.[11c] Furthermore, these water tetramers provide sites
for additional hydrogen-bonding interactions, C�H¥¥¥O (pyr-
idyl C�H; CH2 spacer; pyrazole C�H) and O�H¥¥¥Cl. There-
by they act as ™molecular clips∫[23] to stitch two adjacent mo-
lecular staircases, affording novel 3D supramolecular net-
works resembling ™stitched staircases∫ (Figure 3). Notably,
in each modular unit of 2 both the chloride ions act as hy-
drogen acceptors to three molecules (trifurcated)[9] through
C�H¥¥¥Cl and O�H¥¥¥Cl interactions.


Re-examination the structure (see Figure S7 in the Sup-
porting Information) of distorted square-pyramidal (t=
0.16)[24] [(L4)CuCl2] (3) reveals the existence of intramolecu-
lar[21] C�H¥¥¥Cl contacts (each chloride ion, present in the
equatorial plane, interacts with a CH2 spacer), which did not
attract the attention of Manoharan et al.[15]


The structure analysis of [(L1)ZnCl2] (4) shows that the
geometry at the ZnII center is pseudo-tetrahedral, with coor-
dination from the bidentate ligand L1 and two chloride ions
(see Figure S8 in the Supporting Information). Here the
angle between the pyridyl ring and the pyrazole ring is
about 59.58, confirming its nonplanarity.[11, 14] Careful study
of the crystal packing diagram again reveals a discrete di-
meric unit (the Zn�Zn distance: 7.044 ä) involving intermo-
lecular C�H¥¥¥Cl contacts, linking a Zn�Cl bond (out of two
only one is involved, the other remains as a silent ™specta-
tor∫) of one molecule with a pyridyl C�H of the other in
the same plane (Figure 4, Table 5; see also Figure 1). We be-


lieve that reduced steric congestion in [(L1)ZnCl2] (4) com-
pared to [(L2)CoCl2] (1) (that is, L


1 vs L2) is the reason
behind the availability of two mononuclear units in the
same plane. It is notable that using pyridyl groups in a stag-


Table 3. Hydrogen-bonding parameters for [(L1)2CoCl2]¥4H2O (2).


D�H¥¥¥A H¥¥¥A [ä] D¥¥¥A [ä] D�H¥¥¥A [8]
C�H¥¥¥Cl
C3�H3¥¥¥Cl1 2.822[i] 3.651[i] 133.49 [i]


C6�H6A¥¥¥Cl1 2.483[ii] 3.326[ii] 134.08 [ii]


C�H¥¥¥O
C1�H1¥¥¥O2 2.565[iii] 3.474[iii] 141.29 [iii]


C6�H6B¥¥¥O1 2.599 3.664 168.53
C7�H7¥¥¥O2 2.278 3.343 168.73
O�H¥¥¥Cl
O2�H201�Cl1 2.174[iv] 2.987[iv] 151.02[iv]


Symmetry codes: [i] 1�x, �1�y, �z ; [ii] 1�x, �y, �z ; [iii] x, y, �1+z ;
[iv] x, y, 1+z.


Table 4. Hydrogen-bonding (O¥¥¥O) parameters for [(L1)2CoCl2].4H2O
(2).


O1�O2 2.916 ä O1�O2�O1 97.928
O1�O2[i] 2.936 ä O2�O1�O2[i] 82.088


Symmetry codes: [i] 1�x, �1�y, 1�z.


Figure 3. The water tetramer linked through four trans-octahedral
[(L1)2CoCl2] units (projection down c axis) in [(L1)2CoCl2]¥4H2O (2) by
O�H¥¥¥Cl and C�H¥¥¥O hydrogen bonds (projection down a axis). All the
hydrogen atoms except those involved in hydrogen bonding have been
omitted for clarity.


Figure 4. View of the dimerization of [(L1)ZnCl2] (4) unit and the pyrid-
yl±pyridyl/p±p stacking (projection down b axis). All the hydrogen atoms
except those involved in hydrogen bonding have been omitted for clarity.


Table 5. Hydrogen-bonding (C�H¥¥¥Cl) parameters for [(L4)CuCl2] (3),
[(L1)ZnCl2] (4), [(L


3)ZnCl2] (5), and [(L
5)ZnCl2] (6).


D�H¥¥¥A H¥¥¥A [ä] D¥¥¥A [ä] D�H¥¥¥A [8]
(3)C6�H6A¥¥¥Cl 2.666 3.380 130.80
(4) C1�H1¥¥¥Cl1 2.870 3.595 135.72
(5) C7�H7¥¥¥Cl2 2.743[i] 3.633[i] 139.52[i]


C11�H11¥¥¥Cl1 2.591[ii] 3.472[ii] 138.24[ii]


(6) C7�H7B¥¥¥Cl2 2.785 3.615 133.43[iii]


Symmetry codes: [i] 1�x, 1�y, 2�z ; [ii] 1+x, y, z ; [iii] 1/2�x, 1/2+y,
1/2�z.
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gered manner, such dimers stack along the b axis (p±p
stacking distance �3.858 ä)[18±20] , leading to a 2D network
resembling a molecular ladder[25] (Figure 4). Furthermore,
the formation of multiple ladders, leading to a 3D network,
is also observed due to p±p stacking interactions[18±20] be-
tween pyrazole rings (�3.476 ä)[18±20] of adjacent ladders in
a staggered fashion along the c axis (Figure 5).


Single-crystal X-ray analysis of the complex [(L3)ZnCl2]
(5) shows that the geometry at the ZnII center is distorted
trigonal bipyramidal (t=0.737),[24] with coordination from
the tridentate ligand L3 and two chloride ions (see Figure S9
in the Supporting Information). While the angles between a
pyridyl ring and pyrazole rings are between about 59.3 and
about 60.88, the angle between two pyrazole rings is about
77.28. These data confirm its nonplanarity.[11,14] Within the
present class of compounds, the crystal packing diagram for
5 reveals a noteworthy effect. The most attractive feature of
this structure is again the dimerization of the basic coordina-
tion module [Zn(L3)Cl2] by means of a C�H¥¥¥Cl hydrogen
bond involving the pyridine C�H and Cl atom of two adja-
cent molecules. The packing also revealed extensive pyri-
dine±pyridine/p±p stacking interactions (distance =


3.616 ä)[18±20] between adjacent layers, which ultimately re-
sulted in novel closed inorganic p-cyclophanes[26] (Figure 6,
Table 5), due to C�H¥¥¥Cl hydrogen bonding. Such dimers
propagate in the ab plane (due to additional C�H¥¥¥Cl inter-
actions involving pyrazole C�H moieties) to form a channel
(5.74î8.70 ä2) when viewed down the a axis. It is worth
mentioning here that the formation of closed inorganic p-cy-
clophanes due to noncovalent interactions is not a common
phenomenon.
As seen in Figure S9 in the Supporting Information, in


the X-ray structure of [(L5)ZnCl2] (5), each Zn
II ion adopts


a distorted trigonal bipyramidal geometry (t=0.642).[24] The
ZnII ions are coordinated to three N atoms (two pyridyl ni-
trogen atoms and an aliphatic amine) from the unsymmetri-
cal ligand L4, which adopts a meridional coordination mode,
and two chloride ions. Very interestingly, the packing dia-


gram of compound 5 reveals that, in each [(L5)ZnCl2]
module, only one of two chloride ions is involved in an in-
termolecular C�H¥¥¥Cl hydrogen-bonding interaction with
the CH2 spacer of the ethylpyridyl arm of the next molecule
in the layer (see Figure 4). This leads to a 1D single helical
architecture along the c axis (Figure 7, Table 5). The neigh-


Figure 5. View of the linked ladder, the pyridyl±pyridyl/p±p stacking
(projection down c axis), and the pyrazole±pyrazole/p±p stacking interac-
tion in [(L1)ZnCl2] (4) (see also Figure 4). All the hydrogen atoms except
those involved in hydrogen bonding have been omitted for clarity.


Figure 6. a) View of the dimerization of [(L3)ZnCl2] (5) unit forming an
inorganic cyclophane ring, the pyridyl±pyridyl/p±p stacking (projection
down b axis), and b) the formation of a lamellar structure (projection
down b axis). All the hydrogen atoms except those involved in hydrogen
bonding have been omitted for clarity.


Figure 7. a) A perspective view of the formation of a single helix through
C�H¥¥¥Cl hydrogen bonding in [(L5)ZnCl2] (6). All the hydrogen atoms
except those involved in hydrogen bonding have been omitted for clarity.
b) Space-filling view of the inner channel running parallel to the helical
axis.
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boring Zn�Zn distance is 7.732 ä. In this system an inner
channel running parallel to the helical axis exists. The
design and synthesis of materials with helical structures are
challenging topics of current interest.[27] It must be remarked
that the assembly of a single helical structure as observed
here is due to a unique supramolecular event: the perfect
periodic self-assembly of a [(L5)ZnCl2] coordination motif,
held together by C�H¥¥¥Cl hydrogen bonding interactions.
We believe that the distorted trigonal bipyramidal geometry
of the metal site, with the novel secondary interaction pro-
vided by C�H¥¥¥Cl hydrogen bonding capable of imparting
directionality, has provided the required turn to generate a
helical structure. To the best of our knowledge, this is the
first example of a 1D network of a single helix fully assem-
bled by C�H¥¥¥Cl hydrogen-bonding interactions. It must be
noted that, recently, other 1D networks based on helical
structures have been reported.[28]


Rationalization of observed noncovalent interactions : The
molecular packing in the crystal structures of [(L)MIICl2]
complexes 1±6 reveals an array of weak C�H¥¥¥Cl hydrogen-
bonding interactions, intramolecular as well as intermolecu-
lar. However, additional secondary interactions such as
C�H¥¥¥O and O�H¥¥¥Cl hydrogen bonding, and p±p stacking
have also been observed to be present. In the present group
of coordination building blocks, there are four distinct types
of C�H¥¥¥Cl interactions between the metal-bound chloride
ion (acceptors) and the C�H moieties (donors) on the same
or an adjacent molecule. The identified donors are: 1) the
H4 or H6 atom of a pyridine ring, 2) the H5 atom of a pyra-
zole ring, 3) the H atom of the 3- or 5-methyl group of a
pyrazole ring, and 4) a H atom from a methylene spacer.
There are three distinct types of C�H¥¥¥O(H2) interactions:
with the H6 atom of a pyridine ring, the H atom of a CH2
spacer, and the H5 atom of a pyrazole ring. There is only
one type of O�(H2)¥¥¥Cl interaction, however. Careful analy-
sis of the supramolecular architectures noticed here
(Figure 1±7), along with the above observations, led us to
present the following hypotheses. 1) From the point of view
of charge distribution in the pyridine ring(s) present in li-
gands L1±L5, which is tuned by the withdrawal of electrons
from the ring carbon atoms towards the nitrogen atom, and
donation of electron density to the metal ion, the ring(s) is/
are deactivated. This will cause positions 4 and 6 to be elec-
tron deficient, and the C�H groups would thereby be ideally
suited to take part in C�H¥¥¥Cl hydrogen-bonding interac-
tions. 2) For pyrazole groups present in L1±L4, the electron-
deficient sites are the 3 and 5 positions. 3) It is understanda-
ble that the H atoms of -CH2- spacers in L


1±L5 are acidic
and therefore are expected to participate in C�H¥¥¥Cl hydro-
gen bonding interactions. 4) We believe that the p±p stack-
ing interactions observed in the structures of compounds 1,
4, and 5 are due to the nonplanarity[11,14] of pyridyl or pyra-
zole rings in the chosen ligands (L1±L4). This is augmented
by the Cl�M�Cl angle, which is dictated by the structural
preference of the metal ion. 5) The observation of a single
helical structure for 6 must be due to the unsymmetrical
nature of the flexible ligand L5, allowing a turn/twist neces-
sary to impart helicity.


For six-coordinate ™MCl2-∫ or ™MCl3∫-containing coordi-
nation complexes, careful analysis of C�H¥¥¥Cl hydrogen-
bonding interactions as a function of the Cl�M�Cl angle re-
veals interesting features. No intermolecular C�H¥¥¥Cl inter-
actions are found with more acute Cl�M�Cl angles; howev-
er, intramolecular interactions could be observed. In other
words, the coordination unit remains as a mononuclear unit
(within the range of H¥¥¥Cl distance considered here: 2.52±
2.95 ä), similar to that observed in cis-octahedral
[(bpc)CoCl2] (bpc=bis(picolylamino)cyclohexane. The X-
ray structure was re-examined and the Cl�Co�Cl angle
found to be about 988). However, intermolecular C�H¥¥¥Cl
interaction are seen above � 2.95 ä.[29] When the Cl�M�Cl
angle is more obtuse, such as that in the compound
[(trpy)RuCl3] (trpy=2,2’:6’,2’’-terpyridine; the Cl-Ru-Cl
bond angles are 88.17(9), 93.88(8), and 177.92(9)8), two
trans chloride ions were utilized to form the ™staircase∫/
™ladder∫-type network structure.[30a] In this compound the
other chloride ion does not take part in C�H¥¥¥Cl interac-
tions. The network topology observed for the compound
trans-octahedral [(L1)2CoCl2]¥4H2O (2) is consistent with
this hypothesis.


Conclusion


A number of C�H¥¥¥Cl distances observed in this study
(2.483±2.886 ä, Tables 2, 3, and 5) are appreciably shorter
than the sum of the van der Waals radii for the H and the
neutral Cl atoms (2.95 ä).[7] These can be classified as inter-
mediate contacts (2.52±2.95 ä; distances � 2.52 ä are
termed ™short∫).[7] These data seem to suggest that a variety
of C�H¥¥¥Cl2MII interactions identified here play a crucial
role in the stabilization of the supramolecular assemblies
observed. Individually, these intermolecular C�H¥¥¥Cl inter-
actions are clearly weak because of the low acidity of the
C�H system. A manifestation of the weakness of these in-
teractions is the ease of deformation, resulting in the wide
range of C�H¥¥¥Cl geometries observed. However, the
number of potential donors and the fact that a single chlo-
ride ion may act as a multi-acceptor system (Figure 1 and 2)
may well result in an important collective contribution to
cohesion. The arrangements in Figure 1±7 represent by far
the most versatile C�H¥¥¥Cl hydrogen bonds known. As far
as we are aware, this is the first time that C�H¥¥¥Cl interac-
tions have been explicitly cited as the structure-determining
factor in coordination complexes, leading to inorganic crys-
tal engineering. It must be remarked here that, very recent-
ly, reports on molecular packing analyses of classical coordi-
nation compounds, having M�Cl moieties, have appeared,
revealing the existence of C�H¥¥¥ClM interactions.[30]


In conclusion, we have shown how careful selection of co-
ordination units (organic ligand bound to suitable metal ion;
inorganic supramolecular synthons with distorted tetrahe-
dral, distorted square pyramidal/trigonal bipyramidal and
trans-octahedral geometry) allowed us 1) to exploit predom-
inantly C�H¥¥¥Cl noncovalent interactions, 2) to construct
supermolecules, and 3) to investigate the structure of the
final assembled network. The archetypal supramolecular
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synthon in some of the structures presented here is the
C�H¥¥¥Cl2M hydrogen-bonded dimer, formed by self-com-
plementarity of hydrogen-bond interactions. The comple-
mentarity can involve both geometric factors and a suitable
balance between the number of hydrogen-bond donors and
hydrogen-bond acceptors. These complementary supra-
molecular synthons bring molecules together and also con-
strain the relative orientation of those components, in much
the same way as metal±ligand bonds impart specific stereo-
chemistry to individual ™[(L)MIICl2]∫ molecules. The metal±
ligand effects and geometry are clear examples of the ™inor-
ganic∫ factors that affect the strength of hydrogen-bonding
interactions involving coordination complexes.
The essence of this work is expected to stimulate research


interests in the use of coordination complexes as building
blocks, in the context of inorganic crystal engineering. The
strategy described here is intended to provide a guide for
supramolecular synthesis of materials with a specific design
or function. Our ongoing efforts are aimed to address such
possibilities. However, it should be emphasized that solid-
state structures arise from a balance of a large number of in-
termolecular forces.


Experimental Section


General : Reagent or analytical grade materials were obtained from com-
mercial suppliers and used without further purification. Solvents were
dried as described previously.[11±13] Ligands L1±L5 were prepared as
before.[11±13] Elemental analyses (C, H, N) were performed by the Micro-
analysis Service Center at the Department of Chemistry, Indian Institute
of Technology Kanpur. 1H NMR spectral measurements were performed
on a JEOL-JNM-LA-400 FT (400 MHz) NMR spectrometer.


[(L2)CoCl2] (1): A solution of ligand L2 (0.08 g, 0.43 mmol) in EtOH
(5 mL) was added to CoCl2¥6H2O (0.1 g, 0.42 mmol) dissolved in EtOH
(2 mL). After the mixture had been stirred for 2 min, a deep blue micro-
crystalline solid precipitated. The solid obtained was filtered, washed
with ethanol, and dried in vacuo. X-ray quality single crystals were ob-
tained by diffusion of diethyl ether into a solution of the complex in
MeCN. Yield: 0.1 g (75%). Elemental analysis calcd (%) for
C11H13N3Cl2Co: C 41.63, H 4.10, N 13.25; found: C 41.50, H 4.20, N
13.10.


[(L1)ZnCl2] (4): A solution of ZnCl2 (0.086 g, 0.629 mmol) in MeCN
(2 mL) was added to a solution of L1 (0.1 g, 0.629 mmol) in MeCN
(2 mL). After the mixture had been stirred for 2 min, a colorless micro-
crystalline solid precipitated. The solid thus obtained was filtered,
washed with MeCN, and dried in vacuo. X-ray quality crystals were ob-
tained by slow evaporation of a MeOH solution of the complex. Yield:
0.15 g (81%). Elemental analysis calcd (%) for C9H9N3Cl2Zn: C 36.61, H
3.05, N 14.24; found: C 36.30, H 3.20, N 13.92.


[(L3)ZnCl2] (5): A solution (2 mL) of ZnCl2 (0.058 g, 0.42 mmol) in
MeCN was added to a solution (4 mL) of L3 (0.1 g, 0.42 mmol) in MeCN.
After the mixture had been stirred for 2 min, a colorless microcrystalline
solid precipitated. The solid thus obtained was filtered, washed with
MeCN, and dried in vacuo. Single crystals suitable for structural studies
were obtained by slow evaporation of a solution of the complex in a
MeOH±H2O mixture (2:1 v/v). Yield: 0.12 g (77%). Elemental analysis
calcd (%) for C13H13N5Cl2Zn: C 41.56, H 3.46, N 18.65; found: C 41.50,
H 3.50, N 18.70.


[(L5)ZnCl2] (6): A solution of ZnCl2 (0.060 g, 0.44 mmol) in MeCN
(2 mL) was added to a solution of L5 (0.1 g, 0.44 mmol) in MeCN (3 mL).
After the mixture had been stirred for 30 min the solvent was slowly
evaporated. The white solid that formed was filtered, washed with Et2O,
and dried in vacuo. Recrystallization was achieved by slow evaporation
of an aqueous solution of the complex. Yield: 0.12 g (75%). Elemental


analysis calcd (%) for C14H17N3Cl2Zn: C 46.28, H 4.68, N 11.57; found: C
45.83, H 4.48, N 11.39.


X-ray crystallography : X-ray data were collected at 293(2) K either on an
Enraf Nonius MACH2 (Indian Institute of Technology Kanpur; com-
pound 1) or on a Siemens P4 (Guru Nanak Dev University; compounds
4, 5, and 6) diffractometer, equipped with graphite-monochromated MoKa


radiation (l=0.71073 ä). Lorentz and polarization corrections were ap-
plied for all compounds. A semiempirical absorption correction was car-
ried out for compound 1. The structures were solved by direct methods
using SIR-92 and refined by full-matrix least-squares methods based on
F2 using SHELXL-97, incorporated in WINGX 1.64 crystallographic col-
lective package.[31] All non-hydrogen atoms were refined anisotropically.
In most cases hydrogen atoms were located (except for hydrogen atoms
of water molecules in the structure of 2 and in 4, hydrogen atoms were
placed geometrically) in difference maps, included in idealized positions,
and treated using riding model approximations with displacement param-
eters derived from those of the atoms to which they were bonded. C�H
distances were all normalized to the neutron-derived values (1.08 ä).[4]


Intermolecular contacts of the C�H¥¥¥Cl type with H¥¥¥Cl distances
�2.95 ä were accepted and subsequently examined with the DIAMOND
package.[32] CCDC-216153 (1), CCDC-216155 (2), CCDC-216152 (4),
CCDC-221353 (5) and CCDC-216154 (6) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12, Union Road, Cambridge CB2
1EZ, UK; fax: (+44) 1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk).
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Novel CuIII Bis-1,2-dichalcogenene Complexes with Tunable 3D Framework
through Alkaline Cation Coordination: A Structural and Theoretical Study


Xavi Ribas,[a] Joào C. Dias,[b] Jorge Morgado,[b, c] Klaus Wurst,[d] Elies Molins,[a]


Eliseo Ruiz,[e] Manuel Almeida,[b] Jaume Veciana,[a] and ConcepciÛ Rovira*[a]


Introduction


Square-planar transition-metal dithiolene complexes are
widely used as building blocks in the synthesis of molecular
conductor materials,[1] and some examples showing metallic
and superconducting properties have been described.[2] The
versatility of their oxidation states confers on them different
magnetic moments that depend on the nature of the metal
atom. These compounds usually crystallize by forming
stacks of complexes, which give rise to quasi-one-dimension-
al electronic systems. The major problem associated with
these systems is their instability at low temperatures due to
a metal-to-insulator transition caused by the Peierls distor-
tion,[3] which prevents the appearance of superconductivity.
It has been suggested that this distortion can be suppressed
at low temperatures by increasing the electronic dimension-
ality of the systems. Two strategies have been employed for
this purpose: increasing the number of peripheral sulfur
atoms associated with the ligand framework to strengthen
the intermolecular interactions through more S¥¥¥S contacts,
and changing from sulfur ligands to selenium analogues.[4]


The greater spatial extension of the Se 4d orbitals compared
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org or from the author, including average
interatomic aromatic ring distances and chalcogen±chalcogen distan-
ces (Table S1), optimized bond lengths and angles for dianionic
[Cu(pds)2]


2�, monoanionic [Cu(pds)2]
� , neutral [Cu(pds)2] and mono-


anionic [Cu(pdt)2]
� obtained from DFT calculations with the B3LYP


functional (Tables S2 and S3).


Abstract: The deprotonated form of
the ligands pyrazine-2,3-diselenol (pds)
and pyrazine-2,3-dithiol (pdt) react
with Cu(ClO4)2¥6H2O to form different
CuIII complexes Na[CuIII(pds)2]¥2H2O
(1), Li[CuIII(pds)2]¥3H2O (2), and Na-
[CuIII(pdt)2]¥2H2O (4) depending on
the countercation compound used as
deprotonating agent (NaOH, LiOH).
Two other CuIII complexes were ob-
tained by replacement of the alkali
metal cations with tetrabutylammoni-
um (TBA+), namely, TBA[CuIII(pds)2]
(3), and TBA[CuIII(pdt)2] (5). All com-
plexes were characterized by 1H and
13C NMR and IR spectroscopy, elec-
tronic absorption, elemental analysis,
cyclic voltammetry (CV), and X-ray


crystallography. Electrical conductivity
measurements on single crystals show
that these salts exhibit insulating be-
havior. The crystal structure of these
species revealed a lateral coordination
capability of the N atoms of the pyra-
zine ring of both pds and pdt ligands
towards the alkali metal ions, which
leads to the build up of a net of coordi-
native bonds, hydrogen bonds, and con-
tacts that result in the final 3D struc-
ture. Two parameters control the crys-


tal engineering of the final 3D struc-
tures: the nature of the alkali metal
countercation and the nature of the
chalcogen atom (Se/S), which allow
fine-tuning of complex 3D crystal lat-
tice. Density functional calculations
were performed on the [Cu(pds)2] and
[Cu(pdt)2] systems to investigate the
electronic structure of the complexes
and understand their electronic and
electrochemical behavior by studying
the frontier molecular orbitals. This
study also reveals whether the redox
processes take place on the ligands or
on the metal center, a question under
continuous discussion in the literature.


Keywords: alkali metals ¥ copper ¥
crystal engineering ¥ density func-
tional calculations ¥ dichalcogenate
ligands
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to the S 3d orbitals is expected to increase the interaction in
the complexes and lead not only to increased dimensionality
but also to higher electrical conductivity.[5]


In spite of more than three decades of studies, the de-
scription of the electronic structure of transition-metal di-
thiolene complexes is still a matter of ongoing debate in the
literature.[6,7] We focus our attention on the subfamily of
transition-metal complexes containing two bidentate ortho-
disubstituted aromatic ligands bearing O, N, S, Se, or a com-
bination thereof as coordinating atoms (Scheme 1).[8±17] The
rich electrochemical behavior of the latter group of com-
plexes opens the question whether the redox processes are


ligand- or metal-centered. Experimental and theoretical evi-
dence has been reported on de-aromatization of the ben-
zene rings to give an open-shell o-semiquinonate type
ligand, and the singlet diradical ground states of some neu-
tral complexes have been characterized (Schemes 1 and
2).[13] Thus, the contribution of the ligands to the HOMO


and their role upon oxidation of the complex, often referred
as innocent or noninnocent character of the ligands, is still
under discussion. Many different dithiolene-type ligands
have been studied, but only a small amount of work was de-
voted to Se-containing ligands. An o-iminoselenobenzosemi-
quinonato p radical was described in a recent paper.[17]


In this context, here we present the synthesis of four new
copper(iii) complexes of the aromatic ligands pyrazine-2,3-
diselenolate (pds2�) and pyrazine-2,3-dithiolate (pdt2�) that,
from the point of view of forming new materials, have an
additional possibility of increasing the dimensionality
through the N atoms in the pyrazine ring. Differences in 3D
supramolecular organization of the complexes in the crystal
lattice that depend on the countercation used (alkali metal
or TBA ions) and on the chalcogen atom present in the
ligand were found and will be discussed. We also discuss the
open- or closed-shell character of the aromatic ligands pds
and pdt in our copper complexes on the basis of experimen-
tal and theoretical data. These ligands represent a new
group of aromatic (pyrazine versus benzene rings) ortho-dis-
ubstituted ligands with Se or S as coordinating atoms that
broaden the scope for the electronic description of related
systems.


Results


Synthesis : Pyrazine-2,3-diselenol (pds) and pyrazine-2,3-di-
thiol (pdt) were prepared by literature procedures.[18] The
general procedure for the synthesis of [Cu(pds)2]


� and
[Cu(pdt)2]


� salts is depicted in Scheme 3. The lithium salt of
the pds complex was prepared by following the procedure
reported for the synthesis of Na[CuIII(pds)2]¥2H2O (1).[19]


Thus, the diselenolate formed by treatment of pds with
aqueous LiOH was treated with Cu(ClO4)2¥6H2O to give
the corresponding red-colored CuII complex, which was oxi-
dized with a stream of air to give dark green Li[CuIII(pds)2]¥
3H2O (2). TBA[CuIII(pds)2] (3) was obtained by cation ex-
change of 1 or 2 with an excess of TBABr. The sulfur ana-
logue Na[CuIII(pdt)2]¥2H2O (4) was prepared similarly to 1
and 2, but instead of air, addition of I2 (a stronger oxidant)
was required to obtain the CuIII complex in good yield.


Abstract in Catalan: Els lligands pirazina-2,3-diselenol (pds)
i pirazina-2,3-ditiol (pdt), en la seva forma desprotonada,
reaccionen amb Cu(ClO4)2¥6H2O per a formar diferents
complexes de CuIII, Na[CuIII(pds)2]¥2H2O (1), Li[CuIII-
(pds)2]¥3H2O (2) i Na[CuIII(pdt)2]¥2H2O (4), depenent de la
base usada com a agent desprotonant (NaOH, LiOH). S’han
obtingut dos complexes de CuIII mÿs per substituciÛ dels ca-
tions alcalins pel catiÛ tetrabutilamoni (TBA+), TBA[CuIII-
(pds)2] (3) i [CuIII(pdt)2]TBA (5). Tots els complexes han
estat caracteritzats mitjanÁant 1H i 13C RMN, espectroscÚpia
d’infrarojos, absorciÛ electrÚnica, an‡lisi elemental, estudis de
Voltametria CÌclica (VC) i cristal¥lografia de Raigs-X. Tambÿ
s’han realitzat mesures de conductivitat elõctrica en monocris-
talls de les sals estudiades, mostrant un comportament aÔllant
en tots els casos. L’estructura cristal¥lina d’aquests compostos
ha permÿs estudiar la capacitat dels atoms de N dels anells de
pirazina, en ambdÛs lligands pds i pdt, per a presentar una
coordinaciÛ lateral amb els ions alcalins, de manera que es
construeix una xarxa d’enllaÁos de coordinaciÛ, d’enllaÁos
d’hidrogen i de contactes que donen lloc finalment a l’estruc-
tura tridimensional dels compostos. Existeixen dos par‡me-
tres que controlen el fenomen d’enginyeria cristal¥lina en les
estructures 3D finals: la naturalesa del contracatiÛ alcalÌ i la
naturalesa de l’‡tom calcogen (Se/S). La seva modificaciÛ
permet el control minuciÛs de la xarxa cristal¥lina 3D dels
complexes. S’han realitzat c‡lculs DFT en els sistemes
Cu(pds)2 and Cu(pdt)2 amb l’objectiu d’investigar l’estructura
electrÚnica dels complexes i entendre el seu comportament
electrÚnic i electroquÌmic a travÿs de L’estudi dels correspo-
nents orbitals moleculars frontera. Aquest estudi tambÿ
permet saber si els processos redox tenen lloc sobre els lli-
gands o sobre el metall, una q¸estiÛ en contÌnua discussiÛ en
la bibliografia.


Scheme 1. Singlet diradical ground states of complexes [ML2] (M=Ni,
Pd, Pt).[12]


Scheme 2. Reversible oxidation states for ligands with ortho-disubstituted
aromatic rings (X=O, NH, S).
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TBA[CuIII(pds)2] (5) was prepared by following the same
methodology as for 3.


Characterization : Complexes 1±5 were characterized by
NMR, UV/Vis, and IR spectroscopy, elemental analysis, X-
ray crystallography, cyclic voltammetry (CV), and electrical
conductivity measurements.


The 1H NMR spectra show a single narrow peak, at d=


8.16 ppm for complexes 1±3 and at d=8.13 ppm for 4 and 5,
corresponding to the four aromatic pyrazine protons of the
pds and pdt moieties, respectively. The diamagnetic behavior
of the complexes agrees with a CuIII oxidation state in a
square-planar geometry leading to a d8 electronic configura-
tion. Indeed, the CuII/CuIII redox couple appears in the
cyclic voltammogram as a quasireversible wave at E1/2=


�0.54 V for 1 and 3, �0.52 V for 2, �0.30 V for 4, and
�0.33 V for 5. The very low potentials of the redox process-
es in these Cu compounds (especially 1±3), show the capa-
bility of the pyrazine dichalcogenate ligands to stabilize the
+3 oxidation state of the Cu center. This hypothesis is sup-
ported by the observation that complexes 1 and 2 are simply


obtained by air oxidation of the corresponding red CuII spe-
cies. Although complex 4 can also be obtained by air oxida-
tion, the yield is very poor, and therefore the addition of a
stronger oxidant such as I2 is mandatory to obtain the de-
sired CuIII species in good yield.


The UV/Vis/NIR spectra of 1±3 and 5 in CH3CN and of 4
in acetone show an intense band at about 380 nm (e�
40000±50000 cm�1


m
�1) and weaker bands in the visible and


near-infrared region at 536 nm (650 cm�1
m


�1) and 1020 nm
(195 cm�1


m
�1) for 4 and 5, and at 596 nm (950 cm�1


m
�1) and


920 nm (120 cm�1
m


�1) for 1±3. The shifts observed in the ab-
sorption band when Se is replaced by S are discussed in the
next section.


Electrical conductivity measurements on single crystals of
complexes 1, 2, and 4, in which well-segregated stacks of
complexes are observed, revealed insulating behavior, with
sRT<10�6 Scm�1 in all cases.


Structural analysis


Li[CuIII(pds)2]¥3H2O (2): Complex 2 was characterized as a
square-planar CuIII complex by NMR spectroscopy and X-
ray diffraction (see Table 1 for crystal data) on a black
needle-shaped single crystal obtained by slow diffusion of
diethyl ether into a solution of the compound in acetonitrile.


The asymmetric unit contains two pds ligands, one Li
atom, three water molecules in general positions, and two
half Cu atoms located at symmetry centers. The ORTEP
plot of the anion [CuIII(pds)2]


� (Figure 1) shows a square-
planar geometry around the Cu center for the two crystallo-
graphically independent complex units, in one of which the
N1 atom of each pds moiety is coordinated to a Li atom,
whereas in the second complex unit, the N3 and N4 atoms
exhibit short contacts with water molecules. All Cu�Se bond
lengths are close to 2.30 ä (see Table 2). However, as shown
in Figure 1, a small distortion is observed in the planarity of
the complex in which Li is coordinated to the pds moieties:


Scheme 3. Synthesis of complexes 1±5.


Table 1. Crystal data and structure refinement of complexes 1±5.


Na[CuIII(pds)2]¥2H2O (1)[b] Li[CuIII(pds)2]¥3H2O (2) TBA[CuIII(pds)2] (3) Na[CuIII(pdt)2] ¥2H2O (4) TBA[CuIII(pdt)2] (5)


formula C8H8CuN4NaO2Se4 C8H10CuN4LiO3Se4 C24H40CuN5Se4 C8H8CuN4NaO2S4 C24H40CuN5S4


Mr 594.55 596.52 777.99 406.95 590.39
crystal system monoclinic monoclinic monoclinic monoclinic monoclinic
space group P21/c P21/n P21/c P21/c P21/c
a [ä] 4.0446(2) 8.0852(2) 18.2338(5) 3.8400(2) 9.315(4)
b [ä] 15.7964(9) 15.3528(5) 9.8625(3) 15.4075(7) 18.816(6)
c [ä] 11.6721(6) 12.8314(4) 17.5144(4) 11.5400(9) 17.086(4)
b [8] 91.563(3) 90.232(2) 106.932(1) 92.600(4) 94.57(2)
V [ä3] 745.45(7) 1592.75(8) 3013.10(14) 682.06(7) 2985.2(17)
Z 2 4 4 2 4
1calcd [gcm


�3] 2.649 2.488 1.715 1.982 1.314
crystal size [mm] 0.40î0.12î0.08 0.40î0.20î0.20 0.40î0.20î0.10 0.15î0.06î0.04 0.5î0.32î0.29
T [K] 233(2) 243(2) 233(2) 233(2) 294(2)
l(MoKa) [ä] 0.71073 0.71073 0.71073 0.71073 0.71073
m [mm�1] 11.262 10.522 5.578 2.247 1.033
reflections collected 4047 8220 16171 3094 5431
independent reflections 1452 (Rint=0.0585) 2499 (Rint=0.0481) 4723 (Rint=0.0780) 956 (Rint=0.0517) 5245 (Rint=0.0678)
GOF on F2 1.067 1.093 1.044 1.148 1.031
R/Rw


[a] 0.0290/0.0644 0.0280/0.0683 0.0345/0.0797 0.0392/0.0733 0.0598/0.1597


[a] R=� jFo�Fc j /�Fo, Rw= {�[w(F2
o�F2


c)
2]/�[w(F2


o)
2]}1/2, where w=1/[s2{F2


o+ (aP)2+bP], P= (F2
o+2F2


c)/3, and a and b are constants given in the Support-
ing Information. [b] See complete crystallographic description in ref. [19].
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both pyrazine rings are twisted in the same direction per-
pendicular to the long axis of the complex with respect to
the CuSe4 plane (torsion angle N-C-Se-Cu ca. 1778). This de-
viation from planarity can be explained by the coordination
of the nitrogen atoms of the pyrazine rings to the Li+ coun-
terion and by the existence of short S¥¥¥H�C contacts that
twist the central and outer parts of the complex in opposite
directions (similar to the sodium salt 1).[19] In contrast, in
the Li-free complex the rings are twisted in opposite direc-
tions parallel to the long axis of the complex with respect to


the CuSe4 plane, in the fashion of a chair conformation (tor-
sion angle Se3-Cu2-Se4’-C6’ ca. 1768, see also Figure 2b).


As can be seen in Figure 2, the unit cell contains four
[Cu(pds)2]


� units with their long axis roughly perpendicular
to each other in a packing similar to that found in the corre-


sponding Na compound 1.[19] The Li-coordinated and unco-
ordinated anionic complexes alternate along the a axis to
form tilted regular stacks with an average distance between
stacked units of 3.6 ä. The angle between the stacking axis
a and the average Cu(pds)2 plane is 278 for Li-coordinated
units and 308 for the noncoordinating units. In the stacks,
Li-coordinated and uncoordinated complexes are skewed
with lateral offset values of about 1.1 ä for the long axis of
the complex and about 2.1 and 0.7 ä for the short axis
(taking into consideration the skewed packing), as shown in
Figure 2b and c.


In contrast to the octahedrally coordinated Na atoms
(two N and four O atoms) in salt 1, the lithium ions in 2 are


Figure 1. ORTEP plot of the stacked molecules of Li[CuIII(pds)2]¥3H2O
(2) in a lateral (a) and parallel (b) view to the CuSe4 plane of the anion
containing Cu1. Note that the two Li+ are coordinated to only one com-
plex.


Table 2. Selected bond bengths [ä] and angles [8] for Li[CuIII-
(pds)2]¥3H2O (2).


Cu1�Se1 2.2990(5) Cu2�Se3 2.2991(5)
Cu1�Se2 2.3086(5) Cu2�Se4 2.3066(5)
Se1�C1 1.887(5) Se3�C5 1.895(5)
Se2�C2 1.882(5) Se4�C6 1.879(5)
Li1�N1 2.131(10) Li1�O1 1.946(11)
Li1�O2 1.957(10) Li1�O3 1.900(11)
Cu1¥¥¥Cu2 4.0426(2) Li1-Li1’ 4.619(20)
Se1-Cu1-Se1’ 180 Se1-Cu1-Se2’-C2’ �179.3(2)
Se2-Cu1-Se2’ 180 Se2-Cu1-Se1’-C1’ �178.4(2)
Se3-Cu1-Se3’ 180 Se3-Cu2-Se4’-C6’ 176.8(2)
Se4-Cu1-Se4’ 180 Se4-Cu2-Se3’-C5’ �175.5(2)
Se1-Cu1-Se2 93.097(18) Se1-C1-C2-N2 174.7(4)
Se1-Cu1-Se2’ 86.903(18) Se2-C2-C1-N1 175.1(4)
Se3-Cu1-Se4 92.681(18) Se3-C5-C6-N4 177.6(4)
Se3-Cu1-Se4’ 87.319(18) Se4-C6-C5-N3 177.9(4)
O1-Li1-N1 108.2(5) N1-C1-Se1-Cu1 �176.5(4)
O2-Li1-N1 103.1(4) N2-C2-Se2-Cu1 �176.8(4)
O3-Li1-N1 115.5(5) N3-C5-Se3-Cu2 �175.7(4)
O2-Li1-O1 112.1(5) N4-C6-Se4-Cu2 178.3(4)
O3-Li1-O1 113.9(5)
O3-Li1-O2 103.5(5)


Figure 2. Crystal structure of Li[CuIII(pds)2]¥3H2O (2). a) View along the
stacking axis a. b) Stack of complex units viewed along the shortest axis
of the complex. c) Parallel stacks of anions viewed along the longest axis
with alternating Li coordination.
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coordinated only by one N from one [Cu(pds)2]
� ion and


three O atoms from water molecules. Thus, lithium cations
have tetrahedral geometry and, differently from the sodium
salt 1, one-dimensional chains are formed by hydrogen
bonding (Figure 3). In the Li salt, two O�H¥¥¥O�H hydrogen
bonds (O2�H2b¥¥¥O1 2.085 ä, q=169.58 ; O3�H3a¥¥¥O2
2.074 ä, q=173.58) are present between water molecules
coordinated to different Li cations along a and between the
parallel stacks of [Cu(pds)2]


� complexes (the Li�Li distance
is 4.619 ä; see Figure 2c and Figure 3). Therefore, pds moi-


eties act as bidentate (two Se atoms coordinated to Cu) or
tridentate (two Se atoms coordinated to Cu and one N atom
coordinated to Li) ligands in the two crystallographically in-
dependent complex units.


Moreover, stacks of Li-coordinated [Cu(pds)2]
� complexes


with roughly perpendicular orientation are connected
through two different hydrogen bonds. Each [Cu(pds)2]


�


unit exhibits two Se¥¥¥H�C contacts (Se1¥¥¥H4�C4 3.015 ä,
q=1558)[20] between the H atoms of the pds ligand and the
closest Se atoms of the perpendicular complexes of the
neighboring stacks. At the same time each complex shows
two strong N¥¥¥H�OH hydrogen bonds (N2¥¥¥H�O 1.948 ä,
q=1768)[21] between the uncoordinated N atom and the H
atom of a water molecule that belongs to the coordination
sphere of the Li atom. In the case of Li-uncoordinated
[Cu(pds)2]


� complexes, two Se¥¥¥H�C contacts (Se3¥¥¥H8�C8
3.039 ä, q=1508) are also observed, and four strong
N¥¥¥H�OH hydrogen bonds (N3¥¥¥H�O 1.935 ä, q=1798 ;
N4¥¥¥H�O 2.069 ä, q=1598) are found between the four un-
coordinated N atoms and the H atoms of water molecules.
Together all of the above interactions create the 3D frame-
work of the entire structure.


The structure is strongly held together thanks to the coor-
dination of lithium by two N atoms of the same complex
unit and multiple hydrogen bonds between Se and aromatic
H atoms of the anion and between N and H(water). The
stacks of anions are segregated and skewed, and lithium and
water molecules form a type of infinite chain that differs
from that of the sodium complex 1[19] (hydrogen-bond


network in 2 versus a pure Na±water coordination chain
in 1).


TBA[CuIII(pds)2] (3): Complex 3 was characterized as
square-planar CuIII complex by NMR spectroscopy and
single-crystal X-ray diffraction (see Table 1 for crystal data)
on a black block-shaped crystal obtained by recrystallization
from diethyl ether/acetonitrile.


The asymmetric unit contains two pds ligands and one
TBA cation in general positions, and two half Cu atoms lo-
cated at symmetry centers. The ORTEP plot of the anion
fragment [CuIII(pds)2]


� (Figure 4) shows a square-planar ge-


ometry around the Cu center in the two crystallographically
independent complex units, which have very similar bond
lengths and angles (see Table 3). All the Cu�Se bond
lengths are close to 2.30 ä (see Table 3). However, as shown
in Figure 4, a small distortion from planarity of the whole
complex is observed in which the rings are twisted in the di-
rection parallel to the long axis of the complex with respect


Figure 3. Supramolecular infinite chain formed by the hydrogen-bond
network between water molecules coordinated to different Li atoms in 2.
Note the tetrahedral O3N coordination environment of Li centers.


Figure 4. ORTEP plot of the two crystallographically different
[CuIII(pds)2]


� monoanions for complex TBA[CuIII(pds)2] (3) in perpendic-
ular (a, c) and parallel (b, d) views to the CuSe4 plane, respectively.
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to the CuSe4 plane, in a chair-conformation motif (torsion
angles Se1-Cu1-Se2’-C2’ ca. 1758, Se3-Cu2-Se4’-C6’ ca.
1728).


As shown in Figure 5, the unit cell contains four
[Cu(pds)2]


� units with their long axis roughly perpendicular
to each other. There are no close contacts between the mono-


anions, which are surrounded by TBA cations. Several hy-
drogen bonds are observed between Se and N atoms of the
anions and aliphatic C�H bonds of lateral butyl groups of
TBA cations. These anionic complexes form two types of
layers: TBA cations alternate between the anionic com-
plexes in one layer (anions with a more evident chair con-
formation), whereas in the other layer anions are packed in
a zig-zag parallel mode with N¥¥¥N, Se¥¥¥N, and Se¥¥¥Se con-
tacts not shorter than 3.776, 4.125, and 5.925 ä, respectively
(anions with smaller chair distortion). Short C�H¥¥¥H�C
contacts are also found between butyl groups of adjacent
TBA cations.


Na[CuIII(pdt)2]¥2H2O (4): Complex 4 was characterized as a
square-planar CuIII complex by NMR spectroscopy and X-
ray diffraction (see Table 1 for crystal data) on a black
needle-shaped single crystal obtained by slow diffusion of
diethyl ether into a solution of the compound in acetonitrile.


The asymmetric unit contains one pds ligand and one
water molecule in general positions, and half Cu and Na
atoms at symmetry centers. The ORTEP plot of the anion
fragment [CuIII(pdt)2]


� (Figure 6) shows square-planar ge-


ometry around the Cu center, with Cu�S bond lengths close
to 2.18 ä. However, as shown in Figure 6b, a small distor-
tion is observed in the planarity of the complex, in which
both pyrazine rings are twisted in the same direction with
respect to the CuS4 plane (torsion angle N-C-S-Cu ca. 1768).
This deviation from planarity can be explained similarly to
that of the selenium analogue 1, by coordination of the ni-
trogen atoms of the pyrazine rings to the Na+ counterion
and by the existence of short S¥¥¥H�C contacts that twist the
central and outer parts of the complex in opposite direc-
tions. Bond lengths and angles are listed in Table 4.


As shown in Figure 7, the unit cell contains two
[CuIII(pdt)2]


� units with their long axes almost perpendicular
to each other. These anionic complexes form tilted regular
stacks along the a axis with an average distance between
stacked units of 3.45 ä. The angle between the stacking axis
a and the average Cu(pdt)2 plane is 278. Lateral offset
values of adjacent complexes in the stack of about 1.1 and
about 1.5 ä for the long and short axes of the complex, re-
spectively, are also observed (see Figure 7b and c). The crys-
tal packing of 4 is similar to that of the Li salt 2 and almost
identical to that of the Na salt 1.[19]


The sodium ions are coordinated by two nitrogen atoms
from two [CuIII(pdt)2]


� ions with parallel orientation, and
four oxygen atoms of water molecules. Thus, one-dimension-
al chains of alternating Na ions and two water molecules
along a are formed between the parallel stacks of
[CuIII(pdt)2]


� complexes (Figure 8).


Table 3. Selected bond lengths [ä] and angles [8] for TBA[CuIII(pds)2]
(3).


Cu1�Se1 2.3065(5) Cu2�Se3 2.3049(4)
Cu1�Se2 2.3023(4) Cu2�Se4 2.3010(4)
Se1�C1 1.897(4) Se3�C5 1.899(4)
Se2�C2 1.888(4) Se4�C6 1.900(4)
Cu1¥¥¥Cu2 9.1169(3)
Se1-Cu1-Se1’ 180.0 Se3-Cu2-Se4’-C6’ �171.2(1)
Se2-Cu1-Se2’ 180.0 Se4-Cu2-Se3’-C5’ 172.0(1)
Se3-Cu1-Se3’ 180.0 Se1-C1-C2-N2 177.8(3)
Se4-Cu1-Se4’ 180.0 Se2-C2-C1-N1 178.9(3)
Se1-Cu1-Se2 92.971(16) Se3-C5-C6-N4 179.3(3)
Se1-Cu1-Se2’ 87.029(16) Se4-C6-C5-N3 177.9(3)
Se3-Cu1-Se4 92.309(15) N1-C1-Se1-Cu1 176.6(3)
Se3-Cu1-Se4’ 87.691(15) N2-C2-Se2-Cu1 �174.4(3)
Se1-Cu1-Se2’-C2’ �174.7(1) N3-C5-Se3-Cu2 174.8(3)
Se2-Cu1-Se1’-C1’ 175.3(1) N4-C6-Se4-Cu2 �173.1(3)


Figure 5. Crystal packing of TBA[CuIII(pds)2] (3) in a view along the b
axis.


Figure 6. ORTEP plot of the monoanion [CuIII(pdt)2]
� in Na[CuIII(pd-


t)2]¥2H2O (4) in perpendicular (a) and parallel (b) views to the molecular
plane.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 1691 ± 17041696


FULL PAPER C. Rovira et al.



www.chemeurj.org





In addition, stacks of [CuIII(pdt)2]
� complexes with per-


pendicular orientation are connected through two different
hydrogen bonds. Each [CuIII(pdt)2]


� unit has four short
S¥¥¥H�C contacts (S1¥¥¥H3�C3 2.873 ä, q=1638 ; S2’¥¥¥H4�C4
2.985 ä, q=1298)[20] between the H atoms of the pdt ligand
and the closest S atoms of the perpendicular complexes of
the neighboring stacks. At the same time each complex
shows two moderately strong N¥¥¥H�OH hydrogen bonds
(N2¥¥¥H�O 2.142 ä, q=1468)[21] between the uncoordinated


N atom and the H atom of a water molecule that belongs to
the coordination sphere of the Na atom. All these interac-
tions create the 3D framework of the whole structure.


The structure is strongly maintained thanks to the coordi-
nation of sodium by two N atoms of different anion moiet-
ies, S¥¥¥H�C contacts, and multiple hydrogen bonds between
anion S and aromatic H atoms, N and H(water), S and
H(water), and so on. The stacks of anions are segregated,
and the sodium and water molecules can be regarded as an
infinite ¥¥¥Na-(m-Oaq)2-Na-(m-Oaq)2¥¥¥ chain with an Na�Na
distance of 3.8400(2) ä, as depicted in Figures 7c and 8b.
Therefore, each pdt moiety acts as a tridentate ligand with
two S atoms coordinated to Cu and one N atom coordinated
to Na.


TBA[CuIII(pdt)2] (5): Complex 5 was characterized as a CuIII


complex by NMR spectroscopy and X-ray diffraction (see
Table 1 for crystal data) on a black block-shaped single crys-
tal obtained by slow diffusion of diethyl ether into a solution
of the compound in acetonitrile.


The asymmetric unit contains one [CuIII(pdt)2]
� mono-


anionic complex unit and one TBA cation in general posi-
tions. The ORTEP plot of the anion fragment [CuIII(pdt)2]


�


(Figure 9) shows a distorted square-planar geometry around
the Cu atom, with crossed S-Cu-S angles close to 1708 (see
Table 5). All Cu�S bond lengths are close to 2.18 ä (see
Table 3). The CuS4 atoms do not lie in the same plane as
shown in Figure 9, and the two pds moieties are twisted with
an average angle of 58 (see Table 5).


As shown in Figure 10, the unit cell contains four
[CuIII(pdt)2]


� units with their long axes roughly perpendicu-
lar to each other. The monoanions are almost surrounded


Table 4. Selected bond lengths [ä] and angles [8] for [CuIII(pdt)2]¥2H2O
(4).


Cu1-S1 2.1810(11) Na1-N1 2.594(4)
Cu1�S2 2.1833(12) Na1�O1(eq) 2.482(4)
S1�C1 1.742(5) Na1�O1(ax) 2.651(4)
S2�C2 1.732(5) Na1¥¥¥Na1’ 3.8400(2)
Cu1¥¥¥Cu1 3.8400(2)
S1-Cu1-S2 92.39(4) N1-Na1-O1(ax)’ 91.31(12)
S1-Cu1-S1’ 180.0 O1(ax)-Na1-O1(eq)’ 81.85(14)
S1-Cu1-S2’ 87.61(4) O1(ax)-Na1-O1(eq) 98.15(13)
S2-Cu1-S2’ 180.0 S2-C2-C1-N1 173.6(3)
O1(eq)-Na1-O1(eq) 180.0 S1-C1-C2-N2 174.5(3)
N1-Na1-O1(eq) 92.13(13) N1-C1-S1-Cu1 �175.2(3)
N1-Na1-O1(eq)’ 87.87(13) N2-C2-S2-Cu1 �177.1(3)
N1-Na1-O1(ax) 88.69(12)


Figure 7. Crystal structure of Na[CuIII(pdt)2]¥2H2O (4). a) View along the
stacking axis a. b) Stack of complex units viewed along their shortest
axis. c) Parallel stacks of complex units viewed along their longest axis
and connected by Na coordination.


Figure 8. a) Octahedral N2O4 coordination environment of Na centers in
4. b) Infinite chain of -Na-(m-Oaq)2-Na-(m-Oaq)2- atoms along the molecu-
lar stacking axis a.
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by tetrabutylammonium cations but, distinct from TBA-
[CuIII(pds)2] (3), two important N1¥¥¥H10�C10 hydrogen
bonds (2.740 ä, 134.08) are found, resulting in the formation
of pairs of staggered parallel anions (Figure 10). In this case
several hydrogen bonds are also observed between S and N
atoms of the anions and aliphatic C�H bonds of lateral
butyl groups of TBA cations. The pairs of parallel anion
complexes alternate with other pairs in a perpendicular
packing motif. However, the closest Cu¥¥¥Cu distance is
8.313 ä due to the intermediate TBA cations (along the c
axis). Short C�H¥¥¥H�C contacts are also found between
butyl groups of adjacent TBA cations.


Discussion


Structural comparison : The crystal structure of Na[CuIII(pd-
s)2]¥2H2O (1)[19] showed that the N atoms of the aromatic
rings of the pds ligand are in fact open coordination posi-
tions that become crucial in the construction of the crystal


packing. Therefore, we used two strategies to explore this
phenomenon: first, we decided to synthesize the same com-
plexes but with different counterions, either another alkali
metal cation or bulky, noncoordinating cations such as
TBA+ . We also considered reducing the global volume of
the complex, and hence attempted synthesize more compact
structures by using the S-containing pdt ligand.


Comparison of the structures allows the influence of the
bulkiness of the chalcogen atoms on the 3D crystal structure
to be studied. It can be concluded that Na[CuIII(pdt)2]¥2H2O
(4) has the most compact structure, in which intermolecular
distances are shorter (3.45 ä), as is the Na¥¥¥Na distance
(3.840(5) ä). In the selenium analogue Na[CuIII(pds)2]¥
2H2O (1) both the intermolecular distances (3.56 ä) and
the Na¥¥¥Na distance (4.0446(2) ä) are larger,[19] in agree-
ment with the bulkiness of Se compared to S. Indeed, the
compactness of the structure of 4 is not only reflected in the
shorter intermolecular distances but also in the one-dimen-
sional ¥¥¥Na-(m-Oaq)2-Na-(m-Oaq)2¥¥¥ chains, and specifically in
the distortion of the octahedral geometry around the alkali
metal ion. Thus, axially distorted Na�Oax bond lengths are
2.97 ä for 1, but only 2.65 ä for 4 due to the compact struc-
ture of the latter salt. The unit cell parameters also reflect
the same behavior, being slightly smaller for 4 (see Table 1).


In contrast, with the selenium ligand analogue and lithium
as counterion, that is, Li[CuIII(pds)2]¥3H2O (2), the smaller
size of lithium compared to sodium sterically precludes the
formation of one-dimensional ¥¥¥Li-(m-Oaq)2-Li-(m-Oaq)2¥¥¥
chains similar to those formed with sodium.[19] Furthermore,
the smaller atomic size of lithium favors a tetrahedral in-
stead of a octahedral geometry around the alkali metal
cation. Nevertheless, an Li±H2O network, mediated by hy-
drogen bonds also forms a one-dimensional supramolecular
chain that stabilizes the structure, in a similar manner to 1
and 4.


The use of alkali metal ions in the synthesis of complexes
with potential coordination positions (e.g., aromatic N) in
the ligand backbone completely modifies the 3D framework


Figure 9. ORTEP plot of the monoanion [CuIII(pdt)2]
� in [CuIII(pdt)2]-


TBA (5) in perpendicular (a) and parallel (b) views to the molecular
plane.


Table 5. Selected bond lengths [ä] and angles [8] for [CuIII(pdt)2]TBA
(5).


Cu1�S1 2.1751(18) Cu1�S3 2.1749(18)
Cu1�S2 2.179(2) Cu1�S4 2.179(2)
S1�C1 1.726(7) S3�C3 1.733(7)
S2�C2 1.747(6) S4�C4 1.724(7)
Cu1¥¥¥Cu1’ 8.313 (7)
S1-Cu1-S2 92.61(7) S4-Cu1-S1-C1 172.0(2)
S1-Cu1-S3 170.23(8) S1-C1-C2-N2 178.2(2)
S1-Cu1-S4 87.40(8) S2-C2-C1-N1 177.6(2)
S2-Cu1-S3 88.94(7) S3-C3-C4-N4 177.9(2)
S2-Cu1-S4 170.27(7) S4-C4-C3-N3 177.5(2)
S3-Cu1-S4 92.70(7) N1-C1-S1-Cu1 179.4(2)
S1-Cu1-S4-C4 161.9(2) N2-C2-S2-Cu1 �177.2(2)
S2-Cu1-S3-C3 177.6(2) N3-C3-S3-Cu1 175.5(2)
S3-Cu1-S2-C2 167.1(2) N4-C4-S4-Cu1 �172.6(2)


Figure 10. Crystal packing of complex [CuIII(pdt)2]TBA (5) in a perpen-
dicular view to the molecular plane. H atoms of TBA are omitted for
clarity.
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of the crystal. This fact is highlighted if we compare the
structures of the TBA salts with those of the alkali metal
salts with either the selenium or sulfur ligands. In TBA-
[CuIII(pds)2] (3), the monoanionic complexes are isolated by
the bulky TBA+ cations, and no short contacts or hydrogen
bonds are detected between the anions. Similarly, the crystal
structure of [CuIII(pdt)2]TBA (5) also does not exhibit segre-
gated stacks of anions. Instead, and in contrast to the Se an-
alogue 3, hydrogen-bonded stabilized pairs of [CuIII(pdt)2]


�


ions are present, thanks to two interactions between N and
C�H of the aromatic ring.


Copper(iii) generally exhibits square-planar geometry,[22a]


although square-pyramidal[23] and octahedral geometries
have also been reported.[24] The coordination geometry for
Cu in complexes 1 and 2 is mainly square-planar but two Se
atoms also interact weakly (Cu¥¥¥Se ~3.5±3.6 ä) in an axial
positions along the stacking axis. Therefore, an axially elon-
gated octahedral geometry could also be envisioned for this
system. A similar situation is found in complex 4, with an
axial Cu¥¥¥S interaction of 3.46 ä. Complexes 3 and 5 have
square-planar and distorted square-planar geometry around
Cu, respectively.


Electronic structure : The metal bis-1,2-diselenolene com-
plexes reported here resemble the square-planar, diamag-
netic transition metal complexes containing two bidentate li-
gands derived from o-catecholates,[8] o-phenylenediamines,[9]


o-benzodithiolates,[10,11] o-aminophenolates,[12±15] o-amino-
thiophenolates[16] and o-amidochalcogenophenolates.[17]


Therefore, the characterization of the electronic structure is
a key issue, and the question of describing the diselenolene
ligand as an innocent or noninnocent ligand has to be ad-
dressed.[12] Wieghardt et al. support the idea that structural
and spectroscopic criteria are suitable for establishing the
oxidation state of the metal ions and ligands, and they have
devoted much effort to the characterization of the semiquin-
onate-type ligands in these systems, from cationic to anionic
species, and especially the so-called diradical character for
neutral species (see Scheme 1).


In general, the open-shell semiquinonate type ligands
(Scheme 2) display a typical pattern of three alternating
short±long±short C�C bond lengths, whereas in closed-shell
aromatic ligands, which may be present in dianionic, monoa-
nionic, or neutral species, the six C�C bonds of the phenyl
entity are equivalent. In compounds 1±5 studied here, well-
resolved crystal structures do not indicate a short±long±
short pattern for pds or pdt ligands (see Table S1 in the Sup-
porting Information). Another important structural feature
usually observed is shortening of the C�X bond (X=O, N,
S) by about 0.04 ä which indicates formation of the monoa-
nionic p-radical o-semiquinonato species.[25] In selenium-
containing complexes 1±3, the average C�Se distance is
1.89 ä, which is 0.01 ä longer than in trans-[Ni(-SeC6H4-o-
NH-)2]


� , which was characterized as a delocalized o-amido-
selenophenolate(2�)/o-iminoselenobenzosemiquinonate(1�)
p radical.[17] In sulfur-containing complexes 4 and 5, the
average C�S distance is 1.74 ä, which is again 0.01 ä longer
than that observed in the delocalized phenolate/semiquino-
nate complex trans-[Ni(-SC6H4-o-NH-)2]


� , and 0.02 ä longer


than in N,S-coordinated trans-[Ni(LISQ)2], characterized as a
bis[o-iminothiobenzosemiquinonate(1�)] p radical complex.
The structural description of our systems resembles much
more closely that of [Fe(bdt)2(PMe3)],


[26] in which the bdt2�


(1,2-benzenedithiolate) ligand was characterized as an inno-
cent ligand, and it was concluded that oxidative processes
occur on the FeS4 unit and do not extend to the aromatic
moieties.


X-ray crystallography is again a good method to deduce
the oxidation state of the metal by focusing on the Cu�Se
and Cu�S bond lengths, as they are shorter for higher oxida-
tion states. The Cu�Se bond lengths in 1±3 are roughly
2.30 ä, about 0.11 ä shorter than Cu�Se bond lengths in
CuII selenium coronands.[27] In complexes 4 and 5, the Cu�S
bond lengths are 2.18 ä, about 0.10 ä shorter than those of
other CuII bis-dithiolene complexes.[22a,28] The latter structur-
al changes also argue in favor of an important contribution
of the metal to the oxidative processes of complexes 1±5.


Cyclic voltammetry on compounds containing bidentate
ortho-disubstituted aromatic ligands usually show a rich
electrochemistry for neutral species owing to the noninno-
cence of the ligands, since all undergo two successive one-
electron oxidations and reductions that make the mono- and
dications and the mono- and dianions accessible species.[7]


This electrochemical behavior is clearly not displayed by
complexes 1±5, and only one reversible CuII/CuIII wave is
found at E1/2=�0.54 and �0.33 V for Se-containing com-
plexes 1±3 and S-containing 4 and 5, respectively
(Figure 11). These very low potentials indicate a notable de-
stabilization of dianions [Cu(pds)2]


2� and [Cu(pdt)2]
2�. On


the other hand, only irreversible oxidation processes occur
above 1 V, and therefore the stability of a neutral complex
is electrochemically not favored. Furthermore, the sensitivi-
ty of the redox potentials on changing the transition metal
to NiIII is further evidence that these complexes are at least
not exclusively ligand centered.[29]


Figure 11. Cyclic voltammograms of 3 and 5 in CH3CN showing quasire-
versible waves at E1/2=�0.54 and �0.33 V versus Ag/AgCl (scan rate:
100 mVs�1; 0.1m TBAPF6 as supporting electrolyte).
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The electronic spectra of all complexes are also in accord-
ance with an innocent character of the ligands. For noninno-
cent ligands, it has been reported that the electronic spectra
of neutral complexes, dications, dianions, monocations, and
monoanions are characteristic of the oxidation state of the
two ligands irrespective of the nature of the central metal
ion (NiII, PdII, PtII) or the substitution pattern of the o-ami-
nophenolate or o-aminothiophenolate ligands.[7] All these
species show relatively intense p±p* transitions of the re-
spective ligand in the 300±1100 nm range. The [MII(LISQ)-
(LAP-H)]� monoanions exhibit a very intense absorption at
wavelengths longer than 900 nm with e�104 cm�1


m
�1,[16]


whereas the monoanionic [CuIII(pds)2]
� complexes 1±3 have


much weaker low-energy bands at 596 nm (e=950 cm�1
m


�1)
and 921 nm (113 cm�1


m
�1), while a intense band appears at


386 nm (4î104 cm�1
m


�1). We observe a shift in the low-
energy bands for [CuIII(pdt)2]


� complexes 4 and 5 to 536 nm
(650 cm�1


m
�1), 1012 nm (195 cm�1


m
�1), and a similar band


at 379 nm (5î104 cm�1
m


�1; see Figure 12). The higher


energy band at 380 nm is also observed in the electronic
spectra of the pds2� and pdt2� disodium salts, but it is an
order of magnitude weaker (e�6î103 cm�1


m
�1) than in the


complexes. The peaks in the visible region of the electronic
spectra are specifically assigned to a (HOMO-2)±LUMO
transition for the band centered at 380 nm, (HOMO-1)±
LUMO transition for the band at 596 and 536 nm for
[CuIII(pds)2]


� and [CuIII(pdt)2]
� , respectively, and HOMO±


LUMO transitions for the lower energy bands at wave-
lengths values higher than 900 nm. The shifts observed be-
tween the Se- and S-containing complexes are attributed to
differences in the energy levels of the respective frontier or-
bitals, which are mainly delocalized over the CuSe4 and
CuS4 units (see ab initio calculations below). This assign-
ment was confirmed by TDDFT calculations including sol-
vent effects with a CPCM model (see Experimental Sec-


tion). The values obtained for the vertical excitations for
[Cu(pds)2]


� and [Cu(pdt)2]
� are 654, 678, and 1129 nm, and


for [Cu(pdt)2]
� 608, 707, and 1292 nm. Although the magni-


tude of the excitation is well reproduced, there is a clear
overestimation in comparison with experimental data. This
is probably due to the anionic nature of the molecules.


Density functional calculations were performed on
[Cu(pds)2]


� and [Cu(pdt)2]
� in order to understand the elec-


tronic structure of such compounds. The frontier orbitals
were calculated and their structures optimized (see Methods
of Calculation in Experimental Section). The calculated
bond lengths and angles for [Cu(pds)2]


� completely agree
with the experimental ones obtained by X-ray diffraction
(Table S2 and S3, Supporting Information). Thus, the fron-
tier orbitals depicted in Figure 13 can be described as fol-


lows. For both molecules, the orbital composition is almost
the same, the main difference being the opposite relative
stabilities of the HOMO-1 and HOMO-2 orbitals. The
HOMO is an out-of-plane p orbital mainly consisting of a
combination of the pz chalcogen orbitals with a small contri-
bution from the Cu d orbitals. The two electrons are there-
fore mainly delocalized on the Se atoms.


The LUMO is the s antibonding combination of the Cu
dxy and the chalcogen px and py orbitals with a large contri-
bution from Cu. This character is clearly reflected in a con-
siderable increase (by around 0.12 ä) of the Cu�Se bond
length for [Cu(pds)2]


2� (see Table S2 in the Supporting In-
formation). These contributions rule out the possibility of
considerable mixing of pz with Cu dxz and dyz orbitals
through a M�L p bond, which would explain the delocalized
oxidation state of the metal and ligands in an L-MII-L*$L-
MIII-L equilibrium, as was proposed for trans-[Ni(SeC6H4-o-
NH)2]


� .[17] Furthermore, the frontier orbitals calculated for
[Cu(pds)2]


� are similar to those reported by Solomon et al.
for [Ni(S2C2Me2)2]


� ,[30] although in complexes 1±5 no contri-
bution of the C=C moiety bound to the chalcogen atoms is
found in the HOMO. From the LUMO of the


Figure 12. Electronic spectra of 3 (thin line) and 5 (thick line) in CH3CN,
and assignment of the bands (see text).


Figure 13. Frontier MOs of the [Cu(pds)2]
� and [Cu(pdt)2]


� monoanions
obtained from B3LYP calculations (from LUMO to HOMO-2). The orbi-
tals are ordered by energy with the LUMO placed above.
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[Ni(S2C2Me2)2]
� complex, extensive charge donation from


the s ligand orbitals to the Ni atom is deduced. The removal
of electron density from the s antibonding orbitals of the di-
thiolene ligands results in a net bonding interaction between
them and consequently in short inter- and intraligand S¥¥¥S
distances (intra 3.08 ä, inter 3.02 ä). These short Se¥¥¥Se
and S¥¥¥S distances are also observed in complexes 1±5, re-
spectively, in line with the DFT calculations and with the
general electronic description of these systems (see Table S1
in the Supporting Information). The conclusion that was
reached by Solomon et al.,[30] also supported by XAS experi-
ments, indicates the presence of limited spin polarization on
the dithiolene ligands, that is, diradical character of the com-
plex. One condition that must be fulfilled for the diradical
character of these systems is that a broken-symmetry solu-
tion must occur when mixing the HOMO and LUMO orbi-
tals.[25] If we analyze the nature of the frontier orbitals, a
possible diradical character should be expected for
[Cu(pdt)2]. In this case, the mixture of the HOMO and
HOMO-1 orbitals (see Figure 13) can generate an instability
in the wavefunction to give a broken-symmetry solution
with diradical character, but that would only happen in the
monocationic system, which is not even detected in the
cyclic voltammogram. In the case of [Cu(pds)2] such insta-
bility can be obtained by mixing the HOMO and HOMO-2,
which could be expected to be more difficult. Similarly, Wie-
ghardt et al. came to a similar conclusion for the Ni com-
plexes of o-dithiosemiquinolato-type ligands, for which it is
indeed observed that the diradical character decreases in
the order of O>N>S donors.[25] This sequence can be un-
derstood in terms of the stability of the semiquinone forms
of the ligands, which depends on the ability of the coordinat-
ing atom to form partial double bonds with the ring carbon
atoms. This ability increases in the series S<N<O.[25,31]


The theoretically calculated bond lengths and angles for
the DFT-optimized structure of the hypothetical neutral spe-
cies [Cu(pds)2] does not show any remarkable structural dif-
ference (see Table S2 in the Supporting Information) com-
pared to the monoanion [Cu(pds)2]


� . This fact can be under-
stood in terms of the nonbonding Se�Cu character of the
HOMO, which can be considered as an indication that the
oxidation is mainly supported by the Se atoms with no par-
ticipation of the aromatic ring. As mentioned, the neutral
species have not been obtained experimentally due to their
instability (see above).


In summary, the not physically detected diradical charac-
ter of bis-diselenolene complexes 1±3 and bis-dithiolene
complexes 4 and 5 agrees with the theoretical analysis of the
calculated frontier orbitals. Due to the nature of the orbitals
a possible diradical character should be expected for
[Cu(pdt)2], but is experimentally discounted, as well as for
[Cu(pds)2]. From the experimental and theoretical point of
view, we may conclude that Se donor atoms are similarly or
less capable than S atoms of forming partial double bonds,
and the seriously diminished ability to act as o-semiquinola-
to type ligands favors stabilization of the aromatiticy of the
pyrazine ring.


We can also conclude that oxidation state CuII is destabi-
lized with respect to CuIII. A d8 electronic configuration of a


transition-metal complex favors an square-planar geometry,
as is observed in complexes 1±5. The important metal con-
tribution to the frontier orbitals was not observed in other
bis-dithiolene complexes described in the literature some
years ago, in which the redox process is considered to be ex-
clusively ligand-centered on the basis of Raman spectro-
scopic results.[6] The question of metal- or ligand-centered
redox processes in bis-dithiolene complexes was also investi-
gated by using X-ray photoelectron spectroscopy as a direct
method to evaluate the binding energies Eb of the electrons
on the central metal atom and on the ligand atoms, but with
inconclusive results.[32] More recent studies have overcome
these ambiguities by a combination of different experimen-
tal techniques and ab initio calculations. At this point, an
unequivocal technique such as X-ray absorption spectrosco-
py (XAS) emerges as a definitive proof of the true oxidation
states of the metal and the ligands.[30,33] Copper, selenium,
and sulfur K-edge XAS experiments on complexes 1±5 are
currently in progress, and results will be published else-
where.


Electrical conductivity measurements on single crystals of
complexes 1, 2, and 4 revealed insulating behavior despite
the presence of well-defined segregated stacks that can
favor the formation of electronic bands. This is an expected
behavior for nonmixed-valence (closed-shell, d8) complexes
with strongly localized charges, since the redox potential of
the complexes has been found to be inappropriate for ob-
taining conducting mixed-valence CuII/CuIII compounds.
Nevertheless, their use as building blocks in the synthesis of
radical ion salts or charge-transfer compounds[34] is promis-
ing and will be reported elsewhere.


Conclusions


Complexes 1±3 are the first structurally characterized CuIII


compounds with an Se4 coordination environment for the
central metal atom.[19,22a] The sulfur analogues 4 and 5 were
synthesized to evaluate the electronic influence of the
nature of coordinating atoms (Se versus S) on the stabiliza-
tion of the high oxidation state CuIII and the structural influ-
ence on the crystal-engineering possibilities due to the dif-
ferent atomic size of the chalcogen atom. Although the oxi-
dation state of +3 for copper is still considered rare, a
growing number of crystal structures of CuIII complexes has
been reported.[22] The proven stability of the +3 oxidation
state for Cu in adequate ligand environments is in line with
all the experimental and theoretical data on complexes 1±5,
and leads us to conclude the non-existence of a p-radical o-
semiquinolato-type ligand in both selenium- and sulfur-con-
taining systems, so that both ligands can be considered to be
innocent.


In the context of synthetic metals, the preparation of CuIII


complexes such as Na[CuIII(pds)2]¥2H2O (1),[19] Li[CuIII-
(pds)2]¥3H2O (2), and Na[CuIII(pdt)2]¥2H2O (4), which form
well-ordered stacks of complex units, opens the possibility
of obtaining molecular metals, provided a mixed-valence sit-
uation can be achieved. The present results demonstrate the
possibility for crystal engineering of such compounds by co-


Chem. Eur. J. 2004, 10, 1691 ± 1704 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1701


Copper Bis-1,2-dichalcogenene Complexes 1691 ± 1704



www.chemeurj.org





ordination of alkali metal counterions with the ring nitrogen
atoms of the dithiolene or diselenolene transition-metal
complexes. The different size and coordination properties of
alkali metal ions permit fine tuning of the 3D crystal struc-
ture in these complexes, a situation that may be extrapolat-
ed to other systems in a preconceived manner.


Experimental Sections


Materials : Reagent-grade solvents, supplied by SDS, were dried before
use by standard methods and stored under argon. Reagents were ob-
tained commercially from Aldrich and used without further purification.


Elemental analyses were performed by SA-UAB (Servei d’An‡lisi-Uni-
versitat AutÚnoma de Barcelona). UV/Vis/NIR spectra were recorded on
a Varian Cary 5 spectrophotometer. NMR spectra were recorded on a
Bruker DPX 300 MHz spectrometer. Proton chemical shifts were refer-
enced to TMS. IR spectra were obtained on a Perkin Elmer Spectrum
One spectrophotometer by using KBr pellets. Cyclic voltammetry were
carried out at room temperature with an EG&G (PAR263A) potentio-
stat/galvanostat in a standard three-electrode cell (Ag/Ag+ reference)
with Pt wire working and auxiliary electrodes. Distilled and argon-de-
gassed acetone or acetonitrile was used as solvent with 0.1m TBA+PF6


�


as supporting electrolyte (scan rate: 100 mVs�1).


The electrical resistivity was measured along the long axis of selected
single crystals by using a four-in-line contact configuration.


Pyrazine-2,3-diselenol (pds) was synthesized by the method described in
the literature.[18] Pyrazine-2,3-dithiol (pdt) was prepared by a modifica-
tion of the literature procedure for pds (see below). Na[CuIII(pds)2]¥2H2O
(1) was prepared according to previously reported procedures.[19]


Caution : Perchlorate salts are potentially explosive and should be han-
dled with care.


Pyrazine-2,3-dithiol (pdt): 2,3-Dichloropyrazine (4.96 g, 33.3 mmol) and
NaHS (2.21 g, 39.4 mmol) were refluxed in H2O (30 mL) with strong stir-
ring under argon for 2 h. The abundant yellow precipitate obtained was
filtered off and washed with H2O. The solid was suspended in H2O and
dissolved by addition of a concentrated aqueous solution of NaOH to
pH>10. The solution was then washed with CH2Cl2 (3î20 mL) and the
aqueous phase was filtered and acidified with glacial acetic acid to pH<


3. The yellow precipitate formed was filtered off, washed with water and
acetone, and dried in vacuo to give pure pdt (1.42 g, 30% yield). IR
(KBr pellet): ñ=3133, 3089, 2902, 2780, 1586, 1538, 1392, 1249, 1145,
1039, 785, 645, 499 cm�1; elemental analysis (%) calcd for C4N2S2H4


(144.2): C 33.32, H 2.80, N 19.43, S 44.46; found: C 33.25, H 2.42, N
19.05, S 44.29.


Na[CuIII(pds)2]¥2H2O (1): Synthesis as published.[19] Important data for
comparison: UV/Vis (CH3CN): lmax/nm (e/cm�1


m
�1)=386 (51500), 596


(890), 921 (105); CV (in CH3CN, vs Ag/AgCl): E1/2=�0.54 V.


Li[CuIII(pds)2]¥3H2O (2): A solution of LiOH in water (2m, 0.32 mL,
0.63 mmol) was injected into a suspension of pyrazine-2,3-diselenol
(50 mg, 0.21 mmol) in CH3OH (2.5 mL) magnetically stirred under an
argon atmosphere. The reaction mixture changed color from orange to
yellow, and the suspended solid dissolved completely. After an additional
5 min of stirring, solid Cu(ClO4)2¥6H2O (38.9 mg, 0.105 mmol) was
added, and an air flow was introduced into the flask for 5 min. The solu-
tion turned dark green, and after 4 h of strong stirring, the solution was
filtered through Celite. Diffusion of diethyl ether into the filered solution
yielded pure 2 as dark green crystals (54% yield, 33.5 mg, 0.058 mmol).
UV/Vis (CH3CN): lmax (e)=386 (39400), 596 (950), 921 nm
(113 cm�1


m
�1); IR (KBr pellet): ñ=2962, 1545, 1467, 1417, 1325, 1190,


1142, 1053, 840, 823, 698 cm�1; 1H NMR (300 MHz, CD3CN, 25 8C): d=
8.16 ppm (s, 4H); 13C NMR (300 MHz, CD3CN, 25 8C): d=162.3,
138.2 ppm; elemental analysis (%) calcd for C8H10CuN4LiO3Se4 (596.5):
C 16.61, H 1.39, N 9.68; found: C 16.40, H 1.44, N 9.52; CV (in CH3CN):
E1/2 (vs Ag/AgCl)=�0.52 V.


TBA[CuIII(pds)2] (3): An excess of TBABr (60 mg, 0.186 mmol) was
added to a solution of 1 (50 mg, 0.084 mmol) in CH3CN, and the reaction
mixture was stirred for 2 h. Exposure of the filtered solution to diethyl


ether yielded complex 3 as black crystals (76%, 49.7 mg, 0.064 mmol).
UV/Vis (CH3CN): lmax (e)=386 (41700), 596 (1010), 921 nm
(140 cm�1


m
�1); IR (KBr pellet): ñ=3054, 2955, 2869, 1528, 1483, 1461,


1379, 1320, 1173, 1131, 1040, 842, 737 cm�1; 1H NMR (300 MHz, CD3CN,
25 8C): d=8.16 (s, 4H), 3.10 (t, 8H), 1.60 (m, 8H), 1.38 (m, 8H),
0.98 ppm (t, 12H); 13C NMR (300 MHz, CD3CN, 25 8C): d=162.2, 138.2,
58.2, 23.1, 19.1, 12.5 ppm; elemental analysis (%) calcd for
C24H40CuN5Se4 (778.0): C 37.05, H 5.18, N 9.00; found: C 37.40, H 5.44,
N 8.78; CV (in CH3CN, vs Ag/AgCl): E1/2=�0.54 V.


Na[CuIII(pdt)2]¥2H2O (4): A solution of NaOH in water (2m, 0.52 mL,
0.70 mmol) was injected into a suspension of pyrazine-2,3-dithiol (50 mg;
0.35 mmol) in CH3CN (3 mL) with stirring under argon. The reaction
mixture changed color to from yellow to pale yellow, and the suspended
solid dissolved. After 5 min of stirring, solid Cu(ClO4)2¥6H2O (64.3 mg,
0.18 mmol) was added, and the formed red-brown solution was stirred
for 15 min, after which resublimated I2 (11 mg, 0.087 mmol) was added.
After 10 min of strong stirring, the solvent of the brown solution was
evaporated and the solid residue redissolved in methanol (3 mL). A
green solid appeared in suspension after 1 h of stirring. The solid was col-
lected by filtration and dissolved in acetone to give a brown-red solution,
which was filtered through Celite. Slow diffusion of diethyl ether into the
acetone solution afforded black needle-shaped crystals of the 4 (62%,
43 mg, 0.11 mmol). UV/Vis (acetone): lmax (e)=379 (51190), 536 (650),
1012 nm (195 cm�1


m
�1); IR (KBr pellet): ñ=3459, 2963, 2875, 1667, 1546,


1467, 1420, 1337, 1318, 1204, 1150, 1076, 833, 661, 485, 446 cm�1;
1H NMR (300 MHz, CD3CN, 25 8C): d=8.13 ppm (s; 4H); 13C NMR
(300 MHz, CD3CN, 25 8C): d=161.1, 137.0 ppm; elemental analysis (%)
calcd for C8H8CuN4NaO2S4 (406.95): C 23.61, H 1.98, N 13.77, S 31.51;
found: C 23.70, H 1.63, N 12.85, S 30.14; CV (in CH3CN, vs Ag/AgCl):
E1/2=�0.30 V.


TBA[CuIII(pdt)2] (5): Complex 4 (20 mg, 0.049 mmol) was dissolved in
acetone (3 mL) and TBABr (40 mg, 0.124 mmol) was added. The solution
was stirred overnight, dried with anhydrous MgSO4, and filtered through
Celite. Slow diffusion of diethyl ether into this solution yielded prismatic
dark red crystals of complex 5 (89%, 25.8 mg, 0.044 mmol). UV/Vis
(CH3CN): lmax (e)=379 (47300), 536 (630), 1020 nm (195 cm�1


m
�1); IR


(KBr pellet): ñ=3079, 2957, 2929, 2870, 1483, 1461, 1417, 1381, 1329,
1190, 1142, 1061, 845, 830, 737, 442 cm�1; 1H NMR (300 MHz, CD3CN,
25 8C): d=8.13 (s, 4H), 3.11 (m, 8H), 1.63 (q, 8H), 1.38 (q, 8H),
0.98 ppm (t, 12H); 13C NMR (300 MHz, CD3CN, 25 8C): d=167.0, 137.1,
57.9, 23.1, 19.1, 12.5 ppm; elemental analysis (%) calcd for C24H40CuN5S4


(590.4): C 48.83, H 6.83, N 11.86, S 21.72; found: C 48.60, H 6.82, N
11.55, S 21.40; CV (in CH3CN, vs Ag/AgCl): E1/2=�0.33 V.


X-ray crystallography : X-ray quality crystals were grown by slow diffu-
sion of diethyl ether into acetonitrile solutions of complexes 2, 3, and 5,
and into an acetone solution of 4. Data for the black crystals of 2, 3, and
4 were collected on a Nonius Kappa CCD diffractometer with graphite-
monochromated MoKa radiation (l=0.71073 ä) at 233(2) K (2, 3) and
243(2) K (4). Crystal data of 5 were collected on a Nonius CAD-4 dif-
fractometer at 294(2) K.


Intensities were integrated using DENZO and scaled with SCALEPACK.
Several scans in f and w directions were made to increase the number of
redundant reflections, which were averaged in the refinement cycles. This
procedure replaces an empirical absorption correction. The structure was
solved with direct methods (SHELXS86) and refined against F2


(SHELX97).[35] Hydrogen atoms at carbon atoms were added geometri-
cally and refined using a riding model, hydrogen atoms of the water mol-
ecules were refined regular with isotropic displacement parameters. All
non-hydrogen atoms were refined with anisotropic displacement parame-
ters.


Further details of the crystal structure determinations are given in
Table 1. Graphical representations were obtained with ORTEPIII,[36]


SHELX97, and Mercury 1.1 (CCDC) programs. CCDC-215903 (2),
CCDC-215904 (3), CCDC-215905 (4), and CCDC-215906 (5) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.
cam.uk).


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 1691 ± 17041702


FULL PAPER C. Rovira et al.



www.chemeurj.org





Methods of calculation : The structures of dianionic [Cu(pds)2]
2�, mono-


anionic [Cu(pdt)2]
� and [Cu(pds)2]


� , and neutral [Cu(pds)2] units were
optimized by DFT calculations with the B3LYP hybrid functional[37±39]


with a triple-x basis set proposed by Schaefer et al.[40] including polariza-
tion functions for all atoms. The calculations were performed with the
Gaussian98 code (RevisionA.11)[41] on starting orbitals provided by
Jaguar 4.1 code.[42] The structural optimizations were performed with no
restrictions on the geometry. The stability of the wavefunction for the sin-
glet states of [Cu(pds)2]


� and [Cu(pdt)2]
� was verified by using the


option stable=opt with the Gaussian98 code. The time-dependent DFT
calculations[43,44] including solvent effects with the conductor polarizable
calculation model (CPCM)[45] to simulate the acetonitrile solvent were
performed with Gaussian03 code (RevisionB.04).[46] In such calculations,
a reoptimization of the geometries including the solvent effect was car-
ried out.
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Synthesis and Photochemistry of a New Class of Photocleavable Protein
Cross-linking Reagents


Lilia Milanesi,[a] Gavin D. Reid,[b] Godfrey S. Beddard,[b] Christopher A. Hunter,*[a] and
Jonathan P. Waltho[c]


Introduction


Experimental methods to study protein folding are based on
perturbing the equilibrium between the folded and unfolded
states under denaturing conditions.[1,2] Typically, the unfold-
ing or refolding reaction is initiated by mixing the protein
solution with an appropriate buffer. The time resolution of
these methods is in the order of milliseconds down to a few
microseconds.[3±6] However, key elements of secondary struc-
ture and intermediates are formed on a submillisecond time-
scale.[7±13] To study these processes, new methods have been
developed which use laser pulses to initiate folding by trig-
gering a photochemical reaction or by a rapid change in the
temperature of the protein solution.[14,15] To date, these
methods have been applied almost exclusively to study the
folding of specific families of proteins that either bear ame-
nable prosthetic groups, such as porphyrins, or undergo cold
denaturation.


Methods for the introduction of photolabile moieties into
proteins would allow more general applications of laser
technology to study conformational changes that take place
in the femtosecond to microsecond time domain. Nitroben-
zyl derivatives have been used to prepare photocaged pro-
teins ,[16±18] but the rate of photocleavage leads to a dead
time of microseconds.[19,20] A more promising approach is
based on photolabile aromatic disulfides which have success-
fully been used to trigger the folding of small a-helical pep-
tides.[21±23] This looks like an ideal system for the study of
fast folding reactions, but the unnatural amino acids must be
introduced by solid-phase synthesis; this limits applications
to short peptides. In this paper, we report the synthesis of
new cross-linking reagents that will allow the introduction
of aromatic disulfides into any protein of interest.


Results and Discussion


Approach : The choice of substituents on the aromatic disul-
fide has a dramatic impact on the photochemical properties.
For example, thiyl radicals generated after photolysis of di-
phenyl disulfide recombine significantly faster than thiyl
radicals generated after photolysis of bis(p-aminophenyl) di-
sulfide.[21,24,25] The quantum yield of photocleavage is also
solvent dependent; more p-aminophenyl thiyl radical is gen-
erated in polar solvents compared with nonpolar solvents.[26]


The two competing processes which determine the quantum
yield of photocleavage are geminate recombination and the
escape of the radical pair from the solvent cage
(Figure 1).[26±28] The rate of intersystem crossing is slow,
therefore long-lived triplet radicals are not important in this
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Abstract: A new series of photocleava-
ble protein cross-linking reagents based
on bis(maleimide) derivatives of diaryl
disulfides have been synthesised. They
have been functionalised with cysteine
and transient absorption spectra for the
photolysis reaction have been recorded
by using the pump-probe technique


with a time resolution of 100 femtosec-
onds. Photolysis of the disulfide bond
yields the corresponding thiyl radicals


in less than a picosecond. There is a
significant amount of geminate recom-
bination, but some of the radicals
escape the solvent cage and the quan-
tum yield for photocleavage is 30% in
water.


Keywords: disulfide ¥ optical trig-
ger ¥ photolysis ¥ protein folding ¥
thiyl radical
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system.[23] The differences between the photochemical prop-
erties of diphenyl disulfide and bis(p-aminophenyl) disulfide
have been rationalised based on the electronic structure of
the radical. The p-aminophenyl thiyl radical could be stabi-
lised by the polar form shown in Figure 1. This form would
be further stabilised in polar solvents and would decrease
the rate of geminate recombination due to repulsion be-
tween the negatively charged sulphur atoms.[29]


The first step of this investigation was therefore to pre-
pare a range of bis(p-aminophenyl) disulfide derivatives to
explore the importance of conjugation between the amino
group and the aromatic ring and the significance of interac-
tions of the substituents with polar hydrogen-bonding sol-
vents. Ultimately, we propose to introduce the aromatic di-
sulfide group into proteins by selectively functionalising the
thiol side chains of cysteine residues engineered into the
protein. The maleimide group is the reagent of choice to
achieve this.[30] We therefore designed a series of bis(p-ami-
nophenyl) disulfide derivatives and investigated their reac-
tion with cysteine and the photochemical properties of the
products in water.


Synthesis : Compound 3 was obtained by the reaction of 1
with acetic anhydride followed by the reduction of inter-
mediate 2 with lithium aluminium hydride. Compound 4
was obtained from 3 by using trifluoromethanesulfonic acid
ethyl ester as an alkylating agent (Scheme 1). The yield of 4
was lowered by the formation of an unusual side product
4a, which was characterised by X-ray crystallography
(Figure 2).


Synthesis of 6 (Scheme 2) was carried out by mixing 1
with maleic anhydride in toluene at reflux followed by the
cyclisation of acid 5 by using a mixture of acetic anhydride
and sodium acetate as dehydrating agents. Initial attempts
to synthesise 8 by reaction of 1 with the tosylate derivative
of N-(2-hydroxyethyl) maleimide failed to give the expected


product. Instead, the use of 7, which was prepared following
a literature procedure, afforded the expected product
(Scheme 3).[31] Compound 10 was obtained by reaction of 1
with 9, which was prepared following a literature procedure
(Scheme 4).[32]


Functionalisation of l-cysteine methyl ester hydrochloride
with the cross-linking reagents was carried out by mixing


Figure 1. Photocleavage of 1 generates two p-aminophenylthiyl radicals. Two structures have been sugggested for the radicals, a neutral form 1’(a) and a
polar form 1’(b). The large ellipsoids represent the solvent shell and after photolysis, the radicals can either recombine (top) or escape from the solvent
shell to yield stable photodissociated products (bottom).


Scheme 1. Synthesis of compound 4 ; a) (CH3OC)2O, 90%; b) LiAlH4,
46% and c) EtOSO2CF3, 20%.


Figure 2. X-ray crystal structure of 4a. The three sulphur atoms are
shown as space-filling spheres.
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the compounds in a solution of acetonitrile or tetrahydrofu-
ran and water (Scheme 5). At a maleimide to thiol stoichi-
ometry of 1:1, side reactions caused by thiol disulfide ex-
change were appreciable (~10%). However in the presence
of excess maleimide, quantitative conversion of the cysteine
thiol to the succinimide adduct was achieved with no disul-
fide exchange.


Photochemistry : The photochemistry of the aryl disulfides
was investigated by using a pump-probe experiment with a


100 fs pulse width. Excitation at 260 nm dissociated the di-
sulfide bond and the absorption of the resulting p-amino-
phenylthiyl radicals was monitored at 550 nm.[25,29,33] The
time evolution of the radical absorption on photodissocia-
tion of 1, 3 and 4 in acetonitrile is shown in Figure 3. When
the cross-linking reagents 6, 8 and 10 were photolysed, the
thiyl radicals that were generated reacted with the malei-
mide moieties, which complicated the analysis of these sys-
tems. The reactions could be reduced by decreasing the con-
centration, but it is the properties of the cysteine conjugates
that we are really interested in. The photolysis of 11, 12 and
13 could not be carried out in acetonitrile, due to low solu-
bility, therefore these compounds were studied in methanol
and water (Figure 4 and 5).


The experimental data could all be fitted to a monoexpo-
nential decay, shown in Equation (1),


IðtÞ ¼ Aeð�t=tÞ þ B ð1Þ


in which I(t) is the absorbance at time t, B is the absorbance
at t=¥, (A+B) is the absorption at t=0 and t�1 is the rate
constant for the decay of radical absorption. The initial
process of photodissociation is complete in less than 100 fs
for bis(p-aminophenyl) disulfide.[26,34] The decay process
therefore reflects the rate of geminate recombination. The
fraction of radicals that escape the solvent cage and remain
after the fast decay process due to geminate recombination
is given by Equation (2) below.


� ¼ B
Aþ B


ð2Þ


The values of A, B and t were determined from the fits to
the experimental traces and the results are shown in Table 1.
For bis(p-aminophenyl) disulfide 1, essentially no recombi-
nation is observed and the yield of radical is almost quanti-
tative. In the literature, this has been attributed to stabilisa-
tion of the polar radical form by polar solvents (Fig-
ure 6).[25,33b,35] There is slightly more recombination for 3
and 4 and the differences could be attributed to the stabili-
sation of the polar radical form by hydrogen-bonding inter-
actions with the solvent. The more hydrogen bonds the radi-
cal is able to form, the more stable it is (Figure 6). However,
the quantum yields for all three compounds are high in ace-
tonitrile, so we conclude that it is possible to functionalise
the aniline nitrogen without dramatically altering the photo-
chemical properties.


For 11, 12 and 13 in methanol, more recombination takes
place and the quantum yields fall to about 50%. Compound
13, which has an NH group available to hydrogen bond with
the solvent, again gives a slightly more stable radical. In
water, the cysteine derivatives show a further decrease in
the quantum yield of radicals (~30%). The results correlate
with the viscosity of the solvent. More viscous solvents pre-
vent escape from the solvent shell and increase the rate of
geminate recombination.[24,26,27] A 30% yield of the thiyl
radicals on photolysis of the aromatic disulfides in water is
sufficient to encourage testing of these systems on proteins.
However, it is probable that the conformational constraints


Scheme 2.


Scheme 3.


Scheme 4.
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of a large protein will further increase the proportion of
geminate recombination, as was observed on photolysis of
aryl disulfides incorporated into short peptides.[21, 22]


Conclusion


A new series of photocleavable
protein cross-linking reagents
have been synthesised, func-
tionalised with cysteine and
transient absorption spectra for
the photolysis reaction have
been recorded by using the
pump-probe technique with a
time resolution of 100 femto-
seconds. Photolysis of the aro-
matic disulfides yields the cor-
responding thiyl radicals in less
than a picosecond. There is a
significant amount of geminate
recombination, which results in
a quantum yield for photocleav-
age of about 30%. This system
is currently being investigated


Scheme 5. Functionalisation of l-cysteine methyl ester hydrochloride with the cross-linking reagents in
a) CH3CN/H2O; b) CH3CN/H2O and c) THF/H2O.


Figure 3. Evolution of the radical absorption signal at 550 nm after pho-
tolysis of 1 (a), 3 (b) and 4 (c) in acetonitrile. The curves are fits to a
monoexponential decay [Eq. (1)]. The vertical axis is the change in ab-
sorbance at 550 nm relative to the starting disulfide (DA) in arbitrary
units.


Figure 4. Evolution of the radical absorption signal at 550 nm after pho-
tolysis of 13 (a), 12 (b) and 11 (c) in methanol. The curves are fits to a
monoexponential decay [Eq. (1)]. The vertical axis is the change in ab-
sorbance at 550 nm relative to the starting disulfide (DA) in arbitrary
units.


Figure 5. Evolution of the radical absorption signal at 550 nm after pho-
tolysis of 13 (a), 12 (b) and 11 (c) in water. The curves are fits to a mono-
exponential decay [Eq. (1)]. The vertical axis is the change in absorbance
at 550 nm relative to the starting disulfide (DA) in arbitrary units.


Figure 6. Model for the solvent stabilisation of the polar form for the
thiyl radical 1’(b) through hydrogen-bonding interactions with the sol-
vent.


Table 1.


Compound Solvent t A B
Viscosity[a] [ps] [x105] [x105] f[b]


1 CH3CN (0.38) n.d. n.d. n.d. 1.0[c]


3 CH3CN (0.38) 2.9 5.6 26.3 0.8�0.3
4 CH3CN (0.38) 0.9 5.6 11.7 0.7�0.3
11 MeOH (0.59) 2.3 17.8 9.9 0.4�0.1
12 MeOH (0.59) 1.8 19.7 14.2 0.4�0.1
13 MeOH (0.59) 2.9 8.5 10.6 0.6�0.1
11 H2O (1.00) 1.2 5.9 2.0 0.3�0.1
12 H2O (1.00) 2.1 14.1 6.1 0.3�0.1
13 H2O (1.00) 1.1 9.2 3.1 0.3�0.1


[a] Viscosities are given in cP at 293 K and are taken from ref. [36]
[b] The error in the parameters from the fitting of the curves is taken as
twice the standard deviation of the experimental data points calculated
on the A value. [c] n.d. not determined.
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as a new optical trigger for initiating protein-folding reac-
tions on a picosecond timescale.


Experimental Section


Photolysis : The disulfides were dissolved in HPLC grade solvents
(Merck) at concentrations of 1±2mm, the cuvette path length was 1 mm
for all of the measurements.


A detailed description of the femtosecond laser and transient absorption
spectrophotometer is reported elsewhere.[37] For the experiments descri-
bed here, the laser set-up was modified as follows.


The pump beam was 520 nm and it was frequency doubled to 260 nm by
using a 100 micro-metre thick BBO crystal. Samples were excited with
100 fs of the 260 nm light (maximum energy of 100 nJ). The zero time
for the probe wavelength was determined by excitation of a solution of
trans stilbene in acetonitrile. For each experiment, the difference in ab-
sorbance between the excited and ground-state species measured at dif-
ferent pump/probe delay times was less than 10�4. The signal to noise
ratio was improved by averaging 10±20 scans. The data were analysed
with the same program used for data collection (ExptPPC1, version 3.0).


Typically, each experiment was an average of 10±20 scans to improve the
signal to noise ratio. A sample of solvent was photolysed under the same
experimental conditions used for the aromatic disulfides. No signal was
found for the photolysis of the solvents; this was probably due to the low
intensity (~100 nJ) of the UV pulses.


Synthesis of 2 : 4-Aminophenyldisulfide (2.48 g, 10 mmol) dissolved in tol-
uene (20 mL) was added dropwise to a solution of acetic anhydride
(2.06 g, 20 mmol) in toluene (150 mL). The solution was then stirred for
an hour under reflux, while the product slowly precipitated from the re-
action mixture. After cooling, amide 2 was collected by filtration (2.98 g,
yield: 90%). 1H NMR (250 MHz, [D6]DMSO): d=10.10 (s, 2H), 7.59 (d,
J=8.5 Hz, 4H), 7.42 (d, J=8.5, 4H), 2.05 ppm (s, 6H); 13C NMR
(75 MHz, [D6]DMSO): d=169.0, 140.0, 130.6, 129.8, 120.1, 24.5 ppm; MS
(ES+): m/z : 333 [M+H+], 355 [M+Na+], C16H16N2O2S2 requires 332.44;
m.p.: 218±220oC.


Synthesis of 3 : A solution of 2 (2.37 g, 7.1 mmol) in dry THF (100 mL)
was added dropwise to lithium aluminium hydride solution (23.5 mL,
21.4 mmol, 1m) in THF at 0 8C under nitrogen. The resulting solution was
allowed to warm to room temperature and then it was heated under
reflux overnight. It was then cooled to 5 8C and water was added until no
more gas was produced. The mixture was filtered and the solid was
washed with CH2Cl2 (100 mL). The organic phase was dried with anhy-
drous Na2SO4 and the solvent was removed under reduced pressure. The
resulting oil was purified by column chromatography by using a mixture
of CH2Cl2/hexane 95:5 v/v as an eluent. Disulfide 2 was obtained as a
yellow oil that solidified slowly (1 g, yield: 46%). 1H NMR (250 MHz,
[D6]DMSO): d=7.13 (d, J=8.5, 4H), 6.50 (d, J=8.8, 4H), 6.01 (t, J=5.2,
2H), 3.04 (m, 4H), 1.16 ppm (t, J=7.3, 6H); 13 C NMR (75 MHz,
[D]CHCl3): d=149.0, 134.6, 124.0,112.9, 38.3, 14.8 ppm; MS (ES+): m/z :
152, 305 [M+H+], C16H20N2S2 requires 304.48; elemental analysis cald
(%) for C16H20N2S2: C, 63.70; H, 7.55; N, 8.74; S, 20.01; found: C, 63.46;
H, 7.44; N, 8.61; S, 20.10; UV/Vis (CH3CN) l (e)=260 nm (16656).


Synthesis of 4 : The ethyl ester of trifluoromethanesulfonic acid (0.5 mL,
4 mmol) under nitrogen, was added dropwise to a solution of 3 (0.3 g,
1 mmol) in dry dicholorometane (10 mL) and the resulting solution was
stirred overnight. The solvent was then removed under reduced pressure
and the residue was suspended in saturated NaHCO3 solution (30 mL)
and washed with CH2Cl2 (3î30 mL). The organic phase was then dried
over Na2SO4 and the solvent removed under reduced pressure. The resi-
due was purified by column chromatography by using a mixture of
hexane/CH2Cl2 70:30 v/v as an eluent. The first fraction eluted was an im-
purity that corresponded to trisulfide 4a (78 mg, yield: 20%). After-
wards, compound 4 was obtained as a yellow solid (72 mg, yield: 20%).
1H NMR (250 MHz, [D]CHCl3): d=7.33 (d, J=8.6, 4H), 6.58 (d, J=8.8,
4H), 3.36 (q, J=7.0, 4H), 1.17 ppm (t, J=7.0, 6H); 13C NMR (75 MHz,
[D]CHCl3): d=141.2, 130.1, 121.9, 113.3, 48.7, 13.3 ppm; HRMS (FAB+):
m/z : 361.177924 [M+H+], C20H29N2S2 requires 361.1777218; UV/Vis
(CH3CN): l (e)=260 nm (11990).


Synthesis of 5 : The procedure described for the synthesis of 2 was repeat-
ed by using 1 (2.48 g, 10 mmol) and maleic anhydride (1.98 g, 20 mmol)
in toluene (200 mL). After one hour at reflux the product slowly precipi-
tated from the reaction mixture. After cooling, amide 5 was collected by
filtration (4.00 g, yield: 90%). 1H NMR (250 MHz, [D6]DMSO): d=


13.10 (s, 2H), 10. 50 (s, 2H), 7.65 (d, J=8.8, 4H), 7.50 (d, J=6.7, 4H),
6.50 (d, J=11.9, 2H), 6.34 ppm (d, J=11.9, 2H); 13C NMR (75 MHz,
[D6]DMSO): d=167.4, 163.8, 139.2, 130.7, 130.4, 132.1, 120.7 ppm; MS
(ES+): m/z : 112, 445 [M+H+], C20H16N2O6S2 requires 444; m.p. 191.0±
193.0 8C.


Synthesis of 6 : Acetic anhydride (7 mL) and anhydrous sodium acetate
(0.65 g, 8 mmol) were added to 5 (4.14 g, 9.3 mmol) and the mixture was
gently heated until there was complete dissolution of 5 (30 min). After
cooling, the solution was poured onto ice water (50 mL) and the product
was extracted with CH2Cl2 (3î50 mL). The organic phase was washed
with water (3î50 mL) and dried over Na2SO4 anhydrous. After removing
the solvent under reduced pressure, the product was recrystallised from
acetone/cyclohexane to give a cream coloured solid (2.3 g, yield: 56%).
1H NMR (250 MHz, [D]CHCl3): d=7.60 (d, J=8.8, 4H), 7.33 (d, J=8.8,
4H), 6.86 ppm (s, 4H); 13C NMR (75 MHz, [D] CHCl3): d=169.2, 136.4,
134.3, 130.4, 128.0, 126.5 ppm; MS (FAB +) m/z : 204, 409 [M+H+],
C20H12N2O4S2 requires 408; UV/Vis (CH3CN): l (e)=260 nm (19613);
elemental analysis (%) cald for C20H12N2O4S2: C 58.81, H 2.96, N 6.86,
S 15.70; found: C 58.46, H 2.84, N 6.56, S 15.90; m.p. 188±190 8C.


Synthesis of 8 : Compound 7 (1.16 g, 4.25 mmol) dissolved in CH2Cl2
(10 mL) was added dropwise to a solution of 3 (0.634 g, 2.08 mmol) in
dry CH2Cl2 (25 mL) under nitrogen. The resulting solution was stirred
for 48 h at room temperature. The solvent was then removed under re-
duced pressure and the residue was purified by flash chromatography by
using a gradient mixture of solvent as an eluent, which ranged from
CH2Cl2/hexane 90:10 v/v; to eliminate the first impurities, pure CH2Cl2
and finishing with CH2Cl2/ethylacetate 95:5 v/v to obtain the desired
product 5 as a yellow solid (0.24 g, 21% yield). 1H NMR (250 MHz,
[D]CHCl3): d=7.31 (d, J=7.0, 4H), 6.63 (d, J=7.0, 4H), 6. 63 (s, 4H),
3.68 (t, J=7.6, 4H), 3.46 (t, J=6.7, 4H), 3.36 (q, J=8.7, 4H), 1.15 ppm
(t, J=7.0, 6H); 13C NMR (75 MHz, [D] CHCl3): d=170.6, 147.8, 134.2,
134.1, 123.2, 112.2, 47.5, 44.5, 34.8, 12.2 ppm; HRMS (ES+): m/z :
551.1807 [M+H+], C28H31N4O4S2 requires 551.1787; m.p. 120±121 8C;
UV/Vis (CH3CN): l (e)=260 nm (15021).


Synthesis of 10 : Compound 1 (0.59 g, 2.34 mmol) and 9 (0.6 g,
4.68 mmol) were dissolved in dry 1,4-dioxane (10 mL). The solution was
stirred under reflux for 4 h. After cooling, the solvent was removed by
lyophilisation. The residue was washed with acetonitrile, filtered off and
dried under vacuum (0.8 g, yield: 73%).
1H NMR (250 MHz, [D6]DMSO): d=7.17 (d, J=8.5, 4H), 7.05 (s, 4H),
6.99 (t, J=6.7, 2H), 6.76 (d, J=8.55, 4H), 4.82 ppm (d, J=6.7, 4H). 13 C
NMR (75 MHz, [D6]DMSO): d=171.2, 147.3, 134.8, 133.6, 122.9, 113.0,
46.2 ppm; HRMS (FAB+): m/z : 466.078253 [M+], C22H18N4O4S2 requires
466.076949; UV/Vis (THF): l (e)=260 nm (18762).


Procedure for the preparation of 11, 12 and 13 : The reaction of 6, 8 and
10 with l-cysteine methyl ester hydrochloride was carried out according
to the following general procedure.


Solvents were deoxygenated by using the following method: the sample
container, provided with a magnetic stirrer, was subjected to a partial
vacuum that was broken with nitrogen. This process was repeated at least
five times. A deoxygenated water solution (20 mL) of l-cysteine methyl
ester hydrochloride (85.5 mg, 0.5 mmol) was added to a deoxygenated
solution of disulfide (0.25 mmol) in acetonitrile (20 mL) (THF for 10)
and was stirred under nitrogen. The yellow solution (pH 4.4) became col-
ourless in the first 15 minutes. After 2 h the solution was concentrated
under reduced pressure and the aqueous layer was lyophilised to give a
white solid, which was used in the photolysis experiments without further
purification.


An approximated 90% conversion of starting material disulfide to ex-
pected product was estimated from 1H NMR spectroscopic data of the
reaction mixture.


Reaction mixture of 11: 1H NMR (250 MHz, [D6]DMSO): d=8.87 (s,
broad, �NH3


+Cl�), 7.74 (d, phenyl), 7.68 (d, phenyl), 7.62 (d, phenyl),
7.35 (m, phenyl), 7.1 (m, phenyl), 4.61 (m), 4.36 (m), 4.30 (m), 3.76 (s),
3.75 (s), 3.74 (s), 3.72 (s), 3.36 (m), 2.68 ppm (m); HRMS (FAB+): m/z :
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679.100871 [M+H+], C28H30N4O8S4 requires 679.1024; UV/Vis (H2O): l
(e)=260 nm (13066).


Reaction mixture of 12 : 1H NMR (250 MHz, [D4] CH3OH): d=


7.31(phenyl), 6.75 (phenyl), 4.5 (m), 3.98 (m), 3.91(s), 3.90 (s), 3.87 (s),
3.84 (q, J=4.8), 3.69 (m), 3.66 (m), 3.57 (m), 3.45 (m,), 3.3 (d), 3.25 (d),
3.15 (m), 2.50 (m, 1H), 2.42 (m, 1H), 1.36 (t, J=7.3), 1.19 (t, J=7, 6H),
0.98 ppm (t, J=7); HRMS (FAB+) m/z : 821.249671 [M+H+],
C36H48N6O8S4 requires 821.249475; UV/Vis (H2O): l (e)=260 nm
(13691).


Reaction mixture of 13 : 1H NMR (250 MHz, [D4]CH3OH): d=7.21 (d,
4H, phenyl), 6.8 (d, 4H, phenyl), 4.46 (m, 1H), 4.55 (m, 1H), 3.90 (s),
4.07 (m, 2H), 3.89 (s), 3.86 (s), 3.84 (s), 3.76 (m), 3.26 (m), 2.55 ppm (2H,
m); HRMS (FAB+): m/z : 737.1565 [M+H+], C30H36N6O8S4 requires
737.1556; UV/Vis (H2O): l (e)=260 nm (13854).


X-ray crystallography : CCDC-215839 contains the supplementary crystal-
lographic 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 e-mail : deposit@ccdc.cam.ac.uk).
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Dynamic Combinatorial Carbohydrate Libraries: Probing the Binding Site of
the Concanavalin A Lectin


Olof Ramstrˆm,[a, b] Sophie Lohmann,[a] Taridaporn Bunyapaiboonsri,[a] and
Jean-Marie Lehn*[a]


Introduction


Dynamic combinatorial chemistry (DCC) has emerged as a
new, potent approach to rapid ligand or receptor identifica-
tion based on the implementation of dynamic assembly and
recognition processes.[1±6] The concept is based on reversible
connections between suitable building blocks, leading to
spontaneous assembly of all their possible combinations and
allowing for the simple one-step generation of extended li-
braries. Because of their dynamic nature, such libraries
allow for target-driven and self-screening processes that may
lead to the preferential expression of the active species pre-
senting the strongest binding to the target entity.
Libraries emanating from this process, dynamic combina-


torial libraries (DCLs), have been applied in a number of
cases both in the generation and identification of ligands tar-
geting a certain receptor, as well as the converse situation


where receptors are selected for given ligands or templates.
In our laboratory, strand self-recognition in helicate forma-
tion[7] and anion-dependent generation of circular helicates[8]


led to the formulation of the DCC concept. Inorganic[9±12]


and organic model systems,[13±18] in addition to studies in-
volving various biological target molecules,[19±25] have further
demonstrated the potential of this technique.
Molecular recognition of carbohydrates represents a re-


search area with strong potential bearing on drug discovery,
as well as various biotech applications.[26, 27] Carbohydrates
play central roles in many biological processes, such as cell±
cell interactions and cell communication, and numerous en-
zymes are involved in various carbohydrate-mediated pro-
cesses associated with cell proliferation and cell death, for
example. Carbohydrates are therefore highly attractive tools
for generating mimics and analogues of such recognition
processes and many attempts have been made to evaluate
the possibility of designing ligands, based on naturally occur-
ring carbohydrates, for direct or indirect inhibition of carbo-
hydrate-recognising enzymes or as potential agonists/antago-
nists of carbohydrate receptors.
However, the synthesis of combinatorial carbohydrate li-


braries is a challenging task[28±30] in which DCC may offer a
complementary route, especially in forming libraries of dy-
namically interchanging carbohydrate clusters. Examples in
which DCC has been applied in glycoscience include the
generation of prototype dynamic combinatorial libraries
using metal coordination in generating tritopic clusters[25,31]


and disulfide interchange to produce ditopic carbohydrate
structures.[22]
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Abstract: Dynamic combinatorial
chemistry (DCC) has emerged as an ef-
ficient approach to receptor/ligand
identification based on the generation
of combinatorial libraries by reversible
interconversion of the library constitu-
ents. In this study, the implementation
of such libraries on carbohydrate±lectin
interactions was examined with the
plant lectin Concanavalin A as a target


species. Dynamic carbohydrate librar-
ies were generated from a pool of car-
bohydrate aldehydes and hydrazide
linker/scaffold components through re-


versible acylhydrazone exchange, re-
sulting in libraries containing up to
474 constituents. Dynamic deconvolu-
tion allowed the efficient identification
of the structural features required for
binding to Concanavalin A and the se-
lection of a strong binder, a tritopic
mannoside, showing an IC50-value of
22mm.


Keywords: carbohydrates ¥ combi-
natorial chemistry ¥ Concanavalin A ¥
glycoconjugates ¥ receptors
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To widen the scope of the use of DCC in biological sys-
tems, and especially to further explore the potential of DCC
in glycobiology, we have developed dynamic libraries of
constituents that are susceptible to binding to the plant
lectin Concanavalin A (Con A) using the hydrazidecarbon-
yl/acylhydrazone interconversion as reversible chemistry. In
addition to demonstrating the use of this chemistry for car-
bohydrate applications, the results also provide initial steps
towards the generation of efficient substrates for other car-
bohydrate binding targets.


Results and Discussion


Design of the dynamic libraries : Imine generation and ex-
change, especially imine formation from hydrazides (acylhy-
drazones, Scheme 1), has proven highly suitable in designing
dynamic combinatorial libraries in aqueous media.[24, 32]


Acylhydrazone interconversion enables rapid library genera-
tion in which the dynamic properties can be easily control-
led by pH; that is, the formation and exchange reactions
take place at a lower pH (3±7) and can essentially be stop-
ped at a higher pH (>7). Acylhydrazone libraries are also
amenable to high structural complexity due to the orthogo-
nal nature of the different components. The aldehyde func-
tionality can be reserved for the interactional components
and the hydrazide functionality for the structural compo-
nents, or vice versa, allowing for branching and substitution
of multifunctional cores.
In the present study, acylhydrazone libraries were gener-


ated from the dynamic assembly of a series of oligohydra-
zide core building blocks used to arrange the interactional
components in a given geometry, with a set of aldehyde
counterparts potentially capable of interacting with the
binding site of the target species. The interactional compo-
nents (1±6) were based on the six common, naturally occur-
ring carbohydrates: b-d-glucopyranose (Glc), b-d-galacto-
pyranose (Gal), 2-acetamido-2-deoxy-b-d-glucopyranose
(GlcNAc), 2-acetamido-2-deoxy-b-d-galactopyranose
(GalNAc), a-l-fucopyranose (Fuc) and a-d-mannopyranose
(Man). The structural core components (A±I) were chosen
to contain one, two or three attachment groups in order to
probe the effect of multivalency through the presence of
several interacting groups in the same library constituent.
Hydrazides were chosen as structural core components,


since they represent linkers/scaffolds of high solubility in
the aqueous buffer system used. For the same reason, the al-
dehyde counterpart was attached to the carbohydrate moiet-
ies, solubilising the otherwise nonpolar benzaldehyde frag-
ments. All components were easily soluble in the buffers
used.


Generation of the dynamic combinatorial libraries (DCLs):
Generation of the dynamic libraries was easily accomplished
at a moderately acidic pH (ammonium formate buffer,
pH 4), upon gentle agitation overnight. Scrambling of an
acylhydrazone library of this type is, however, normally
completed within a few minutes to a couple of hours de-
pending on hydrazide/aldehyde combination and the pH of
the solution.[33] A complete acylhydrazone library resulting
from these 15 components amounts to at least 474 different
constituents, not counting partially formed species, but ac-


Scheme 1. Reversible acylhydrazone formation.
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counting for symmetry effects. The final concentration of
the libraries amounted to 15mm in total for both hydrazide
and aldehyde, resulting in a theoretical yield of 32mm per li-
brary member.


Screening/deconvolution procedure : In order to screen the
libraries against the lectin Con A, an enzyme-linked lectin
assay (ELLA) in a standard 96-well format was adopted
based on yeast mannan as the immobilised ligand.[34] When
testing the complete 474-membered library in the assay, it
became clear that it contained one or more active species
that were potent inhibitors of the binding. Thus, addition of
the complete library to the binding assay resulted in strong
inhibition of the binding signal up to a concentration of 1/50
of the stock solutions, corresponding to approximately 0.15±
2.4mm of each library member.
In order to identify the active compounds of the libraries,


a previously described dynamic deconvolution protocol rely-
ing on the dynamic features of the libraries was utilised.[24]


This method is based on the removal of single building
blocks from the complete library, resulting in redistribution
of the remaining components and suppression from the
equilibrating pool of all constituents containing the removed
components. For each component making up the DCL, a
sublibrary is prepared from which all library constituents
based on this element are removed. Thus, when using this
dynamic deconvolution strategy a decrease in inhibitory
effect reveals the importance of the removed component in
the generation of active compounds in the dynamic library.
This protocol leads to a limited number of samples (one for
each building block plus references), but is nevertheless
highly efficient in targeting active species.
The complete library (CL) pool was generated by simulta-


neously adding all the building blocks (1±6, A±I) together
under pre-equilibrating conditions in acidic buffer at ambi-
ent temperature. At the same time, 15 sublibraries were
formed by mixing all components except one specific hydra-
zide or aldehyde building block under the same conditions.
The respective libraries obtained were composed of all pos-
sible condensation products in proportion to their relative
thermodynamic stability. Together with a reference sample
(buffer) containing no building blocks, this series of 17 sam-
ples was sufficient for screening the entire 474-member li-
brary. Following equilibration, the libraries were subse-
quently subjected to the lectin assay in which the inhibitory
potency of the library constituents towards Con A in compe-
tition with the immobilised ligand was monitored.
The results obtained from this library generation and


screening process are presented in Figure 1a in which the in-
hibitory effects of the sublibraries have been related to the
activity of the complete library. The inhibition of the Con A
binding activity by a library indicated the presence of one or
several active condensation products in a given equilibrated
mixture. On removal of individual building blocks from the
complete library in the collection of sublibraries, an increase
in activity indicated that the omitted component contributed
significantly to the inhibitory effect, while a decrease in ac-
tivity indicated that the component hampered the effect of
the more active compounds. The data in Figure 1a show that


several components proved active in the present study with
the largest effect arising on removal of the mannose unit (6)
from the complete DCL. Clearly component 6 is necessary
for inhibition to occur, whereas the other aldehyde building
blocks are less important, much in accordance with the bind-
ing selectivity of this lectin. Similarly, of the core building
blocks hydrazide G was most active, followed by I, while
smaller effects were observed for the other structural com-
ponents. Consequently, the most active constituent is likely
to come from the assembly of fragments 6 and G.
As a reference, a reduced library containing only one al-


dehyde unit (the most active component 6) was prepared to
further probe the individual effects of the structural compo-
nents. When omitting five out of six interactional groups,
the size of this library is reduced to nine different acylhydra-
zone constituents (not counting partially formed species).
Ten sublibraries were simultaneously prepared and all librar-
ies screened in the lectin assay. The results from this cam-
paign are presented in Figure 1b, accentuating the effects
found with the 474-member library. Clearly, components 6
(Man) and G are the most active components in this library.
Three main conclusions may be drawn from the results


obtained:


Figure 1. Dynamic deconvolution of dynamic combinatorial libraries of
carbohydrates demonstrating the detection of the potency of compound 6
(Man derivative) and compound G (tritopic hydrazide). a) DCL contain-
ing all carbohydrate aldehydes and all hydrazide components used.
b) DCL containing one carbohydrate aldehyde (compound 6) and all hy-
drazide components. Blk denotes blank sample containing buffer only,
CL denotes complete library comprising all components. Abscissa figures
and letters denote sublibraries in which the indicated component is re-
moved.
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1) By far the most active carbohydrate component is that
containing mannose, as expected.


2) The two trivalent library constituents derived from the
trihydrazides G and I are more active than the divalent
ones overall, in agreement with the fact that the natural
substrate of Con A is a trimannoside.


3) Of the three trivalent components (G, H and I), the
more flexible G and I correspond to the higher activity
of all the core units (A±I), whereas the more rigid com-
ponent H is very inefficient and comparable to the diva-
lent hydrazides B±F, despite the similar distance between
the three hydrazide functions in G, H and I. This result
may mean that these three components are probably too
large, but that G and I can adjust, whereas H cannot,
pointing to the importance of flexibility.


Evaluation of the best binder of the DCL : From both librar-
ies tested, the components building up constituent 63±G
were identified as most important. This constituent was syn-
thesised separately from the peracetylated derivative 7 of
compound 6 and structural component G, as shown in
Scheme 2.
The effect of this constituent was subsequently estimated


in a binding assay (Figure 2), resulting in an IC50 value in
the micromolar range (22mm). For comparison, methyl-a-d-
mannoside was used as a reference (IC50=0.8mm), resulting


in a 36-fold binding difference. This is comparable to the
natural trimannoside ligand, which shows a 60-fold higher
affinity than methyl-a-d-mannoside at pH 7.2.[35]


Conclusion


In this study it has been shown that lectin ligands can be
generated by acylhydrazone formation and exchange, allow-
ing the efficient generation of dynamic combinatorial librar-
ies in aqueous media. A set of 15 initial building blocks
yielded a library containing at least 474 different species.
Among all possible acylhydrazones formed, active com-
pounds of the appropriate geometry-containing potent rec-
ognition groups could be rapidly identified using a dynamic
deconvolution process. This method enabled the efficient
identification of a novel tritopic mannoside, showing potent


binding to Concanavalin A. The data also point to the fact
that in the first stage of component selection for setting up
DCLs, it is beneficial to introduce flexible components to
allow adaptation to the target of the DCL constituent gener-
ated. Once a preliminary consituent has been found, more
precisely defined structural components can be implemented
in the next stage.


Experimental Section


General : All reagents were purchased from commercial sources and used
after appropriate purification. Compounds 1 and 2,[36] 3 and 4,[37] 5±7[38]


and D±I[38] were synthesised according to literature procedures. 1H and
13C NMR spectra were recorded using a Bruker AC200 spectrometer at
298 K. Mass spectra were determined by the Service de Spectromÿtrie de
Masse at the Institut de Chimie, Universitÿ Louis Pasteur. Microanalyses
were performed at Service de Microanalyse at the Institut de Chimie,
Universitÿ Louis Pasteur, or at the Institut Universitaire de Technologie,
Strasbourg-sud, France. Binding assays were monitored using a Victor2


plate reader (Perkin Elmer).


Synthesis of dynamic combinatorial libraries : Stock solutions of individu-
al aldehyde and hydrazide components (2±50mm) were prepared in
water. The libraries were subsequently generated by combining the solu-
tions assuming equal concentrations of all potential acylhydrazones


Scheme 2. Synthesis of compound 63±G.


Figure 2. Estimation of the relative binding potency (IC50-values) of li-
brary hit 63±G and a reference compound, Me-a-d-mannoside, in the in-
teraction with Concanavalin A.
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(32mm each), the pH was adjusted to 4.0 by addition of ammonium for-
mate buffer (AFB, 1m) and the resulting mixture was allowed to equili-
brate at ambient temperature overnight to ensure a full reaction. Ali-
quots of the equilibrated solution were then tested in the binding assay.
Sublibraries were prepared in the same way using water instead of ex-
cluded library components.


Analysis of binding to Concanavalin A : Binding of the library constitu-
ents to Concanavalin A was monitored by an enzyme-linked assay[39] in a
96-well microtiter plate format. The wells were first incubated with yeast
mannan (Sigma M7504, 10 mgL�1 in 10mm phosphate buffered saline
(PBS) pH 7.4, 100 mL per well) at room temperature overnight. Following
washing three times with washing buffer (PBS containing 0.05% (v/v)
Tween 20 (PBST), 300 mL per well), the wells were blocked with bovine
serum albumin (BSA, 1% in PBS, 150 mL per well) for 1 h at 37 8C. After
a new wash with PBST (3î300 mL per well), the wells were incubated
with library solutions containing horse-radish peroxidase-labelled Conca-
navalin A (Con A-HRP, ICN 153246, 0.9 mgmL�1 in PBS, 100 mL per
well) at room temperature for 2 h. The plates were washed with PBST
(2î300 mL per well), and developed by addition of the diammonium salt
of 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS,
0.25 mgmL�1 in 0.2m citrate/phosphate buffer containing 0.015% H2O2,
pH 4.0, 50 mL per well). The reaction was finally stopped after 20 min by
addition of dilute sulfuric acid (1m, 50 mL per well), and the optical den-
sity measured at 405 nm.


Synthesis of 73±G : Compound G (50 mg, 0.2 mmol) was dissolved in
acetic acid (2 mL). Compound 7 (300 mg, 0.65 mmol) was added, and the
reaction allowed to proceed for 30 min at ambient temperature under
argon. After the reaction mixture had been concentrated, the product
was purified by flash chromatography (SiO2, hexane/methanol/ethyl ace-
tate 30:60:10±20:70:10, v/v) and dried in vacuo. [a]D=++928 (c=0.8 in
CDCl3);


1H NMR (CDCl3): d=11.9 (br s, 1.3H; NH), 11.1 (br s, 1.7H;
NH), 8.76 (br s, 1.3H; CH=N), 8.20 (d, J=4.0 Hz, 1.7H; CH=N), 7.75±
7.52 (m, 6H; H-meta), 7.09 (d, Jo,m=8.7 Hz, 6H; H-ortho), 5.55 (d, J1,2=
1.5 Hz, 3H; H-1), 5.54 (dd, J2,3=9.3 Hz, J3,4=3.3 Hz, 3H; H-3), 5.44 (m,
3H; H-2), 5.36 (dt, J4,5=10.0 Hz, 3H; H-4), 4.27 (dd, J5,6a=5.6 Hz, J6a,6e=
12.7 Hz, 3H; H-6a), 4.18±3.99 (m, 9H; H-5, H-6e, CH2), 3.81±3.60 (m,
3H; CH2), 2.20 (s, 9H; Ac), 2.05 (s, 9H; Ac), 2.03 (s, 9H; Ac), 2.02 ppm
(s, 9H; Ac); 13C NMR (CDCl3): d=170.5, 170.0, 157.3, 143.8, 129.4,
128.9, 116.7, 95.7, 69.4, 68.9, 65.9, 62.1, 20.7 ppm; elemental analysis calcd
(%) for C69H81N7O33: C 53.94, H 5.31, N 6.38; found: C 53.61, H 5.44, N
6.12; MS (FAB positive mode): m/z calcd: 1535.5; found: 1536.5 [M+H].


Compound 63±G : Compound 73±G (27 mg, 0.018 mmol) was dissolved in
methanol (1 mL). NaOMe (0.5 mg) was added, and the reaction allowed
to proceed at ambient temperature overnight. Evaporation and drying of
the reaction mixture yielded 18 mg of white solid (quant.). [a]D=++1158
(c=0.8 in H2O/MeOH 1:1, v/v); 1H NMR (CD3OD/D2O 1:1, v/v): d=
8.16 (s, 1.2H; CHN), 8.05 (s, 0.9H; CHN), 7.90 (s, 0.6H; CHN), 7.79 (s,
0.3H; CHN), 7.70±7.44 (m, 6H; H-meta), 7.17±6.92 (m, 6H; H-ortho),
5.62±5.38 (m, 3H; H-1), 4.12±3.45 ppm (m, 24H; H-2, H-3, H-4, H-5, H-
6a, H-6e, CH2);


13C NMR (CD3OD/D2O 1:1, v/v): d=170.8, 170.5, 159.5,
159.1, 151.8, 151.5, 130.8, 130.2, 129.1, 118.2, 99.6, 75.2, 72.2, 71.6, 68.0,
62.2, 59.4 ppm; elemental analysis calcd (%) for C45H57N7O21¥2CH3OH/
H2O: C 50.67, H 6.06, N 8.80; found: C 50.49, H 5.93, N 8.66.


Estimation of IC50 values : The IC50 (50% inhibition of Concanavalin A
binding) curves were based on consecutively diluted concentrations of
tested inhibitors included in the assay with HRP-labelled Concanava-
lin A. Typically, each condition was tested in triplicate. The program
GraphPad Prism (GraphPad Software) was adopted for nonlinear regres-
sion analysis determining IC50 values using the following equation: A=


Amin+ (Amax�Amin)/(1+10
(C�logIC50)), in which A is the inhibitory activity


and C is the inhibitor concentration.
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Realization of Unusual Ligand Binding Motifs in Metalated Container
Molecules: Synthesis, Structures, and Magnetic Properties of the Complexes
[(LMe)Ni2(m-L’)]n+ with L’=NO3


�, NO2
�, N3


�, N2H4, Pyridazine, Phthalazine,
Pyrazolate, and Benzoate


Julia Hausmann,[a, d] Marco H. Klingele,[a, d] Vasile Lozan,[a] Gunther Steinfeld,[a]


Dieter Siebert,[b] Yves Journaux,[c] Jean Jacques Girerd,[c] and Berthold Kersting*[a]


Introduction


The coordination chemistry of transition-metal complexes
with well-defined binding pockets is currently attracting
much interest.[1±5] By adjusting the size and form of the
pocket it is often possible to coordinate coligands in unusual
coordination modes, to activate and transform small mole-
cules,[6] or to stabilize reactive intermediates.[7] Such com-
pounds also allow an interplay of molecular recognition and
transition-metal catalysis,[8,9] and the construction of more
effective enzyme mimics.[10] Consequently, a large number of
supporting ligands have been developed that create confined
environments about active metal coordination sites. The ma-
jority of these ligands form mononuclear compounds, as for
instance the calixarenes,[11] the cyclodextrins,[12,13] and some
tripod ligands.[14,15] In contrast, there are only a few ligand
systems that impose cagelike structures about polynuclear
cores.[16±18] Polyazadithiophenolate macrocycles[19,20] of the
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Abstract: A series of dinickel(ii) com-
plexes with the 24-membered macrocy-
clic hexaazadithiophenol ligand H2L


Me


was prepared and examined. The
doubly deprotonated form (LMe)2�


forms complexes of the type
[(LMe)NiII2 (m-L’)]n+ with a bioctahedral
N3NiII(m-SR)2(m-L’)NiIIN3 core and an
overall calixarene-like structure. The
bridging coordination site L’ is accessi-
ble for a wide range of exogenous coli-
gands. In this study L’=NO3


� , NO2
� ,


N3
� , N2H4, pyrazolate (pz), pyridazine


(pydz), phthalazine (phtz), and ben-
zoate (OBz). Crystallographic studies
reveal that each substrate binds in a
distinct fashion to the [(LMe)Ni2]


2+ por-
tion: NO2


� , N2H4, pz, pydz, and phtz
form m1,2-bridges, whereas NO3


� , N3
� ,


and OBz� are m1,3-bridging. These dis-
tinctive binding motifs and the fact
that some of the coligands adopt un-
usual conformations is discussed in
terms of complementary host±guest in-
teractions and the size and form of the
binding pocket of the [(LMe)Ni2]


2+ frag-
ment. UV/Vis and electrochemical
studies reveal that the solid-state struc-
tures are retained in the solution state.
The relative stabilities of the com-
plexes indicate that the [(LMe)Ni2]


2+


fragment binds anionic coligands pref-


erentially over neutral ones and strong-
field ligands over weak-field ligands.
Secondary van der Waals interactions
also contribute to the stability of the
complexes. Intramolecular ferromag-
netic exchange interactions are present
in the nitrito-, pyridazine-, and the
benzoato-bridged complexes where
J=++6.7, +3.5, and +5.8 cm�1 (H=


�2JS1S2, S1=S2=1) as indicated by
magnetic susceptibility data taken from
300 to 2 K. In contrast, the azido
bridge in [(LMe)Ni2(m1,3-N3)]


+ results in
an antiferromagnetic exchange interac-
tion J=�46.7 cm�1. An explanation for
this difference is qualitatively discussed
in terms of bonding differences.


Keywords: activation of small mol-
ecules ¥ bimetallic reactivity ¥ mac-
robinucleating ligands ¥
magnetic properties ¥ nickel
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Robson-type[21±23] readily form dinuclear metal complexes
with first-row transition-metal ions. The reduced forms can
be functionalized at the secondary amine functions, and,
therefore, could be suitable to construct such species.[24]


We have recently investigated the coordination chemistry
of the 24-membered macrocyclic hexaazadithiophenolate
ligand H2L


H and its permethylated derivative H2L
Me


(Scheme 1).[25] The two macrocycles generate [(LR)MII
2]


2+


complex fragments that bind additional coligands L’ to give
bioctahedral complexes of the type A or B.[26] In these com-
plexes, the bridging coligands are situated in the hydropho-
bic pocket of the [(LMe)M2]


2+ unit made up of the N-alkyl
residues and the aryl rings of the supporting hexaazadithio-
phenolate macrocycles. These complexes are amongst the
first prototypes for dinuclear complexes with confined bind-
ing cavities.[27]


From previous work it is clear that the presence of the
substituents on the nitrogen donors influences the coordina-
tion chemistry of the corresponding complexes significantly.
For example, utilization of the permethylated derivative in
place of the parent compound H2L


H drastically alters the
ease of the substitution of the bridging halide ions in the
chloro-bridged [(LR)Ni2(m-Cl)]+ compounds.[28] Likewise,


the remarkable ability to fix and transform small molecules
such as H2O and CO2 is restricted to complexes of the per-
methylated macrocycle.[29] More recently, the aryl rings of
H2L


Me have been demonstrated to influence the stereochem-
ical course of substrate transformations, as for instance the
highly diastereoselective cis-bromination of a,b-unsaturated
carboxylate groups.[30]


So far, our studies have been confined to complexes bear-
ing only three different coligands, namely chloride, hydrox-
ide, and acetate. We have now examined the capability of
the [(LMe)Ni2]


2+ fragment to bind other exogenous coli-
gands. The test species were nitrate, nitrite, azide, hydrazine,
pyrazolate (pz), pyridazine (pydz), phthalazine (phtz), and
benzoate (OBz). These molecules are known to act as bridg-
ing ligands between metal ions,[31] and some of them are bio-
logically important molecules. Herein we demonstrate that
all species can be readily accommodated in the binding
pocket of [(LMe)Ni2]


2+ . In each case we have obtained single
crystals suitable for X-ray structure determinations. There-
fore, it has been possible to study in detail the effect of the
size and form of the binding pocket of the [(LMe)Ni2]


2+ frag-
ment on the coordination mode of the coligands and vice
versa. The results of IR and UV/Vis spectroscopic investiga-
tions, cyclic voltammetry, binding studies, and variable-tem-
perature magnetic susceptibility measurements are also re-
ported.


Results and Discussion


Synthesis of complexes


Table 1 lists the synthesized complexes and their labels. Of
these, the chloro- and acetato-bridged complexes 1 and 10
have been reported earlier. Scheme 2 depicts the synthetic
procedures.


Complexes 2±6 and 9 were synthesized by treatment of 1-
ClO4 with a two- to fivefold excess of the sodium salt of the
corresponding anion (or neat hydrazine hydrate in the case
of 5) in aqueous methanolic solution. In general, these reac-
tions were complete within a few hours at ambient tempera-
ture and produced clear solutions from which, upon addition
of an excess of LiClO4, the yellow (4-ClO4) or green per-


Scheme 1. Structure of the ligands (H2L
R) and schematic representation


of the structures of their corresponding metal complexes [(LR)M2(m-L’)]n+.
The cavity representation of the ligand (LR)2� should not be confused
with the one used for cyclodextrins.


Table 1. Synthesized complexes and their labels.[a]


[(LMe)Ni2(m-L’)]+ L’


1[b] [(LMe)Ni2(m-Cl)]+ chloride, Cl�


2 [(LMe)Ni2(m-NO3)]
+ nitrate, NO3


�


3 [(LMe)Ni2(m-NO2)]
+ nitrite, NO2


�


4 [(LMe)Ni2(m-N3)]
+ azide, N3


�


5 [(LMe)Ni2(m-N2H4)]
2+ hydrazine, N2H4


6 [(LMe)Ni2(m-pz)]+ pyrazolate, N2C3H3
�


7 [(LMe)Ni2(m-pydz)]2+ pyridazine, N2C4H4


8 [(LMe)Ni2(m-phtz)]2+ phthalazine, N2C8H6


9 [(LMe)Ni2(m-OBz)]+ benzoate, C6H5CO2
�


10[c] [(LMe)Ni2(m-OAc)]+ acetate, CH3CO2
�


[a] The complexes were isolated as ClO4
� or BPh4


� salts. [b] Ref. [28].
[c] Ref. [29].
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chlorate salts (2-ClO4, 3-ClO4, 5-(ClO4)2, 6-ClO4, and 9-
ClO4) of the desired complexes precipitated as microcrystal-
line solids in good to excellent yields (73±89%). In two
cases, 2-NO3 and 4-N3, the complexes were also obtained
with the ligands (NO3


� and N3
� , respectively) as counteran-


ions. The dicationic pyridazine and phthalazine derivatives 7
and 8 were prepared in acetonitrile solution, by treatment
of 1 with lead perchlorate in acetonitrile, followed by re-
moval of PbCl2(s) by filtration and subsequent addition of
the neutral diazine heterocycles. In this way, the diperchlo-
rate salts 7-(ClO4)2 and 8-(ClO4)2 were obtained as brown
crystals in similarly good yields. The monocations 3, 4, 6,
and 9 were also isolated as their tetraphenylborate salts.


All complexes are stable in air, both in solution and in
the solid state. They exhibit good solubility in polar aprotic
solvents such as acetonitrile, acetone, or dichloromethane.
Both the perchlorate and the tetraphenylborate salts are not
very soluble in alcohols and vir-
tually insoluble in water. All
compounds gave satisfactory el-
emental analyses and were
characterized by spectroscopic
methods, cyclic voltammetry,
variable-temperature magnetic
susceptibility measurements,
and compounds 2-NO3¥H2O¥-
MeOH, 3-ClO4¥MeOH, 4-
N3¥3MeOH, 5-(ClO4)2, 6-
BPh4¥MeCN, 7-(ClO4)2¥2MeCN,
8-(ClO4)2¥0.5EtOH, and 9-BPh4


also by X-ray structure analysis.


Characterization of the com-
plexes


Infrared spectroscopy : Table 2
summarizes selected analytical
data for the new compounds. In
the infrared spectra of 2±9,
most of the stretching frequen-
cies of the coligands are com-


pletely obscured by the absorp-
tions of the [(LMe)NiII2]


2+ frag-
ment[32] and the counterions
(ClO4


� or BPh4
�). Nevertheless


some absorptions of the coli-
gands could be detected. In the
spectrum of 2, for example, the
bands at 1384 and 1277 cm�1


can be assigned to the asym-
metric and symmetric stretching
modes of a m1,3-bridging nitrate
ion.[33] Similarly, the band at
1183 cm�1 in the spectrum of 3
reveals the presence of a bridg-
ing NO2


� group.[34] Likewise, in
the spectrum of the azido com-
plex 4 the strong band at
2059 cm�1 implicates a coordi-


nated azide ion. The IR spectrum of hydrazine complex 5
shows sharp absorptions for the asymmetric and symmetric
NH2 stretching modes between 3300 and 3250 cm�1, similar
to other hydrazine complexes.[35, 36] Unfortunately, for 6±8 no
characteristic IR absorptions due to the coligands could be
detected. Finally, in the spectrum of 9 the most prominent
features are the intense bands at 1600 and 1427 cm�1, which
can be readily assigned to the asymmetric and symmetric
carboxylate stretching modes.[37] The observed values are
very similar to those of the acetato-bridged complex 10, sug-
gesting that the benzoate moiety in 9 is also in the m1,3-bridg-
ing mode.


UV/Vis spectroscopy : The electronic absorption spectra of
complexes 2±9 were recorded in the range 300±1600 nm in
acetonitrile solution at ambient temperature. The spectra of
the pale-green nickel complexes are similar but not identi-


Scheme 2. Synthesis of compounds 2±9. For ligand abbreviations see Scheme 1.


Table 2. Selected infrared, UV/Vis, and electrochemical data for compounds 1±10.


Cmpd Band position [cm�1]; assignment lmax [nm] (e[m�1 cm�1])[a] E[V] (DE [V]) versus SCE[b]


1-ClO4
[c] 658 (41), 920 (59)


1002 (80)
2-ClO4 1384 + 1277; nas + ns(m-NO3


�) 659 (46), 1049 (77) 0.71 (0.10), 1.51 (irr.)
3-ClO4 1183; n(m-NO2


�) 623 (39), 1104 (59) 0.74 (0.11), 1.44 (irr.)
3-BPh4 1182; n(m-NO2


�) 621 (40), 1111 (57)
4-ClO4 2059; n(m-N3


�) 672 (37), 1092 (84) 0.58 (0.09), 1.53 (irr.)
4-BPh4 2058; n(m-N3


�) 673 (45), 1094 (102)
4-N3 2059; n(m-N3


-), 2036; n(N3
�)


5-(ClO4)2 3300, 3290, 3248; all n(N�H) 624 (33), 1114 (67) 0.90 (0.11), 1.56 (irr.)
1604; d(NH2), 952; n(N�N)


6-ClO4 634 (24), 1178 (52) 0.58 (0.12), 1.24 (0.13)
6-BPh4 634 (23), 1180 (52)
7-(ClO4)2 615 (66), 1095 (62) 0.97 (irr)
8-(ClO4)2 629 (43), 1111 (57) 0.96 (irr)
9-ClO4


[d] 1600 + 1427; nas + ns(m-CO2) 650 (30), 1118 (66) 0.51 (0.11), 1.28 (0.11)
9-BPh4 1600 + 1427; nas + ns(m-CO2) 650 (32), 1121 (67)


652 (38), 1118 (71)[e]


10-ClO4
[f] 1588 + 1426; nas + ns(m-CO2) 649 (28), 1134 (55) 0.56 (0.14), 1.36 (0.13)


10-BPh4
[f] 1585 + 1425; nas + ns(m-CO2) 650 (29), 1135 (60)


[a] Unless otherwise noted the spectra were recorded in CH3CN solution at 295 K. Concentrations of solutions
were ~1.0î10�3


m in sample. [b] Data recorded using the perchlorate salts in CH3CN solution. All potentials
are referenced to SCE. For experimental conditions see Experimental Section. E= (Eox


p + Ered
p )/2 for reversi-


ble one-electron transfer processes; values in parentheses represent peak-to-peak separations (DEp= j
Eox


p �Ered
p j ). [c] Ref. [28]. [d] Ref. [38]. [e] Spectrum was recorded in CH2Cl2 solution at 295 K. [f] Ref. [29].
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cal. Each compound displays two weak absorption bands.
One appears in the 620 to 670 nm range, the other one is ob-
served between 1050 and 1180 nm. These absorptions can be
attributed to the d±d transitions n2 (3A2g(F)!3T1g(F)) and n1


(3A2g(F)!3T2g(F)), respectively, of an octahedral nickel(ii)
(d8) ion. The higher energy features below 400 nm result
from p±p* transitions within the (LMe)2� ligand. In summary,
the slight differences in the position of the d±d transitions
indicate that each complex retains its coligand in the solu-
tion state. This is also supported by the electrochemical
properties described below.


Electrochemistry : All complexes were further characterized
by cyclic voltammetry. Cyclic voltammograms have been re-
corded in CH3CN solution with [nBu4N]PF6 as the support-
ing electrolyte at a scan rate of 100 mVs�1. Table 2 summa-
rizes the electrochemical data. All potential values refer to
the standard calomel electrode (SCE).


Figure 1 shows the cyclic voltammogram of the benzoato-
bridged complex 9.[38] This complex undergoes two reversi-
ble one-electron oxidations at very positive potentials, the


E1/2 values being +0.51 (DEp=0.11 V) and +1.28 V (0.11)
versus SCE. The two processes are tentatively assigned to
the formation of the mixed-valent NiIINiIII and NiIIINiIII spe-
cies,[39] as indicated in Equation (1).


½ðLMeÞNiIII2 ðm-L0Þ�G
þe�


�e�
H½ðLMeÞNiIIINiIIðm-L0Þ�2þ


G
þe�


�e�
H½ðLMeÞNiII2 ðm-L0Þ�þ


ð1Þ


The cyclic voltammograms of the other dinickel(ii) com-
plexes also reveal two redox waves with very positive oxida-
tion potentials. However, the redox waves above about
0.90 V are all irreversible. Nevertheless, it can be clearly
seen from Table 2 that the redox potentials of the
[(LMe)NiII2 (m-L’)]n+ complexes depend on the coligand L’.
The complexes 2±4, 6, and 9 with anionic coligands are all
easier to oxidize (by ca. 0.40 V) than the complexes 5, 7,
and 8 bearing neutral coligands. The lowering of the redox


potentials in the former is presumably due to a stabilizing
Coulomb attraction between the anionic coligands and the
positively charged [(LMe)NiIIINiII]2+ species formed upon ox-
idation. The electrochemical data thus confirm the conclu-
sions drawn from the UV/Vis spectroscopic studies that the
[(LMe)Ni2(m-L’)]n+ complexes retain their bioctahedral struc-
tures in the solution state.


X-ray crystallography : Although the formulations of the
new compounds were reasonably substantiated by the above
spectroscopic data, further confirmation was provided by X-
ray diffraction studies. Single crystals of X-ray quality were
obtained for all complexes in this series. All data collections
were performed at 210 K. Selected crystallographic data are
given in Table 3; see Supporting Information for complete
listings.


The molecular structures of the complexes 2±9 are shown
in Figures 2, S4 and S5 (for S4 and S5, see Supporting Infor-
mation). A common labeling scheme for the [(LMe)Ni2]


2+


segment (see Figure 3) has been used to facilitate structural


comparisons. The structure of the cation [(LMe)NiII2 (m-
OAc)]+ (10) has been reported previously,[29] and its metri-
cal parameters are also given for comparison. Selected bond
lengths and angles are listed in Table 4 and Table 5, respec-
tively.


Structure of the [(LMe)Ni2]
2+ fragment : It is appropiate to


discuss the structure of the [(LMe)Ni2]
2+ subunit in 2±9 first.


Figure 1. Cyclic voltammogram of [(LMe)Ni2(m-O2CPh)]ClO4 (9-ClO4) in
CH3CN (ca 1î10-3


m). Conditions: Pt working electrode, Pt wire auxiliary
electrode, Ag wire reference electrode. 0.1m [(nBu)4N]PF6 supporting
electrolyte, scan rate 100 mVs�1.


Figure 2. Molecular structure of the hydrazine complex 5. Thermal ellip-
soids are drawn at the 50% probability level. tert-butyl groups and hy-
drogen atoms are omitted for clarity. For the structures of the other com-
plexes see Supporting Information.


Figure 3. The common labeling scheme for the central N3Ni(m-S)2NiN3


core of the [(LMe)Ni2]
2+ fragment of complexes 2±10.
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In all eight new dinickel(ii) complexes the macrocycle
adopts the conical calixarene-like conformation previously
reported for the acetato-bridged complex 10 (Form B,
Scheme 1).[26,29] In this nearly C2v-symmetric structure, the
two nickel atoms are coordinated in a square-pyramidal
fashion by the two fac-N3(m-S)2 donor sets of the doubly de-
protonated macrocycle (LMe)2�. Upon coordination of the
exogenous coligands, distorted octahedral environments
result for the two metal atoms. The structures of the dinu-
clear subunits are similar but not identical within the series.
For example, the Ni¥¥¥Ni distance varies from 3.392(1) to
3.683(1) ä. The metal±metal separations correlate with the
nature of the bridging ligands. Complexes having multiple
atom bridges such as m1,3-carboxylate display longer Ni¥¥¥Ni
distances than complexes with m1,2-bridges, such as NO2


� . In
addition, the respective metal±ligand bond lengths and


angles of the [(LMe)Ni2]
2+ unit


also differ significantly from
one structure to the other (see
Table 4 and Table 5).


As in previously reported
structures of this ligand system
(e.g. [(LMe)M2(m-OAc)]+ , M=


CoII, NiII, and ZnII),[26, 29] the
Ni�N bond lengths involving
the four benzylic nitrogen
donors are invariably longer
(by ~0.1 ä) than the ones com-
prising the central nitrogen
atoms of the linking diethylene
triamine units. The short Ni�N2
and Ni�N5 bonds are therefore
not a reflection of a trans influ-
ence of the coligand. Rather,
the disparities in the metal±ni-
trogen bond lengths are almost
certainly a consequence of the
steric constraints of the macro-
cycle. The average bond lengths
and angles, however, are in
good agreement with those of
other octahedral nickel(ii) com-
plexes with mixed thiopheno-
late/amine ligation.[40]


The dimensions of the bowl-
shaped cavity of the
[(LMe)Ni2]


2+ fragment can be
described by the intramolecular
distance between the two op-
posing aryl ring carbon atoms
C4 and C20 (see Figures 2, S4
and S5). Interestingly, this dis-
tance varies considerably across
the present structures. The
values range from 8.693 to
9.760 ä (Table 4). This implies
secondary interactions between
the guest molecules and the N-
alkyl and S-4-tert-butylphenyl


residues of the dinuclear [(LMe)Ni2]
2+ subunit. Remarkably,


the shortest distance occurs in the benzoato-bridged com-
plex, in spite of the benzoate group being amongst the larg-
est of the investigated guest molecules. For the smaller ionic
ligands (NO3


� , NO2
� , N3


� , OAc�) the C4¥¥¥C20 distance is in
all cases longer by up to 1 ä. The distortions imposed by
the benzoate moiety are indicative of attractive van der
Waals interactions between the CH functions of the bowl-
shaped host and its guest. As will be shown in more detail
below, these secondary host±guest interactions play an im-
portant role as they confer unusual binding modes on the
coligands.


Binding mode of the coligands : Figure 4 shows the binding
modes of the coligands in compounds 2±10, along with se-
lected bond lengths and angles. As can be seen all coligands


Table 3. Selected crystallographic data for compounds 2±9.


Compound 2-NO3¥H2O¥MeOH 3-ClO4¥MeOH 4-N3¥3MeOH 5-(ClO4)2


formula C39H69N8Ni2O8S2 C39H68ClN7Ni2O7S2 C41H76N12Ni2O3S2 C38H68Cl2N8Ni2O8S2


Mr [gmol�1] 959.56 963.99 966.68 1017.44
space group P1≈ P1≈ P1≈ P1≈


a [ä] 13.187(5) 11.828(2) 12.887(3) 12.487(2)
b [ä] 13.860(5) 14.235(3) 14.039(3) 14.392(3)
c [ä] 14.240(5) 15.739(3) 14.216(3) 14.611(3)
a [8] 91.051(6) 102.94(3) 87.61(3) 101.23(3)
b [8] 105.359(6) 110.85(3) 73.44(3) 110.34(3)
g [8] 94.851(6) 104.07(3) 87.20(3) 103.84(3)
V [ä3] 2498.5(16) 2256.9(7) 2461.3(9) 2276.5(8)
Z 2 2 2 2
1calcd [gcm�3] 1.275 1.419 1.304 1.484
crystal size [mm3] 0.15î0.15î0.15 0.30î0.20î0.20 0.15î0.20î0.30 0.30î0.30î0.30
m(MoKa) [mm�1] 0.890 1.040 0.898 1.094
2q limits [8] 2.89±57.72 3.50±56.64 2.90±56.66 3.06±56.60
measured refl. 22337 20138 22638 20269
independent refl. 11610 10396 11595 10452
observed refl.[a] 6071 8036 5333 7898
no. parameters 509 520 515 541
R1[b] (R1 all data) 0.0791 (0.1421) 0.0358 (0.0478) 0.0435 (0.1240) 0.0339 (0.0498)
wR2[c] (wR2 all data) 0.2463 (0.2880) 0.1072 (0.1136) 0.0759 (0.0956) 0.0937 (0.1092)
max, min [eä�3] 2.906/�0.652 0.917/�0.547 0.506/�0.494 0.608/�0.525


Compound 6-BPh4¥MeCN 7-(ClO4)2¥2MeCN 8-(ClO4)2¥0.5EtOH 9-BPh4


formula C67H90BN9Ni2S2 C46H74Cl2N10Ni2O8S2 C47H73Cl2N8Ni2O8.50S2 C69H89BN6Ni2O2S2


Mr [gmol�1] 1213.83 1147.59 1138.57 1226.81
space group P1≈ P21/n P1≈ P1≈


a [ä] 13.339(3) 14.697(3) 14.075(3) 15.752(3)
b [ä] 15.704(3) 25.044(5) 14.121(3) 15.926(3)
c [ä] 16.934(3) 15.827(3) 15.408(3) 27.275(5)
a [8] 108.643(3) 90 103.78(3) 103.02(3)
b [8] 92.132(3) 110.04(3) 101.34(3) 96.22(3)
g [8] 107.876(3) 90 110.74(3) 105.18(3)
V [ä3] 3162.7(10) 5473(2) 2645(1) 6331(2)
Z 2 4 2 4
1calcd [gcm�3] 1.275 1.393 1.458 1.287
crystal size [mm3] 0.18î0.14î0.20 0.28î0.28î0.25 0.45î0.42î0.28 0.50î0.35î0.35
m(MoKa) [mm�1] 0.709 0.920 0.953 0.710
2q limits [8] 2.90±57.80 3.18±56.58 3.26±56.74 2.74±56.68
measured refl. 28694 34004 23661 58022
independent refl. 14789 13033 12185 29801
observed refl.[a] 9032 8708 8248 11869
no. parameters 786 568 591 1533
R1[b] (R1 all data) 0.0463 (0.0875) 0.0326 (0.0590) 0.0470 (0.0755) 0.0422 (0.1454)
wR2[c] (wR2 all data) 0.0957 (0.1128) 0.0768 (0.0844) 0.1219 (0.1368) 0.0807 (0.1037)
max, min [eä�3] 0.679/�0.607 0.568/�0.337 0.892/�0.635 0.327/�0.554


[a] Observation criterion: I>2s(I). [b] R1=S j jFo j� jFc j j /S jFo j . [c] wR2= {(S[w(F2
o�F2


c)
2]/S[w(F2


o)
2]}1/2.
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act as bidentate m1,n-bridges (n=2 or 3). Apparently, in
[(LMe)Ni2(m-L’)] complexes of structure type B L’ cannot be
a single-atom (m1,1)-bridging ligand. This seems to be possi-
ble only for complexes of the alternative structure type A.
In other words, multi-atom bridging ligands induce the
[(LMe)Ni2]


2+ fragment to adopt a structure of the kind B,
whereas single-atom bridges such as Cl� or OH� support the
conformation of type A. It is also worth mentioning, that
the hexazadithiophenolate ligand supports triply bridged
N3M(m-SR)2(m-L’)MN3 core structures at all. Martell and co-
workers, for example, have recently investigated the ligating
properties of the analogous hexaazadiphenolate ligand sys-
tems. Despite the identical ligand backbones, only doubly
bridged N3M(m-OR)2MN3 core structures are supported.[41]


It can be assumed that these differences are a result of the
different hybridizations of the phenolate-oxygen (sp2, trigo-
nal-planar) and the thiophenolate-sulfur atoms (sp3, tetrahe-
dral). The former macrocycles tend to enforce a planar
M(m-OR)2M core, while the latter feature a bent M2(m-SR)2


ring, which can be spanned better by the exogenous ligands.
In the following the binding modes of the coligands are


described in detail. As can be seen in Figure 4, the nitrate
ion in 2 is coordinated in a symmetrical m1,3-fashion. This is
a typical coordination mode of this anion,[42] and it has been
observed previously in other nitrato-bridged complexes.[43, 44]


The average Ni�O bond length (2.071(4) ä) is significantly
longer than in the m1,3-carboxylato-bridged species 9 and 10,
implying that the Ni±nitrate bonds are weaker than the Ni±


Table 4. Selected bond lengths [ä] in 2±10.


Complex[a] 2, NO3
� 3, NO2


� 4, N3
� 5, N2H4 6, pyraz 7, pydz 8, phtz 9, OBz[b] 10, OAc[f]


X, Y[c] O1, O2 N7, O1 N9, N7 N7, N8 N8, N7 N7, N8 N7, N8 O1A,B; O2A,B O1, O2


Ni1�X[c] 2.058(4) 2.141(2) 2.102(3) 2.092(2) 2.044(2) 2.117(2) 2.135(3) 2.007(2) [1.995(2)] 1.998(2)
Ni1�N1 2.276(5) 2.295(2) 2.200(3) 2.268(2) 2.337(2) 2.343(2) 2.395(3) 2.322(3) [2.207(3)] 2.281(2)
Ni1�N2 2.138(5) 2.167(2) 2.136(3) 2.114(2) 2.179(2) 2.132(2) 2.134(3) 2.137(3) [2.123(3)] 2.152(2)
Ni1�N3 2.231(5) 2.245(2) 2.226(3) 2.269(2) 2.272(2) 2.281(2) 2.237(3) 2.197(3) [2.342(3)] 2.251(2)
Ni1�S1 2.464(2) 2.475(1) 2.520(1) 2.503(1) 2.500(1) 2.453(1) 2.469(0) 2.452(1) [2.493(2)] 2.493(1)
Ni1�S2 2.444(2) 2.463(1) 2.507(1) 2.477(1) 2.450(1) 2.450(1) 2.432(1) 2.509(2) [2.452(1)] 2.448(1)
Ni2�Y[c] 2.083(4) 2.081(2) 2.095(3) 2.142(2) 2.038(2) 2.138(2) 2.108(3) 2.004(2) [2.013(2)] 2.008(2)
Ni2�N4 2.212(5) 2.321(2) 2.212(3) 2.268(2) 2.270(2) 2.338(2) 2.253(3) 2.274(3) [2.202(3)] 2.244(2)
Ni2�N5 2.137(5) 2.140(2) 2.135(3) 2.140(2) 2.178(2) 2.126(2) 2.150(2) 2.133(3) [2.166(3)] 2.158(2)
Ni2�N6 2.297(5) 2.236(2) 2.248(3) 2.284(2) 2.342(2) 2.268(2) 2.382(2) 2.259(3) [2.338(3)] 2.295(2)
Ni2�S1 2.4705(19) 2.475(1) 2.510(1) 2.478(1) 2.499(1) 2.450(1) 2.476(1) 2.506(2) [2.441(1)] 2.493(1)
Ni2�S2 2.4372(18) 2.457(1) 2.494(1) 2.473(1) 2.455(1) 2.451(1) 2.415(1) 2.445(1) [2.485(1)] 2.451(1)
M�N[d] 2.215(5) 2.234(2) 2.193(3) 2.224(2) 2.263(2) 2.248(2) 2.259(3) 2.220(3) [2.230(3)] 2.230(2)
M�S[d] 2.454(2) 2.467(1) 2.507(1) 2.482(1) 2.476(1) 2.451(1) 2.448(2) 2.478(1) [2.468(1)] 2.471(1)
Ni¥¥¥Ni 3.492(2) 3.398(1) 3.683(1) 3.441(1) 3.389(1) 3.392(1) 3.402(1) 3.491(1) [3.448(1)] 3.483(1)
C4¥¥¥C20[e] 9.712 9.349 9.419 9.367 9.395 8.955 9.760 8.693 [8.948] 9.306


[a] Complex names are abbreviated to the exogenous ligands for clarity. [b] There are two crystallographically independent molecules A and B in the
unit cell. Values in square brackets refer to molecule B. [c] X and Y denote the donor atoms of the coligands. [d] Mean values. [e] Distance between the
two aromatic carbons bearing the tert-butyl groups. [f] Ref. [28].


Table 5. Selected angles [8] in 2±10.


Complex 2, NO3
� 3, NO2


� 4, N3
� 5, N2H4 6, pz 7, pydz 8, phtz 9, OBz[a] 10, OAc


X, Y[b] O1, O2 N7, O1 N9, N7 N7, N8 N8, N7 N7, N8 N7, N8 O1A,B, O2A,B O1,O2


X-Ni1-N2[b] 163.5(2) 175.89(8) 165.78(11) 172.90(8) 175.31(9) 176.98(6) 175.02(10) 164.57(11) [165.11(11)] 163.89(7)
N3-Ni1-S1 169.47(14) 172.18(5) 166.56(7) 170.04(5) 170.61(6) 172.30(5) 171.01(7) 171.06(8) [169.79(8)] 170.09(5)
N1-Ni1-S2 169.82(14) 170.39(6) 167.09(8) 170.99(6) 169.58(6) 170.59(4) 168.53(7) 170.46(8) [171.01(8)] 170.28(5)
X-Ni1-S1 92.30(13) 84.13(6) 92.82(9) 86.76(7) 86.72(6) 85.78(4) 84.75(7) 91.05(7) [97.38(8)] 93.30(5)
X-Ni1-S2 94.55(14) 85.48(6) 91.86(9) 87.69(7) 88.27(6) 87.17(5) 89.00(8) 96.38(8) [91.49(8)] 94.78(6)
X-Ni1-N1 86.8(2) 97.71(8) 87.54(11) 93.44(9) 96.58(8) 96.56(6) 95.99(10) 87.01(10) [87.94(10)] 87.69(8)
X-Ni1-N3 87.6(2) 94.95(8) 88.37(11) 93.33(9) 95.72(9) 94.88(6) 95.73(10) 88.62(10) [87.44(10)] 87.77(8)
N1-Ni1-N3 99.69(19) 97.91(8) 101.63(10) 99.28(8) 98.54(8) 97.49(6) 99.21(9) 97.49(11) [98.36(11)] 98.90(8)
S1-Ni1-S2 79.06(6) 81.38(4) 75.35(4) 80.48(4) 80.89(3) 81.58(2) 80.50(3) 79.64(4) [80.34(4)] 79.49(4)
Y-Ni2-N5 163.4(2) 171.91(7) 166.17(11) 173.53(8) 175.22(8) 177.98(7) 174.19(10) 165.31(12) [164.54(11)] 163.84(7)
N4-Ni2-S1 170.24(14) 170.28(5) 167.31(7) 171.16(6) 171.39(6) 171.05(5) 171.42(6) 170.10(9) [171.39(8)] 170.86(5)
N6-Ni2-S2 169.06(15) 172.99(5) 166.48(7) 170.89(6) 168.95(6) 172.44(4) 168.93(7) 171.33(9) [169.29(8)] 169.28(5)
Y-Ni2-S1 91.60(14) 87.78(5) 91.38(8) 87.32(7) 87.01(6) 87.09(5) 85.93(7) 95.20(8) [91.65(7)] 93.55(6)
Y-Ni2-S2 95.28(14) 86.70(5) 93.79(9) 86.09(7) 87.92(6) 85.69(5) 88.39(8) 93.35(7) [97.60(8)] 95.44(5)
Y-Ni2-N4 87.7(2) 94.43(7) 88.72(11) 92.89(9) 95.92(8) 96.78(7) 95.75(10) 88.15(11) [88.20(10)] 87.79(8)
Y-Ni2-N6 86.3(2) 92.02(8) 87.36(11) 95.39(9) 96.57(8) 96.01(6) 94.37(10) 87.49(11) [88.72(11)] 88.11(7)
N4-Ni2-N6 99.61(19) 97.82(8) 101.93(10) 98.74(8) 98.33(8) 96.50(6) 99.41(9) 97.97(12) [98.11(11)] 98.83(7)
S1-Ni2-S2 79.07(6) 81.51(4) 75.76(4) 81.05(5) 80.78(3) 81.62(2) 80.67(4) 79.83(4) [80.73(4)] 79.45(3)
Ni1-S1-Ni2 90.10(6) 86.69(3) 94.20(4) 87.40(4) 85.35(3) 87.55(2) 86.95(4) 89.51(4) [88.65(4)] 88.63(4)
Ni1-S2-Ni2 91.36(6) 87.37(5) 94.90(4) 88.09(5) 87.40(3) 87.61(3) 89.18(4) 89.60(4) [88.58(4)] 90.66(3)
Ph/Phc 88.3(2) 80.3(2) 85.0(2) 80.0(2) 81.8(2) 72.9(2) 88.7(2) 67.4(2) [72.5] 80.8(2)


[a] There are two crystallographically independent molecules A and B in the unit cell. Values in square brackets refer to molecule B. [b] X and Y denote
the donor atoms of the coligands. [c] Angle between the normals of the planes of the aryl rings.
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carboxylate bonds. This nicely corroborates with the results
of the binding studies presented below, which reveal that
the nitrate group is readily replaced by carboxylate anions,
but not vice versa. The planar NO3


� group aligns almost par-
allel with an adjacent phenyl ring. It is 3.30 to 3.44 ä from
the mean plane of this phenyl ring. This is indicative of an
intramolecular p±p stacking interaction.[45]


The nitrite ion can bridge two metal ions in several
ways.[31, 46±48] In the present case, the m1,2- (N,O-bound NO2


�)
and the m1,3-modes (O,O-bound NO2


�) are of relevance. The
symmetrical m1,3-binding motif seems to be geometrically
feasible in view of the observed m1,3-nitrate function in 2, but
the crystal structure reveals the bridging m1,2-nitro-form. This
is presumably due to a more ™relaxed∫ structure of the
[(LMe)Ni2]


2+ fragment in the latter mode of coordination.
This is also supported by the fact that the octahedral Ni cen-
ters in 3 are much less distorted than in 2.


A large number of dinuclear nickel complexes with azide
linkages exist in the literature.[49±51] This linear triatomic
anion can join two Ni centers in an end-on (m1,1-N3) or an
end-to-end motif (m1,3-N3). The latter is seen in the present
structure. Of note are the Ni-N-N angles of 109.9(2)8 (which
are remarkably obtuse for a m1,3-bridging azide ion) in com-
bination with the planarity of the Ni-N3-Ni assembly (tor-
sional angle t=08). This clearly shows that the binding
pocket of the [(LMe)Ni2]


2+ complex allows for the accommo-
dation of anionic guest molecules in unusual coordination
modes. A similar effect has been observed by McKee and
Nelson. They were able to stabilize a nearly linear Ni-(m1,3-
N3)-Ni linkage in the cavity of a dinuclear nickel cryptate
complex.[52] The magnetic properties of nickel complexes
with such extreme azide coordination modes are of interest,
because the theory predicts unusual large intramolecular


magnetic exchange interactions
for these species (see below).[53]


The hydrazine complex 5
provides an example for an un-
usual conformation of a small
inorganic molecule. It is known
that free hydrazine exists pre-
dominantly in the gauche con-
formation at room temperature
(dihedral angle t~1008).[54] This
conformation is also most com-
monly seen in dinuclear hydra-
zine complexes.[55] In the pres-
ent complex the N2H4 ligand
can only adopt the cis (ecliptic)
conformation (t=3.78). To the
best of our knowlege, such a co-
ordination mode is without
precedence in dinuclear transi-
tion-metal hydrazine com-
plexes,[56,57] albeit it is docu-
mented for mononuclear spe-
cies.[58] The hydrazine has a
N7�N8 bond length of
1.421(3) ä consistent with a
N�N single bond. A perchlo-


rate ion is located above the N2H4 molecule, between the
two tert-butyl groups (see Figure S1, Supporting Informa-
tion). Three of its oxygen atoms form weak hydrogen bonds
with the N2H4 hydrogen atoms (average NH¥¥¥O and N¥¥¥O
distances 2.370 and 2.914 ä), but on the basis of similar long
NH¥¥¥C distances to some of the adjacent aryl carbon atoms
(i.e. C2, C6, C16, C18; average value 2.968 ä), the presence
of repulsive NH¥¥¥Caryl van der Waals interactions cannot be
excluded. The observed ecliptic N2H4 conformation would
not argue against such an intramolecular steric interaction.
It should also be remembered that NH4


+ ions can form hy-
drogen bonds with the p-electrons of phenyl rings.[59]


As expected, pyrazolate, pyridazine and phthalazine[60]


bind to the [(LMe)Ni2]
2+ fragment as bidendate bridges


through their two ring nitrogens. Consequently, the Ni¥¥¥Ni
distances are nearly identical in these three compounds
(average value is 3.394(1) ä). The average Ni�N(hetero-
cycle) bond lengths to the pyrazolate moiety at 2.041 ä are
shorter than to the pyridazine (2.128 ä) and phthalazine he-
trocycles (2.122 ä), indicating that the pyrazolate anion in-
teracts more strongly with the [(LMe)Ni2]


2+ subunit than the
two neutral diazine molecules. This is further supported by
the ligand exchange reactions (see below), which reveal that
[(LMe)Ni2]


2+ binds the pyrazolate anion preferentially over
the neutral diazines. The C�N and N�N distances of the h2-
bound heterocycles do not deviate significantly from the dis-
tances found in the free heterocycles alone[61] or in other di-
nuclear nickel(ii) complexes of these N-heterocyclic ligand
systems.[62] Unlike the pyrazolate and the pyridazine, the
phthalazine moiety is tilted out of the Ni1-N7-N8-Ni2 plane
towards one of the tert-butyl groups, presumably again as a
result of hydrophobic interactions between the adjacent CH
groups of the phthalazine moiety and the tert-butyl methyl


Figure 4. Binding mode, bond lengths [ä], and angles [8] of the coligands in 2±9.
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groups. The pyrazolate and pyridazine structures strongly
support these assumptions. These heterocycles are smaller
than the phthalazine ring and cannot experience these inter-
actions, because they are too far away from the tert-butyl
groups. In 8, there is also an intermolecular p±p interaction
that occurs between the exposed phthalazine faces of two
opposing complexes (Figure S2, Supporting Information).


Last but not least, the benzoate ion in 9 chelates the two
NiII ions in a symmetrical m1,3-fashion, as was previously ob-
served for the acetate group in 10 and already indicated by
the IR data. The benzoate phenyl ring is twisted slightly out
of the Ni1-O1-C39-O2-Ni2 mean plane such that relatively
short contacts between the aryl-hydrogen atoms H44a,b,
H42a,b and the hydrogen atoms of the tert-butyl methyl
groups (2.397±3.236 ä) result. The structure is otherwise
identical with that of 10.


Exchange experiments : We have carried out a series of
simple exchange experiments to estimate the relative bind-
ing affinities of the coligands. Each reaction was conducted
at ambient temperature in a mixed acetonitrile/ethanol (1:1)
solvent system using a tenfold excess of the coligand L’’, ac-
cording to Equation (2).


½ðLMeÞNi2ðm-L0Þ�nþ þ L00 Ð ½ðLMeÞNi2ðm-L00Þ�nþ þ L0 ð2Þ


The reactions were terminated after 5 h (the time after
which no more changes occurred) and the solid products ex-
amined by IR spectroscopy.[63] If the IR spectrum of the iso-
lated solid matched more closely with that of the starting
material, [(LMe)Ni2(m-L’)]n+ , the binding affinity of the coli-
gand L’’ was estimated to be less than that of L’. In the
other case, L’’ was termed a stronger ligand than L’. This
was ascertained by successive control experiments, in which
the same reactions were run in the reverse direction, but
now with L’ in tenfold excess over [(LMe)Ni2(m-L’’)]n+ .[64] In
this way the relative binding affinities were determined as
follows: pyridazine (7)~phthalazine (8)<nitrate (2)<hy-
drazine (5)<nitrite (3)<pyrazolate (6)<azide (4)<acetate
(10)<benzoate (9).


Two trends are apparent. First, the [(LMe)Ni2]
2+ complex


binds anionic ligands preferentially over neutral species.
This can be readily explained by the Coulomb attraction be-
tween the positively charged [(LMe)Ni2]


2+ subunit and the
negatively charged coligands. Second, the binding affinity of
the anions parallels their position in the spectrochemical
series.[65] This suggests that strong-field ligands are preferen-
tially bound over weak-field ligands. It is, however, surpris-
ing that the benzoate group binds more strongly than the
acetate group, in spite of the fact that the acetate is a stron-
ger ligand.[66] We assume that these differences are due to
hydrophobic effects,[67] as was already indicated by the crys-
tal structure of 9. This shows that the secondary host±guest
interactions also contribute to the stability of the complexes.


Magnetic susceptibility measurements : The magnetic prop-
erties of complexes 3-BPh4, 4-BPh4, 7-ClO4, 9-BPh4, and 10-
BPh4 were examined between 2.0 and 300 K by using a
SQUID magnetometer in an applied external magnetic field


of 0.2 T. The data are displayed in Figure 5 in the form of
cMT versus T plots (for 10-BPh4, see Figure S3 Supporting
Information).


For complex 3-BPh4 the product cMT gradually increases
from 2.54 cm3 Kmol�1 at 300 K (4.51 mB per dinuclear com-


plex) to a maximum of 3.14 cm3 Kmol�1 (5.01 mB) at 22 K,
and then decreases rapidly to 2.56 cm3 Kmol�1 at 2 K. This
behavior indicates an intramolecular ferromagnetic ex-
change interaction between the two NiII ions in 3. The
abrupt decrease in cMT below 22 K is presumably due to
zero-field splitting of NiII. A similar behavior is observed for
the complexes 7, 9, and 10, implicating that the coupling be-
tween the NiII ions in these three complexes is also ferro-
magnetic in nature. Therefore, the nitrito, pyridazine, and
the carboxylato-bridged nickel complexes all exhibit an S=
2 spin ground state.


The cryomagnetic behavior of the azido-bridged complex
4-BPh4 is completely different. In this case the value of cMT,
1.75 cm3 Kmol�1 at 300 K (3.74 mB per dinuclear complex),
first decreases monotonically until it reaches a plateau at
~40 K of 0.39 cm3Kmol�1 (1.77 mB), and then decreases slowly
to 0.26 cm3 Kmol�1 (1.44 mB) at 2 K. The decrease of the cMT
values at lower temperatures (40±2 K) is presumably due to
the presence of a paramagnetic impurity.[68] Nevertheless,
the overall behavior indicates an antiferromagnetic coupling
between the two nickel(ii) ions in complex 4. Thus, complex
4 possesses a diamagnetic S=0 ground state. This clearly
shows that the spin ground state of the [(LMe)Ni2(m-L’)]n+


fragment depends on the type of the coligand L’.
To determine the magnitude of the exchange interaction


the cMT versus T experimental data were analyzed by using
the isotropic Heisenberg±Dirac±van-Vleck (HDvV) ex-
change Hamiltonian [Eq. (3)] for dinuclear complexes,[69]


which includes two additional terms to account for Zeeman
splitting and single-ion zero-field interactions. The introduc-
tion of a D parameter is appropiate since for nickel(ii) ions,
the non-cubic components of the ligand field may act on the


Figure 5. Plots of cmT against T for 3-BPh4 (&), 4-BPh4 (~), 7-(ClO4)2


(*), and 9-BPh4 (!). The full lines represent the best theoretical fits to
the spin-Hamiltonian [Eq. (3)] (or [Eq. (4)] in the case of 4). The fit pa-
rameters are summarized in Table 6. The experimental and calculated
susceptibility values are provided in the Supporting Information.
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S=1 ground state to produce a zero-field splitting which
may be of the same order of magnitude as J.[70,71]


H ¼ �2 JS1S2 þ S
2


i¼1


�
DiðS2


iz�
1
3
SiðSi þ 1ÞÞ þ gimBBSi


�
ð3Þ


To reduce the number of the variables the D and g values
were considered to be identical for the two nickel(ii) ions.
The resulting Hamiltonian was diagonalized numerically to
obtain the magnetic susceptibility which was used to fit the
cMT magnetic data for the nickel(ii) compounds. The solid
lines in Figure 5 represent the best fits. Table 6 contains the


corresponding fit parameters. The J values lie between +3.5
and +7.9 cm�1, while the g values are in range 2.20±2.38. In
all cases, the inclusion of the D parameter improved the
low-temperature fit significantly, but they represent by no
means an accurate value (temperature-dependent magnetic
susceptibility measurement are not very appropriate for the
determination of the sign and magnitude of D).[72,73]


In the case of complex 4, a fit of the experimental data
over the full temperature range was only possible to the the-
oretical expression in Equation (4) derived from the simple
spin Hamiltonian H=�2JS1S2 (S1=S2=1) by considering a
fraction 1 of a paramagnetic impurity.[74,75]


c ¼ cdimð1�1Þ þ 2 cmono1 ð4Þ


A least-squares fit of Equation (4) to the data yielded J=
�58.9 cm�1 and g=2.25, while 1 was found to be 12%. We
also tried to fit the data to the more explicit expression in
Equation (3) by considering only the high-temperature (50±
300 K) data. A fit was possible, but with the J value being
the only variable. The D and g values had to be fixed (D=


0 cm�1, g=2.25) to produce a stable fit and the paramagnet-
ic impurity had to be neglected. From this fit the J value
was established to be �45.6 cm�1, albeit the experimental
cMT data could not be reproduced in every detail. Thus, the
large amount of the paramagnetic impurity prevented the
determination of an accurate J value for compound 4. At
the moment it can only be estimated to lie somewhere be-
tween �45 and �60 cm�1.


The ferromagnetic exchange interaction in complexes 3, 7,
9, and 10 can be rationalized in terms of the Goodenough±
Kanamori rules for superexchange.[76] It can be assumed that


the magnetic exchange interactions are predominantly trans-
mitted via the thiophenolate-sulfur-atom pathway. This is
not unreasonable given that the J values for the above four
complexes do not vary much with variation of the coligand
L’. The ferromagnetic coupling through the thiophenolate-
sulfur-atom pathway remains to be explained, but this is
straightforward:[77] For face-sharing bioctahedral nickel com-
plexes a ferromagnetic exchange interaction is predicted if
the Ni-X-Ni bridging angle is at 908. For smaller angles, the
orthogonality of the magnetic orbitals is cancelled and anti-
ferromagnetic pathways become available to produce a
change of the sign of J. An antiferromagnetic exchange in-
teraction, for example, is observed in tris(m-chloro)- or
tris(m-thiophenolato)-bridged complexes, where the average
bridging angle is below 808.[78] The other extreme is repre-
sented by the tris(m-phenolato)-bridged complexes, which
feature wider angles at 90�88 and hence parallel spin align-
ment occurs.[79] In our case, the Ni-(m-SR)-Ni angles are very
close to 908, and hence in the range where the ferromagnetic
pathway is the preferred one.


For 4, the antiferromagnetic coupling between the two
NiII (S=1) ions can be explained by assuming a strong anti-
ferromagnetic exchange interaction through the azide ion
which overcomes the ferromagnetic coupling through the
thiolate bridges. This is supported by the fact that nearly all
m1,3-azido-bridged NiII ions feature an antiferromagnetic ex-
change interaction.[80] Moreover, it has recently been dem-
onstrated that the sign and magnitude of the exchange inter-
action in m1,3-azido-bridged nickel complexes depend on the
Ni-N�N bond angles and the Ni-N3-Ni torsional angles.[53, 81]


The largest antiferromagnetic exchange interaction is ex-
pected for a Ni-N-N bond angle of 1088 and a torsional
angle t=08. Our observation of a strong antiferromagnetic
exchange interaction in 4 in which the azide features exactly
these metrical parameters is in good agreement with the re-
ported trend.


Conclusion


In the present study the capability of the [(LMe)Ni2]
2+ com-


plex to bind a range of coligands other than chloride, hy-
droxide, and acetate has been demonstrated. The structural
characterization of eight new complexes bearing anionic
(NO3


� , NO2
� , N3


� , pyrazolate, benzoate) and neutral coli-
gands (hydrazine, pyridazine, phthalazine) shows that in
each case only one of several possible coordination modes is
realized. The presence of these distinct binding motifs can
be traced back to the complementary size and form of the
binding pocket of the [(LMe)Ni2]


2+ fragment. In some cases,
the binding pocket confers very unusual coordination modes
(m1,3-N3) or conformations (ecliptic N2H4) on the coligands.
In other instances, intramolecular host±guest interactions
are present. Most importantly, the exogenous substrate in-
fluences many properties of the dinuclear complex frag-
ment, including complex stability, redox potential, and
ground spin-state. Since the complex integrity is retained in
the solution state, the reactivity of these compounds can
now also be examined.


Table 6. Magnetic properties of complexes 3, 4, 7, 9, and 10.[a]


Complex J [cm�1] g D [cm�1]


3 [(LMe)Ni2(m-NO2)]BPh4 +6.7 2.26 �32.2
4 [(LMe)Ni2(m-N3)]BPh4 �45.6 2.25(fixed) 0.0 (fixed)


�58.9[b] 2.25[b]


7 [(LMe)Ni2(m-pydz)](ClO4)2 +3.5 2.38 +9.53
9 [(LMe)Ni2(m-OBz)]BPh4 +5.8 2.20 �32.0
10 [(LMe)Ni2(m-OAc)]BPh4 +7.9 2.21(fixed) �37.7


[a] Parameters resultant from least-squares fit to the cMT data under the
spin Hamiltonian in [Eq. (3)], J=coupling constant (H=�2JS1S2), g=g-
value, D=zero-field-splitting parameter. [b] Parameters resultant from
least-squares fit of the cMT data to the expression in [Eq. (4)].
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Experimental Section


Materials : Unless otherwise noted the preparations of the metal com-
plexes were carried out under an argon atmosphere by using standard
Schlenk techniques. The compounds H2L


Me¥6HCl, [(LMe)Ni2(m-Cl)]ClO4


(1-ClO4) and [(LMe)Ni2(m-OAc)]BPh4 (10-BPh4) were prepared as descri-
bed in the literature.[26]


Caution : Perchlorate salts of transition metal complexes are hazardous
and may explode. Only small quantities should be prepared and great care
taken. The same is true for azide salts.


[(LMe)Ni2(m-NO3)]ClO4 (2-ClO4): A solution of NaNO3 (85 mg,
1.0 mmol) in H2O (1.5 mL) was added to a solution of 1-ClO4 (184 mg,
0.20 mmol) in methanol (40 mL). The mixture was stirred for 4 h, during
which time the color of the reaction mixture turned from yellow to
green. Solid LiClO4¥3H2O (320 mg, 2.00 mmol) was added. The solution
was stirred for a further 2 h during which time a pale-green solid precipi-
tated. This solid was isolated by filtration, washed with little cold metha-
nol, and recrystallized from a mixed acetonitrile/ethanol (1:1) solution to
give pale-green crystals of the title compound. Yield: 152 mg (83%);
m.p. 324±325 8C (decomp); IR (KBr): ñ=2962s, 2953sh, 2899s, 2867s,
2811m, 1490m, 1456s, 1436sh, 1394m, 1384m [nas(NO3


�)], 1363m, 1345w,
1325w, 1308w, 1291w, 1277 [ns(NO3


�)], 1264m, 1234s, 1201 m, 1171w,
1152w, 1095vs [n(ClO4


�)], 1056s, 1038w, 1001w, 982w, 931m, 912m, 882m,
826m, 818m, 808m, 753w, 743vw, 695w, 668w, 630sh, 623s, 601w, 565m,
544w, 535w, 492w, 470, 440w, 418w, 415w cm�1; UV/Vis (CH3OH): lmax


(e)=659(46), 1049 (77) nm (m�1 cm�1); CV(CH3CN, 295 K, 0.1m
nBu4NPF6, n=100 mVs�1; E(V) vs SCE): E1


1=2=++ 0.71 (DEp 103 mV),
E2


pa=++ 1.51 (irr.); elemental analysis calcd (%) for C38H64ClN7Ni2O7S2


H2O (965.94): C 47.25, H 6.89, N 10.15, S 6.64; found: C 47.27, H 6.96, N
10.07, S 6.74.


[(LMe)Ni2(m-NO3)]NO3 (2-NO3): A solution of NaNO3 (85 mg, 1.0 mmol)
in water (1.5 mL) was added to a solution of 1-ClO4 (184 mg, 0.20 mmol)
in methanol (40 mL). The mixture was stirred for 4 h, during which time
the color of the reaction mixture turned from yellow to green. The mix-
ture was filtered and left to stand for two days at room temperature
during which time green blocks of the title compound precipitated. This
material was filtered, washed with methanol (1 mL) and dried in air.
Yield: 145 mg (80%); m.p. >300 8C (decomp); IR (KBr): ñ= 1384
[nas(NO3


�)], 1277 cm�1 [ns(NO3
�)]; elemental analysis calcd (%) for


C38H64N8Ni2O6S2 (910.48): C 50.13, H 7.09, N 12.31, S 7.04; found: C
49.87, H 7.04, N 12.17, S 6.85.


[(LMe)Ni2(m-NO2)]ClO4 (3-ClO4): A solution of NaNO2 (30 mg,
0.43 mmol) in water (1 mL) was added to a solution of complex 1-ClO4


(92 mg, 0.10 mmol) in methanol (30 mL). The color of the reaction mix-
ture turned from yellow to green. After the mixture was stirred for 1 h
solid LiClO4¥3H2O (160 mg, 1.00 mmol) was added. The solution was stir-
red for a further 2 h during which time an olive-green solid precipitated.
The solid was isolated by filtration, washed with little methanol and
dried in air. Yield: 83 mg (89%); m.p. 315±316 8C. IR (KBr): ñ=1183
[n(NO2


�)], 1094vs cm�1 [n(ClO4
�)]; UV/Vis (CH3CN); lmax (e)=623 (39),


1104 nm (59m�1 cm�1); CV (CH3CN, 295 K, 0.1m nBu4NPF6, v=
100 mVs�1; E (V) vs SCE): E1


1=2=++0.74 (DEp 108 mV), E2
pa=++1.44


(irr.). The tetraphenylborate salt, [(LMe)Ni2(m-NO2)]BPh4 (3-BPh4), was
prepared by adding NaBPh4 (342 mg, 1.00 mmol) to a solution of 3-ClO4


(93 mg, 0.10 mmol) in methanol (40 mL). Yield: 110 mg (96%); m.p.
306±308 8C; elemental analysis calcd (%) for C62H84BN7Ni2O2S2


(1151.71): C 64.66, H 7.35, N 8.51, S 5.57; found: C 64.33, H 7.45, N 8.53,
S 4.42; IR (KBr): ñ= 1182 [n(NO2


�)], 733, 704 cm�1 [d(BPh4
�)]; UV/Vis


(CH3CN); lmax (e)=621 (40), 1111 nm (57 m
�1 cm�1).


[(LMe)Ni2(m-N3)]ClO4 (4-ClO4): A solution of NaN3 (13 mg, 0.20 mmol)
in H2O (1 mL) was added to a solution of complex 1-ClO4 (92 mg,
0.10 mmol) in methanol (30 mL). The color of the reaction mixture
turned from yellow to dark yellow. After the mixture was stirred for 2 h
solid LiClO4¥3H2O (160 mg, 1.00 mmol) was added. The resulting yellow
suspension was stirred for a further 1 h. The solid was isolated by filtra-
tion, washed with cold methanol and dried in air. The compound was re-
crystallized once from a mixed ethanol/acetonitrile solvent system. Yield:
74 mg (80%); m.p. 307±309 8C; IR (KBr, cm�1): ñ= 2059 vs [n(N3


�)],
1094 vs [n(ClO4


�)]; UV/Vis (CH3CN): lmax (e)=672 (37), 1092 nm
(84 m


�1 cm�1); CV (CH3CN, 295 K, 0.1m nBu4NPF6, v=100 mVs�1; E(V)


vs SCE): E1
1=2=++0.58 (DEp 91 mV), E2


pa=++1.53 (irr.). The tetraphenyl-
borate salt, [(LMe)NiII2(m1,3-N3)]BPh4 (4-BPh4), was prepared by adding
NaBPh4 (0.10 g, 0.30 mmol) to a solution of 4¥ClO4 (50 mg, 0.054 mmol)
in methanol (50 mL). Yield: 61 mg (98%); m.p. 304-306 8C (decomp); IR
(KBr, cm�1): ñ= 2058 vs [n(N3


�)], 732, 704 m [d(BPh4
�)]; elemental anal-


ysis calcd (%) for C62H84BN9Ni2S2 (1147.72): C 64.88, H 7.38, N 10.98;
found: C 64.72, H 7.61, N 11.07; UV/Vis (CH3CN); lmax (e)=673 (45),
1094 nm (102m�1 cm�1).


[(LMe)Ni2(m-N3)]N3 (4-N3): A solution of NaN3 (39 mg, 0.60 mmol) in
H2O (1 mL) was added to a solution of 1-ClO4 (92 mg, 0.10 mmol) in
methanol (30 mL). The color of the reaction mixture turned from yellow
to dark yellow. After the mixture was stirred for 1 h it was filtered and
left to stand for two days at room temperature during which time yellow
needles of the title compound precipitated. This material was filtered,
washed with methanol (1 mL) and dried in air. Yield: 44 mg (50%); m.p.
268 8C (decomp); IR (KBr): ñ=2059, 2036 cm�1 [n(N3


�)].


[(LMe)Ni2(m-N2H4)](ClO4)2 (5-(ClO4)2): A solution of N2H4¥H2O (25 mg,
0.50 mmol) in H2O (1 mL) was added to a solution of 1¥ClO4 (92 mg,
0.10 mmol) in methanol (30 mL). The reaction mixture was stirred for 2 h
during which time the color turned from yellow to green. Solid LiClO4¥3 -
H2O (160 mg, 1.00 mmol) was added. The suspension was stirred for a
further 1 h to ensure complete precipitation of the title compound. The
solid was isolated by filtration, washed with little cold methanol and
dried in air. Yield 74 mg (73%), m.p. 310±311 8C (decomp); IR (KBr):
ñ= 3300 s, 3290 sh, 3248 cm�1 [ñ(NH)], 1093 vs [ñ(ClO4


�)]; UV/Vis
(CH3CN); lmax (e)=624 (33), 1114 nm (67m�1 cm�1); CV (CH3CN, 295 K,
0.1m nBu4NPF6, v=100 mVs�1; E(V) vs SCE): E1


1=2=++0.90 (DEp=


106 mV), E2
pa=++1.56 (irr.); elemental analysis calcd (%) for


C38H68Cl2N8Ni2O8S2 (1017.42): C 44.86, H 6.74, N 11.01, S 6.30; found: C
45.02, H 6.72, N 11.03, S 6.03.


[(LMe)Ni2(m-pz)]ClO4 (6-ClO4): A solution of pyrazole (13.6 mg,
0.200 mmol), triethylamine (20 mg, 0.20 mmol) and 1-ClO4 in methanol
(30 mL) was stirred for 4 h. A solution of LiClO4¥3H2O (160 mg,
1.00 mmol) in methanol (1 mL) was added. The resulting pale green pre-
cipitate was filtered, washed with methanol and recrystallized from a
mixed CH3CN/C2H5OH (1:1) solution to give pale green crystals of the
title compound. Yield 77 mg (81%); m.p. 332±333 8C (decomp); IR
(KBr, cm�1): ñ=1092 vs [n(ClO4


�)]; UV/Vis (CH3CN): lmax (e)=382
(1880), 634 (24), 1178 (52) nm (m�1 cm�1); CV(CH3CN, 295 K, 0.1m
nBu4NPF6, n=100 mVs�1; E(V) vs SCE): E1


1=2=++ 0.58 (DEp 94 mV),
E2


1=2=++ 1.24 (DEp 127 mV). The tetraphenylborate salt, [(LMe)NiII
2(m-


pz)]BPh4 (6-BPh4), was prepared by adding NaBPh4 (342 mg, 1.00 mmol)
to a solution of 6-ClO4 (95 mg, 0.10 mmol) in methanol (50 mL). Yield:
61 mg (98%). An analytically pure sample was obtained by recrystalliza-
tion from acetonitrile/ethanol (1:1). M.p. 308±309 8C (decomp.); IR (KBr,
cm�1): ñ= 732, 704 m [d(BPh4


�)]; UV/Vis (CH3CN): lmax (e)=380
(2146), 634 (23), 1180 nm (52m�1 cm�1); elemental analysis calcd (%) for
C65H87BN8Ni2S2 (1172.77): C 66.57, H 7.48, N 9.55, S 5.47; found: C 66.23,
H 7.58, N 9.45, S 5.44.


[(LMe)Ni2(m-pydz)](ClO4)2 (7-(ClO4)2): Solid Pb(ClO4)2 (80 mg,
0.20 mmol) was added to a solution of 1-ClO4 (92 mg, 0.10 mmol) in
methanol (30 mL). The color of the reaction mixture turned from yellow
to dark green. After the reaction mixture was stirred for 5 min it was fil-
tered off from a white solid (PbCl2). To the filtrate was added a solution
of pyridazine (9.6 mg, 0.12 mmol) in acetonitrile (1 mL) to give a brown-
yellow solution. The solution was kept at room temperature for two days
during which time brown crystals of 7-(ClO4)2¥(CH3CN)2 formed. The
solid was isolated by filtration, washed with little methanol and dried in
air. Yield: 46 mg (42%); m.p. 290±292 8C (decomp); elemental analysis
calcd (%) for C42H68Cl2N8Ni2O8S2¥H2O (1083.48): C 46.56, H 6.51, N
10.34; found: C 45.92, H 6.73, N 9.83; IR (KBr, cm�1): ñ= 1100 vs
[n(ClO4


�)]; UV/Vis (CH3CN); lmax (e)=615 (66), 1095 nm (62m�1 cm�1).
CV(CH3CN, 295 K, 0.1m nBu4NPF6, n=100 mVs�1; E(V) vs SCE):
E1


1=2=++ 0.97 (irr.). The compound crystallizes with two molecules of ace-
tonitrile of crystallization. The crystals lose these solvent molecules
quickly when stored in air.


[(LMe)Ni2(m-phtz)](ClO4)2 (8-(ClO4)2): This compound was prepared as
before from 1-ClO4 (92 mg, 0.10 mmol), Pb(ClO4)2 (80 mg, 0.20 mmol),
and phthalazine (16 mg, 0.12 mmol). The solution was kept at room tem-
perature for two days during which time brown crystals of 8-
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(ClO4)2¥CH3CN formed. The solid was isolated by filtration, washed with
little methanol, and dried in air. This compound was recrystallized from a
mixed acetonitrile/ethanol solvent system. Yield: 69 mg (62%); m.p. 316±
318 8C (decomp); elemental analysis calcd (%) for
C46H70Cl2N8Ni2O8S2¥H2O (1115.52): C 48.74, H 6.40, N 9.89, S 5.66;
found: C 48.66, H 6.51, N 9.81, S. 5.41; IR (KBr, cm�1): ñ= 1100 vs
[n(ClO4


�)]; UV/Vis (CH3CN); lmax (e)=629 (43), 1111 nm (57m�1 cm�1).
The compound crystallizes with one molecule of solvent of crystalliza-
tion. The crystals lose the solvent molecules quickly when stored in air.


[(LMe)NiII2 (m-OBz)]ClO4 (9-ClO4): A colorless solution of sodium ben-
zoate (29 mg, 0.20 mmol) in methanol (5 mL) was added to a yellow solu-
tion of 1-ClO4 (92 mg, 0.10 mmol) in methanol (15 mL) was added and
the resulting green solution was stirred at room temperature for 30 min.
Solid lithium perchlorate (160 mg, 1.00 mmol) was then added and the
reaction mixture was stirred for a further 30 min. The resulting green pre-
cipitate was filtered off and washed with little methanol. Yield 77 mg
(76%); m.p. >320 8C; IR (KBr disk, cm�1): ñ=1600 s, 1568 s [nas(CO2)],
1427 m [ns(CO2)]; UV/Vis (CH3CN): lmax (e)=650 (30), 1118 nm
(66 m


�1 cm�1). The tetraphenylborate salt, [(LMe)NiII2(m-pz)]BPh4 (6-
BPh4), was prepared by adding NaBPh4 (342 mg, 1.00 mmol) to a solution
of 9-ClO4 (100 mg, 0.10 mmol) in methanol (50 mL). Yield 98 mg (80%);
M.p. 168±170 8C (decomp); elemental analysis (%) calcd for
C69H89BN6Ni2O2S2 (1226.81): C 67.55, H 7.31, N 6.85, S 5.23; found: C
66.38, H 7.46, N 6.15, S 4.73; IR (KBr disk): ñ=1600, 1567 [nas(OBz�)],
1427 cm�1 [ns(OBz�)]; UV/Vis (CH3CN): lmax (e)=650 (32), 1121
(67m�1 cm�1); UV/Vis (CH2Cl2): lmax (e)=652 (38), 1118 (71m�1 cm�1).
This compound was additionally characterized by X-ray crystal structure
analysis.


Exchange experiments : The relative stability constants of the nickel com-
plexes 2±9 were determined by exchange experiments as described in
Equation (2). The reactions were run at room temperature in a mixed
acetonitrile/methanol (1:1) solvent system. In a typical experiment,
25 mL of a 0.5î10�3


m solution of the complex [(LMe)Ni2(m-L’)]ClO4 in
acetonitrile was treated with 25 mL of a 5.0î10�3


m solution containing
the coligand L’’ (i.e. NaNO3, NaNO2, NaN3, NaOAc, NaOBz, N2H4¥H2O,
pyridazine, phthalazine, pyrazole/triethylamine) in aqueous (5%) metha-
nol. After the solution was stirred for 5 h, ethanol (50 mL) was added,
and the volume was reduced in vacuum to about 5 mL. The resulting pre-
cipitate was isolated by filtration and dried in air. The presence or ab-
sence of [(LMe)Ni2(m-L’)]ClO4 and [(LMe)Ni2(m-L’’)]ClO4 in the product
and their relative concentration was estimated by visual comparison of
the IR spectrum of the product with those of the pure samples.


Physical measurements : Melting points were determined in capillaries
and are uncorrected. IR spectra were taken on a Bruker VECTOR 22
FT-IR-spectrophotometer as KBr pellets. Electronic absorption spectra
were recorded on a Jasco V-570 UV/Vis/NIR spectrophotometer. Cyclic
voltammetry measurements were carried out at 25 8C with an EG&G
Princeton Applied Research potentiostat/galvanostat model 263 A. The
cell was composed of a Pt working electrode, a Pt wire auxiliary elec-
trode, and a Ag wire as reference electrode. Concentrations of solutions
were 0.10m in supporting electrolyte [(nBu)4N]PF6 and about 1î10�3


m in
sample. Cobaltocene was used as internal standard with E(Cp2Co+/
Cp2Co)=�1.345 V versus Cp2Fe+/Cp2Fe. All potentials were converted
to the SCE reference using tabulated values.[82] Temperature-dependent
magnetic susceptibility measurements on powdered solid samples were
carried out on a SQUID magnetometer (MPMS Quantum Design) over
the temperature range 2.0±300 K. The magnetic field applied was 0.2 T.
The observed susceptibility data were corrected for the underlying dia-
magnetism by using Pascal×s constants.


Crystal stucture determinations : Crystals of [(LMe)Ni2(NO2)]ClO4¥MeOH
(3-ClO4¥MeOH) suitable for X-ray crystallographic analysis were ob-
tained by recrystallization from methanol. Crystals of [(LMe)Ni2(O2NO)]-
NO3¥H2O¥MeOH (2-NO3¥H2O¥MeOH), [(LMe)Ni2(N3)]N3¥3MeOH (4-
N3¥3MeOH), [(LMe)Ni2(pydz)](ClO4)2¥2MeCN (7-(ClO4)2¥(MeCN)2), and
[(LMe)Ni2(m-N2H4)](ClO4)2 (5-(ClO4)2) were taken from the reaction mix-
tures. Crystals of [(LMe)Ni2(pz)]BPh4¥MeCN (6-BPh4¥MeCN), [(LMe)-
Ni2(phtz)](ClO4)2¥EtOH (8-(ClO4)2¥EtOH), and [(LMe)Ni2(OBz)]BPh4 (9-
BPh4), were grown by slow evaporation from an acetonitrile/ethanol
mixed solvent system. The crystals were removed from the mother liquor
and immediately immersed in a drop of perfluoropolyether oil. A suita-
ble crystal was selected, attached to a glass fiber, and placed in a low-


temperature nitrogen stream of the diffractometer. All data were collect-
ed at 210(2) K using a BRUKER AXS diffractometer (equipped with
MoKa radiation and a CCD area detector). The ShelXTL version 5.10
program package was used for the structure solutions and refinements.[83]


Absorption corrections were applied using the SADABS program.[84] The
crystal structures were solved by direct methods and refined by full-
matrix least-squares procedures. All non-hydrogen atoms were refined
anisotropically except for the disordered NO3


� counteranion and MeOH
and H2O solvate molecules in the crystal structure of 2-NO3¥MeOH¥H2O.
Split atom models were used to account for disorder of tert-butyl groups
in complexes 2±9. The site occupancies of the two positions were refined
as follows C32a±C34a/C32b±C34b: 0.54(3)/0.46(3) for 2, 0.51(1)/0.49(1)
for 4, 0.58(1)/0.42(1) for 6, 0.66(1)/0.34(1) for 9 ; and C36a±C38a/C36b±
C38b: 0.65(1)/0.35(1) for 3 ; 0.57(1)/0.43(1) for 6, 0.58(1)/0.42(1) for 7,
0.52(1)/0.48(1) for 8, and 0.67/0.33 for 9. For 2, the NO3


� counteranion
and the H2O molecule of solvent of crystallization were found to be dis-
ordered over two positions. The site occupancies of the respective posi-
tions were fixed in each case at 0.50. For the nitrito-bridged complex 3,
the NO2


� ligand was found to be disordered over the configurations:
Ni1-N7(O2a)-O1-Ni2 and Ni1-O1-N7(O2b)-Ni2 at 0.84(1) and 0.15(1) oc-
cupancies, respectively. The site occupancy factors were refined subject
to the condition that their sum equal unity. N7 and O1 were refined in
the 85% orientation only. This did not introduce any noticeable anoma-
lies in bond lengths or thermal parameters. The following molecules were
also found to be disordered over two positions: in 4 one MeOH solvate
(O3a-C41a/O3b-C41b) at 0.57(1)/0.43(1), in 7 one CH3CN molecule
(N10a-C45a-C46a/N10b-C45b-C46b) at 0.73(4)/0.27(4)), in 8 the two
ClO4


� ions (Cl1a-O1-O2-O3-O4/Cl1b-O1b-O2b-O3-O4b) at 0.72(1)/
0.28(1) and Cl2-O5-O6a-O7a-O8a/Cl2-O5-O6b-O7b-O8b at 0.68(1)/
0.32(1), and the EtOH solvate molecule C47-C48-O9a/C47-C48-O9b at
0.50/0.50 (fixed) occupancies. The high residual electron density in the
crystal structure of 2-NO3¥MeOH¥H2O is due to the disordered NO3


�


counteranion.


Hydrogen atoms were included in the refinement at calculated positions
using a riding model included in the ShelXTL program. Hydrogen atoms
were given isotropic thermal parameters 1.2 times (1.5 times for CH3


groups) the thermal parameter of the atoms to which they were attached.
The hydrogen atoms of the N2H4 group in 5 were calculated assuming a
N�H distance of 0.96 ä and an ideal tetrahedral geometry. Selected de-
tails of the data collection and refinement are given in Table 3.


CCDC-223457±CCDC-223464 (2±9, respectively) contain the supplemen-
tary 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).
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tBuP(NH2)2–A Reactive Synthon for the Synthesis of Molecular
Imidophosphinates of Group 13 Metals


T. Bauer,[a] S. Schulz,*[a] M. Nieger,[a] and I. Krossing*[b]


Introduction


The synthesis and reactivity of (dialkylamino)phosphanes of
the type RxP(NR’2)3�x (R, R’=alkyl, aryl; x=0±2), which
have been known for more than a century,[1] has been stud-
ied in detail. The presence of both hard (N) and soft (P)
Lewis basic centers (HSAB principle) renders them very in-
teresting for coordination chemistry. In contrast, (alkylami-
no)phosphanes RxP(NHR’)3�x (x=0,[2] 1,[3] 2[4]) and amino-
phosphanes RxP(NH2)3�x (x=1,[5] 2[6]) have been investigat-
ed to a much lesser extent. Compared to the NR2-substitut-
ed derivatives, their stability is significantly reduced both in
solution and in their pure form. Consecutive condensation
reactions leading to the formation of cyclic or oligomeric
phosphazanes is favored in the compounds containing an in-
creasing number of amino groups and decreasing steric


demand of the organic substituents (R, R’). Consequently,
trisaminophosphane P(NH2)3 has only been isolated as
BH3


[7] and metal carbonyl complexes,[8] to date.[9] In addi-
tion, only a single bis(amino)phosphane (tBuP(NH2)2) has
been synthesized and characterized.[5,6]


We became interested in aminophosphanes due to their
potential capability for the generation of Group 13/15 com-
pounds containing an M-N-P backbone (M=Al, Ga, In).
The reaction of (Cy2N)2PNH2 with trialkyl- and dialkyl-
alanes proceeds with adduct formation to give (Cy2N)2-
P(H)N(H)�AlR3 (I) or with H2 elimination and subsequent
formation of dimeric heterocycles [{(Cy2N)2P(H)NAlR2}2]
(II ; Scheme 1).[10]


Both I and II adopt the iminophosphorane form (P(H)
form IV) which is thermodynamically favored over the cor-
responding aminophosphane structure (N(H) form V). In
contrast, tBuP(NHtBu)2 reacts with Group 13 metal organic
compounds (AlH3�NMe3, R2AlH, MR3 (M=Al, Ga, In))
with preservation of the N(H) form.[11] The equilibrium
(Scheme 2) between the aminophosphane and iminophos-
phorane form is known to depend on the electronic proper-
ties of the ligands bound to the N and the P center[12] as was
confirmed by computational calculations on the free
R2P�N(H)� (N(H) form V) and R2P(H)=N� (P(H) form
IV) anions (R=H, NH2 and NMe2) as well as neutral
Group 4 complexes.[13]


Consequently, we became interested in reactions of bis-
aminophosphanes RP(NH2)2 and Group 13 metal organic
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Abstract: Reactions of tBuP(NH2)2
with Group 13 trialkyls MR3 (M=Al,
Ga, In; R=Me, tBu) were investigated
in detail. According to variable-tem-
perature (VT) NMR investigations, the
reaction proceeds stepwise with the ini-
tial formation of aminophosphane ad-
ducts, which subsequently react to give
iminophosphorane adducts and finally
the heterocyclic metallonitridophosphi-
nates. BP86/TZVPP (DFT) calcula-
tions were performed to verify this re-
action pathway, to elucidate the influ-


ence of the central Group 13 element
on the stability of the reaction inter-
mediates and the heterocycles, as well
as to assess the thermodynamics of
their formation. The relative stability
of free and complexed aminophos-


phane RP(NH2)2 and iminophosphor-
ane R(H2N)(H)P=NH (adducts) with
PIII and PV centers was studied in more
detail with DFT and MP2 methods. In
addition, the influence of the substitu-
ent R was investigated by variation of
R from H to Me, tBu, F, and NH2. In
general, the aminophosphane form was
found to be favored for the free ligand,
however, upon complexation with MR3


(M=Al, Ga; R=alkyl) both forms are
almost equal in energy.


Keywords: ab initio calculations ¥
density functional calculations ¥
donor±acceptor systems ¥ Group 13
elements ¥ main group elements ¥
phosphorus
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compounds. To our surprise, the reaction of tBuP(NH2)2
with Et2AlH yielded the eight-membered heterocycle
[{tBu(H)P(NH)2AlEt2}2] (III); Scheme 1).[14] Heterocycle III
represents the first structurally characterized aluminonitri-
dophosphinate. Its central structural motif is represented by
an eight-membered ring, containing two P, two Al, and four
N centers. Comparable structural units have been previously
observed for isoelectronic Group 13 phosphinates (replace-
ment of a NH group by an isoelectronic oxygen atom),
which were prepared by reactions of MR3 with phosphinic
acid R2P(O)OH, and for Group 13 phosphonates and phos-
phates.[15] Such compounds are of interest due to their po-
tential conversion into microporous materials with promis-
ing applications as molecular sieves or in catalysis. The elec-
tronic and structural similarity between imido and oxo
anions, which has been subject to several studies within the
last decade, renders Group 13 nitridophosphinates, -phos-
phonates, and phosphates very interesting synthetic goals.[16]


Herein we report on the reactions of tBuP(NH2)2 with
Group 13 element trialkyls MMe3 (M=Al, Ga, In) and
MtBu3 (M=Al, Ga). Quantum-chemical calculations were
performed to verify the proposed reaction pathway and to
gain a detailed understanding on the stability of possible re-
action intermediates.


Results and Discussion


Quantum-chemical calculations I : It is known for
tBuP(NH2)2 that the N(H) form is thermodynamically fa-
vored over the P(H) form, whereas for the corresponding


OH-substituted derivative the P(H) form (tBu(H)P(O)OH)
is preferred.[17] To investigate the influence of both steric
and electronic properties of the ligand R on the relative sta-
bility of the N(H) form (RP(NH2)2) and P(H) form
(R(H)(NH2)P=NH), the relative energies Erel. for both tau-
tomers were investigated for R =H, CH3, tBu, F, and NH2


by BP86/SV(P) and MP2/TZVPP [in brackets] (see Table 1).


In agreement with the experiment, the calculations for
tBuP(NH2)2 showed the N(H) form to be more stable than
the P(H) form by 78 [63] kJmol�1. These findings clearly
demonstrate that the equilibrium between the N(H) and the
P(H) form lies on the tBuP(NH2)2 side prior to the addition
of the Group 13 trialkyl. Changing R from tBu to H leads to
a slight increase of the stability of the N(H) form by
23 [12] kJmol�1. If R is changed from tBu to more electro-
negative NH2 or F, the N(H) form is still the most favored
minimum but only stabilized by 58 [35] kJmol�1 (NH2) and
70 [44] kJmol�1 (F), respectively. In addition, electronega-
tive substituents also lead to gradually shorter P�N bonds.


Reactions of tBuP(NH2)2 with MMe3: Reactions of
tBuP(NH2)2 with MMe3 (M=Al, Ga, In) between �78
and +25 8C proceed with a smooth gas evolution and
the formation of eight-membered heterocycles
[{tBu(H)P(NH)2MMe2}2] (M=Al 1, Ga 2, In 3 ; [Eq. (1)].


31P NMR spectra of 1 and 2 each show two well-separated
resonances with different intensities (d=46.0, 46.7 ppm
(65:35) 1; d=46.5, 47.3 ppm (60:40) 2), whereas those of 3
(d=51.4 ppm) overlap. This indicates the presence of two
different isomers of the corresponding eight-membered het-
erocycles in solution as was previously observed for the re-
action with Et2AlH.[14] Consequently, 1H and 13C NMR spec-
tra of 1, 2, and 3 also show two sets of resonances due to


Scheme 1. Reaction products I±III previously obtained from the reactions
of aminophosphanes with organoaluminum compounds.


Scheme 2. P(H) (IV) and N(H) (V) tautomeric forms of aminophos-
phanes.


Table 1. The relative energies Erel. [kJmol�1] of the aminophosphane
(NH) and iminophosphorane (PH) form of RP(NH2)2 at the BP86/SV(P)
level (MP2/TZVPP). P�N bond lengths in both forms are given in pm
[MP2/TZVPP values].


R Erel.(NH) Erel.(PH) d(P�N) (NH) d(P�N) (PH)


F 0 (0) 70 (44) 169 154/166
NH2 0 (0) 58 (35) 172 156/168/169
H 0 (0) 101 (75) 171 156/168
CH3 0 (0) 83 (61) 172 156/169
C(CH3)3 0 (0) 78 (63) 172 157/168
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the organic ligands (Me, tBu, H). Intense vibrational bands
at typical positions for N�H and P�H moieties in the IR
spectra clearly prove the formation of the P(H) iminophos-
phoran form. Compounds 1, 2, and 3 are fairly stable in the
gas phase as is indicated by their mass spectra, which show
peaks for the molecular ion [M]+ (1) or for the fragments
[M�Me]+ (2, 3).
Suitable single crystals for an X-ray structure determina-


tion were slowly grown from a solution of 1 in hexane at
�30 8C (Figure 1). 31P NMR spectra of as-formed crystals


almost exclusively show reso-
nances due to the trans isomer,
whereas only very small quanti-
ties of the cis isomer are pres-
ent (98:2). In contrast, several
attempts to obtain single crys-
tals of 2 and 3 failed. The pres-
ence of almost equimolar quan-
tities of both the cis and trans
isomer probably prevents sam-
ples of 2 and 3 from growing
X-ray quality crystals.
Compound 1 crystallizes in


the monoclinic space group P21/c
(no. 14). Its central structural
parameters are very similar to
those of [{tBu(H)P(NH)2Al-
Et2}2]. The eight-membered
ring shown in Figure 1 adopts a
chairlike conformation with the
P and Al centers in a (distort-


ed) tetrahedral environment and the tBu groups in a trans-
oid orientation. The three-coordinate N centers are almost
planar as is reflected by their sums of the bond angles
(359.68 N1, 359.28 N2). The endocyclic P-N-Al bond angles
(132.5(1), 127.6(1)8) are significantly larger than the N-P-N
(115.6(1)8) and N-Al-N angles (103.0(1)8). Analogous struc-
tural findings were observed for [{tBu(H)P(NH)2AlEt2}2]
and aluminophosphinates [R(H)P(O)2AlR2]2. The exocyclic
C-Al-C and C-P-H bond angles are 118.1(1)8 and 103.8(7)8,
respectively. The Al�N distances range from 1.882(2) to
1.893(2) ä, as is typical for four-coordinate Al and three-co-
ordinate N centers. The P�N bond lengths (1.603(2),
1.612(2) ä) clearly indicate the p-bonding character within
the PN2 fragment. The Al�C (1.971(2), 1.977(2) ä), N�H
(0.86(2), 0.83(2) ä), P�H (1.40(2) ä), and P�C bond lengths
(1.831(2) ä) as observed in 1 are within expected ranges.
In an attempt to get some insight on the reaction pathway


leading to the formation of 1±3, variable-temperature 1H
and 31P NMR studies were performed (Figure 2).
The low-temperature 31P NMR spectrum (�80 8C) of the


reaction of tBuP(NH2)2 with AlMe3 shows a signal of the
starting bisaminophosphane (d=58.5 ppm) and a singlet at
d=93.3 ppm, which most likely indicates the formation
of the amine adduct tBuP(NH2)NH2�AlMe3 (A). In addi-
tion, a doublet at d=42.3 ppm with a typical 1JP,H cou-
pling constant for a P(V)-H moiety (509 Hz), suggests the
formation of either the iminophosphorane adduct
tBu(H)P(NH2)NH�AlMe3 (B) or the methane elimination
product tBuP(NH)2MMe2 (C). At �60 8C, this compound is
the only P-containing species present in solution. It disap-
pears on raising the temperature with the subsequent ap-
pearance of the final two doublets with similar 1JP,H coupling
constants (490 Hz, 460 Hz) for the trans and the cis isomer
of the eight-membered heterocycle 1.
In contrast, the 31P NMR spectra obtained from the reac-


tion of tBuP(NH2)2 with GaMe3 and InMe3 at �60 8C each
show a singlet at d=51.5 and 49.5 ppm, respectively, indicat-


Figure 1. ORTEP diagram (50% probability ellipsoids) showing the
solid-state structure and atom-numbering scheme of 1. Selected bond
lengths [ä] and angles [8]: P1�N1 1.612(2), P1�N2 1.603(2), P1�C1
1.831(2), P1�H1P 1.397(14), Al1�N1 1.882(2), Al1-N2#1 1.893(2),
Al1�C5 1.971(2), Al1�C6 1.977(2), N1-H1N 0.860(15); N1-P1-N2
115.6(1), N2-P1-C1 109.7(1), N1-P1-C1 112.4(1), N1-Al1-N2#1 103.0(1),
N1-Al1-C5 112.0(1), N2#1-Al1-C5 108.2(1), C5-Al1-C6 118.1(1), P1-N1-
Al1 132.5(1), P1-N2-Al1#1 127.6(1).


Figure 2. 31P NMR spectra from the reaction of tBuP(NH2)2 with AlMe3 recorded between �60 and +30 8C.
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ing the formation of the P-coordinated adducts
tBu(H2N)2P�MMe3 (E). In addition, the spectrum of the
GaMe3 reaction also shows a doublet in very low intensity
at d=42.1 ppm (1JP,H=506 Hz). Raising the temperature to
ambient temperature leads to the formation of the metallo-
phosphinates 2 and 3 (cis and trans isomers). In sharp con-
trast to the AlMe3 reaction, the intermediate iminophos-
phorane adducts of type B or the methane elimination prod-
ucts of type C are detected in only very small concentra-
tions, demonstrating these species to be only fairly stable in
solution.


Quantum-chemical calculations II : To assign the chemical
shifts of the reaction intermediates and to establish the reac-
tion pathway with more confidence, we calculated the
31P NMR shifts of all possible reaction intermediates (amine
adduct (A), phosphine adduct (E), iminophosphorane
adduct (B), intramolecular stabilized four-membered hetero-
cycle (C)). The calculated and the experimental values are
given in Table 2.


The calculated 31P NMR shift of the Me3Al±amine adduct
A (d=89 ppm) corresponds very well to the experimental
value (d=93 ppm) for the first reaction intermediate
formed at very low temperature. The formation of the phos-
phine adduct E (tBu(NH2)2P�AlMe3) can clearly be ruled
out (calcd: d=42 ppm). In contrast, the experimentally ob-
tained 31P NMR shift for the reaction with GaMe3 agrees
very well with the calculated value for the corresponding
phosphine adduct E (d=48 ppm (calcd) versus d=52 ppm
(exptl)). The calculated chemical shift of the amine adduct
A is significantly shifted to lower field (d=85 ppm). These
results are in good agreement with Pearson×s HSAB princi-
ple: the soft Lewis acid GaMe3 prefers coordination to the
soft P center, whereas the reaction of the hard AlMe3 Lewis
acid occurs at the hard N center. Analogous trends have re-
cently been observed for the reaction of tBuP(NHtBu)2 and
MMe3 (M=Al, Ga, In).[11c] Based on the results of the
NMR investigation and the BP86/TZVPP calculations, we
propose the reaction scheme given in Scheme 3.
Unfortunately, the AlMe3±amine adduct (A), which ac-


cording to DFT calculations is about 10 kJmol�1 more
stable than the phosphine adduct E, could not be isolated. It
shows a strong tendency to react either to the iminophos-
phorane adduct (type B) or, even more likely, to undergo a
methane elimination reaction with the consequent formation
of the intramolecularly-stabilized four-membered heterocy-


cle tBu(H)P(NH)2AlMe2 (type C), whose formation is
strongly supported by the calculated thermodynamics. In
sharp contrast, the phosphine adduct formed with GaMe3
(B) is stabilized by about 4 kJmol�1 compared to the corre-
sponding amine adduct of type A. tBu(NH2)2P�GaMe3 (4)
was found to be fairly stable below �30 8C. It was clearly
identified by its 31P NMR spectrum, showing a singlet at d=
51.5 ppm, and its 1H NMR spectrum, which shows resonan-
ces due to the tBuP and GaMe moieties in a relative intensi-
ty of 1:1. However, due to the tendency of 4 to react in solu-
tion with methane elimination, resonances of the heterocy-
cle 2 are also present (about 10% even at �30 8C). Unfortu-
nately, suitable single crystals of 4 could not be obtained so
that the structures of 2 and the other species were calculated
by DFT methods (Figure 3).
The calculated bond lengths of the AlMe3 and GaMe3 ad-


ducts in Figure 3 are very similar (usually within 1±2 pm).
The only exception from this notion are the M�N distances:
dative Al�N bonds are significantly shorter than Ga�N


Table 2. BP86/TZVPP-calculated chemical shifts of [tBuP(NH2)-
(NH2MMe3)], [tBuP(H)(NH2)(NHMMe3)], [tBu(H)P(NH)2MMe2], and
[tBu(NH2)2PMMe3] (M=Al, Ga) relative to tBuP(NH2)2 (d(31P)=
62 ppm). Available experimental values are given in parentheses.


Compound M=Al M=Ga


[tBuP(NH2)NH2MMe3] (A) 89 (93) 85 (�)
[tBuP(H)(NH2)=NHMMe3] (B) 34 (�) 33 (�)
[tBuP(MMe3)(NH2)2] (E) 42 (�) 48 (52)
[tBuP(H)(NH)2MMe2] (C) 40 (42) 43 (42)


Scheme 3. Most likely formed reaction intermediates of the reaction of
tBuP(NH2)2 with MMe3 (M=Al, Ga) based on NMR investigations and
BP86/TZVPP calculations. DH8 and DG8 are given in kJmol�1 and in-
clude the non-scaled zero point energy and thermal corrections to the en-
thalpy (Gibbs energy) at 298 K.
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bonds (by 11 to 12 pm) as is typical for alane± and gallane±
amine adducts. The P�N distance of the coordinated NH2


group in adduct A is elongated by 7 to 9 pm upon complexa-
tion, whereas the coordinated P=NH moiety of the imino-
phosphorane adduct B is only elongated by 2 to 3 pm com-
pared to free tBu(H2N)P(H)=NH. The methane elimination
products C show similar P�N and the M�N bond lengths.
The short P�N distance of 163 pm reflects the delocalized
bonding situation (see also Supporting Information).


Reactions of tBuP(NH2)2 with MtBu3 at low temperature :
Since no further experimental information on the MMe3 re-
action intermediates could be obtained, we extended our
studies on reactions of tBuP(NH2)2 with sterically more
crowded AltBu3 and GatBu3, which were expected to kineti-
cally stabilize the corresponding reaction intermediates.
Reactions of tuP(NH2)2 with AltBu3 and GatBu3, respec-


tively, at �308C and subsequent storage of the resulting solu-
tions at �60 8C yielded tBu(H2N)(H)P(=NH)�MtBu3 (M=


Al 5, Ga 6) as colorless solids [Eq. (2)].


The 31P NMR spectra of 5 and 6 each show one doublet
(5 : 44.2 ppm (ddz, 1JP,H=515 Hz, 3JP,H=18.1 Hz); 6 :
44.5 ppm (ddz, 1JP,H=510 Hz, 3JP,H=17.8 Hz)) with 1JP,H cou-
pling constants typically observed for PV centers. 1H NMR


spectra show the expected reso-
nances of the tBuP, N�H, P�H,
and tBuM groups, whose inte-
gration is consistent with the
formation of the iminophos-
phorane adducts 5 and 6. The
P�H group of 6 shows a hyper-
fine structure with couplings to
the P atom (d, 1JP,H=510 Hz)
the imino protons (d, 3JH,H=


10.6 Hz) and the amino protons
(t, 3JH,H=2.2 Hz), which proof
the formation of the iminophos-
phorane-GatBu3 adduct
(Figure 4).
In addition, small resonances


due to the formation of the cor-
responding heterocycles are
present in the spectra (doublet
at d�6.6 ppm), which demon-
strate the lability of both 5 and
6 toward alkane elimination as
was already found for the
MMe3 derivatives 1±3.


Quantum-chemical calculations
III : To obtain further evidence


for the formation of the iminophosphorane adducts 5 and 6
we calculated the vibrational frequencies of their fully opti-


mized structures at the BP86/SV(P) level. The simulated
and experimental IR spectra of the AltBu3±iminophosphor-
ane adduct 5 are in very good agreement. In particular the
wavenumbers and intensities of the two separate N�H
stretches at 3468 cm�1 (calcd: 3490 cm�1) and 3377 cm�1


(calcd: 3379 cm�1) as well as the P�H stretching vibration at
2366 cm�1 (calcd: 2293 cm�1) agree very well (see Support-
ing Information). The calculated and experimental IR spec-
tra of the GatBu3±iminophosphorane adduct 6 are very simi-
lar. The very good agreement between experiment and


Figure 3. BP86/TZVPP optimized geometries of the proposed reaction intermediates A, B, C, and E as well as
important bond lengths [pm]. The bond lengths of the Al compounds are given first and those of the Ga com-
pounds in parenthesis. For comparison, the calculated P�N bond lengths in tBuP(NH2)2 are 174 pm and those
of the P(H) iminophosphorane form tBu(H2N)(H)P=NH are 158 and 170 pm.


Figure 4. Selected sector of the 1H NMR spectrum of the iminophosphor-
ane±GatBu3 adduct 6 showing the hyperfine structure.
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theory lends further credibility to the assignment of the iso-
lated compounds as the iminophosphorane adducts 5 and 6.
The relative stabilities of the aminophosphane adduct A


versus the iminophosphorane adduct B are worthy of com-
ment. From the MtBu3 reactions it was convincingly con-
cluded that the iminophosphorane adduct B is formed.
However, the DFT calculations suggest that both forms, A
and B, are close in energy in favor of the aminophosphane
tautomer A. Since A and B show phosphorus compounds in
different oxidation states (+ iii and +v) and different bond-
ing modes–including only single bonds for A but also a P=
N double bond for B–it appeared likely that for a correct
energetic description of both tautomers flexible basis sets
and good correlated methods would be needed. Conse-
quently, we optimized the AlR3 adducts A and B at the
BP86 and MP2 levels and increased the size of the basis set
from SV(P) to TZVPP. The relative Gibbs energies of these
species at 298 K are compared in Table 3.


From Table 3 it can be seen that the aminophosphane tau-
tomer A is thermodynamically favored (4 to 25 kJmol�1).
However, changing the substituent R of the coordinated tri-
alkylalane AlR3 from Me to tBu, the iminophosphorane
adduct B is relatively stabilized by 7 to 9 kJmol�1. In addi-
tion, increasing the size of the basis set from SV(P) to
TZVPP again increases the relative stability of B by 9 to
20 kJmol�1. The use of the best correlated method (MP2)
and the largest basis set (TZVPP) for the AlMe3 adduct B
reduces the energetic difference between the tautomers B
and A to 4 kJmol�1. Unfortunately, due to the size of the
system we could not optimize the structures of the two tau-
tomeric AltBu3 adducts at the MP2/TZVPP level.[18] Consid-
ering the AltBu3±iminophosphorane adduct B at the BP86/
TZVPP level to be stabilized by 7 kJmol�1 compared to the
AlMe3 adduct B, it is reasonable to conclude that at the
higher MP2/TZVPP level a similar stabilization of the
AltBu3±iminophosphorane adduct B should be expected.
Therefore, the missing component of the relative Gibbs
energy of the AltBu3±iminophosphorane adduct B with
MP2/TZVPP is estimated to be about �3 kJmol�1


(+4 kJmol�1 minus 7 kJmol�1), thus favoring the formation
of the iminophosphorane±AltBu3 adduct of type B. This is in
agreement with the experimental findings.
From the calculations it may be stated that the correct en-


ergetic description of the PIII and PV adducts A and B is
very delicate. Taking into consideration the size of the
system, it is impossible for us to use higher correlated meth-
ods than MP2 (i.e. MP4 or CCSD(T)) and larger basis sets


than TZVPP (i.e. cc-pVQZ).[18] From the analysis of Table 3
it seems reasonable to conclude that at such a high level
(i.e. CCSD(T)/cc-pVQZ) the iminophosphorane structure B
represents the global minimum, however, a direct proof for
this conclusion awaits highly correlated computational meth-
ods applicable on systems of the given size.


MtBu3 reactions at ambient temperature : Reaction of
tBuP(NH2)2 with tBu3Al and tBu3Ga, respectively, at ambi-
ent temperature led to the formation of
[{tBu(H)P(NH)2M(tBu)2}2] (M=Al 7, Ga 8 ; [Eq. (3)]) as is
demonstrated by 1H and 31P NMR spectroscopy.


Again, two sets of doublets with 1JP,H coupling constants
between 470 and 515 Hz are observed in the 31P NMR spec-
tra of 7 and 8 according to the typical formation of both the
cis and trans isomers. Consequently, 1H NMR spectra also
show two sets of resonances due to the organic groups. The
presence of both N�H and P�H groups is confirmed by IR
spectroscopy. The spectra of 7 and 8 show strong N�H ad-
sorption bands at 3170 cm�1 (7) and 3375 and 3360 cm�1 (8)
as well as P�H absorption bands at 2363 cm�1 (7) and
2355 cm�1 (8).


Conclusion


According to variable-temperature (VT) NMR investiga-
tions, tBuP(NH2)2 reacts with Group 13 trialkyl compounds
MR3 (M=Al, Ga, In; R=Me, tBu) with the initial forma-
tion of aminophosphane adducts, which undergo 1,2-H shift
with the subsequent formation of iminophosphorane ad-
ducts. Finally, alkane elimination reactions yield metalloni-
tridophosphinates. Alanes AlR3 initially form amine ad-
ducts, whereas the less Lewis acidic gallanes and indanes
prefer coordination by the softer phosphorus atom. The sta-
bility of the subsequently formed iminophosphorane adducts
depends on the steric demand of the Lewis acid. tBu3M
(M=Al, Ga) adducts were found to be fairly stable at low
temperature, whereas the corresponding MMe3 adducts
could not be isolated. BP86/TZVPP (DFT) calculations veri-
fied the proposed reaction pathway and gave insights into
the thermodynamics of the reaction. The central Group 13
element was found to have a significant influence on the sta-
bility of both the reaction intermediates and the finally
formed heterocycles.


Table 3. Relative Gibbs energies at 298 K of the two tautomeric forms A
and B of AlR3 adducts (R=Me, tBu) at the BP86 and MP2 levels with
SV(P) and TZVPP basis sets [kJmol�1].


Level A (AlMe3) B (AlMe3) A (AltBu3) B (AltBu3)


BP86/SV(P) 0 +25 0 +16
BP86/TZVPP 0 +14 0 +7
MP2/SV(P) 0 +24 ± ±
MP2/TZVPP 0 +4 (0)[a] (�3)[a]


[a] Extrapolated value, see text.
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Experimental Section


General considerations : All manipulations were performed in a glove
box under an argon atmosphere or by standard Schlenk techniques. Sol-
vents were distilled from sodium benzophenone ketyl or Na/K alloy prior
to use. tBuP(NH2)2,


[6] GaMe3,
[19] InMe3,


[20] AltBu3
[21] and Ga(tBu)3


[22] were
prepared according to literature methods, whereas AlMe3 was commer-
cially available (Aldrich) and used as received. NMR spectra were re-
corded using a Bruker DPX 300 spectrometer. 1H and 13C{1H} spectra are
referenced to the resonances of the solvents C6D6 (d(1H)=7.15 ppm,
d(13C)=128.0 ppm) and [D8]toluene (d(1H)=7.09 ppm, d(13C)=
137.5 ppm); 31P{1H} spectra are referenced to external H3PO4 (d(


31P)=
0 ppm). Infrared spectra were recorded between KBr plates using a
Bruker Vector 22 spectrometer. Mass spectra were recorded on a VG
Masslab 12±250 spectrometer in the electron impact mode (EI). Melting
points were measured in wax-sealed capillaries and are not corrected. El-
emental analyses were performed at the Mikroanalytisches Labor der
Universit‰t Bonn.


General preparation for [{tBu(H)P(NH)2MMe2}2]: At �78 8C a solution
of MMe3 (2 mmol) in hexane (30 mL) was slowly added to tBuP(NH2)2
(0.24 g, 2 mmol) dissolved in hexane (30 mL). The resulting solution was
slowly warmed to ambient temperature, leading to a smooth gas evolu-
tion, stirred for an additional 2 h and concentrated to 10 mL. Storage at
�30 8C for 24 h gave colorless crystals.


[{tBu(H)P(NH)2AlMe2}2] (1): M.p. 125 8C; yield 0.23 g (65%); elemental
analysis calcd (%) for C12H36Al2N4P2 (Mr=352.35): C: 40.90, H 10.30;
found: C 40.45, H 10.15; 31P, 1H, and 13C NMR spectra in C6D6 at ambient
temperature show a mixture of the cis and trans isomer (35:65). 1H NMR
(300 MHz, C6D6, 30 8C): d=�0.43 (s, 6 H; AlCH3, cis), �0.40 (s, 12 H;
AlCH3, trans), �0.37 (s, 6 H; AlCH3, cis), 0.63 (d, 3JP,H=17.0 Hz, 36 H;
PC(CH3)3, cis/trans), 0.93 (s (br), 8 H; NH, cis/trans), 6.25 (dt, 1JP,H=
492 Hz, 3JP,H=7.4 Hz, 2 H; PH, trans), 6.27 ppm (dt, 1JP,H=481 Hz, 3JP,H=
5.9 Hz, 2 H; PH, cis); 13C NMR (75 MHz, C6D6, 30 8C): d=22.9 (d, 2JP,C=
2.9 Hz; PCMe3, cis), 23.3 (d, 2JP,C=2.9 Hz; PCMe3, trans), 30.6 (d, 1JP,C=
74.7 Hz; PCMe3, trans), 30.8 (d, 1JP,C=74.7 Hz; PCMe3, cis);


31P NMR
(120 MHz, C6D6, 30 8C): d=46.0 (ddz, 1JP,H=492 Hz, 3JP,H=17.0 Hz;
trans), 46,7 ppm (ddz, 1JP,H=464 Hz, 3JP,H=17.6 Hz; cis); IR (Nujol): ñ=
3377, 3338, 3318 (N�H), 2364, 2325 (P�H), 1188, 1165, 967, 944, 925, 700,
669 cm�1; EI-MS (16 eV, 150 8C): m/z (%): 353 (1) [M]+ , 339 (68)
[M�Me]+ , 322 (100) [M�2Me]+, 265 (22) [M�2Me�tBu]+ , 161 (2)
[tBuP(NH)N(H)Al(H)Me]+ .


[{tBu(H)P(NH)2GaMe2}2] (2): M.p. 130 8C; yield 0.24 g (55%); elemental
analysis calcd (%) for C12H36Ga2N4P2 (Mr=437.83): C 32.92, H 8.29;
found: C 32.26, H 8.12; 31P, 1H, and 13C NMR spectra in C6D6 at ambient
temperature show a mixture of the cis and trans isomer (40:60). 1H NMR
(300 MHz, C6D6, 30 8C): d=�0.11 (s, 6 H; GaCH3, cis), �0.07 (s, 12 H;
GaCH3, trans), �0.02 (s, 6 H; GaCH3, cis), 0.71 (d, 3JP,H=16.7 Hz, 18 H;
PC(CH3)3, cis), 0.72 (d, 3JP,H=16.6 Hz, 18 H; PC(CH3)3, trans), 0.78 (s
(br), 8 H; NH, cis/trans), 6.27 (dt, 1JP,H=487 Hz, 3JP,H=8.2 Hz, 2 H; PH,
trans), 6.37 ppm (dt, 1JP,H=475 Hz, 3JP,H=5.8 Hz, 2 H; PH, cis); 13C NMR
(75 MHz, C6D6, 30 8C): d=�6.5 (s (br); GaMe3, cis/trans), 23.3 (d, 2JP,C=
2.9 Hz; PCMe3, cis), 23.8 (d, 2JP,C=2.9 Hz; PCMe3, trans), 31.1 (d, 1JP,C=
74.4 Hz; PCMe3, trans), 31.3 (d, 1JP,C=74.4 Hz; PCMe3, cis);


31P NMR
(120 MHz, C6D6, 30 8C): d=46.5 (ddz, 1JP,H=487 Hz, 3JP,H=16.5 Hz;
trans), 47.3 (ddz, 1JP,H=475 Hz, 3JP,H=16.8 Hz, cis); IR (Nujol): ñ=3390,
3363 (N�H), 2357, 2312 (P�H), 1191, 1129, 986, 926, 816, 724, 668 cm�1;
EI-MS (12 eV, 175 8C): m/z (%): 423 (90) [M+�Me], 406 (40)
[M�2Me�H]+ , 320 (20) [M�2Me�PtBu]+ , 303 (80) [M�3Me�PtBu]+ ,
219 (10) [M/2]+ , 203 (100) [M/2�MeH]+.


[{tBu(H)P(NH)2InMe2}2] (3): M.p. 112 8C; yield 0.29 g (55%); elemental
analysis calcd (%) for C12H36In2N4P2 (Mr=528.02): C 27.30, H 6.87;
found: C 26.82, H 6.75; 1H NMR (300 MHz, C6D6, 30 8C): d=0.01 (s,
12 H; InCH3), 0.61 (s (br), 4 H; NH), 0.73 (d, 3JP,H=16.4 Hz, 18 H;
PC(CH3)3), 6.39 ppm (d (br), 1JP,H=469 Hz, 2 H; PH); 13C NMR
(75 MHz, C6D6, 30 8C): d=23.5 (m (br); PCMe3), 31.8 ppm (d, 1JP,C=
71.8 Hz; PCMe3);


31P NMR (120 MHz, C6D6, 30 8C): d=51.4 ppm (d (br),
1JP,H=469 Hz); IR (Nujol): ñ=3383, 3359 (N�H), 2285 (P�H), 1260,
1087, 1048, 975, 939, 811, 695 cm�1; EI-MS (12 eV, 75 8C): m/z (%): 513
(18) [M�Me]+ , 248 (11) [tBuP(H)N(H)InMe2]


+, 192 (21)
[P(H)N(H)InMe2]


+ , 144 (100) [In(Me)2]
+ .


[tBuP(NH2)2�GaMe3] (4): A solution of tBuP(NH2)2 (0.24 g, 2 mmol) in
hexane (20 mL) was combined at �78 8C with a solution of GaMe3
(0.23 g, 2 mmol) in hexane (10 mL). The resulting solution was slowly
warmed to �30 8C (no gas evolution!) and stored for 24 h at �60 8C, re-
sulting in the formation of a colorless crystalline solid.


M.p. 36 8C (decomp); yield 0.23 g (50%); elemental analysis calcd (%)
for C7H22GaN2P (Mr=234.96): C: 35.78, H 9.44; found: C 35.31, H 9.09;
1H NMR (300 MHz, C6D6, 30 8C): d=�0.01 (s, 9 H; Ga(CH3)3), 0.76 (d,
3JP,H=14.5 Hz, 9 H; PC(CH3)3), 1.35 ppm (s (br), 4 H; NH); 13C NMR
(75 MHz, C6D6, 30 8C): d=�6.0 (s (br); GaMe3), 24.3 (d, 2JP,C=8.4 Hz;
PCMe3), 32.1 ppm (d, 1JP,C=27.8 Hz; PCMe3);


31P NMR (120 MHz, C6D6,
30 8C): d=56.4 ppm (s); EI-MS (12 eV, 100 8C): m/z (%): 219 (77)
[M�Me]+ , 203 (22) [M�2Me]+ , 120 (17) [M�GaMe3]


+ , 99 (100)
[GaMe2]


+ , 63 (94) [M�GaMe3�tBu]+ .
General preparation of [tBu(H)P(NH)NH2�MtBu3]: MtBu3 (2 mmol)
and tBuP(NH2)2 (0.24 g, 2 mmol) dissolved in hexane (20 mL) were com-
bined at �78 8C. The resulting solution was slowly warmed to �30 8C,
stirred for 15 min, and then stored for 24 h at �60 8C. Colorless crystal-
line solids were formed.


[tBu(H)P(NH)NH2�AltBu3] (5): M.p. 85 8C (decomp); yield 0.51 g
(80%); elemental analysis calcd (%) for C16H40AlN2P (Mr=318.46): C
60.34, H 12.66; found: C 59.92, H 12.37; 1H NMR (300 MHz, C6D6,
30 8C): d=0.43 (d, 3JP,H=17.9 Hz, 9 H; PC(CH3)3), 1.21 (m (br), 2 H;
NH2), 1.33 (s (br), 1 H; NH), 1.37 (s, 27 H; AlC(CH3)3), 6.01 ppm (dd,
1JP,H=515 Hz, 3JH,H=10.4 Hz, 1 H; PH); 13C NMR (75 MHz, C6D6, 30 8C):
d=22.7 (d, 2JP,C=2.3 Hz; PCMe3), 23.4 (s; Al(CMe3)3), 31.2 (d, 1JP,C=
184 Hz; PCMe3), 33.4 ppm (s; Al(CMe3)3);


31P NMR (120 MHz, C6D6,
30 8C): d=44.2 ppm (ddz, 1JP,H=515 Hz, 3JP,H=18.1 Hz); IR (Nujol): ñ=
3472, 3381, 3350 (N�H), 2392 (P�H), 1543, 996, 928, 612 cm�1; EI-MS
(12 eV, 50 8C): m/z (%): 57 (10) tBu+ , 63 (100) [M�AltBu3�tBu]+ , 120
(60) [M�AltBu3]


+, 203 (4) [M�2 tBu�H]+ , 261 (3) [M�tBu]+ .
[tBu(H)P(NH)NH2�GatBu3] (6): M.p. 65 8C (decomp); yield 0.61 g
(85%); elemental analysis calcd (%) for C16H40GaN2P (Mr=361.20): C
53.20, H 11.16; found: C 52.71, H 10.79; 1H NMR (300 MHz, C6D6,
30 8C): d=0.48 (d, 3JP,H=17.6 Hz, 9 H; PC(CH3)3), 1.27 (m (br), 2 H;
NH2), 1.56 (s (br), 1 H; NH), 1.42 (s, 27 H; GaC(CH3)3), 6.03 ppm (ddt,
1JP,H=510 Hz, 3JH,H=10.6 Hz, 3JH,H=2.2 Hz, 1 H; PH); 13C NMR
(75 MHz, C6D6, 30 8C): d=22.9 (d, 2JP,C=2.6 Hz; PCMe3), 33.2 (s (br);
PCMe3), 33.6 ppm (s; Ga(CMe3)3);


31P NMR (120 MHz, C6D6, 30 8C): d=
44.5 ppm (ddz, 1JP,H=510 Hz, 3JP,H=17.8 Hz); IR (Nujol): ñ=3473, 3379,
3362 (N�H), 2356 (P�H), 1538, 1403, 1349, 1158, 932, 612 cm�1.


General preparation of[{tBu(H)P(NH)2MtBu2}2]: MtBu3 (2 mmol) and
tBuP(NH2)2 (0.24 g, 2 mmol) dissolved in hexane (20 mL) were combined
at �78 8C. The resulting solution was slowly warmed to ambient tempera-
ture and stirred for 2 h. Colorless solids were formed, which were filtered
and recrystallized from a solution in toluene at �60 8C.
[{tBu(H)P(NH)2AltBu2}2] (7): M.p. 210 8C; yield 0.23 g (45%); elemental
analysis calcd (%) for C24H60Al2N4P2 (Mr=520.67): C 55.36, H 11.62;
found: C 55.02, H 11.39; 31P, 1H, and 13C NMR spectra in C6D6 at ambient
temperature show a mixture of the cis and trans isomer (50:50). 1H NMR
(300 MHz, C6D6, 30 8C): d=0.73 (d, 3JP,H=17.1 Hz, 36 H; PC(CH3)3, cis/
trans), 0.97 (m (br), 8 H; NH, cis/trans), 1.22 (s (br), 54 H; AlC(CH3)3,
trans), 1.23 (s, 18 H; AlC(CH3)3, cis), 6.57 (dt, 1JP,H=497 Hz, 3JH,H=


8.7 Hz, 2 H; PH, trans), 6.58 ppm (dt, 1JP,H=487 Hz, 3JH,H=7.5 Hz, 2 H;
PH, cis); 13C NMR (75 MHz, C6D6, 30 8C): d=23.6 (d, 2JP,C=2.6 Hz;
PCMe3, cis), 23.7 (d, 2JP,C=2.3 Hz; PCMe3, trans), 31.5 (s; AlCMe3, cis),
31.6 (s; AlCMe3, cis), 31.8 ppm (s; AlCMe3, trans);


31P NMR (120 MHz,
C6D6, 30 8C): d=47.3 (ddz, 1JP,H=515 Hz, 3JP,H=17.2 Hz, trans), 48.0 ppm
(ddz, 1JP,H=487 Hz, 3JP,H=17.2 Hz, cis); IR (Nujol): ñ=3170 (N�H), 2363
(P�H), 1145, 950, 719, 667 cm�1; EI-MS (12 eV, 100 8C): m/z (%): 463
(100) [M�tBu�H]+ , 405 (49) [M�2tBu�H]+ , 277 (39)
[M�4tBu�NH�H]+ , 57 (39) tBu+ .


[{tBu(H)P(NH)2GatBu2}2] (8): M.p. 232 8C (decomp); yield 0.36 g
(60%); elemental analysis calcd (%) for C24H60Ga2N4P2 (Mr=606.15): C
47.56, H 9.98; C 46.98, H 9.67; 1H and 13C NMR spectra in C6D6 at ambi-
ent temperature show a mixture of the cis and trans isomer (25:75).
1H NMR (300 MHz, C6D6, 30 8C): d=0.81 (d, 3JP,H=16.4 Hz, 18 H;
PC(CH3)3, trans), 0.82 (d, 3JP,H=16.4 Hz, 18 H; PC(CH3)3, cis), 1.27 (s,
36 H; GaC(CH3)3, trans), 1.29 (s, 18 H; GaC(CH3)3, cis), 1.42 (m (br),
8 H; NH, cis/trans), 6.61 (dt, 1JP,H=490 Hz, 3JH,H=8.5 Hz, 2 H; PH,
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trans), 6.64 ppm (dt, 1JP,H=482 Hz, 3JH,H=7.8 Hz, 2 H; PH, cis); 13C NMR
(75 MHz, C6D6, 30 8C): d=24.1 (d, 2JP,C=2.6 Hz; PCMe3, cis), 24.1 (d,
2JP,C=2.6 Hz; PCMe3, trans), 31.4 (s; GaCMe3, cis), 31.6 (s; GaCMe3,
trans), 31.8 ppm (s; GaCMe3, cis);


31P NMR (120 MHz, C6D6, 30 8C): d=
49.7 (ddz, 1JP,H=490 Hz, 3JP,H=16.3 Hz, trans), 50.7 ppm (ddz, 1JP,H=
465 Hz, 3JP,H=16.5 Hz, cis); IR (Nujol): ñ=3375, 3360, 3349 (N�H), 2355
(P�H), 1161, 983, 948, 937, 614 cm�1; EI-MS (20 eV, 150 8C): m/z (%):
549 (100) [M�tBu]+, 245 (87) [M�6tBu�NH�4H]+ , 491 (3)
[M�2tBu�H]+ , 63 (3) [P(NH2)2]


+ .


X-ray structure solution and refinement. Crystallographic data of 1 are
summarized in Table 4, Figure 1 shows the ORTEP diagram (50% proba-
bility ellipsoids) of its solid-state structure. Data were collected on a
Nonius KappaCCD diffractometer. The structure was solved by Patter-


son methods (SHELXS-97)[23] and refined by full-matrix least-squares on
F2. All non-hydrogen atoms were refined anisotropically and hydrogen
atoms were refined by a riding model (SHELXL-97).[24] CCDC-217870
contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge via www.ccdc.can.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Centre, 12 Union
Road, Cambridge CB21EZ, UK; Fax: (+44)1223-336033; or deposit@
ccdc.cam.ac.uk).


Computational details : All computations were done with the program
TURBOMOLE.[25] The geometries of all species were optimized at the
(RI-)BP86 level[26] with the split valence polarization SV(P)[27] as well as
the triple zeta TZVPP[28] basis set (2d, 1f polarization functions). The
nature of the stationary points as true minima was verified by a frequen-
cy calculation (no imaginary Eigenvalues) using the new version of AO-
FORCE[29] at the (RI-)BP86/SV(P) level. Thermal contributions to the
enthalpy and the Gibbs energy at 298 K were obtained by standard statis-
tical thermodynamics calculations included in TURBOMOLE with the
program FreeH that are based on the calculated (RI-)BP86/SV(P) geom-
etry and IR frequencies. NMR shielding tensors were obtained at the
BP86/TZVPP level using the program MPSHIFT included with TURBO-
MOLE. The calculated chemical shifts were referenced with respect to
the experimental position of tBuP(NH2)2 of d(


31P)=62 ppm. Additional
full optimizations were done at the (RI-)MP2 ab initio level[30, 31] with
SV(P) and TZVPP basis sets. The IR spectrum of compound 5 was simu-
lated by a superposition of Gauss functions of the calculated IR spectrum
at the (RI-)BP86/SV(P) level. Graphic representations, x,y,z coordinates,
total energies, and zero-point vibrational energies (ZPVEs) of important
computed species are given in the Supporting Information, others may
be obtained from the authors (I.K.) upon request. The total energies,
ZPEs, number of imaginary frequencies n(imag), thermal contributions


to the enthalpy (H8), and the Gibbs energy (G8) at 298 K of all species
included in Scheme 3 are also given in the Supporting Information.
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Probing Ionic Association on Metal Oxide Clusters by Pulsed Field Gradient
NMR Spectroscopy: The Example of Sn12±Oxo Clusters


FranÁois Ribot,*[a] Virginie Escax,[b] Josÿ C. Martins,[c] Monique Biesemans,[b]


Laurent Ghys,[b] Ingrid Verbruggen,[b] and Rudolph Willem[b]


Introduction


Sn12±oxo clusters of general formula [(RSn)12O14(OH)6]
2+


are quasi-spherical macrocations, featuring a positive charge
at each of the bowl shaped poles (see Figure 1).[1] Following
their first description in 1989,[1a] several synthesis ap-
proaches have been reported in which this macrocation is
prepared with different counterions.[1]


Sn12±oxo clusters can be used as nanobuilding blocks for
the synthesis of model hybrid organic±inorganic materials,
in which telechelic dianions (e.g., a,w-carboxyterminated
polyethyleneglycol) or functional anions (e.g., 2-acrylamido-
2-methyl-1-propanesulfonate) are used to assemble these


nanobuilding blocks through electrostatic interactions.[2] Re-
cently, they have also been shown to be fairly efficient and
highly selective acetylation catalysts for alcohols, a behavior
that has been related to their cationic character.[3] For both
application areas (catalysis and hybrid materials), the pres-
ence of a charged species or of a tight ion pair with a specif-
ic anionic ligand is important and, concurrently, the availa-
bility of techniques to probe the ionic dissociation/associa-
tion behavior of such species in solution is a prerequisite to-
wards the tailored modulation of their properties.


119Sn NMR spectroscopy monitoring failed to provide any
clear trends between the 119Sn chemical shift and the extent
of ionic dissociation/association. Indeed, the anions do not
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Abstract: Pulsed field gradient 1H
NMR spectroscopy has been applied to
investigate the association behavior of
the Sn12±oxo cluster macrocation
[(BuSn)12O14(OH)6]


2+ with two differ-
ent and smaller anions, p-toluenesulfo-
nate (PTS�) and diphenylphosphinate
(Ph2PO2


�). By monitoring the transla-
tional diffusion coefficients of the vari-
ous species involved, it is shown that
the association depends on the anion
involved and on the solvent used.


Moreover, the possibility to individual-
ly monitor the diffusion characteristics
of multiple anionic and cationic species
in mixtures, by virtue of resolved 1H
resonances available from each species,
allows us to evidence the occurrence of
ion exchange in such systems. Thus


when [(BuSn)12O14(OH)6](PTS)2 is
mixed with two equivalents of
Ph2PO2NMe4, PTS� is displaced by
Ph2PO2


� , highlighting the greater affin-
ity of the organotin macrocation for
the diphenylphosphinate. This example
clearly illustrates the potential of
pulsed field gradient 1H NMR spectros-
copy in inorganic/organometallic
chemistry, to follow preferential ion
pairing in multi-ion systems at the level
of each individually charged species.


Keywords: cluster compounds ¥ dif-
fusion ¥ ion pairs ¥ NMR spectrosco-
py ¥ tin


Figure 1. Molecular structure of the macrocation [(BuSn)12O14(OH)6]
2+


(only the first carbon atom of each butyl chain has been drawn for clari-
ty).
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interact directly with any of the tin atoms, but only through
the m2-OH groups that define the positively charged poles of
the cluster (see Figure 1). Therefore, in previous research,
more elaborate NMR experiments (1H,1H NOESY and
ROESY or 31P,1H HOESY) were needed to get insight into
this issue.[1d,e] These studies have shown that in solvents with
low dielectric constant (e.g., C6D6 or CD2Cl2), [(BuSn)12-
O14(OH)6]X2 (1: X=Ph2PO2


� or 2 : X=PTS� , Scheme 1)


does not dissociate and the anions remain in close contact
with the positive cluster poles, at which the anion±macro-
cation interaction also involves hydrogen bonds. In more
dissociating solvents (e.g. [D6]DMSO or C6D6/[D6]DMSO
50:50), 2 was shown to dissociate, while 1 remains assembled
as 1:2 macrocation±anion complex, even though the diphe-
nylphosphinates appear slightly displaced away from the
cluster poles.[1d,e] The ionic dissociation of 2 in DMSO was
also confirmed by conductivity measurements.[1e]


Pulsed field gradient (PFG) NMR spectroscopy is a very
effective tool to study the translational motion of molecules
and provides an elegant way to measure diffusion coeffi-
cients, even for mixtures of different structural units.[4,5] Its
application is continuously expanding in bio-NMR spectros-
copy and mixture analysis,[6] but has only lately started to
emerge as a powerful tool in organometallic chemistry,[7]


where, among other applications, it has provided evidence
of ion pairing,[7b±i] self-assembly,[7j] aggregation,[7k] oligomeri-
zation of reactive intermediates,[7l] and speciation of aqueous
silicates.[7m]


In the present case, diffusion coefficients should be very
useful indicators of the extent of ionic association/dissocia-
tion, because the radius of the Sn12 macrocation (r�9 ä) is
about twice that of the anions (Ph2PO2


� : r�4.8 ä, and
PTS� : r�4.3 ä).[8,9] Indeed, for globular molecules, the dif-
fusion coefficient can be estimated by the Stokes±Einstein
relation, D=kBT/6phrH,


[10] in which kB is the Boltzmann
constant, T is the absolute temperature (in Kelvin), h is the
viscosity of the medium, and rH is the hydrodynamic radius
(i.e., the size of the moving entity that can include a crown
of solvent molecules). Accordingly, if the macrocation is
binding its two counterions, the same diffusion coefficients
are expected to be obtained from fitting the diffusion-de-
pendent attenuation of the 1H resonances of the macrocat-
ion (butyl chains) and of the anions (phenyl ring protons for
Ph2PO2


� , and phenyl ring and methyl protons for PTS�).


Conversely, if the macrocation and its anions are dissociated
and surrounded by their own solvation shell, significantly
different diffusion coefficients are expected for the macro-
cation and the anions, the diffusion coefficient being smaller
for the macrocation than for its free anions. PFG-NMR
spectroscopy was therefore used in order to investigate the
ionic association/dissociation behavior of two pure Sn12
based compounds, 1 and 2, and to evidence possible ionic in-
terchanges when they are mixed with other ion pairs.


Results and Discussion


The diffusion coefficients for the oppositely charged struc-
tural units that make up the ion pairs in 1, 2, [NMe4]


+


Ph2PO2
� (3) and [NMe4]


+PTS� (4) (see Scheme 1), as well
as for the 1+4 and 2+3 mixtures (in a 1:2 ratio), were
measured in various solvents: C6D6, C6D6+ [D6]DMSO
(85:15 v:v), C6D6+ [D6]DMSO (15:85 v:v), and [D6]DMSO.
Not all the compound/solvent combinations were investigat-
ed, either because they could not be achieved for solubility
reasons (e.g. 1 is not soluble in pure [D6]DMSO) or they
were not expected to be relevant to the present study. Ac-
cording to the dielectric constant of benzene (er=2.3) and
DMSO (er=46.6),[11] and also due to their strongly different
abilities to solvate ions and generate hydrogen bonds, vary-
ing the solvent composition allowed us to modulate the dis-
sociative behavior. Results are gathered in Table 1.
Because of the variation of the viscosity in these solvent


mixtures (0.60 and 1.99 cP for benzene and DMSO, respec-
tively)[12] and possible changes in the interactions with the
medium, comparing the diffusion coefficients of a given spe-
cies in different media is not straightforward. This difficulty
can be alleviated by the addition in each mixture of a neu-
tral nonpolarizable, and, therefore, noninteracting molecule,
like tetramethylsilane (TMS); this which enables us to
probe the variation of the local viscosity as a function of sol-
vent composition.[13] Indeed, as expected from the Stokes
±Einstein relation, the ratio of the diffusion coefficients of
TMS in C6D6 and [D6]DMSO (19.1/6.1=3.1) agrees well
with the inverse ratio of the viscosities (1.99/0.60=3.3).
However, such a comparison between different solvents is
not essential to probe ionic association/dissociation, which
can be assessed from the diffusion coefficients measured
within a single experiment involving only one solvent or one
solvent mixture.
Assuming full dissociation for 3 and 4 in [D6]DMSO, the


Stokes±Einstein relation can be used to estimate the hydro-
dynamic radii of Ph2PO2


� and PTS� . The calculated values,
which amount to 3.6 and 3.0 ä, respectively, are smaller
than those estimated from their spherical geometry.[9] These
underestimations arise from the well-known limitation of
the Stokes±Einstein relation when dealing with molecules
smaller than about five times the size of the solvent mole-
cules.[10] The diffusion coefficient of 1.2î10�10 m2s�1 ob-
tained for the Sn12 macrocation in [D6]DMSO corresponds
to a hydrodynamic radius of 9.1 ä. For this larger and more
spherically sized species, the Stokes±Einstein relation does
hold and gives a good agreement with the estimated size of


Scheme 1. Ion triplets/pairs involved in the present work.
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8.5 ä.[8] Interestingly, the diffusion of the anions, observed
to be faster than expected from their size, reinforces the fa-
vorable prerequisites for such PFG-NMR experiments on
the association/dissociation properties of the Sn12 macro-
cation and its counteranions.
For 1 and 2 dissolved in C6D6 or C6D6+ [D6]DMSO


(85:15 v:v), the macrocation and its anions exhibit identical
diffusion coefficients within experimental error. The same
holds for Me4N


+ and its counterions in 3 and 4 in the latter
solvent. Moreover, in C6D6+ [D6]DMSO (85:15 v:v), the dif-
fusion coefficient is significantly smaller for 1 and 2 than for
3 and 4 in the same medium. These features clearly confirm
the presence of ion-pairing for 1 and 2, as expected for such
poorly dissociating solvent mixtures.[1d,e] When C6D6+


[D6]DMSO (15:85 v:v) is used as a solvent, 1 and 2 behave
differently. For 2, in which the anion has no basic character,
ionic dissociation is now clearly observed as evidenced by
the large difference in the diffusion coefficients between the
macrocation and the anion. Moreover, the diffusion coeffi-
cients measured in this solvent for PTS� , whether originat-
ing from 2 or 4, are identical within experimental error; this
demonstrates a very high ionic dissociation of 2 in this
DMSO-rich medium. In contrast, for 1, in which the PhPO2


�


ions correspond to a weak base, the ionic dissociation ap-
pears only partial in C6D6+ [D6]DMSO (15:85 v:v). The dif-
fusion coefficient measured for the phosphinate anions orig-
inating from 1 is intermediate between that of the macro-
cation and that of the phosphinate anions originating from
3. Assuming a fast association/dissociation equilibrium, as
justified by the observed monogaussian damping of the
signal amplitude, the measured diffusion coefficient is
simply the arithmetic mean of the diffusion coefficients of
the bound and free anions weighted by their respective


molar fraction, that is, hDi=
xfreeDfree+ (1�xfree)Dbound.


[14]


Taking the diffusion coefficient
of the phosphinate measured
for 3 in C6D6+ [D6]DMSO
(15:85 v:v), 3.5î10�10 m2s�1, as
the lower limit of Dfree, the
degree of dissociation for 1 in
such a medium is estimated to
be no larger than 35%.
As 1H NMR spectroscopy


quite generally allows the vari-
ous species present in solution
to be discriminated through re-
solved 1H resonances, species
specific diffusion analysis by
PFG NMR spectroscopy can be
as easily performed in systems
in which two anion/cation pairs
are mixed up. This allows to
study the behavior of the tin
nanocluster when exposed to
both counteranions in solution.
Thus, when 1 and 4 are mixed
in a 1:2 ratio in C6D6+


[D6]DMSO (85:15 v:v), the dif-
fusion coefficients of the various species present are identi-
cal to those observed for 1 and 4 separately, indicating that
no ionic interchange takes place. By contrast, the diffusion
coefficients for the anionic species obtained after mixing 2
and 3 in the same solvent are very different from those ob-
served for 2 and 3 separately, but very similar to those ob-
tained for the mixture of 1 and 4. This feature evidences
that an ionic interchange is taking place, whereby the PTS�


in 2 is displaced from the cluster poles by the diphenylphos-
phinate anion, even though 2 alone is not dissociated in the
same medium. The much stronger interaction of the phos-
phinate anion with the Sn12 cluster relative to that of the p-
toluenesulfonate anion is hereby clearly demonstrated.
However, notwithstanding this strong interaction, the PTS�


ion also appears to display a slightly lower diffusion coeffi-
cient in 2+3 relative to 1+4. This indicates an interaction
between a fraction of the PTS� ion and 1, while Me4N


+ dif-
fuses more freely. Fivefold dilution removes this surprising
effect, in line with dilution idealizing solutions and, hence,
inducing disaggregation of interacting moieties. In the
DMSO-richer medium C6D6+ [D6]DMSO (15:85 v:v), the
diffusion characteristics of all species in 2+3 are essentially
pairwise identical within experimental error to those ob-
served for 1+4, confirming again that the phosphinate inter-
acts more strongly with the macrocation than the sulpho-
nate. It should be outlined, however, that there is a trend to-
wards a slightly faster diffusion of the phosphinate anion in
these mixtures 1+4 and 2+3 with respect to pure 1, proba-
bly because of the higher amount of ions present.


Table 1. Diffusion coefficients (î10�10 m2 s�1) for 1, 2, 3, 4, 1+4 and 2+3 in various media.[a]


Species C6D6 C6D6/[D6]DMSO (85/15) C6D6/[D6]DMSO (15/85) [D6]DMSO


1 [BuSn12]
2+ 4.2�0.1 3.3�0.1 1.5�0.1


Ph2PO2
� 4.2�0.1 3.3�0.1 2.2�0.1


TMS 19.3�0.4 15.8�0.2 7.1�0.1
2 [BuSn12]


2+ 4.0�0.1 3.1�0.1 1.6�0.1 1.2�0.1
PTS� 4.0�0.1 3.2�0.1 4.0�0.2 3.4�0.1
TMS 19.1�0.4 15.4�0.3 7.3�0.2 6.1�0.1


3 Me4N
+ 5.4�0.1 4.5�0.1 3.9�0.1


Ph2PO2
� 5.3�0.2 3.5�0.1 3.0�0.1


TMS 15.9�0.1 7.1�0.1 6.2�0.1
4 Me4N


+ 5.7�0.1 4.5�0.1 4.0�0.1
PTS� 5.6�0.1 4.2�0.1 3.7�0.1
TMS 15.6�0.4 7.3�0.2 6.4�0.3


1+4 [BuSn12]
2+ 3.2�0.1 [3.3�0.1] 1.5�0.1 [1.3�0.2]


Ph2PO2
� 3.3�0.1 [3.4�0.1] 2.4�0.1 [2.3�0.2]


PTS� 5.5�0.1 [5.6�0.1] 4.1�0.1 [3.8�0.2]
Me4N


+ 5.6�0.1 [5.9�0.2] 4.5�0.1 [4.2�0.1]
TMS 15.6�0.4 [16.1�0.2] 7.1�0.3 [6.4�0.1]


2+3 [BuSn12]
2+ 3.2�0.1 [3.3�0.1] 1.5�0.1 [1.5�0.1]


Ph2PO2
� 3.3�0.1 [3.3�0.1] 2.6�0.1 [2.4�0.2]


PTS� 4.9�0.1 [5.6�0.1] 4.1�0.1 [4.1�0.1]
Me4N


+ 5.6�0.1 [5.9�0.2] 4.5�0.1 [4.6�0.1]
TMS 15.8�0.3 [16.0�0.2] 7.1�0.2 [7.2�0.1]


[a] The initial concentrations are 8 mmolL�1 for 1 and 2 and 16 mmolL�1 for 3 and 4. Values between brackets
for the mixtures 1+4 and 2+3 correspond to a fivefold dilution. The reported D values result from averages
over 5 to 10 experiments, corresponding to 5 to 10 couples of optimized parameters (d, D) and over all the res-
onances related to the species under investigation.
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Conclusion


By measuring the translational diffusion coefficients of the
Sn12±oxo cluster [(RSn)12O14(OH)6]X2 with PFG 1H NMR
spectroscopy, we have been able to probe its ionic dissocia-
tion/association behavior. More importantly, however, the
possibility to monitor the association/dissociation behavior
of the individual charged species in multi-ion mixtures has
been demonstrated. Thus, ion exchange at the cluster×s
poles, governed by differences in binding affinities, have
been identified and characterized qualitatively. To the best
of our knowledge this is the first example that demonstrates
the possibility to investigate preferential ion pairing in such
multi-ion systems in inorganic/organometallic chemistry. It
should be noted that compared to other techniques used in
this respect, such as colligative methods or ionic conductivi-
ty measurements, it provides an unprecedented level of mo-
lecular speciation of such interactions in mixtures.
The availability of such information strongly contributes


to a better understanding of the catalytic behavior of charg-
ed organotin±oxo clusters,[3] or to a better control of the
™ionic∫ functionalization of these macrocations and their
use as nanobuilding blocks in hybrid organic±inorganic ma-
terials.[2]


While the present study was performed on the special
case of organotin±oxo clusters, the methodology can be con-
sidered as quite general and should be applicable to any
type of charged metal±oxo cluster, provided that the cations
and anions exhibit sufficiently different sizes for their diffu-
sion coefficients to be unambiguously distinguished when
they are dissociated. Finally, it is interesting to note that the
electrostatic and hydrogen-bond-mediated interactions be-
tween the anions and the m2-OH defining the poles of such
clusters are similar to those that could occur at the surface
of oxide colloidal particles.[15] The recent availability of
much stronger gradients (1100 Gcm�1 instead of 50 Gcm�1)
opens a land of opportunity to study such association/disso-
ciation phenomena at the surface of nanoparticles (5±
50 nm), which are much larger than these oxo clusters. This
should be applicable not only to charged species, but also to
complexing organic ligands. The determinant condition to
be fulfilled is having available an appropriate NMR nucleus
with a sufficiently narrow resonance, a requirement that
should be met when it is embedded in a rotationally mobile
part of a suitable ligand interacting at the surface of the par-
ticle.


Experimental Section


Synthesis : [(BuSn)12O14(OH)6](O2PPh2)2 (1) and [(BuSn)12-
O14(OH)6](PTS)2 (2) were prepared according to published procedur-
es.[1d,e] [N(CH3)4](O2PPh2) (3) was prepared by reacting stoichiometric
amounts of [N(CH3)4]OH¥5H2O with Ph2PO2H in ethanol, evaporating
the solvent under reduced pressure and drying the final solids at 60 8C.
[N(CH3)4](PTS) (4) was purchased from Fluka. The purity of all the com-
pounds was assessed by 1H and 119Sn NMR spectroscopy.


Pulsed field gradient 1H NMR spectroscopy : Samples were prepared for
spectroscopy by dissolving the appropriate amounts of compounds in
0.7 mL of solvent in order to obtain a 8 mmolL�1 solution for 1, 2 and a


16 mmolL�1 solution for 3, 4. The same concentrations are used in the
mixtures 1+4 and 2+3, providing a 1:2 molar ratio of 1 or 2 to 3 or 4 in
all cases.


Diffusion coefficients were measured by pulsed field-gradient (PFG) 1H
NMR spectroscopy by means of a BPP-LED pulse sequence.[16] Experi-
ments were carried out at 298 K, without spinning and in the absence of
any gas flow, enabling one to minimise convection artefacts by essentially
eliminating all artificial sources of temperature gradients, on a Bruker
Avance 250 spectrometer interfaced with a PC computer and equipped
with a Bruker BGU z-gradient unit providing a maximum gradient of
53.5 Gcm�1. Preliminary 1D measurements, with an LED-bipolar gradi-
ent pulse pair program, were performed on each solution in order to op-
timize simultaneously the gradient pulse duration (d) and the diffusion
delay (D) so as to detect properly the full signal decay.[17] Selected meas-
urements were also performed on a Bruker Avance 500 spectrometer,
and yielded the same values within experimental error, indicating the re-
producibility was independent from the instrument setup.


The amplitude of the gradients were varied from 2% to 95% of their
maximum value, while the gradient recovery delay (t) and the eddy cur-
rent delay (Te) were fixed at 0.2 ms and 5 ms, respectively. The diffusion
delay (D) varied in the range 50±280 ms and the gradient pulse duration
(d) in the range 1±3.5 ms. Similar measurements with 119Sn resonances
were impossible because of the fast 119Sn T1 relaxation,


[1e] which is incom-
patible with the diffusion delays (D) needed with regards to the maxi-
mum gradient strength available.
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Pentacoordinate Nickel(ii) Complexes Double Bridged by Phosphate Ester
or Phosphinate Ligands: Spectroscopic, Structural, Kinetic, and Magnetic
Studies


M. Dolores Santana,*[a] Gabriel GarcÌa,*[a] A. Abel Lozano,[a] Gregorio LÛpez,[a]


Josÿ Tudela,[b] Josÿ Pÿrez,[c] Luis GarcÌa,[c] Luis Lezama,[d] and TeÛfilo Rojo[d]


Introduction


Many enzymes, including those that hydrolyse phosphate
esters, use two metal ions in a bifunctional catalytic mecha-
nism.[1] For example, phosphotriesterases, which hydrolyse
phosphate triesters and have been employed as insecticides
and chemical warfare agents, require divalent metal ions
(Zn, Cd, Ni, Co, Mn) for their activities.[2] The binuclear
ZnII ion site of the phosphotriesterase (PTE) from Pseudo-
monas diminuta has been confirmed by a 2.1 ä resolution
X-ray crystal structure.[3] Nonredox-active metal ions such
as NiII and ZnII are potentially of interest as hydrolytic
cleaving agents. Moreover, their reactivity in model systems
may lead to functional DNA-cleaving molecules, because
synthetic metal complexes can be used as simple model sys-
tems for hydrolytic enzymes. To this purpose, dinuclear
CuII,[4] CoIII,[5] LaIII[6] or ZnII[7] complexes have been studied
in order to analyse the binding and activation of phosphate
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Abstract: The bis(phosphatediester)-
bridged complexes [{Ni([12]aneN3)(m-
O2P(OR)2)}2](PF6)2 {[12]aneN3=


Me3[12]aneN3, 2,4,4-trimethyl-1,5,9-tri-
azacyclododec-1-ene; R=Me (1), Bu
(2), Ph (3), Ph-4-NO2 (4); [12]aneN3=


Me4[12]aneN3, 2,4,4,9-tetramethyl-
1,5,9-triazacyclododec-1-ene; R=Me
(5), Bu (6), Ph (7), Ph-4-NO2 (8)} were
prepared by hydrolysis of the phos-
phate triester with the hydroxo com-
plex [{Ni([12]aneN3)(m-OH)}2](PF6)2 or
by acid±base reaction of the dialkyl or
diaryl phosphoric acid and the above
hydroxo complex. The acid±base reac-
tion was also used to synthesise the
phosphinate-bridged complexes
[{Ni([12]aneN3)(m-O2PR2)}2](PF6)2
{[12]aneN3=Me3[12]aneN3, R=Me
(9), Ph (10); [12]aneN3=Me4[12]aneN3,


R=Me (11), Ph (12)}. The molecular
structures of complexes 2, 3 and 12
were established by single crystal X-ray
diffraction studies. The eight-mem-
bered rings defined by the nickel atoms
and the bridging ligands show distorted
twist-boat, chair and boat±boat confor-
mations in 2, 3 and 12, respectively.
The experimental susceptibility data
for compounds 2, 3 and 12 were fitted
by least-squares methods to the analyt-
ical expression given by Ginsberg. The
best fit was obtained with values of J=
�0.11 cm�1, D=�9.5 cm�1 and g=2.20
for 2 ; J=�0.97 cm�1, D=�9.3 cm�1


and g=2.21 for 3 ; and J=�0.14 cm�1,
D=�11.9 cm�1 and g=2.195 for 12.
The magnetic-exchange pathways must
involve the phosphate/phosphinate
bridges, because these favour antiferro-
magnetic interactions. The observation
of a higher exchange parameter for
compound 3 is a consequence of a fa-
vourable disposition of the O�P�O
bridges. The kinetics for the hydrolysis
of TNP (tris(4-nitrophenyl)phosphate)
with the dinuclear nickel(ii) hydroxo
complex [{Ni(Me3[12]aneN3)(m-OH)}2]-
(PF6)2 was studied by UV-visible spec-
troscopy. The proposed mechanism for
TNP-promoted hydrolysis can be de-
scribed as one-substrate/two-product,
and can be fitted to a Michaelis±
Menten equation.


Keywords: kinetics ¥ magnetic
properties ¥ nickel ¥ phosphates ¥
phosphinates
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esters. Interestingly, NiII-substituted phosphotriesterase has
a higher specific activity than the native ZnII enzyme.[2]


However, synthetic nickel(ii) complexes that are able to hy-
drolyse phosphate esters are rare.[8] Recently, in order to un-
derstand the mechanistic roles of the metal ions in phos-
phate ester hydrolysis, Yamaguchi et al. reported the hydrol-
ysis activities of hydroxo- or carboxylate-bridged dinuclear
NiII and CuII complexes.[9] They found that the hydrolysis ac-
tivities of the dinuclear NiII complexes were significantly
higher than those of the CuII and ZnII complexes. On the
other hand, Cheng and co-workers prepared an iron(iii)±
nickel(ii) heterodinuclear complex with a bridging and a ter-
minal diphenylphosphate.[10] Although these nickel(ii) com-
plexes contained one bridging phosphate group, dinuclear
pentacoordinate nickel(ii) complexes bridged solely by two
phosphate ester (or phosphinate) ligands have not been re-
ported. Thus, to augment our understanding of hydroxo-
bridged dinickel(ii) complexes we here describe the synthe-
ses and characterisation of pentacoordinate dinuclear nick-
el(ii) complexes that contain two bridging phosphate ester
or phosphinate ligands. Moreover, we investigated the abili-
ty of the dinuclear nickel(ii) hydroxo complex [{Ni-
(Me3[12]aneN3)(m-OH)}2](PF6)2 (Me3[12]aneN3=2,4,4-tri-
methyl-1,5,9-triazacyclododec-1-ene) and its 9-methyl deriv-
ative (Me4[12]aneN3),


[11] to promote the hydrolysis of phos-
phate esters. We also report a study conducted on the geo-
metrical conformation of the bridging unit and its role in
the magnetic interactions that arise between the nickel ions.


Results and Discussion


The green bis(phosphate)-bridged dinuclear complexes
[{Ni([12]aneN3)(m-O2P(OR)2)}2](PF6)2 (1±8) can be prepared
in acetone in two different ways (Scheme 1). They can be
obtained by hydrolysis of the phosphate triester with the hy-
droxo complex [{Ni([12]aneN3)(m-OH)}2](PF6)2 (Scheme 1a)
or by acid±base reaction of the dialkyl or diaryl phosphoric
acid and the above hydroxo complex (2:1 molar ratio)
(Scheme 1b). The hydrolytic synthesis afforded lower yields
of 1±8 and required longer reaction times. As described in
Scheme 1c, the acid±base reaction provided higher yields
(82±93%) and could be applied to the synthesis of the phos-


phinate-bridged complexes [{Ni([12]aneN3)(m-O2PR2)}2]-
(PF6)2 (9±12). These complexes are green or blue-green
solids that are stable to air both in the solid state and in sol-
ution. The new complexes have been characterised by parti-
al elemental analysis, FAB+ mass spectrometry and spectro-
scopic (UV-visible, IR, 1H NMR) techniques.
The electronic spectra of 1±12 are quite similar and show


two d±d transitions in acetone with lmax (e) between 620±
640 nm (~30m�1 cm�1) and 380–390 nm (~100m�1 cm�1).
These can be assigned to 3B1(F)!3E(F) and 3B1(F)!
3A2,


3E(P) transitions, respectively.[12] Both lmax values and
molar absorptivities are consistent with a five-coordinate en-
vironment around the nickel(ii) ion,[13] and provide evidence
that the molecule maintains its integrity in solution.
The IR spectra of complexes 1±12 show characteristic ab-


sorptions for the [12]aneN3 ligands[13]: 3291±3258 cm�1


n(N�H), ~1660 cm�1 n(C=N), and two strong bands as a
result of the PF6


� ion at 840 and 560 cm�1. The IR spectra of
1±8 also exhibit two bands in the 1164±1045 and 924±
905 cm�1 regions; these can be assigned to the n((P)-O-C)
and n(P-O-(C)) vibrations, respectively.[14] The bands caused
by the na(PO2) and ns(PO2) vibrations fall in the 1264±1202
and 1122±976 cm�1 regions, respectively, for complexes 1±8
and in the 1293±1189 and 1196±1077 cm�1 regions for com-
plexes 9±12. The bands around 450 cm�1 can be assigned to
n(Ni�O) vibrations.
The 1H NMR spectra of the complexes exhibit relatively


sharp and well-resolved resonances, and have a chemical
shift range that spans over 350 ppm. The representative
1H NMR spectra for complexes 7 and 10 are shown in Fig-
ures 1 and 2, respectively. Assignments of the relatively
sharp isotropically shifted resonances were made on the
basis of our previous experience with similar paramagnetic
pentacoordinate nickel(ii) complexes.[15] The spectra show
the expected resonance line pattern, and because of a domi-
nant spin-polarisation mechanism, the eight resonance sig-
nals for the a-CH protons are shifted downfield, whereas
the six resonance signals for the b-CH protons are shifted
upfield, with respect to the diamagnetic position. Further-
more, axial protons are expected to experience smaller con-
tact shifts than equatorial protons, because of the angular
dependence of the hyperfine coupling constant.[16] The spec-
tra of certain derivatives exhibited separate downfield reso-


Scheme 1. Scheme showing the different routes to complexes 1±12.
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nances for the a-protons (Figure 1), whereas in other cases
the signals were not well resolved, because of the large line
width (Figure 2). Moreover, the isotropically shifted reso-
nance signals observed for the methyl groups appear as fol-
lows: 2-Me, ~�17 ppm; 4-Me(a,b), ~40 and 20 ppm; and 9-
Me, ~120 ppm.[15] The resonance signals for the alkyl and
aryl groups of the phosphate ester and phosphinate ligands
farthest from the nickel atom had smaller shifts with respect
to the diamagnetic position, and were all downfield from
the signal for TMS. This is to be expected in a system that
contains a dominant s-delocalisation pattern of spin density,
as well as two unpaired electrons in the ground state nick-
el(ii) s-symmetry orbitals (dx2�y2, dz2). Finally, it is notewor-
thy that the magnitude of the downfield shifts is greatest for
the phosphinate derivatives (6.5 ppm for 1 versus 14.5 ppm
for 9).


Crystal structures : The crystal structures for the cations of
complexes 2, 3 and 12 are shown in Figures 3, 4 and 5, re-
spectively, while selected bond lengths and bond angles are
contained in Table 1.
The coordination geometry around the nickel atom is dis-


torted trigonal bipyramidal for 2 and distorted square pyra-
midal for 3. This can be ascertained by the Reedijk×s t pa-
rameter[17] (t=0 and 1 for square-pyramidal and trigonal-bi-
pyramidal structures, repectively), which has a value of 0.4
and 0.0 for complexes 2 and 3, respectively. In complex 12,


Figure 1. 1H NMR spectra (in [D6]acetone at room temperature) of com-
pound 7.


Figure 2. 1H NMR spectra (in [D6]acetone at room temperature) of com-
pound 10.


Figure 3. ORTEP plot of the cation of [{Ni(Me3[12]aneN3)(m-
O2P(OBu)2)}2](PF6)2 (2).


Figure 4. ORTEP plot of the cation of [{Ni(Me3[12]aneN3)(m-
O2P(OPh)2)}2](PF6)2 (3).


Figure 5. ORTEP plot of the cation of [{Ni(Me4[12]aneN3)(m-
O2PPh2)}2](PF6)2¥2Me2CO¥Et2O (12).
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the geometry around each nickel atom is very different (t=
0.0 and 0.4 for Ni1 and Ni2, respectively).
The coordinated macrocycles in complexes 2 and 12 ex-


hibit chairlike conformations in the two six-membered rings
that do not contain the C=N bond. This is the most frequent
conformation in complexes that contain such macrocycles.[18]


In accord with the classification from Allen et al.,[19] the
eight-membered rings defined by the nickel atoms and the
bridging ligands show a distorted twist-boat, chair and
boat±boat conformation for complexes 2, 3 and 12, respec-
tively (Figure 6). The torsion angles in the complexes do not
conform to the ideal of around 208.
The Ni¥¥¥Ni distances are 4.863(1), 5.424(1) and 5.116(1) ä


for 2, 3 and 12, respectively. These distances indicate a flat-
tening of the eight-membered ring that constitutes the
bridge core (least-square planes defined by the eight-mem-
bered ring have a root mean square (rms) of 0.502, 0.097
and 0.419 for 2, 3 and 12, respectively). Moreover, the
Ni¥¥¥Ni distance for 3 is longer than those reported for the
[M2(m-phosphato)2] core (M¥¥¥M is 4.189 ä when M=Fe,[20]


and ranges from 4.931 to 5.367 ä when M=V[21,22]).


Magnetic properties : The thermal variation of the inverse of
the magnetic molar susceptibility (cm


�1) and the cmT product
for compounds 2, 3 and 12 are shown in Figure 7. As can be
seen, the Curie±Weiss law is only followed in the high tem-
perature range. Values of Cm=2.42 (2), 2.45 (3) and
2.41 cm3Kmol�1 (12), and q=�0.7 (2), �2.6 (3) and �0.8 K
(12) have been calculated. In each case the cmT product de-
creases as the temperature decreases, and this occurs more


Table 1. Selected bonds [ä] and angles [8] for 2, 3 and 12.


2 3 12


Ni1�N1 2.038(3) 2.029(5) 2.053(4)
Ni1�N2 2.056(3) 2.044(5) 2.081(4)
Ni1�N3 2.039(4) 2.031(5) 2.065(5)
Ni1�O1 2.034(3) 2.026(4) 2.025(3)
Ni1�O2 2.010(3) 2.032(4) 2.027(3)
Ni2�N4 2.030(4) ± 2.062(4)
Ni2�N5 2.043(4) ± 2.079(4)
Ni2�N6 2.034(4) ± 2.064(4)
Ni2�O3 2.021(3) ± 1.988(3)
Ni2�O4 2.022(3) ± 2.043(3)
N1�Ni1�N2 90.96(15) 91.9(2) 88.43(17)
N1�Ni1�N3 ± 94.8(2) 93.15(18)
N2�Ni1�N3 ± 101.4(2) 99.78(17)
N1�Ni1�O1 ± 162.56(19) 161.98(16)
N1�Ni1�O2 ± 90.6(2) 90.32(15)
N2�Ni1�O1 ± 85.87(19) 85.72(15)
N2�Ni1�O2 ± 163.82(19) 163.19(15)
N3�Ni1�O1 ± 101.4(2) 104.63(16)
N3�Ni1�O2 ± 95.61(18) 97.02(16)
O1�Ni1�O2 ± 86.96(14) 90.39(13)
N4�Ni2�N5 ± ± 88.10(16)
N4�Ni2�N6 ± ± 92.37(16)
N5�Ni2�N6 ± ± 102.36(16)
N4�Ni2�O3 ± ± 88.17(14)
N4�Ni2�O4 ± ± 172.64(14)
N5�Ni2�O3 ± ± 146.45(15)
N5�Ni2�O4 ± ± 90.77(15)
N6�Ni2�O3 ± ± 111.10(15)
N6�Ni2�O4 ± ± 94.97(14)
O3�Ni2�O4 ± ± 88.77(12)


Figure 6. ORTEP view of the eight-membered rings of the bridge core
showing the atom-labelling scheme.


Figure 7. Thermal evolution of cm
�1 and cmT for compounds 2 (a), 3 (b)


and 12 (c). Solid lines on the cmT curves correspond to the best fits ob-
tained using the Ginsberg equation. Solid lines on the cm


�1 curves corre-
spond to the expected Curie±Weiss behaviour.
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rapidly below 50 K. This behaviour, which is usually associ-
ated with a large nickel(ii) single-ion zero-field splitting, in-
dicates the existence of a weak antiferromagnetic coupling
between the metallic centers.
For the theoretical analysis of the magnetic behaviour of


compounds 2, 3 and 12, the analytical expression developed
by Ginsberg et al.[23] was used. This is based upon the fol-
lowing Hamiltonian in which the nickel(ii) ion is assumed to
be magnetically isotropic [Eq. (1)]:


H ¼ �2JS1S2�DðS1z2 þ S2z2Þ�gbHðS1 þ S2Þ�z0J0ShSi ð1Þ


In Equation (1) J is the usual intradimeric exchange pa-
rameter, while D is the zero-field splitting of the single-ion
ground state in which a negative value corresponds to the
Ms=0 value lying below the M1=
1 doublet. Because of
the possible interdimer contacts, a mean field correction
term to the Hamiltonian, which is parameterised by z’J’, was
also included. It is worth mentioning that the parameters D
and z’J’ are very strongly correlated to each other, but are
only weakly correlated to g and J. As a result, the estimated
g and J values are more accurate than the D and z’J’ values.


The experimental susceptibility data for compounds 2, 3
and 12 were least-squares fitted to the analytical expression
given by Ginsberg. The best fit was obtained with values of:
J=�0.11 cm�1, D=�9.5 cm�1 and g=2.20 (2); J=
�0.97 cm�1, D=�9.3 cm�1 and g=2.21 (3); and J=
�0.14 cm�1, D=�11.9 cm�1 and g=2.195 (12). Introduction
of a reasonable z’J’ parameter did not improve the quality
of the fit and this term was finally neglected. The excellent
agreement between the experimental and calculated data
for the three compounds can be observed in Figure 7. The
zero-field splitting of octahedral NiII compounds and the
consequences this has on the magnetic properties have been
extensively studied.[24] High D values, as large as 20 cm�1 in
some compounds, are commonly observed in distorted envi-
ronments.[25] However, calculations for D terms on NiII pen-
tacoordinate complexes are not available. To support the
validity of the D values obtained for compounds 2, 3 and 12,
EPR measurements were carried out at X band, but no sig-
nals were observed in the temperature range 4.2±300 K.
These results are in good agreement with the values calcu-
lated for the zero-field splitting parameters. In considering
the structural features exhibited by these compounds, the
magnetic exchange pathways must involve the phosphate/
phosphinate bridges (Ni�O�P�O�Ni). From 31P NMR stud-
ies it is well known that spin transfer through s and p phos-
phorous orbitals plays an important role in the exchange
mechanisms of many transition-metal phosphates.[26,27]


Moreover, these types of exchange pathways usually favour
antiferromagnetic interactions. If the angles that correspond
to the Ni�O�P�O�Ni exchange pathways (Table 2) and
Goodenough×s rules[28] are taken into account, the interac-
tions in compounds 2, 3 and 12 were expected to be antifer-
romagnetic, and indeed, are in good agreement with the ex-
perimental results. The low calculated J values are not sur-
prising if one considers the relatively large distances be-
tween paramagnetic centers (See Table 2). The higher ex-
change parameter observed for compound 3 is a


consequence of the favourable disposition of the O�P�O
bridges; these are practically coplanar with the dx2�y2 mag-
netic orbitals in the NiII ions (see Figure 6). The coordina-
tion geometry around the nickel atoms is square pyramidal
for 3. The basal atoms and the bridging ligands define a
least-square plane that has an rms of 0.211, and the Ni
atoms are displaced 0.291(2) ä out of the basal plane
toward the apical atom. To our knowledge, the present com-
plexes are the first pentacoordinate nickel(ii) compounds
with this type of bridge. Moreover, in six-coordinated NiII


phosphates/phosphonates, even if this type of bridge is not
unusual, the exchange interactions are mainly propagated
through oxygen atoms shared by two adjacent polyhedra.
Therefore, a comparative analysis of the sign and strength of
the magnetic interactions cannot be carried out. However, it
is noteworthy that the study performed by Gao et al. on a
family of NiII diphosphonates, in which nickel(ii) is simulta-
neously six-, five- and fourfold coordinate, indicates the ex-
istence of very weak exchange interactions that have mag-
netic orderings below 4 K.[29]


Kinetics of the tris(4-nitrophenyl)phosphate hydrolysis : We
examined the hydrolysis of TNP (tris(4-nitrophenyl)phos-
phate) with the dinuclear nickel(ii) hydroxo complex [{Ni-
(Me3[12]aneN3)(m-OH)}2](PF6)2 (L1Ni�OH) as a model re-
action for PTE by UV-visible spectroscopy. The proposed
mechanism for TNP hydrolysis by the dinuclear metal com-
plex can be described as one-substrate/two-product
(Scheme 2); this is analogous to the enzymatic catalysis of


PTE proposed recently.[30] The steady-state rate of 4-nitro-
phenol (4NP) formation (Vo) should display an hyperbolic
dependence with TNP and must be able to be fitted to a Mi-
chaelis±Menten equation [Eq. (2)]:


V0 ¼
Vmax½TNP�0
KM þ ½TNP�0


¼ kcat½L1Ni�OH�0½TNP�0
KM þ ½TNP�0


ð2Þ


Table 2. Selected distances and angles for Ni-O-P-O-Ni magnetic-ex-
change pathways for complexes 2, 3 and 12 (atom labels are given in
Figure 6).


Interacting atoms Ni�Ni[a] [ä] Ni-O-P [8] P-O-Ni [8]


2 Ni1-O1-P1-O2-Ni2 7.028(3) 146.7(2) 132.6(2)
Ni1-O4-P2-O3-Ni2 7.018(3) 128.2(19) 151.3(2)


3 Ni1-O1-P1-O2-Ni2 7.014(4) 136.5(2) 157.2(3)


12 Ni1-O1-P2-O3-Ni2 7.022(3) 154.7(2) 148.9(2)
Ni1-O2-P1-O4-Ni2 7.073(3)138.6(2) 139.5(2)


[a] Length of exchange pathway.


Scheme 2. One-substrate/two-product mechanism for TNP hydrolysis in
the presence of a dinuclear NiII complex.
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in which kcat=k2k3/(k2+k3) and KM=k3(k�1+k2)/k1(k2+k3).
The proposed molecular mechanism is depicted in
Scheme 3. In this mechanism, TNP binds to the nickel(ii)


atom by coordinating to the phosphoryl oxygen. This inter-
action then weakens the binding of the bridging hydroxide
to the second nickel(ii) atom. The metal±oxygen interaction
polarises the phosphoryl±oxygen bond and makes the phos-
phorous atom more electrophilic. As a consequence of the
nucleophilic attack by the bound hydroxide, the bond to the
leaving group weakens. In the next step, a molecule of 4NP
is released and a dinuclear nickel(ii) complex in which a
phosphate diester bridges the nickel atoms is obtained. Fi-
nally, the diester phosphate is displaced by a water molecule
to regenerate the catalyst. This mechanism is supported by
the crystal structure of the nickel(ii) complex which has two
bridging phosphodiesters and was prepared by triester phos-
phate hydrolysis.
The solubilities of TNP and (L1Ni�OH) were tested in


several organic solvents. The best results were obtained with
acetone and MeCN. A kinetic study was carried out in
which the linearity of the time-drive recordings, the negligi-
ble TNP hydrolysis in the absence of catalyst, as well as the
concentration effects of H2O, L1Ni�OH and TNP were
taken into consideration (Supporting Information). The ki-
netic behaviour followed the Michaelis±Menten model
[Eq. (2)]. Plots of the hydrolysis rate (V0) against [TNP]0
gave a saturation curve (Figure 8). In accordance with the
reaction mechanism proposed, this fact suggests the reversi-
ble formation of a (L1Ni-TNP) complex prior to TNP hy-
drolysis. Thus, the Michaelis±Menten equation was applied,
and the catalytic (kcat) and Michaelis constant (KM) were de-
termined by nonlinear regression fittings (Table 3).
Only a few kinetic studies on the hydrolysis of phospho-


triesters have been undertaken, and most of them have been
conducted in aqueous media. Kady et al.[31] found that mono-
nuclear ZnII models with N3 and N3O ligands showed kobs


values of between 4.5î10�2 and 1.5î10�6 s�1 for diethyl(4-
nitrophenyl)phosphate hydrolysis in water. Itoh et al.[32]


studied the catalytic hydrolysis of 2,4-dinitrophenyl ethyl-
phosphate using mononuclear CuII complexes with N3 li-
gands. These displayed kcat values of between 0.7î10�6 and


1.6î10�3 s�1. If the different reaction media are not consid-
ered, then the kinetic parameters for the [{Ni(Me3[12]-
aneN3)(m-OH)}2](PF6)2 hydrolysis of TNP are an improve-
ment on the previously published results for other models,
but are still a far cry from the kinetic parameters obtained
for the paraoxon hydrolysis of PTE[30] (kcat=3000 s�1 and
kcat/KM=5¥107m�1 s�1).


Experimental Section


General methods : C, H and N analyses were carried out with a microana-
lyser Carlo Erba model EA 1108. Infrared spectra were recorded on a
Perkin±Elmer 16F PC FT-IR spectrophotometer on Nujol mulls between
polyethylene sheets. The UV-visible spectra (in acetone) were recorded
over the 300±800 nm range on a UNICAM 520 spectrophotometer equip-
ped with matched quartz cells. The 1H NMR spectra were recorded on a
Bruker model AC 200E or a Bruker AV-400 spectrometer. Fast-atom
bombardment (FAB) mass spectra were run on a Fisons VG Autospec
spectrometer operating in the FAB+ mode. Magnetic susceptibilities of
powdered samples were measured in the 5±300 K temperature range with
a Quantum Design MPMS-7 SQUID magnetometer. The experimental
susceptibilities were corrected for the diamagnetism of the sample hold-
ers and the constituent atoms (Pascal tables), as well as for temperature-
independent paramagnetism (estimated to be 100î10�6 cm3mol�1). A
Bruker ESP300 spectrometer operating at X band and equipped with
standard Oxford low-temperature devices was used to record the ESR
powder spectra at different temperatures. The magnetic field was cali-
brated by an NMR probe and the frequency inside the cavities was deter-
mined with a Hewlett±Packard 5352B microwave frequency counter.
Most chemicals were purchased from Aldrich and were used without fur-
ther purification. Tris(4-nitrophenyl)phosphate (TNP) was obtained from
Fluka, whereas acetone and acetonitrile (MeCN) of chromatographic
quality (<0.1% water) were purchased from Merck. Milli-Q system (Mil-


Scheme 3. Proposed molecular mechanism for the hydrolysis of phos-
phate triesters in the presence of a dinuclear NiII complex.


Figure 8. Michaelis±Menten kinetics for the hydrolysis of TNP with
L1Ni�OH. Acetone (*), MeCN (!), and nonlinear regression fitted to
Equation (2) (c). Assay conditions: 2.5% H2O, [L1Ni�OH]=10mm,
20 8C.


Table 3. Kinetic parameters[a] for L1Ni�OH hydrolysis of TNP.


Solvent kcat [s
�1î102] KM [mm] kcat/KM [m�1 s�1]


acetone 7.3
0.1 0.25
0.01 292
12
MeCN 4.1
0.1 0.40
0.03 103
8


[a] Assay conditions: 2.5% H2O, [L1Ni�OH]=10mm, 20 8C. Nonlinear
regression fitted to Equation (2), R2>0.99.
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lipore Corp.) ultrapure water was used. Solvents were dried and distilled
by general methods before use. The complexes [{Ni(Me3[12]aneN3)(m-
OH)}2](PF6)2 (Me3[12]aneN3=2,4,4-trimethyl-1,5,9-triazacyclododec-1-
ene) and its 9-methyl derivative (Me4[12]aneN3) were prepared by previ-
ously described procedures.[11]


[{Ni([12]aneN3)(m-O2P(OR)2)}2](PF6)2 {[12]aneN3=Me3[12]aneN3, R=


Me (1), Bu (2), Ph (3), Ph-4-NO2 (4); [12]aneN3=Me4[12]aneN3, R=Me
(5), Bu (6), Ph (7), Ph-4-NO2 (8)}: Complexes 1±8 were prepared by re-
action of [{Ni([12]aneN3)(m-OH)}2](PF6)2 (0.12 mmol) with the corre-
sponding tris(alkyl) or tris(aryl) phosphate (0.24 mmol) in acetone
(25 mL). After stirring for 24 h the solution was concentrated under re-
duced pressure, and upon addition of diethyl ether a green solid precipi-
tated. This was collected by filtration, washed with diethyl ether and air-
dried. Yields: 57±78%. Higher yields of 1±8 were obtained from a mix-
ture of [{Ni([12]aneN3)(m-OH)}2](PF6)2 (0.12 mmol) and dialkyl or diaryl
phosphoric acid (0.24 mmol) in acetone (25 mL). After stirring for 3 h
the solutions were handled in a manner analogous to that described
above. Yields: 82±93%.


Compound 1: 1H NMR ([D6]acetone, TMS): d=236.1 (Ha), 234.3 (Ha),
201.6 (Ha), 89.5 (Ha), 48.2 (3H; 4-Me), 33.8 (Ha), 32.4 (Ha), 28.7 (Ha),
21.8 (3H; 4-Me), 16.5 (Ha), 6.5 (3H; OMe), �9.7 (Hb), �13.1 (2H; Hb),
�16.9 (3H; 2-Me), �27.8 (Hb), �33.1 (Hb), �34.6 ppm (Hb); IR (nujol):
ñ=3286, 3259 (N�H), 1662 (C=N), 1242 (PO2)a, 1045 ((P)-O-C), 981
(PO2)s, 908 (P-O-(C)), 469 cm�1 (Ni�O); MS (FAB+): m/z (%): 394 (100)
[M/2]+ ; elemental analysis calcd (%): for C28H62F12N6Ni2O8P4 (1080.1): C
31.14, H 5.79, N 7.78; found: C 31.05, H 6.10, N 7.71.


Compound 2 : 1H NMR ([D6]acetone, TMS): d=235.9 (Ha), 234.0 (Ha),
202.4 (Ha), 89.4 (Ha), 49.1 (3H; 4-Me), 34.5 (Ha), 32.9 (Ha), 28.7 (Ha),
21.9 (3H; 4-Me), 17.1 (Ha), 7.9 (2H; OCH2), 4.4 (2H; CH2), 3.2 (2H;
CH2), 1.3 (3H; CH3), �9.9 (Hb), �13.3 (2H; Hb), �17.2 (3H; 2-Me),
�27.9 (Hb), �33.6 (Hb), �35.1 ppm (Hb); IR (nujol): ñ=3286, 3258
(N�H), 1660 (C=N), 1245 (PO2)a, 1065 ((P)-O-C), 976 (PO2)s, 905 (P-O-
(C)), 468 cm�1 (Ni�O); MS (FAB+): m/z (%): 1101 (4) [M]+ , 478 (100)
[M/2]+ ; elemental analysis calcd (%) for C40H86F12N6Ni2O8P4 (1248.4): C
38.48, H 6.94, N 6.73; found: C 38.36, H 6.75, N 6.91.


Compound 3 : 1H NMR ([D6]acetone, TMS): d=250.0 (Ha), 219.5 (Ha),
89.2 (2H; Ha), 53.5 (3H; 4-Me), 37.1 (Ha), 36.7 (Ha), 32.9 (Ha), 22.4
(3H; 4-Me), 17.5 (Ha), 7.9 (3H; OPh), 7.3 (2H; OPh), �10.1 (Hb), �13.8
(2H; Hb), �18.3 (3H; 2-Me), �28.3 (Hb), �34.8 (Hb), �36.1 ppm (Hb);
IR (nujol): ñ=3278, 3260 (N�H), 1658 (C=N), 1202 (PO2)a, 1102 ((P)-O-
C), 1024 (PO2)s, 910 (P-O-(C)), 444 cm�1 (Ni�O); MS (FAB+): m/z (%):
1181 (5) [M]+ , 518 (100) [M/2]+ ; elemental analysis calcd (%) for
C48H70F12N6Ni2O8P4 (1328.4): C 43.40, H 5.31, N 6.33; found: C 43.45, H
5.53, N 6.30.


Compound 4 : 1H NMR ([D6]acetone, TMS): d=251.6 (Ha), 232.6 (Ha),
91.4 (2H; Ha), 56.8 (3H; 4-Me), 40.3 (Ha), 34.5 (2H; Ha), 22.4 (3H; 4-
Me), 18,3 (Ha), 8.6 (2H; OPh-4-NO2), 7.3 (2H; OPh-4-NO2), �9.7 (Hb),
�13.5 (2H; Hb), �17.1 (3H; 2-Me), �28.5 (Hb), �34.7 (Hb), �35.9 ppm
(Hb); IR (nujol): ñ=3266 (N�H), 1662 (C=N), 1213 (PO2)a, 1161 ((P)-O-
C), 1098 (PO2)s, 910 (P-O-(C)), 452 cm�1 (Ni�O); MS (FAB+): m/z (%):
1361 (4) [M]+ , 608 (22) [M/2]+ ; elemental analysis calcd (%) for
C48H66F12N10Ni2O16P4 (1508.4): C 38.22, H 4.41, N 9.29; found: C 37.97, H
4.63, N 9.21.


Compound 5 : 1H NMR ([D6]acetone, TMS): d=292.5 (Ha), 267.0 (Ha),
250.3 (Ha), 186.0 (Ha), 118.2 (3H; 9-Me), 83.9 (Ha), 46.4 (3H; 4-Me),
41.4 (Ha), 32.7 (Ha), 22,5 (3H; 4-Me), 16.1 (Ha), 6.9 (3H; OMe), �9.5
(2H, Hb), �12.7 (Hb), �17.4 (3H; 2-Me), �27.4 (Hb), �33.4 (Hb),
�34.7 ppm (Hb); IR (nujol): ñ=3267 (N�H), 1658 (C=N), 1264 (PO2)a,
1107 ((P)-O-C), 1058 (PO2)s, 909 (P-O-(C)), 466 cm�1 (Ni�O); MS
(FAB+): m/z (%): 961 (5) [M]+ , 408 (100) [M/2]+ ; elemental analysis
calcd (%) for C30H66F12N6Ni2O8P4 (1108.1): C 32.52, H 6.00, N 7.58;
found: C 32.36, H 6.10, N 7.53.


Compound 6 : 1H NMR ([D6]acetone, TMS): d=292.4 (Ha), 271.1 (Ha),
248.6 (Ha), 184.3 (Ha), 118.2 (3H; 9-Me), 84.9 (Ha), 45.5 (3H; 4-Me),
33.9 (Ha), 31.8 (Ha), 22.5 (3H; 4-Me), 14.1 (Ha), 8.5 (2H; OCH2), 3.5
(2H; CH2), 3.1 (2H; CH2), 1.5 (3H; CH3), �9.3 (Hb), �10.0 (Hb), �12.5
(Hb), �17.4 (3H; 2-Me), �27.6 (Hb), �34.0 (Hb), �34.8 ppm (Hb); IR
(nujol): ñ=3264 (N�H), 1658 (C=N), 1230 (PO2)a, 1100 ((P)-O-C), 1028
(PO2)s, 909 (P-O-(C)), 462 cm�1 (Ni�O); MS (FAB+): m/z (%): 1130 (3)
[M]+ , 492 (100) [M/2]+ ; elemental analysis calcd (%) for


C42H90F12N6Ni2O8P4 (1276.5): C 39.52, H 7.11, N 6.58; found: C 39.35, H
7.31, N 6.54.


Compound 7: 1H NMR ([D6]acetone, TMS): d=303.1 (Ha), 282.9 (Ha),
265.6 (Ha), 202.0 (Ha), 127.8 (3H; 9-Me), 83.2 (Ha), 50.0 (3H; 4-Me),
40.0 (Ha), 34.2 (Ha), 22.5 (3H; 4-Me), 16.3 (Ha), 8.3 (3H; OPh), 7.5 (2H;
OPh), �10.1 (2H; Hb), �13.8 (Hb), �18.5 (3H; 2-Me), �27.4 (Hb), �35.1
(Hb), �35.8 ppm (Hb); IR (nujol): ñ=3262 (N�H), 1660 (C=N), 1204
(PO2)a, 1164 ((P)-O-C), 1122 (PO2)s, 924 (P-O-(C)), 480 cm�1 (Ni�O);
MS (FAB+): m/z (%): 1209 (12) [M]+ , 532 (100) [M/2]+ ; elemental anal-
ysis calcd (%) for C50H74F12N6Ni2O8P4 (1356.4): C 44.27, H 5.50, N 6.20;
found: C 44.34, H 5.68, N 6.01.


Compound 8 : 1H NMR ([D6]acetone, TMS): d=314.2 (Ha), 285.7 (Ha),
271.6 (Ha), 215.7 (Ha), 131.4 (3H; 9-Me), 82.3 (Ha), 55.8 (3H; 4-Me),
40.7 (Ha), 36.1 (Ha), 23.2 (3H; 4-Me), 15.1 (Ha), 8.7 (2H; OPh-4-NO2),
7.5 (2H; OPh-4-NO2), �9.7 (2H; Hb), �13.6 (Hb), �18.2 (3H; 2-Me),
�27.6 (Hb), �36.0 ppm (2H; Hb); IR (nujol): ñ=3267 (N�H), 1661 (C=
N), 1213 (PO2)a, 1161 ((P)-O-C), 1102 (PO2)s, 906 (P-O-(C)), 449 cm�1


(Ni�O); MS (FAB+): m/z (%): 1388 (4) [M]+ , 622 (100) [M/2]+ ; elemen-
tal analysis calcd (%) for C50H70F12N10Ni2O16P4 (1536.4): C 39.09, H 4.59,
N 9.12; found: C 39.03, H 4.86, N 8.97.


[{Ni([12]aneN3)(m-O2PR2)}2](PF6)2 {[12]aneN3=Me3[12]aneN3, R=Me
(9), Ph (10); [12]aneN3=Me4[12]aneN3, R=Me (11), Ph (12)}: Com-
plexes 9±12 were prepared by allowing [{Ni([12]aneN3)(m-OH)}2](PF6)2
(0.12 mmol) to react with the corresponding alkyl or aryl phosphinic acid
(0.24 mmol) in acetone (25 mL). After stirring for 30 min, the solvent
was removed under reduced pressured and diethyl ether was added to
the solution. This was then cooled to �18 8C, and the resultant blue-
green solid was collected by filtration, washed with diethyl ether and air-
dried.


Compound 9 : Yield: 0.110 g (97%); 1H NMR ([D6]acetone, TMS): d=
236.4 (Ha),185.0 (Ha), 86.5 (Ha), 42.1 (3H; 4-Me), 36.2 (Ha), 30.5 (Ha),
28.5 (Ha), 27.1 (Ha), 21.6 (3H; 4-Me), 19.0 (Ha), 14.5 (3H; Me), �8.9
(Hb), �13.1 (2H; Hb), �17.0 (3H; 2-Me), �27.5 (Hb), �32.9 (Hb),
�34.1 ppm (Hb); IR (nujol): ñ=3291, 3266 (N�H), 1660 (C=N), 1293
(PO2)a, 1196 (PO2)s, 1065 (P�C), 449 cm�1 (Ni�O); MS (FAB+): m/z
(%): 869 (7) [M]+ , 362 (100) [M/2]+ ; elemental analysis calcd (%) for
C28H62F12N6Ni2O4P4 (1016.1): C 33.10, H 6.15, N 8.27; found: C 33.09, H
6.23, N 8.21.


Compound 10 : Yield: 0.133 g (95%); 1H NMR ([D6]acetone, TMS): d=
237.8 (2H; Ha), 202.0 (Ha), 87.9 (Ha), 42.6 (3H; 4-Me), 36.6 (2H; Ha),
29.0 (2H; Ha), 21.7 (3H; 4-Me), 11.5 (2H; Ph), 10.0 (2H; Ph), 7.7 (1H;
Ph), �10.1 (Hb), �13.5 (2H; Hb), �17.5 (3H; 2-Me), �28.2 (Hb), �34.2
(Hb), �35.8 ppm (Hb); IR (nujol): ñ=3272 (N�H), 1657 (C=N), 1189
(PO2)a, 1130 (PO2)s, 1044 (P�C), 456 cm�1 (Ni�O); MS (FAB+): m/z
(%): 1118 (6) [M]+ , 486 (100) [M/2]+ ; elemental analysis calcd (%) for
C48H70F12N6Ni2O4P4 (1264.4): C 45.60, H 5.58, N 6.65; found: C 45.42, H
5.60, N 6.61.


Compound 11: Yield: 0.096 g (82%); 1H NMR ([D6]acetone, TMS): d=
271.6 (2H; Ha), 259.5 (Ha), 168.7 (Ha), 109.8 (3H; 9-Me), 80.3 (Ha), 37.3
(3H; 4-Me), 28.9 (2H; Ha), 21.6 (3H; 4-Me), 18.5 (Ha), 12.8 (3H; Me),
�8.7 (Hb), �11.5 (Hb), �13.0 (Hb), �17.4 (3H; 2-Me), �26.4 (Hb), �31.9
(Hb), �33.7 ppm (Hb); IR (nujol): ñ=3269 (N�H), 1658 (C=N), 1203
(PO2)a, 1077 (PO2)s, 1026 (P�C), 435 cm�1 (Ni�O); MS (FAB+): m/z
(%): 897 (6) [M]+ , 376 (100) [M/2]+ ; elemental analysis calcd (%) for
C30H66F12N6Ni2O4P4 (1044.1): C 34.51, H 6.37, N 8.05; found: C 34.39, H
6.34, N 7.99.


Compound 12 : Yield: 0.132 g (91%); 1H NMR ([D6]acetone, TMS): d=
285.8 (Ha), 254.6 (Ha), 246.5 (Ha), 185.3 (Ha), 118.2 (3H; 9-Me), 86.0
(2H; Ha), 36.7 (3H; 4-Me), 28.7 (2H; Ha), 20.4 (3H; 4-Me), 12.7 (2H;
Ph), 10.5 (2H; Ph), 8.3 (1H; Ph), �9.8 (Hb), �11.8 (Hb), �12.9 (Hb),
�17.6 (3H; 2-Me), �27.7 (Hb), �33.5 (Hb), �35.0 ppm (Hb); IR (nujol):
ñ=3266 (N�H), 1658 (C=N), 1194 (PO2)a, 1128 (PO2)s, 1045 (P�C),
456 cm�1 (Ni�O); MS (FAB+): m/z (%): 1146 (5) [M]+ , 500 (100) [M/2]+


; elemental analysis calcd (%) for C50H74F12N6Ni2O4P4¥2Me2CO¥Et2O
(1482.7): C 48.60, H 6.52, N 5.67; found: C 48.45, H 6.46, N 5.81.


Determination of the X-ray crystal structure of compounds 2, 3 and 12 :
Crystals of [{Ni(Me3[12]aneN3)(m-O2P(OBu)2)}2](PF6)2 (2), [{Ni(Me3[12]-
aneN3)(m-O2P(OPh)2)}2](PF6)2 (3) and [{Ni(Me4[12]aneN3)(m-O2PPh2)}2]-
(PF6)2¥2Me2CO¥Et2O (12) suitable for X-ray diffraction studies were
grown from acetone/diethyl ether liquid diffusion. In all cases, crystals


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 1738 ± 17461744


FULL PAPER M. D. Santana, G. GarcÌa et al.



www.chemeurj.org





were mounted on glass fibres and transferred to a Siemens P4 diffractom-
eter. The crystallographic data are summarised in Table 4. Cell constants
were refined from 65 (2), 57 (3) or 64 (12) reflections in the 2q range 10±
258. The structures were solved by the heavy-atom method and refined
anisotropically.[33] Hydrogen atoms were included using a riding model.
For compound 3, the macrocycle that involves N1 and N3, a phenyl
group and the (PF6)


� ion are disordered over two positions.


CCDC-215907 (2), CCDC-215908 (3) and CCDC-215909 (12) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.
cam.uk).


Kinetic analysis : In order to define the best assay conditions, UV-visible
spectra of the species implied in the hydrolytic process were recorded
(325<l<400) in several organic solvents (acetone, MeCN, ethanol and
methanol) with different water content (0±12.5%). The hydrolysis rates
were measured by the initial slope method following an increase in the
absorption band of the hydrolysis product 4-nitrophenol (4NP) in ace-
tone or MeCN solutions as promoted by the metal complex (L1Ni�OH).
A typical reaction procedure involved immediate monitoring of the in-
crease in absorbance at 340 nm (owing to the release of 4-nitrophenol)
after rapid injection of 100 mL of a 0.3mm solution of (L1Ni�OH) in ace-
tone (or MeCN) into 2.9 mL of a TNP solution (0.1±1mm and 2.5% of
water) to give a final volume of 3 mL. The concentration range of the
substrate was selected around KM/5 to 5¥KM to improve the reliability of
the statistical analysis.[34] Control experiments were made up similarly,
but without the presence of the nickel complex. Hydrolysis of bis(4-nitro-
phenyl)phosphate (BNP) was too slow to be detected under the same
conditions. In each kinetic trial, points were recorded every 120 s
(8 points s�1). The kinetic data were analysed using the Sigma Plot 4.0
program for WINDOWSTM, and were fitted to the Michaelis±Menten
equation.[35] At least three independent measurements were made to de-
termine the rate constants.


Acknowledgements


We thank the FundaciÛn Sÿneca, CARM (Projects PI-32/00800/FS/01 and
PI-79/00810/FS/01) for financial support and the DirecciÛn General de
InvestigaciÛn del Ministerio de Ciencia y TecnologÌa for partial financial


support (Project BQU2001±0979-C02). A.A.L. thanks FundaciÛn Seneca
for an FPI-grant.


[1] a) E. Kimura, Prog. Inorg. Chem. 1994, 41, 443±491; b) W. N. Lips-
comb, N. Str‰ter, Chem. Rev. 1996, 96, 2375±2434; c) D. E. Wilcox,
Chem. Rev. 1996, 96, 2435±2458; d) E. Kimura, T. Koike, Adv.
Inorg. Chem. 1997, 44, 229±261.


[2] G. A. Omburo, J. M. Kuo, L. S. Mullins, F. M. Raushel, J. Biol.
Chem. 1992, 267, 13278±13283.


[3] J. L. Vanhooke, M. M. Benning, F. M. Raushel, H. M. Holden, Bio-
chemistry 1996, 35, 6020±6025.


[4] a) M. Wall, R. C. Hynes, J. Chin, Angew. Chem. 1993, 105, 1696±
1697; Angew. Chem. Int. Ed. Engl. 1993, 32, 1633±1634; b) E.
Kˆvµri, R. Kr‰mer, J. Am. Chem. Soc. 1996, 118, 12704±12709; c) J.
Gao, A. E. Martell, J. Reibenspies, Inorg. Chim. Acta, 2002, 329,
122±128.


[5] a) D. H. Vance, A. W. Crzarik, J. Am. Chem. Soc. , 1993, 115,
12165±12166; b) D. Wahnon, A.-M. Lebuis, J. Chin, Angew. Chem.
1995, 107, 2594±2597; Angew. Chem. Int. Ed. Engl. 1995, 34, 2412±
2414; c) N. H. Williams, W. Cheung, J. Chin, J. Am. Chem. Soc.
1998, 120, 8079±8087.


[6] a) B. K. Takasaki, J. Chin, J. Am. Chem. Soc. 1993, 115, 9337±9338;
b) B. K. Takasaki, J. Chin, J. Am. Chem. Soc. 1995, 117, 8582±8585.


[7] a) T. Koike, M. Inoue, E. Kimura, M. Shiro, J. Am. Chem. Soc. 1996,
118, 3091±3099; b) C. Bazzicalupi, A. Bencini, A. Bianchi, V. Fusi,
C. Giorgi. P. Paoletti, B. Valtancoli, D. Zanchi, Inorg. Chem. 1997,
36, 2784±2790; c) C. Bazzicalupi, A. Bencini, E. Berni, A. Bianchi,
V. Fedi, V. Fusi, C. Giorgi. P. Paoletti, B. Valtancoli, Inorg. Chem.
1999, 38, 4115±4122; d) P. Jurek, A. E. Martell, Inorg. Chim. Acta
1999, 287, 47±51; e) D. Kong, A. E. Martell, J. Reibenspies, Inorg.
Chim. Acta 2002, 333, 7±14.


[8] a) M. A. De Rosch, W. C. Trogler, Inorg. Chem. 1990, 29, 2409±
2416; b) J. R. Morrow, L. A. Buttrey, K. A. Berback, Inorg. Chem.
1992, 31, 16±20.


[9] K. Yamaguchi, F. Akagi, S. Fujinami, M. Suzuki, M. Shionoya, S.
Suzuki, Chem. Commun. 2001, 375±376.


[10] L.-H. Yin, P. Cheng, S.-P. Yan, X.-Q. Fu, J. Li, D.-Z. Liao, Z.-H.
Jiang, J. Chem. Soc. Dalton Trans. 2001, 1398±1400.


[11] a) J. W. L. Martin, J. H. Johnston, N. F. Curtis, J. Chem. Soc. Dalton
Trans. 1978, 68±76; b) A. Escuer, R. Vicente, J. Ribas, Polyhedron
1992, 11, 453±456.


Table 4. Crystal data and structure refinement for 2, 3 and 12.


2 3 12


formula C40H86F12N6Ni2O8P4 C48H70F12N6Ni2O8P4 C50H74F12N6Ni2O4P4¥2Me2CO¥Et2O
Mr 1248.45 1328.40 1482.73
crystal system monoclinic triclinic triclinic
a [ä] 12.0309(9) 10.1955(9) 12.5277(16)
b [ä] 20.3278(12) 11.1727(9) 13.0101(12)
c [ä] 12.6585(11) 13.1453(11) 24.744(2)
a [8] 90 99.699(6) 99.698(7)
b [8] 111.285(6) 96.955(6) 96.253(9)
g [8] 90 104.977(5) 116.679(9)
V [ä3] 2884.6(4) 1404.4(2) 3473.2(6)
T [K] 173(2) 173(2) K 173(2)
space group P2(1) P1 P1
Z 2 1 2
l [ä] 0.71073 0.71073 0.71073
m [mm�1] 0.852 0.881 0.719
reflections collected 10630 7782 12686
independent reflections 10152 (Rint=0.0172) 4902 (Rint =0.0259) 12082 (Rint =0.0281)
goodness of fit on F2 1.033 1.053 0.873
final R indices [I>2s(I)][a,b] R1=0.0454, wR2=0.1200 R1=0.0642, wR2=0.1732 R1=0.0560, wR2=0.1369
R indices (all data)[a,b] R1=0.0515, wR2=0.1242 R1=0.0869, wR2=0.1857 R1=0.1022, wR2=0.1528
max/min D1 [eä�3] 1.074/�0.495 0.666/�0.608 0.681/�0.607


[a] R1=�kFo j� jFck /S jFo j for reflections with I>2sI. [b] wR2= {�[w(F2
o�F2


c)
2]/S[w(F2


o)
2]}


1=2 for all reflections; w�1=s2(F2)+ (aP)2+bP, in which
P= (2F2


c+F2
o)/3 and a and b are constants set by the program.


Chem. Eur. J. 2004, 10, 1738 ± 1746 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1745


Pentacoordinate Nickel(ii) Complexes 1738 ± 1746



www.chemeurj.org





[12] A. B. P. Lever, Inorganic Electronic Spectroscopy, Elsevier, Amster-
dam, 1984, pp. 513±520.


[13] M. D. Santana, G. GarcÌa, J. Pÿrez, E. Molins, G. LÛpez, Inorg.
Chem. 2001, 40, 5701±5703.


[14] a) P. N. Turowski, W. H. Armstrong, S. Liu, S. N. Brown, S. J. Lip-
pard, Inorg. Chem. 1994, 33, 636±645; b) H. Adams, N. A. Bailey,
D. E. Fenton, Q.-Y. He, J. Chem. Soc. Dalton Trans. 1997, 1533±
1539.


[15] a) M. D. Santana, G. GarcÌa, A. Rufete, G. Sµnchez, M. C. RamÌrez
de Arellano, G. LÛpez, Inorg. Chem. Commun. 1998, 1, 267±269;
b) M. D. Santana, G. GarcÌa, A. Rufete, M. C. RamÌrez de Arellano,
G. LÛpez, J. Chem. Soc. Dalton Trans. 2000, 619±625; c) M. D. San-
tana, G. GarcÌa, C. M. Navarro, A. A. Lozano, J. Pÿrez, L. GarcÌa,
G. LÛpez, Polyhedron 2002, 21, 1935±1942.


[16] a) R. H. Holm and C. J. Hawkins in NMR of Paramagnetic Mole-
cules, (Eds.: G. N. La Mar, W. Horrocks, Jr., R. H. Holm) Academic
Press, New York, 1973, p. 243±332; b) A. Dei, M. Wicholas, Inorg.
Chim. Acta 1989, 166, 151±154.


[17] A. W. Addison, T. N. Rao, J. Reedijk, J. V. Rijn, G. C. Verschoor, J.
Chem. Soc. Dalton Trans. 1984, 1349±1356.


[18] J. Pÿrez, L. GarcÌa, A. G. Orpen, M. D. Santana, P. Saez, G. GarcÌa,
New J. Chem. 2002, 26, 726±731.


[19] F. H. Allen, J. A. K. Howard, N. A. Pitchford, Acta Crystallogr. Sect.
B 1996, 52, 882±891.


[20] S. Yan, X. Pan, L. F. Taylor, J. H. Zhang, C. J. O×Connor, D. Britton,
O. P. Anderson, L. Que Jr. , Inorg. Chim. Acta 1996, 243, 1±8.


[21] M. R. Bond, L. M. Mokry, T. Otieno, J. Thompson, C. J. Carrano,
Inorg. Chem. 1995, 34, 1894±1905.


[22] N. S. Dean, L. M. Mokry, M. R. Bond, C .J. O×Connor, C. J. Carrano,
Inorg. Chem. 1996, 35, 2818±2825.


[23] A. P. Ginsberg, R. L. Martin, R. W. Brookes, R. C. Sherwood, Inorg.
Chem. 1972, 11, 2884±2889.


[24] R. L. Carlin, Magnetochemistry, Springer, Berlin, 1986.
[25] F. W. Klaaijsen, Z. Dokoupil, W. J. Huiskamp, Phys. B 1975, 79,


547±567.
[26] L. Lezama, K. S. Suh, G. Villeneuve, T. Rojo, Solid State Commun.


1990, 76, 449±452.
[27] G. Villeneuve, K. S. Suh, P. AmorÛs, N. Casan-Pastor, D. Beltrµn-


Porter, Chem. Mater. 1992, 4, 108±111.
[28] J. B. Goodenough in: Magnetism and the Chemical Bond, Inter-


science, New York, 1963.
[29] Q. Gao, N. Guillou, M. Nogues, A. K. Cheetham, G. Fÿrey, Chem.


Mater. 1999, 11, 2937±2947.
[30] F. M. Raushel, Curr. Opin. Microbiol. 2002, 5, 288±295.
[31] I. O. Kady, B. Tan, Z. Ho, T. Scarborough, J. Chem. Soc. Chem.


Commun. 1995, 118, 1137±1138.
[32] T. Itoh, H. Hisada, Y. Usui, Y. Fujii, Inorg. Chim. Acta 1998, 283,


51±60.
[33] G. M. Sheldrick, SHELX-97, Programs for Crystal Structure Analy-


sis (Release 97±2), University of Gˆttingen, Germany, 1998.
[34] R. D. Allison, D. C. Purich, Meth. Enzymol. 1980, 63, 3±22.
[35] L. Endrenyi, Kinetic Data Analysis: Design and Analysis of Enzyme


and Pharmacokinetics Experiments, Plenum Press, New York, 1981.


Received: July 23, 2003
Revised: October 13, 2003 [F5367]


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 1738 ± 17461746


FULL PAPER M. D. Santana, G. GarcÌa et al.



www.chemeurj.org






Ring-Closure Reactions through Intramolecular Displacement of the
Phenylselenonyl Group by Nitrogen Nucleophiles: A New Stereospecific
Synthesis of N-Tosyl and N-Benzoyl-1,3-oxazolidin-2-ones from b-
Hydroxyalkyl Phenyl Selenides


Marcello Tiecco,* Lorenzo Testaferri, Andrea Temperini, Luana Bagnoli,
Francesca Marini, and Claudio Santi[a]


Introduction


1,3-Oxazolidin-2-ones are important heterocyclic com-
pounds[1] that display good antibacterial properties[2] and are
used prolifically in pharmaceutical chemistry.[3] The synthe-
sis of these cyclic carbamates is generally performed by con-
densation of 1,2-amino alcohols[4] with carbonyl derivatives
such as phosgene,[5] triphosgene,[6] isocyanates,[4] chlorofor-
mates,[7] ureas,[8] or diethyl carbonate.[9] The catalyzed addi-
tion of CO2,


[10] and the palladium-catalyzed oxidative car-
bonylation[11] of b-amino alcohols have also been employed.
Other methods include the reaction of epoxides with isocya-
nates,[12] and the reaction of alkenes with N-bromosuccini-
mide and isocyanates.[13] An alternative strategy for the
preparation of 1,3-oxazolidin-2-ones involves the cyclization
of aryl and benzoylcarbamate derivatives of epoxy alcohols
or bromohydrins.[14] Chiral, non-racemic 1,3-oxazolidin-2-
ones, known as Evans× chiral auxiliaries,[15] have been suc-
cessfully employed in a wide range of asymmetric reactions
such as aldol condensations, alkylations, and Diels±Alder re-


actions. In, turn, these have been used to effect the stereose-
lective synthesis of several natural and pharmaceutical prod-
ucts.[16]


Herein we report a new and convenient stereospecific
synthesis (Scheme 1) of substituted N-tosyl or N-benzoyl-
1,3-oxazolidin-2-ones 4 starting from b-hydroxyalkyl phenyl
selenides 1. We also describe the further transformation of 4
into the N-substituted 1,2-amino alcohols 5.


Results and Discussion


The reaction sequence employed in the present work is
schematically illustrated in Scheme 1. The b-hydroxyalkyl
phenyl selenides 1 used as starting materials are easily avail-
able intermediates that have been used for several interest-
ing synthetic applications.[17] By reaction with tosyl or ben-
zoyl isocyanate in CH2Cl2 or CCl4 at room temperature,
these compounds are rapidly converted into their N-tosyl or
N-benzoyl carbamate derivatives 2, respectively. Treatment
of these b-carbamoyloxyalkyl phenyl selenides with an
excess of m-chloroperoxybenzoic acid (m-CPBA) in THF or
CH2Cl2, in the presence of potassium hydrogenphosphate,[18]


afforded the corresponding selenones 3. The N-tosyl or N-
benzoyl-1,3-oxazolidin-2-ones 4 were then obtained as a
result of the displacement of the selenonyl group by the ni-
trogen atom of the carbamic group. This cyclization reac-
tion, which represents the crucial step of the entire process,
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Dr. F. Marini, Dr. C. Santi
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Fax: (+39)07-5585-5116
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Keywords: carbamates ¥ cyclization ¥
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Abstract: A new and convenient method for the stereospecific synthesis of vari-
ously substituted 1,3-oxazolidin-2-ones from the easily available b-hydroxyalkyl
phenyl selenides is presented. After transformation into the N-tosyl or N-benzoyl
carbamates, the selenides were oxidized to the corresponding selenones. The key
step of the process is the ring-closure reaction, which occurs by stereospecific in-
tramolecular nucleophilic substitution of the selenone group by the nitrogen atom
of the carbamate. Enantiomerically pure 1,3-oxazolidin-2-one derivatives can be
easily prepared by using enantiomerically pure b-hydroxyalkyl phenyl selenides as
starting materials.
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is a stereospecific intramolecular nucleophilic substitution,
and occurs easily because of the great leaving ability of the
selenonyl group. The leaving ability of the selenonyl group
has already been observed in intermolecular[19] and intramo-
lecular[20] substitution reactions that involve carbon or
oxygen nucleophiles. However, little is known about cycliza-
tion reactions promoted by nitrogen atoms[21] in which het-
erocycles that contain nitrogen are formed.


Preliminary experiments were carried out using hydrox-
yalkyl phenyl selenides 6, in which the selenium atom is at-
tached to a primary carbon atom (Scheme 2). As a result,


slightly different conditions were required to effect the cycli-
zation reactions of the N-tosyl or the N-benzoyl carbamates.


Oxidation of the N-tosyl carbamates 7 to the correspond-
ing selenones was effected with m-CPBA in THF at 0 8C in
the presence of potassium hydrogenphosphate (Scheme 2,
Method A). These selenones then spontaneously underwent
cyclization. The N-benzoyl carbamates 8 were oxidized
under the same conditions employed for 7, but to undergo
clean cyclization it was necessary to use acetone rather than
THF as the solvent. Moreover, the reaction was conducted
at room temperature and in the presence of powdered po-
tassium carbonate. The selenones obtained from the N-tosyl
carbamates 7 could not be isolated, but their formation
could be inferred by thin-layer chromatography (TLC). On
the other hand, formation of the corresponding selenones
from the N-benzoyl carbamates 8 was clearly demonstrated
both by TLC and 13C NMR spectroscopy of the crude reac-
tion mixtures. In particular, a signal characteristic of a meth-
ylene linked to a selenonyl group[20c] was observed at d�
66 ppm.


The yields obtained for the N-tosyl-1,3-oxazolidin-2-ones
9 and N-benzoyl-1,3-oxazolidin-2-ones 10 are reported in
Table 1. For the sake of simplicity, only the structures of the
starting hydroxyalkyl phenyl selenides 6 are indicated in the
Table. From the data reported in Table 1, it can be seen that
compounds 9 and 10 were obtained in good to excellent
yields. This indicates that the procedure has general applica-
tion and that a number of functional groups in the carba-
mate molecule are tolerated under the mild reaction condi-
tions employed.


Different procedures were required for cyclization of the
N-tosyl 12 or N-benzoyl carbamates 13, which were pre-
pared from the hydroxyalkyl phenyl selenides 11, as the
phenylseleno group is linked to a secondary carbon atom
(Scheme 3).


The b-(N-tosylcarbamoyloxy)alkyl phenyl selenides 12a
and 12b were oxidized to the corresponding selenones in
CH2Cl2 at 18 8C in the presence of K2HPO4 (Method B).
Unfortunately, subsequent cyclization of the selenones gave
rise to inseparable mixtures of 1,3-oxazolidin-2-ones 14a or
14b, and tosyl iminocarbonates 16a or 16b, respectively, the
latter being derived from competitive O-cyclization
(Scheme 4).


Hydrolysis of the reaction mixtures with cesium carbonate
in methanol afforded the N-tosyl-1,2-amino alcohols 17a
and 17b, and these could easily be separated from the corre-
sponding 1,2-diols 18a and 18b. Attempts to exclusively
obtain the oxazolidin-2-ones by changing solvents and/or the
base used, were unsuccessful. However, it should be noted


Scheme 1. Synthesis of 1,3-oxazolidin-2-ones 4 from b-hydroxyalkyl
phenyl selenides 1. R=Ts or Bz.


Scheme 2. Synthesis of N-tosyl and N-benzoyl 5-substituted 1,3-oxazoli-
din-2-ones. R=Ts: 7 and 9 ; R=Bz: 8 and 10.


Scheme 3. Synthesis of N-tosyl and N-benzoyl 4,5-disubstituted 1,3-oxa-
zolidin-2-ones. R=Ts: 12 and 14 ; R=Bz: 13 and 15.


Scheme 4. Cyclization and subsequent hydrolysis of compound 12.
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that the selenone from carbamate 12c was easily trans-
formed into the corresponding N-tosyl-1,3-oxazolidin-2-one
14c under the conditions employed for compounds 8. The
results of these experiments are reported in Table 2.


Oxidation of the N-benzoyl carbamates 13 occurred
smoothly in CH2Cl2 at 18 8C in the presence of K2HPO4


(Method B). However, cyclization of the resultant selenones
to give the 4,5-disubstituted N-benzoyl oxazolidin-2-ones 15
occurred only after powdered potassium hydroxide (carba-


mates 13a, 13d, and 13 f) or potassium carbonate (carba-
mates 13b and 13e) were added to the reaction mixtures.
These bases are probably necessary to partially deprotonate
the carbamate nitrogen, and thus, afford a stronger nucleo-
philic reagent. To prevent b-elimination of the selenoxide
intermediate, cyclization of carbamate 13g was effected with
K2HPO4 in 2-propanol. The results of these experiments are
collected in Table 3. The data indicates that formation of the
4,5-disubstituted oxazolidin-2-ones by cyclization of the sele-


nones derived from the N-ben-
zoyl carbamates proceeds more
cleanly than cyclization of the
selenones derived from the N-
tosyl carbamates. Moreover, re-
moval of the tosyl group is gen-
erally more difficult than re-
moval of the benzoyl group.[22]


The structures of the 1,3-oxa-
zolidin-2-ones obtained from
the experiments reported in
Table 3 clearly indicate that in-
tramolecular substitution of the
phenylselenonyl group by the
nitrogen atom is a stereospecif-
ic reaction that occurs with in-


Table 1. Synthesis of 5-substituted-N-tosyl 9 and N-benzoyl-1,3-oxazolidin-2-ones 10 from hydroxyalkyl phenyl selenides 6.[a]


Hydroxyselenides 6 Oxazolidinones 9 Yield [%][b,c] Oxazolidinones 10 Yield [%][b]


a 96 89


b 81


c 75 93


d 69


e 92 69


f 75


g 79


h 62


i 86


l 77


m 80


[a] Method A was employed. [b] Yields are based on the amount of the carbamate employed. [c] The N-tosyl-1,3-oxazolidin-2-ones were not purified by
chromatography.


Table 2. Oxidation of N-tosyl carbamates 12 with m-CPBA in the presence of K2HPO4.
[a]


N-Tosyl carbamates 12 Reaction products Yield [%]


12a 17a[b] 40


12b 17b[b] 48


12c 14c 73[c]


[a] The oxidation±cyclization reaction was effected with Method B. [b] After hydrolysis of the reaction mix-
tures with cesium carbonate in methanol. [c] Under the reaction conditions employed for compounds 8.
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version of configuration at the
carbon atom a to the selenonyl
group (Scheme 3).[21b]


Interestingly, enantiomerical-
ly pure 1,3-oxazolidin-2-ones, as
well as the corresponding 1,2-
amino alcohols, are formed
when enantiomerically pure b-
hydroxyalkyl phenyl selenides,
are used. More importantly, the
b-hydroxyalkyl phenyl selenides
required can themselves be
easily obtained in several ways.
They can be prepared by the
ring opening of commercially
available epoxides with sodium
phenyl selenolate. [23] Alterna-
tively, halohydrins or lactones
can be employed as starting
materials. Several examples of
these syntheses are described in
the experimental section.


Thus, the enantiomerically
pure b-hydroxyalkyl phenyl se-
lenides 19, in which the seleni-
um atom is attached to a pri-
mary carbon atom, and there-
fore, have structures similar to
6, were converted into the cor-
responding benzoyl carbamates


20 by treatment with benzoyl
isocyanate (Table 4). The oxida-
tion±cyclization procedure was
then effected as described
above for compounds 8 to
afford the optically active (ee�
98%) 5-substituted N-benzoyl-
1,3-oxazolidin-2-ones 21. The
results of these experiments,
which are collected in Table 4,
confirm the great versatility of
the procedure described in this
paper. In particular, the mild
conditions employed are com-
patible with various kinds of
substituents. For example, the
b-hydroxyalkyl phenyl selenide
19a reacted with tosyl isocya-
nate to afford the correspond-
ing N-tosyl carbamate 22a,
which after oxidation and cycli-
zation according to Method A
formed the enantiomerically
pure N-tosyl-1,3-oxazolidin-2-
one 23a in good yield.


The substituted 1,3-oxazoli-
din-2-ones prepared in this
paper can easily be converted


Table 3. Synthesis of 4,5-disubstituted-N-benzoyl-1,3-oxazolidin-2-ones 15.[a]


N-Benzoyl carbamates 13 Oxazolidinones 15 Yield [%]


13a 15a 73[b]


13b 15b 74[c]


13d 15d 69[b]


13e 15e 80[c]


13 f 15 f 44[b]


13g 15g 81[d]


[a] The reaction was effected with Method B. [b] Powdered potassium hydroxide was added. [c] Powdered
potassium carbonate was added. [d] The reaction was carried out with potassium hydrogenphosphate in
2-propanol.


Table 4. Preparation of enantiomerically pure N-benzoyl-5-substituted-1,3-oxazolidin-2-ones 21 from enantio-
merically pure b-hydroxyalkyl phenyl selenides 19.[a]


b-Hydroxyalkyl phenyl selenides
19


N-Benzoyl carbamates
20


Yield
[%]


Oxazolidinones 21 Yield
[%]


a 97 88


b 92 77


c 67 67


d 75[b]


e 98 82


f 89 74


g 58[c] 79


h 56[b][d]


[a] The reaction was effected under the conditions employed for compounds 8. [b] The yield was calculated
from the starting hydroxyselenide. The corresponding carbamate was not isolated. [c] The yield was calculated
from the starting epoxide. [d] Major diastereoisomer.
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into other useful compounds in both a regio- and stereospe-
cific manner. Among these, is an important class of deriva-
tives, namely the 1,2-amino alcohols.[24] As indicated in
Scheme 5, upon treatment with catalytic amounts of cesium


carbonate at room temperature, N-tosyl-1,3-oxazolidin-2-
one 23a was smoothly cleaved to give the N-tosyl-1,2-amino
alcohol 24a. Treatment of 21a and 21b with lithium hydrox-
ide monohydrate resulted in selective removal of the benzo-
yl group to give the simple 1,3-oxazolidinones 25a and 25b,
respectively. Reductive cleavage of 25a was then affected
with lithium aluminum hydride to afford the optically active
N-methyl-1,2-amino alcohol 26. Alternatively, hydrolysis of
25a with sodium hydroxide in a mixture of ethanol and
water at 100 8C afforded the enantiomerically pure 1,2-
amino alcohol 27.


In conclusion, we have described a new and convenient
method for the stereospecific synthesis of variously substi-
tuted 1,3-oxazolidin-2-ones starting from the easily available
b-hydroxyalkyl phenyl selenides. The key step of this proc-
ess is the ring-closure reaction in which stereospecific intra-
molecular nucleophilic substitution of the selenonyl group is
effected by the nitrogen atom of the carbamate. The results
obtained also confirm that the selenonyl group is an ex-
tremely good leaving group. We have also demonstrated
that enantiomerically pure 5-substituted N-benzoyl-1,3-oxa-
zolidin-2-ones can be easily prepared from enantiomerically
pure b-hydroxyalkyl phenyl selenides. This newly developed
methodology has general application, and may represent a
valid alternative to the procedures previously reported in
the literature.[4±14]


Experimental Section


General : 1H NMR and 13C NMR spectra were recorded on a Bruker
Avance DR 200 spectrometer at 200 and 50.3 MHz, respectively (J values
are given in Hz). FT-IR spectra were recorded with a Jasco model 410
spectrometer. GC-MS analyses were effected with an HP-6890 gas chro-
matograph (dimethyl silicone column; 12.5 m) equipped with an HP-5973
mass-selective detector at an ionizing voltage of 70 eV. Melting points
are uncorrected. Optical rotations were measured in a 50 mm cell with a


Jasco DIP-1000 digital polarimeter. Elemental analyses were carried out
on a Carlo Erba 1106 elemental analyzer. Commercial grade Et2O,
CH2Cl2, CCl4, and THF were used without purification. Column chroma-
tography was performed with Merck silica gel 60 (70±230 mesh).


The starting b-hydroxyalkyl phenyl selenides 6a,[25] 6c,[26] 6d,[27] 6 f,[27]


6m,[28] 11a,[29] 11c,[27] 11d,[27] 11g,[27] and 19a[26] were prepared as descri-
bed in the literature. Compounds 11b and 11 f were obtained by regio-
and stereospecific hydroxyselenation of the corresponding allylic
ethers[30] using phenylselenyl chloride.[31] Compound 6 l was prepared by
acidic hydrolysis of the corresponding oxazoline,[32] while 6g was ob-
tained by alkaline hydrolysis and subsequent esterification of the corre-
sponding lactone with diazomethane [32] . The b-hydroxyalkyl phenyl sele-
nides 6b, 6e, 6h, 6 i, 11e, 19g, and 19h were prepared as reported in the
literature by regiospecific ring opening of the corresponding racemic or
chiral, non-racemic epoxides using sodium phenyl selenolate in etha-
nol.[33] Compound 19e was obtained by cleavage of the corresponding hy-
droxy g-lactone with sodium phenyl selenolate in DMF[34] upon heating
at reflux. Compounds 19d and 19 f were obtained by SN2 displacement of
the corresponding chlorohydrins with sodium phenyl selenolate in
HMPA.[35] Yields, as well as physical and spectral data are reported
below.


Most of the optically active epoxides, chlorohydrins, and the hydroxy g-
lactone were commercially available and had an enantiomeric excess (ee)
equal or greater than 98%.


The epoxides required for the preparation of compounds 19g[36a] and
19h[36b] were obtained according to the procedures reported in the litera-
ture. Compound 19g, which was not isolated, was directly transformed
into the corresponding carbamate.


1-(Phenylseleno)but-3-en-2-ol (6b):[37] Yield: 38%, oil; 13C NMR
(50 MHz, CDCl3, 25 8C, TMS): d=138.8, 133.1 (2C), 129.3, 129.2 (2C),
127.3, 116.0, 70.9, 36.2 ppm.


1-Butoxy-3-(phenylseleno)propan-2-ol (6e): Yield: 55%, oil; 1H NMR
(200 MHz, CDCl3, 25 8C, TMS): d=7.60±7.47 (m, 2H; CH), 7.30±7.20 (m,
3H; CH), 3.90±3.70 (m, 1H; CH), 3.57±3.35 (m, 4H; CH2), 3.10 (dd,
2J(H,H)=12.7 and 3J(H,H)=6.0 Hz, 1H; CH2), 3.01 (dd, 2J(H,H)=12.7
and 3J(H,H)=6.8 Hz, 1H; CH2), 2.69 (d, 3J(H,H)=4.5 Hz, 1H; OH),
1.63±1.15 (m, 4H; CH2), 0.91 ppm (t, 3J(H,H)=7.2 Hz, 3H; CH3);
13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=132.5 (2C), 128.9 (2C),
127.9, 126.9, 73.1, 71.1, 69.2, 31.6, 31.4, 19.0, 13.7 ppm; GC-MS: m/z (%):
288 (47) [M]+ , 183 (38), 157 (38), 113 (23), 77 (18), 57 (100), 41 (30); ele-
mental analysis calcd (%) for C13H20O2Se (287.3): C 54.36, H 7.02; found:
C 54.53, H 7.15.


Methyl 4-hydroxy-5-(phenylseleno)pentanoate (6g): Yield: 78%, oil;
1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.50±7.40 (m, 2H; CH),
7.25±7.15 (m, 3H; CH), 3.70±3.55 (m, 1H; CH), 3.58 (s, 3H; OCH3), 3.05
(dd, 2J(H,H)=12.7 and 3J(H,H)=4.0 Hz, 1H; CH2), 2.83 (dd, 2J(H,H)=
12.7 and 3J(H,H)=8.3 Hz, 1H; CH2), 2.50 (br s, 1H; OH), 2.43 (dt,
2J(H,H)=9.1 and 3J(H,H)=3.1 Hz, 1H; CH2), 2.36 (dt, 2J(H,H)=9.1 and
3J(H,H)=2.6 Hz, 1H; CH2), 1.96±1.60 ppm (m, 2H; CH2);


13C NMR
(50 MHz, CDCl3, 25 8C, TMS): d=174.1, 132.9 (2C), 129.2 (2C), 128.7,
127.3, 69.1, 51.6, 36.7, 31.3, 30.4 ppm; GC-MS: m/z (%): 256 (16)
[M�32]+ , 171 (32), 157 (36), 91 (64), 85 (100), 77 (33); elemental analysis
calcd (%) for C12H16O3Se (287.2): C 50.18, H 5.61; found: C 50.16, H
5.60.


10-(1,3-Dioxolan-2-yl)-1-(phenylseleno)decan-2-ol (6h): Yield: 80%, oil;
1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.58±7.46 (m, 2H; CH),
7.30±7.20 (m, 3H; CH), 4.84 (t, 3J(H,H)=4.7 Hz, 1H; CH), 4.02±3.75 (m,
4H; CH2), 3.74±3.56 (m, 1H; CH), 3.12 (dd, 2J(H,H)=12.6 and
3J(H,H)=3.7 Hz, 1H; CH2), 2.88 (dd, 2J(H,H)=12.6 and 3J(H,H)=
8.4 Hz, 1H; CH2), 2.50 (br s, 1H; OH), 1.72±1.19 ppm (m, 16H; CH2);
13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=132.9 (2C), 129.5, 129.1
(2C), 127.1, 104.6, 69.8, 64.7 (2C), 37.1, 36.6, 33.8, 29.4 (4C), 25.7,
24.0 ppm; GC-MS: m/z (%): 386 (7), 172 (15), 157 (8), 73 (100); elemen-
tal analysis calcd (%) for C19H30O3Se (385.4): C 59.21, H 7.85; found: C
59.13, H 7.67.


2-[2-Hydroxy-3-(phenylseleno)propyl]-1H-isoindol-1,3-(2H)-dione (6 i):
Yield: 98%; m.p. 84 8C; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=
7.90±7.79 (m, 2H; CH), 7.78±7.70 (m, 2H; CH), 7.60±7.50 (m, 2H; CH),
7.30±7.15 (m, 3H; CH), 4.15±3.95 (m,1H; CH), 3.88 (m, 2H; CH2), 3.77
(br s, 1H; OH), 3.12 (dd, 2J(H,H)=13.0 and 3J(H,H)=5.3 Hz, 1H; CH2),


Scheme 5. Examples of the hydrolysis of optically active 5-substituted
1,3-oxazolidin-2-ones
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3.00 ppm (dd, 2J(H,H)=13.0 and 3J(H,H)=7.0 Hz, 1H; CH2);
13C NMR


(50 MHz, CDCl3, 25 8C, TMS): d=168.6 (2C), 134.1 (2C), 133.2 (2C),
131.8 (2C), 129.9 (2C), 129.2, 127.4, 123.4 (2C), 69.0, 43.2, 33.6 ppm; ele-
mental analysis calcd (%) for C17H15NO3Se (360.3): C 56.68, H 4.20, N
3.89; found: C 56.69, H 4.23, N 3.87.


N-[2-Hydroxy-3-(phenylseleno)propyl]benzamide (6 l): Yield: 67%; m.p.
137±141 8C; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.78±7.68 (m,
2H; CH), 7.61±7.37 (m, 4H; CH), 7.32±7.22 (m, 4H; CH), 6.46 (br s, 1H;
NH), 3.96±3.74 (m, 2H; CH), 3.55±3.40 (m, 1H; CH), 3.11 (dd,
2J(H,H)=12.9 and 3J(H,H)=5.1 Hz, 1H; CH2), 2.97 (dd, 2J(H,H)=12.9
and 3J(H,H)=7.8 Hz, 1H; CH2), 1.60 ppm (br s, 1H; OH); 13C NMR
(50 MHz, CDCl3, 25 8C, TMS): d=167.8, 134.4, 132.0 (2C), 131.1, 128.9
(2C), 128.1 (3C), 127.2 (2C), 126.6, 69.7, 45.5, 32.6 ppm; GC-MS: m/z
(%): 317 (47) [M�18]+ , 159 (60), 130 (100), 105 (93), 77 (75); elemental
analysis calcd (%) for C16H17NO2Se (334.3): C 57.49, H 4.87, N 4.19;
found: C 57.50, H 4.57, N 4.17.


(2SR,3RS)-1-(Benzyloxy)-2-(phenylseleno)hexan-3-ol (11b): Yield: 91%,
oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.60±7.50 (m, 2H; CH),
7.40±7.15 (m, 8H; CH), 4.50 (s, 2H; CH2), 3.90 (dd, 2J(H,H)=10.2 and
3J(H,H)=4.8 Hz, 1H; CH2), 3.85 (br s, 1H; OH), 3.78 (dd, 2J(H,H)=10.2
and 3J(H,H)=7.0 Hz, 1H; CH2), 3.42 (dt, 3J(H,H)=7.0 and 4.8 Hz, 1H;
CH), 2.95±2.88 (m, 1H; CH), 1.70±1.25 (m, 4H; CH2), 0.90 ppm (t,
3J(H,H)=6.9 Hz, 3H; CH3);


13C NMR (50 MHz, CDCl3, 25 8C, TMS):
d=137.5, 134.6 (2C), 129.1 (2C), 128.4 (2C), 127.7 (5C), 73.3, 72.8, 71.4,
51.2, 37.2, 19.0, 14.0 ppm; elemental analysis calcd (%) for C19H24O2Se
(363.4): C 62.80, H 6.66; found: C 62.82, H 6.64.


(2SR,3SR)-1,4-Bis(benzyloxy)-3-(phenylseleno)butan-2-ol (11e): Yield:
79%, oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.60±7.50 (m,
2H; CH), 7.38±7.14 (m, 13H; CH), 4.49 (m, 2H; CH2), 4.48 (m, 2H;
CH2), 4.30±4.17 (m, 1H; CH), 3.89 (dd, 2J(H,H)=9.9 and 3J(H,H)=
7.4 Hz, 1H; CH2), 3.80 (dd, 2J(H,H)=9.9 and 3J(H,H)=4.4 Hz, 1H;
CH2), 3.71 (dd, 2J(H,H)=9.4 and 3J(H,H)=6.4 Hz, 1H; CH2), 3.65 (dd,
2J(H,H)=9.4 and 3J(H,H)=5.8 Hz, 1H; CH2), 3.55±3.44 (m, 1H; CH),
2.95 ppm (d, 3J(H,H)=3.6 Hz, 1H; OH); 13C NMR (50 MHz, CDCl3,
25 8C, TMS): d=137.9, 137.7, 134.0 (2C), 129.4, 129.0 (2C), 128.4 (3C),
127.7 (4C), 127.3 (2C), 126.9 (2C), 73.3, 73.2, 72.6, 72.0, 70.8, 48.7 ppm;
elemental analysis calcd (%) for C24H26O3Se (441.4): C 65.30, H 5.94;
found: C 65.22, H 5.96.


4-(Benzyloxy)-2-methyl-3-(phenylseleno)butan-2-ol (11 f): Yield: 94%,
oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.65±7.50 (m, 2H; CH),
7.38±7.12 (m, 8H; CH), 4.51 (m, 2H; CH2), 3.90 (m, 2H; CH2), 3.73 (s,
1H; OH), 3.34 (dd, 3J(H,H)=6.7 and 5.2 Hz, 1H; CH), 1.38 (s, 3H;
CH3), 1.35 ppm (s, 3H; CH3);


13C NMR (50 MHz, CDCl3, 25 8C, TMS):
d=137.3, 134.2 (2C), 129.9, 129.2 (2C), 128.5 (2C), 127.9, 127.8 (2C),
127.6, 73.4, 73.3, 72.1, 59.7, 29.2, 27.0 ppm; elemental analysis calcd (%)
for C18H22O2Se (349.3): C 61.89, H 6.35; found: C 61.90, H 6.33.


(1S)-1-Phenyl-2-(phenylseleno)ethanol (19d):[23,27] Yield: 72%, oil;
[a]21D =++14.4 (c=1.54 in CHCl3).


Methyl (3S)-3-hydroxy-4-(phenylseleno)butanoate (19e): Yield: 55%,
oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.58±7.46 (m, 2H; CH),
7.30±7.20 (m, 3H; CH), 4.22±4.08 (m, 1H; CH), 3.67 (s, 3H; OCH3),
3.22±2.92 (m, 2H; CH2), 3.10 (br s, 1H; OH), 2.67 (dd, 2J(H,H)=16.0
and 3J(H,H)=4.3 Hz, 1H; CH2), 2.55 ppm (dd, 2J(H,H)=16.0 and
3J(H,H)=7.7 Hz, 1H; CH2);


13C NMR (50 MHz, CDCl3, 25 8C, TMS):
d=172.3, 132.7 (2C), 129.3, 129.1 (2C), 127.1, 67.1, 51.7, 40.2, 34.6 ppm;
GC-MS: m/z (%): 274 (50) [M]+ , 172 (32), 157 (54), 117 (100), 91 (55),
77 (30); elemental analysis calcd (%) for C11H14O3Se (273.2): C 48.36, H
5.17; found: C 48.53, H 5.14.


(3S)-3-Hydroxy-4-(phenylseleno)butanenitrile (19 f): Yield: 77%, oil;
[a]24D =�22.71 (c=4.82 in CHCl3);


1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d=7.60±7.50 (m, 2H; CH), 7.35±7.25 (m, 3H; CH), 3.96 (ddtd,
3J(H,H)=7.5, 6.0, 5.2, and 4.2 Hz, 1H; CH), 3.12 (dd, 2J(H,H)=13.0 and
3J(H,H)=5.2 Hz, 1H; CH2), 3.02 (d, 3J(H,H)=4.2 Hz, 1H; OH), 3.00
(dd, 2J(H,H)=13.0 and 3J(H,H)=7.5 Hz, 1H; CH2), 2.69 (dd, 2J(H,H)=
16.7 and 3J(H,H)=5.2 Hz, 1H; CH2), 2.59 ppm (dd, 2J(H,H)=16.7 and
3J(H,H)=6.0 Hz, 1H; CH2);


13C NMR (50 MHz, CDCl3, 25 8C, TMS):
d=133.3 (2C), 129.4 (2C), 128.0, 127.8, 117.1, 66.2, 34.5, 24.9 ppm; GC-
MS: m/z (%): 241 (100) [M]+ , 171 (61), 157 (61), 91 (64), 77 (32), 51
(15); elemental analysis calcd (%) for C10H11NOSe (240.2): C 50.01, H
5.13, N 4.19; found: C 50.03, H 5.15, N 4.20.


tert-Butyl (1S,2R)- and (1S,2S)-1-(cyclohexylmethyl)-2-hydroxy-3-(phe-
nylseleno)propylcarbamate (19h): Yield: 67%, oil; mixture of diaster-
eoisomers (82:18); 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.57±
7.45 (m, 4H; CH), 7.30±7.20 (m, 6H; CH), 4.71 (d, 3J(H,H)=9.6 Hz, 1H;
NH), 4.62 (d, 3J(H,H)=6.9 Hz, 1H; NH), 3.85±3.65 (m, 2H; CH), 3.61±
3.49 (m, 2H; CH), 3.22±2.85 (m, 4H; CH2), 3.00 (br s, 2H; OH), 1.88±
0.66 (m, 26H; CH and CH2), 1.45 ppm (s, 18H; CH3);


13C NMR
(50 MHz, CDCl3, 25 8C, TMS): d=156.1 (2C), 138.1 (2C), 133.0 (2C),
129.2 (4C), 128.9 (2C), 127.3 (2C), 79.2 (2C), 73.3, 71.3, 52.3, 51.0, 40.6,
37.4, 34.3 (2C), 34.2 (2C), 33.6 (2C), 32.8, 32.3, 28.3 (6C), 26.5 (2C),
26.3 (2C), 26.1 ppm (2C); elemental analysis calcd (%) for C21H33NO3Se
(426.5): C 59.14, H 7.80, N 3.28; found: C 59.22, H 7.78, N 3.17.


Preparation of 19b and 19c : Sodium hydride (0.106 g, 4.4 mmol) was
added to a solution of diphenyl diselenide (0.628 g, 2 mmol) in dry THF
(30 mL). The suspension was refluxed for 2 h, allowed to cool to room
temperature, and then HMPA (1 mL) was added. (S)-(+)-Glycidyl buty-
rate (0.691 g, 4.8 mmol) was added to the resultant orange solution and
after 1 h the reaction was quenched with HCl (5 mL, 10%). The reaction
mixture was extracted with diethyl ether and the combined organic
layers were dried over sodium sulfate and evaporated. The reaction prod-
uct was purified by chromatography on a silica-gel column using a mix-
ture of diethyl ether and light petroleum (2:8) as eluent. Compound 19c
was obtained in 25% yield. The corresponding diol derivative (30%
yield) was also isolated and was selectively silylated at the primary hy-
droxy group under standard conditions[38] to afford 19b. The crude hy-
droxy selenide was then immediately transformed into the corresponding
benzoyl carbamate. Yields, as well as physical and spectral data are re-
ported below.


(2R)-2-Hydroxy-3-(phenylseleno)propylbutyrate (19c): Yield: 25%, oil;
[a]24D =�42.57 (c=2.81 in CHCl3);


1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d=7.63±7.50 (m, 2H; CH), 7.40±7.20 (m, 3H; CH), 4.21 (dd,
2J(H,H)=11.4 and 3J(H,H)=4.3 Hz, 1H; CH2), 4.12 (dd, 2J(H,H)=11.4
and 3J(H,H)=5.6 Hz, 1H; CH2), 3.95 (dddt, 3J(H,H)=7.5, 5.6, 5.2, and
4.3 Hz, 1H; CH), 3.09 (dd, 2J(H,H)=12.9 and 3J(H,H)=5.2 Hz, 1H;
CH2), 2.98 (dd, 2J(H,H)=12.9 and 3J(H,H)=7.5 Hz, 1H; CH2), 2.74 (d,
3J(H,H)=4.3 Hz, 1H; OH), 2.30 (t, 3J(H,H)=7.3 Hz, 2H; CH2), 1.63
(sext, 3J(H,H)=7.3 Hz, 2H; CH2), 0.95 ppm (t, 3J(H,H)=7.3 Hz, 3H;
CH3);


13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=173.6, 133.1 (2C),
129.3, 129.2 (2C), 127.5, 68.5, 66.7, 35.9, 32.2, 18.3, 13.6 ppm; GC-MS m/z
(%): 302 (75) [M]+ , 214 (26), 183 (32), 157 (57), 145 (90), 77 (25), 71
(100); elemental analysis calcd (%) for C13H18O3Se (301.2): C 51.83, H
6.02, N 15.93; found: C 51.82, H 6.00, N 15.95.


Synthesis of the N-tosyl- and N-benzoyl carbamates


General procedure : Under an inert atmosphere, tosyl or benzoyl isocya-
nate (1.1 mmol) was added to a solution of the b-hydroxyalkyl phenyl
selenide (1 mmol) in CH2Cl2 (5 mL) (CCl4 for compounds 11d, 11 f, 19d,
19g, and 19h). The reaction was stirred at room temperature until TLC
analysis did not show any more starting alcohol to be present (1±24 h),
and the solvent was then evaporated. The crude tosyl carbamate deriva-
tives were sufficiently pure to be employed directly without further puri-
fication. On the other hand, the crude benzoyl carbamates were purified
by column chromatography on silica gel using a mixture of diethyl ether
and light petroleum (4:6) as eluent. Yields, as well as physical and spec-
tral data are reported below. Compounds 20d and 20h were used without
purification.


1-[(Phenylseleno)methyl]undecyl-(4-methylphenyl)sulfonylcarbamate
(7a): Yield: 98%, oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.95±
7.82 (m, 2H; CH), 7.50 (br s, 1H; NH), 7.45±7.36 (m, 2H; CH), 7.35±7.18
(m, 5H; CH), 4.87 (dq, 3J(H,H)=6.9 and 6.0 Hz, 1H; CH), 2.95 (m, 2H;
CH2), 2.42 (s, 3H; CH3), 1.68±1.45 (m, 2H; CH2), 1.38±1.04 (m, 16H;
CH2), 0.90 ppm (t, 3J(H,H)=6.3 Hz, 3H; CH3);


13C NMR (50 MHz,
CDCl3, 25 8C, TMS): d=150.0, 144.9, 135.6, 133.1 (2C), 129.9 (2C), 129.5
(2C), 129.1, 128.3 (2C), 127.3, 76.9, 33.5, 31.9, 31.3, 29.5 (2C), 29.3 (3C),
24.9, 22.6, 21.6, 14.1 ppm; IR: ñ=3239, 2925, 2854, 1749, 1438, 1348,
1163, 1090 cm�1; elemental analysis calcd (%) for C26H37NO4SSe (538.6):
C 57.98, H 6.92, N 2.60; found: C 57.89, H 86.95, N 2.52.


1-[(Phenylseleno)methyl]prop-2-enyl-(4-methylphenyl)sulfonylcarbamate
(7b): Yield: 98%, oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.80
(d, 3J(H,H)=8.3 Hz, 2H; CH), 7.40±7.05 (m, 7H; CH), 5.63 (ddd,
3J(H,H)=17.4, 10.4, and 6.3 Hz, 1H; CH), 5.28±4.94 (m, 3H; CH), 5.00
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(br s, 1H; NH), 2.95 (dd, 2J(H,H)=12.8 and 3J(H,H)=6.6 Hz, 1H; CH2),
2.87 (dd, 2J(H,H)=12.8 and 3J(H,H)=6.5 Hz, 1H; CH2), 2.34 ppm (s,
3H; CH3);


13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=149.5, 145.1,
135.5, 134.7, 133.9 (2C), 129.6 (2C), 129.2 (2C), 128.4 (2C), 127.5 (2C),
119.1, 76.8, 31.1, 21.7 ppm; elemental analysis calcd (%) for C18H19NO4Se
(424.4): C 50.94, H 4.51, N 3.30; found: C 50.92, H 4.52, N 3.33.


1-[(Phenylseleno)methyl]pent-4-ethyl-(4-methylphenyl)sulfonylcarba-
mate (7c): Yield: 98%, oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=
7.88±7.68 (m, 2H; CH), 7.65 (br s, 1H; NH), 7.40±7.10 (m, 7H; CH),
5.75±5.45 (m, 1H; CH), 5.05±4.65 (m, 3H; CH), 2.88 (m, 2H; CH2), 2.32
(s, 3H; CH3), 1.90±1.50 ppm (m, 4H; CH2);


13C NMR (50 MHz, CDCl3,
25 8C, TMS): d=150.0, 145.0, 136.9, 135.6, 133.1 (2C), 129.6 (2C), 129.2
(2C), 128.3, 127.4 (2C), 126.4, 115.0, 76.3, 32.6, 31.2, 29.1, 21.7 ppm; ele-
mental analysis calcd (%) for C20H23NO4SSe (452.4): C 53.09, H 5.12, N
3.10; found: C 53.10, H 5.13, N 3.11.


1-Phenyl-2-(phenylseleno)ethyl-(4-methylphenyl)sulfonylcarbamate (7d):
Yield: 80%, oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=8.00±7.90
(m, 2H; CH), 7.75 (br s, 1H; NH), 7.46±7.14 (m, 12H; CH), 5.79 (dd,
3J(H,H)=7.7 and 6.2 Hz, 1H; CH), 3.30 (dd, 2J(H,H)=12.9 and
3J(H,H)=7.7 Hz, 1H; CH2), 3.20 (dd, 2J(H,H)=12.9 and 3J(H,H)=
6.2 Hz, 1H; CH2), 2.46 ppm (s, 3H; CH3);


13C NMR (50 MHz, CDCl3,
25 8C, TMS): d=149.5, 145.0, 137.9, 133.3 (2C), 129.6 (2C), 129.1 (2C),
128.7 (3C), 128.5 (2C), 128.3 (2C), 127.4, 126.5 (2C), 78.2, 33.0,
21.6 ppm; elemental analysis calcd (%) for C22H21NO4SSe (474.4): C
55.75, H 4.46, N 2.95; found: C 55.64, H 4.48, N 2.82.


2-Butoxy-1-[(phenylseleno)methyl]ethyl-(4-methylphenyl)sulfonylcarba-
mate (7e): Yield: 86%, oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS):
d=8.00±7.90 (m, 2H; CH), 7.50±7.40 (m, 2H; CH), 7.38±7.16 (m, 5H;
CH), 5.45 (br s, 1H; NH), 4.96 (ddt, 3J(H,H)=6.8, 6.4, and 4.4 Hz, 1H;
CH), 3.54 (m, 2H; CH2), 3.32 (m, 2H; CH2), 3.11 (dd, 2J(H,H)=13.0 and
3J(H,H)=6.8 Hz, 1H; CH2), 3.01 (dd, 2J(H,H)=13.0 and 3J(H,H)=
6.4 Hz, 1H; CH2), 2.44 (s, 3H; CH3), 1.51±1.18 (m, 4H; CH2), 0.88 ppm
(t, 3J(H,H)=7.0 Hz, 3H; CH3);


13C NMR (50 MHz, CDCl3, 25 8C, TMS):
d=149.7, 145.0, 135.5, 132.7 (2C), 129.5 (2C), 129.2 (2C), 129.1, 128.4
(2C), 127.3, 75.3, 71.3, 70.0, 31.5, 27.3, 31.6, 19.1, 13.8 ppm; elemental
analysis calcd (%) for C21H27NO5SSe (484.5): C 52.06, H 5.62, N 2.89;
found: C 52.08, H 5.64, N 2.88.


4-Oxo-1-[(phenylseleno)methyl]pentyl-(4-methylphenyl)sulfonylcarba-
mate (7 f): Yield: 98%, oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=
7.91±7.80 (m, 2H; CH), 7.40±7.10 (m, 7H; CH), 5.30 (s, 1H; NH), 4.90±
4.70 (m, 1H; CH), 2.90 (m, 2H; CH2), 2.46±2.22 (m, 2H; CH2), 2.38 (s,
3H; CH3), 2.10±1.70 (m, 2H; CH2), 2.00 ppm (s, 3H; CH3);


13C NMR
(50 MHz, CDCl3, 25 8C, TMS): d=207.8, 150.2, 144.9, 135.5, 133.1, 132.9
(2C), 129.6 (2C), 129.5, 129.1, 128.2, 127.3, 126.2, 75.8, 38.7, 31.1, 29.8,
27.3, 21.4 ppm; elemental analysis calcd (%) for C20H23NO5SSe (468.4): C
51.28, H 4.95, N 2.98; found: C 51.26, H 4.97, N 2.95.


Methyl 4-({[(4-methylphenyl)sulfonyl]aminocarbonyl}oxy)-5-(phenylsele-
no)pentenoate (7g): Yield: 78%, oil; 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d=7.93±7.83 (m, 2H; CH), 7.45±7.35 (m, 2H; CH), 7.34±7.14 (m,
5H; CH), 5.10 (br s, 1H; NH), 4.86 (dtd, 3J(H,H)=8.3, 6.2, and 4.0 Hz,
1H; CH), 3.61 (s, 3H; OCH3), 2.96 (dd, 2J(H,H)=13.0 and 3J(H,H)=
6.2 Hz, 1H; CH2), 2.88 (dd, 2J(H,H)=13.0 and 3J(H,H)=6.2 Hz, 1H;
CH2), 2.39 (s, 3H; CH3), 2.20 (m, 2H; CH2), 2.05±1.80 ppm (m, 2H;
CH2);


13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=173.8, 150.0, 145.0,
135.4, 133.0 (2C), 129.8, 129.6 (2C), 129.2, 128.2 (2C), 127.9, 127.4, 75.8,
51.8, 30.9, 29.5, 28.6, 21.6 ppm; elemental analysis calcd (%) for
C20H23NO6SSe (484.4): C 49.59, H 4.79, N 2.89; found: C 49.67, H 4.78, N
2.78.


2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-1-[(phenylseleno)methyl]eth-
yl-(4-methylphenyl)sulfonylcarbamate (7 i): Yield: 98%, wax; 1H NMR
(200 MHz, CDCl3, 25 8C, TMS): d=8.20 (br s, 1H; NH), 7.94±7.65 (m,
6H; CH), 7.55±7.42 (m, 2H; CH), 7.32±7.14 (m, 5H; CH), 5.20±5.04 (m,
1H; CH), 3.94 (m, 2H; CH2), 3.00 (m, 2H; CH2), 2.38 ppm (s, 3H; CH3);
13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=168.0 (2C), 149.7, 144.6,
135.3, 134.0 (2C), 133.5 (2C), 131.6, 129.6, 129.4 (2C), 129.2, 129.1, 128.8,
127.8, 127.6, 126.3, 123.4, 123.2, 74.2, 40.1, 28.7, 21.4 ppm; elemental anal-
ysis calcd (%) for C25H22N2O6Se (557.5): C 53.86, H 3.98, N 5.03; found:
C 53.89, H 3.96, N 5.05.


1-[(Phenylseleno)methyl]undecylbenzoylcarbamate (8a): Yield: 99%,
oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.88 (br s, 1H; NH),


7.82±7.72 (m, 2H; CH), 7.64±7.40 (m, 5H; CH), 7.30±7.11 (m, 3H; CH),
5.09 (quintet, 3J(H,H)=6.2 Hz, 1H; CH), 3.15 (d, 3J(H,H)=6.2 Hz, 2H;
CH2), 1.88±1.68 (m, 2H; CH2), 1.41±1.11 (m, 16H; CH2), 0.90 ppm (t,
3J(H,H)=6.8 Hz, 3H; CH3);


13C NMR (50 MHz, CDCl3, 25 8C, TMS):
d=164.9, 150.4, 133.2, 132.9, 132.8 (2C), 129.7, 129.0, 128.6 (2C), 128.0,
127.6, 127.4, 127.1, 75.8, 33.5, 31.8, 31.2, 29.4 (2C), 29.3 (2C), 29.2, 25.0,
22.6, 14.0 ppm; elemental analysis calcd (%) for C26H35NO3Se (488.5): C
63.92, H 7.22, N 2.87; found: C 63.94, H 7.40, N 2.75.


1-[(Phenylseleno)methyl]pent-4-enylbenzoylcarbamate (8c): Yield: 88%,
oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=8.10 (s, 1H; NH), 7.82±
7.72 (m, 2H; CH), 7.60±7.40 (m, 6H; CH), 7.30±7.10 (m, 2H; CH), 5.74
(ddt, 3J(H,H)=17.1, 10.2, and 6.5 Hz, 1H; CH), 5.10 (quintet, 3J(H,H)=
6 Hz, 1H; CH), 5.08±4.91 (m, 2H; CH2), 3.12 (m, 2H; CH2), 2.20±2.01
(m, 2H; CH2), 1.91±1.72 ppm (m, 2H; CH2);


13C NMR (50 MHz, CDCl3,
25 8C, TMS): d=164.7, 150.2, 136.9, 132.8 (3C), 129.6, 129.0 (2C), 128.6
(2C), 127.5 (2C),127.1 (2C), 115.3, 75.3, 32.6, 31.1, 29.2 ppm; elemental
analysis calcd (%) for C20H21NO3Se (402.3): C 59.70, H 5.26, N 3.48;
found: C 59.71, H 5.28, N 3.50.


2-Butoxy-1-[(phenylseleno)methyl]ethylbenzoylcarbamate (8e): Yield:
99%, oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=8.30 (s, 1H; NH),
7.82±7.77 (m, 2H; CH), 7.60±7.40 (m, 5H; CH), 7.30±7.12 (m, 3H; CH),
5.20±5.12 (m, 1H; CH), 3.71 (dd, 2J(H,H)=10.8 and 3J(H,H)=4.6 Hz,
1H; CH2), 3.66 (dd, 2J(H,H)=10.8 and 3J(H,H)=4.0 Hz, 1H; CH2),
3.48±3.31 (m, 2H; CH2), 3.20 (d, 3J(H,H)=6.6 Hz, 2H; CH2); 1.60±1.47
(m, 2H; CH2), 1.40±1.28 (m, 2H; CH2), 0.90 ppm (t, 3J(H,H)=7.0 Hz,
3H; CH3);


13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=164.8, 149.9,
132.9, 132.8, 132.6, 129.4, 129.2, 129.1 (2C), 127.8 (2C), 127.6, 127.0 (2C),
74.3, 71.2, 70.1, 31.4, 27.1, 19.1, 13.8 ppm; elemental analysis calcd (%)
for C21H25NO4Se (434.4): C 58.06, H 5.80, N 3.22; found: C 58.40, H 5.78,
N 3.24.


9-(1,3-Dioxolan-2-yl)-1-[(phenylseleno)methyl]nonylbenzoylcarbamate
(8h): Yield: 98%, oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=8.10
(s, 1H; NH), 7.84±7.74 (m, 2H; CH), 7.63±7.40 (m, 5H; CH), 7.30±7.22
(m, 3H; CH), 5.08 (quintet, 3J(H,H)=6.1 Hz, 1H; CH); 4.82 (t,
3J(H,H)=4.8 Hz, 1H; CH), 4.00±3.76 (m, 4H; CH2), 3.13 (m, 2H; CH2),
1.81±1.56 (m, 6H; CH2), 1.47±1.09 ppm (m, 10H; CH2);


13C NMR
(50 MHz, CDCl3, 25 8C, TMS): d=164.8, 150.3, 132.9, 132.8 (3C), 129.7,
129.0 (2C), 128.6 (2C), 127.6 (2C), 127.1, 104.5, 75.8, 64.7 (2C), 37.7,
33.5, 31.1, 29.3, 29.2 (2C), 29.1, 25.0, 23.9 ppm; elemental analysis calcd
(%) for C27H35NO5Se (532.5): C 60.90, H 6.62, N 2.63; found: C 60.81, H
6.63, N 2.38.


2-(Benzoylamino)-1-[(phenylseleno)methyl]ethylbenzoylcarbamate (8 l):
Yield: 96%; m.p. 60±62 8C; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=
8.75 (s, 1H; NH), 7.87±7.72 (m, 2H; CH), 7.70±7.12 (m, 13H; CH), 6.25
(br s, 1H; NH), 5.18 (ddt, 3J(H,H)=6.9, 6.3, and 5.6 Hz, 1H; CH), 3.84
(t, 3J(H,H)=5.6 Hz, 2H; CH2), 3.20 (dd, 2J(H,H)=13.3 and 3J(H,H)=
6.3 Hz, 1H; CH2), 3.09 ppm (dd, 2J(H,H)=13.3 and 3J(H,H)=6.9 Hz,
1H; CH2);


13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=167.8, 165.3,
151.2, 133.8, 133.1, 132.9 (2C), 132.5, 131.5, 129.2 (2C), 128.7 (2C), 128.5,
128.4 (2C), 127.8 (2C), 127.3, 127.1 (2C), 75.2, 39.1, 28.4 ppm; elemental
analysis calcd (%) for C24H22N2O4Se (481.4): C 59.88, H 4.61, N 5.82;
found: C 59.86, H 4.63, N 5.84.


4-tert-Butyl-1-(phenylseleno)cyclohexylbenzoylcarbamate (8m): Yield:
99%; m.p. 147±150 8C; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=


7.90±7.73 (m, 1H; CH), 7.80 (br s, 1H; NH), 7.65±7.39 (m, 6H; CH),
7.30±7.11 (m, 3H; CH), 5.10 (s, 2H; CH2), 2.65±2.48 (m, 2H; CH2), 1.73±
1.56 (m, 2H; CH2), 1.54±1.12 (m, 4H; CH2), 1.12±0.90 (m, 1H; CH),
0.87 ppm (s, 9H; CH3);


13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=


166.2, 149.9, 133.0, 132.6 (2C), 132.5, 129.8, 128.8 (2C), 128.3 (2C), 127.6
(2C), 126.8, 94.3, 46.8, 36.7, 34.7 (2C), 32.0, 27.1 (3C), 22.1 ppm (2C); el-
emental analysis calcd (%) for C25H31NO3Se (472.5): C 63.55, H 6.61, N
2.96; found: C 63.57, H 6.63, N 2.98.


(1SR,2RS)-2-(Phenylseleno)-1-propylpentyl-(4-methylphenyl)sulfonylcar-
bamate (12a): Yield: 98%, oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS):
d=7.91 (d, 3J(H,H)=8.3 Hz, 2H; CH), 7.53±7.45 (m, 2H; CH), 7.40±7.20
(m, 5H; CH), 5.00 (s, 1H; NH), 4.90 (dt, 3J(H,H)=8.8 and 4.1 Hz, 1H;
CH), 3.20 (dt, 3J(H,H)=8.8 and 4.5 Hz, 1H; CH), 2.42 (s, 3H; CH3),
1.80±1.30 (m, 6H; CH2), 1.30±1.05 (m, 2H; CH2), 0.90 (t, 3J(H,H)=
6.6 Hz; 3H; CH3), 0.82 ppm (t, 3J(H,H)=7.4 Hz, 3H; CH3);


13C NMR
(50 MHz, CDCl3, 25 8C, TMS): d=150.1, 144.9, 135.6, 134.9 (2C), 129.5
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(3C), 129.0 (2C), 128.3 (2C), 127.7, 79.8, 50.2, 33.3, 33.2, 21.6, 21.2, 18.6,
13.6 ppm (2C); elemental analysis calcd (%) for C22H29NO4SSe (482.5):
C 54.76, H 6.06, N 2.90; found: C 54.69, H 6.98, N 2.93.


(1RS)-1-[(1SR)-2-(Benzyloxy)-1-(phenylseleno)ethyl]butyl-(4-methylphe-
nyl)sulfonylcarbamate (12b): Yield: 98%, oil; 1H NMR (200 MHz,
CDCl3, 25 8C, TMS): d=7.90 (d, 3J(H,H)=8.3 Hz, 2H; CH), 7.55±7.42
(m, 2H; CH), 7.40±7.20 (m, 10H; CH), 7.25 (s, 1H; NH), 5.14 (dt,
3J(H,H)=6.2 and 5.0 Hz, 1H; CH), 4.42 (m, 2H; CH2), 3.75±3.60 (m,
2H; CH2), 3.59±3.44 (m, 1H; CH), 2.43 (s, 3H; CH3), 1.70±1.54 (m, 2H;
CH2), 1.22±1.04 (m, 2H; CH2), 0.80 ppm (t, 3J(H,H)=7.3 Hz, 3H; CH3);
13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=150.0, 144.8, 137.7, 135.6,
134.6 (2C), 129.6 (3C), 129.5 (3C), 129.1, 128.2 (2C), 127.8 (3C), 126.3,
77.7, 72.8, 69.9, 48.1, 33.6, 21.5, 18.4, 13.6 ppm; elemental analysis calcd
(%) for C27H31NO5SSe (560.6): C 57.85, H 5.57, N 2.50; found: C 57.88,
H 5.58, N 2.50.


(1RS,2RS)-2-(Phenylseleno)cyclohexyl-(4-methylphenyl)sulfonylcarba-
mate (12c): Yield: 98%, oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS):
d=7.93 (d, 3J(H,H)=8.3 Hz, 2H; CH), 7.70 (br s, 1H; NH), 7.50±7.40
(m, 2H; CH), 7.38±7.15 (m, 5H; CH), 4.66 (td, 3J(H,H)=9.1 and 3.8 Hz,
1H; CH), 3.08 (ddd, 3J(H,H)=9.8, 9.1, and 3.9 Hz, 1H; CH), 2.40 (s, 3H;
CH3), 2.15±1.97 (m, 2H; CH2), 1.74±1.50 (m, 2H; CH2), 1.48±1.15 ppm
(m, 4H; CH2);


13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=149.9, 144.6,
135.4, 135.1 (2C), 129.0 (2C), 128.6 (2C), 128.0 (2C), 127.4 (2C), 77.8,
45.1, 31.5, 30.7, 24.9, 22.9, 21.3 ppm; elemental analysis calcd (%) for
C20H23NO4SSe (452.4): C 53.09, H 5.12, N 3.10; found: C 53.07, H 5.15, N
3.80.


(1SR,2RS)-2-(Phenylseleno)-1-propylpentylbenzoylcarbamate (13a):
Yield: 91%, oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.85±7.35
(m, 8H; CH), 7.28±7.00 (m, 2H; CH), 6.04 (br s, 1H; NH), 5.07 (dt,
3J(H,H)=9.4 and 3.7 Hz, 1H; CH), 3.48 (ddd, 3J(H,H)=8.3, 4.5, and
3.7 Hz, 1H; CH), 2.00±1.20 (m, 8H; CH2), 0.95 (t, 3J(H,H)=6.9 Hz, 3H;
CH3), 0.90 ppm (t, 3J(H,H)=6.9 Hz, 3H; CH3);


13C NMR (50 MHz,
CDCl3, 25 8C, TMS): d=164.8, 150.5, 134.6, 134.5, 132.6, 131.7, 130.1,
129.2 (2C), 128.8, 128.5, 127.9, 127.5, 127.3, 78.4, 50.2, 32.8, 32.2, 21.2,
18.6, 13.6, 13.2 ppm; elemental analysis calcd (%) for C22H27NO3Se
(432.4): C 61.11, H 6.29, N 3.24; found: C 61.23, H 6.20, N 3.22.


(1RS)-1-[(1SR)-2-(Benzyloxy)-1-(phenylseleno)ethyl]butylbenzoylcarba-
mate (13b): Yield: 93.4%, oil ; 1H NMR (200 MHz, CDCl3, 25 8C, TMS):
d=8.05 (s, 1H; NH), 7.80±7.70 (m, 2H; CH), 7.65±7.50 (m, 2H; CH),
7.48±7.38 (m, 3H; CH), 7.35±7.12 (m, 8H; CH), 5.35±5.23 (m, 1H; CH),
4.50 (m, 2H; CH2), 3.81±3.66 (m, 3H; CH and CH2), 1.84±1.64 (m, 2H;
CH2), 1.48±1.25 (m, 2H; CH2), 0.87 ppm (t, 3J(H,H)=7.2 Hz, 3H; CH3);
13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=164.7, 150.4, 137.7, 134.5
(2C), 132.9, 132.7, 129.0 (2C), 128.6 (3C), 128.2 (2C), 127.6 (3C), 127.5
(3C), 76.7, 72.7, 70.2, 48.0, 33.4, 18.6, 13.6 ppm; elemental analysis calcd
(%) for C27H29NO4Se (510.5): C 63.53, H 5.73, N 2.74; found: C 63.55, H
5.74, N 2.75.


(1R,2S)-1-Methyl-2-(phenylseleno)cyclohexylbenzoylcarbamate (13d):
Yield: 98%, oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.80±7.65
(m, 2H; CH), 7.70 (s, 1H; NH), 7.64±7.41 (m, 5H; CH), 7.31±7.12 (m,
3H; CH), 4.05 (dd, 3J(H,H)=9.0 and 4.0 Hz, 1H; CH), 2.38±1.92 (m,
4H; CH2), 1.88±1.33 (m, 4H; CH2), 1.72 ppm (s, 3H; CH3);


13C NMR
(50 MHz, CDCl3, 25 8C, TMS): d=165.1, 149.0, 134.2 (2C), 133.2, 132.7,
130.3, 129.0 (2C), 128.6 (2C), 127.6 (2C), 127.3, 87.6, 51.3, 35.7, 30.5,
24.6, 22.3, 22.1 ppm; elemental analysis calcd (%) for C21H23NO3Se
(416.4): C 60.58, H 5.57, N 3.36; found: C 60.60, H 5.59, N 3.37.


(1RS,2RS)-3-(Benzyloxy)-1-[(benzyloxy)methyl]-2-(phenylseleno)propyl-
benzoylcarbamate (13e): Yield: 90%, oil; 1H NMR (200 MHz, CDCl3,
25 8C, TMS): d=7.85 (s, 1H; NH), 7.77±7.68 (m, 2H; CH), 7.60±7.50 (m,
3H; CH), 7.50±7.42 (m, 2H; CH), 7.32±7.16 (m, 13H; CH), 5.56 (td,
3J(H,H)=5.8 and 3.6 Hz, 1H; CH), 4.50 (m, 2H; CH2), 4.48 (m, 2H;
CH2), 3.88 (dd, 2J(H,H)=10.3 and 3J(H,H)=5.6 Hz, 1H; CH2), 3.82 (dd,
2J(H,H)=10.3 and 3J(H,H)=5.6 Hz, 1H; CH2), 3.80 (dd, 2J(H,H)=9.2
and 3J(H,H)=5.8 Hz, 1H; CH2), 3.76 (dd, 2J(H,H)=9.2 and 3J(H,H)=
5.8 Hz, 1H; CH2), 3.68 ppm (td, 3J(H,H)=5.6 and 3.6 Hz, 1H; CH);
13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=163.3, 149.8, 137.8, 134.0
(2C), 133.0, 132.9, 129.1 (2C), 128.8 (3C), 128.4 (6C), 127.8 (5C), 127.6
(3C), 74.4, 73.2, 73.1, 70.4, 69.4, 45.5 ppm; elemental analysis calcd (%)
for C32H31NO5Se (588.6): C 65.30, H 5.31, N 2.38; found: C 65.32, H 5.32,
N 2.40.


3-(Benzyloxy)-1,1-dimethyl-2-(phenylseleno)propylbenzoylcarbamate
(13 f): Yield: 85%, oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=8.09
(s, 1H; NH), 7.74±7.43 (m, 5H; CH), 7.42±7.11 (m, 10H; CH), 4.43 (m,
2H; CH2), 4.19 (dd, 3J(H,H)=6.2 and 4.6 Hz, 1H; CH), 3.93 (dd,
2J(H,H)=10.8 and 3J(H,H)=6.2 Hz, 1H; CH2), 3.82 (dd, 2J(H,H)=10.8
and 3J(H,H)=4.6 Hz, 1H; CH2), 1.72 (s, 3H; CH3), 1.68 ppm (s, 3H;
CH3);


13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=164.9, 149.3, 137.7,
133.9 (2C), 133.0, 132.5, 129.8, 128.9 (2C), 128.4 (2C), 128.1 (2C), 127.4
(4C), 127.3 (2C), 86.3, 72.7, 70.7, 52.9, 25.6, 25.1 ppm; elemental analysis
calcd (%) for C26H27NO4Se (496.5): C 62.90, H 5.48, N 2.82; found: C
62.72, H 5.50, N 2.70.


(1SR,2RS)-3-Cyano-1-methyl-2-(phenylseleno)propylbenzoylcarbamate
(13g): Yield: 79%, oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=8.60
(s, 1H; NH), 7.90±7.73 (m, 2H; CH) 7.70±7.20 (m, 8H; CH), 5.10 (quin-
tet, 3J(H,H)=6.5 Hz, 1H; CH), 3.34 (q, 3J(H,H)=6.5 Hz, 1H; CH), 2.85
(m, 2H; CH2), 1.52 ppm (d, 3J(H,H)=6.5 Hz, 3H; CH3);


13C NMR
(50 MHz, CDCl3, 25 8C, TMS): d=165.0, 150.3, 136.1 (2C), 133.0, 132.6,
129.5 (2C), 129.1, 128.8 (2C), 127.7 (2C), 126.1, 118.2, 74.5, 43.3, 21.1,
18.8 ppm; elemental analysis calcd (%) for C19H18N2O3Se (401.3): C
56.86, H 4.52 N, 6.98; found: C 58.88, H 4.54, N 7.00.


(1S)-2-(Benzyloxy)-1-[(phenylseleno)methyl]ethylbenzoylcarbamate
(20a): Yield: 97%, oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=8.02
(s, 1H; NH); 7.80±7.70 (m, 2H; CH), 7.60±7.40 (m, 5H; CH), 7.38±7.14
(m, 8H; CH), 5.24±5.11 (m, 1H; CH), 4.45 (m, 2H; CH2), 3.76 (dd,
2J(H,H)=10.7 and 3J(H,H)=4.6 Hz, 1H; CH2), 3.69 (dd, 2J(H,H)=10.7
and 3J(H,H)=4.0 Hz, 1H; CH2), 3.18 ppm (m, 2H; CH2);


13C NMR
(50 MHz, CDCl3, 25 8C, TMS): d=164.8, 150.0, 137.4, 132.8, 132.7, 132.6
(2C), 132.5, 129.3, 129.1 (2C), 128.6 (2C), 128.3 (2C), 127.7 (2C), 127.6
(2C), 127.1, 74.2, 73.2, 69.5, 27.0 ppm; elemental analysis calcd (%) for
C24H23NO4Se (468.4): C 61.54, H 4.95, N 2.99; found: C 61.52, H 4.97, N
3.00.


(1R)-2-[(tert-Butyl(diphenyl)silyl)oxy]-1-[(phenylseleno)methyl]ethyl-
benzoylcarbamate (20b): Yield: 92%, oil; 1H NMR (200 MHz, CDCl3,
25 8C, TMS): d=7.75±7.21 (m, 18H; CH), 7.50 (s, 1H; NH), 7.20±7.14
(m, 2H; CH), 5.14 (dddd, 3J(H,H)=6.4, 6.1, 5.2, and 4.8 Hz, 1H; CH),
3.96 (dd, 2J(H,H)=11.1 and 3J(H,H)=4.8 Hz, 1H; CH2), 3.88 (dd,
2J(H,H)=11.1 and 3J(H,H)=5.2 Hz, 1H; CH2), 3.29 (dd, 2J(H,H)=13.2
and 3J(H,H)=6.1 Hz, 1H; CH2), 3.20 (dd, 2J(H,H)=13.2 and 3J(H,H)=
6.4 Hz, 1H; CH2), 1.07 ppm (s, 9H; CH3);


13C NMR (50 MHz, CDCl3,
25 8C, TMS): d=164.6, 149.7, 145.5, 135.6 (2C), 135.5, 133.1, 132.9. 132.8,
129.8 (2C), 129.6, 129.1 (2C), 128.8 (2C), 128.7 (2C), 127.7 (4C), 127.5
(3C), 127.2, 75.7, 63.9, 27.3, 26.8 (3C), 19.2 ppm; elemental analysis calcd
(%) for C33H35NO4SeSi (616.7): C 64.27, H 5.72, N 2.27; found: C 64.36,
H 5.81, N 2.26.


(2R)-2-{[(Benzoylamino)carbonyl]oxy}-3-(phenylseleno)propylbutyrate
(20c): Yield: 67%, oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=8.55
(s, 1H; NH), 7.90±7.77 (m, 2H; CH), 7.62±7.38 (m, 5H; CH), 7.31±7.11
(m, 3H; CH), 5.29±5.16 (m, 1H; CH), 4.37 (dd, 2J(H,H)=12.0 and
3J(H,H)=3.7 Hz, 1H; CH2) 4.27 (dd, 2J(H,H)=12.0 and 3J(H,H)=
5.8 Hz, 1H; CH2), 3.17 (dd, 2J(H,H)=13.1 and 3J(H,H)=6.3 Hz, 1H;
CH2), 3.08 (dd, 2J(H,H)=13.1 and 3J(H,H)=6.5 Hz, 1H; CH2), 2.23 (t,
3J(H,H)=7.3 Hz, 2H; CH2), 1.58 (sextet, 3J(H,H)=7.3 Hz, 2H; CH2),
0.90 ppm (t, 3J(H,H)=7.3 Hz, 3H; CH3);


13C NMR (50 MHz, CDCl3,
25 8C, TMS): d=172.8, 164.7, 149.8, 132.7 (3C), 132.5, 129.0 (2C), 128.7,
128.4 (2C), 127.5 (2C), 127.2, 72.8, 63.4, 35.5, 26.9, 17.9, 13.3 ppm; ele-
mental analysis calcd (%) for C21H23NO5Se (448.4): C 56.25, H 5.17, N
3.12; found: C 56.23, H 5.19, N 3.11.


Methyl (3S)-3-{[(benzoylamino)carbonyl]oxy}-4-(phenylseleno)butanoate
(20e): Yield: 98%; m.p. 44±46 8C; 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d=8.40 (s, 1H; NH), 7.85±7.74 (m, 2H; CH), 7.61±7.35 (m, 5H;
CH), 7.30±7.10 (m, 3H; CH), 5.39 (dddd, 3J(H,H)=7.2, 6.3, 5.6, and
5.4 Hz, 1H; CH), 3.55 (s, 3H; OCH3), 3.27 (dd, 2J(H,H)=13.3 and
3J(H,H)=5.6 Hz, 1H; CH2), 3.18 (dd, 2J(H,H)=13.3 and 3J(H,H)=
6.3 Hz, 1H; CH2), 2.88 (dd, 2J(H,H)=16.2 and 3J(H,H)=5.4 Hz, 1H;
CH2), 2.75 ppm (dd, 2J(H,H)=16.2 and 3J(H,H)=7.2 Hz, 1H; CH2);
13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=170.0, 164.7, 149.8, 132.8,
132.6, 132.5 (2C), 129.1 (2C), 128.8 (2C), 128.5 (2C), 127.6, 127.1, 71.8,
51.7, 37.7, 30.0 ppm; elemental analysis calcd (%) for C19H19NO5Se
(420.4): C 54.29, H 4.56, N 3.33; found: C 54.27, H 4.54, N 3.35.
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(1S)-2-Cyano-1-[(phenylseleno)methyl]ethylbenzoylcarbamate (20 f):
Yield: 89%, oil; [a]23D =++58.74 (c=3.01 in CHCl3);


1H NMR (200 MHz,
CDCl3, 25 8C, TMS): d=8.75 (s, 1H; NH), 7.90±7.75 (m, 2H; CH), 7.62±
7.35 (m, 5H; CH), 7.31±7.15 (m, 3H; CH), 5.10 (ddt, 3J(H,H)=7.6, 5.6,
and 5.0 Hz, 1H; CH), 3.28 (dd, 2J(H,H)=13.4 and 3J(H,H)=5.6 Hz, 1H;
CH2), 3.05 (dd, 2J(H,H)=13.4 and 3J(H,H)=7.6 Hz, 1H; CH2), 2.89 ppm
(d, 3J(H,H)=5.0 Hz, 2H; CH2);


13C NMR (50 MHz, CDCl3, 25 8C, TMS):
d=164.9, 149.4, 133.0, 132.8 (2C), 132.3, 129.2 (2C), 128.5 (2C), 127.9,
127.7 (2C), 127.6, 115.8, 70.0, 28.6, 22.1 ppm; elemental analysis calcd
(%) for C18H16N2O3Se (387.3): C 55.82, H 4.16, N 7.23; found: C 55.80, H
4.14, N 7.25.


(1S,2S)-2-(Dibenzylamino)-3-phenyl-1-[(phenylseleno)methyl]propylben-
zoylcarbamate (20g): Yield: 58%; m.p. 46±48 8C; 1H NMR (200 MHz,
CDCl3, 25 8C, TMS): d=7.64±7.50 (m, 2H; CH), 7.50±7.00 (m, 24H;
CH), 5.43 (ddd, 3J(H,H)=7.2, 6.8, and 4.6 Hz, 1H; CH), 3.65 (m, 4H;
CH2), 3.43 (ddd, 3J(H,H)=7.8, 7.2, and 5.8 Hz, 1H; CH), 3.30 (dd,
2J(H,H)=13.5 and 3J(H,H)=6.8 Hz, 1H; CH2), 3.20 (dd, 2J(H,H)=14.5
and 3J(H,H)=5.8 Hz, 1H; CH2), 3.03 (dd, 2J(H,H)=13.5 and 3J(H,H)=
6.8 Hz, 1H; CH2), 2.76 ppm (dd, 2J(H,H)=14.5 and 3J(H,H)=7.8 Hz,
1H; CH2);


13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=164.3, 150.1,
140.4, 139.2 (2C), 133.5 (2C), 132.9, 132.8, 129.9, 129.0 (2C), 128.9 (4C),
128.7 (4C), 128.4 (3C), 128.3 (2C), 127.6 (2C), 127.2 (2C), 125.8 (2C),
123.6, 75.8, 60.6, 54.2 (2C), 32.1, 30.9 ppm; elemental analysis calcd (%)
for C38H36N2O3Se (647.7): C 70.47, H 5.60, N 4.33; found: C 70.55, H
5.58, N 4.15.


(1S)-2-(Benzyloxy)-1-[(phenylseleno)methyl]ethyl-(4-methylphenyl)sulfo-
nylcarbamate (22a): Yield: 98%, oil; 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d=8.38 (s, 1H; NH), 7.90 (d, 3J(H,H)=8.3 Hz, 2H; CH), 7.50±
7.10 (m, 12H; CH), 5.10 (dddd, 3J(H,H)=6.9, 6.3, 4.0, and 2.0 Hz, 1H;
CH), 4.39 (m, 2H; CH2), 3.66 (dd, 2J(H,H)=10.4 and 3J(H,H)=2.0 Hz,
1H; CH2), 3.60 (dd, 2J(H,H)=10.4 and 3J(H,H)=4.0 Hz, 1H; CH2), 3.10
(dd, 2J(H,H)=13.0 and 3J(H,H)=6.9 Hz, 1H; CH2), 3.01 (dd, 2J(H,H)=
13.0 and 3J(H,H)=6.3 Hz, 1H; CH2), 2.40 ppm (s, 3H; CH3);


13C NMR
(50 MHz, CDCl3, 25 8C, TMS): d=149.9, 144.8, 137.3, 135.4, 132.7 (2C),
129.5, 129.4, 129.0 (2C), 128.2 (3C), 127.6 (2C), 127.5 (2C), 127.2, 126.2,
75.1, 73.0, 69.3, 27.0, 21.5 ppm; elemental analysis calcd (%) for
C24H25NO5SSe (518.5): C 55.60, H 4.86, N 2.70; found: C 55.57, H 4.99, N
2.62.


Conversion of b-carbamoyloxy selenides into 5-substituted N-tosyl or N-
benzoyl-1,3-oxazolidin-2-ones


Method A : Powdered potassium hydrogenphosphate (0.870 g, 5 mmol)
and meta-chloroperoxybenzoic acid (0.688 g, 4 mmol) were added to a
solution of the crude N-tosyl carbamate 7 (1 mmol) in THF (15 mL) at
0 8C. The progress of the reaction (1±9 h) was monitored by TLC and the
mixture was allowed to slowly reach room temperature. When the sele-
none was completely consumed the reaction was quenched with saturated
aqueous Na2CO3 (10 mL) and extracted with diethyl ether. The combined
organic layers were washed with a solution of NaOH (10%) to eliminate
the tosylamide impurity, dried over sodium sulfate, and evaporated to
give the 1,3-oxazolidin-2-one 9 in pure form. For compounds 8 the reac-
tion mixture was stirred until the starting selenide had been completely
transformed (2 h) into the corresponding selenone, as indicated by TLC
and 13C NMR analysis, and the reaction mixture was then concentrated
in vacuo. The residue was suspended in reagent-grade acetone (20 mL)
and powdered potassium carbonate was added at room temperature. The
disappearance of the selenone was monitored by TLC (2±24 h), and the
mixture was then concentrated in vacuo, poured into water, and extract-
ed with diethyl ether. The organic layer was dried over sodium sulfate
and evaporated. The reaction product was purified by column chroma-
tography on silica gel using a mixture of diethyl ether and light petrole-
um (2:8) as eluent. Yields, as well as physical and spectral data are re-
ported below.


5-Decyl-3-[(4-methylphenyl)sulfonyl]-1,3-oxazolidin-2-one (9a): Yield:
96%, oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.90±7.80 (m,
2H; CH), 7.40±7.30 (m, 2H; CH), 4.60±4.40 (m, 1H; CH), 4.09 (dd,
2J(H,H)=9.0 and 3J(H,H)=7.9 Hz, 1H; CH2), 3.57 (dd, 2J(H,H)=9.0
and 3J(H,H)=7.2 Hz, 1H; CH2), 2.40 (s, 3H; CH3), 1.80±1.10 (m, 18H;
CH2), 0.95 ppm (t, 3J(H,H)=6.6 Hz, 3H; CH3);


13C NMR (50 MHz,
CDCl3, 25 8C, TMS): d=151.6, 145.5, 133.8, 129.7 (2C), 128.0 (2C), 74.6,
49.5, 34.0, 31.7, 29.3, 29.2, 29.1 (2C), 28.9, 24.2, 22.5, 21.5, 13.9 ppm; IR:


ñ=2920, 2851, 1759, 1369, 1177 cm�1; GC-MS: m/z (%): 381 (2)
[M�64]+ , 155 (15), 108 (100), 91 (38); elemental analysis calcd (%) for
C20H31NO4S (381.5): C 62.96, H 8.19, N 3.67; found: C 62.99, H 8.31, N
3.68.


3-[(4-Methylphenyl)sulfonyl]-5-vinyl-1,3-oxazolidin-2-one (9b): Yield:
81%, oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.92 (d,
3J(H,H)=8.2 Hz, 2H; CH), 7.38 (d, 3J(H,H)=8.2 Hz, 2H; CH), 5.81
(ddd, 3J(H,H)=17.1, 10.3, and 6.5 Hz, 1H; CH), 5.50±5.30 (m, 2H; CH2),
4.98 (ddd, 3J(H,H)=8.1, 7.3, and 6.5 Hz, 1H; CH), 4.18 (dd, 2J(H,H)=
9.2 and 3J(H,H)=8.1 Hz, 1H; CH2), 3.70 (dd, 2J(H,H)=9.2 and
3J(H,H)=7.3 Hz, 1H; CH2), 2.45 ppm (s, 3H; CH3);


13C NMR (50 MHz,
CDCl3, 25 8C, TMS): d=151.4, 145.8, 133.7, 132.3, 129.9 (2C), 128.1 (2C),
120.6, 74.6, 49.5, 21.6 ppm; GC-MS: m/z (%): 203 (28) [M�64]+ , 155
(21), 118 (34), 91 (100), 56 (25); elemental analysis calcd (%) for
C12H13NO4S (267.3): C 53.92, H 4.90, N 5.24; found: C 53.95, H 4.93, N
5.27.


5-But-3-enyl-3-[(4-methylphenyl)sulfonyl]-1,3-oxazolidin-2-one (9c):
Yield: 75%, oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.92 (d,
3J(H,H)=8.3 Hz, 2H; CH), 7.38 (d, 3J(H,H)=8.3 Hz, 2H; CH), 5.75
(ddt, 3J(H,H)=16.9, 10.2, and 6.6 Hz, 1H; CH), 5.12±4.98 (m, 2H; CH2),
4.55 (dtd, 3J(H,H)=8.2, 7.2, and 5.5 Hz, 1H; CH2), 4.12 (dd, 2J(H,H)=
9.0 and 3J(H,H)=8.2 Hz, 1H; CH2), 3.63 (dd, 2J(H,H)=9.0 and
3J(H,H)=7.2 Hz, 1H; CH2), 2.45 (s, 3H; CH3), 2.27±2.08 (m, 2H; CH2),
1.98±1.58 ppm (m, 2H; CH2);


13C NMR (50 MHz, CDCl3, 25 8C, TMS):
d=151.5, 145.7, 136.0, 133.9, 129.8 (2C), 128.1 (2C), 116.3, 73.8, 49.5,
32.2, 28.4, 21.6 ppm; elemental analysis calcd (%) for C14H17NO4S
(295.4): C 56.90, H 5.80, N 4.74; found: C 56.68, H 5.82, N 4.56.


3-[(4-Methylphenyl)sulfonyl]-5-phenyl-1,3-oxazolidin-2-one (9d): Yield:
69%; m.p. 100±103 8C; 1H NMR (200 MHz, [D6]DMSO, 25 8C, TMS): d=
8.02±7.90 (m, 2H; CH), 7.60±7.30 (m, 7H; CH), 5.83 (t, 3J(H,H)=7.8 Hz,
1H; CH), 4.61 (m, 1H; CH2), 4.00 (m, 1H; CH2), 2.50 ppm (s, 3H; CH3);
13C NMR (50 MHz, [D6]DMSO, 25 8C, TMS): d=151.3, 145.7, 136.7,
133.7, 130.0 (2C), 129.2, 128.9 (2C), 127.9 (2C), 126.1 (2C), 75.3, 51.1,
21.1 ppm; GC-MS: m/z (%): 253 (17) [M�64]+, 149 (83), 105 (28), 91
(100), 65 (23), 56 (37); elemental analysis calcd (%) for C16H15NO4S
(317.4): C 60.55, H 4.76, N 4.41; found: C 60.53, H 4.78, N 4.44.


5-(Butoxymethyl)-3-[(4-methylphenyl)sulfonyl]-1,3-oxazolidin-2-one
(9e): Yield: 79%, oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.99±
7.89 (m, 2H; CH), 7.43±7.30 (m, 2H; CH), 4.61 (ddt, 3J(H,H)=8.95, 6.1,
and 3.9 Hz, 1H; CH), 4.08 (dd, 2J(H,H)=9.0 and 3J(H,H)=8.95 Hz, 1H;
CH2), 3.95 (dd, 2J(H,H)=9.0 and 3J(H,H)=6.1 Hz, 1H; CH2), 3.55 (m,
2H; CH2), 3.40 (m, 2H; CH2), 2.45 (s, 3H; CH3), 1.50±1.12 (m, 4H;
CH2), 0.88 ppm (t, 3J(H,H)=6.6 Hz, 3H; CH3);


13C NMR (50 MHz,
CDCl3, 25 8C, TMS): d=151.6, 145.5, 134.2, 129.8 (2C), 128.1 (2C), 72.7,
71.7, 69.8, 46.1, 31.4, 21.6, 19.0, 13.0 ppm; IR: ñ=2960, 1788, 1372,
1173 cm�1; elemental analysis calcd (%) for C15H21NO5S (327.4): C 55.03,
H 6.49, N 4.28; found: C 55.01, H 6.50, N 4.30.


3-[(4-methylphenyl)sulfonyl]-5-(3-oxobutyl)-1,3-oxazolidin-2-one (9 f):
Yield: 75%, oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.85±7.75
(m, 2H; CH), 7.32±7.22 (m, 2H; CH), 4.56±4.40 (m, 1H; CH), 4.03 (dd,
2J(H,H)=9.2 and 3J(H,H)=8.1 Hz, 1H; CH2), 3.52 (dd, 2J(H,H)=9.2
and 3J(H,H)=6.9 Hz, 1H; CH2), 2.50 (t, 3J(H,H)=7.0 Hz, 2H; CH2),
2.34 (s, 3H; CH3), 2.04 (s, 3H; CH3), 2.00±1.60 ppm (m, 2H; CH2);
13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=206.9, 151.5, 145.8, 133.7,
129.9 (2C), 128.1 (2C), 73.6, 49.6, 37.8, 29.9, 28.0, 21.6 ppm; IR: ñ=3259,
1763, 1714, 1363, 1177 cm�1; GC-MS: m/z (%): 254 (4) [M�77]+ , 156
(65), 112 (48), 91 (100), 65 (26), 43 (40); elemental analysis calcd (%) for
C14H17NO5S (311.4): C 54.01, H 5.50, N 4.50; found: C 54.12, H 5.53, N
4.33.


Methyl 3-(3-[(4-methylphenyl)sulfonyl]-2-oxo-1,3-oxazolidin-5-yl)propa-
noate (9g): Yield: 92%, oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS):
d=7.87 (d, 3J(H,H)=8.3 Hz, 2H; CH), 7.31 (d, 3J(H,H)=8.3 Hz, 2H;
CH), 4.66±4.45 (m, 1H; CH), 4.10 (dd, 2J(H,H)=9.1 and 3J(H,H)=
8.1 Hz, 1H; CH2), 3.62 (s, 3H; OCH3), 3.59 (dd, 2J(H,H)=9.1 and
3J(H,H)=6.9 Hz, 1H; CH2), 2.40 (m, 2H; CH2), 2.39 (s, 3H; CH3), 2.02±
1.85 ppm (m, 2H; CH2);


13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=
172.4, 151.3, 145.8, 133.7, 129.9 (2C), 128.1 (2C), 73.4, 51.8, 49.4, 29.3,
28.8, 21.6 ppm; IR: ñ=2954, 1784, 1736, 1369, 1172 cm�1; GC-MS: m/z
(%): 297 (1) [M�32]+ , 172 (57), 140 (100), 108 (39), 91 (93), 65 (23); ele-
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mental analysis calcd (%) for C14H17NO6S (327.4): C 51.30, H 4.23, N
4.28; found: C 51.50, H 4.25, N 4.29.


2-(3-[(4-Methylphenyl)sulfonyl]-2-oxo-1,3-oxazolidin-5-yl)methyl-1H-iso-
indol-1,3-(2H)-dione (9 i): Yield: 86%, oil; 1H NMR (200 MHz, CDCl3,
25 8C, TMS): d=7.90 (d, 3J(H,H)=8.3 Hz, 2H; CH), 7.86±7.68 (m, 4H;
CH), 7.30 (d, 3J(H,H)=8.3 Hz, 2H; CH), 4.88 (dddd, 3J(H,H)=8.2, 6.6,
6.2, and 5.6 Hz, 1H; CH), 4.16 (dd, 2J(H,H)=9.6 and 3J(H,H)=8.2 Hz,
1H; CH2), 4.02 (dd, 2J(H,H)=14.3 and 3J(H,H)=6.6 Hz, 1H; CH2), 3.91
(dd, 2J(H,H)=9.6 and 3J(H,H)=6.2 Hz, 1H; CH2), 3.85 (dd, 2J(H,H)=
14.3 and 3J(H,H)=5.6 Hz, 1H; CH2), 2.40 ppm (s, 3H; CH3);


13C NMR
(50 MHz, CDCl3, 25 8C, TMS): d=167.6 (2C), 150.8, 145.7, 134.3 (2C),
133.6, 131.4 (2C), 129.8 (2C), 128.1 (2C), 123.5 (2C), 71.0, 47.4, 39.9,
21.5 ppm; elemental analysis calcd (%) for C19H16N2O6S (400.4): C 56.99,
H 4.03, N 7.00; found: C 56.97, H 4.00, N 7.03.


(3aRS,7aSR)-3-[(4-Methylphenyl)sulfonyl]hexahydro-1,2-benzoxazol-
2(3H)-one (14c): Yield: 73%, oil; 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d=7.87 (d, 3J(H,H)=8.2 Hz, 2H; CH), 7.25 (d, 3J(H,H)=8.2 Hz,
2H; CH), 4.53±4.43 (m, 1H; CH), 4.27 (dt, 3J(H,H)=9.4 and 6.0 Hz, 1H;
CH), 2.35 (s, 3H; CH3), 2.25±1.98 (m, 2H; CH2), 1.84±1.70 (m, 1H; CH),
1.69±1.10 ppm (m, 5H; CH and CH2);


13C NMR (50 MHz, CDCl3, 25 8C,
TMS): d=152.1, 145.3, 135.4, 129.6 (2C), 128.4 (2C), 75.0, 57.4, 28.0,
26.3, 21.6, 20.5, 18.7 ppm; elemental analysis calcd (%) for C14H17NO4S
(295.4): C 56.93, H 5.80, N 4.74; found: C 56.75, H 5.92, N 4.76.


(5R)-5-[(Benzyloxy)methyl]-3-(4-methylphenyl)sulfonyl-1,3-oxazolidin-2-
one (23a): Yield: 88%, oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=
7.86 (d, 3J(H,H)=8.2 Hz, 2H; CH), 7.35±7.12 (m, 7H; CH), 4.61 (dddd,
3J(H,H)=9.0, 6.1, 3.8, and 3.7 Hz, 1H; CH), 4.44 (s, 2H; CH2), 4.06 (dd,
2J(H,H)=9.1 and 3J(H,H)=9.0 Hz, 1H; CH2), 3.93 (dd, 2J(H,H)=9.0
and 3J(H,H)=6.1 Hz, 1H; CH2), 3.59 (dd, 2J(H,H)=11.0 and 3J(H,H)=
3.7 Hz, 1H; CH2), 3.52 (dd, 2J(H,H)=11.0 and 3J(H,H)=3.8 Hz, 1H;
CH2), 2.38 ppm (s, 3H; CH3);


13C NMR (50 MHz, CDCl3, 25 8C, TMS):
d=151.1, 145.5, 137.0, 134.0, 130.2 (2C), 128.4 (2C), 128.0, 127.9 (2C),
127.5 (2C), 73.4, 72.5, 69.1, 46.1, 21.5 ppm; GC-MS: m/z (%): 361 (1)
[M]+ , 255 (15), 155 (23), 91 (100), 65 (12), 107 (13); elemental analysis
calcd (%) for C18H19NO5S (361.4): C 59.82, H 5.30, N 3.88; found: C
59.85, H 5.32, N 3.86.


3-Benzoyl-5-decyl-1,3-oxazolidin-2-one (10a): Yield: 89%; m.p. 83±85 8C;
1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.70±7.60 (m, 2H; CH),
7.60±7.34 (m, 3H; CH), 4.65 (dtd, 3J(H,H)=7.9, 7.6, and 5.7 Hz, 1H;
CH), 4.19 (dd, 2J(H,H)=10.9 and 3J(H,H)=7.9 Hz, 1H; CH2), 3.78 (dd,
2J(H,H)=10.9 and 3J(H,H)=7.6 Hz, 1H; CH2), 1.95±1.15 (m, 18H;
CH2), 0.89 ppm (t, 3J(H,H)=6.7 Hz, 3H; CH3);


13C NMR (50 MHz,
CDCl3, 25 8C, TMS): d=169.7, 152.8, 132.7, 132.2, 128.9 (2C), 127.7 (2C),
74.4, 48.7, 34.4, 31.8, 29.4 (2C), 29.3, 29.2, 29.1, 24.4, 22.6, 14.0 ppm; IR:
ñ=2921, 1790, 1772, 1681, 1354, 1195 cm�1; GC-MS: m/z (%): 331 (2)
[M]+ , 105 (100), 77 (16); elemental analysis calcd (%) for C20H29NO3


(332.4): C 72.47, H 8.82, N 4.23; found: C 72.48, H 8.83, N 4.25.


3-Benzoyl-5-but-3-enyl-1,3-oxazolidin-2-one (10c): Yield: 93%; m.p. 72±
74 8C; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.70±7.60 (m, 2H;
CH), 7.60±7.30 (m, 3H; CH), 5.80 (ddd, 3J(H,H)=17.0, 10.3, and 6.6 Hz,
1H; CH), 5.16±5.00 (m, 2H; CH2), 4.64 (dtd, 3J(H,H)=7.8, 7.6, and
5.5 Hz, 1H; CH), 4.16 (dd, 2J(H,H)=10.9 and 3J(H,H)=7.8 Hz, 1H;
CH2), 3.96 (dd, 2J(H,H)=10.9 and 3J(H,H)=7.6 Hz, 1H; CH2), 2.35±2.08
(m, 2H; CH2), 2.05±1.70 ppm (m, 2H; CH2);


13C NMR (50 MHz, CDCl3,
25 8C, TMS): d=169.9, 152.7, 136.2, 132.7, 132.2, 128.9 (2C), 127.7 (2C),
116.2, 73.6, 48.6, 32.5, 28.6 ppm; GC-MS: m/z (%): 245 (3) [M]+ , 105
(100), 77 (24); elemental analysis calcd (%) for C14H15NO3 (245.3): C
68.56, H 6.16, N 5.71; found: C 68.68, H 6.18, N 5.60.


3-Benzoyl-5-(butoxymethyl)-1,3-oxazolidin-2-one (10e): Yield: 69%;
m.p. 61±62 8C; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d= 7.70±7.60
(m, 2H; CH), 7.58±7.34 (m, 3H; CH), 4.73 (ddt, 3J(H,H)=8.5, 5.8, and
3.6 Hz, 1H; CH), 4.16 (dd, 2J(H,H)=10.8 and 3J(H,H)=8.5 Hz, 1H;
CH2), 4.04 (dd, 2J(H,H)=10.8 and 3J(H,H)=5.8 Hz, 1H; CH2), 3.71 (dd,
2J(H,H)=10.9 and 3J(H,H)=3.6 Hz, 1H; CH2), 3.60 (dd, 2J(H,H)=10.9
and 3J(H,H)=3.6 Hz, 1H; CH2), 3.52 (t, 3J(H,H)=6.5 Hz, 2H; CH2),
1.68±1.48 (m, 2H; CH2), 1.48±1.18 (m, 2H; CH2), 0.91 ppm (t, 3J(H,H)=
7.2 Hz, 3H; CH3);


13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=169.6,
152.8, 132.8, 132.1, 128.8, 128.7, 127.7, 127.6, 72.6, 71.7, 70.5, 45.5, 31.5,
19.1, 13.8 ppm; GC-MS: m/z (%): 205 (10) [M�72]+ , 105 (100), 77 (25);


elemental analysis calcd (%) for C15H19NO4 (277.3): C 64.97, H 6.91, N
5.05; found: C 64.99, H 6.90, N 5.04.


3-Benzoyl-5-(8-(1,3-dioxolan-2-yl)octyl)-1,3-oxazolidin-2-one (10h):
Yield: 62%; m.p. 89±91 8C; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=
7.71±7.36 (m, 5H; CH), 4.84 (t, 3J(H,H)=4.7 Hz, 1H; CH), 4.64 (tdd,
3J(H,H)=7.9, 7.6, and 5.7 Hz, 1H; CH), 4.18 (dd, 2J(H,H)=10.9 and
3J(H,H)=7.9 Hz, 1H; CH2), 4.01±3.78 (m, 4H; CH2), 3.77 (dd, 2J(H,H)=
10.9 and 3J(H,H)=7.6 Hz, 1H; CH2), 1.95±1.18 ppm (m, 16H; CH2);
13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=169.7, 152.8, 132.7, 122.1,
128.9 (2C), 127.7 (2C), 104.5, 74.3, 64.7 (2C), 48.7, 34.3, 33.7, 29.3, 29.2,
29.1, 29.0, 24.3, 23.9 ppm; elemental analysis calcd (%) for C21H29NO5


(375.5): C 67.18, H 7.79, N 3.73; found: C 67.20, H 7.80, N 3.71.


N-[(3-Benzoyl-2-oxo-1,3-oxazolidin-5-yl)methyl]benzamide (10 l): Yield:
77%; m.p. 110±113 8C; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=


7.85±7.75 (m, 2H; CH), 7.63±7.22 (m, 8H; CH), 6.79 (t, 3J(H,H)=6.4 Hz,
1H; NH), 4.90 (dddd, 3J(H,H)=8.3, 7.2, 6.4, and 3.5 Hz, 1H; CH), 4.24
(dd, 2J(H,H)=11.3 and 3J(H,H)=8.3 Hz, 1H; CH2), 3.98 (dd, 2J(H,H)=
11.3 and 3J(H,H)=7.2 Hz, 1H; CH2), 3.96 (ddd, 2J(H,H)=14.7 and
3J(H,H)=6.4 and 3.5 Hz, 1H; CH2), 3.75 ppm (dt, 2J(H,H)=14.7 and
3J(H,H)=6.4 Hz, 1H; CH2);


13C NMR (50 MHz, CDCl3, 25 8C, TMS):
d=169.4, 168.3, 152.8, 133.5, 132.5, 132.3, 131.8, 128.8 (2C), 128.4 (2C),
127.9, 127.7, 127.3, 127.1, 73.1, 66.2, 42.1 ppm; IR: ñ=3364, 3067, 1805,
1777, 1678, 1528, 1360, 1197 cm�1; elemental analysis calcd (%) for
C18H16N2O4 (324.3): C 66.66, H 4.97, N 8.64; found: C 66.54, H 4.99, N
8.52.


3-Benzoyl-8-(tert-butyl)-1-oxa-3-azaspiro[4,5]decan-2-one (10m): Yield
80%; m.p. 142±145 8C; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=


7.70±7.60 (m, 2H; CH), 7.60±7.35 (m, 3H; CH), 3.80 (s, 2H; CH2), 2.20±
2.00 (m, 2H; CH2), 1.82±1.42 (m, 6H; CH2), 1.20±1.00 (m, 1H; CH),
0.90 ppm (s, 9H; CH3);


13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=


170.1, 152.4, 133.0, 132.2, 129.0 (2C), 127.8 (2C), 79.6, 54.7, 46.8, 36.7
(2C), 32.4, 27.5 (3C), 22.6 ppm (2C); elemental analysis calcd (%) for
C19H25NO3 (315.4): C 72.35, H 7.99, N 4.44; found: C 72.37, H 7.97, N
4.43.


(5R)-3-Benzoyl-5-[(benzyloxy)methyl]-1,3-oxazolidin-2-one (21a): Yield:
90%; m.p. 93±94 8C; [a]26D =�17.76 (c=3.63 in CHCl3);


1H NMR
(200 MHz, CDCl3, 25 8C, TMS): d=7.60±7.43 (m, 3H; CH), 7.42±7.28 (m,
7H; CH), 4.75 (ddt, 3J(H,H)=8.5, 5.8, and 3.5 Hz, 1H; CH), 4.59 (m,
2H; CH2), 4.16 (dd, 2J(H,H)=10.8 and 3J(H,H)=8.5 Hz, 1H; CH2), 4.04
(dd, 2J(H,H)=10.8 and 3J(H,H)=5.8 Hz, 1H; CH2), 3.77 (dd, 2J(H,H)=
10.8 and 3J(H,H)=3.5 Hz, 1H; CH2), 3.65 ppm (dd, 2J(H,H)=10.8 and
3J(H,H)=3.5 Hz, 1H; CH2);


13C NMR (50 MHz, CDCl3, 25 8C, TMS):
d=169.4, 152.6, 137.1, 132.7, 131.9 (2C), 128.6 (3C), 128.5 (2C), 127.8,
127.6 (2C), 73.5, 72.4, 69.7, 45.3 ppm; IR: ñ=2894, 1764, 1682,
1367 cm�1; elemental analysis calcd (%) for C18H17NO4 (311.3): C 69.44,
H 5.50, N 4.50; found: C 69.53, H 5.39, N 4.51.


(5S)-3-Benzoyl-5-{[(tert-butyl(diphenyl)silyl)oxy]methyl}-1,3-oxazolidin-
2-one (21b): Yield: 77%; m.p. 100±102 8C; [a]24D =++32.75 (c=4.60 in
CHCl3);


1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.72±7.56 (m, 6H;
CH), 7.54±7.33 (m, 9H; CH), 4.77±4.65 (m, 1H; CH), 4.19 (m, 2H; CH2),
3.98 (dd, 2J(H,H)=11.6 and 3J(H,H)=3.4 Hz, 1H; CH2), 3.77 (dd,
2J(H,H)=11.6 and 3J(H,H)=3.1 Hz, 1H; CH2), 1.08 ppm (s, 9H; CH3);
13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=169.5, 152.7, 135.5 (4C),
132.8, 132.4, 132.2, 132.0, 130.0 (2C), 128.9 (2C), 127.9 (4C), 127.6 (2C),
73.3, 63.9, 44.8, 26.7 (3C), 19.2 ppm; IR: ñ=2930, 1790, 1682, 1113 cm�1;
elemental analysis calcd (%) for C27H29NO4Si (459.6): C 70.56, H 6.36, N
3.05; found: C 70.54, H 6.35, N 3.03.


[(5S)-3-Benzoyl-2-oxo-1,3-oxazolidin-5-yl]methylbutyrate (21c): Yield:
67%; m.p. 77±79 8C; [a]24D =++4.15 (c=3.44 in CHCl3);


1H NMR
(200 MHz, CDCl3, 25 8C, TMS): d=7.70±7.50 (m, 3H; CH), 7.50±7.38 (m,
2H; CH), 4.86 (dddd, 3J(H,H)=8.6, 6.3, 4.7, and 3.5 Hz, 1H; CH), 4.38
(dd, 2J(H,H)=12.4 and 3J(H,H)=3.5 Hz, 1H; CH2), 4.27 (dd, 2J(H,H)=
12.4 and 3J(H,H)=4.7 Hz, 1H; CH2), 4.24 (dd, 2J(H,H)=11.1 and
3J(H,H)=8.6 Hz, 1H; CH2), 3.95 (dd, 2J(H,H)=11.1 and 3J(H,H)=
6.3 Hz, 1H; CH2), 2.36 (t, 3J(H,H)=7.3 Hz, 2H; CH2), 1.68 (sextet,
3J(H,H)=7.3 Hz, 2H; CH2), 0.95 ppm (t, 3J(H,H)=7.3 Hz, 3H; CH3);
13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=172.9, 169.4, 152.2, 144.5,
132.4, 128.9 (2C), 127.8 (2C), 71.0, 63.4, 45.2, 35.7, 18.2, 13.5 ppm; GC-
MS: m/z (%): 291 (1) [M]+ , 247 (6), 177 (20), 105 (100), 77 (32); IR: ñ=
2965, 1793, 1776, 1736, 1674, 1343, 1162 cm�1; elemental analysis calcd
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(%) for C15H17NO5 (201.3): C 61.85, H 5.88, N 4.81; found: C 61.83, H
5.86, N 4.80.


(5S)-3-Benzoyl-5-phenyl-1,3-oxazolidin-2-one (21d): Yield: 75%; m.p.
134±137 8C; [a]20D =++78.35 (c=1.52 in CHCl3);


1H NMR (200 MHz,
CDCl3, 25 8C, TMS): d=7.74±7.64 (m, 2H; CH), 7.62±7.32 (m, 8H; CH),
5.64 (dd, 3J(H,H)=8.1 and 8.0 Hz, 1H; CH), 4.47 (dd, 2J(H,H)=11.1 and
3J(H,H)=8.1 Hz, 1H; CH2), 4.08 ppm (dd, 2J(H,H)=11.1 and 3J(H,H)=
8.0 Hz, 1H; CH2);


13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=169.6,
152.7, 136.6, 132.5, 132.4, 129.4, 129.1 (2C), 129.0, 127.8 (3C), 125.7 (2C),
75.1, 50.8 ppm; elemental analysis calcd (%) for C16H13NO3 (267.3): C
71.9, H 4.90, N 5.24; found: C 72.04, H 4.99, N 5.14.


Methyl [(5S)-3-benzoyl-2-oxo-1,3-oxazolidin-5-yl]acetate (21e): Yield:
82%; m.p. 79±82 8C; [a]23D =++44.42 (c=5.15 in CHCl3);


1H NMR
(200 MHz, CDCl3, 25 8C, TMS): d=7.70±7.60 (m, 2H; CH), 7.60±7.50 (m,
1H; CH), 7.48±7.35 (m, 2H; CH), 5.00 (dddd, 3J(H,H)=8.2, 7.2, 6.7, and
6.1 Hz, 1H; CH), 4.29 (dd, 2J(H,H)=11.2 and 3J(H,H)=8.2 Hz, 1H;
CH2), 3.89 (dd, 2J(H,H)=11.2 and 3J(H,H)=7.2 Hz, 1H; CH2), 3.72 (s,
3H; OCH3), 2.92 (dd, 2J(H,H)=16.8 and 3J(H,H)=6.1 Hz, 1H; CH2),
2.78 ppm (dd, 2J(H,H)=16.8 and 3J(H,H)=6.7 Hz, 1H; CH2);


13C NMR
(50 MHz, CDCl3, 25 8C, TMS): d=169.4, 169.1, 152.2, 132.5, 132.2, 128.9
(2C), 127.7 (2C), 69.8, 52.1, 48.3, 38.3 ppm; IR: ñ=2955, 1786, 1740,
1680, 1329, 1209 cm�1; elemental analysis calcd (%) for C13H13NO5


(263.3): C 59.31, H 4.98, N 5.32; found: C 59.30, H 4.96, N 5.30.


[(5R)-3-Benzoyl-2-oxo-1,3-oxazolidin-5-yl]acetonitrile (21 f): Yield: 74%;
m.p. 119±122 8C; [a]23D =�24.68 (c=2.79 in MeOH); 1H NMR (200 MHz,
CDCl3, 25 8C, TMS): d=7.72±7.61 (m, 2H; CH), 7.60±7.50 (m, 1H; CH),
7.50±7.37 (m, 2H; CH), 5.05±4.88 (m, 1H; CH), 4.32 (dd, 2J(H,H)=11.3
and 3J(H,H)=8.4 Hz, 1H; CH2), 3.96 (dd, 2J(H,H)=11.3 and 3J(H,H)=
5.8 Hz, 1H; CH2), 3.05 ppm (m, 2H; CH2);


13C NMR (50 MHz, CDCl3,
25 8C, TMS): d=168.1, 150.9, 131.9, 131.3, 128.0 (2C), 126.9 (2C), 114.8,
68.0, 46.6, 22.3 ppm; IR: ñ=2979, 2260, 1784, 1685, 1375, 1207,
1054 cm�1; elemental analysis calcd (%) for C12H10N2O3 (230.2): C 62.60,
H 4.38, N 12.17; found: C 62.71, H 4.40, N 12.25.


(5R)-3-Benzoyl-5-[(1S)-1-(dibenzylamino)-2-phenylethyl]-1,3-oxazolidin-
2-one (21g): Yield: 79%; m.p. 45±48 8C; [a]22D =++10.27 (c=1.90 in
CHCl3);


1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.54±7.00 (m, 20H;
CH), 4.67±4.52 (m, 1H; CH), 4.02 (dd, 2J(H,H)=11.2 and 3J(H,H)=
8.2 Hz, 1H; CH2), 3.68 (dd, 2J(H,H)=11.2 and 3J(H,H)=7.4 Hz, 1H;
CH2), 3.60 (m, 4H; CH2), 3.17±2.93 ppm (m, 3H; CH and CH2);
13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=169.3, 152.5, 139.4, 138.6
(2C), 132.7, 132.1, 129.5 (2C), 128.8 (3C), 128.7 (3C), 128.5 (3C), 128.4
(3C), 127.7 (2C), 127.3 (2C), 126.4, 74.6, 61.8, 54.7 (2C), 47.5, 32.5 ppm;
elemental analysis calcd (%) for C32H30N2O3 (490.6): C 78.34, H 6.16, N
5.71; found: C 78.36, H 6.14, N 5.70.


tert-Butyl (1S)-1-[(5S)-3-benzoyl-2-oxo-1,3-oxazolidin-5-yl]-2-cyclohexyl-
ethylcarbamate (21h): Major diastereoisomer; yield: 49%; m.p. 170±
173 8C; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.70±7.32 (m, 5H;
CH), 4.70±4.50 (m, 2H; CH and CH2), 4.22±4.00 (m, 2H, CH), 3.95 (br s,
1H; NH), 1.90±0.70 (m, 13H; CH and CH2), 1.40 ppm (s, 9H, CH3);
13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=169.3, 155.9, 152.0, 132.8,
132.3, 128.9 (2C), 127.8 (2C), 80.2, 76.0, 49.6, 46.0, 39.6, 34.1, 33.6, 32.5,
28.2 (3C), 26.3, 26.2, 26.0 ppm.


tert-Butyl (1S)-1-[(5R)-3-benzoyl-2-oxo-1,3-oxazolidin-5-yl]-2-cyclohexyl-
ethylcarbamate (21h): Minor diastereoisomer; Yield: 7%; m.p. 152±
155 8C; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.70±7.30 (m, 5H,
CH), 4.72±4.52 (m, 1H; CH), 4.50 (br s, 1H; NH), 4.27±3.81 (m, 3H; CH
and CH2), 1.92±0.70 (m, 13H; CH and CH2), 1.43 ppm (s, 9H; CH3);
13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=169.6, 155.5, 152.6, 133.2,
132.4, 129.0 (2C), 127.9 (2C), 80.3, 76.0, 50.5, 45.7, 39.6, 34.1, 33.6, 32.1,
29.7, 28.3 (3C), 26.3, 26.2 ppm; elemental analysis of the mixture calcd
(%) for C23H32N2O5 (416.5): C 66.32, H 7.74, N 6.73; found: C 66.20, H
7.78, N 6.65.


Conversion of N-tosyl carbamate 12a and 12b into N-tosylamido
alcohols 17a and 17b


Method B : Solid m-chloroperoxybenzoic acid (0.688 g, 4 mmol) was
added to a mixture of N-tosyl carbamate 12a or 12b (1 mmol) and pow-
dered potassium hydrogenphosphate (0.870 g, 5 mmol) in CH2Cl2
(15 mL) at 18 8C. The resultant mixture was stirred for 3±4 h and was
then concentrated in vacuo. Aqueous sodium carbonate (10%) was
added and the mixture was extracted with diethyl ether. The combined


organic layers were dried over sodium sulfate and concentrated in vacuo.
The residue was dissolved in methanol (10 mL) and a catalytic amount of
cesium carbonate (0.04 g) was added. The mixture was stirred overnight
and the solvent was removed under reduced pressure. The residue was
purified by column chromatography using a mixture of diethyl ether and
ethyl acetate (8:2) as eluent to afford 17a or 17b, respectively. Reaction
yields are reported in Table 2, while physical and spectral data are report-
ed below.


N-[(1SR,2SR)-2-Hydroxy-1-propylpentyl]-(4-methylphenyl)sulfonamide
(17a): Yield: 40%, oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.72
(d, 3J(H,H)=8.3 Hz, 2H; CH), 7.25 (d, 3J(H,H)=8.3 Hz, 2H; CH), 5.19
(d, 3J(H,H)=8.8 Hz, 1H; NH), 3.60±3.40 (m, 1H; CH), 3.13 (dtd,
3J(H,H)=8.8, 6.6, and 2.9 Hz, 1H; CH), 2.37 (s, 3H; CH3), 2.25 (br s,
1H; OH), 1.60±1.00 (m, 8H; CH2), 0.77 (t, 3J(H,H)=6.9 Hz, 3H; CH3),
0.71 ppm (t, 3J(H,H)=7.3 Hz, 3H; CH3);


13C NMR (50 MHz, CDCl3,
25 8C, TMS): d=143.0, 138.3, 129.4 (2C), 126.8 (2C), 72.0, 57.3, 36.0,
34.5, 21.3, 18.7 (2C), 13.8, 13.7 ppm; GC-MS: m/z (%): 256 (2) [M�43]+ ,
226 (100), 155 (55), 91 (61), 72 (24); elemental analysis calcd (%) for
C15H25NO3S (299.4): C 60.17, H 8.42, N 4.68; found: C 60.25, H 8.53, N
4.56.


N-{[(1RS,2RS)-1-(Benzyloxy)methyl]-2-hydroxypentyl}-(4-methylphenyl-
sulfonamide (17b): Yield: 48%, oil; 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d=7.75 (d, 3J(H,H)=8.3 Hz, 2H; CH), 7.40±7.18 (m, 7H; CH),
5.55 (d, 3J(H,H)=7.4 Hz, 1H; NH), 4.40 (m, 2H; CH2), 3.87±3.77 (m,
1H; CH), 3.51 (m, 2H; CH2), 3.37±3.24 (m, 1H; CH), 2.96 (br s, 1H;
OH), 2.42 (s, 3H; CH3), 1.40±1.05 (m, 4H; CH2), 0.76 ppm (t, 3J(H,H)=
6.7 Hz, 3H; CH3);


13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=143.1,
138.1, 137.3, 129.5 (2C), 128.4 (2C), 127.8, 127.6 (2C), 126.9 (2C), 73.2,
71.8, 71.7, 55.7, 35.5, 21.4, 18.6, 13.8 ppm; elemental analysis calcd (%)
for C20H27NO4S (377.5): C 63.63, H 7.21, N 3.71; found: C 63.69, H 7.24,
N 3.73.


Synthesis of the 4,5-disubstituted N-benzoyl-1,3-oxazolidin-2-ones 15 :
The N-benzoyl carbamates 13 were treated with m-chloroperoxybenzoic
acid as described above in Method B. The nature of the substrates (see
Table 3) determined whether powdered potassium hydroxide (0.392 g,
7 mmol) or potassium carbonate (0. 692 g, 5 mmol) was then added to
the reaction mixture and stirring was continued until the selenone was
consumed (3±24 h). The reaction mixture was then concentrated, poured
into water, and extracted with diethyl ether. The combined organic layers
were washed with brine, dried over sodium sulfate, filtered, and evapo-
rated. The reaction products were separated by column chromatography
on silica gel using a mixture of diethyl ether and light petroleum (8:2) as
eluent. The physical and spectral data for compound 15d have already
been reported in the literature.[14c] The physical and spectral data for the
new compounds are reported below.


(4RS,5RS)-3-Benzoyl-4,5-dipropyl-1,3-oxazolidin-2-one (15a): Yield:
73%, oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.72±7.39 (m,
5H; CH), 4.32 (dt, 3J(H,H)=7.3 and 4.8 Hz, 1H; CH), 4.29 (ddd,
3J(H,H)=8.6, 4.8, and 3.5 Hz, 1H; CH), 1.95±1.35 (m, 8H; CH2), 1.00 (t,
3J(H,H)=7.2 Hz, 3H; CH3), 0.99 ppm (t, 3J(H,H)=7.1 Hz, 3H; CH3);
13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=169.9, 153.0, 133.4, 132.2,
128.9 (2C), 127.8 (2C), 79.1, 59.4, 37.0, 34.1, 18.0, 17.5, 13.8, 13.6 ppm;
GC-MS: m/z (%): 275 (16) [M]+ , 105 (100), 77 (31); elemental analysis
calcd (%) for C16H21NO3 (275.3): C 69.79, H 7.69, N 5.09; found: C 69.81,
H 7.70, N 5.07.


(4RS,5RS)-3-Benzoyl-4-[(benzyloxy)methyl]-5-propyl-1,3-oxazolidin-2-
one (15b): Yield: 74%, oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS):
d=7.70±7.60 (m, 2H; CH), 7.60±7.48 (m, 1H; CH), 7.45±7.20 (m, 7H;
CH), 4.64 (dt, 3J(H,H)=7.7 and 4.9 Hz, 1H; CH), 4.58 (m, 2H; CH2),
4.40 (td, 3J(H,H)=4.9 and 2.6 Hz, 1H; CH), 3.91 (dd, 2J(H,H)=9.9 and
3J(H,H)=4.9 Hz, 1H; CH2), 3.69 (dd, 2J(H,H)=9.9 and 3J(H,H)=2.6 Hz,
1H; CH2), 1.80±1.38 (m, 4H; CH2), 0.97 ppm (t, 3J(H,H)=7.1 Hz, 3H;
CH3);


13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=170.0, 152.9, 137.3,
133.2, 132.2, 128.9 (2C), 128.4 (2C), 127.9 (2C), 127.7 (2C), 127.6, 76.9,
73.4, 67.1, 59.3, 36.6, 17.7, 13.6 ppm; GC-MS: m/z (%): 353 (1) [M]+ , 246
(29), 105 (100), 77 (25); elemental analysis calcd (%) for C21H23NO4


(353.4): C 71.37, H 6.56, N 3.96; found: C 71.49, H 6.64, N 3.88.


(4SR,5SR)-3-Benzoyl-4,5-bis[(benzyloxy)methyl]-1,3-oxazolidin-2-one
(15e): Yield: 80%, oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=


7.60±7.16 (m, 15H; CH), 4.84±4.65 (m, 2H; CH), 4.55±4.31 (m, 4H;
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CH2), 3.98±3.74 ppm (m, 4H; CH2);
13C NMR (50 MHz, CDCl3, 25 8C,


TMS): d=169.6, 152.9, 137.2, 137.1, 133.1, 132.1 (2C), 128.9 (2C), 128.6
(3C), 128.4 (3C), 127.9 (2C), 127.8, 127.7, 127.6, 75.3, 73.6, 73.4, 67.4,
65.1, 56.3 ppm; elemental analysis calcd (%) for C26H25NO5 (431.5): C
72.37, H 5.84, N 3.25; found: C 72.39, H 5.82, N 3.27.


3-Benzoyl-4-[(benzyloxy)methyl]-5,5-dimethyl-1,3-oxazolidin-2-one
(15 f): Yield: 44%, oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=


7.67±7.46 (m, 2H; CH), 7.45±7.21 (m, 8H; CH), 4.52 (s, 2H; CH2), 4.33
(dd, 3J(H,H)=5.6 and 2.7 Hz, 1H; CH), 3.89 (dd, 2J(H,H)=10.1 and
3J(H,H)=5.6 Hz, 1H; CH2), 3.80 (dd, 2J(H,H)=10.1 and 3J(H,H)=
2.7 Hz, 1H; CH2), 1.56 (s, 3H; CH3), 1.54 ppm (s, 3H; CH3);


13C NMR
(50 MHz, CDCl3, 25 8C, TMS): d=170.1, 152.5, 137.3, 133.3, 132.3 (2C),
128.8 (2C), 128.4, 127.8 (2C), 127.6 (2C), 126.8, 81.4, 73.4, 65.7, 62.5,
28.5, 21.3 ppm; elemental analysis calcd (%) for C20H21NO4 (339.4): C
70.78, H 6.24, N 4.13; found: C 70.80, H 6.22, N 4.12.


Synthesis of the 1,3-oxazolidinone 15g : Potassium hydrogenphosphate
(0.870 g, 5 mmol) and m-chloroperoxybenzoic acid (0.688 g, 4 mmol)
were added to a solution of N-benzoyl carbamate 13g (1 mmol) in iso-
propyl alcohol (20 mL) at room temperature. After about 2 h the mixture
was concentrated in vacuo, diluted with water, and extracted with diethyl
ether. The combined organic layers were washed with brine, dried over
sodium sulfate, filtered, and evaporated. Product 15g was obtained in
pure form after column chromatography on silica gel using a mixture of
diethyl ether and light petroleum (2:8) as eluent,.


[(4RS,5RS)-3-Benzoyl-5-methyl-2-oxo-1,3-oxazolidin-4-yl]acetonitrile
(15g): Yield: 81%; m.p. 128±131 8C; 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d=7.75±7.35 (m, 5H; CH), 4.60 (dq, 3J(H,H)=6.5 and 6.3 Hz,
1H; CH), 6.32 (td, 3J(H,H)=6.5 and 3.0 Hz, 1H; CH), 3.08 (dd,
2J(H,H)=17.3 and 3J(H,H)=6.5 Hz, 1H; CH2), 2.87 (dd, 2J(H,H)=17.3
and 3J(H,H)=3.0 Hz, 1H; CH2), 1.51 ppm (d, 3J(H,H)=6.3 Hz, 3H;
CH3);


13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=170.0, 151.7, 133.0,
132.3, 129.2 (2C), 127.9 (2C), 115.1, 74.7, 57.3, 19.9, 19.4 ppm; GC-MS:
m/z (%): 244 (13) [M�1]+ , 105 (100), 77 (26); elemental analysis calcd
(%) for C13H12N2O3 (244.2): C 63.93, H 5.30, N 11.47; found: C 63.85, H
5.42, N 11.49.


Ring cleavage of the N-tosyl-1,3-oxazolidin-2-one 23a : A catalytic
amount of cesium carbonate (0.03 g) was added to a solution of N-tosyl-
1,3-oxazolidin-2-one 23a (1 mmol) in methanol (10 mL). The reaction
was stirred at room temperature for 12 h and was then concentrated in
vacuo. The residue was purified by chromatography on a silica-gel
column using a mixture of light petroleum and ethyl acetate (6:4) as
eluent. The physical and spectral data for compound 24a are reported
below.


N-[(2R)-3-(Benzyloxy)-2-hydroxypropyl]-(4-methylphenyl)sulfonamide
(24a): Yield: 72%; m.p. 68±70 8C; [a]28D =++8.35 (c=2.00 in CH2Cl2);
1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.70 (d, 3J(H,H)=8.3 Hz,
2H; CH), 7.40±7.14 (m, 5H; CH), 7.25 (d, 3J(H,H)=8.3 Hz, 2H; CH),
5.42 (dd, 3J(H,H)=7.1 and 5.6 Hz, 1H; NH), 4.46 (s, 2H; CH2), 3.86
(dddd, 3J(H,H)=6.8, 5.9, 4.7, and 3.9 Hz, 1H; CH), 3.45 (dd, 2J(H,H)=
9.9 and 3J(H,H)=4.7 Hz, 1H; CH2), 3.39 (dd, 2J(H,H)=9.9 and
3J(H,H)=5.9 Hz, 1H; CH2), 3.10 (br s, 1H; OH), 3.08 (dd, 2J(H,H)=13.0
and 3J(H,H)=3.9 Hz, 1H; CH2), 2.91 (dd, 2J(H,H)=13.0 and 3J(H,H)=
6.8 Hz, 1H; CH2), 2.40 ppm (s, 3H; CH3);


13C NMR (50 MHz, CDCl3,
25 8C, TMS): d=143.4, 137.5, 136.6, 129.7 (2C), 128.4 (2C), 127.8 (2C),
127.7, 127.0 (2C), 73.4, 71.6, 68.9, 45.7, 21.4 ppm; GC-MS: m/z (%): 274
(1) [M�61]+, 184 (23), 155 (42), 91 (100), 74 (16); elemental analysis
calcd (%) for C17H21NO4S (335.4): C 60.87, H 6.31, N 4.18; found: C
60.85, H 6.33, N 4.15.


Removal of the benzoyl group from N-benzoyl-1,3-oxazolidin-2-ones 21a
and 21b : N-benzoyl-1,3-oxazolidin-2-one 21a or 21b (1 mmol) and lithi-
um hydroxide monohydrate (0.084 g, 2 mmol) were stirred at room tem-
perature in a mixture of THF and water (10 mL, 3:1) for 4 h. The reac-
tion mixture was then concentrated and CH2Cl2 (20 mL) was added. The
solution was dried over sodium sulfate and evaporated, and the residue
was purified by chromatography using diethyl ether as eluent. The physi-
cal and spectral data for compound 25b have already been reported in
the literature.[39]


(5R)-5-[(benzyloxy)methyl]-1,3-oxazolidin-2-one (25a):[40] Yield: 84%,
oil; [a]26D =�7.99 (c=2.60 in CHCl3).


Reductive hydrolysis of 25a : LiAlH4 (1m solution, 2 mL) was added
dropwise to a solution of 25a (0.207 g, 1 mmol) in dry THF (10 mL) at
0 8C. The mixture was stirred at room temperature for about 1 h and was
then refluxed for 1 h. Methanol was added to the cooled reaction mix-
ture, and this was then dried over sodium sulfate and concentrated at re-
duced pressure. The residue was purified by chromatography on silica gel
using a mixture of CH2Cl2 and methanol (6:4) as eluent to afford pure
26.


(2R)-1-(Benzyloxy)-3-(methylamino)propan-2-ol (26): Yield: 84%, oil;
[a]25D =++0.45 (c=8.00 in CHCl3);


1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d=7.37±7.24 (m, 5H; CH), 4.53 (s, 2H; CH2), 3.92 (ddt,
3J(H,H)=7.2, 5.8, and 4.7 Hz, 1H; CH), 3.47 (m, 2H; CH2), 3.33 (s, 1H;
OH), 3.30 (s, 1H; NH), 2.64 (m, 2H; CH2), 2.40 ppm (s, 3H; CH3);
13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=137.9, 128.3 (2C), 127.6
(3C), 73.3, 72.9, 68.3, 54.1, 36.0 ppm; elemental analysis calcd (%) for
C11H17NO2 (195.3): C 67.66, H 8.78, N 7.17; found: C 67.78, H 8.90, N
7.19.


Hydrolysis of 25a : Oxazolidin-2-one 25a (0.207 g, 1 mmol) was refluxed
with a 10% sodium hydroxide solution (10 mL), and was then allowed to
cool to room temperature. The solution was extracted with diethyl ether,
the organic phase was washed with brine, and pure compound 27[41] was
obtained after evaporation of the solvent.


(2R)-1-Amino-3-(benzyloxy)propan-2-ol (27): Yield: 94%, oil; [a]27D =++


6.25 (c=2.76 in CHCl3);
1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=


7.35±7.20 (m, 5H; CH), 4.50 (m, 2H; CH2), 3.79±3.65 (m, 1H; CH), 3.44
(m, 2H; CH2), 2.80 (br s, 3H; NH2 and OH), 2.80±2.60 ppm (m, 2H;
CH2);


13C NMR (50 MHz, CDCl3, 25 8C, TMS): d=137.9, 128.3 (2C),
127.6 (3C), 73.2, 72.5, 70.8, 44.3 ppm; elemental analysis calcd (%) for
C10H15NO2 (181.2): C 66.27, H 8.34, N 7.73; found: C 66.29, H 8.35, N
7.75.
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Titanocene-Catalyzed Cascade Cyclization of Epoxypolyprenes:
Straightforward Synthesis of Terpenoids by Free-Radical Chemistry
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Introduction


The increasing demand for selectivity and atom- and step-
economy in organic synthesis will presumably have a deci-
sive influence on the strategies employed by chemists in
coming years.[1] The biosynthesis of lanosterol from squalene
fits these requirements admirably, taking place as it does in
only two steps: the enantioselective epoxidation of squalene
followed by the stereoselective cascade cyclization of 2,3-ox-
idosqualene. Only one proton is lost during this process, to
form the double bond at D8. The enzyme-catalyzed cycliza-


tion of (S)-2,3-oxidosqualene into lanosterol has received
considerable attention in recent years[2] and there is now
solid theoretical and experimental evidence to support its
carbocationic nature.[3] Mimicking this natural transforma-
tion, Goldsmith, van Tamelen, and Corey, among others,
have exploited the acid-induced cascade cyclization of epox-
ypolyprenes as a very useful procedure in the building of
polycyclic terpenoids through carbocationic chemistry.[4]


This method involves certain drawbacks, however, such as
the need to attach extra groups to the polyene substrate to
stabilize carbocationic intermediates and control the termi-
nation steps. An alternative concept, radical cascade cycliza-
tion, introduced by Breslow and Julia[5] more than thirty
years ago, has also proven to be an excellent method for the
stereoselective synthesis of polycyclic compounds from dif-
ferent acyclic precursors.[6] To the best of our knowledge,
however, this concept was never applied to the cyclization
of epoxypolyprenes during the last century, probably owing
to the lack of a suitable protocol for the radical opening of
epoxides. Nevertheless, the titanocene(iii)-based procedure
discovered by Nugent and RajanBabu and the catalytic ver-
sion subsequently developed by Gans‰uer and co-workers
has filled this gap,[7] thus opening up the possibility of mim-
icking lanosterol synthase with free-radical chemistry. The
aim of our work here has been to take advantage of such a
method to develop a straightforward procedure for the syn-
thesis of terpenoids with a wide range of carbocyclic skele-
tons.
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Abstract: The titanocene-catalyzed cas-
cade cyclization of epoxypolyenes,
which are easily prepared from com-
mercially available polyprenoids, has
proven to be a useful procedure for the
synthesis of C10, C15, C20, and C30 terpe-
noids, including monocyclic, bicyclic,
and tricyclic natural products. Both
theoretical and experimental evidence
suggests that this cyclization takes
place in a nonconcerted fashion via dis-


crete carbon-centered radicals. Never-
theless, the termination step of the
process seems to be subjected to a kind
of water-dependent control, which is
unusual in free-radical chemistry. The
catalytic cycle is based on the use of


the novel combination Me3SiCl/2,4,6-
collidine to regenerate the titanocene
catalyst. In practice this procedure has
several advantages: it takes place at
room temperature under mild condi-
tions compatible with different func-
tional groups, uses inexpensive re-
agents, and its end step can easily be
controlled to give exocyclic double
bonds by simply excluding water from
the medium.


Keywords: cyclization ¥ domino re-
actions ¥ homogeneous catalysis ¥
radical reactions ¥ titanium
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Results and Discussion


The effects of water upon tita-
nocene-promoted radical cycli-
zations of epoxypolyprenes : In
preliminary experiments em-
ploying stoichiometric propor-
tions of [Cp2TiCl]


[8] we ob-
tained encouraging results, but
excess quantities of [Cp2TiCl2]
were required[9] and varying
amounts of reduction products
such as 14 were formed, dis-
turbing the chromatographic
isolation of the main com-
pounds and endangering the re-
producibility of the results. As
collateral observations suggest-
ed that these products might
derive from adventitious
water[10] we treated epoxypoly-
prene 1 with [Cp2TiCl] under
strictly anhydrous conditions. In
this manner we obtained a sub-
stantially increased yield of bi-
cyclic alkene 11 (40% isolated
product versus roughly 25% in
our preliminary experiments),[8]


together with lesser amounts of
acyclic 4 (23%) and monocyclic
7 (10%); no 14 was detected.
Moreover, when D2O was
added to the medium, deuterat-
ed isotopomer 15[11] was ob-
tained instead of 14. These re-
sults pointed to a cascade cycli-
zation via discrete carbon-cen-
tered radicals (Scheme 1), and
confirmed that the termination
step of the process can be easily
controlled to give either alkenes (as 11) or reduction prod-
ucts (as 14) by simply excluding or adding water to the
medium. The discovery of this water-dependent phenomen-
on, which is unusual in free-radical chemistry, guaranteed
further reproducible results.[12]


Theoretical calculations supporting the nonconcerted nature
of the radical cascade cyclization : Because some controversy
remains as to whether radical cascade cyclizations take
place in a concerted or stepwise fashion,[13] we made compu-
tational studies on the cyclization of the model radical I
(closely related to 2) to gain more information about the
nature of our process. Both concerted and stepwise mecha-
nisms were considered and the pathways were carried out at
DFT level. After careful inspection of the potential energy
surface, no transition state for a concerted reaction from I
to III could be found. The theoretical calculations pointed
instead to a reaction following a two-step mechanism, in ac-
cordance with the experimental evidence. An energy profile


of the reaction is shown in Figure 1. Both the first (I!II)
and the second (II!III) 6-endo cyclizations are exothermic,
with reaction energies of �7.5 kcalmol�1 and �8.9 kcalmol�1


respectively, and both steps have moderate activation ener-
gies (11.3 and 10.6 kcalmol�1 respectively). These energies
are considerably higher than those calculated for cationic
cyclizations in model systems.[3e] In these systems the second
cyclization has been calculated to proceed with activation
energies of about 1 kcalmol�1, suggesting a concerted mech-
anism for the acid-catalyzed formation of A and B rings
from 2,3-oxidosqualene. In turn, the concerted process of
oxirane opening and ring A formation from the protonated
epoxide takes place with even lower barriers (about
0.6 kcalmol�1).[3h] In our case, however, the values of the ac-
tivation energy barriers suggest a two step mechanism. In-
terestingly, there exists an energy minimum for radical I
with the appropriate conformation to give the first cycliza-
tion product. This type of structure was also detected at the
AM1 semiempirical level. Nevertheless, no interaction be-


Scheme 1. Proposed mechanism for the titanocene(iii)-mediated cyclization of 1. a) [Cp2Ti(Cl)H] elimination
under anhydrous conditions; b) acidic quenching after the [Cp2Ti(Cl)H] elimination.
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tween the carbon-centered radical and the double bond
exists at this stage because the distance is too large. On the
other hand, a similar conformer for 2E,6E-10,11- epoxyfar-
nesol could not be located. Radical II exhibited an even
better pre-organization towards cyclization, which may ac-
count for the lower activation energy of the second step. All
these theoretical results strongly support the stepwise mech-
anism depicted in Scheme 1. Assuming the nonconcerted
nature of our radical cyclizations, the stereoselectivity ob-
served can be explained in terms of Beckwith±Houk rules
described elsewhere.[13]


Development of the titanocene-catalyzed version : With val-
uable mechanistic data available to us, we envisaged the de-
velopment of a catalytic version to reduce the considerable
proportions of [Cp2TiCl2] and the high dilutions required in
our preliminary experiments.[14] Our starting hypothesis was
based on the use of the novel combination Me3SiCl/2,4,6-
collidine,[10b] , [15] which is compatible with oxiranes and
should be capable of regenerating [Cp2TiCl2] from both
[Cp2Ti(Cl)H] and oxygen-bonded titanium derivatives such


as 10 (Scheme 2). To check this hypothesis we treated epox-
ypolyprene 1 (prepared from commercially available 2E,6E-
farnesol by van Tamelen×s procedure)[16] with a substoichio-
metric quantity of [Cp2TiCl2] (0.2 equiv), Mn dust, and the
mixture of Me3SiCl and collidine in dry THF (10�1


m sub-
strate concentration) (Scheme 2). In this way we obtained
the expected exocyclic alkene[17] 11 (after fluoride workup)
at the same yield (40%) as that under stoichiometric condi-
tions but employing lower [Cp2TiCl2] proportions and dilu-
tion levels by one and two orders of magnitude respectively.
This result supported the main features of the catalytic cycle
depicted in Scheme 2.


Synthesis of terpenoids with various carbocyclic skeletons :
Once we were confident about the viability of the titano-
cene-catalyzed cyclization and the experimental conditions
required to control the end step of the process, we decided
that with a judicious choice of starting material this method
might be a useful tool for the synthesis of terpenoids with
different carbon skeletons, including monocyclic compounds
such as 18, 24, and 25, bicyclic sesquiterpenoids (such as 26)


Figure 1. An energy profile of the cyclization reaction of the model radical I.
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and diterpenoids (such as 30),
as well as tricyclic products as
the isocopalane diterpenoid 36.


As we expected, the titano-
cene-catalyzed cyclization of
6,7-epoxygeranyl acetate[8] (17)
under anhydrous conditions se-
lectively gave 1,3-cis-disubsti-
tuted monoterpenoid 18 with
an exocyclic double bond
(Scheme 3). The initial results
obtained in the synthesis of 18
encouraged us to extend our
method to the preparation of
more complex monocyclic ter-
penoids. Cyclofarnesane sesqui-
terpenoid 24 was discovered by
Marco et al.[18] in the plant Ar-
temisia chamaemelifolia togeth-
er with other polyoxygenated
metabolites. We started its syn-
thesis (Scheme 3) with commer-
cial geranylacetone, which was
easily transformed into epoxy-
ketal 19 by conventional
chemistry (see Experimental
Section). Unlike ketones, the
ketal group of 19 proved to be
inert toward free-radical
chemistry (at least under our
conditions) and remained un-
changed after titanocene-catalyzed cyclization of 19 to 20
(61% yield). The deprotection of the carbonyl group with
cerium(iii) chloride[19] avoided extensive isomerization of
the exocyclic double bond of 20 (promoted by other acids),
and an excellent 95% yield of ketone 21 was obtained. Sub-


sequent treatment of 21 with vinylmagnesium bromide pro-
vided tertiary alcohol 22 as a mixture (9R* and 9S* epimers)
in a 3:2 isomeric ratio. Selective esterification of the secon-
dary alcohol of 22, followed by allylic hydroxylation of 23
afforded a 3:2 mixture of the 9R* and 9S* epimers 24.


Originally Marco and co-workers did not establish the C-
9 stereochemistry of the metabolite found in A. chamaemeli-
folia.[18] Recently, however, Uttaro et al. have demonstrated
the 9R stereochemistry of the natural product by means of
chemical synthesis and X-ray crystallographic analysis.[20] In
our epimeric mixture (24) the NMR signals corresponding
to the major component matched those of the natural me-
tabolite,[18] whereas the signals of the minor one agreed
closely with those of the 9S isomer.[20] Therefore we com-
pleted the total synthesis of the natural product in seven
steps in 23% overall yield, confirming the usefulness of our
method for the preparation of cyclofarnesane-type monocy-
clic sesquiterpenoids. Ketone 21 also proved to be a valua-
ble intermediate for the total synthesis of the monocyclic tri-
terpenoid achilleol A (25) (Scheme 3) following the conver-
gent strategy recently developed in our laboratory.[21]


Drimanes constitute a family of bicyclic sesquiterpenoids
with interesting biological properties.[22] The simple saponifi-
cation of 11 (obtained from commercial farnesol as descri-
bed above) gave synthetic drimane 26 (Scheme 4), with 1H
and 13C NMR data in accordance with those of natural iso-


Scheme 2. Hypothetical catalytic cycle for the TiIII mediated cyclization
of 1 to 11.


Scheme 3. Titanocene-catalyzed synthesis of monocyclic terpenoids. DMAP = 4-(dimethylamino)pyridine.
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drimenediol excreted by the fungus Polyporus arcularius.[23]


We thus achieved the total synthesis of isodrimenediol in
just four steps, high regio- and stereoselectivity degrees, and
in a considerable overall yield of 21%. To the best of our


knowledge this is the first total synthesis reported for isodri-
menediol and confirms the structure 26 proposed by Fleck
et al. for the fungal metabolite.[23]


We then addressed the chemical preparation of 3b-hy-
droxymanool (30), a bicyclic diterpenoid with a labdane
skeleton from the fern Gleichenia japonica.[24] As starting
material we chose commercial farnesylacetone,[25] which was
successively transformed into epoxyketal 27, cyclic deriva-
tive 28, and ketone 29 (Scheme 4), in the same way that ger-
anylacetone was transformed into ketone 21 (see Scheme 3).
Interestingly, the NMR data of synthetic ketone 29 matched
those of one of the components of copaiba oil (a commer-
cial mixture of natural oleoresins used both for cosmetics
and medicinal purposes),[26] confirming the chemical struc-
ture of this natural product. The treatment of ketone 29
with vinylmagnesium bromide provided 30 (39% isolated
yield) together with a lesser quantity of its 13S* epimer 31
(23% yield). Fortunately both isomers could be easily isolat-
ed by flash chromatography and analyzed by spectroscopic


techniques. Apart from optical rotation, synthetic 30 had the
same physical properties as natural (+)-3b-hydroxyma-
nool[24] and thus the first total synthesis of this terpenoid
was achieved in five steps in an overall yield of 6%. It


should be noted that the rela-
tive proportions of products 30
and 31 obtained from the reac-
tion with vinylmagnesium bro-
mide revealed that the nucleo-
philic attack by the Si face of
ketone 29 was faster than that
by the Re face.


Dinor-labdane 33 was recent-
ly isolated from copaiba oil and
its structure elucidated by
NMR spectroscopy, but the rel-
ative stereochemistry at C-13
had not so far been deter-
mined.[27] We attempted its syn-
thesis by reducing ketone 29
with NaBH4 (Scheme 4). We
thus obtained a mixture of two
epimeric alcohols, 32 and 33, in
relative proportions of 6:5 re-
spectively (1H NMR analysis).
When L-Selectride was used in-
stead of NaBH4 the stereoselec-
tivity of the reduction in-
creased, and the product ratio
was 32 :33 = 3:1. Since the Si
face of ketone 29 proved to be
more reactive than the opposite
face against nucleophilic re-
agents (see above) we tenta-
tively assigned the 13R* rela-
tive configuration (derived
from the hydride attack by the
Si face) to the major product
(32) and, consequently, the
13S* to the minor one (33).


Both diastereomers 32 and 33 were isolated (45% and 37%
yields respectively) and their NMR spectra were compared
with those of the copaiba oil component. The 13C NMR
spectrum of the minor isomer 33 virtually matched that re-
ported for the natural compound,[27] whereas in the spec-
trum of 32 slight but significant differences were observed in
the chemical shifts of carbons C-8, C-9, C-11 to C-14, and
C-17 (see Table 1). Therefore, we propose the relative ster-
eochemistry 13S* depicted in 33 for the bicyclic terpenoid
isolated from copaiba oil.


The marine metabolite stypoldione (37) has attracted the
attention of chemists owing both to its pharmacological
properties[28] and its challenging chemical structure. Recent-
ly Xing and Demuth reported an elegant total synthesis of
stypoldione via the tricyclic intermediate 36.[29] Because of
the biological interest of stypoldione, we selected the isoco-
palane diterpenoid 36 as a target to prove the efficiency of
our method for the synthesis of tricyclic terpenoids from ep-
oxypolyene 34, previously prepared from commercially


Scheme 4. Titanocene-catalyzed synthesis of bicyclic terpenoids
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available geranylgeraniol by van Tamelen×s procedure.[30] Ti-
tanocene-catalyzed cyclization of 34 gave tricyclic alkene 35
in a moderate 31% yield (Scheme 5). This yield can be re-


garded as satisfactory, however,
if we bear in mind that the syn-
thesis of 35 selectively afforded
a product containing three
fused (trans/anti/trans) six-mem-
bered rings, an exocyclic double
bond, and six stereogenic cen-
ters, among 192 potential regio-
and stereoisomers. Catalytic hy-
drogenation of 35 gave 36
(73% yield) and thus the
formal synthesis of stypoldione
was completed.


All the above results confirm
the value of our procedure for
synthesizing terpenoids with
different carbon skeletons, in-
cluding monocyclic, bicyclic,
and tricyclic products. Our free-


radical-based method constitutes an especially convenient
alternative to conventional carbocationic chemistry when
the synthetic targets are cyclic terpenoids bearing exocyclic


double bonds.[17]


Titanocene-catalyzed cycliza-
tion of 2,3-oxidosqualene, mim-
icking the enzyme lanosterol
synthase by free-radical chemis-
try : Finally, the possibility of
achieving the first radical cycli-
zation of 2,3-oxidosqualene
(38) encouraged us to prepare
this epoxide from commercially
available squalene[31] and treat
it with a catalytic quantity of ti-
tanocene (Scheme 6). In this
manner we obtained malabari-
cane 39[32] and its 13b-epimer


Table 1. 13C NMR data[a] for a natural dinor-labdane terpenoid (33) isolated from copaiba oil and the synthetic compounds 32 and 33.


Carbon Natural Synthetic 33 Dd Synthetic 32 Dd


1 37.16 37.22 0.06 37.24 0.08
2 27.98 28.04 0.06 28.05 0.07
3 78.94 78.96 0.02 78.98 0.04
4 39.18 39.22 0.04 39.23 0.05
5 54.69 54.76 0.07 54.79 0.10
6 24.06 24.10 0.04 24.08 0.02
7 38.23 38.27 0.04 38.26 0.03
8 148.19 148.23 0.04 148.02 0.17
9 56.80 56.88 0.08 56.59 0.21
10 39.52 39.57 0.05 39.50 0.02
11 20.05 20.09 0.04 19.72 0.33
12 38.54 38.60 0.06 38.38 0.16
13 68.90 68.91 0.01 68.47 0.43
14 23.60 23.62 0.02 23.79 0.19
17 106.78 106.79 0.01 107.00 0.22
18 14.47 14.49 0.02 14.50 0.03
19 15.46 15.47 0.01 15.46 0.00
20 28.37 28.39 0.03 28.40 0.04


[a] The most significant data are in bold characters.


Scheme 5. Titanocene-catalyzed synthesis of tricyclic terpenoids.


Scheme 6. Titanocene-catalyzed cyclization of 2,3-oxidosqualene.
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40, together with minor amounts of the acyclic alcohol 41
and achilleol A (25). Bicyclic compounds or Wagner±Meer-
wein rearrangement products, as described for the acid-in-
duced cyclization of 38,


[31] were not detected.
Apart from the preparative interest (total synthesis of ma-


labaricanes in only two steps), the above results also have
mechanistic relevance and merit some further comment. As
in the acid-induced rearrangement of 38,[31] the main prod-
ucts (39 and 40) derive from a 6-endo/6-endo/5-exo cycliza-
tion process[33] (Scheme 7), but under our conditions the 5-


exo cyclization step giving the protomalabaricane radical 45
seems to be specially fast, thus avoiding the generation of
bicyclic byproducts (see ref. [30b]). It is generally accepted
nowadays that the biosynthesis of lanosterol takes place via
a carbocation intermediate with a tricyclic skeleton contain-
ing a five-membered C-ring closely related to 45.[2b] In this
context, recent theoretical calculations suggest that this in-
termediate undergoes a C-ring expansion and concomitant
D-ring formation through a transition structure involving
the double bond between C-17 and C-18 (malabaricane


numbering), which is similar to a nonclassical carbocation.[3f]


Through free-radical chemistry, however, it seems unlikely
that the double bond at D17 could give anchimeric assistance
to facilitate ring-C expansion and D-ring formation from 45.
Therefore, this radical has no option but to evolve towards
malabaricatrienes (39 and 40). This intrinsic tendency of
free-radical chemistry to give malabaricanes from 2,3-oxi-
dosqualene (and possibly from squalene also) is intriguing
from a biogenetic point of view. The recent discovery of ma-
labaricanes in marine sediments,[34] for example, is especially
relevant because it is believed that they are synthesized by
organisms living under anoxic conditions similar to those
provided by the strictly deoxygenated solvents required for
free-radical chemistry.


Conclusion


We have developed a novel procedure for the straightfor-
ward total synthesis of terpenoids with different carbon skel-
etons by means of free-radical chemistry. This method has
proven to be useful for synthesizing C10, C15, C20, and C30 ter-
penoids, including monocyclic, bicyclic, and tricyclic natural
products. The key step of the process is the titanocene-cata-
lyzed cascade cyclization of epoxypolyenes, easily prepared
from commercially available polyprenoids. The cyclization
proceeds with high regio- and stereoselectivity and provides
yields which can generally be regarded as satisfactory.
Mechanistically the reaction is likely to occur via discrete
carbon-centered radicals, but the termination step of the
process seems to be subject to a type of water-dependent
control that is unusual in free-radical chemistry. In practice
the method has many advantages: it proceeds at room tem-
perature under mild conditions compatible with several
functional groups, uses inexpensive reagents, and the termi-
nation step can easily be controlled to give exocyclic al-
kenes. Moreover, as epoxypolyprenes can be enantioselec-
tively obtained by asymmetric catalysis, an enantioselective
version of our method seems plausible. We are currently
working on this task and the application of our procedure to
the synthesis of marine terpenoids containing seven-mem-
bered rings.


Experimental Section


General : For the reactions employing titanocene all solvents and addi-
tives were thoroughly deoxygenated prior to use. The numbering used in
the NMR assignments corresponds to the cyclofarnesane, drimane, lab-
dane, and isocopalane systems and not the IUPAC nomenclature. Epox-
ides 1,[16] 17,[8] 34,[30] and 38[31] were prepared according to known proce-
dures. The following known compounds were isolated as pure samples
and showed identical NMR spectra to the reported compounds: 11,[8]


14,[6c] 18,[35] 24,[18] 25,[36] 26,[23] 29,[26] 30,[24] 33,[27] and 36.[29] Other general
experimental details have been reported elsewhere.[8] ,[10a]


General procedure for the titanocene-catalyzed cyclization of epoxypoly-
prenes : Strictly deoxygenated THF (20 mL) was added to a mixture of
[Cp2TiCl2] (0.5 mmol) and Mn dust (20 mmol) under an Ar atmosphere
and the suspension was stirred at room temperature until it turned lime
green (after about 15 min). Then, a solution of epoxide (2.5 mmol) and
2,4,6-collidine (20 mmol) in THF (2 mL), and Me3SiCl (10 mmol) were


Scheme 7. Proposed mechanism for the titanocene-catalyzed cyclization
of 2,3-oxidosqualene.
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added and the solution was stirred for 8 h. The reaction was then
quenched with 2n HCl and extracted with tBuOMe. The organic layer
was washed with brine, dried (anhydrous Na2SO4), and the solvent re-
moved. The residue was dissolved in THF (20 mL) and stirred with
Bu4NF (10 mmol) for 2 h. The mixture was then diluted with tBuOMe,
washed with brine, dried (anhydrous Na2SO4), and the solvent removed.
Products obtained were isolated by column chromatography of the resi-
due on silica gel (hexane/tBuOMe) and characterized by spectroscopic
techniques. The main polycyclic compounds were isolated in the follow-
ing yields: 11 (40%), 18 (51%), 20 (61%), 28 (42%), 35 (31%), and 39±
40 (39%).


Synthesis of deuterium-labeled drimane 15 : A mixture of [Cp2TiCl2]
(703 mg, 2.85 mmol) and Mn dust (412 mg, 7.56 mmol) in THF (25 mL)
was stirred at room temperature until the red solution turned green. Sub-
sequently, the green solution was slowly added to a mixture of 1 (100 mg,
0.36 mmol) and D2O (128 mg, 7.14 mmol) in THF (20 mL), and was stir-
red at room temperature for 24 h. The reaction was then quenched with
5% aqueous NaH2PO4 and extracted with tBuOMe. The organic layer
was washed with brine, dried (anhydrous Na2SO4), and the solvent re-
moved. The residue was chromatographed (hexane/tBuOMe 7:3) afford-
ing 15 (36 mg, 36% yield). 1H and 13C NMR spectra of 15 matched those
of the isotopomer 14,[6c] except for the following significant signals: d =


0.92 (br s; H3±12), 28.97 ppm (small t, 1J(13C,D) = 20.1 Hz; C-8); MS
(70 eV, EI): m/z (%): 265 (3), 222 (10), 121 (100); HRMS (FAB): calcd
for C17H29DO3Na: (M+) 306.2155, found 306.2160. Minor amounts of a
C-8 epimer could also be detected. 1H and 13C NMR signals of this minor
isomer agreed closely with a related structure described elsewhere.[6c] ,[37]


Preparation of epoxide 19 : Powdered NBS (1.73 g, 9.75 mmol) was grad-
ually added to a solution of geranylacetone ethylene ketal[38] (1.50 g,
6.34 mmol) in a mixture of DME/water (100 mL, 3:2) at 0 8C. The reac-
tion was stirred for 30 min, diluted with tBuOMe, washed with water,
dried (anhydrous Na2SO4), and the solvent removed. The residue was dis-
solved in 0.5m methanolic K2CO3 (20 mL) and stirred for 10 min. The
methanolic solution was then diluted with tBuOMe, washed with water,
dried (anhydrous Na2SO4), and concentrated to dryness, giving a residue
which was submitted to flash chromatography (hexane/tBuOMe 4:1) to
give 19 (1.15 g, 71%) as a colorless oil. 1H NMR (400 MHz, CDCl3): d =


5.18 (t, J = 5.1 Hz, 1H), 3.94 (m, 4H), 2.71 (t, J = 6.3 Hz, 1H), 2.21±
2.04 (m, 5H), 1.63 (s, 3H), 1.73±1.55 (m, 3H), 1.33 (s, 3H), 1.30 (s, 3H),
1.26 ppm (s, 3H); 13C NMR (75 MHz, CDCl3, DEPT): d = 134.36 (C),
124.68 (CH), 109.94 (C), 64.71 (CH2), 64.21 (CH), 58.35 (C), 39.11 (CH2),
36.34 (CH2), 27.49 (CH2), 24.95 (CH3), 23.86 (CH3), 22.73 (CH2), 18.81
(CH3), 15.99 ppm (CH3); HRMS (FAB): calcd for C15H26O2Na [M+]
277.1779, found 277.1773.


Data for the cyclic alcohol 20 : Colorless oil; 1H NMR (300 MHz,
CDCl3): d = 4.85 (br s, 1H), 4.60 (br s, 1H), 3.91 (m, 4H), 3.39 (dd, J =


9.7, 4.3 Hz, 1H), 2.30 (dt, J = 13.0, 4.6 Hz, 1H), 2.20±0.75 (m, 8H), 1.30
(s, 3H), 1.03 (s, 3H), 0.69 ppm (s, 3H); 13C NMR (75 MHz, CDCl3,
DEPT): d = 147.26 (C), 110.40 (C), 108.66 (CH2), 77.35 (CH), 64.67
(CH2), 51.85 (CH), 40.76 (C), 38.23 (CH2), 33.14 (CH2), 32.30 (CH2),
25.98 (CH3), 23.92 (CH3), 19.80 (CH2), 15.47 ppm (CH3); MS: m/z (%):
254 (1) [M+], 239 (1) [M+�CH3], 221 (1) [M+�CH3�H2O, 159 (12), 87
(100). Minor signals (13:1 relationship) for an endocyclic regioisomer
could be observed in the 1H NMR spectrum (300 MHz, CDCl3): (only
distinctive signals) d = 5.26 (br s, 1H), 3.43 ppm (dd, J = 7.7, 5.6 Hz,
1H).


Obtention of ketone 21: A solution of 20 (160 mg, 0.69 mmol),
[CeCl3¥7H2O] (726 mg, 1.95 mmol), and NaI (57 mg, 0.38 mmol) in
MeCN (50 mL) was stirred at room temperature for 16 h. The mixture
was diluted with tBuOMe, washed with brine, dried (anhydrous Na2SO4),
and the solvent removed. Flash chromatography (hexane/tBuOMe 1:1) of
the residue afforded 21 (125 mg, 95%) as a white solid. M.p. 38±40 8C;
1H NMR (400 MHz, CDCl3): d = 4.84 (br s, 1H), 4.50 (br s, 1H), 3.38
(dd, J = 8.9, 4.1 Hz, 1H), 2.51 (ddd, J = 14.3, 9.1, 5.0 Hz, 1H), 2.35±2.23
(m, 2H), 2.08 (s, 3H), 2.00±1.40 (m, 6H), 1.01 (s, 3H), 0.74 ppm (s, 3H);
13C NMR (75 MHz, CDCl3, DEPT): d = 209.27 (C), 147.23 (C), 108.78
(CH2), 76.94 (CH), 51.38 (CH), 42.95 (CH2), 40.55 (C), 32.24 (CH2),
32.05 (CH2), 30.05 (CH3), 26.11 (CH3), 19.69 (CH2), 16.25 ppm (CH3);
HRMS (FAB): calcd for C13H22O2Na 233.1517, found 233.1519.


Synthesis of monocyclic diol 22 : Vinylmagnesium bromide (1m in THF,
0.22 mL, 0.22 mmol) was added to a solution of 21 (14 mg, 0.07 mmol) in
THF (3 mL) at 0 8C. The reaction was stirred for 2 h and then quenched
with ice-water, extracted with tBuOMe, dried (anhydrous Na2SO4), and
the solvent removed. Flash chromatography (hexane/tBuOMe 3:2) of the
residue gave a mixture of the 9R* and 9S* epimeric alcohols 22 (14 mg,
90%) in a 3:2 ratio. 1H NMR (300 MHz, CDCl3): d = 5.90 (dd, J =


17.3, 10.7 Hz, 1H; 9R* isomer), 5.89 (dd, J = 17.3, 10.7 Hz, 1H; 9S*
isomer), 5.20 (d, J = 17.3 Hz, 1H), 5.05 (d, J = 10.7 Hz, 1H; 9S*
isomer), 5.04 (d, J = 10.7 Hz, 1H; 9R* isomer), 4.85 (s, 1H), 4.58 (s, 1H;
9R* isomer), 4.55 (s, 1H; 9S* isomer), 3.39 (dd, J = 9.7, 4.3 Hz, 1H),
2.30 (dt, J = 12.9, 5.0 Hz, 1H), 2.00±0.80 (m, 8H), 1.26 (s, 3H), 1.03 (s,
3H; 9S* isomer), 1.02 (s, 3H; 9R* isomer), 0.71 ppm (s, 3H); 13C NMR
(75 MHz, CDCl3, DEPT): d = 147.40 (C), 147.34 (C), 145.36 (CH),
145.19 (CH), 111.79 (CH2), 111.69 (CH2), 108.73 (CH2), 108.64 (CH2),
77.32, (CH), 73.63 (C), 73.51 (C), 52.26 (CH), 52.15 (CH), 41.62 (CH2),
41.56 (CH2), 40.83 (C), 34.52 (CH2), 32.94 (CH2), 28.16 (CH3), 27.78
(CH3), 26.49 (CH3), 19.76 (CH2), 15.76 ppm (CH3), (some signals were
not observed); HRMS (FAB): calcd for C15H26O2Na 261.1830, found
261.1835.


Preparation of acetate 23 : A mixture of 22 (35 mg, 0.15 mmol), Ac2O
(17 mg, 0.16 mmol), and DMAP (20 mg, 0.16 mmol) in CH2Cl2 (5 mL)
was stirred at room temperature for 1 h. The mixture was then diluted
with tBuOMe and washed with 2n HCl, saturated NaHCO3, and brine.
The organic layer was dried (anhydrous Na2SO4) and the solvent re-
moved. Flash chromatography (hexane/tBuOMe 4:1) of the residue gave
a mixture of the 9R* and 9S* epimeric acetates 23 (33 mg, 80%) in a 3:2
ratio. 1H NMR (300 MHz, CDCl3): d = 5.90 (dd, J = 17.3, 10.7 Hz, 1H;
9R* isomer), 5.89 (dd, J = 17.3, 10.7 Hz, 1H; 9S* isomer), 5.19 (d, J =


17.3 Hz, 1H), 5.01 (d, J = 10.7 Hz, 1H), 4.85 (s, 1H), 4.64 (dd, J = 9.5,
4.1 Hz, 1H), 4.60 (s, 1H; 9R* isomer), 4.57 (s, 1H; 9S* isomer), 2.30±0.80
(m, 9H), 2.02 (s, 3H), 1.25 (s, 3H), 0.91 (s, 3H), 0.76 ppm (s, 3H); 13C
NMR (75 MHz, CDCl3, DEPT): d = 170.68 (C), 146.86 (C), 145.38
(CH), 145.34 (CH), 111.65 (CH2), 111.61 (CH2), 109.54 (CH2), 109.52
(CH2), 78.60 (CH), 78.51 (CH), 73.51 (C), 73.39 (C), 53.46 (CH2), 52.63
(CH), 41.40 (CH2), 41.32 (CH2), 39.44 (C), 28.66 (CH2), 28.31 (CH3),
27.88 (CH3), 26.30 (CH3), 26.22 (CH3), 21.31 (CH3), 19.98 (CH2),
17.97 ppm (CH3), (some signals were not observed); MS (70 eV, EI): m/z
(%): 262 (1), 205 (28), 96 (100); HRMS (EI): calcd for C17H28O3Na
303.1936, found 303.1929.


Synthesis of monocyclic sesquiterpene 24 : SeO2 (4 mg, 0.012 mmol) and
tbutyl hydroperoxide (70 wt% in water, 0.056 mL, 0.35 mmol) were
added to a solution of 23 (33 mg, 0.12 mmol) in CH2Cl2 (2 mL) and the
mixture was stirred at room temperature for 48 h. It was then diluted
with tBuOMe and washed with 10% KOH and brine. The organic layer
was dried (anhydrous Na2SO4) and the solvent removed. Flash chroma-
tography (hexane/tBuOMe 3:2) of the residue gave a mixture of the 9R*
and 9S* epimeric sesquiterpenes 24 (19 mg, 55%) in a 3:2 ratio.


Synthesis of isodrimenediol 26 : A sample of acetate 11 (440 mg,
1.60 mmol) was dissolved in 0.5m methanolic K2CO3 (50 mL) and stirred
at room temperature for 15 h. Then tBuOMe was added and the mixture
was washed with aqueous 2n HCl and brine, dried (anhydrous Na2SO4),
and the solvent removed. Flash chromatography (hexane/tBuOMe 1:1) of
the residue gave 26 (374 mg, quantitative yield).


Preparation of epoxide 27: Powdered NBS (324 g, 1.82 mmol) was gradu-
ally added to a solution of farnesylacetone ethylene ketal[39] (500 mg,
1.65 mmol) in a mixture of DME/water (100 mL, 3:2) at 0 8C. The reac-
tion was stirred for 30 min, diluted with tBuOMe, washed with water,
dried (anhydrous Na2SO4), and the solvent removed. The residue was dis-
solved in 0.5m methanolic K2CO3 (20 mL) and stirred for 40 min. The
methanolic solution was then diluted with tBuOMe, washed with water,
dried (anhydrous Na2SO4), and concentrated to dryness. The residue was
submitted to flash chromatography (hexane/tBuOMe 4:1) affording col-
orless oil 27 as a mixture of four stereoisomers (220 mg, 42%). 1H NMR
(300 MHz, CDCl3): d = 5.20±5.00 (m, 2H), 3.90±3.80 (m, 4H), 2.70±2.60
(m, 1H), 1.62 (s, 3H), 1.57 (s, 3H), 1.26 (s, 3H), 1.21 (s, 3H), 1.20 ppm (s,
3H); 13C NMR (75 MHz, CDCl3, DEPT): d = 135.80 (C), 135.01 (C),
134.67 (C), 134.92 (C), 125.71 (CH), 125.04 (CH), 124.90 (CH), 124.81
(CH), 124.20 (CH), 124.12 (CH), 109.93 (C), 64.65 (CH2), 64.16 (CH),
64.08 (CH), 58.64 (C), 39.86 (CH2), 39.60 (CH2), 39.42 (CH2), 39.14
(CH2), 36.34 (CH2), 32.02 (CH2), 31.81 (CH2), 28.56 (CH2), 28.52 (CH2),
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27.51 (CH2), 27.49 (CH2), 26.60 (CH2), 26.53 (CH2), 26.49 (CH2), 26.30
(CH2), 24.90 (CH3), 23.83 (CH3), 23.40 (CH3), 22.68 (CH2), 22.59 (CH2),
18.77 (CH3), 18.74 (CH3), 15.97 ppm (CH3); HRMS (FAB): calcd for
C20H34ONa 345.2405, found 345.2408.


Data for cyclic alcohol 28 : White solid; m.p. 95±100 8C; 1H NMR
(300 MHz, CDCl3): d = 4.81 (br s, 1H), 4.55 (br s, 1H), 3.95±3.85 (m,
4H), 3.22 (dd, J = 11.5, 4.1 Hz, 1H), 2.37 (ddd, J = 12.7, 4.0, 2.5 Hz,
1H), 2.05±0.80 (m, 13H), 1.28 (s, 3H), 0.96 (s, 3H), 0.75 (s, 3H),
0.66 ppm (s, 3H); 13C NMR (75 MHz, CDCl3; DEPT): d = 148.01 (C),
110.45 (C), 106.95 (CH2), 78.94 (CH), 64.71 (CH2), 64.69 (CH2), 56.71
(CH), 54.72 (CH), 39.50 (C), 39.21 (C), 38.23 (CH2), 37.99 (CH2), 37.18
(CH2), 28.39 (CH3), 28.02 (CH2), 24.06 (CH2), 23.88 (CH3), 18.04 (CH2),
15.49 (CH3), 14.47 ppm (CH3); MS (70 eV, EI): m/z (%): 322 (1) [M]+ ,
289 (1), 260 (8), 135 (15); HRMS (FAB): calcd for C20H34O3N: 345.2405,
found 345.2399.


Preparation of bicyclic ketone 29 : A solution of 28 (66 mg, 0.20 mmol),
[CeCl3¥7H2O] (273 mg, 0.73 mmol), and NaI (22 mg, 0.14 mmol) in
MeCN (10 mL) was stirred at room temperature for 16 h. The mixture
was diluted with tBuOMe, washed with brine, dried (anhydrous Na2SO4),
and the solvent removed. Flash chromatography (hexane/tBuOMe 7:3) of
the residue afforded 29 (49 mg, 85%).


Synthesis of 3b-hydroxymanool (30): Vinylmagnesium bromide (1m in
THF, 0.5 mL, 0.5 mmol) was added to a solution of 29 (22 mg,
0.08 mmol) in THF (5 mL) at 0 8C and stirred for 30 min. The reaction
was quenched with ice water, extracted with tBuOMe, dried (anhydrous
Na2SO4), and the solvent removed. Flash chromatography (hexane/
tBuOMe 1:1) of the residue gave epimeric alcohols 30[24] (9.5 mg, 39%)
and 31 (5.5 mg, 23%). Data for 31: vitreous solid; 1H NMR (300 MHz,
CDCl3): d = 5.89 (dd, J = 17.3, 10.7 Hz, 1H), 5.20 (d, J = 17.3, 1H),
5.05 (d, J = 10.7 Hz, 1H), 4.81 (br s, 1H), 4.48 (br s, 1H), 3.23 (dd, J =


11.6, 4.6 Hz, 1H), 2.38 (ddd, J = 12.8, 6.7, 2.6 Hz, 1H) 2.00±0.80 (m,
13H), 1.26 (s, 3H), 0.98 (s, 3H), 0.76 (s, 3H), 0.67 ppm (s, 3H); 13C NMR
(75 MHz, CDCl3, DEPT): d = 148.21 (C), 145.19 (CH), 111.78 (CH2),
106.86 (CH2), 78.98 (CH), 73.71 (C), 57.05 (CH), 54.77 (CH), 41.36
(CH2), 38.67 (C), 38.33 (C), 38.28 (CH2), 37.18 (CH2), 28.39 (CH3), 28.21
(CH2), 28.04 (CH3), 24.10 (CH2), 17.92 (CH2), 15.47 (CH3), 14.55 ppm
(CH3); MS (70 eV, EI): m/z (%): 273 (6), 255 (8), 135 (100); HRMS (EI):
calcd for C20H34O2 306.2558, found 306.2563.


Synthesis of dinor-labdane alcohols 32 and 33 : A sample of NaBH4


(50 mg, 1.31 mmol) was added to a solution of 29 (12 mg, 0.04 mmol) in
EtOH (5 mL), and was stirred at 0 8C for 1 h. The mixture was then dilut-
ed with tBuOMe, washed with brine, dried (anhydrous Na2SO4), and the
solvent removed. Flash chromatography (hexane/tBuOMe 3:7) of the res-
idue gave epimeric alcohols 32 (5.5 mg, 45%) and 33[27] (4.5 mg, 37%).
Data for 32 : white solid; m.p. 130±135 8C; 1H NMR (300 MHz, CDCl3): d
= 4.83 (br s, 1H), 4.54 (br s, 1H), 3.76 (m, 1H), 3.24 (dd, J = 11.6,
4.5 Hz, 1H), 2.39 (ddd, J = 12.8, 4.2, 2.5 Hz, 1H), 1.95 (dt, J = 12.5,
5.0 Hz, 1H), 1.85±0.80 (m, 12H), 1.16 (d, J = 6.1 Hz, 3H), 0.98 (s, 3H),
0.76 (s, 3H), 0.68 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): in Table 1;
MS (70 eV, EI): m/z (%): 262 (1), 247 (1), 207 (4), 135 (100); HRMS
(EI): calcd for[C18H32O2 280.2402, found 280.2397.


Data for tricyclic isocopalane 35 : White solid; m.p. 132±135 8C; 1H NMR
(300 MHz, CDCl3): d = 4.84 (br s, 1H), 4.51 (br s, 1H), 4.34 (dd, J =


11.0, 3.6 Hz, 1H), 4.17 (dd, J = 11.0, 9.4 Hz, 1H), 3.21 (dd, J = 11.4,
4.8 Hz, 1H), 2.39 (brd, J = 12.7 Hz, 1H), 2.10±1.90 (m, 1H), 2.01 (s,
3H), 1.87±1.80 (m, 1H), 1.75±1.25 (m, 12H), 0.98 (s, 3H), 0.81 (s, 3H),
0.76 (s, 3H), 0.74 ppm (s, 3H); 13C NMR (75 MHz, CDCl3, DEPT): d =


171.52, (C), 146.55 (C), 107.13 (CH2), 78.84 (CH), 61.52 (CH2), 59.64
(CH), 55.27 (CH), 55.02 (CH), 40.68 (CH2), 39.14 (C), 38.89 (C), 38.56
(CH2), 37.57 (C), 37.45 (CH2), 28.05 (CH3), 27.33 (CH2), 22.49 (CH2),
21.20 (CH3), 18.70 (CH2), 16.37 (CH3), 16.06 (CH3), 15.37 (CH3); MS
(70 eV, EI): m/z (%): 288 (1), 207 (17), 189 (14), 93 ppm (100); HRMS
(FAB): calcd for C22H36O3Na 371.2562, found 371.2561.


Synthesis of saturated isocopalane 36 : A mixture of 35 (11 mg,
0.03 mmol) and 5% Pd/C (5 mg) in MeOH (5 mL) was stirred under H2


(1 atm) for 6 h. The mixture was filtered and the solvent removed from
the filtrate, giving 36 (8 mg, 73%) as a 3:2 mixture of epimers at C-13.


Titanocene-catalyzed cyclization of 2,3-oxidosqualene 38 : Strictly deoxy-
genated THF (20 mL) was added to a mixture of [Cp2TiCl2] (58 mg,
0.23 mmol) and Mn dust (512 mg, 9.30 mmol) under an argon atmos-


phere, and the suspension was stirred at room temperature until it turned
lime green (about 15 min). A solution of 2,3-oxidosqualene 38 (500 mg,
1.17 mmol) and 2,4,6-collidine (1.0 mL, 8.19 mmol) in THF (2 mL) and
Me3SiCl (0.60 mL, 4.68 mmol) were then added and the solution was stir-
red for 4 h. The reaction was then quenched with 2n HCl and extracted
with tBuOMe. The organic layer was washed with brine, dried (anhy-
drous Na2SO4), and the solvent removed. The residue was dissolved in
THF (20 mL) and stirred with Bu4NF (1.1 g, 3.51 mmol) for 2 h. The mix-
ture was then diluted with tBuOMe, washed with brine, dried (anhydrous
Na2SO4), and the solvent removed. Column chromatography of the resi-
due on 20% AgNO3/silica gel (hexane/tBuOMe 9:1) afforded malabari-
canes 39 (75 mg, 15%) and 40 (120 mg, 24%), as well as allylic alcohol
41 (trace) and achilleol A (25) (trace).


Data for 39 : 1H NMR (300 MHz, CDCl3): d = 5.10 (t, J = 6.0 Hz, 1H),
5.08 (t, J = 6.0 Hz, 1H), 4.87 (br s, 1H), 4.58 (br s, 1H), 3.20 (dd, J =


12.0, 5.8 Hz, 1H), 2.10±1.95 (m, 9H), 1.67 (s, 3H), 1.59 (s, 6H), 0.96 (s,
3H), 0.94 (s, 3H), 0.84 (s, 3H), 0.77 ppm (s, 3H); 13C NMR: (75 MHz,
CDCl3): d = 154.5 (C), 135.2 (C), 131.3 (C), 124.5 (CH), 124.3 (CH),
108.9 (CH2), 79.3 (CH), 56.4 (CH), 55.8 (CH), 55.5 (CH), 45.3 (C), 40.3
(C), 39.8 (CH2), 39.3 (CH2), 38.8 (CH2), 37.2 (C), 36.6 (CH2), 28.1 (CH3),
27.7 (CH2), 27.4 (CH2), 26.9 (CH2), 26.8 (CH2), 25.7 (CH3), 24.8(CH3),
20.8 (CH2), 19.1 (CH2), 17.7 (CH3), 16.1 (CH3), 15.7 (CH3), 15.4 ppm
(CH3); MS (70 eV, EI): m/z (%): 426 (3), 411 (1), 247 (10), 207 (30), 189
(20), 135 (25), 69 (100).


Data for 40 : 1H NMR (300 MHz, CDCl3): d = 5.11 (t, J = 6 Hz, 1H),
5.10 (t, J = 6.0 Hz, 1H), 4.89 (br s, 1H), 4.73 (br s, 1H), 3.20 (t, J =


7.8 Hz, 1H), 2.20±1.95 (m, 9H), 1.67 (s, 3H), 1.59 (s, 6H), 0.97 (s, 3H),
0.84 (s, 3H), 0. 78 (s, 3H), 0.65 ppm (s, 3H); 13C NMR (75 MHz, CDCl3):
d = 149.3 (C), 135.0 (C), 131.3 (C), 124.5 (CH), 124.3 (CH), 110.1(CH2),
79.3 (CH), 63.2 (CH), 57.1 (CH), 56.3 (CH), 43.6 (C), 41.0 (C), 39.8
(CH2), 38.8 (C), 38.4 (CH2), 37.6 (CH2), 36.9 (C), 28.2 (CH3), 27.3 (CH2),
27.1 (CH2), 26.8 (CH2), 25.7 (CH3), 25.4 (CH2), 19.6 (CH2), 19.3 (CH2),
17.7 (CH3), 16.1 (CH3), 15.5 (CH3), 15.3 (CH3), 15.1 ppm (CH3); MS
(70 eV, EI): m/z (%): 426 (3), 411 (1), 247 (10), 207 (30), 189 (20), 135
(25), 69 (100); HRMS (EI): calcd for C30H50ONa 449.3760, found
449.3759.


Computational methods : Calculations were made with the GAUSSIAN
98 series of programs.[40] The geometries of all intermediates were opti-
mized at the DFT level employing the B3LYP hybrid functional,[41] using
the standard 6±31G(d) basis set for C, H, and O. Harmonic frequencies
were calculated at the same level of theory to characterize the stationary
points and to determine the zero-point energies (ZPE). More accurate
energies were determined by single-point calculations at the same level
using the 6±311+G(d,p) basis set. Final energies include ZPE correction.
The bonding characteristics of the local minima were analyzed by means
of the Natural Bond Orbital (NBO) analysis of Weinhold et al.[42]
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Introduction


Strong p-donor hydroxo, alkoxo, or amido ligands are often
found in transition-metal complexes of intermediate or high
oxidation states.[1] The pp!dp donation from OH, OR, or
NR2 ligands can alleviate the electron deficiency of metal
centers, and thus, stabilize unsaturated species such as inter-
mediates along dissociative pathways.[2] At the opposite ex-
treme of ligand-bonding properties, carbon monoxide, which
is ubiquitous in organometallic chemistry, requires strong
dp!pp backbonding, and therefore, electron-rich metal
centers. In spite of these disparate properties, the early
belief that complexes which combine ™soft∫ low-valent
metal centers (such as classical carbonyl fragments) with
™hard∫ OH, OR, or NR2 groups would be unstable due to
™soft±hard∫ mismatch has been disproved by thermochemi-
cal studies.[3] Actually, the electron density released from
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Abstract: The hydroxo compounds
[Re(OH)(CO)3(N�N)] (N�N=bipy,
2a ; Me2�bipy, 2b) were prepared in a
biphasic H2O/CH2Cl2 medium by reac-
tion of [Re(OTf)(CO)3(N�N)] with
KOH. In contrast, when anhydrous
CH2Cl2 was used, the binuclear hy-
droxo-bridged compound [{Re(CO)3-
(bipy)}2(m-OH)]OTf (3-OTf) was ob-
tained. Compound [Re(OH)(CO)3-
(Me2�bipy)] (2b) reacted with phenyl
acetate or vinyl acetate to afford [Re-
(OAc)(CO)3(Me2�bipy)] (4) and
phenol or acetaldehyde, respectively.
The reactions of [Mo(OH)(h3-
C3H4�Me-2)(CO)2(phen)] (1), 2a, and
2b toward several unsaturated organic
electrophiles were studied. The reac-
tion of 1 with (p-tolyl)isocyanate af-
forded an adduct of N,N’-di(p-tolyl)-


urea and the carbonato-bridged com-
pound [{Mo(h3-C3H4�Me-2)(CO)2-
(phen)}2(m-h


1(O),h1(O)-CO3)] (5). In
contrast, the reaction of 2a with phen-
ylisocyanate afforded [Re(OC(O)-
NHPh)(CO)3(bipy)] (6); this results
from formal PhNCO insertion into the
O�H bond. On the other hand, com-
pounds [Mo[SC(O)NH(p-tolyl)](h3-
C3H4�Me-2)(CO)2(phen)] (7), [Re-
[SC(O)NH(p-tolyl)](CO)3(Me2�bipy)]
(8a), and [Re[SC(O)NHEt](CO)3-
(Me2�bipy)] (8b) were obtained by re-
action of 1 or 2b with the correspond-
ing alkyl or aryl isothiocyanates. In


those cases, RNCS was inserted into
the M�O bond. The reactions of 1, 2a,
and 2b with dimethylacetylenedicar-
boxylate (DMAD) gave the complexes
[Mo[C(OH)�C(CO2Me)C(CO2Me)�O]-
(h3-C3H4�Me-2)(CO)(phen)] (9) and
[Re[C(OH)C(CO2Me)C(CO2Me)O]-
(CO)2(N�N)] (N�N=bipy, 10a ;
Me2�bipy, 10b). The molecules of
these compounds contain five-mem-
bered metallacycles that are the result
of coupling between the hydroxo
ligand, DMAD, and one of the CO li-
gands. The new compounds were char-
acterized by a combination of IR and
NMR spectroscopy, and for [{Re-
(CO)3(bipy)}2(m-OH)]BF4 (3-BF4), 4, 5,
6, 7, 8b, 9, and 10b, also by means of
single-crystal X-ray diffraction.


Keywords: carbonyl complexes ¥
hydroxo complexes ¥ insertion ¥ mo-
lybdenum ¥ rhenium
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the p-donor ligand can be transferred to the p-acceptor
ligand through metal d orbitals (push±pull mechanism).[4]


Therefore, the coexistence of both types of ligands on the
same metal center can result in a net stabilization.
Organometallic compounds with terminal hydroxo ligands


attract much interest because of their proposed participation
in catalytic cycles[5] and their rich OH-centered reactivity,[6]


which is dominated by the nucleophilic character of the hy-
droxo ligand. However, isolable examples are rare, a fact
that is attributed to synthetic difficulties.[6] In truth, many
hydroxo compounds have been adventitiously obtained when
traces of water have been present in the reaction media.[7]


On the other hand, hydroxo compounds show a strong ten-
dency to form bi- or polynuclear species[7] in which the nucle-
ophilicity of the OH group is decreased because it is bound
to several metal atoms. This aggregation takes place when a
lone electron pair of an OH group is donated into an empty
coordination site of a second molecule. This can be avoided
by using saturated complexes. Unfortunately, in some in-
stances, the very p-donor character of the ligand may induce
the creation of a coordination vacancy, as is the case in the
cis-labilization of octahedral d6 carbonyl complexes.[8] The
presence of ligands with high steric bulk can be used to pre-
vent the formation of OH-bridged species, but it can also
obstruct the access of reagents to the OH functionality.
Studies on the reactivity of organometallic hydroxo com-


plexes are scarce.[5b,9] Bergman and Woerpel reported the
first reaction of an acetylene with a well characterized hy-
droxo complex; namely, the insertion of dimethylacetylene-
dicarboxylate (DMAD) into the Ir�O bond of the saturated
complex [Ir(h5-C5Me5)(OH)Ph(PMe3)].


[10] Esteruelas et al.
found that the unsaturated compound [OsH(OH)(PiPr3)2-
(CO)] reacted with DMAD and other electrophiles to
afford the products of formal insertion into the O�H
bond.[9c] These reactivity patterns are similar to those recent-
ly reported for alkoxo or amido complexes of low-valent
fragments of the Group 8±10 transition metals.[1h,6, 7,11] The
chemistry of hydroxo complexes of middle (Groups 6 and 7)
transition-metal fragments remains virtually unexplored.
We have recently found that the saturated (18-electron)


alkoxo complexes [Mo(OR)(h3-allyl)(CO)2(N�N)] and [Re-
(OR)(CO)3(N�N)] (N�N=2,2’-bipyridine (bipy) or 1,10-
phenanthroline) are easily prepared and undergo the inser-
tion of several unsaturated organic electrophiles into the
M�O bond.[12] The [Mo(h3-allyl)(CO)2(N�N)] and [Re-
(CO)3(N�N)] fragments in these complexes are reluctant to
undergo ligand dissociation processes, a feature that makes
them suitable for use in studies into the reactivity of the re-
maining position. The saturated character and robustness of
these fragments would also help to prevent aggregation.
Moreover, the electronic (strongly electron-releasing) and
steric (planarity and lack of bulky substituents) characteris-
tics of the N�N chelates should contribute to a high reactivi-
ty, whereas the presence of the strong p-acceptor CO li-
gands makes the complexes thermally stable. These ideas, as
well as the paucity of previous studies in this area prompted
us to explore the reactivity of the hydroxo complexes
[Mo(OH)(h3-allyl)(CO)2(phen)] and [Re(OH)(CO)3(N�N)],
the results of which we now wish to report.[13]


Results and Discussion


Synthesis of the hydroxo compounds : We recently found
that the hydroxo complex [Mo(OH)(h3-C3H4�Me-
2)(CO)2(phen)] (1) can be conveniently prepared by reac-
tion of [MoCl(h3-allyl)(CO)2(phen)] with KOH in a biphasic
CH2Cl2/H2O system.[14] The same conditions allowed the
preparation of [Re(OH)(CO)3(N�N)] (N�N=bipy, 2a ; 4,4’-
dimethyl-2,2’-bipyridine, Me2�bipy, 2b) complexes from tri-
flato precursors.[15, 16] In contrast, the binuclear hydroxo-
bridged compound [{Re(CO)3(bipy)}2(m-OH)]OTf (3-OTf)
was obtained (Scheme 1) after 12 h when anhydrous CH2Cl2


was used.[17] Each kind of complex (mono- or bimetallic) is
obtained as a single product. Therefore, the presence or ab-
sence of water in the reaction medium provides a clear-cut
synthetic method towards each complex, and alleviates the
need for any separation steps.[18]


The mononuclear complexes 2a and 2b display IR and
1H NMR spectra that are comparable to those reported by
Gibson et al.[16] In the solid state, the presence of the OH
group in 3-OTf gives rise to a weak, but sharp IR band at
3645 cm�1. In solution, the presence of the OH ligand is in-
dicated by a broad, one-hydrogen signal at d=�1.62 ppm in
the 1H NMR spectrum. Since our attempts to grow single
crystals of 3-OTf suitable for X-ray diffraction were unsuc-
cessful, we prepared the analogous tetrafluoroborate deriva-
tive by reaction of 2a with a hemimolar amount of tetra-
fluoroboric acid in CH2Cl2 (Scheme 2).


[19] Crystals of 3-BF4,
which were obtained by slow diffusion of hexane into a satu-
rated solution of the hydroxo compound in CH2Cl2, were
employed for a structure determination by means of X-ray
diffraction. A thermal ellipsoid (30% probability) plot of
the cation is displayed in Figure 1.[20]


The cation consists of two [Re(CO)3(bipy)] fragments
linked by a single hydroxo bridge. The two [Re(CO)3(bipy)]
fragments are staggered in the solid-state structure, and
therefore, are inequivalent. However, the NMR data for


Scheme 1. The mononuclear hydroxo complexes 2a and 2b were ob-
tained in the presence of water, whereas the binuclear complex 3-OTf
was formed in anhydrous CH2Cl2.
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compound 3-BF4 in solution (see Experimental Section) in-
dicates the presence of two apparent mirror planes that
make the two metal fragments and the two halves of each
bipy ligand equivalent. This is consistent with free rotation
around the Re�O bonds. Such a process is expected to have
a low kinetic barrier since pp!dp donation is not possible
for these 18-electron fragments, and steric hindrance for
such rotation is not an issue. Failure of 3-OTf or 3-BF4 to
react with Lewis bases or unsaturated organic electrophiles
that undergo reactions with mononuclear hydroxo com-
plexes (see below), indicates that Re�O rapid-bond cleav-
age and subsequent reformation is not an alternative dy-
namic process which would also explain the aforementioned
equivalence observed in the NMR spectra.
Hydroxo ligands can act as bridges between two or more


metal centers. Indeed, most structurally characterized hy-
droxo complexes are polynuclear species.[7] However, binu-
clear complexes with a single OH ligand as the only bridge
are quite rare. An example is the cationic complex [{Mo(m3-
methallyl)(CO)2(phen)}2(m-OH)]


+ .[14] Most hydroxo-bridged
complexes possess either several OH bridges or additional
bridging groups.[21±23] The Re-O-Re angle in 3-BF4
(140.5(7)8) is similar to that found in the above-mentioned
molybdenum complex (145.3(4)8). As expected, these values
are considerably higher than those found in complexes that
have several bridges.[24]


The binuclear cation present in 3-BF4 can be considered
as an adduct between the Lewis acidic 16-electron fragment
[Re(CO)3(bipy)]


+ and the Lewis basic (through a lone OH
electron pair) [Re(OH)(CO)3(bipy)] (2a ; Figure 2).


We have recently isolated several adducts that contain the
[Re(CO)3(bipy)]


+ fragment and weakly Lewis basic mole-
cules such as ketones, ethers, methanol, and the like.[25]


Unlike these complexes, 3 is not labile. For instance, it is un-
reactive towards PMe3 or pyridine. This is the case because
the hydroxo-bridged complex 3 is stabilized with regard to
the aforementioned labile species by delocalization of the
Re�O bonds (i.e. it can be described by two equivalent reso-
nance forms, one of which is represented in Figure 2).
One of the earliest reports of a transition-metal complex


that contains single hydroxo bridges is that of
[{Fe(OEP)}2(m-OH)]


+ (OEP=octaethylporphyrinate). It is
proposed that the m-OH group is stabilized because it is lo-
cated in a hydrophobic environment between the two OEP
planes.[26] A similar disposition of the OH bridge between
the two eclipsed phenanthroline planes was found in
[{Mo(h3-methallyl)(CO)2(phen)}2(m-OH)]


+ ,[14] but in 3-BF4,
which has staggered bipy ligands, this feature is absent. The
presence of an additional ring in the phenanthroline exam-
ple could lead to a greater p-stacking stabilization, and may
account for this difference.


Reactivity of the hydroxo complexes [Mo(OH)(h3-
C3H4�Me-2)(CO)2(phen)] and [Re(OH)(CO)3(N�N)]


Reaction of 2b with acetates : We sought to estimate the rel-
ative reactivity of [Mo(OH)(h3-C3H4�Me-2)(CO)2(phen)]
(1) and [Re(OH)(CO)3(N�N)] (2a and 2b), in comparison
to previously known monometallic saturated hydroxo com-
pounds, towards electrophiles. Bergman et al. reported that
[Ir(h5-C5Me5)(OH)Ph(PMe3)] reacts with phenyl acetate to
give a mixture of the phenoxide and acetate complexes after
36 h at 60 8C.[6] 1H NMR monitoring showed that the reac-
tion of [Re(OH)(CO)3(Me2�bipy)] (2b) with PhOAc in
CD2Cl2 afforded [Re(OAc)(CO)3(Me2�bipy)] (4) (see Sche-
me 3a) and phenol as the only products, and was complete
in 20 h at room temperature. The analogous reaction with 1
was complete within 8 h; this indicates that the molybdenum
complex has a higher reactivity. In a separate experiment,
the reaction was conducted in CH2Cl2 on a preparative
scale. Compound 4 was isolated in high yield, and was char-
acterized by IR and NMR spectroscopy (see Experimental


Scheme 2. Protonation of the hydroxo complex 2a with a hemimolar
amount of tetrafluoroboric acid afforded the binuclear hydroxo complex
3-BF4.


Figure 1. Thermal ellipsoid (30%) plot of the cation of 3.


Figure 2.
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Section), as well as by X-ray diffraction (Figure 3). Complex
2b also reacted with vinyl acetate to afford 4 and acetalde-
hyde (the stable tautomer of the expected vinyl alcohol)


(Scheme 3b). These results encouraged us to study the reac-
tivity of the molybdenum and rhenium hydroxo complexes
1, 2a, and 2b with different organic electrophiles.


Reactions with arylisocyanates :[27] As indicated by the shift
to higher wavenumber values of the two similarly intense
nCO IR bands, which is diagnostic of the persistence of a cis-
Mo(CO)2 unit, complex [Mo(OH)(h3-C3H4�Me-
2)(CO)2(phen)] (1) reacted instantly with a stoichiometric
amount of (p-tolyl)NCO. The presence of several sets of
phen signals in the 1H NMR spectrum of the crude solid,
which was obtained by evaporation of the solvent, indicated
the presence of several products. The major compound was
isolated by two successive crystallizations and was found to
consist of an adduct of N,N’-di(p-tolyl)urea and the carbona-
to-bridged complex [{Mo(h3-C3H4�Me-2)(CO)2(phen)}2(m-
h1,h1-CO3)] (5) (see Scheme 4). An IR band at 1516 cm�1


was assigned to the stretching mode of the carbonato
bridge.[28]


The solid-state structure of 5¥N,N’-di(p-tolyl)urea was de-
termined by X-ray diffraction, and the results are displayed
in Figure 4.[20]


The 1H NMR spectrum of 5 exhibits only four phen sig-
nals and three methallyl signals. This indicates the existence
of an apparent mirror plane that makes the two [Mo(h3-
C3H4�Me-2)(CO)2(phen)] fragments and the two halves of
each of these fragments equivalent. This symmetry is further
supported by the 13C NMR data. In view of the structure of
5 in the solid state (Figure 4), even if these mirror planes
were absent, the apparent symmetry observed in the spectra
could be attributed to free rotation around the Mo�O
bonds. The Mo�O distances (2.126(3) and 2.157(3) ä) are
consistent with single bonds;[29] this indicates that both mo-
lybdenum atoms have 18-electron configurations. In struc-
ture 5, the [Mo(h3-C3H4�Me-2)(CO)2(phen)] fragments are
unremarkable. The carbonato bridge is planar at carbon
(sum of angles about C(10)=3608) and the C=O (terminal)
distance (1.214(5) ä) is shorter than the two C�O (bridge)
values (1.314(5) and 1.329(5) ä). The molecule of N,N’-di(p-
tolyl)urea is oriented so that the nitrogen-bonded hydrogens
point toward the open face of the bridging OCO group. The
angle between the NCN (urea) and OCO (carbonato)
planes is 758. One would expect that a coplanar geometry
would provide the best N�H¥¥¥O bonding interactions. How-
ever, the actual arrangement combines the N�H¥¥¥O hydro-
gen bond (the shortest distances are N(71)�O(20)=3.098(5)
and N(72)�O(10)=2.939(5) ä) with aryl±aryl p stacking be-
tween p-tolyl and the phen rings (see Figure 3b in the Sup-
porting Information).
Several carbonato-bridged binuclear transition-metal


complexes are known, and most of them featuress
h1(O),h1(O) bridges like that present in 5.[30] In some instan-
ces, these species arise from reactions of hydroxo complexes
with CO2.


[9d,30b,31] Initially, a hydrogenocarbonato (bicarbo-
nato) complex is formed. Subsequent condensation between


Scheme 3. Reaction of 2b with acetates.


Figure 3. Thermal ellipsoid (30%) plot of complex 4.


Scheme 4. Reaction of 1 with p-tolNCO afforded an adduct of the car-
bonate-bridged complex 5 and N,N’-di(p-tolyl)urea.


Figure 4. Thermal ellipsoid plot at the 30% probability level for the
adduct 5¥N,N’-di(p-tolyl)urea.
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this compound and the hydroxo complex affords the carbo-
nato complex. The generation of a carbonato complex in a
reaction with an isocyanate is, to the best of our knowledge,
unprecedented. The formation of complex 5 can be rational-
ized according to the mechanism depicted in Scheme 5. Ini-


tial attack by the undissociated OH group in compound 1
yields a zwitterionic intermediate. Oxygen is then displaced
by nitrogen; this is driven by the higher donor character of
the amido group with respect to the ether (see resonant
form B in Scheme 5). The intermediary N-bound compound
between A/B and C is proposed on the basis of the results
found for reactions of RNCO with related Re�OMe com-
plexes (vide infra).[12] The Mo�N product then undergoes a
H+ transfer from oxygen to the more basic nitrogen to give
the O-bound carbamato product C (alternatively, a H+ shift
could transform A directly into C), as this favors coordina-
tion through the anionic carboxylic oxygen instead of the
bulkier amino group. This mechanistic rationale is similar to
the one recently proposed to explain the different products
obtained from the reaction of rhenium amido complexes
with isocyanates,[32] as well as products obtained from other
reactions of hydroxo complexes (see below).[32,33] At this
point, nucleophilic attack of the carbamate group in C by
the hydroxo group in 1 affords complex 5 and free (p-tolyl)-
amine. Complex 5 then reacts with free (p-tolyl)NCO to
give the uric product.[34] Although we have attempted to ex-
clude water from the reaction medium, hydrolysis of the
proposed carbamato intermediate C cannot be ruled out as
an alternative pathway for the formation of the carbonato
product.[35]


Complex [Re(OH)(CO)3(bipy)] (2a) reacts with phenyli-
socyanate to give the product from formal PhNCO insertion
into the O�H bond, as shown in Scheme 6. The reaction,
which is instantaneous at room temperature, is accompanied
by a color change of the dichloromethane solution from
orange to yellow, and an increase (as expected for a reaction
with an electrophile) of some 10 cm�1 in the nCO IR bands.
IR and 1H NMR monitoring showed the formation of a


single product, which was isolated by crystallization. The
1H NMR spectrum showed signals for a symmetric bipyri-
dine, which indicates the presence of a molecular mirror
plane, as well as an aromatic multiplet that confirmed the
incorporation of PhNCO, and a broad one-hydrogen signal


at d=5.99 ppm that could be
attributed to an NH or OH
group. The low solubility of the
product precluded the acquisi-
tion of a significant 13C NMR
spectrum. Since the available
data did not allow a structural
assignment, the solid-state
structure was determined by
single-crystal X-ray diffraction.
The results are shown in
Figure 5[20] and indicate a [Re-
(OC(O)NHPh)(CO)3(bipy)] (6)
formulation. The molecule dis-
plays a pseudo-octahedral ge-
ometry typical of [Re-
X(CO)3(N�N)] complexes, and
consists of a [Re(CO)3(bipy)]
fragment bonded to one of the


oxygen atoms of an N-phenylcarbamato ligand. The Re�O
bond (2.110(7) ä) is comparable to that found by Gibson
et al. in the complex [Re(OH)(CO)3(Me2�bipy)]¥2.5H2O
(2.132(3) ä).[16] A lengthening of the Re�O distance in com-
parison with the hydroxo precursor would be expected for 6
as a result of the carbamato ligand being a poorer donor
than the hydroxo ligand (as indicated by the higher nCO
values for the latter). Indeed, this has been the trend found
for insertion of other organic electrophiles into Re�O or
Re�N bonds in related compounds.[12,32,33] The fact that this
lengthening of the Re�O bond is not observed for 6 with re-
spect to the hydroxo complex can be attributed to hydro-
gen-bond interactions of the OH ligand with water mole-
cules in the latter complex; this can weaken the Re�OH


Scheme 5. Proposed mechanism for the formation of 5¥N,N’-di(p-tolyl)urea.


Scheme 6. Reaction of 2a with PhNCO afforded complex 6, which con-
tains a monodentate N-phenylcarbamato ligand.
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bond and increase the Re�OH distance.[36] Thus, the Re�O
distance in [Re(OMe)(CO)3(bipy)] is 2.081(5) ä.


[37] A simi-
lar or perhaps even shorter distance could be expected for
an Re�OH bond in the absence of such interactions given
the smaller size of the OH group in comparison to an OMe
group.[38] The distances for the C(4)�O(5) (1.246(9) ä) and
C(4)�N(3) (1.400(10) ä) bonds are consistent with double
and single bonds, respectively.[39] Moreover, the sum of the
angles around C(4) is 3608 ; this indicates an sp2 hybridiza-
tion, and that the metrical data support the formulation
shown in Scheme 6. Scheme 6 is a mechanistic proposal that
allows us to rationalize not only the results presented here,
but also previous related ones, such as reactions of isocya-
nates with Re�OMe compounds. However, simpler alterna-
tives do exist. For instance, H+ transposition from O to N
would explain the direct transformation of A into B.
The reaction of a transition-metal hydroxo complex with


an isocyanate has, to the best of our knowledge, only recent-
ly been reported by Esteruelas et al. The unsaturated, five-
coordinate osmium hydroxo complex [OsH(OH)-
(CO)(PiPr3)2] reacted with PhNCO to give the product from
formal isocyanate insertion into the O�H bond.[9c] A major
difference with respect to complex 5 is that the osmium
product features a bidentate carbamato ligand. The forma-
tion of a monodentate carbamato linkage in our rhenium
complex is enforced by the saturated nature of the rhenium
fragment, and is also the reason why reactions of isocya-
nates, isothiocyanates, and carbon disulfide with alkoxo and
amido complexes leads to the formation of monodentate li-
gands.[12,32, 33,40]


Reactions with isothiocyanates : Complex 1 reacts with (p-
tolyl)NCS, while 2b reacts with (p-tolyl)NCS and EtNCS to
afford, after 15 minutes at room temperature, [Mo-
[SC(O)NH(p-tolyl)](h3-C3H4�Me-2)(CO)2(phen)] (7), [Re-
[SC(O)NH(p-tolyl)](CO)3(Me2�bipy)] (8a), and [Re-
[SC(O)NHEt](CO)3(Me2�bipy)] (8b), respectively. Both
alkyl and aryl isothiocyanates react with molybdenum and
rhenium hydroxo complexes to afford products similar to
the ones described here, but for the sake of brevity we will
limit our discussion to representative examples that could
be fully characterized, and their structures determined by


means of single crystal X-ray diffraction. Complexes 7, 8a,
and 8b were characterized by IR, 1H NMR, and 13C NMR
(for 8b) spectroscopy, and single crystal X-ray diffraction
was conducted on 7 and 8b (Figure 6). The spectroscopic


data include signals for the p-tolyl or ethyl group and, for
complex 8, a weak signal in the 13C NMR spectrum at d=
175.35 ppm that can be attributed to the central carbon of
the thiocarbamato ligand (see below). The N-bonded hydro-
gen atoms occur as broad signals at d=7.43 ppm (7) and
d=5.90 ppm (8a) in the 1H NMR spectra. For complex 8b
this signal is not observed in the 1H NMR spectrum ob-
tained at room temperature, but was visible at �40 8C as a
broad singlet at d=5.50 ppm. The solid-state structures of
each molecule are presented in Figure 6.[20]


In both structures, it can be seen that a molecule of
RNCS has been formally inserted into the M�O bond, and
that the resultant N-alkyl or N-aryl thiocarbamate ligand is
coordinated through the sulfur atom to the [Mo(h3-
C3H4�Me-2)(CO)2(phen)] (7) or [Re(CO)3(Me2�bipy)] (8b)
fragments. For complex 7, a discussion of bond lengths is
precluded because of the low accuracy of the data. The
Re�S (2.496(2) ä) distance in 8b is similar to that found in
[Re[SC(NEt)OMe](CO)3(bipy)] (2.5131(14) ä). The latter
complex results from the insertion of RNCS into the Re�O
bond of the methoxo complex [Re(OMe)(CO)3(bipy)].


[12]


The C(4)�S(1) (1.756(8) ä), C(4)�N(3) (1.339(11) ä) (con-
sistent with single bonds),[39] and C(4)�O(4) (1.210(9) ä)
(double bond)[39] distances, as well as the sum of the angles


Figure 5. Thermal ellipsoid (30% probability level) plot of 6.


Figure 6. Thermal ellipsoid (30%) plots showing the molecular structures
of the S-bound thiocarbamato complexes 7 (a) and 8b (b).
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around C(4) (359.98) support the formulation of the thiocar-
bamato ligand as depicted in Scheme 7. Moreover, the for-
mation of complexes 7, 8a, and 8b is rationalized in a simi-


lar way as for 6 (see above). However, here the putative
zwitterionic intermediate would evolve through displace-
ment of oxygen by sulfur (instead of nitrogen), since this
softer atom should form the more stable bond to the orga-
nometallic fragment. Subsequently, H+ migration from
oxygen to the more basic nitrogen atom would afford the
observed products. A stable complex that was isostructural
with intermediate A was obtained in the reactions of
[Mo(OMe)(h3-C3H4�Me-2)(CO)2(phen)] and [Re(OMe)-
(CO)3(bipy)] with PhNCS and EtNCS, respectively.


[12] In
those reactions, the presence of a methyl group in place of
hydrogen precluded the final rearrangement.


Reactions with dimethylacetylenedicarboxylate (DMAD):
The complexes [Mo(OH)(h3-C3H4�Me-2)(CO)2(phen)] (1)
and [Re(OH)(CO)3(N�N)] (2a, N�N=bipy; 2b, N�N=


Me2�bipy) react with DMAD. The reactions take place
upon mixing and are accompanied by major changes in the
IR spectra. Thus, the two bands for 1 at 1929 and 1843 cm�1


were substituted by a single, strong absorption at 1947 cm�1


in product 9. A single IR nCO band in the carbonyl ligand
region is consistent with the existence of either a trans-dicar-
bonyl or a monocarbonyl fragment, both of which are very
rare for pseudo-octahedral molybdenum±allyl complexes.[41]


Analogously, for the rhenium complexes, the fac-Re(CO)3
IR patterns were replaced by two sets of bands of similar in-
tensity and width; this is diagnostic of the cis-dicarbonyl
moieties in 10a and 10b. The 1H NMR spectra of the molyb-
denum and rhenium products displayed two three-hydrogen
singlets, which correspond to two different methoxycarbonyl
groups, and the 13C NMR spectra (see Experimental Sec-
tion) also indicated that these molecules were not symmetri-


cal. The structures of [Mo[C(OH)C(CO2Me)C(CO2-
Me)O](h3-C3H4�Me-2)(CO)2(phen)] (9 ; Figure 7) and [Re-
[C(OH)C(CO2Me)C(CO2Me)O](CO)3(Me2�bipy)] (10b ;
Figure 8) were determined by X-ray diffraction.[20]


The molecules consist of [Mo(h3-C3H4�Me-2)(CO)(phen)]
(9) and cis-[Re(CO)2(Me2�bipy)] (10b) fragments, which
are linked to five-membered M�C(OH)�C(CO2Me)
�C(CO2Me)�O metallacycles that result from the coupling
of the hydroxo ligand, DMAD, and one of the CO ligands.
The relatively short Mo�C(2) and Re�C(3) distances


(2.054(7) and 2.032(15) ä, respectively), together with the
13C NMR chemical shift for C(2) in 9 (d=226.95 ppm) and
C(3) in 10b (d=278.61 ppm) indicate that one end of the
metallacycle contains a hydroxycarbene group. A compound
closely related to 10b has recently been obtained by us from
the reaction of diethylacetylenedicarboxylate with the
amido complex [Re(NHpTol)(CO)3(bipy)] (Scheme 8).


[33] In
view of the crystal structures, it is clear that the NMR spec-


Scheme 7. Proposed mechanism for the formation of 7, 8a, and 8b from
hydroxo compounds 1, 2a, and 2b, respectively, upon reaction with iso-
thiocyanates.


Figure 7. Thermal ellipsoid (30%) plot of 9.


Figure 8. Thermal ellipsoid (30%) plot of 10b.
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tra of the products of DMAD insertion can be attributed to
solution structures, as well as to those found in the solid
state.
A mechanistic rationale that explains the formation of 9,


10a, and 10b is shown in Scheme 9, and is analogous to the


one proposed for the reaction with the amido complex.
After initial nucleophilic attack of one of the acetylenic car-
bons of DMAD by the hydroxo (or amido) group, the car-
banionic end of the resultant zwitterion attacks a proximal
CO ligand. Subsequent H+ migration from the positively-
charged oxygen (or nitrogen) bonded to molybdenum or


rhenium to the negatively charged oxygen generates the ob-
served metallacyclic hydroxycarbene.
These results contrast with those obtained for the reaction


of DMAD with the methoxo complexes [Mo(OMe)-
(h3-C3H4�Me-2)(CO)2(phen)] and [Re(OMe)(CO)3(bipy)].
These reactions afford the Z-alkenyl complexes shown in
Scheme 10 as a result of the displacement of the metal-
bonded oxygen by the carbanionic end of a zwitterionic in-
termediate similar to the one included in Scheme 9.[12] The
similar formation of an alkenyl complex as a result of
formal DMAD insertion into an Ir�OH bond has also been
reported by Bergman.[10] These differences suggest that H+


migration to the carbonyl oxygen makes an important con-
tribution to the formation of the metallacycles observed by
us.[42] Other than this, the only reaction of a hydroxo com-
plex with an acetylene of which we are aware is that of
DMAD with the complex [Os(H)(OH)(PiPr3)(CO)]. This
reaction affords the product from formal insertion of
DMAD into the O�H bond.[9c] A major difference with the
complexes employed in the present study is that the osmium
hydroxo complex is pentacoordinate; this allows coordina-
tion of Lewis bases, and thus, a mechanism that involves ini-
tial coordination of DMAD to Os followed by an intramo-
lecular insertion. With regard to the reactions that afford
metallacycles 9, 10a, and 10b, the formation of similar met-
allacycles with either MoII or ReII occurs because two car-
bonyl ligands are adjacent to the OH group in each pseudo-
octahedral precursor. Remarkably, [Mo(h3-allyl)(CO)2-
(N�N)] and [Re(CO)3(N�N)] fragments in pseudo-octa-
hedral complexes like the ones dealt with in the present
study have been found to be rather inert. Thus, the carbonyl
ligands have never been found to be the target of nucleo-
philic attack, even when strong nucleophiles were employed
as reagents.[12,14,43]


Conclusion


The reaction of [Re(OTf)(CO)3(N�N)] (1a and 1b) with
KOH leads to [Re(OH)(CO)3(N�N)] (2a or 2b) and [{Re-
(CO)3(bipy)}2(m-OH)]OTf (3-OTf). Which product is
formed depends upon the presence or absence of water in
the reaction medium.
The reactivity of complexes [Mo(OH)(h3-C3H4�Me-


2)(CO)2(phen)] (1) and [Re(OH)(CO)3(N�N)] (2a and 2b)
toward organic electrophiles is comparable to that of the
Group 8±10 metal-hydroxo complexes.[5b,9,10] Unsaturated
electrophiles afford the products from formal insertion into
the M�O or O�H bonds. The formation of these products is
rationalized by means of mechanistic schemes that are simi-
lar to those proposed in previous studies of related alkoxo
and amido complexes.[12b,40]


Experimental Section


General procedures : All manipulations were carried out under nitrogen
using standard Schlenk techniques. Solvents were distilled from Na (hex-
anes), Na/benzophenone (tetrahydrofuran), or CaH2 (CH2Cl2, CH3OH,


Scheme 8. Reaction of the rhenium amido complex with DMAD afford-
ed a metallacycle.


Scheme 9. Reaction of the hydroxo complexes 1, 2a, and 2b with
DMAD afforded the new complexes 9, 10a, and 10b, respectively. The
metallacycles were the result of coupling between the hydroxo ligand,
DMAD, and one of the CO ligands.


Scheme 10. The Z-alkenyl complexes of Mo and Re were obtained by
reaction of the methoxo complexes with DMAD.
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CH3CH2OH). CD2Cl2 and CD3COCD3 were dried over 4 ä molecular
sieves and CD2Cl2 was stored in the dark over Na2CO3. Elemental analy-
ses were obtained by using a Perkin-Elmer 240-B microanalyzer. The IR
spectra were recorded on a Perkin-Elmer FT 1720-X spectrophotometer,
while the 1H, 19F, and 13C{1H} NMR spectra were recorded on a Bruker
AC-200, AC-300, or DPX-300 spectrometer.


The complexes [Mo(h3-C3H4�Me-2)(OH)(CO)2(phen)][14] and [Re-
(OTf)(CO)3(N�N)][44] were synthesized according to literature proce-
dures.


Crystal structure determination for compounds 4, 5, 7, 8b, and 9 : Raw
frame data were integrated with the SAINT[45] program. The structures
were solved by direct methods with SHELXTL.[46] A semi-empirical ab-
sorption correction was applied with the SADABS program.[47] All non-
hydrogen atoms were refined anisotropically, while hydrogen atoms were
set in calculated positions and refined as riding atoms with a common
thermal parameter. All calculations and graphics were made with
SHELXTL.


Crystal structure determination for 6 and 10b : Crystal structures were
solved by Patterson methods using the Dirdif program.[48] Anisotropic
least-squares refinement was carried out with SHELXL-97.[49] All non-
hydrogen atoms were anisotropically refined, while hydrogen atoms were
geometrically placed and refined as riding on their parent atoms. Empiri-
cal absorption corrections were applied by using XABS2.[50] Geometrical
calculations were made with PARST,[51] and the crystallographic plots
were made with PLATON.[52]


Crystallographic data for compounds 4, 5, 6, 7, 8b, 9, and 10b are shown
in Table 1, Table 2, and Table 3. CCDC-219665 (3-BF4), CCDC-219666
(4), CCDC-219667 (5), CCDC-219668 (6), CCDC-219669 (7), CCDC-
219670 (8b), CCDC-219671 (9), and CCDC-219672 (10b) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or


from the Cambridge Crystallographic Data Centre, 12, Union Road,
Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.
cam.ac.uk).


Preparation of [{Re(CO)3(bipy)}2(m-OH)]OTf (3-OTf): KOH (0.240 g,
0.435 mmol) was added to a solution of [Re(OTf)(CO)3(bipy)] (0.200 g,
0.347 mmol) in CH2Cl2 (20 mL), and the mixture was allowed to stir for
12 h at room temperature. The yellow solution was filtered by cannula
and concentrated under vacuum to a volume of 5 mL. The residue was
layered with hexane (20 mL) and cooled to �20 8C to afford yellow crys-
tals of 3-OTf; yield: 0.031 g, 71%; 1H NMR (CD2Cl2, 25 8C): d=8.91 (m,
4H; bipy), 8.22 (m, 8H; bipy), 7.58 (m, 4H; bipy), �1.64 ppm (br s, 1H;
OH); IR (CH2Cl2): ñ=2018vs, 1910 s, 1889 s cm


�1 (CO); IR (KBr): ñ=
3645br cm�1 (OH); elemental analysis calcd (%) for C27H17F3N4O10Re2S:
C 31.82, H 1.68, N 5.49; found: C 31.86, H 1.62, N 5.14.


Independent preparation of [{Re(CO)3(bipy)}2(m-OH)]BF4 (3-BF4):
HBF4¥OEt2 (11 mL, 0.075 mmol) was added to a solution of 2a (0.070 g,
0.151 mmol) in CH2Cl2 (15 mL) at �78 8C, and the mixture was allowed
to reach room temperature. The color of the solution changed from
orange to yellow. The solution was concentrated under vacuum to a
volume of 5 mL, and the residue was layered with hexane (20 mL) and
cooled to �20 8C to afford yellow crystals of 3-BF4. One crystal was used
for structure determination by X-ray diffraction; yield: 0.060 g, 84%;
1H NMR (CD2Cl2, 25 8C): d=8.91 (m, 4H; bipy), 8.22 (m, 8H; bipy),
7.58 (m, 4H; bipy), �1.64 ppm (br s, 1H; OH); 13C NMR (CD2Cl2,
25 8C): d=199.33 (2CO), 193.09 (CO), 157.68, 155.73, 142.28, 130.12,
126.17 ppm (bipy); IR (CH2Cl2): ñ=2018vs, 1910s, 1889s cm


�1 (CO); IR
(KBr): ñ=3645br cm�1 (OH); elemental analysis calcd (%) for


Table 1. Crystal data for 3-BF4, 4, and 5.


3-BF4 4 5


formula C26H17BF4N4O7Re2 C17H15N2O5Re C52H44Mo2N6O8¥2CH2Cl2
Fw 956.65 513.51 1242.66
crystal system triclinic orthorhombic triclinic
space group P1≈ Pbca P1≈


a [ä] 8.6051(18) 8.4658(11) 12.390(2)
b [ä] 10.694(2) 14.1972(19) 15.144(3)
c [ä] 17.201(4) 28.909(4) 15.957(3)
a [8] 103.892(4) 90 73.848(4)
b [8] 92.836(4) 90 84.432(4)
g [8] 108.477(4) 90 70.793(4)
V [ä3] 1443.7(5) 3474.5(8) 2715.7(9)
Z 2 8 2
T [K] 293(2) 299(2) 299(2)
1calcd [gcm


�3] 2.201 1.963 1.520
F(000) 896 1968 1260
l(MoKa) [ä] 0.71073 0.71073 0.71073
crystal size
[mm]


0.08î0.12î0.21 0.06î0.10î0.27 0.08î0.24î0.25


m [mm�1] 8.454 7.024 0.717
scan range [8] 1.23�q�23.30 1.41�q�23.37 1.33�q�23.28
reflections
measured


6334 14670 12261


independent
reflections


4065 2513 7736


data/re-
straints/pa-
rameters


4065/0/401 2513/0/230 7736/0/672


goodness-of-
fit on F2


1.096 1.069 1.005


R1/Rw2
[I>2s(I)]


0.0562/0.1618 0.0270/0.0729 0.0456/0.1206


R1/Rw2 (all
data)


0.0666/0.1686 0.0410/0.0775 0.0643/0.1311


Table 2. Crystal data for 6, 7, and 8b.


6 7 8b


formula C20H14N3O5Re C26H22MoN3O3S¥CH2Cl2 C18H18N3O4ReS
Fw 562.54 637.39 558.61
Crystal
system


monoclinic triclinic orthorhombic


space group P21/n P1≈ P212121
a [ä] 8.7411(3) 12.693(2) 10.101(3)
b [ä] 14.5576(4) 14.370(3) 10.326(3)
c [ä] 15.1477(4) 16.305(3) 19.595(6)
a [8] 90 85.861(4) 90
b [8] 102.471(2) 75.768(3) 90
g [8] 90 77.325(3) 90
V [ä3] 1882.06(10) 2812.0(9) 2043.8(10)
Z 4 4 4
T [K] 120(2) 299(2) 293(2
1calcd
[gcm�3]


1.985 1.506 1.815


F(000) 1080 1292 1080
l(MoKa)
[ä]


1.54180 0.71073 0.71073


crystal size
[mm]


0.28î0.13î0.08 0.10î0.13î0.24 0.10î0.14î0.28


m [mm�1] 12.974 0.764 6.075
scan range
[8]


4.26�q�68.30 1.29�q�23.31 2.08�q�23.34


reflections
measured


19225 12840 9224


independent
reflections


3446 8002 2958


data/re-
straints/pa-
rameters


3446/1/265 8002/0/665 2958/0/251


goodness-
of-fit on F2


1.251 1.004 1.003


R1/Rw2
[I>2s(I)]


0.0485/0.1770 0.0580/0.1214 0.0264/0.0601


R1/Rw2 (all
data)


0.0523/0.2004 0.1023/0.1347 0.0288/0.0610
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C26H17BF4N4O7Re2: C 32.64, H 1.79, N 5.85; found: C 32.58, H 1.71, N
5.90.


Reaction of 2b with phenyl acetate : A 5 mm NMR tube was charged
with a solution of 2b (0.020 g, 0.042 mmol) in CD2Cl2 (0.5 mL) and was
then capped with a rubber septum. PhOAc (6.5 mL, 0.042 mmol) was in-
jected, and the reaction was monitored by 1H NMR spectroscopy. After
20 h at room temperature, the color of the solution changed from orange
to yellow and the 1H NMR spectrum showed signals for phenol [d=7.25
(m, 2H; Ph), 6.90 (m, 1H; Ph), 6.45 (m, 2H; Ph), 5.25 ppm (br s, 1H;
OH)] and complex [Re(OAc)(CO)3(Me2�bipy)] (4) (see below).
This reaction was also carried out on a preparative scale, in which 0.080 g
of 2b (0.169 mmol) and a stoichiometric amount of PhOAc (22 mL,
0.169 mmol) was employed. Slow diffusion of hexane into a concentrated
solution of 4 in CH2Cl2 afforded yellow crystals, one of which was suita-
ble for an X-ray experiment; yield: 0.093 g, 94%; 1H NMR (CD2Cl2,
25 8C): d=8.95 (d, J=5.6 Hz, 2H; Me2�bipy), 8.03 (s, 2H; Me2�bipy),
7.37 (d, J=5.6 Hz, 2H; Me2�bipy), 2.59 (s, 6H; Me2�bipy), 1.54 ppm (s,
3H; CH3CO2);


13C NMR (CD2Cl2, 25 8C): d=199.37 (2CO), 195.36 (CO),
176.55 (CH3CO2), 155.78, 153.51, 152.16, 127.89, 123.87 (Me2�bipy), 23.36
(CH3CO2), 21.84 ppm (Me2�bipy); IR (CH2Cl2): ñ=2017vs, 1913s, 1887s
(CO), 1620 cm�1 (C=O); elemental analysis calcd (%) for C17H15N2O5Re:
C 39.76, H 2.94, N 5.45; found: C 39.74, H 2.99, N 5.60.


Reaction of 1 with phenyl acetate : PhOAc (5 mL, 0.039 mmol) was added
to a solution of 1 (0.016 g, 0.039 mmol) in CH2Cl2 (10 mL), and the reac-
tion was monitored by IR spectroscopy. After 8 h, the IR spectrum
showed the disappearance of the bands for 1 (IR ñ=1934 and
1844 cm�1), while two new bands were assigned to the acetate complex
[Mo(OAc)(h3-C3H4�Me-2)(CO)2(phen)]. The solution was concentrated
in vacuo and upon addition of hexane, a red-brown solid precipitated.
This was washed with hexane and dried under vacuum; yield: 0.016 g,
92%; 1H NMR (CD2Cl2, 25 8C): d=9.17 (d, J=3.9 Hz, 2H; H2,9), 8.50 (d,
J=7.3 Hz, 2H; H4,7), 7.90 (s, 2H; H5,6), 7.71 (m, 2H; H3,8), 2.98 (s, 2H;
Hs), 1.46 (s, 2H; Ha), 1.31 (s, 3H; CH3CO2), 0.78 ppm (s, 3H; h3-
C3H4(CH3)-2); IR (CH2Cl2): ñ=1948vs, 1874s cm


�1; elemental analysis


calcd (%) for C20H18MoN2O4: C 53.82, H 3.92, N 6.27; found: C 53.58, H
4.30, N 6.47.


Reaction of 2b with vinyl acetate : Complex 2b (0.020 g, 0.042 mmol) was
dissolved in CD2Cl2 (0.5 mL) in a 5 mm NMR tube capped with a rubber
septum. Vinyl acetate (4 mL, 0.043 mmol) was injected and the reaction
was monitored by 1H NMR spectroscopy. After 12 h at room tempera-
ture, the color of the solution changed from orange to yellow and the
1H NMR spectrum showed signals for acetaldehyde [9.76 (s, 1H;
CH3CHO), 2.16 ppm (s, 3H; CH3CHO)] and complex 4.


Reaction of 1 with (p-tolyl)NCO : (p-tolyl)NCO (22 mL, 0.170 mmol) was
added to a solution of 1 (0.070 g, 0.168 mmol) in THF (10 mL). The mix-
ture was stirred for 15 min and was then evaporated to dryness. The resi-
due was dissolved in CH2Cl2, filtered through diatomaceous earth, and
concentrated in vacuo to 5 mL. Upon addition of hexane (20 mL), a red
microcrystalline solid precipitated. This was washed with hexane (3î
10 mL) and dried under vacuum. The solid was dissolved in CH2Cl2
(5 mL) and layered with diethyl ether (20 mL). After three days at room
temperature, red crystals of 5¥N,N’-di(p-tolyl)urea were obtained, one of
which was used for X-ray analysis; yield: 0.075 g, 71%; 1H NMR
(CD2Cl2, 25 8C): d=9.18 (dd, J=5.0 and 1.3 Hz, 4H; H2,9), 8.52 (dd, J=
8.3 Hz, 4H; H4,7), 7.99 (s, 4H; H5,6), 7.85 (dd, 4H; H3,8), 7.06, 7.03, 6.95,
6.57 (AB quartet, 8H; p-tol), 2.98 (s, 4H; Hs), 2.38 (s, 6H; C6H4�CH3),
1.46 (s, 4H; Ha), 0.78 ppm (s, 6H; h3-C3H4(CH3)-2); IR (THF): ñ=


1953vs, 1874s, 1516m cm�1; elemental analysis calcd (%) for C52H44Mo2-
N6O8¥2CH2Cl2: C 52.10, H 4.04, N 6.75; found: C 52.39, H 4.26, N 7.12.


Reaction of 2a with PhNCO : PhNCO (11 mL, 0.104 mmol) was added to
a solution of 2a (0.050 g, 0.104 mmol) in THF (20 mL), and the color of
the solution changed instantly from orange to yellow. The solvent was re-
moved under vacuum and the yellow solid was dissolved in CH2Cl2
(5 mL). Slow diffusion of diethyl ether into this solution at room temper-
ature afforded orange crystals of 6, one of which was employed for an X-
ray structure determination; yield: 0.052 g, 90%; 1H NMR (CD2Cl2,
25 8C): d=9.11 (m, 2H; bipy), 8.12 (m, 4H; bipy), 7.57 (m, 2H; bipy),
6.96 (m, 5H; Ph), 6.69 ppm (br s, 1H; NH); IR (CH2Cl2): ñ=2019vs,
1917s, 1889s cm�1 (CO); elemental analysis calcd (%) for C20H14N3O5Re:
C 42.70, H 2.50, N 7.46; found: C 42.76, H 2.61, N 7.40.


Reaction of 1 with (p-tolyl)NCS : (p-tolyl)NCS (19 mL, 0.150 mmol) was
added to a solution of 1 (0.060 g, 0.150 mmol) in THF (15 mL), and the
mixture was stirred for 1 h. The red solution was concentrated in vacuo,
layered with hexane (15 mL), and stored at �20 8C to afford red crystals
of 7, one of which was used for X-ray analysis; yield: 0.070 g, 73%;
1H NMR (CD2Cl2, 25 8C): d=9.05 (d, J=3.9 Hz, 2H; H2,9), 8.47 (d, J=
7.3 Hz, 2H; H4,7), 7.95 (s, 2H; H5,6), 7.83 (m, 2H; H3,8), 7.43 (br s, 1H;
NH), 7.22, 7.18, 7.01, 6.97 (AB quartet, 4H; p-tol), 2.98 (s, 2H; Hs), 2.23
(s, 3H; C6H4�CH3), 1.64 (s, 2H; Ha), 0.61 ppm (s, 3H; h3-C3H4(CH3)-2);
IR (THF): ñ=1956vs, 1885s cm�1 (CO); elemental analysis calcd (%) for
C26H22MoN3O3S¥CH2Cl2: C 50.79, H 3.94, N 6.58; found: C 50.66, H 4.01,
N 6.66.


Reaction of 2b with (p-tolyl)NCS : (p-tolyl)NCS (8 mL, 0.054 mmol) was
added to a solution of 2b (0.025 g, 0.053 mmol) in THF (10 mL). The re-
sultant yellow solution was stirred for 15 min, the solvent was then re-
moved in vacuo, and the residue was dissolved in CH2Cl2 (3 mL). Upon
addition of hexane (10 mL), a yellow microcrystalline solid precipitated.
This was washed with hexane and dried under vacuum; yield: 0.020 g,
61%; 1H NMR (CD2Cl2, 25 8C): d=8.91 (d, J=5.8 Hz, 2H; Me2�bipy),
7.99 (s, 2H; Me2�bipy), 7.30 (d, J=5.8 Hz, 2H; Me2�bipy), 5.90 (br s,
1H; NH), 2.55 (s, 6H; CH3 and Me2�bipy), 2.23 ppm (s, 3H;
C6H4�CH3); IR (THF): ñ=2017vs, 1916s, 1892 s cm�1 (CO); elemental
analysis calcd (%) for C23H20N3O4ReS: C 44.50, H 3.24, N 6.77;. found: C
44.39, H 3.13, N 6.95.


Reaction of 2b with EtNCS : EtNCS (15 mL, 0.170 mmol) was added to a
solution of 2b (0.080 g, 0.169 mmol) in THF (20 mL), and the color of
the solution changed instantly from orange to yellow. The solvent was re-
moved under vacuum and the yellow solid was dissolved in CH2Cl2
(5 mL). Slow diffusion of hexane into this solution at room temperature
afforded orange crystals of 8b, one of which was employed for an X-ray
structure determination; yield: 0.077 g, 85%; 1H NMR (CD2Cl2, 25 8C):
d=8.89 (d, J=5.5 Hz, 2H; Me2�bipy), 7.99 (s, 2H; Me2�bipy), 7.30 (d,
J=5.5 Hz, 2H; Me2�bipy), 2.99 (q, J=6.9 Hz, 2H; NCH2CH3), 2.54 (s,
6H; CH3 and Me2�bipy), 0.92 ppm (t, J=6.9 Hz, 3H; NCH2CH3);


Table 3. Crystal data for 9 and 10b.


9 10b


formula C24H22MoN2O7¥0.5CH2Cl2 C21H18N2O8Re¥1.5CH2Cl2
Fw 582.43 739.96
crystal system monoclinic monoclinic
space group C2/c P21/c
a [ä] 26.064(4) 11.5690(6)
b [ä] 16.990(3) 11.0920(6)
c [ä] 13.420(2) 20.8256(6)
a [8] 90 90
b [8] 120.787(3) 94.307(3)
g [8] 90 90
V [ä3] 5105.2(15) 2664.9(2)
Z 8 4
T [K] 2938(2) 120(2)
1calcd [gcm


�3] 1.516 1.844
F(000) 2348 1440
l(MoKa) [ä] 0.71073 1.54180
crystal size [mm] 0.12î0.21î0.33 0.25î0.12î0.02
m [mm�1] 0.564 12.118
scan range [8] 1.82�q�23.26 3.83�q�68.70
reflections meas-
ured


11199 37972


independent re-
flections


3669 4865


data/restraints/pa-
rameters


3669/0/347 4865/17/336


goodness-of-fit on
F2


1.041 0.872


R1/Rw2 [I>2s(I)] 0.0512/0.1319 0.0586/0.1404
R1/Rw2 (all data) 0.0686/0.1495 0.1035/0.1646
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1H NMR (CD2Cl2, �40 8C): d=8.85 (d, J=5.0 Hz, 2H; Me2�bipy), 8.00
(s, 2H; Me2�bipy), 7.30 (d, J=5.0 Hz, 2H; Me2�bipy), 5.50 (s, 1H; NH),
3.02 (q, J=6.9 Hz, 2H; NCH2CH3), 2.49 (s, 6H; CH3 and Me2�bipy),
0.91 ppm (t, J=6.9 Hz, 3H; NCH2CH3);


13C NMR (CD2Cl2, 25 8C): d=
199.87 (2CO), 192.70 (CO), 175.35 (NC(O)S), 157.06, 154.85, 152.81,
129.11, 125.41 (Me2�bipy), 37.83 (NCH2CH3), 23.12 (Me2�bipy),
16.55 ppm (NCH2CH3); IR (CH2Cl2): ñ=2016vs, 1919s, 1893s cm�1


(CO); elemental analysis calcd (%) for C18H18N3O4ReS: C 38.70, H 3.24,
N 7.52; found: C 38.67, H 3.31, N 7.50.


Reaction of 1 with dimethylacetylenedicarboxylate : MeO2CC�CCO2Me
(12 mL, 0.098 mmol) was added to a red solution of 1 (0.040 g,
0.092 mmol) in THF (10 mL). The darkened solution was stirred for
15 min, filtered through diatomaceous earth, and concentrated under
vacuum. Addition of hexane (10 mL) caused the precipitation of a red-
brown microcrystalline solid 9, which was washed with diethyl ether (2î
10 mL) and dried under vacuum. Red-brown crystals were obtained by
slow diffusion of hexane into a concentrated solution of 9 in THF. One
crystal was used for X-ray analysis; yield: 0.028 g, 51%; 1H NMR
(CD2Cl2, 25 8C): d=12.46 (s, 1H; OH), 9.58 (d, J=4.95 Hz, 1H; phen),
9.13 (br s, 1H; phen), 8.74 (br s, 1H; phen), 8.41 (m, 2H; phen), 7.88 (m,
2H; phen), 7.59 (br s, 1H; phen), 3.69 (s, 3H; OCH3), 3.66 (s, 1H; Hs),
3.55 (s, 3H; OCH3), 2.93 (s, 1H; Hs), 2.25 (s, 3H; h


3-C3H4(CH3)-2), 1.28
(s, 1H; Ha), 0.55 ppm (s, 1H; Ha);


13C{1H} NMR (CD2Cl2, 25 8C): d=
226.95 (Mo=C), 206.24 (CO), 167.26 [Mo�OC(CO2Me)], 153.22 (phen),
152.73 (phen), 151.87 (phen), 151.46 (C=O), 146.54 (C=O), 142.53
[C(OH)C(CO2Me)], 139.61 (phen), 138.14 (phen), 138.00 (phen), 137.07
(phen), 130.42 (phen), 130.17 (phen), 127.63 (phen), 127.45 (phen),
124.74 (phen), 82.92 (C2 allyl), 55.45 (OCH3), 55.18 (OCH3), 20.41 ppm
(h3-C3H4(CH3)-2); IR (THF): ñ=1947 cm


�1; elemental analysis calcd (%)
for C24H22MoN2O7¥0.5CH2Cl2: C 49.97, H 3.93, N 4.75; found: C 50.22, H
3.89, N 4.97.


Reaction of 2a with dimethylacetylenedicarboxylate : MeO2CC�CCO2Me
(10 mL, 0.083 mmol) was added to a solution of 2a (0.040 g, 0.083 mmol)
in THF (10 mL), and the color of the solution changed instantly from
orange to red. The volatiles were removed under vacuum and the residue
solid was dissolved in CH2Cl2 (10 mL). Slow diffusion of hexanes into
this solution at room temperature afforded red crystals of 10a ; yield:
0.041 g, 84%; 1H NMR (CD2Cl2, 25 8C): d=13.73 (br s, 1H; OH), 9.20
(m, 1H; bipy), 8.41 (m, 1H; bipy), 8.00 (m, 2H; bipy), 7.51 (m, 3H;
bipy), 7.39 (m, 1H; bipy), 3.70 (s, 3H; OCH3), 3.66 ppm (s, 3H; OCH3);
13C{1H} NMR (CD2Cl2, 25 8C): d=268.95 (Re=C), 205.07 (CO), 199.78
(CO), 168.30 (C=O), 168.09 [Re�OC(CO2Me)], 166.41 (C=O), 156.79,
154.54, 153.66, 152.83 (bipy), 140.65 [C(OH)C(CO2Me)], 139.01, 137.76
(bipy), 127.29, 127.24, 123.28, 122.91 (bipy), 52.50 (OCH3), 51.61 ppm
(OCH3); IR (CH2Cl2): ñ=1929vs, 1853 s cm


�1; elemental analysis calcd
(%) for C19H17N2O8Re: C 38.84, H 2.94, N 4.76; found: C 38.89, H 2.99,
N 4.68.


Reaction of 2b with dimethylacetylenedicarboxylate : Following the pro-
cedure described above for 10a, 10b was prepared by reaction of 2b
(0.080 g, 0.169 mmol) and MeO2CC�CCO2Me (21 mL, 0.170 mmol) in
THF (10 mL). Slow diffusion of hexanes into a solution of 10b in CH2Cl2
at room temperature afforded red crystals, one of which was used for the
structure determination of 10b by X-ray diffraction; yield: 0.086 g, 67%;
1H NMR (CD2Cl2, 25 8C): d=13.67 (br s, 1H; OH), 9.01 (d, J=5.5 Hz,
1H; Me2�bipy), 8.23 (d, J=5.5 Hz, 1H; Me2�bipy), 7.98 (m, 2H;
Me2�bipy), 7.31 (d, J=5.5 Hz, 1H, Me2�bipy), 7.22 (d, J=5.5 Hz, 1H;
Me2�bipy), 3.70 (s, 3H; OCH3), 3.67 (s, 3H; OCH3), 2.54 (s, 3H; CH3


and Me2�bipy), 2.51 ppm (s, 3H; CH3 and Me2�bipy); 13C{1H} NMR
(CD2Cl2, 25 8C): d=278.61 (Re=C), 207.31 (CO), 201.29 (CO), 169.71
(C=O), 167.89 [Re�OC(CO2Me)], 165.71 (C=O), 157.95, 156.04, 155.88,
153.59, 152.88, 151.54 (Me2�bipy), 135.21 [C(OH)C(CO2Me)], 129.44,
125.26, 124.93 (Me2�bipy), 53.84 (OCH3), 52.93 (OCH3), 23.15 (CH3 and
Me2�bipy), 23.02 ppm (CH3 and Me2�bipy); IR (CH2Cl2): ñ=1925,
1840 cm�1; elemental analysis calcd (%) for C21H18N2O8Re¥1.5CH2Cl2: C
36.20, H 2.90, N 3.82; found: C 36.11, H 3.09, N 5.65.
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Homogeneous Catalysts Supported on Soluble Polymers:
Biphasic Suzuki±Miyaura Coupling of Aryl Chlorides
Using Phase-Tagged Palladium±Phosphine Catalysts


Markus an der Heiden and Herbert Plenio*[a]


Introduction


Liquid/liquid biphasic catalysis[1,2,3] is a success story as evi-
denced by the large-scale application of the Ruhrchemie/
RhÙne-Poulenc hydroformylation,[4] the Shell Higher Ole-
fins Process (SHOP),[5] and the Kuraray telomerization.[6,7]


The most important advantage of such processes is the
facile recovery of catalysts from the reaction mixture,[8]


which is done by a simple phase separation of two immisci-
ble solutions, of which one contains the product of the cata-
lytic transformation and the other one the phase-tagged cat-
alyst. Furthermore this approach also limits contamination
of the organic products by catalyst metal.[9] Although it took
several years for biphasic catalysis to attract researchers
from academia,[10] several different concepts are now being
vigorously studied by various research groups: organic/or-
ganic liquid biphasic catalysis[11,12] often with polymer-sup-
ported catalysts,[13,14,15, 16] fluorous/organic systems,[17,18] ionic


liquids,[19,20] supercritical solvents,[21] and aqueous/organic
solvent systems.[2] SAPC (supported aqueous phase cataly-
sis),[22] micellar catalysts,[23] and interphase catalysis[24] are re-
lated approaches.
Palladium-catalyzed carbon±carbon bond-forming reac-


tions are powerful synthetic methods.[25] Among these the
Suzuki±Miyaura coupling of organoboron reagents and or-
ganic halides,[26,27,28] is the most efficient strategy for the syn-
thesis of unsymmetrical biaryls.[29, 30] Nonetheless, the high
price of Pd[31] renders processes based on this metal less at-
tractive unless extremely active or recyclable catalysts are
available.[32] The biphasic concept appears to be a good al-
ternative for less reactive substrates, since current ™hetero-
geneous∫[33] Pd catalysts rarely match the activity of the ho-
mogeneous ones in coupling reactions.[34]


Applications of the liquid/liquid biphasic concept to Pd-
catalyzed C�C coupling reactions have been reported by
Bannwarth et al.,[35] Quici et al.,[36] and Gladysz et al. ,[37]


who demonstrated the viability of this approach for fluorous
biphasic chemistry. Pioneering work was done by the Berg-
breiter group,[38] who showed that poly(N-isopropylacryl-
amide) or polyethylene glycol supported SCS-PdCl com-
plexes yield recyclable Heck±Mizoroki and Suzuki±Miyaura
catalysts.[39,40,41, 42] However, the activity of these catalysts


[a] Dipl.-Ing. M. an der Heiden, Prof. Dr. H. Plenio
Institut f¸r Anorganische Chemie
Petersenstrasse 18, TU Darmstadt
64287 Darmstadt (Germany)
E-mail : plenio@tu-darmstadt.de


Abstract: The Suzuki±Miyaura cou-
pling of aryl chlorides and PhB(OH)2
under biphasic conditions (DMSO/hep-
tane) can be performed in almost
quantitative yields over several cycles
by means of polymeric Pd catalysts
with soluble polyethylene glycol phase
tags. Three sterically demanding and
electron-rich phosphines 1-CH2Br,4-
CH2P(1-Ad)2-C6H4, and 2-PCy2,2’-OH-
biphenyl, and 2-PtBu2,2’-OH-biphenyl
were covalently bonded to 2000 Dalton
MeOPEG-OH. The catalysts, which
were formed in situ from Na2[PdCl4],
the respective polymeric phosphine,
KF/K3PO4, and PhB(OH)2, efficiently


couple aryl chlorides at 80 8C at
0.5 mol% loading, resulting in a
>90% yield of the respective biphenyl
derivatives. The use of polar phase tags
allows the efficient recovery of palladi-
um±phosphine catalysts by simple
phase separation of the catalyst-con-
taining DMSO solution and the prod-
uct-containing n-heptane phase. The
high activity (TOF) of the catalyst re-
mains almost constant over more than


five reaction cycles, which involve the
catalytic reaction, separation of the
product phase from the catalyst phase,
and addition of new reactants to ini-
tiate the next cycle. The Buchwald type
biphenyl phosphines form the most
active Pd catalysts, which are 1.3±2.8
times more active than catalysts de-
rived from diadamantyl±benzylphos-
phine, but appear to be less robust in
the recycling experiments. There is no
apparent leaching of the catalyst into
the heptane solution (<0.05%), as evi-
denced by spectrophotometric meas-
urements, and contamination of the
product with Pd is avoided.


Keywords: aryl chlorides ¥ biphasic
catalysis ¥ palladium ¥ polymers ¥
Suzuki coupling
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with respect to substrates other than aryl iodides is low and
several more efficient heterogeneous catalysts are known.[34]


There are other reports on biphasic Suzuki coupling of aryl
bromides and iodides, utilizing soluble and recyclable Pd
catalysts under biphasic conditions.[43, 44] However, the use-
fulness of such catalytic systems has to be re-evaluated be-
cause recently Leadbeater and Marco reported on micro-
wave-promoted Suzuki reactions using aryl bromide sub-
strates, which do not require a metal catalyst.[45]


Examples of recyclable catalysts for the Suzuki coupling
of the more challenging aryl chloride substrates are rare.[46]


Buchwald and Parish reported on a highly active Pd±biphen-
yl phosphine linked to insoluble, cross-linked polystyrene,
which initially gave excellent yields and reaction rates for
aryl chloride coupling; however the catalyst slows down con-
siderably after only three reaction cycles.[47] Nµjera and Bo-
tella presented a highly active oxime±carbapalladacyclic cat-
alyst that gave quantitative yields for various aryl chlorides
in boiling water with excellent turnover frequencies. Howev-
er, this catalyst also deactivates after two or three cycles.[48]


Corma, GarcÌa, et al. recently reported on a silica-immobi-
lized version of this catalyst, preliminary data indicate good
activities and recyclability.[49]


Consequently, we have initiated a program aimed at de-
veloping monomethyl polyethyleneglycol (MeOPEG)
tagged palladium phosphine complexes for Suzuki carbon±
carbon bond-forming reactions. We decided to use
MeOPEG as a cheap and chemically robust support for the
attachment of sterically demanding and electron-rich phos-
phines and wish to report here on our results with palladi-
um-catalyzed Suzuki reactions of aryl chlorides and
PhB(OH)2 under biphasic conditions, including a careful op-
timization of the catalyst activity, efficient recycling, and
multiple use of the catalysts.


Results and Discussion


Synthesis of polymer-supported phosphine ligands : A steri-
cally demanding and electron-rich phosphine BnP(1-Ad)2
ligand was supported on polyethylene glycol as described
previously, resulting in MeOPEG-CH2C6H4CH2-P(1-Ad)2
(5), which was previously used for Sonogashira reactions.[50]


In addition, two new PEG-supported phosphines of the
Buchwald type were prepared from dibenzofuran, the re-
spective dialkyl chlorophosphines, and MeOPEG-OTs. For
the synthesis of 2,2’-substituted biphenyl phosphines a pro-
cedure by Heinicke et al.[51] was adapted for our purpose
(Scheme 1).


Dibenzofuran was reductively ring-opened with lithium
(ultrasound), resulting in the respective 2,2’-dianion, which
on addition of ClPR2 (R = Cy, tBu) reacted first at the
carbanion and then with ClSiMe3 on the oxygen nucleophile.
To obtain pure products the key step is the protonation of
the biphenyl phosphine with HBF4¥Et2O, which results in
the clean precipitation of the respective ether-insoluble
phosphonium salts 1 and 2 in 55% and 69% yield
(Scheme 1). It should be noted here that the respective non-
protonated phosphines have been previously prepared by
Buchwald in two steps using 2-methoxy-phenyl-MgBr and 1-
bromo,2-chlorobenzene.[47] The present one-pot procedure is
useful and yields about 5±10 g of the phosphonium salt in a
single batch. The MeOPEG-polymer (2000 Dalton) is at-
tached by reacting 1 or 2 with MeOPEG-OTs, resulting in
the formation of polymer-supported phosphines, which are
most conveniently isolated as the respective phosphonium
salts 3 and 4 after protonation with HBF4.


[52] The phosphine
loading of the respective polymers is about 90%, as deter-
mined by 1H NMR spectroscopy.


Finding the best solvents for biphasic catalysis : Since the
catalyst used here is tagged with a polar polymer, the sol-
vent required for the catalyst phase will be a polar one,
while the product-receiving phase has to be a nonpolar sol-
vent. Simple alkanes (cyclohexane, heptane, etc.) were
shown to be useful as the nonpolar component, while the
choice of the polar solvent is critical, since it can have a de-
cisive influence on the activity of the catalyst. Consequently,
two conditions need to be met by such pairs of solvents: a)
The two solvents must form two separate phases at room
temperature and their mutual solubility should be small.
This specifically applies to the solubility of the polar solvent
in the alkane. b) Neither of the two solvents should interfere
with the catalytic activity, which requires a careful selection
of the polar solvents as these typically contain Lewis basic
atoms such as oxygen or nitrogen, which tend to coordinate
to the metal center.
Consequently, the choice of the polar solvent is critical to


the success of biphasic catalysis. Based on these conditions
we have tested a number of different solvents (Figure 1).
It is clear from the data in Figure 1 that DMSO is by far


the best solvent in terms of catalyst activity. The same sol-
vent was also found to be ideal for biphasic Sonogashira
coupling reactions.[50] Other polar aprotic solvents such as
DMF, DMA, NMP, and ACN are less efficient. The use of
nitromethane (NM) does not result in any Suzuki product at
all, which is most likely due to the high CH acidity of this
solvent and its propensity to undergo C�C coupling.[53]


Phosphine/palladium ratio : To
further improve catalyst per-
formance in DMSO we also
studied the influence of the
phosphine/palladium ratio
(Figure 2). The coupling of 4-
chloroacetophenone was moni-
tored after two different reac-
tion times (90 min and 17 h),Scheme 1. a) ultrasound, Li; b) ClPR2; c) Me3SiCl; d) HBF4; e) Na2CO3, MeOPEG-OTs; f) HBF4.
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but in both cases the most active catalyst had a phosphine/
palladium ratio of close to 3.5:1. This observation is some-
what surprising as the P/Pd ratios in closely related Suzuki
catalysts is typically 2:1 or 1:1.[28m,n] Normally this rational-
ized by assuming a low-coordinate palladium species, possi-
bly of the [Pd(PR3)1] type, to be the most catalytically active
species.[54] Nonetheless, for various catalysts and depending
on the nature of the phosphine ligand, the situation appears
less clear cut. In a recent and very detailed study by Bedford
et al. on ortho-metalated catalysts with an additional phos-
phine ligand, the activity of Pd catalyst for Suzuki coupling
peaked at a P/Pd ratio of 1:1 or 2:1 for some phosphines
(PCy3, PtBu3), whereas with other phosphines (Cy2P(o-bi-
phenyl)) the most active catalysts were obtained only with
much higher P/Pd ratios (ca. 3:1 or 4:1).[55] This is in line
with observations made by Beller et al. on Heck reac-
tions.[56]


Screening of the bases : A detailed screening of various
bases for the polymeric catalysts was performed, because we


anticipated that the polyether chain attached to the catalyst
could influence the properties of certain metal-ion-contain-
ing bases, as was observed with Sonogashira reactions.[16b]


Amines like Et3N (TOF 0.5 h�1) and iPr2NH (TOF 1 h�1)
gave poor results, as did acetates KOAc (TOF < 0.5 h�1)
and alcoholates KOtBu (TOF < 0.5 h�1); carbonates
Na2CO3 (TOF 7 h�1), K2CO3 (TOF 8 h�1), and CsCO3 (TOF
9 h�1) and hydroxides NaOH (TOF 5 h�1) and KOH (TOF
7 h�1) are only slightly better. Finally, the established bases
KF (TOF 56 h�1) and K3PO4 (TOF 48 h�1) result in the most
active catalysts. Since KF alone, however, may not be suffi-
ciently basic to deprotonate the phosphonium salt, we decid-
ed to use it in combination with K3PO4. We soon found out
that the ratio of KF/K3PO4 also has a small influence on the
catalytic activity (Figure 3).


Influence of water on the catalyst activity : Water is known
to influence the activity of Suzuki catalysts.[55] This is, how-
ever, difficult to quantify, since the problems involved in
drying PhB(OH)2 to a defined water content are well
known.[57] Nonetheless, we find that adding small amounts
of water (close to one equivalent with respect to the sub-
strates) to the reaction mixtures leads to a significant in-
crease in the activity of the catalyst.


Palladium source : Following the optimization of numerous
coupling parameters using Pd(OAc)2 as the only metal
source, we again checked for the suitability of different pal-
ladium complexes (Table 1). However, it turned out that the
nature of palladium containing species is not critical to the
success of the reaction.[58] To us Na2[PdCl4] appeared to be


Figure 1. Solvent-dependent Suzuki coupling of 4-chloroacetophenone
and PhB(OH)2. Conditions: 4-chloroacetophenone (1 mmol), Na2[PdCl4]
(0.5 mol%), phosphine 5 (1.75 mol%), PhB(OH)2 (1.5 mmol), K3PO4


(0.14 mmol), KF (3 mmol), T = 75 8C. Samples were taken after 90 min.
DMSO=dimethyl sulfoxide, PC=propylene carbonate, DMF=dimethyl-
formamide, DMA=dimethylacetamide, NMP=N-methylpyrrolidone,
ACN=acetonitrile, NM=nitromethane.


Figure 2. Determination of the ideal ratio PR3/Pd for Suzuki reactions in
DMSO. Conditions: 4-chloroacetophenone (1 mmol, 1 equiv), Na2[PdCl4]
(0.1 mol%), phosphine 5, (varied from 0.1 mol% to 0.45 mol%), K3PO4


(0.14 mmol), KF (3 mmol), PhB(OH)2 (1.5 mmol), T = 75 8C.


Figure 3. Activity of the catalyst for Suzuki coupling of 4-chloroacetophe-
none and PhB(OH)2 in DMSO depending on the ratio of KF/K3PO4.
TOF samples were taken after 60 min. Conditions: 4-chloroacetophenone
(0.5 mmol), Na2[PdCl4] (0.5 mol%), phosphine 5 (1.75 mol%),
PhB(OH)2 (0.75 mmol), T = 80 8C, DMSO. Each data point is the aver-
age of three independent determinations.


Table 1. Palladium sources.[a]


Pd source Na2[PdCl4] Pd(dba)2 Pd(OAc)2 [PdCl2(PhCN)2] PdCl2


TOF [h�1] 66 61 60 64 58


[a] Conditions: 4-chloroacetophenone (1 mmol), Pd compound
(0.5 mol%), phosphine 5 (1.75 mol%), K3PO4 (58 mg, 0.27 mmol), KF
(174 mg, 3 mmol), PhB(OH)2 (1.5 mmol), T = 80 8C, DMSO solvent.
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most convenient, since it is cheaper (per mol) than most
other Pd compounds.


Catalyst activity, the PEG chain and solvent effects : To eval-
uate the influence of the polyethylene glycol polymer chain
on the activity of the Suzuki catalysts we tested the activity
of Pd complexes with the polymer-supported phosphines 3,
4, and 5 and with BnP(1-Ad)2 under identical conditions in
DMSO and THF. It can be seen in Table 2 that the TOF for


the polymeric catalysts are
almost the same in both sol-
vents. Consequently in the
highly polar DMSO solvent
used in the biphasic catalysis
the polymer appears to have no
influence on the catalyst activi-
ty. On the other hand, on com-
paring the four phosphines in
THF solution, the activity of
the low-molecular-weight cata-
lyst using BnP(1-Ad)2 is dou-
bled (with respect to its per-
formance in DMSO), while that
of the polymeric catalyst is
roughly the same.


Preparation of the catalyst : A
precatalyst is prepared by dis-
solving Na2[PdCl4] (0.5 mol%),
the phosphonium salt (1.75
mol%), and K3PO4 (2 mol%)
in DMSO at 60 8C. This yellow
stock solution is added to the
mixture of the reactants and
KF in DMSO/heptane, whereupon the reaction immediately
commences.


Suzuki coupling–recycling experiments, aryl bromides : In
the present study we invested comparatively little work on
the coupling reactions of aryl bromides, since these sub-
strates are not challenging, especially following the work of
Leadbeater and Marco on microwave-promoted Suzuki re-
actions of aryl bromides in the absence of palladium.[45]


The Pd catalyst of phosphine 5 shows excellent reactivity
and recyclability for the coupling of three aryl bromide sub-
strates with PhB(OH)2. The main results of the coupling re-
actions are summarized in Tables 3 and 4. We tested 4-bro-
motoluene, 4-bromoanisole, and 4-bromoacetophenone with
PhB(OH)2 at 0.1 mol% catalyst concentration and 75 8C.
The same catalyst batch was recycled and used for six con-
secutive reactions, which resulted–after exhaustive extrac-
tion and chromatographic purification of the product–in
yields of 87, 94, and 90%, respectively. The activity of the
catalyst as evidenced by TOF data is quite good (Table 4)
and experiences only a small drop to 89±92% of its initial
activity after six reaction cycles.


Suzuki coupling–recycling experiments, aryl chlorides :
Owing to the stability of the carbon±chlorine bond, aryl
chlorides are challenging substrates for various coupling re-
actions.[59] As outlined in the introduction, examples of cata-
lysts capable of repetitive aryl coupling are rare and even
those suffer from rapid deactivation after a few reaction
cycles. The examples presented by us demonstrate that solu-
ble-polymer-supported catalysts in biphasic catalysis can be
recycled efficiently over several cycles. The yields of the


coupling reactions for the various aryl chlorides are in the
83±98% range, with most reactions being higher than 90%
(Table 5, Table 6, Table 7).
The TOF data for the various Suzuki coupling reactions


(Table 6) are more indicative of the high recycling efficiency
than are chemical yields. Typically there is some loss of ac-
tivity after the first cycle, but after that the catalysts remain
almost constant in activity. We have observed the catalyst to
be most sensitive when it is in the resting state, without sub-


Table 2. Comparison of TOF values of low and high molecular weight
catalysts in DMSO and THF solvent.[a]


Ligand TOF [h�1]
DMSO THF


3 122 126
4 110 113
5 61 50
BnP(1-Ad)2 70 137


[a] Conditions: 4-chloroacetophenone (0.5 mmol), Na2[PdCl4]
(0.5 mol%), ligand (1.75 mol%), K3PO4 (0.14 mmol), KF (1.5 mmol),
H2O (1.5 mmol), PhB(OH)2 (0.75 mmol), T = 65 8C. The TOF data were
determined on incomplete conversion of reactants.


Table 3. Suzuki coupling of aryl bromides and PhB(OH)2 over six cycles.


Entry Time Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 Yield[a]


[h] [%] [%] [%] [%] [%] [%] [%]


1 4-Me 5 91 90 90 89 88 87 535/600
2 4-MeO 5 98 96 96 96 95 88 569/600
3 4-COCH3 5 99 98 98 97 97 84 573/600


[a] The numbers given for the individual cycles correspond to conversions as determined by GC. Yields corre-
spond to the amount of isolated material after chromatographic purification. Conditions: aryl bromide
(1 mmol), Na2[PdCl4] (0.1 mol%), ligand 5 (0.2 mol%), KF (3 mmol), PhB(OH)2 (1.5 mmol), T = 75 8C,
DMSO, TOF data were determined after 30 min reaction time.


Table 4. Suzuki coupling of aryl bromides and PhB(OH)2 over six cycles, TOF data.


Entry Time Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 Residual
[h] [h�1] [h�1] [h�1] [h�1] [h�1] [h�1] activity[a] [%]


1 4-Me 0.5 516 508 490 486 472 458 89
2 4-MeO 0.5 920 914 870 860 856 850 92
3 4-COCH3 0.5 1298 1248 1230 1208 1202 1192 92


[a] Conditions as described above. Residual activity is the relative activity of the catalyst after six cycles com-
pared with that of the first cycle normalized to 100% activity. The TOF data were determined on incomplete
conversion of reactants.
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strate. Consequently, to increase the catalyst longevity it is
important to shorten the time between the various cycles of
the coupling reaction.
As both phosphines of the Buchwald type display similar


activities (Table 2) for the Suzuki coupling, we tested the Pd
catalyst of phosphine 4 for the coupling of aryl chlorides
(Table 7). It is evident from these data that this catalyst is
typically between 1.3 and 2.8 times more reactive than
the Pd complexes of phosphine 5. An exceptionally high


activity is observed for entry 4 in Table 7 with para-CF3.
The increase in activity is most pronounced for the electron-
deficient substrates (entries 3 and 4, Table 7) and less so for
the electron-rich substrates (entries 1 and 2, Table 7). On
the other hand, we also noticed that the catalyst derived
from Na2[PdCl4] and 4 is significantly more sensitive than
the one derived from phosphine 5.[60] Consequently, much
more care has to be exercised to allow its successful recy-
cling.


Table 5. Suzuki coupling of aryl chlorides and PhB(OH)2 over three or six cycles.


Entry Time Cycle 1[a] Cycle 2[a] Cycle 3[a] Cycle 4[a] Cycle 5[a] Extraction after Yield[c]


[h] [%] [%] [%] [%] [%] last cycle [%][b] [%]


1 4-MeO 18 69 83 119 93 92 34 490/500
2 4-Me 18 61 84 110 100 100 32 490/500
3 Ph 18 59 82 109 103 98 18 470/500
4 4-COCH3 18 14 87 100 101 100 23 425/500
5 4-CN 18 35 40 67 103 120 97 460/500
6 4-CF3 18 75 37 156 101 99 21 490/500
7 4-NO2 18 45 67 100 108 93 28 450/500
8 4-COPh 18 68 71 100 86 87 80 490/500
9 4-CO2Et 18 22 104 99 62 69 121 475/500
10 3-MeO 18 53 90 114 ± ± 16 273/300
11 3-CN 18 56 41 105 ± ± 54 255/300
12 3-COCH3 18 2.5 65 100 ± ± 81 249/300
13 3-CO2Et 18 53 84 119 ± ± 22 279/300
14 3-CF3 18 49 86 117 ± ± 23 276/300


[a] The yields listed for the individual cycles are phase yields and correspond to the amount of product isolated from the heptane extract; conversions
were always close to quantitative. [b] Extraction after last cycle denotes the amount of product isolated after exhaustive extraction of the DMSO solution
after the last reaction cycle. [c] Yields correspond to the amount of isolated material after chromatographic purification. Conditions: aryl chloride
(0.5 mmol), Na2[PdCl4] (0.5 mol%), ligand 5 (1.75 mol%), K3PO4 (0.14 mmol), KF (1.5 mmol), H2O (1.5 mmol), PhB(OH)2 (1.5 mmol), T = 80 8C,
DMSO.


Table 6. Suzuki coupling of aryl chlorides and PhB(OH)2 over three or six cycles, TOF data.


Entry Time Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Residual
[h] [h�1] [h�1] [h�1] [h�1] [h�1] activity[a] [%]


1 4-MeO 1 40 37 37 36 36 90
2 4-Me 1 31 29 29 29 28 90
3 H 1 46 42 43 42 40 87
4 4-COCH3 1 61 58 57 57 57 93
5 4-CN 1 77 73 72 70 68 88
6 4-CF3 1 60 57 56 58 57 95
7 4-NO2 1 94 95 92 87 83 88
8 4-COPh 1 35 34 34 32 32 91
9 4-CO2Et 1 42 39 40 39 38 90
10 3-MeO 1 25 22 22 ± ± 88
11 3-CN 1 48 43 42 ± ± 88
12 3-COCH3 1 51 48 47 ± ± 92
13 3-CO2Et 1.5 65 61 61 ± ± 94
14 3-CF3 1.5 54 50 49 ± ± 91
15 3-NO2 1.5 100 96 93 ± ± 93
16 3-CH3 1.5 12 11 11 ± ± 92
17 2-CN 1 109 102 102 ± ± 94
18 2-CF3 1 111 103 103 ± ± 93
19 2-MeO 1 27 25 24 ± ± 89


[a] Residual activity is the relative activity of the catalyst after six (three) cycles compared with that of the first cycle defined as 100% activity. Condi-
tions: aryl chloride (0.5 mmol), Na2[PdCl4] (0.5 mol%), ligand 5 (1.75 mol%), K3PO4 (0.14 mmol), KF (1.5 mmol), H2O (1.5 mmol), PhB(OH)2
(1.5 mmol), T = 80 8C, DMSO. The TOF data were determined on incomplete conversion of reactants.
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Determination of catalyst leaching : The virtually quantita-
tive retention of the catalyst in the DMSO catalyst phase is
very important for maintaining a high catalyst activity and
avoiding contamination of the product with traces of palla-
dium. A first test involved probing the crude product ob-
tained from evaporation of the product-receiving phase by
1H NMR spectroscopy, which confirmed the absence of pol-
ymeric phosphine. Owing to the limited sensitivity of this
spectroscopic technique, this proves catalyst retention in
DMSO to be in excess of 99.5%. To be more accurate, we
applied a spectrophotometric determination using the col-
orimetric reagent 4,4’-bis(dimethylamino)thiobenzophenone,
which is characterized by an extremely large extinction coef-
ficient of the respective Pd complex (212000 Lmol�1 cm�1)
and a correspondingly high sensitivity.[61, 62] Again the
amount of palladium was found to be below the detection
level of the analytical technique in the crude product, which
corresponds to a Pd retention higher than 99.95%.


Conclusion


We have developed highly active, phase-tagged catalysts for
the Suzuki coupling of aryl chlorides in organic/organic bi-
phasic solvent mixtures. The polymeric catalysts are Pd com-
plexes of sterically demanding and electron-rich phosphines
(MeOPEG-OCH2C6H4CH2-P(1-Ad)2 or 2-MeOPEG-O-2’-
dialkylphosphinobiphenyl) with soluble polyethylene glycol
tags. DMSO constitutes the catalyst phase, since the Pd
complex catalyst modified with a polar phase tag exclusively
dissolves in the polar solvent, while n-heptane forms the
product-receiving phase. Following the catalytic reactions
the coupling products can be efficiently separated from the
catalyst by a simple phase separation of the two room tem-
perature immiscible solvents. Alternatively, the reactions
can be performed in DMSO solvent alone, followed by ex-
traction of the product with heptane after the coupling reac-
tion. It is very important to note that the leaching of the cat-
alyst into the product-containing solution appears to be neg-
ligible (<0.05%), consequently, the coupling products are
virtually free from palladium. The recyclability of the cata-
lyst over up to six cycles is evidenced by the excellent yields
of the coupling reactions, which typically exceed 90%. Fur-
thermore, the activity (TOF) of the two catalysts studied re-
mains virtually constant after the second coupling cycle. De-


pending on the substrates the catalysts derived from Buch-
wald type phosphines are more active, however, the BnP(1-
Ad)2 derived catalysts appear to be more robust.
Following our work on recyclable catalysts for the Sono-


gashira coupling,[50] we have now demonstrated that high-ac-
tivity catalysts for the repetitive Suzuki reaction of aryl
chlorides are available. It should therefore be possible to
extend the principle of highly active biphasic catalysis to
various other types of Pd-catalyzed coupling reactions.


Experimental Section


General : MeOPEG2000OH, aryl halides, and PhB(OH)2 were used as re-
ceived. Solvents were purified by using standard procedures.[63] Bases
were dried at 80 C under vacuum. Reactions were performed under an
atmosphere of argon using standard Schlenk techniques. Column chroma-
tography was carried out on silica MN60 (63±200 mm), TLC on Merck
plates coated with silica gel 60, F254. Yields of the coupling reactions
were determined by 1H NMR spectroscopy. Gas chromatography was
performed on a Perkin Elmer Autosystem with a CP-SIL8CB-column, ni-
trogen carrier gas, and FID. NMR spectra were recorded at 293 K with a
Bruker Avance (1H 500 MHz, 13C 125 MHz, 31P 203 MHz), Bruker AC
300 (1H 300 MHz, 13C 75 MHz), or a Bruker 200 AC (1H 200 MHz, 31P
81 MHz) spectrometer. 1H NMR chemical shifts were referenced to re-
sidual protonated impurities in the solvent, 13C NMR chemical shifts to
the solvent signal (CDCl3: dH = 7.24 ppm, dC = 77.0 ppm), and 31P
NMR spectra were referenced to PMe3 (38% in benzene d = �62 ppm
on the Bruker AC 200) as an external standard or aqueous 85% H3PO4


(on all other NMR machines). Experimental details of the colorimetric
palladium determination of catalytic reactions have been reported previ-
ously.[62] A stock solution of the precatalyst was freshly prepared prior to
each set of reactions. All Suzuki reactions were done in a self-made par-
allel synthesizer, which allows eight reactions to be performed simultane-
ously under Schlenk conditions.[64] Starting materials were commercially
available (MeOPEG-OH was used as received) or prepared according to
literature procedures: (1-Ad)2PH


[65] , BnP(1-Ad)2,
[50] MeOPEG-


OCH2C6H4CH2P(1-Ad)2,
[50] tBu2PCl,


[66] Cy2PCl
[67] , MeOPEG-OTs.[50]


General procedure for the synthesis of 2’-hydroxy-2-dialkylphosphonium-
biphenyl tetrafluoroborates : (modified from Heinicke et al.):[51] A sus-
pension of lithium (972 mg, 42 mmol, 30% (w/w) in mineral oil), diben-
zofurane (3.36 g, 20 mmol), and 4,4’-di-tert-butyl-biphenyl (274 mg,
1 mmol, 5 mol%) in diethyl ether (60 mL) was heated to reflux for 24 h
in a sonification bath (160 W, ultrasound bath) resulting in a brown sus-
pension. After the reaction mixture was cooled to below 5 8C, the corre-
sponding R2PCl (19 mmol) dissolved in diethyl ether (20 mL) was added
dropwise. The reaction mixture was stirred for 15 h at room temperature,
followed by addition of ClSiMe3 (2.46 mL, 19 mmol) and stirring for an-
other 15 h. The mixture was filtered under argon with celite and after
cooling to 0 8C, HBF4¥Et2O (5.2 mL, 38 mmol, 54% in Et2O) was added,
whereupon the crude product precipitated. The solid was collected by fil-


Table 7. Suzuki coupling of aryl chlorides and PhB(OH)2 with Pd/4 over three cycles, TOF data.


Entry Time Cycle 1 Cycle 2 Cycle 3 Residual
[h] [h�1] [h�1] [h�1] activity[a] [%]


1 4-MeO 1 54 52 50 93
2 4-Me 1 55 51 49 89
3 4-COCH3 1 108 104 96 89
4 4-CF3 1 171 162 158 92


[a]Residual activity is the relative activity of the catalyst after six (three) cycles compared with that of the first cycle defined as 100% activity. Condi-
tions: aryl chloride (0.5 mmol), Na2[PdCl4] (0.5 mol%), ligand 4 (1.75 mol%), K3PO4 (0.14 mmol), KF (1.5 mmol), H2O (1.5 mmol), PhB(OH)2
(1.5 mmol), T = 80 8C, DMSO. The TOF data were determined on incomplete conversion of reactants. Yields of all coupling reaction are >95% over
all cycles.
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tration and washed with diethyl ether (5î20 mL) and dried in vacuum.
The 2’-hydroxy-2-dialkylphosphonium biphenyl tetrafluoroborates are
obtained as colorless powders.


2’-Hydroxy-2-di-cyclohexylphosphonium-biphenyl tetrafluoroborate (1):
After addition of ClPCy2 (4.23 mL, 19 mmol) the color of the suspension
changed to dark grey and after stirring for 15 h the suspension had a
dark brown color. The crude phosphonium salt precipitated and was ob-
tained as a pink product. Recrystallization from acetone/Et2O gave 1 as a
colorless powder (5.0 g; 55%). 1H NMR (200 MHz, [D6]acetone/
[D6]DMSO v/v = 2:1): d = 10.15 (s, 1H; OH), 8.07 (dd, 1H, J = 11.3,
8.05 Hz; ArH), 7.88 (t, 1H, J = 7.5 Hz; ArH), 7.71 (t, 1H, J = 7.15 Hz;
ArH), 7.47 (dd, 1H, J = 7.15, 4.47 Hz; ArH), 7.37 (t, 1H, J = 7.67 Hz;
ArH), 7.13 (d, 1H, J = 7.4 Hz; ArH), 7.03 (d, 1H, J = 8.1 Hz; ArH),
6.99 (t, 1H, J = 7.5 Hz; ArH), 6.43 (d, 1H, 1JP,H = 482 Hz; P�H), 3.12
(br s, 2H; P�CH), 2.14±1.05 ppm (brm, 22H; CyH); 13C NMR (125 MHz,
[D6]acetone/[D7]DMSO v/v = 2:1): d = 154.3, 146.4, 134.0, 133.5, 132.7,
129.3, 126.4, 121.1, 117.1, 116.1 (d, tert, 1JP,C = 72 Hz; CP), 28.1, 26.7±
25.8 ppm (not resolved); 31P NMR (81 MHz, [D6]acetone/[D6]DMSO v/v
= 2:1): d = 37.4 ppm (d, 1JP,H = 488 Hz).


2’-Hydroxy-2-di-tert-butylphosphonium-biphenyl tetrafluoroborate (2):
ClPtBu2 (3.6 mL, 3.42 g, 19 mmol). Recrystallization from acetone/Et2O
gave 2 in the form of a colorless powder to (5.27 g; 69%). 1H NMR
(500 MHz, [D6]acetone): d = 10.23 (s, 1H; OH), 8.02 (t, 1H, J =


8.8 Hz; ArH), 7.88 (t, 1H, J = 7.6 Hz; ArH), 7.71 (t, 1H, J = 7.8 Hz;
ArH), 7.74 (dd, 1H, J = 7.8, 4.36 Hz; ArH), 7.37 (dd, 1H, J = 7.4,
8.21 Hz; ArH), 7.13 (d, 1H, J = 7.6 Hz; ArH), 7.03 (d, 1H, J = 8.2 Hz;
ArH), 6.99 (t, 1H, J = 7.4 Hz; ArH), 6.4 (d, 1H, 1JP,H = 488 Hz; P�H),
1.54 (d, 9H, J = 17.5 Hz; tBu�H), 1.26 ppm (d, 9H, J = 17.5 Hz;
tBu�H); 13C NMR (125 MHz, [D6]acetone): d = 152.9, 145.2, 134.4,
132.9, 131.7, 128.0, 125.0, 119.8, 116.0, 115.1 (d, tert, 1JP,C = 72 Hz; CP),
33.8 (dd, 1JP,C = 61.6, 35.2 Hz; CP), 28.0, 26.4 ppm; 31P NMR (202 MHz,
[D6]acetone): d=30.8 ppm (dm, 1JP,H = 487 Hz); 31P NMR (81 MHz,
CDCl3): d = 37.4 ppm (d, 1JP,H = 488 Hz).


General procedure for the synthesis of 2’-MeOPEG2000O-2-dialkylphos-
phonium-biphenyl tetrafluoroborates : NaH (164 mg, 3.9 mmol, 60% in
mineral oil) was added to a cooled solution (0±5 8C) of the respective 2’-
hydroxy-2-dialkylphosphonium-biphenyl tetrafluoroborate (1.24 mmol),
dissolved in THF (30 mL). The cooling bath removed and the mixture
was stirred for 1.5 h at room temperature. This solution was added drop-
wise by cannula to a stirred solution of MeOPEG2000OTs (2.5 g,
1.16 mmol) in THF (50 mL). After the reaction mixture had been stirred
at room temperature for 8 h it was filtered through celite, cooled to 0 8C,
and HBF4¥Et2O (469 mL, 1.86 mmol, 54% in Et2O) was added. The solu-
tion was concentrated to 20 mL and diethyl ether (80 mL) was added to
precipitate the product at 4 8C. The precipitate was collected by filtration,
thoroughly washed with diethyl ether (5î20 mL), and dried in vacuum.
The 2’-MeOPEG2000O-2-dialkylphosphonium biphenyl tetrafluoroborates
were obtained as colorless powders.


2’-MeOPEG2000O-2-di-cyclohexylphosphonium biphenyl tetrafluoro-
borate (3): The deprotonation of 2’-hydroxy-2-di-cyclohexylphosphonium
biphenyl tetrafluoroborate (0.85 g, 1.87 mmol) led to a pale yellow sus-
pension from which 3 was obtained as a colorless powder (2.9 g,
1.2 mmol; 63%). 1H NMR spectroscopy showed 92% etherification of
the terminal OH group. 1H NMR (500 MHz, [D6]acetone): d = 8.13 (dd,
1H J = 11.6, 7.6 Hz; ArH), 7.96 (t, 1H, J = 7.5 Hz; ArH), 7.80 (t, 1H, J
= 7.2 Hz; ArH), 7.62 (dd, 1H, J = 7.2, 4.25 Hz; ArH), 7.53 (t, 1H, J =


7.5 Hz; ArH), 7,29 (d, 1H, J = 7.27 Hz; ArH), 7.27 (d, 1H, J = 7.95 Hz;
ArH), 7.17 (t, 1H, J = 7.5 Hz; ArH), 6.34 (d, 1H, 1JP,H = 484 Hz; P�H),
3.74±3.45 (m; PEG-H), 3.30 (s, 3H; PEGO-CH3), 3.07 (br, 2H; P�CH),
1.97±1.12 ppm (brm, 22H; Cy-H); 13C NMR (125 MHz, [D6]acetone): d
= 156.7, 146.8, 135.9, 134.5, 134.1, 132.9, 132.5, 130.1, 128.8, 122.7, 115.2,
114.0 (d, tert, 1JP,C = 71 Hz; CP), 73.1, 71.0, 70.3, 59.24, 28.8±26.2 ppm
(not resolved); 31P NMR (81 MHz, [D6]acetone): d = 16.0 ppm (d, 1JP,H
= 484 Hz).


2’-MeOPEG2000O-2-di-tbutylphosphonium-biphenyl tetrafluoroborate (4):
The deprotonation of 2’-hydroxy-2-ditbutylphosphonium biphenyl tetra-
fluoroborate (0.5 g, 1.24 mmol) led to a pale yellow suspension from
which 4 was obtained as a colorless powder (2.68 g, 1.04 mmol; 90%) .
1H NMR spectroscopy showed 90% etherification of the terminal OH
group. 1H NMR (500 MHz, [D6]acetone): d = 7.86 (t, 1H, J = 8.8 Hz;


ArH), 7.73 (t, 1H, J = 7.6 Hz; ArH), 7.56 (t, 1H, J = 7.7 Hz; ArH),
7.49 (m, 1H; ArH), 7.17 (s, 1H; ArH), 7.06 (d, 1H, ArH; J = 7.6 Hz),
6.98- 6.92 (m, 2H; ArH), 6.5 (d, 1H, 1JP,H = 488 Hz; P�H), 3.96±3.21 (m;
PEG-H), 1.50 (d, 9H, J = 17.5 Hz; tBu�H), 1.32 ppm (d, 9H, J =


17.5 Hz; tBu�H); 31P (202 MHz, [D6]acetone): d = 34.2 ppm (dm, 1JP,H
= 488 Hz; Ad2PAr); 31P (81 MHz, CDCl3): d = 37.4 ppm (d, 1JP,H =


488 Hz).


General procedure for the extractive/biphasic Suzuki coupling of aryl
chlorides and phenyl boronic acid (recycling experiments): The corre-
sponding aryl chloride (1 mmol), 1.5 mmol phenyl boronic acid (182 mg),
distilled water (27 mL, 1.5 mmol), and KF (174 mg, 3 mmol) were added
to thoroughly deoxygenated DMSO (3 mL) under stirring, followed by
the appropriate amount of the catalyst stock solution with 1.75 mol% of
the appropriate ligand [(2’-MeOPEG2000O-2-dicyclohexylphosphonium
biphenyl tetrafluoroborate (3, 48 mg), 2’-MeOPEG2000O-2-ditbutylphos-
phonium biphenyl tetrafluoroborate (4, 46.5 mg), or (4-(MeOPE-
G2000OCH2)C6H4CH2P(1-Ad2)¥HBr (5, 44 mg)], Na2[PdCl4] (1.45 mg,
0.5 mol%), and K3PO4 (58 mg, 0.27 mmol) in DMSO. The mixture was
heated to 80 8C until the aryl chloride reactant was consumed (GC). The
mixture was allowed to cool to room temperature and was extracted with
n-heptane (2î10 mL). The upper layer was removed by cannula and fil-
tered over a short column with silica gel. Evaporation of the solvent
yielded the Suzuki coupling product. The reaction vessel was recharged
with KF (174 mg, 3 mmol), phenyl boronic acid (145 mg, 1.2 mmol), and
the corresponding aryl chloride (1 mmol), and another reaction cycle was
started. After the last cycle, distilled water (1 mL) was added to the reac-
tion mixture, which was then extracted with n-heptane (3î10 mL) to iso-
late all of the remaining product after evaporation of the solvent.


General procedure for the biphasic Suzuki coupling of aryl bromides and
phenyl boronic acid (recycling experiments): This procedure was identical
to the coupling of aryl chlorides, see legend of Table 3 for differing con-
ditions.


General procedure for the determination of the TOF in multicycle
experiments : From the respective reaction mixture (see relevant proce-
dure) a 20 mL sample was taken after the appropriate time (1±1.5 h, de-
pending on the reactivity of the aryl chloride) and the reaction was run
to completion. To precisely determine the TOF for the second and con-
secutive cycles, an additional 20 mL sample had to be taken as a calibra-
tion reference before each coupling reaction after the first cycle. This is
necessary to compensate for the incomplete extraction of products after
the first (and consecutive cycles) from the catalyst phase. All samples
taken for GC studies were treated in the following manner: Water
(10 mL) was added to the DMSO sample solutions and the product and
reactants extracted with n-heptane (50 mL). The upper layers (heptane
solutions) were examined by GC.
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Density Functional Calculations on the Conversion of Azide and Carbon
Monoxide to Isocyanate and Dinitrogen by a Nickel to Sulfur Rebound
Mechanism


Yubo Fan and Michael B. Hall*[a]


Dedicated to the memory of our friend and colleague Dieter Sellmann


Introduction


Sulfur ligands play a major role in biological systems, espe-
cially in metalloenzymes such as dehydrogenases and hydro-
genases.[1,2] A number of multidentate sulfur ligands have
been synthesized and their metal complexes prepared and
studied as enzyme active-site models.[3,4]


Recently, Sellmann and co-workers reported a series of
reactions between CO, CO2, SO2, and the monodentate li-
gands N3


� , N(SiMe3)2
� on nickel bound to a tridentate


sulfur ligand, bis(2-mercaptophenyl)sulfide dianion (’S3’
2�)


(Scheme 1).[3a] Sellmann et al. suggested a mechanism (Sche-
me 2),[3a] in which the incoming ligand (CO for example)
forms a ™square-pyramidal∫ five-coordinate intermediate by
binding in the apical site. The incoming ligand then inserts
into the nickel-monodentate-ligand bond and rearranges to
a square-planar structure which then eliminates N2.


To examine the role the ’S3’
2� ligand plays in the reaction


and to understand the mechanism, density functional theory
(DFT) calculations have been carried out on the reaction of
[Ni(’S3’)(N3)]


� and CO to form [Ni(’S3’)(NCO)]� and N2


with a simplified version of Sellmann×s ligand, in which ’S3’
2�


is modeled by bis(2-mercaptovinyl)sulfide dianion. Addi-
tionally, some species were examined by using the exact
ligand. The reaction coordinate has been searched carefully
and several intermediates and transition states (TS) has
been located. A detailed mechanism and the various confor-
mations of reactants and intermediates will be discussed.


[a] Dr. Y. Fan, Prof. Dr. M. B. Hall
Chemistry Department, Texas A&M University
College Station, TX 77843-3255 (USA)
Fax: (+1)979-845-2971
E-mail : mbhall@tamu.edu


Abstract: Density functional calcula-
tions (B3LYP & BP86) on a model
system for the reaction between carbon
monoxide and [Ni(N3)(’S3’)]


� (’S3’
2�=


bis(2-mercaptophenyl)sulfide (2�))
predict a three-step mechanism. First,
CO attacks the nickel to generate a
pseudo ™square-pyramidal∫ complex, in
which CO, N3


� , and two sulfides are


basal and the central S atom of the
’S3’


2� ligand backs away from Ni to
form a weak Ni�S apical bond. Then,
CO inserts into the Ni�N bond and the


weak apical Ni�S bond rebounds to its
original strength as the nickel forms a
square-planar intermediate. Finally, in
a one-step process N2 leaves as the re-
maining N atom and carbonyl rear-
range to produce the nickel isocyanate
product [Ni(NCO)(’S3’)]


� .
Keywords: azides ¥ density func-
tional calculations ¥ nickel ¥ rear-
rangement ¥ S ligands


Scheme 1.
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Computational Methods


Most of the calculations have been
carried out using the Gaussian 98[5] im-
plementation of B3LYP [Becke three-
parameter exchange functional (B3)[6]


and the Lee±Yang±Parr correlation
functional (LYP)[7]] and BP86 [Becke×s
1988 exchange functional (B)[8] and
Perdew×s correlation functional
(P86)[9]] density functional theories.[10]


A modified version of Hay and Wadt×s
LANL2DZ[11] with the two outermost
p functions replaced by a new function
with a (41) split[12] is used for nickel
and an f-polarization function[13] is
also added. The 6-31G* basis sets are
utilized for all the sulfur, carbon, ni-
trogen, oxygen, and hydrogen
atoms.[14] This combination of basis
sets is defined as BS-I. For the inter-
mediates and transition states in the
reaction, both open shell (triplet) and
closed shell (singlet) calculations have
been run at the B3LYP/BS-I level,
while BP86/BS-I only has been carried
out for the closed-shell ones. All struc-
tures were fully optimized, and analyt-
ical frequency calculations were per-
formed on each structure to ensure a
minimum or transition state was ach-
ieved. Zero-point energy was calculat-
ed and thermodynamic functions were
computed for 298.15 K and 1 atm.


To check the possibility of error from
medium-size basis sets BS-I, B3LYP single-point energy (SPE) calcula-
tions have been carried out in BS-II defined as 6-311G**[15] on all ele-
ments except nickel, for which the same basis set as in BS-I was used.
Moreover, the basis set BS-III, defined as SDD[16] for Ni and 6-31+G*[14]


for all other elements, was used to reoptimize the reactant and product
complex analogues with frequency analyses. PCM model[17] has been
used to estimate the solvent effects (THF) with B3LYP/BS-I SPE on the
geometries optimized in vacuum.


Additionally, B3PW91,[6, 18] BLYP,[8,7] BPW91,[8,18] and PBE[19] are also
used and frequency analysis of certain complexes to estimate the degree
of the overstabilization of triplets by the hybrid DFT-B3LYP method.


Results and Discussion


Comparison of singlets and triplets of known species


Both singlets and triplets of some known Ni�S complexes,
or close analogues, are calculated because two-state reactivi-


ty often exists in transition-metal (bio)inorganic or organo-
metallic reactions.[20] The calculated singlet±triplet gaps for
1±4 are listed in Table 1.


The optimizations show that the singlet structures are
square-planar with slight distortions toward tetrahedral,
whereas the triplets take a nearly tetrahedral geometry. As
listed in Table 1, all singlet structures, which are calculated
with B3LYP theory, are less stable than the corresponding
triplets. However, the singlet structures are consistent with
the experimental crystal structures.[3] Moreover, the NMR


experiments appear to involve only singlet states. Thus, the
B3LYP functional must overestimate the stability of the
triplet states. In contrast, the pure DFT functional, such as
BP86, BLYP, BPW91, and PBE, indicate that the singlets
are more stable by 1~3 kcalmol�1 in enthalpy and nearly
the same stability as the triplets in free energy. Another
hydrid DFT-B3PW91 also gives the results similar to those
of B3LYP. Interestingly, the singlet±triplet (S±T) gap be-
comes larger as the better basis set BS-III is combined with
B3LYP to reoptimize 1a and 2. Again BP86 changes the
sign of the S±T gap for 1a’ and 2’ compared to B3LYP, but
here the gap (�0.71 and �0.29) for the free energy would
be barely large enough to maintain all of 1a’ and 2’ in the
singlet form.


In transition-metal complexes, the stability of high-spin
states is commonly overestimated by hybrid functionals.[21]


Salomon et al. calculated some iron±sulfur complexes by a


Scheme 2.


Table 1. Singlet±triplet gaps for species 1±4.


Species DFT/basis sets DE DE0 DH8 DG8 DSo


[kcalmol�1] [kcalmol�1] [kcalmol�1] [kcalmol�1] [calK�1mol�1]


1a B3LYP/BS-I 5.46 5.89 5.50 8.39 �9.70
1a BLYP/BS-I �1.01 �0.61 �0.97 1.34 �7.75
1a BP86/BS-I �2.74 �2.30 �2.68 �0.37 �7.75
1a B3PW91/BS-I 5.08 5.53 5.12 7.87 �9.21
1a BPW91/BS-I �1.95 �1.52 �1.89 0.42 �7.76
1a PBE/BS-I �2.84 �2.39 �2.78 �0.41 �7.92
2 B3LYP/BS-I 6.37 6.87 6.44 9.10 �8.95
2 BLYP/BS-I �0.77 �0.30 �0.72 1.81 �8.47
2 BP86/BS-I �2.72 �2.22 �2.65 �0.11 �8.52
2 B3PW91/BS-I 5.92 6.43 5.99 8.69 �9.04
2 BPW91/BS-I �1.87 �1.38 �1.81 0.73 �8.52
2 PBE/BS-I �2.78 �2.28 �2.72 �0.16 �8.58
1a B3LYP/BS-III 8.87 9.23 8.87 11.36 �8.35
2 B3LYP/BS-III 9.87 10.24 9.91 11.75 �6.16
3 B3LYP/BS-I 8.82 9.16 8.82 11.04 �7.47
4 B3LYP/BS-I 6.61 7.06 6.67 9.66 �10.03
1a’ B3LYP/BS-I 4.86 5.23 4.37 8.44 �13.66
1a’ BP86/BS-I �3.08 �2.56 �2.89 �0.71 �7.32
2’ B3LYP/BS-I 5.49 6.09 5.69 8.45 �9.26
2’ BP86/BS-I �3.01 �2.43 �2.81 �0.29 �8.44
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modified version of B3LYP (B3LYP*),[22] in which the HF
exchange is reduced from 20% to 15%. However, this mod-
ification is still not good enough to deal with these NiS3


complexes because here there is a large geometric change
from the singlet×s square-planar into the triplet×s tetradredal
geometry. Even BLYP, in which HF exchange is not includ-
ed at all, cannot deal with the singlet±triplet gap correctly
(Table 1).


Thus, corrections of about 10.00 kcalmol�1 for DH8 and
DG8 are reasonable and necessary for all triplets based on
B3LYP/BS-I calculations. All the B3LYP/BS-I energies re-
ported are raised by 10.0 kcalmol�1 for the triplet states.


Closed-shell (singlet) mechanism (B3LYP/BS-I)Overall re-
action : Our calculations, which are based on the closed-shell
model, indicate a three-step mechanism (Scheme 3): 1) the
formation of the pseudo ™square-pyramidal∫ intermediate
(9a or 9b), 2) the insertion of CO into nickel±azide bond
and, 3) the rearrangement of carbonyl azide to form isocya-
nate and eliminate N2. The key species in the reaction path,
the reaction coordinates, their structural parameters, and
their relative energies and thermodynamic functions are
shown in Figure 1, Figure 2, Table 2, and Table 3, respective-
ly.


Overall, the nickel-mediated transformation of azide and
carbon monoxide into isocyanate and dinitrogen is a very
exothermic reaction, DH8=~�60 kcalmol�1. The relative
energies of the intermediates are very close to that of the re-
actants as most of the energy release comes from formation
of N2, which occurs last in the reaction. Carbon monoxide
can react with nickel from either side of the Ni±S3 plane.
The formation of 9 occurs readily through fairly low barri-
ers. The barriers for the next two steps of the reaction are
low to moderate (Table 2). These sequential activation en-
thalpies imply a moderate reaction rate at room tempera-
ture or even lower.


Reactant : The nickel azide reactant has two Cs symmetry
conformations, 1a and 1b (see Scheme 4). Because the two
terminal thiolate-sulfur atoms are tipped in the same direc-
tion, the NiS3 ™plane∫ looks like a shell, and the two sides of
the NiS3 ™plane∫ can be differentiated as endo and exo. Con-
formation 1a is more stable than 1b by only 1.63 kcalmol�1


(DH8) and the transition state (1-TSa) for rotation about the
Ni�N bond, is only above 1b by 1.5 kcalmol�1 in free
energy. Thus, the rotation of azide is rapid under the reac-
tion conditions. Additionally, another transition state (1-
TSb) is also found between 1a and 1b and the process of


Scheme 3. Singlet mechanism.


Table 2. The B3LYP/BS-I changes of enthalpy and Gibbs free energy
[kcalmol�1] for the singlet species in Scheme 3.


Species DH8(�) DG8(�) Species DH8(�) DG8(�)


[kcalmol�1] [kcalmol�1] [kcalmol�1] [kcalmol�1]


1a+CO 2.29 �4.11 1b+CO 3.95 �2.84
5a 0.00 0.00 5b 1.44 1.77
6-TSa 8.81 12.15 6-TSb 6.89 10.59
9a 1.42 5.07 9b 0.01 3.40
10-TSa 16.94 21.29 10-TSb 7.30 11.42
11a �0.36 3.75 11b �0.17 3.57
12-TSa 14.97 18.93 12-TSb 14.44 18.31
2+N2 �66.15 �72.38 2+N2 �66.15 �72.38


Scheme 4. The third S of ’S3’
2� is eclipsed in 1a, 1b, and 1-TSs.
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1a!1-TSb!1b involves flattening and refolding the NiS3


framework. In this transition state (1-TSb), Ni, three S
atoms, and the coordinated N atom are almost planar. The


S2-Ni-N1 bond angle is 177.68 and the angle between planes
of Ni-S2-S1 and Ni-S2-S3 is 0.08. The barrier for this refold-
ing path is about 16 kcalmol�1 higher than that for the rota-
tion. However, this refolding may be more important in
complexes with very bulky ligands.


Weak complexes of reactants : Carbon monoxide can ap-
proach Ni from either the exo or endo side. Two weak com-
plexes (5a and 5b) of 1 and CO are located and they are
about 3 kcalmol�1 more stable than the reactants. The weak
adducts (5a and 5b in Figure 1) of 1 and CO seem to be
bound through a p±p interaction with a long Ni�C bond.
Although the failure of DFT methods to properly account
for dispersion effects may make this adduct more stable
than the calculated energies would suggest, DFT methods
often produce a reasonable geometry, in spite of their poor
energy. Adducts 5 have calculated CO vibrational frequen-
cies that are 19 cm�1 lower than that calculated for free CO
(Table 4). This difference compares well with the 14 cm�1


shift observed by Sellmann et al. for his proposed labile


Figure 1. The B3LYP/BS-I geometries of the species in the singlet mechanism.


Figure 2. The comparison of the energetics calculated at the B3LYP level
with those calculated at the BP86 level in the singlet mechanism.
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five-coordinate species A, although the calculated structure
is quite different form his hypothesized one.


The counterpoise calculations[23] find that 5a and 5b have
BSSE of 3±3.5 kcalmol�1. Although BSSE is mainly respon-
sible for the calculated stabilities of 5a and 5b, it is still
chemically reasonable that in the condensed phase weak
complexes form before the reaction occurs.


First step : This step leads from the weak reactant com-
plexes, 5a and 5b, through 6-TSs to the ™square-pyramidal∫
intermediate 9a and 9b, respectively (Figure 1, Table 2 and
Table 3).


In the transition states (6-TSa and 6-TSb) the azide
moves away to a position trans to the incoming CO, while
the Ni�S2 bond weakens significantly to form the ™square-
pyramidal∫ intermediates, 9a and 9b, in which CO, N3


� ,
S1, and S3 are on the base of the square pyramid, and
S2 is weakly bound at the apex. Compared with 1, the
bond length of Ni�S2 has increased by 0.6±0.7 ä in 9.
Since the azide rotates about the Ni�N bond to stay in
the pyramidal basal plane, symmetries of 9 are reduced
to C1.


Second step : In this step×s tran-
sition states, 10-TSa and 10-
TSb, N3


� migrates from Ni to
CO and in doing so the Ni�N1
bond lengthens by more than
0.4 ä, while the C1�N1 bond
decreases by ~1 ä. Apparently,
the apical S (S2) in 9a and 9b
helps N3


� migration by enhanc-
ing the Ni�S2 bond, which shortens by 0.6±0.7 ä, so that the
binding between Ni and N3


� is weakened and carbonyl si-
multaneously moves to the trans position to maintain the d8


square-planar geometry for carbonyl azide intermediates
11a and 11b. Interestingly, as the Ni�S2 rebounds, the
square-planar geometry is almost completely reformed in
the transition states.


The intermediates 11a and 11b are nickel square-planar
carbonyl azide complexes and the Ni�C1 bond, which is
0.08 ä longer than those in 9a and 9b, is a single bond.
Moreover, four nearly isoenergetic conformations are found
for 11 and all of them are Cs symmetry (Scheme 5). They
readily transform among themselves by rotating about the
C�N and Ni�C bonds.


Third step : Finally, the nickel carbonyl azide complex 11 re-
arranges to produce the product, the nickel isocyanate com-
plex 2, by releasing a molecule of N2. The transition states
12-TSa and 12-TSb are very early as the products, 2 and N2,
are over 60 kcalmol�1 more stable than 11. Interestingly, N2


leaving and the rearrangement to isocyanate appear syn-
chronous not stepwise. Intrinsic reaction (IRC) calcula-


Table 3. B3LYP/BS-I structure parameters for singlet species in Figure 1.


Structure parameters[a] 1a 5a 6-TSa 9a 10-TSa 11a 12-TSa 2


Ni�S2 2.256 2.256 2.549 2.972 2.288 2.304 2.302 2.240
Ni�S1 2.286 2.285 2.324 2.340 2.300 2.278 2.278 2.289
Ni�S3 2.286 2.291 2.324 2.300 2.296 2.278 2.278 2.289
Ni�N1 1.895 1.898 1.928 1.887 2.344 2.846 2.618 1.876
N1�N2 1.210 1.210 1.210 1.208 1.200 1.235 1.497
N2�N3 1.161 1.160 1.161 1.160 1.172 1.143 1.128
C1�N1 3.184 3.350 2.704 1.513 1.322 1.201
Ni�C1 3.114 1.965 1.798 1.808 1.874 1.929
C1�O 1.140 1.147 1.148 1.147 1.209 1.226 1.202
S2-Ni-N1 168.5 169.4 142.0 107.5 104.3 167.0 169.2
S2-Ni-C1 95.3 99.2 81.1 175.5 172.1 163.9
S1-Ni-S3 159.5 158.7 164.2 165.7 175.9 160.3 159.4 159.7
N1-N2-N3 174.6 174.6 174.9 174.7 178.2 177.5 142.9


Structure parameters[a] 1b 5b 6-TSb 9b 10-TSb 11b 12-TSb 2


Ni�S2 2.251 2.247 2.483 2.833 2.245 2.299 2.307 2.240
Ni�S1 2.285 2.283 2.295 2.338 2.343 2.279 2.275 2.289
Ni�S3 2.285 2.286 2.295 2.302 2.355 2.279 2.275 2.289
Ni�N1 1.911 1.910 1.925 1.892 2.297 2.765 2.493 1.876
N1�N2 1.212 1.212 1.212 1.209 1.210 1.233 1.478
N2�N3 1.162 1.162 1.162 1.160 1.165 1.145 1.132
C1�N1 3.572 3.422 2.356 1.548 1.330 1.201
Ni�C1 3.092 2.077 1.799 1.788 1.876 1.934
C1�O 1.141 1.147 1.149 1.150 1.200 1.220 1.202
S2-Ni-N1 173.4 173.7 146.3 104.3 101.2 144.1 169.2
S2-Ni-C1 98.4 96.2 94.1 170.3 173.5 176.0
S1-Ni-S3 160.6 162.4 173.3 164.9 136.2 160.1 161.7 159.7
N1-N2-N3 174.4 174.5 174.5 174.7 177.2 178.7 142.6


[a] Bond lengths in ä, bond angles in 8.


Table 4. Vibrational frequencies of CO[a] for certain singlet species in Figure 1 and 3.


Species B3LYP BP86 Species B3LYP BP86


5a 2189.3 1975.4 5b 2177.9 1987.8
6-TSa 2102.9 1977.6 6-TSb 2101.1 1954.4
9a 2121.8 2011.9 9b 2115.1 2006.5
10-TSa 2125.9 1996.3 10-TSb 2106.1 1970.5
11a 1760.6 1699.3 11b 1800.9 1739.5
5ta 2183.8 5tb 2191.1


[a] n(free CO)=2208.6 cm�1(B3LYP) or 2116.5 cm�1 (BP86).
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tions[24] were performed for 12-TSb and it is confirmed that
12-TSb is the transition state between 11b and 2 plus N2.


Although the unstable carbonyl nitrene intermediate 13,
which is similar to D in the proposed mechanism has been
located (Scheme 6 and Figure 3), this intermediate is
2.7 kcalmol�1 (DH) less stable than the transition state (12-


TSb) on the synchronous route to the products. Species 13
appears to be more like an oxazirene (three-membered het-
erocycle) than a carbonyl nitrene as there is a very strong
N�O interaction in 13. Even though the free energy of 13
and N2 is lower than that for 12-TSb, the expected transition
state between 11b and 13 would be higher in energy than 6-
TS because the barrier for this type of dissociation reaction
depends on the DH for dissociation. All attempts to find
this expected transition state from 11b to 13 failed; whenev-
er the N1�N2 bond is lengthened in 11b, N1 always inserts
into the Ni�C bond to form the product. This behavior is
consistent with the higher energy of the oxazirene complex,
13. The barrier for the rearrangement of 13 to form the
product is only 4 kcalmol�1 (14-TS). Thus, 13 appears to be
a high-energy isomer of the product 2, but not on the reac-
tion path from 11b.


Unlike the nickel azide complex (1a and 1b), 2, which
has Cs symmetry, is the only stable conformation for the
nickel isocyanate complex. The species, in which the isocya-
nate group is rotated by 1808 about the Ni�N bond, is a
transition state (2-TS) rather than another minimum and it
is only 0.37 kcalmol�1 (DH�) higher than 2.


Path a versus path b : Figure 2 summarizes the energetics of
this reaction on the singlet surface. Path b is generally more
favorable than path a, and in path b the third step would be
rate-determining. The BP86 barriers are significantly lower
than these from the B3LYP calculations. Considering the
experimental conditions (room temperature for 17 h), the
barriers from B3LYP calculations would appear to be more
accurate.


Open-shell (triplet) mechanism (B3LYP/BS-I)


Overall reaction : Although DH8 for the reaction based on
triplet potential energy surface, which is �59 kcalmol�1, is
similar to that of the closed-shell mechanism, the triplet
mechanism includes four steps (Scheme 7, Figure 4 and
Figure 5). First, a five-coordinate intermediate forms by CO
attack on the complex. Second, the carbonyl moves trans to
the thioetheric sulfur atom and the azide moves to the cis
position by a swaying vibrational mode. Then, the azide mi-
grates to the carbonyl to form the carbonyl azide complex.
At last, the carbonyl azide group rearranges to produce the
isocyanate complex by releasing one molecule of N2. The
energy barriers for the first three steps are low to moderate
while the last step is highly energetic (estimated to be
~13 kcalmol�1 higher than that for the corresponding step
in the singlet mechanism). In addition, the four-coordinate
species in the triplet mechanism are more tetrahedral than
those in the singlet one. Some key species× structural param-
eters and their relative energies and thermodynamic func-
tions are shown in Table 5 and Table 6, respectively.


Weak complexes of reactants : Two weak complexes (5 ta
and 5 tb) of 1 t and CO are also located and they are 1.4±
2.5 kcalmol�1 more stable than the reactants without BSSE
correction. Their formation energies are similar to those in
the singlet mechanism. CO seems to interact with Ni, N1,


Scheme 5. Isoenergetic conformations found for 11.


Scheme 6.


Figure 3. The B3LYP/BS-I geometries of the singlet species in the dissoci-
ation mechanism.
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and S3 atoms in 5 ta, whereas it is only bound to S1 and S2
in 5 tb.


First step : The energy barriers (6-TSta and 6-TStb) for this
step are at least 3 kcalmol�1 lower than those of the singlet
mechanism. The activation enthalpy (DH�) is 0.64 kcalmol�1


for the attack of CO from the exo side and 3.14 kcalmol�1


from the endo side.
The intermediates (7 ta and 7 tb) also have geometries be-


tween square-pyramidal and trigonal bipyramidal. 7 ta is
closer to trigonal bipyramidal and 7 tb is closer to square-
pyramidal as the angles of S1-Ni-S3 are 142.88 and 164.48


for 7 ta and 7 tb, respectively
(Figure 4 and Table 6). The
azide ligand remains trans to
the thioether-S, and the CO re-
mains cis to the S, while in 9a
and 9b the azide and the car-
bonyl are trans. Intermediates
7 ta and 7 tb are only 1 kcal -
mol�1 less stable than the reac-
tant adducts 5 ta and 5 tb, re-
spectively.


Second step : Unlike the singlet
mechanism, the square-pyrami-


dal intermediates, 7 ta and 7 tb, cannot react to form the car-
bonyl azide intermediates, 11 ta and 11 tb, directly. They
must rearrange to the other five-coordinate intermediates
(9 ta and 9 tb) first.


The geometries of transition states, 8-TSta and 8-TStb, for
this step are trigonal bipyramidal. S1 and S3 take the axial
positions and S2, the carbonyl and the azide stay in the
equatorial plane. In contrast to 7 ta and 7 tb, 9 ta is square-
pyramidal with S1-Ni-S3 of 162.58 and 9 tb is trigonal-bipyra-
midal with S1-Ni-S3 of 118.78 (Figure 4 and Table 6). How-
ever, S2 and the carbonyl stay trans to each other in both
9 ta and 9 tb instead of cis as found in 7 ta and 7 tb.


Scheme 7. Triplet mechanism.


Table 5. The B3LYP/BS-I changes of enthalpy and Gibbs free energy [kcalmol�1] for the species in Sche-
me 7.[a]


Species DH8(�) DG8(�) Species DH8(�) DG8(�)


1t+CO[a] 5.37 �7.57 1 t+CO 5.37 �7.57
5ta 2.87 �2.41 5 tb 3.99 �2.81
6-TSta 3.51 2.54 6-TStb 7.13 4.97
7ta 3.69 0.87 7 tb 4.81 2.25
8-TSta 12.67 10.40 8-TStb 6.45 4.63
9ta 12.03 9.71 9 tb 2.09 �1.25
15-TSt 20.25 17.52 10-TStb 13.99 12.48
11ta 15.48 13.31 11 tb 14.56 11.96
12-TSta 27.01 24.81 12-TStb 27.45 25.62
2t+N2 �64.01 �76.56 2 t+N2 �64.01 �76.56


[a] All energies are compared to 5a + 10 kcalmol�1.
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The activation enthalpy (DH�) for this step is 9.02 kcal
mol�1 for the formation of 9 ta and 1.64 kcalmol�1 for that
of 9 tb.


Third step : This step is similar to the second step in the sin-
glet mechanism; the azide migrates from Ni to the carbonyl.
However, the transition state 10-TSta, which is in the direct
pathway from 9 ta to 11 ta, is not located successfully after
extensive searching, whereas the transition state 10-TStb,
between 9 tb and 11 tb, is found with an enthalpic barrier of
11.9 kcalmol�1. Although the direct path has not been


found, 9 ta can go to 11 ta by a detour. That is to say, 9 ta
can transform to 9 tb by flattening and refolding the NiS3


framework with an enthalpic barrier of 8 kcalmol�1. Also
11 tb can easily change to 11 ta by rotating about the Ni�C
bond.


Fourth step : Finally, the nickel carbonyl azide complexes,
11 ta and 11 tb, rearrange to produce product, the nickel iso-
cyanate complex 2 t, by releasing a molecule of N2 simulta-
neously. The transition states 12-TSta and 12-TStb are very
early because of the exothermic formation of N2


Figure 4. The B3LYP/BS-I geometries of the species in the triplet mechanism.
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Comparison of closed-shell (singlet) and open-shell (triplet)
mechanism


Based on experiments (X-ray crystals and NMR spectra),
the reactants and products must be singlets. To compensate
for the overestimation of the stability of triplets by the
B3LYP functional, 10 kcalmol�1 were added to the enthalpy
and free energy values of all triplet species. This addition
brings the energies of the reactant and product into agree-
ment with experimental evidence about the nature of the
ground states.


As shown in Figure 5, the DH curves of singlet and triplet
are close until the nickel carbonyl azide complexes (9b and


9 tb) are formed. The two states could mix together in this
part of the mechanism. However, for the rearrangement of
the carbonyl azide into isocyanate, the barrier for the triplet
mechanism is much (~13 kcalmol�1 in enthalpy) higher than
that for the singlet. Thus, triplet states might play a small
role in the early stages of the reaction, but the singlet mech-
anism dominates in key steps such as in the rearrangement
of carbonyl azide into isocyanate and N2.


Further study of closed-shell (singlet) mechanismSingle-
point energy (SPE) calculations based on the geometries op-
timized by B3LYP/BS-I : To ascertain the reliability of the
DFT-B3LYP with basis sets (BS-I), larger basis sets (BS-II)
are used to perform the SPE calculations. As listed in
Table 7 and plotted in Figure 6, the larger basis sets (BS-II)
just slightly increase the relative energies of the transition
states. Because all species in our calculations are anionic
and the solvent (THF) effect could be quite strong, the sol-


Figure 5. The comparison of the reaction coordinates of singlet and trip-
let mechanisms.


Table 6. B3LYP/BS-I structure parameters for triplet species in Figure 4.


Structure parameters[a] 1 t 5 ta 6-TSta 7 ta 8-TSta 9 ta 11 ta 12-TSta 15-TSt


Ni�S2 2.486 2.475 2.570 2.576 2.645 2.489 2.515 2.515 2.285
Ni�S1 2.350 2.350 2.356 2.395 2.448 2.428 2.339 2.337 2.599
Ni�S3 2.350 2.355 2.399 2.370 2.427 2.422 2.340 2.337 2.562
Ni�N1 1.926 1.937 2.059 2.058 1.997 2.032 3.012 2.955 1.987
N1�N2 1.205 1.205 1.209 1.209 1.208 1.208 1.231 1.394 1.207
N2�N3 1.160 1.161 1.162 1.163 1.162 1.163 1.147 1.138 1.164
C1�N1 3.074 2.642 2.653 2.905 2.727 1.558 1.334 2.970
Ni�C1 3.095 2.060 2.021 1.993 2.057 2.005 2.001 1.952
C1�O 1.140 1.141 1.141 1.140 1.140 1.206 1.239 1.140
S2-Ni-N1 142.3 145.0 169.8 173.8 121.7 105.2 148.4
S2-Ni-C1 85.1 93.2 93.4 144.7 171.2 154.0 151.9 113.5
S1-Ni-S3 117.1 116.0 132.4 142.8 162.6 162.5 123.7 124.0 154.7
N1-N2-N3 176.9 176.7 176.2 176.2 175.7 175.7 179.4 145.6 176.0


Structure parameters[a] 5tb 6-TStb 7tb 8-TStb 9tb 10-TStb 11tb 12-TStb 2 t


Ni�S2 2.478 2.423 2.474 2.555 2.496 2.495 2.505 2.520 2.485
Ni�S1 2.353 2.416 2.494 2.462 2.383 2.334 2.335 2.337 2.354
Ni�S3 2.348 2.404 2.479 2.481 2.396 2.333 2.335 2.337 2.354
Ni�N1 1.926 1.947 1.957 1.975 2.023 2.814 2.890 2.712 1.928
N1�N2 1.204 1.210 1.208 1.207 1.207 1.218 1.223 1.384
N2�N3 1.161 1.160 1.161 1.163 1.162 1.158 1.153 1.138
C1�N1 5.516 4.566 3.293 3.061 2.683 1.810 1.698 1.352 1.200
Ni�C1 4.242 2.801 2.026 2.030 2.128 2.010 2.012 2.022
C1�O 1.139 1.143 1.141 1.140 1.140 1.175 1.185 1.225 1.202
S2-Ni-N1 141.2 126.0 149.1 127.2 96.2 116.6 143.3
S2-Ni-C1 96.4 86.3 99.2 133.1 176.5 156.5 156.9 159.5
S1-Ni-S3 117.2 152.6 164.4 153.9 118.7 121.6 122.7 124.7 115.5
N1-N2-N3 176.8 175.7 175.9 176.0 176.4 177.0 177.0 146.8


[a] Bond lengths in ä, bond angles in 8.


Table 7. Relative energies [kcalmol�1] of singlet species based on the
single-point energy (SPE) calculations[a] with BS-II, BP86, or solvent
effect.


Species B3LYP/BS-I B3LYP/BS-II B3LYP/BS-I(PCM)


1b + CO 4.90 3.33 2.83
5b 1.47 1.24 1.64
6-TSb 7.56 8.58 13.04
9b �0.47 0.95 0.36
10-TSb 7.67 8.68 6.98
11b �0.65 1.83 0.49
12-TSb 15.56 17.86 15.09
2 + N2 �65.69 �68.25 �66.59


[a] All SPE are calculated on the optimized geometries with B3LYP/BS-I.
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vation energies are also calculated. Although the solvation
energies are very large (~30 kcalmol�1 by PCM method), all
species are nearly equally solvated, so relative energies are
almost unchanged and the barriers are quite similar to those
in vacuum (see Figure 6).


Conclusion


The flexibility of the ’S3’
2� ligand developed by Sellmann


and co-workers is essential for the low barriers predicted for
this insertion/elimination reaction. Ni�S2 bond weakening is
required for the successful attack of CO on Ni to form the
pseudo five-coordinate intermediate 3 in the first step. The
Ni�S2 bond strengthening then helps weaken the Ni�N
bond and assist its migration to the carbonyl in the second
step. In the last step, the loss of N2 and the rearrangement
of the carbonyl nitrene occur synchronously to produce the
isocyanate complex. The release/then rebound of the S�Ni
dative bond predicted for this mechanism could play an im-
portant role in metalloenzyme mechanisms as a means to
open and close a coordination site.[25]
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Figure 6. The reaction coordinates in the singlet mechanism.
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A Systematic Investigation into the Mechanism of the Reaction Between CF3
Radicals and CO/O2


Maximiliano A. Burgos Paci and Gustavo A. Arg¸ello*[a]


Introduction


The chemistry of CF3 radicals in the gaseous phase has been
widely studied during the last ten years due to its impor-
tance in atmospheric chemistry, since a great variety of CFC
replacements, like HCFCs, HFCs, and HFEs, bear this
moiety in their molecular formula.
The atmospheric degradation of HCFCs, HFCs, and


HFEs begins through their reaction with OH radicals to
form water and a haloalkyl radical that, after reacting with
O2, eventually forms one of the four basic types of radicals
(CF3Ox, CF3C(O)Ox, CF3OC(O)Ox, and FC(O)Ox x=1, 2).
These radicals have been recently reviewed in ref. [1]. Once
formed, CF3 radicals react with O2 to give the peroxy radical
[reaction (1)] and subsequently with NO or any other reduc-
ing agent available to form the oxy radical [reaction (2)].


CF3 þ O2 ! CF3O2 ð1Þ


CF3O2 þ NO ! CF3O þ NO2 ð2Þ


The presence of these two CF3Ox species has promoted
many different studies, in particular, the reactions between
CF3O with NO,[2±5] O3,


[4±10] hydrocarbons,[2,3,5,11±13] H2O,
[14,15]


and with CO[10,14,16±18] have merited detailed kinetic studies.


Nevertheless, before the atmospheric processes acquired
their current importance, the kinetics of the chain reaction
between CF3O and CO had been studied by photolyzing
CF3OOCF3 in the presence of O2 and CO and observing the
catalytic conversion of CO into CO2.


[17] The authors pro-
posed a mechanism based on the formation of intermediates
with the general formula CF3OC(O)OxC(O)OCF3 in which
x=2, 3, and 4.
Ravishankara et al.[14] focused mainly on the rate constant


value for the reaction shown below [reaction (3)], as well as
its dependence on temperature and pressure, without deal-
ing extensively with the mechanism.


CF3O þ CO ! Products ð3Þ


They found the rate constant (k3) was 4.4î
10�14 cm3mol�1 s�1 at 25 8C and 50 torr total pressure.
Besides giving the first quantitative measurement of the


catalytic conversion and a new estimate of the rate constant,
Wallington et al.[10] discussed different channels for reac-
tion (3), as shown in Scheme 1. They concluded that reac-
tion (a), Scheme 1 is by far the most important.


Meller and Moortgat[18] also conducted a detailed study of
a static system by photolyzing CF3OOCF3 and CO (l=
254 nm, RT), diluted in either N2 or synthetic air. Mixtures


[a] Dr. M. A. Burgos Paci, Prof. Dr. G. A. Arg¸ello
I.N.F.I.Q.C. Departamento de FÌsico QuÌmica
Facultad de Ciencias QuÌmicas
Universidad Nacional de CÛrdoba
Ciudad Universitaria, 5000 CÛrdoba (Argentina)
Fax: (+54)351-433-4188
E-mail : gaac@fisquim.fcq.unc.edu.ar


Scheme 1.


Abstract: A complete study of the re-
action of CF3 radicals in the presence
of CO and O2 was carried out by using
isotopically labeled reagents to form,
selectively, all the possible isotopomers
of the intermediate trioxide, CF3-
OC(O)OOOC(O)OCF3, and of the
stable peroxide, CF3OC(O)OOC(O)-


OCF3. Analyses were carried out by
means of FTIR spectroscopy in combi-
nation with ab initio calculations. At


temperatures close to 0 8C, the acyl-
oxy radicals formed were shown to
exist long enough to yield a statistical
mixture of isotopomers. In previous re-
ports their lifetime was considered to
be too short.


Keywords: atmospheric chemistry ¥
gas-phase reactions ¥ isotopes ¥ pho-
tochemistry ¥ radical reactions
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of CF3OOCF3/CO/N2 gave CF2O and CO2 as main products,
with traces of CF3OC(O)C(O)OCF3 and CF3OC(O)OOC-
(O)OCF3. However, CF3OOCF3/CO/air mixtures yielded
only CF2O and CO2, in disagreement with the products
found by Aymonino.[17]


In 1998, Malanca et al.[16] published the results of the pho-
tolysis of CF3COCl/O2/CO mixtures at temperatures close
to 5 8C. The catalytic conversion[17] was indeed observed and
clear spectroscopic evidence of the formation of intermedi-
ates was found; however, based on kinetic grounds, they
postulated a mechanism leading to products with general
formula CF3OC(O)OxCF3 in which x=3 or 4, and CF3-
OC(O)OOC(O)OCF3, at variance with Aymonino×s postu-
lates. A few years later, the isolation of the peroxide CF3-
OC(O)OOC(O)OCF3


[19] was achieved. More recently,
von Ahsen et al.[20] succeeded in synthesizing the trioxide
CF3OC(O)OOOC(O)OCF3 at low temperatures.
Following on from the knowledge that the trioxide should


be the first molecule formed when CF3 radicals react with
CO and O2, we have conducted a new series of experiments
aiming at the complete elucidation of the mechanism by
using isotopically marked compounds. We monitored the ap-
pearance and identity of the isotopomers by using FTIR
techniques. Ab initio methods, which were used to simulate
their IR spectra, helped to interpret the reactions that took
place. We present herein a mechanism that leaves aside
some reactions that have been considered before and dem-
onstrates the key role played by the recombination of acyl-
oxy radicals.


Results and Discussion


Figure 1 shows the formation and subsequent disappearance
of an intermediate. Trace A shows the raw IR spectrum
during illumination (t=10 min); trace B shows the differ-
ence A�[CF3C(O)OC(O)CF3+CF2O+CO2] displaying new
bands at 974 and 1138 cm�1; trace C shows the last raw spec-
trum recorded after the lamps are turned off (t=¥) and
CF3C(O)OC(O)CF3, CF2O, CO2, and CF3OOOCF3 have
been subtracted. A comparison of trace B with ref. [17]
leaves no doubt that this intermediate is CF3OC(O)OOO-


C(O)OCF3 and a comparison of trace C with ref. [19] proves
that the trioxide decays into the peroxide CF3OC(O)OOC-
(O)OCF3 as one of the products.
Figure 2 shows the temporal variation in the concentra-


tion of some selected species for a particular run where CO
was reinjected during the photolysis. The concentration of


CF3OC(O)OOOC(O)OCF3 was monitored through the
974 cm�1, CF2O through the 1950 cm


�1, CF3C(O)OC(O)CF3
through the 1817 cm�1, and CO through the 2100 cm�1


bands. As can be seen, there is a clear correspondence be-
tween the trioxide and the CO concentrations. When the
CO concentration decreases, so does the rate of production
of the trioxide to the point at which its own decomposition
becomes more important. It is also enlightening that the in-
jection of more CO reverses the trioxide×s tendency towards
decomposition. After 30 minutes, the decomposition of the
trioxide predominates again. Ater turning the lights off, only
its decomposition takes place and the radicals formed are
able to catalytically consume the remaining CO.
Figure 3 shows the spectra taken at ™infinite∫ time. The


range between 2400 and 1900 cm�1 shows the raw spectra of
CO2 and CF2O, while the range between 1900 and 900 cm


�1


Figure 1. Experimental IR spectra showing the starting reagents
(trace A) and the formation of an intermediate (trace B), which turns
into a stable substance with time (trace C). See text for details.


Figure 2. The change in concentration over time for CO (*), CF2O (!,
CF3C(O)OC(O)CF3 (&), and CF3OC(O)OOOC(O)OCF3 (~), at selected
wavenumbers.


Figure 3. Experimental IR spectra showing the products at ™infinite
time∫. A common code to portray the traces has been used in this and
Figure 4. The traces display nonmarked reagents (bottom trace), the run
where 13CO was used (second from bottom), the run with C18O (second
from top), and the run with 18O2 (upper).
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shows the set of spectra for the stable peroxide after appro-
priate subtraction of CF3C(O)OC(O)CF3, CF2O, CO2, and
CF3OOOCF3. When


13CO is used, only the CO2 formed is
labeled, while CF2O is not, a trend also seen with C


18O. But
when 18O2 is used, both CO2 and CF2O bear one


18O atom.
An interesting observation can be made regarding the posi-
tion of the bands and the assignments of the normal modes.
In ref. [19] the authors stated that an assignment of the
42 IR and Raman active fundamentals seemed impossible.
Though still true, it becomes evident that the two bands cen-
tered at 1295 and 1260 cm�1 do not change with the differ-
ent isotopes, therefore they should pertain to pure C�F
stretchings, since, as it will be discussed, the carbon atom
bonded to the F atoms has no chance at all of being re-
placed. A word to reinforce our assumption is the observa-
tion of the same type of bands for the trioxide (Figure 4), in


which the four spectra show exactly the same position for
the two bands (1258 and 1294 cm�1). In this case,
CF3


18O3CF3 had not yet been formed when the IR spectra
were recorded.
The shifts observed in the car-


bonyl band region when 13CO is
present are those expected for
the peroxide (Figure 3) and for
the trioxide (Figure 4). Interest-
ingly enough, these bands
showed a splitting (from two to
three peaks in Figure 3 and
from one to two peaks in
Figure 4) when C18O was used,
which suggests a specific effect
of the heavy oxygen atom. Fi-
nally, when 18O2 was present,
the peroxide spectrum was not
clear-cut due to the interference
of CF2


18O and CF3
18O3CF3 that


we could not subtract because
pure samples were not avail-
able.


Reactions and mechanisms : As already mentioned, CF3 rad-
icals are formed by photolysis of CF3C(O)OC(O)CF3. This,
followed by the reaction with O2


[21] as outlined in Table 1,
ensures their complete conversion into CF3O2 under our ex-
perimental conditions. Once formed, CF3O2 radicals produce
CF3O in two different ways. Reactions (5) and (6) (see
Table 1) should both be taken into account, because despite
the small value of k6,


[14] the concentration of CO is several
orders of magnitude higher than that for CF3O2 radicals.
The fate of the CF3O radicals is strongly dependent upon


the concentration of CO since they can react to form
CF3OCO radicals (reaction (a) in Scheme 1 accounts for
96% of the possibilities of reacting with CO[10]) or decom-
pose to yield CF2O when the CO concentration goes down.
An example of this situation can be seen in Figure 2 in
which there is an abrupt increase in the concentration of the
trioxide immediately after CO is reinjected.
CF3OC(O) can recombine to give perfluoromethyl oxa-


late [reaction (7), Table 1] or react further with oxygen to
yield acylperoxy radicals [reaction (8), Table 1]. The com-
plete absence of the oxalate in our system implies that reac-
tion (8) occurred in preference to reaction (7). This agrees
with the results of Moortgat et al.,[18] who found this sub-
stance in their experiments with mixtures of CF3OOCF3/
CO/N2, but could not find it in air-containing mixtures. This
indicates that dimerization [reaction (7)] can only compete
at very low oxygen concentrations. There are no values for
the rate constant of reaction (8); however, a rough estima-
tion equating it to the rate constant for CF3CO + O2, previ-
ously measured[22] as 7.3î10�13 cm3mol�1 s�1, ensures that
under our conditions there will be a negligible concentration
of CF3OC(O) radicals.
Several different pathways have been discussed for the


acylperoxy radicals. Aymonino et al.[17] postulated the for-
mation of a tetraoxide [reaction (9), Table 1] that has not
yet been detected; only molecules with a maximum of three
concatenated oxygen atoms have been isolated. Neverthe-
less, there is no doubt that the acylperoxy radicals do exist,
as will be shown below. Other possible reactions proposed


Figure 4. Experimental IR spectra showing the intermediate trioxide
CF3OC(O)OOOC(O)OCF3 for the same sequence as in Figure 3.


Table 1. Reaction schemes.[a]


Reaction Rate constant, k Ref. Reaction
[cm3mol�1 s�1] No.


CF3C(O)OC(O)CF3+hu!2CF3 + CO + CO2 4
CF3 + O2!CF3O2 (4�1)î10�12 21 1
2CF3O2!2CF3O + O2 1.8î10�12 21 5
CF3O2 + CO!CF3O + CO2 <5î10�16 14 6
CF3O + CO!CF3OC(O) 4.4î10�14 14 3
2CF3OC(O)!CF3OC(O)C(O)OCF3 7
CF3OC(O) + O2!CF3OC(O)O2 7.3î10�13 22 8
2CF3OC(O)O2!CF3OC(O)OOOOC(O)OCF3 9
2CF3OC(O)O2!2CF3OCO2 + O2 >1î10�12 22 12
CF3OCO2!CF3O + CO2 13
CF3OCO2 + CF3OC(O)O2!CF3OC(O)OOOC(O)OCF3 14
2CF3OC(O)O2!CF3OC(O)OOC(O)OCF3 + O2 10
CF3OC(O)O2 + CF3OC(O)!CF3OC(O)OOC(O)OCF3 11
2CF3OCO2!CF3OC(O)OOC(O)OCF3 15
CF3O!CF2O + F 16
CF3O + CF3O2!CF3O3CF3 1î10�10 4 17


[a] In the text the decimal places in the reaction numbers, .1, .2, .3, .4, and .5 indicate 1 18O, 2 18O, 4 18O, 5 18O
and 2 13C labeled atom(s) in the starting material(s), respectively.
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for these radicals that lead to the same product are the one-
step formation of bis(perfluoromethyl)peroxy dicarbonate
[reaction (10), Table 1] or the reaction with CF3OC(O) radi-
cals put forward by Moortgat et al.[18] [reaction (11),
Table 1]. Another reaction with acylperoxy radicals is reac-
tion (12), which produces acyloxy radicals. Moortgat et al.[9]


and Malanca et al. ,[16] believed in an immediate decarboxyl-
ation that would prevent the existence of CF3OCO2 radicals
[reaction (13), Table 1]; however, the existence of CF3OCO2
radicals is proven by the formation of the recently isolated
trioxide,[20] formed through reaction (14) (Table 1). It will be
seen that our experiments with isotopes (performed at the
same temperatures as those of Malanca et al.[16]) confirm
that these radicals live long enough to dimerize.
The rate constant for reaction (12) could be assumed to


be similar either to that for 2CF3C(O)O2!2CF3CO2 + O2,
which is ~10�11 cm3mol�1 s�1 between 0 and 5 8C, or to that
for CF3C(O)O2 + CF3O2!CF3CO2 + CF3O + O2 k= (0±
2)î10�12 cm3mol�1 s�1, as reported by Mariqc et al.[7,22] In
both cases a very fast reaction can be foreseen.
Note that reaction (13) is responsible for the formation of


CO2 and the regeneration of the CF3O radical that can react
again with CO to feed the catalytic cycle. The low concen-
tration of the CO2 formed is another fact that accounts for
the stability of CF3OCO2 radicals at the temperatures at
which the experiments were carried out.
In addition to reactions (10) and (11), the peroxide CF3OC-


(O)OOC(O)OCF3 can be formed from the recombination
of CF3OCO2 radicals [reaction (15), Table 1]. It is worth
highlighting that this reaction, on account of the tempera-
ture at which the experiments had been done before, found
some reluctance to be accepted and has been taken into ac-
count only in recent reports, where lower temperatures were
used that enabled the formation of intermediate substan-
ces.[19,20]


Carbonyl fluoride results mainly from the decomposition
of CF3O radicals [reaction (16), Table 1]. The last stable
molecule that we consider in the system, that is, perfluoro-
methyl trioxide, forms from the recombination of CF3O and
CF3O2 radicals [reaction (17)] with a rate constant reported
at room temperature to be k17=1î10


�10 cm3mol�1 s�1.[4]


Isotopic substitution


Analysis of bis(trifluoromethyl)trioxide CF3OC(O)OOO-
C(O)OCF3 : The replacement of CO with 13CO produces
CF3O


13C(O) [reaction (3), Table 1], followed by
CF3O


13C(O)O2 [reaction (8)], which in turn gives
CF3O


13CO2 radicals. Finally, through reaction (14.5), we end
up with the trioxide labeled at the two carbonyl carbon
atoms. (The footnote of Table 1 explains the use of decimal
places in the reaction numbers.)


CF3O
13CO2 þ CF3O


13CðOÞO2 ! CF3O
13CðOÞO13


3 CðOÞOCF3


ð14:5Þ


Figure 5 shows the IR spectrum resulting from ab initio
calculations for the nonmarked isotopomer and CF3O


13-


C(O)OOO13C(O)OCF3, in addition to the experimental IR
spectrum. As can be seen, the correspondence between the
calculated and experimental spectra is remarkably good,
which is important when trying to rely on calculations to
decide what reactions are taking place. Since frequencies
obtained by these methods are usually affected by an uncer-
tainty of 10%, the correspondence is excellent regarding
not only the frequency, but also the intensity of the bands.
The calculated shifts (1874±1827, 1197±1175, 1137±1119, and
952±943 cm�1) show almost the same values as the experi-
mental ones (1879±1833, 1186±1175, 1138±1124, and 974±
967 cm�1) demonstrating the reliability of the calculations.
The fact that the CO2 formed is only labeled 13CO2
(Figure 3) confirms that it should come from the decomposi-
tion of the acyloxy radical alone [reaction (13)]. The radicals
formed with C18O will be CF3OC(


18O) and CF3OC(
18O)O2.


Then reaction (12) would give rise to the acyloxy radical
CF3OC(


18O)O, in which there is no fixed double C=O bond,
but a resonance between the two oxygen atoms [CF3O-
C(18O)O$CF3OC(O)18O]. The formation of the trioxide
therefore [reaction (14.2)], would yield two different iso-
topomers (a and b) in a 1:1 ratio.


½CF3OCð18OÞO $ CF3OCðOÞ18O	 þ CF3OCð18OÞO2


! CF3OCð18OÞOOOCð18OÞOCF3 ð14:2aÞ


! CF3OCðOÞ18OOOCð18OÞOCF3 ð14:2bÞ


Ab initio calculations were carried out for these two spe-
cies and their calculated IR spectra are depicted in Figure 6.
This figure shows exactly what was expected. The isotopo-
mer with the two 18O atoms double bonded to the C atoms
(lower trace, Figure 6) gives rise to only one carbonyl band,
as does the nonmarked isotopomer (lower trace, Figure 5).
These features are in agreement with those observed and
discussed in the paper reporting the synthesis of the triox-
ide.[20] The isotopomer with one 18O atom in the oxygen
chain has two different oxygen atoms bonded to the carbon-
yl, which is reflected in the two calculated bands (second
trace from bottom, Figure 6). It can also be observed that


Figure 5. Calculated IR spectra for nonmarked (bottom trace) and 13C
(middle trace) substituted trioxides. The upper trace shows the experi-
mental spectrum when 13CO is used.
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the bands that maintain their positions (even after the iso-
topic change) are at 1324 and 1266 cm�1, which we ascribe
to the pure C�F stretchings. The spectrum resulting from
the 1:1 sum of the two isotopomers is depicted in the trace
immediately below the experimental trace of Figure 6. It
should be stressed that the experimental spectrum can be
fitted with remarkable exactness by the sum of the two com-
ponents. This fact leaves little room for speculation and
almost confirms that the lifetime of the acyloxy radicals is
long enough to allow the randomized encounter with
CF3OC(


18O)O2 radicals.
The inclusion of 18O2 also evidenced that the sequence of


reactions occurs as written in Table 1, beginning with the
CF3 radicals generated by photolysis reacting with


18O2.
These very first reactions [reactions (1.2), (5.3), (6.2), and
(3.1)] explain why they were the only experiments that
yielded both CF2


18O and CF3
18O3CF3, as observed in


Figure 3.


CF3 þ18 O2 ! CF18
3 O2 ð1:2Þ


2CF18
3 O2 ! 2CF18


3 Oþ18 O2 ð5:3Þ


CF18
3 O2 þ CO ! CF18


3 Oþ C18OO ð6:2Þ


CF18
3 Oþ CO ! CF18


3 OCðOÞ ð3:1Þ


The second 18O2 uptake by radicals produced
CF3


18OC(O)18O2, and from this, the acyloxy radicals, which
give stable molecules all of which contain five (trioxide) or
four (peroxide) 18O atoms.


Based on similar reasoning, the trioxide will again pro-
duce two different isotopomers with a 1:1 concentration
ratio [reaction (14.4)]:


½CF18
3 OCðOÞ18O $ CF18


3 OCð18OÞO	 þ CF18
3 OCðOÞ18O2


! CF18
3 OCðOÞ18O3CðOÞ18OCF3 ð14:4aÞ


! CF18
3 OCðOÞ18O18OOCð18OÞ18OCF3 ð14:4bÞ


Both the IR spectrum of the calculated statistical mixture
of isotopomers and the experimental trace are shown in
Figure 7. The reproducibility of the results continues to be
very good and the intensity ratio of the different bands is
maintained. It is interesting to highlight the difference in
relative intensity of the trioxide carbonyl bands depending
on whether C18O or 18O2 is used. With all of them, the triox-
ide formed will show two ™different∫ carbonyl bands, since
we have the marked and nonmarked C=O bond. With C18O
(Figure 6), CF3OC(O)


18OOOC(18O)OCF3 displays two
bands of comparable intensity and CF3OC(


18O)OOO-
C(18O)OCF3 one band. The experimental spectrum shows
the band at 1845 cm�1 is the most intense. In the case of
18O2 (Figure 7), the relative intensity shows the opposite
trend. Now the peak at 1879 cm�1 has the contribution from
CF3


18OC(O)18O3C(O)
18OCF3 and CF3


18OC(O)18O18OO-
C(18O)18OCF3, while the band at 1843 cm


�1 is formed only
by the last isotopomer.


Analysis of bis(trifluoromethyl)peroxide CF3OC(O)OO-
C(O)OCF3 : The peroxide forms from reactions (10), (11),
and (15), so, on account of the mechanism described, we
would expect the formation of only one isotopomer, that is,


Figure 7. Calculated 1:1 mixture of trioxides CF3
18OC(O)18O3C(O)


18OCF3
and CF3


18OC(O)18O18OOC(18O)18OCF3 (bottom trace) and experimental
spectrum when 18O2 is used (upper trace).


Figure 6. Traces from bottom to top are as follows: calculated IR spectra
showing the two possible marked trioxide isotopomers; the 1:1 mixture
of the trioxide isotopomers; the experimental spectrum when C18O was
used as the marked reagent.


Figure 8. Calculated IR spectra for nonmarked (bottom trace) and 13C
(middle trace) substituted peroxides. Upper trace shows the experimental
spectrum when 13CO is used.
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CF3O
13C(O)OO13C(O)OCF3, when


13CO is the reagent.
Figure 8 shows the IR spectra calculated by ab initio meth-
ods for CF3OC(O)OOC(O)OCF3 and CF3O


13C(O)OO13-
C(O)OCF3, as well as the experimental trace. Here again,
the correspondence between theory and experiment is sur-
prisingly good and encouraging. The calculated shifts (1895±
1847, 1864±1818, 1139±1124, and 966±958 cm�1) are in excel-
lent agreement with the recorded values of Figure 3 (1887±
1840, 1865±1820, 1135±1119, and 988±980 cm�1).
According to our interpretation, the peroxide obtained


with marked reagent C18O clarifies the whole mechanism,
because it is now accepted, beyond any reasonable doubt,
that it comes from the decomposition of the trioxide [reac-
tion (14)].[20] Furthermore, no matter how the trioxide de-
composes, every acyloxy radical formed will have one reso-
nant 18O atom. This means that the recombination will give
rise to three different isotopomers with a statistical concen-
tration ratio a/b/c of 1:2:1 [reaction (15.2)].


2 ½CF3OCð18OÞO $ CF3OCðOÞ18O	
! CF3OCð18OÞOOCð18OÞOCF3 ð15:2aÞ


! CF3OCð18OÞOOCð18OÞOCF3 ð15:2bÞ


! CF3OCðOÞ18O18OCðOÞOCF3 ð15:2cÞ


If reactions (10) and (11) contribute, they would exclu-
sively yield the isotopomer CF3OC(


18O)OOC(18O)OCF3,
since the marked oxygen atoms will be anchored to the car-
bonyl carbon atom giving a different concentration ratio.
Figure 9 portrays the calculated IR spectra for the statisti-


cal mixture along with the experimental trace and also a sim-
ulated spectrum with an extra contribution accounting for a
higher concentration of isotopomer a. As can be observed,
the quality of the fittings is self-explanatory leaving no
chance for reactions other than the recombination of two
acyloxy radicals. Note that in the upper trace, the concentra-
tion of a was increased to create a 2:2:1: ratio. It is clear


that the central band of the ™triplet∫ in the carbonyl region
is higher than the corresponding one in the experiment; this
fits well with the 1:2:1 ratio. Although we have no indication
of how much reactions (10) and (11) could contribute, it
should be recalled that the concentration of acylperoxy radi-
cals should be much higher than that of acyloxy (CF3OCO2)
radicals and the rate constant for reaction (10) should also
be high, because it is a reaction with no activation energy.
Also, the stability of the radicals involved in reactions (10)
and (11) has been proven by matrix experiments and both
of them have been isolated very recently.[23,24] For these rea-
sons, we believe that the concentration ratio used in the sim-
ulated spectrum is reasonable and could have been even
higher.
When 18O2 is used as the marked reagent, we should


expect the formation of three isotopomers for the peroxide
[reaction (15.3)]:


2 ½CF18
3 OCð18OÞO $ CF18


3 OCðOÞ18O	
! CF18


3 OCð18OÞOOCð18OÞ18OCF3 ð15:3aÞ


! CF18
3 OCðOÞ18OOCð18OÞ18OCF3 ð15:3bÞ


! CF18
3 OCðOÞ18O18OCðOÞ18OCF3 ð15:3cÞ


In Figure 10 we present the usual calculated IR spectra
for the 1:2:1 and experimental mixtures. In this particular
figure, the fitting of the traces is unfortunately not as good
as in all the previous figures. This is due to the simultaneous
formation of the marked CF2


18O and CF3
18O3CF3. Neverthe-


less, a general agreement can still be seen in particular in
the carbonyl region, in which the ™triplet∫ band shows up,
although a little blurred by the presence of marked carbonyl
fluoride.


Figure 9. Calculated 2:2:1 (upper trace) and 1:2:1 (middle trace) statisti-
cal mixtures of the three peroxide isotopomers CF3OC(


18O)OO-
C(18O)OCF3, CF3OC(O)


18OOC(18O)OCF3, and CF3OC(O)
18O18O-


C(O)OCF3, respectively, and the experimental spectrum when C18O is
used (bottom trace).


Figure 10. Calculated 1:2:1 statistical mixture (bottom trace) of peroxides
CF3


18OC(18O)OOC(18O)18OCF3, CF3
18OC(O)18OOC(18O)18OCF3, and


CF3
18OC(O)18O18OC(O)18OCF3 and the experimental spectrum when


18O2 is used (upper trace). Note the blurring of the bands due to the con-
tribution of CF3


18O3CF3 and CF2
18O.
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Conclusion


We have studied the sequence of reactions that CF3 radicals
undergo when faced with mixtures of CO and O2 by follow-
ing the temporal evolution of the intermediates and stable
products formed. The use of isotope-labeled reagents, like
13CO, C18O, and 18O2, yielded many different isotopomers of
the intermediate trioxide and of the stable peroxide. This
showed the importance of the contribution of ab initio cal-
culations, which proved to be a very powerful tool for these
types of comparisons.
We have demonstrated that the formation of both the tri-


oxide and the peroxide must come from reactions that in-
volve the acyloxy radical CF3OCO2; therefore, this species
must live long enough for the reactions to take place. This
possibility had been discarded by other authors in favor of a
very rapid decarboxylation that should only be true at tem-
peratures well above 0 8C.


Experimental Section


CF3 radicals were obtained through the photolysis of perfluoroacetic an-
hydride (PFAA), CF3C(O)OC(O)CF3. One at a time,


13CO or C18O was
included in the experiments in which natural O2 was present and


18O2
was added to natural CO.


The experimental set up consisted basically of a quartz-walled IR cell
mounted in the optical path of a FTIR (Bruker IFS 28) spectrometer and
a UV (l=254 nm) lamp. This set up allowed the timely recording of IR
spectra before, during, and after the illumination. The associated soft-
ware (OPUS-IR 3.0 for OS/2 operating system) allowed the subtraction
of either reagents or pure reference substances, to simplify the interpreta-
tion of the spectra. A detailed explanation of the experimental procedure
has been given elsewhere.[16]


A typical run involved the photolysis of PFAA (1.0±3.0 mbar), CO (10±
20 mbar), and O2 (100±300 mbar). We followed the disappearance of
PFAA and CO as well as the formation of CO2 (2340 cm


�1), CF2O
(1910 cm�1), and CF3O3CF3 (1169 cm


�1) as the main stable products.


All the experiments were carried out at temperatures around 0 8C in
order to stabilize, as discussed, the intermediate radicals. These tempera-
tures were achieved in the cell compartment by using a flow of cold, dry
nitrogen.


Small samples of 18O2 (95%),
13CO (99%), and C18O (97%) (Deutero),


which were kindly given to us as a gift, were used without any further pu-
rification.


When the isotopically marked CO or O2 were used, all the other experi-
mental conditions were maintained.


Ab initio calculations using the B3LYP6-31G method were performed
using the Gaussian 98 program package[25] to evaluate the energy of the
different conformers for CF3OC(O)OOOC(O)OCF3 and CF3OC(O)OO-
C(O)OCF3 and the effect of the isotopic substitution, of either carbon or
oxygen atoms, on the IR spectra of the most stable conformer. For all the
isotopomers, the force constants were kept equal. A very simple Fortran
code was written to simulate the different bands fitting the intensity (I)
as well as the band position (ñ) of each normal mode to a gaussian func-
tion of the form: Abs(ñ)= Iexp[�(x�ñ)2/s2]


The parameter s, which gives a ratio between height and width, was em-
pirically chosen to equal 13 because of the very good (see spectra) agree-
ment reached. The whole IR spectrum of a particular isotopomer is just
the sum of these functions.


Acknowledgement


Financial support from CONICET, FONCYT, and SECyT-UNC are
gratefully acknowledged. We also thank Dr. Helge Willner for the gift of
the isotope substituted CO and O2 samples and Miss Karina Placencia
for language assistance.


[1] S. von Ahsen, H. Willner, G. A. Arg¸ello, J. Fluorine Chem. 2003, in
press.


[2] T. J. Bevilacqua, D. R. Hanson, C. J. Howard, J. Phys. Chem. 1993,
97, 3750.


[3] N. R. Jensen, D. R. Hanson, C. J. Howard, J. Phys. Chem. 1994, 98,
8574.


[4] O. J. Nielsen, J. Sehested, Chem. Phys. Lett. 1993, 213, 433.
[5] S. B. Barone, A. A. Turnipseed, A. R. Ravishankara, J. Phys. Chem.


1994, 98, 4602.
[6] T. J. Wallington, M. D. Hurley, W. F. Schneider, Chem. Phys. Lett.


1993, 213, 442.
[7] M. Matti Maricq, J. J. Szente, Chem. Phys. Lett. 1993, 213, 449.
[8] C. Fockenberg, H. Saathoff, R. Zellner, Chem. Phys. Lett. 1994, 218,


21.
[9] R. Meller, G. K. Moortgat, J. Photochem. Photobiol. A 1995, 86, 15.
[10] T. J. Wallington, J. C. Ball, Chem. Phys. Lett. 1995, 234, 187.
[11] J. Chen, T. Zhu, H. Niki, Geophys. Res. Lett. 1992, 19, 2215.
[12] H. Saathoff, R. Zellner, Chem. Phys. Lett. 1993, 206, 349.
[13] C. Kelly, H. W. Sidebottom, J. Treacy, O. J. Nielsen, Chem. Phys.


Lett. 1994, 218, 29.
[14] A. A. Turnipseed, S. B. Barone, N. R. Jensen, D. R. Hanson, C. J.


Howard, A. R. Ravishankara, J. Phys. Chem. 1995, 99, 6000.
[15] T. J. Wallington, M. D. Hurley, W. F. Schneider, J. Sehested, O. J.


Nielsen, J. Phys. Chem. 1993, 97, 7606.
[16] F. E. Malanca, G. A. Arg¸ello, E. H. Staricco, R. P. Wayne, J. Photo-


chem. Photobiol. A 1998, 117, 163.
[17] M. A. Blesa, P. J. Aymonino, An. Asoc. Quim. Argent. 1971, 59, 193.
[18] R. Meller, G. K. Moortgat, Int. J. Chem. Kinet. 1997, 29, 579.
[19] F. E. Malanca, G. A. Arg¸ello, H. Willner, Inorg. Chem. 2000, 39,


1195.
[20] S. von Ahsen, P. GarcÌa, H. Willner, M. Burgos Paci, G. A. Arg¸ello,


Chem. Eur. J. 2003, 9, 5135.
[21] W. B. DeMore, S. P. Sander, D. M. Golden, R. F. Hampson, M. J.


Kurylo, C. J. Howard, A. R. Ravishankara, C. E. Kolb, M. J. Molina,
Chemical Kinetics and Photochemical Data for Use in Stratospheric
Modeling, Evaluation Number 12, JPL Publication 97-4, Jet Propul-
sion Laboratory, California Institute of Technology, Pasedena, CA,
1997.


[22] M. Matti Maricq, J. J. Szente, G. A. Khitrov, J. S. Francisco, J. Phys.
Chem. 1996, 100, 4514.


[23] S. von Ahsen, H. Willner, J. S. Francisco, Chem. Eur. J. 2002, 8, 4675.
[24] S. von Ahsen, J. Hufen, H. Willner, J. S. Francisco, Chem. Eur. J.


2002, 8, 1189.
[25] Gaussian 98, Revision A.7,M. J. Frisch, G. W. Trucks, H. B. Schlegel,


G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski,
J. A. Montgomery, Jr., R. E. Stratmann, J. C. Burant, S. Dapprich,
J. M. Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J.
Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli,
C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q.
Cui, K. Morokuma, D. K. Malick, A. D. Rabuck, K. Raghavachari,
J. B. Foresman, J. Cioslowski, J. V. Ortiz, B. B. Stefanov, G. Liu, A.
Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin,
D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara,
C. Gonzalez, M. Challacombe, P. M. W. Gill, B. G. Johnson, W.
Chen, M. W. Wong, J. L. Andres, M. Head-Gordon, E. S. Replogle,
J. A. Pople, Gaussian, Inc., Pittsburgh PA, 1998.


Received: August 26, 2003
Revised: October 13, 2003 [F5480]


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 1838 ± 18441844


FULL PAPER G. A. Arg¸ello and M. A. Burgos Paci



www.chemeurj.org






Reactions of Copper(ii) Salts with 3{5}-tert-Butylpyrazole: Double-Cubane
Complexes with Bound Exogenous Anions, and a Novel Pyrazole
Coordination Mode


Xiaoming Liu,[a] Judith A. McAllister,[b, c] Marcelo P. de Miranda,[a] Eric J. L. McInnes,[d]


Colin A. Kilner,[a] and Malcolm A. Halcrow*[a]


Introduction


There are several, disparate examples of polymetallic clus-
ters or aggregates containing encapsulated guest molecules
or ions. This phenomenon is especially prevalent in polyoxo-
metallate chemistry, where there are direct bonds between
the encapsulated guest, which is usually an oxoanion, and
metal ions in the metallate cage.[1] However, there are also
an increasing number of polynuclear coordination com-
pounds, with two- or three-dimensional cage structures sur-
rounding a guest species.[2] In these latter compounds there
are often no covalent bonds between the guest and the com-
plex host; instead, the guest interacts with the cage only by
electrostatics, hydrogen-bonding, or other secondary interac-
tions. The metal/ligand system in these compounds has often
been designed to afford polynuclear products,[2] so it can be
uncertain whether formation of the cage structures is tem-
plated by the guest anion; or, whether the guest simply oc-
cupies a cavity within a preformed cage upon crystallization.
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Abstract: Reaction of CuX2 (X�=Cl� ,
Br� , NO3


�), NaOH, and 3{5}-tert-butyl-
pyrazole (HpztBu) in a 1:1:2 molar
ratio in MeOH at 293 K for three
days affords [{Cu3(HpztBu)6(m3-X)(m3-
OH)3}2Cu]X6 (X�=Cl� , 1; X�=Br� , 2 ;
X�=NO3


� , 3) in moderate yields. These
compounds contain a centrosym-
metric, vertex-sharing double-cubane
[{Cu3(HpztBu)6(m3-X)(m3-OH)3}2Cu]6+


core, surrounded by a belt of six hydro-
gen-bonded X� ions. For 1 and 2, the
ring of guest anions has near C3 sym-
metry, that is slightly distorted owing
to the axis of Jahn±Teller elongation at
the central Cu ion. For 3 only, the
NO3


� guest ions are crystallographical-
ly disordered, reflecting their poor
complimentarity with complex host. A


similar reaction employing CuF2 yields
[{Cu3(HpztBu)4(m-pz


tBu)2(m-F)2(m3-F)}2]F2


(4), whose structure contains a cyclic
hexacopper core with approximate C2v


symmetry. Finally, an analogous reac-
tion using Cu(NCS)2 gives a mixture of
trans-[Cu(NCS)2(HpztBu)2] (5) and
[Cu2(NCS)2(m-pz


tBu)2(m-HpztBu)(HpztBu)2]
(6). The latter compound contains a
HpztBu ligand bridging the two Cu ions
in an unusual k1,m-coordination mode.
The variable temperature magnetic
properties of 1±3 show antiferromag-
netic behavior, leading to a S= 1=2


ground state in which the seven cop-
per(ii) ions are associated into three
mutually independent distinct spin sys-
tems. In confirmation of this interpreta-
tion, Q-band EPR spectra of solid 1
and 2 at 5 K also demonstrate a S= 1=2
spin system and exhibit hyperfine cou-
pling to three 63,65Cu nuclei. Unusually,
the coupling is manifest as an eight-
line splitting of the parallel feature,
rather than the usual 10 lines. This has
been rationalized by a spin-projection
calculation, and results from the rela-
tive magnitudes of coupling to the
three Cu nuclei. UV/Vis and mass
spectrometric data show that 1±4 de-
compose to lower nuclearity species in
solution.


Keywords: cluster compounds ¥
copper ¥ hydrogen bonds ¥
N ligands
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There are only a small number of examples where genuine
anion templating of a cage structure through noncovalent in-
teractions has been demonstrated.[3±6]


We have recently reported the crystal structure and mag-
netic properties of [{Cu3(HpztBu)6(m3-Cl)(m3-OH)3}2Cu]Cl6 (1;
HpztBu=5-tert-butylpyrazole), which was obtained in about
50% yield by the simple complexation of CuCl2 and HpztBu


in basic MeOH.[7] The structure of 1 contains an unusual
vertex-sharing [{Cu3(HpztBu)6(m3-Cl)(m3-OH)3}2Cu]6+ double-
cubane core, surrounded by a belt of six hydrogen-bonded
Cl� ions which are encapsulated within a hydrophobic
sheath of tert-butyl groups. Vertex-sharing double-cubane
complexes are still relatively unusual,[8±19] although interest-
ingly one example is known containing a [{Cu3(m3-Cl)(m3-
OH)3}2Cu]6+ core that is a structural isomer of the core in
1.[18] Compound 1 represents an inversion of the usual sce-
nario in polymetallic host±guest complexes, in that the chlo-
ride guests surround the periphery of the cluster core rather
than being encapsulated within it. We now present a full ac-
count of the chemistry of 1 and of two related compounds
containing other anion guests, and describe the products of
similar reactions carried out using other copper(ii) salts, in-
tended to determine to what extent the structural topology
of 1 depends on these supramolecular cation±anion interac-
tions.


Results and Discussion


Syntheses and crystal structures : Reaction of hydrated CuX2


(X�=Cl� , Br� , NO3
�), NaOH and HpztBu in a 1:1:2 molar


ratio in MeOH at 293 K for three days yields a dark green
solution. Evaporation to dryness and extraction of the resi-
due with CH2Cl2 affords a dark green solution, which gives
low-to-moderate yields of turquoise crystals upon layering
with pentane. These products were identified as [{Cu3-
(HpztBu)6(m3-X)(m3-OH)3}2Cu]X6 (X�=Cl� , 1; X�=Br� , 2 ;
X�=NO3


� , 3) by elemental analysis and crystallography (see
below). The long reaction time seems necessary to maximize
the yields of 1±3, and to avoid contamination of the product
by the corresponding monomers [CuX2(HpztBu)4].


[20] Pure 1
and 2 can be recrystallized cleanly from CH2Cl2±pentane
mixtures; recrystallization of 3 results in partial decomposi-
tion of the sample. Importantly, 1±3 can only be prepared by
slow crystallization. Rapid precipitation of these compounds
from solution instead yields green powders that were not in-
vestigated in detail, but which appear to contain more than
one complex product from their solubility properties. While
single crystals of 1 and 2 both contain lattice solvent
(CH2Cl2 and pentane, respectively), for both compounds
this solvent is lost upon drying in vacuo to yield analytically
pure solvent-free material. All magnetic and spectroscopic
measurements on 1 and 2 were carried out using these dried
compounds.


Although they are not isomorphous, the molecular struc-
tures of 1[7] and 2 in their solvated crystals are very similar.
The asymmetric unit of 2¥2C5H12 contains half a complex
molecule, with Cu(1) lying on a crystallographic inversion
center, together with one molecule of pentane lying on a


general position. The overall structure of the complex is of a
[{Cu3(HpztBu)6(m3-Br)(m3-OH)3}2Cu]6+ vertex-sharing double
heterocubane (Table 1, Figure 1). The central Cu atom
Cu(1) has a distorted octahedral Cu(OH)6 coordination
sphere with near-regular O-Cu(1)-O angles, while Cu(2)±
Cu(4) exhibit cis-tetragonal geometries, with two basal OH�


and two HpztBu ligands. The cubane moiety is completed by
Br(62), which makes long axial contacts to each of Cu(2)±
Cu(4). The six charge-balancing Br� ions are disposed in an
approximately C3-symmetric ring around the double-cubane
core of the molecule (Figure 2). Each of these Br� ions
forms a weak axial interaction to one Cu ion, and accepts
hydrogen bonds from one OH� and two HpztBu N±H donors
(Table 2). These weak interactions are disposed in a distort-
ed pyramidal geometry about the Br centers (Figure 2), with
trans-H¥¥¥Br¥¥¥H and H¥¥¥Br¥¥¥Cu angles ranging from 105.0±
121.58. The guest anions are additionally shielded from the
environment by a hydrophobic shell of tert-butyl groups.


There are two main differences between the structures of
1 and 2 in their crystals. First, in 1 Cu(1) has a clearly Jahn±
Teller elongated structure, with one of the three unique
Cu(1)�O bonds being an average of 0.323(2) ä longer than
the other two.[7] In contrast, the distribution of Cu(1)�O dis-
tances in 2 is more suggestive of a Jahn±Teller compressed
octahedral geometry (Table 1).[21] However, a mean-square
displacement amplitude (MSDA)[22] analysis of the bonds to
Cu(1) in 2 strongly implies that the Cu(1)�O(6) and
Cu(1)�O(7) bonds are disordered: the DMSDA values are
Cu(1)�O(5)=10, Cu(1)�O(6)=188, and Cu(1)�O(7)=
194î10�4 ä2. This is consistent with Cu(1) in 2 adopting a
more common Jahn±Teller elongated geometry, as in 1, with
the axis of elongation being disordered between the O(6)-
Cu(1)-O(6’) and O(7)-Cu(1)-O(7’) vectors (Figure 1).[21] For
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1, the three corresponding DMSDA values lie between 24±
31î10�4 ä2, confirming that this compound has a static ge-
ometry in the crystal. The known double-cubane
[{Re3(CO)9(m3-OH)4}2Cu], which has a central [Cu(OH)6]


4�


moiety, also exhibits a crystallographically ordered Jahn±
Teller elongated Cu center.[13]


The second difference between 1 and 2 lies in the posi-
tions of the guest halide anions X(63)±X(65) (X=Cl or Br),
which occupy two types of site depending on whether or not
they form long-range axial contacts to one of Cu(2)±Cu(4).
In 1, the distances Cu(2)¥¥¥Cl(63), Cu(3)¥¥¥Cl(64), and
Cu(4)¥¥¥Cl(65) have a ’two short plus one long’ distribution
(Table 1).[7] This is because Cl(63) is hydrogen-bonded to
the OH� ligand lying on the Jahn±Teller elongation axis of
Cu(1), causing it to be displaced by 0.9 ä away from Cu(2)
compared to the relative positions of Cl(64) and Cl(65)
within the anion torus (Table 1). In contrast for 2, the dis-
tances Cu(2)¥¥¥Br(63), Cu(3)¥¥¥Br(64), and Cu(4)¥¥¥Br(65)
now have a ’one short plus two long’ pattern. This reflects
the disordered Jahn±Teller elongation axis at Cu(1) in 2,
since Br(63) and Br(65) hydrogen bond to the disordered
OH� ions O(6) and O(7) and are hence displaced away
from their nearest neighbor Cu sites. Hence, it is unclear
whether it is the packing of Br� ions within the anion torus
that causes the Jahn±Teller axis at Cu(1) to be disordered in
2, or vice versa.


The structure of 3 also contains a [{Cu3(HpztBu)6(m3-NO3-k
1)-


(m3-OH)3}2Cu]6+ double-cubane cation surrounded by six
hydrogen-bonded NO3


� ions, with a crystallographic inver-
sion center at Cu(1) (Figure 1). In contrast to 1 and 2, the
cluster cation and anions in 3 are disordered about this in-
version center, so that every atom in the crystal is disor-
dered over two half-occupied positions referred to as ’A’
and ’B’ in Figure 1, except for Cu(1) and O(5)±O(7) (see the
Experimental Section). A complete molecule of 3 is made
up of one ’A’ half-molecule and one ’B’ half-molecule,
linked by the shared-vertex Cu(1). Because of the large


Table 1. Selected bond lengths [ä] and angles [8] in the crystal structure of 2¥2C5H12. The equivalent parameters are also listed for 1¥2CH2Cl2,
[7] for com-


parison.[a]


1¥2CH2Cl2
[b] 2¥2C5H12


[c] 1¥2CH2Cl2
[b] 2¥2C5H12


[c] 1¥2CH2Cl2
[b] 2¥2C5H12


[c]


Cu(1)�O(5) 1.9781(13) 1.959(2) O(5)-Cu(2)-O(6) 80.66(6) 81.91(10) N(35)-Cu(3)-X(62) 92.62(5) 91.45(9)
Cu(1)�O(6) 1.9675(13) 2.121(3) O(5)-Cu(2)-N(8) 94.23(6) 94.92(11) N(35)-Cu(3)-X(64) 87.73(5) 87.27(9)
Cu(1)�O(7) 2.2957(13) 2.153(3) O(5)-Cu(2)-N(17) 169.98(6) 173.15(11) X(62)-Cu(3)-X(64) 179.544(18) 178.721(19)
Cu(2)�O(5) 1.9731(14) 1.991(2) O(5)-Cu(2)-X(62) 92.03(4) 89.08(7) O(5)-Cu(4)-O(7) 83.51(6) 82.55(10)
Cu(2)�O(6) 1.9862(13) 1.965(2) O(5)-Cu(2)-X(63) 95.20(4) 91.18(7) O(5)-Cu(4)-N(44) 176.82(6) 173.22(11)
Cu(2)�N(8) 1.9997(17) 1.989(3) O(6)-Cu(2)-N(8) 166.64(6) 174.18(12) O(5)-Cu(4)-N(53) 89.54(6) 89.25(11)
Cu(2)�N(17) 1.9889(18) 1.985(3) O(6)-Cu(2)-N(17) 93.26(6) 93.48(12) O(5)-Cu(4)-X(62) 84.43(4) 89.80(7)
Cu(2)�X(62) 2.5502(5) 2.7639(6) O(6)-Cu(2)-X(62) 91.61(4) 91.95(7) O(5)-Cu(4)-X(65) 89.13(4) 97.54(7)
Cu(2)�X(63) 3.7429(6) 3.5212(6) O(6)-Cu(2)-X(63) 92.19(4) 97.32(7) O(7)-Cu(4)-N(44) 94.54(6) 96.93(12)
Cu(3)�O(6) 1.9940(13) 1.971(2) N(8)-Cu(2)-N(17) 89.95(7) 89.22(13) O(7)-Cu(4)-N(53) 171.86(7) 169.95(12)
Cu(3)�O(7) 1.9549(14) 1.982(2) N(8)-Cu(2)-X(62) 100.95(5) 92.89(9) O(7)-Cu(4)-Br(62) 85.16(4) 89.46(7)
Cu(3)�N(26) 2.0096(18) 1.998(3) N(8)-Cu(2)-X(63) 75.89(5) 77.80(9) O(7)-Cu(4)-X(65) 98.12(4) 93.70(7)
Cu(3)�N(35) 1.9988(17) 1.997(3) N(17)-Cu(2)-X(62) 96.13(5) 96.18(9) N(44)-Cu(4)-N(53) 92.58(7) 90.54(13)
Cu(3)�X(62) 2.8641(5) 2.9717(6) N(17)-Cu(2)-X(63) 76.97(5) 84.35(9) N(44)-Cu(4)-X(62) 97.93(5) 96.96(9)
Cu(3)�X(64) 2.7938(5) 3.0807(6) X(62)-Cu(2)-X(63) 172.30(2) 170.676(19) N(44)-Cu(4)-X(65) 88.65(5) 75.72(9)
Cu(4)�O(5) 2.0076(14) 1.994(2) O(6)-Cu(3)-O(7) 83.86(6) 82.97(11) N(53)-Cu(4)-Br(62) 89.96(5) 96.35(9)
Cu(4)�O(7) 1.9493(13) 1.971(2) O(6)-Cu(3)-N(26) 92.30(6) 94.13(12) N(53)-Cu(4)-X(65) 85.97(5) 81.57(9)
Cu(4)�N(44) 2.0001(17) 1.987(3) O(6)-Cu(3)-N(35) 173.98(6) 173.25(12) X(62)-Cu(4)-X(65) 172.414(17) 172.319(19)
Cu(4)�N(53) 1.9999(17) 1.993(3) O(6)-Cu(3)-X(62) 82.73(4) 85.85(7) Cu(1)-O(5)-Cu(2) 96.61(6) 99.77(11)
Cu(4)�X(62) 2.7949(5) 2.7364(6) O(6)-Cu(3)-X(64) 96.94(4) 95.42(7) Cu(1)-O(5)-Cu(4) 102.33(6) 99.09(10)
Cu(4)�X(65) 2.9129(6) 3.5657(6) O(7)-Cu(3)-N(26) 173.77(6) 176.44(11) Cu(2)-O(5)-Cu(4) 108.97(6) 108.65(11)
O(5)-Cu(1)-O(6) 81.00(5) 78.80(10) O(7)-Cu(3)-N(35) 91.81(6) 90.55(12) Cu(1)-O(6)-Cu(2) 96.53(6) 95.27(10)
O(5)-Cu(1)-O(6’) 99.00(5) 101.20(10) O(7)-Cu(3)-X(62) 83.16(4) 82.74(7) Cu(1)-O(6)-Cu(3) 101.59(6) 98.70(11)
O(5)-Cu(1)-O(7) 75.74(5) 78.86(9) O(7)-Cu(3)-X(64) 97.13(4) 97.20(7) Cu(2)-O(6)-Cu(3) 111.11(6) 112.62(12)
O(5)-Cu(1)-O(7’) 104.26(5) 101.14(9) N(26)-Cu(3)-N(35) 91.64(7) 92.26(13) Cu(1)-O(7)-Cu(3) 92.12(5) 97.31(11)
O(6)-Cu(1)-O(7) 76.06(5) 75.59(9) N(26)-Cu(3)-X(62) 91.50(5) 95.01(9) Cu(1)-O(7)-Cu(4) 93.65(5) 93.55(10)
O(6)-Cu(1)-O(7’) 103.94(5) 104.41(9) N(26)-Cu(3)-X(64) 88.19(5) 85.12(9) Cu(3)-O(7)-Cu(4) 118.55(7) 115.57(12)


[a] Primed atoms are related to unprimed atoms in both structures by the relation 1�x, 1�y, 1�z. [b] X=Cl. [c] X=Br.


Table 2. Metric parameters [ä, 8] for the hydrogen bonds in the crystal
structure of 2¥2C5H12. The equivalent parameters are also listed for
1¥2CH2Cl2,


[7] for comparison.[a]


H¥¥¥X Y¥¥¥X (Y=N, O) Y�H¥¥¥X (Y=N, O)


for 1¥2CH2Cl2 (X=Cl):
O(5)�H(5)¥¥¥Cl(64’) 2.16 3.1099(14) 159.0
O(6)�H(6)¥¥¥Cl(65’) 2.09 3.0514(14) 161.8
O(7)�H(7)¥¥¥Cl(63’) 2.18 3.1690(14) 170.9
N(9)�H(9)¥¥¥Cl(64’) 2.65 3.3470(19) 137.0
N(18)�H(18)¥¥¥Cl(63) 2.29 3.1349(19) 160.9
N(27)�H(27)¥¥¥Cl(65’) 2.38 3.2352(18) 164.4
N(36)�H(36)¥¥¥Cl(64) 2.45 3.1104(18) 132.0
N(45)�H(45)¥¥¥Cl(63’) 2.34 3.1929(18) 164.8
N(54)�H(54)¥¥¥Cl(65) 2.41 3.0975(18) 135.2
for 2¥2C5H12 (X=Br):
O(5)�H(5)¥¥¥Br(64’) 2.24 3.223(2) 166.7
O(6)�H(6)¥¥¥Br(65’) 2.25 3.241(3) 169.8
O(7)�H(7)¥¥¥Br(63’) 2.28 3.266(3) 168.9
N(9)�H(9)¥¥¥Br(64’) 2.60 3.422(3) 155.5
N(18)�H(18)¥¥¥Br(63) 2.48 3.295(3) 154.3
N(27)�H(27)¥¥¥Br(65’) 2.52 3.374(3) 163.5
N(36)�H(36)¥¥¥Br(64) 2.50 3.224(3) 140.3
N(45)�H(45)¥¥¥Br(63’) 2.54 3.410(3) 170.4
N(54)�H(54)¥¥¥Br(65) 2.42 3.237(3) 154.1


[a] Primed atoms are related to unprimed atoms in both structures by the
relation 1�x, 1�y, 1�z.
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number of restraints required to model this disorder, the
bond lengths and angles within the structure cannot be
relied on, and only the gross structural features of 3 will be
considered.


One unusual feature of 3 is the m3-NO3
�-kO1:kO1:kO1 li-


gands, which form weak axial contacts to Cu(2)±Cu(4)
(Figure 1). There is only one other example of a nitrato
ligand with this coordination mode,[23] although a small
number of compounds bearing a k1,m4-NO3


� ion have also
been described.[24±27] The disorder in 3 probably reflects non-
complimentarity between the hydrogen-bond donors in the
cluster cation, and the trigonal-planar NO3


� guests. Each
NO3


� ion within the anion belt forms a weak axial interac-
tion to one Cu center and accepts hydrogen bonds from one


OH and two NH donors, as in 1
and 2. However, the orientation
of each anion within the belt is
different (Figure 2). Five of the
six guest nitrate ions accept one
hydrogen bond at each O atom
(Scheme 1, A); however, the
sixth anion accepts two of its
three hydrogen bonds at the
same O atom, leaving one O
atom protruding away from the
cluster core (Scheme 1, B).


As we have already reported,
the reaction of hydrated CuF2


with HpztBu under the same
conditions used for 1--3 yields a
very different product, of for-
mula [{Cu3(HpztBu)4(m-pz


tBu)2(m-
F)2(m3-F)}2]F2 (4).[28] This cyclic
hexacopper complex contains
two F� ions that are bound su-
pramolecularly to the complex
in a similar manner as the guest
anions in 1±3. In the light of
this novel result, several com-
plexations of HpztBu with other
copper(ii) salts in basic MeOH
were also attempted. Only one
of these gave noteworthy prod-
ucts. Following the procedure
described for 1±3 using hydrat-
ed Cu[BF4]2 in the presence of
excess NaNCS, yielded two
crystalline compounds: trans-
[Cu(NCS)2(HpztBu)2] (5)[29] and
[Cu2(NCS)2(m-pz


tBu)2(m-HpztBu)-
(HpztBu)2] (6). Complex 6 was
the minor product of the reac-
tion, and was always contami-
nated with 5 from which it had
to be manually separated.


The structure of 6 is based
around a typical puckered
[Cu2(m-pz


tBu)2]
2+ motif,[30] with


the [pztBu]� bridging ligands dis-
posed in a head-to-tail fashion. Remarkably, there is a m-
HpztBu-kN2 :kN2 ligand lying within the resultant cleft, form-
ing weak apical Cu�N contacts to both Cu ions (Table 3,


Figure 1. Views of the copper coordination environments of the [{Cu3(HpztBu)6(m3-Br)(m3-OH)3}2Cu]Br6 and
[{Cu3(HpztBu)6(k


1,m3-NO3)(m3-OH)3}2Cu](NO3)6 molecules in the crystal structures of 2¥2C5H12 (top) and 3
(bottom), showing the atom numbering scheme adopted. For clarity, only the coordinated N atoms of the
HpztBu ligands and, for 3, the coordinated O atoms of the guest NO3


� ions, are shown. Thermal ellipsoids are
at the 35% probability level. The [{Cu3(HpztBu)6(m3-Cl)(m3-OH)3}2Cu]Cl6 molecule in 1¥2CH2Cl2 is visually very
similar to that in 2, and uses the same atom numbering scheme but with Br(62)±Br(65) replaced by Cl(62)±
Cl(65).


Scheme 1. Different patterns of supramolecular interactions to the guest
NO3


� ions in 3 (Figure 2).
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Figure 3). The dihedral angle between the bridging pyrazole
ring N(45)±C(49) and the least-squares plane formed by
Cu1, Cu(2), N(3), N(4), N(12), and N(13) is 88.90(9)8. This
implies that the bridging pyrazole ligand interacts with both
Cu(1) and Cu(2) through the N(45) lone pair, rather than
coordinating to one metal ion through its p electrons.[31]


Complexes of k1,m azole ligands are very unusual.[32±34] In
particular, this coordination mode has only been seen previ-
ously in one other transition metal complex of a neutral pyr-
azole donor, namely [{CuTp}2] ([Tp]�=hydrido-tris-pyrazo-
lylborate),[32] and in a small number of main-group metal
pyrazolide salts.[33] The three terminal HpztBu ligands in 6
form three different types of intramolecular hydrogen bond
(Figure 3): to the N atom of a thiocyanate ligand; to one N
atom of a pyrazolide ring; and, a bifurcated hydrogen bond
to both N atoms of the other pyrazolide ring. Unfortunately,
the yield of 6 was too small for us to be able to characterize
it further, beyond confirming its identity.


Solid-state magnetic properties : The variable-temperature
magnetic behavior of 1±3 is very similar. At 300 K, cMT for
all three compounds is 2.43(2) cm3mol�1 K, which is smaller
than that expected for seven non-interacting S= 1=2 copper-
(ii) ions with a sensible g value (cMT=2.86 cm3mol�1K for
g=2.1).[35] As the temperature is lowered cMT decreases,
reaching a plateau of 0.45(1) cm3mol�1K at 15 K (Figure 4),
which is close to the value expected for a S= 1=2 copper-
(ii) species (cMT=0.41 cm3mol�1K for g=2.1).[35] Hence, it
is clear that antiferromagnetic superexchange is dominant in
these compounds, leading to a S= 1=2 ground state that is es-
sentially fully populated below 15 K. After several unsatis-
factory attempts using higher-symmetry models, these data
were successfully fit using the following Hamiltonian [Eq.
(1), Scheme 2].[7]


Figure 2. Views of the complete [{Cu3(HpztBu)6(m3-Br)(m3-OH)3}2Cu]Br6
and [{Cu3(HpztBu)6(k


1,m3-NO3)(m3-OH)3}2Cu][NO3]6 molecules in the crys-
tal structures of 2¥2C5H12 (top) and 3 (bottom). The views are approxi-
mately parallel to the Br(62)¥¥¥Cu(1)¥¥¥Br(62’) vector for 2, and the
O(63)¥¥¥Cu(1)¥¥¥O(63’) vector for 3. All hydrogen bonds and weak axial
Cu¥¥¥X (X=Br or O) interactions to the guest anions are highlighted. For
clarity, only one orientation of the disordered tert-butyl groups in
2¥2C5H12 is shown. Thermal ellipsoids are at the 35% probability level.


Table 3. Selected bond lengths [ä] and angles [8] in the crystal structure
of 6.


Cu(1)�N(3) 1.990(2) Cu(2)�N(4) 1.988(2)
Cu(1)�N(13) 1.983(2) Cu(2)�N(12) 1.957(2)
Cu(1)�N(21) 2.010(2) Cu(2)�N(33) 2.010(2)
Cu(1)�N(30) 1.944(2) Cu(2)�N(42) 1.975(2)
Cu(1)�N(45) 2.568(3) Cu(2)�N(45) 2.483(3)
N(3)-Cu(1)-N(13) 91.09(9) N(3)-Cu(1)-N(21) 165.67(10)
N(3)-Cu(1)-N(30) 92.84(11) N(3)-Cu(1)-N(45) 81.40(9)
N(13)-Cu(1)-N(21) 88.79(9) N(13)-Cu(1)-N(30) 158.82(10)
N(13)-Cu(1)-N(45) 100.03(9) N(21)-Cu(1)-N(30) 92.42(11)
N(21)-Cu(1)-N(45) 84.51(9) N(30)-Cu(1)-N(45) 101.13(10)
N(4)-Cu(2)-N(12) 89.18(9) N(4)-Cu(2)-N(33) 90.89(9)
N(4)-Cu(2)-N(42) 168.92(10) N(4)-Cu(2)-N(45) 94.12(9)
N(12)-Cu(2)-N(33) 179.32(9) N(12)-Cu(2)-N(42) 90.43(9)
N(12)-Cu(2)-N(45) 92.90(8) N(33)-Cu(2)-N(42) 89.63(9)
N(33)-Cu(2)-N(45) 86.41(9) N(42)-Cu(2)-N(45) 96.96(10)


Figure 3. View of the [Cu2(NCS)2(m-pz
tBu)2(m-HpztBu)(HpztBu)2] molecule


in the crystal structures of 6. For clarity, all C-bound H atoms have been
omitted while only the major orientation of the disordered tert-butyl
groups is shown. Thermal ellipsoids are at the 35% probability level.
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H ¼ �2 J1ðS3S4 þ S30S40 Þ�2 J2ðS2S3 þ S2S4 þ S20S30 þ S20S40 Þ
�2 J3ðS1S2 þ S1S20 Þ�2 J4ðS1S3 þ S1S4 þ S1S30 þ S1S40 Þ


ð1Þ


All three datasets gave values of J2 and J4 that were ap-
proximately equal and, particularly for 1 and 2, strongly cor-
related with each other. Hence, these two J values were con-
strained to be equal for the final calculations, which had no
detectable effect on the quality of the fits. The final parame-
ters from these analyses are listed in Table 4. As expected,
1±3 all have the same S= 1=2 magnetic ground state, that is
separated from a S= 1=2 first excited state by 33±53 cm�1.
The identity of this first excited state is different for 3 com-
pared to 1 and 2, however, owing to the differences in the J
values shown by the compounds.


The constant J3 describes superexchange mediated by two
OH� ligands that both lie in the xy magnetic planes of
Cu(1) and Cu(2). The value for this coupling in 1 agrees
well with Haase×s correlation for basal±basal superexchange
in [Cu4(m3-OR)4]


4+ (R=alkyl) cubanes, which predicts J3~
�30 cm�1 for the observed average Cu(1)-O-Cu(2) angle in
1 of 96.57(8)8.[36] The corresponding angles in 2 and 3 cannot
be derived accurately, because of the librational disorder at
Cu(1) in 2 and the crystallographic disorder in 3. The other
superexchange constants J1, J2, and J4 are mediated by one
equatorial-equatorial [Cu2(m-OH)]3+ bridge, and a second
equatorial±axial hydroxide bridging ligand that should con-
tribute negligibly to superexchange between these Cu
ions.[36] Despite the structural disorder in 2 and 3, it is clear
that the equatorial-equatorial Cu-O-Cu angles across these
bridges in 1±3 follow the trend: Cu(3)-O(7)-Cu(4)@Cu(2)-
O(6)-Cu(3)~Cu(2)-O(5)-Cu(4) > Cu(1)-O(6)-Cu(3)~
Cu(1)-O(5)-Cu(4). Hence, it can be predicted that J1 should
be more antiferromagnetic than J2 or J4,


[37] in agreement
with our results.


For 1 and 2, the observed J values follow the order jJ1 j>
jJ3 j= jJ2, J4 j ; in contrast, for 3 the ordering is jJ1 j> jJ2, J4 j
> jJ3 j . Both these orderings result in S1, S2, and S2’ being
spin-frustrated with respect to S3, S4, S3’, and S4’ (Scheme 2)
when J1 is antiferromagnetic. This is demonstrated by the
equation for the energy of the magnetic ground state of the
compounds, which depends on J1 and J3 only [Eq. (2)].


E0 ¼ 2 J3 þ 3 J1 ð2Þ


That is, the ground state is equivalent to two antiferro-
magnetically coupled dimers of spins (S3, S4 and S3’, S4’) and
an antiferromagnetically coupled trimer (S1, S2, S2’) that are
magnetically independent of each other within the molecule.
This is discussed further below. For the same reasons, it is
also reasonable that J2 and J4, which connect these discrete
spin systems within the molecules, should be poorly defined
by the susceptibility data.


Support for the assignment of the ground states of 1±3
comes from EPR spectroscopy of 1 and 2. At room temper-
ature, these compounds gave rise to very broad, unresolved
spectra. The spectra sharpen upon cooling until, at tempera-
tures below about 20±30 K, a rhombic S= 1=2 spectrum is
observed as the ground state is populated exclusively. On
further cooling to 5 K an eight-line hyperfine pattern is
observed in the ™parallel∫ region (Figure 5). The low-tem-
perature spectra can be interpreted in terms of an exchange-
coupled linear trimer, as predicted by the model used
to interpret the magnetic susceptibility data (see above).
We treat the ground state as arising from the antiferromag-
netic exchange interactions within the Cu(2)¥¥¥Cu(1)¥¥¥Cu(2’)
fragment (S2, S1, S2’). In these circumstances the ground
state is expected to be j1, 1=2> in the jS2S2’, ST> nota-
tion, where ST is the total spin. The hyperfine coupling
(AS


k) to each of the individual Cu ions k in the ground
state is given by vector coupling of the single-ion hyper-
fines by using Equation (3),[38] where the spin-projec-
tion coefficients ci are calculated from S2, S2’, S1, S2S2’ and
ST.


Figure 4. Plot of cMT versus T for a powder sample of 3. The line shows
the best fit to the model derived from Equation (1). See text for details.
The cMT versus T curves for 1 and 2 are visually very similar to this
graph.


Scheme 2. Exchange coupling scheme employed to analyze the magnetic
data of 1±3. Each spin equates to the correspondingly numbered Cu ion
in Figure 1 [that is, S1�Cu(1) etc.]. The solid and dotted lines linking the
S centers correspond to equatorial and axial Cu±ligand bonds, respective-
ly.


Table 4. Results of fitting the magnetic data of 1±3. The J-values corre-
spond to those in Scheme 2, and are quoted in cm�1. Further details of
the procedures used are given in the text. Estimated errors on g are 	
0.01, on J1 and J3 are 	1 cm�1, and on J2 and J4 are 	5 cm�1.


g J1 J2=J4 J3


1 2.14 �72 �16 �21
2 2.22 �73 �26 �27
3 2.22 �65 �34 �17
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AS
k ¼ c1A


Cuð2Þ
k þ c2A


Cuð20 Þ
k þ c3A


Cuð1Þ
k


ð3Þ


When calculating the hyperfine to any given nucleus it is
assumed that only one term in Equation (3) is retained (i.e.
the coupling of the nucleus of one Cu ion to the electrons of
another is small).[38] For example, the hyperfine to
Cu(2),AS


Cuð2Þ is given by c1A
Cuð2Þ
Cuð2Þ, with ACuð2Þ


Cuð20 Þ=ACuð2Þ
Cuð1Þ=0. For


the j1, 1=2> ground state of a trimer of S= 1=2, the coeffi-
cients are c1=c2=


2=3, c3=�1=3.
[38] That is, the hyperfine to


the outer two nuclear spins should be equal, and 2=3 the
value of their single-ion values, while the coupling to the
central nuclear spin should be �1=3 that of its single-ion
value.


In 1±3 the Jahn±Teller axes of Cu(1), Cu(2), and Cu(2’),
and therefore their Azz axes (where Azz is the largest hyper-
fine interaction), are approximately co-parallel with each
other and with the ground state Azz. In the assumption that
the single-ion hyperfines of these three centers are equal
[those of Cu(2) and Cu(2’) are required to be by symmetry],
we would expect the hyperfine couplings in the ground state
to involve two identical interactions with two I= 3=2 nuclei
and a coupling of half this magnitude to a third I= 3=2 nu-
cleus. The low temperature spectra of 1 and 2 can indeed be
simulated with this kind of pattern (Figure 5). The derived
parameters are: for 1 gzz=2.324(2), gxx=2.084(2), gyy=


2.056(2), Azz
Cu(2)/Cu(2’)=90(3) G, Azz


Cu(1)=36(3) G; and for 2
gzz=2.315(2), gxx=2.078(2), gyy=2.050(2), Azz


Cu(2)/Cu(2’)=


100(3) G, Azz
Cu(1)=40(3) G. Axx and Ayy were held at arbitra-


rily small values of 5 G, while isotropic Gaussian line-widths
of 50 G were used. The simulations are insensitive to the
relative signs of the hyperfines, but are very sensitive to the
ratio of Azz


Cu(2)/Cu(2’):Azz
Cu(1). When this ratio is less than 2:1


an irregular ten-line multiplet is observed (at line-widths
similar to those observed experimentally), while above ca.
4:1 a regular seven-line multiplet is observed. The experi-
mental ratios of the hyperfine interactions are 2.5:1, in good
agreement with that predicted by the spin projection model
[assuming similar single-ion Azz values for Cu(2)/Cu(2’) and
Cu(1)], and provide convincing support for the exchange
coupling scheme used to model the magnetic data.


Solution studies : The turquoise solids 1±4 form green or
khaki-colored solutions that are markedly solvatochromic.
For example, the d±d maximum shown by 2 spans the range
683 (530)
lmax [nm] (emax [m�1 cm�1])
785 (920) in C7H8,
CH2Cl2, MeCN, and (CH3)2CO; a similarly wide range in
lmax is exhibited by the other compounds in these solvents.
These data show that the structures of 1±4 in solution are
solvent-dependent, and hence not the same as in the solid
state. For this reason, more detailed solution characteriza-
tion of 1±4 was not undertaken.


The above conclusions were also borne out by mass spec-
trometric data from 1, 2, and 4, which only exhibited low-
molecular-weight fragments. Three different ionization tech-
niques were studied: fast atom bombardment (FAB, 3-nitro-
benzylalcohol [NOBA] matrix), electrospray (ES, CH2Cl2/
MeOH matrix), and matrix-assisted laser desorption/ioniza-
tion (MALDI, trans-1,1-dicyano-3-methyl-4-[4-tertbutylphe-
nyl]buta-1,3-diene [DCTB] matrix). The FAB spectra
showed significant copper-containing molecular ions corre-
sponding to [63Cu(HpztBu)]+ (m/z 187), [63Cu(HpztBu)2]


+


(311) and [63Cu2(HpztBu)2X]+ (X=35Cl, 409; X=79Br, 453;
X=19F, 393) only. Similarly, the ES spectra exhibited only the
aforementioned peak at m/z 311, together with a new peak
from [63Cu(HpztBu)3X+H]+ (X=35Cl, 471; X=79Br, 515;
X=19F, 455). The MALDI analyses showed strong ions corre-
sponding to [63Cu(DCTB)]+ (m/z 313) and [63Cu(DCTB)2]


+


(563), showing that the samples had reacted with the matrix.
These were not therefore analyzed further. The absence of
any high-nuclearity ions in these spectra, and the reactivity
of the samples towards the MALDI matrix, both confirm
the conclusion that these compounds do not retain their
solid-state structures upon dissolution.


Conclusions


We have characterized the molecular structures and magne-
tochemistry of a series of heptacopper double-cubane com-
pounds, containing supramolecularly bound Cl� , Br� , or
NO3


� ions. The guest ions are bound to the cluster mole-
cules through a combination of hydrogen-bonding, hydro-
phobic interactions, and axial interactions to the Cu centers.
While few data are available, measured enthalpies of axial
copper(ii)±ligand bonds to moderately or weakly basic li-
gands range from about 5±60 kJmol�1.[39] In addition, the
Cu¥¥¥X (X=Cl or Br) distances to the guest ions are
0.25(9)±1.20(9) ä (Cl) and 0.43(12)±0.92(12) ä (Br) longer
than the median axial Cu¥¥¥X distances in the Cambridge
Crystallographic Database in 1989 [Cu¥¥¥Cl=2.54(9), Cu¥¥¥Br=
2.65(12)].[40] So, these axial interactions in 1 and 2, at least,
should be weaker than average. For these reasons, we be-
lieve that the Cu¥¥¥X interactions to the guest anions in 1±3
will be of the same order as the three N�H¥¥¥X hydrogen
bonds per X� ion (ca. 15 kJmol�1 per hydrogen bond in one
metal complex with a similar geometry of N�H¥¥¥Cl hydro-
gen bonding[41]). Hence, we regard 1±3 as genuine supra-
molecular anion complexes. The identity of the guest anion
controls the products of the reactions, in that the double-
cubane structure is obtained when Cl� , Br� , or NO3


� is the


Figure 5. Experimental (lower) and simulated (upper) Q-band EPR spec-
trum of polycrystalline 1 at 4.2 K. See text for simulation parameters.
Inset: experimental (lower) and simulated (upper) expansion of gk
region.
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counterion present, but not for F� , NCS� , or any of the
other anions we investigated (N3


� , MeCO2
� , BF4


� , ClO4
�


etc.). However, since 1±3 apparently decompose to mixtures
of low nuclearity copper(ii) species in solution, it is uncer-
tain to what degree their structures are templated by these
exogenous anions.


It is interesting that 1±3 represent a third known structur-
al type for heptacopper vertex-sharing double cubanes with
a [{Cu3(m3-OH)3(m3-Y)}2Cu]6+ (Y�=OH� , Cl� , Br� , or
NO3


�) core (Scheme 3).[12,18] These structures differ in the


dispositions of apical or axial copper ligand bonds within
the individual cubane moieties. The two distinct cubanes in
structure I in Scheme 3 can be thought of as dimers of
[Cu2(m-OH)2]


2+ dimers linked by weak axial Cu¥¥¥O interac-
tions. This is a common structural type in [Cu4(m3-OR)4]


4+


(R=H, alkyl) cubane chemistry.[36,42] The individual cubane
moieties in structures II and III have more complex struc-
tures, that have no precedent in Jahn±Teller distorted
cubane compounds. Despite these differences in molecular
structure, however, spin frustration effects mean that all the
known [{Cu3(m3-OH)3(m3-Y)}2Cu]6+ compounds have the
same magnetic ground-state structure,[12,18] of a pair of
dimers [Cu(3), Cu(4) and their symmetry equivalents for 1±
3, Figure 1] and a trimer [Cu(1), Cu(2), and Cu(2’)] that are


magnetically independent of one another. This means that
structures II and III in Scheme 3 give rise to a magnetic
ground state equivalent to structure I. The EPR spectra of 1
and 2 at 5 K confirm this interpretation, by showing hyper-
fine coupling to three Cu centers only. The antiferromagnet-
ically coupled pairs Cu(3), Cu(4) and Cu(3’), Cu(4’) will be
EPR-silent, and so will not contribute to the ground-state
EPR spectrum. Unusually for polynuclear copper(ii) com-
plexes, the hyperfine structure in the S= 1=2 ground state is
resolved in low-temperature EPR spectra. The hyperfine
multiplets consist of eight lines, which is a consequence of
the relative values of the hyperfine couplings to the three in-
dividual copper(ii) ions that contribute to the ground state.
These values can be rationalized by a spin projection of the
single-ion hyperfines. To the best of our knowledge this is
the first time that this has been possible for a copper(ii) clus-
ter with nuclearity greater than two, although related phe-
nomena have been noted in the EPR spectra of biological
polynuclear manganese centers.[43] A similar EPR study has
also recently been reported, of the localization of a S= 1=2
ground state onto a single metal ion in a spin-frustrated tri-
copper(ii) compound.[44]


Experimental Section


Instrumentation : Elemental microanalyses were performed by the Uni-
versity of Leeds School of Chemistry microanalytical service. Fast atom
bombardment mass spectra were obtained on a VG Autospec instrument,
using a 3-nitrobenzylalcohol matrix. Electrospray mass spectra were ob-
tained on a Waters ZQ4000 spectrometer, in a CH2Cl2/MeOH solvent
mixture. MALDI mass spectra were run using an Applied Biosystems
Voyager DE-STR TOF spectrometer, with a trans-1,1-dicyano-3-methyl-
4-[4-tert-butylphenyl]buta-1,3-diene matrix. UV/Vis measurements were
performed by using a Perkin Elmer Lambda900 spectrophotometer, in
1 cm quartz solution cells. Q-band EPR spectra were obtained using a
Bruker ESP300E spectrometer fitted with an ER5106QT resonator and
ER4118 VT cryostat. Spectral simulations were performed using in-house
software which has been described elsewhere.[45] EPR measurements
were performed on lightly ground crystals of 1±3, because vigorous grind-
ing of the crystals led to their decomposition, as evidenced by a darken-
ing of the solid and the appearance of a simple near-axial monomeric
copper(ii), S= 1=2 spectrum at all temperatures with gk =2.29, g? =2.06
and Ak(


63,65Cu)=160±170 G; and because the compounds could not be
prepared as homogeneous powders (see above). Despite this, the spectra
obtained from 1 and 2 are the true powder spectra, as evidenced by their
lack of change on rotating the sample in the magnetic field. For 3, the
monomeric copper(ii) signal was observed even following very light
grinding of the sample; therefore, a detailed EPR study of this complex
was not possible.


Susceptibility measurements were performed on a Quantum Design
SQUID magnetometer, in an applied field of 2000 G. A diamagnetic cor-
rection for the sample was estimated from Pascal×s constants;[35] a dia-
magnetic correction for the sample holder was also applied. The Hamil-
tonian matrix [Eq. (1)] was calculated in the coupled-spins representa-
tion, in which it can be made block-diagonal. The blocks were independ-
ently diagonalized by using MAPLE[46] (with the RACAH package for
angular momentum algebra[47]), leading to analytical equations for the
energies of their eigenstates and their derivatives. These expressions
were used in a non-linear fit of the van Vleck equation to cMT, using an
iterative procedure based on the Marquadt method.[48] No paramagnetic
impurity or TIP term was included in the final analysis. The errors on the
fitted parameters were estimated from their reproducibility in other local
minima of the fitting process.


Scheme 3. Topologies of equatorial (solid lines) and axial (dotted lines)
copper±ligand bonding in the vertex-sharing double cubanes: [{Cu3(bpy-
m)3(OH2)(m3-OH)4}2Cu][NO3]6 (bpym=2,2’-bipyrimidine, I);[12] [{Cu3(p-
n)3(OH2)(m3-OH)3(m3-Cl)}2Cu][C(CN)3]4Cl2 (pn=1,3-diaminopropane,
II);[18] and 1±3 (X�=Cl� , Br� , or NO3


� , III).
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Materials and methods : All reactions were carried out in air, using non-
pre-dried AR-grade solvents. 3{5}-tert-Butylpyrazole (HpztBu),[49]


[{Cu3(HpztBu)6(m3-Cl)(m3-OH)3}2Cu]Cl6 (1)[7] and [{Cu3(HpztBu)4(m-
pztBu)2(m-F)2(m3-F)}2]F2 (4)[28] were prepared by the literature procedures,
while all metal salts were used as supplied.


Synthesis of [{Cu3(Hpz
tBu)6(m3-Br)(m3-OH)3}2Cu]Br6 (2): A solution of


NaOH (0.040 g, 1.0î10�3 mol) and 3{5}-tert-butylpyrazole (0.24 g, 2.0î
10�3 mol) in MeOH (20 mL) was added to a mixture of CuBr2 (0.22 g,
1.0î10�3 mol) in MeOH (30 mL). The resultant dark green solution was
stirred at 293 K for three days, then evaporated to dryness. Extraction of
soluble material from the residue with CH2Cl2, and layering of the resul-
tant green solution with pentane, yields turquoise microcrystals of 2. Re-
crystallization from CH2Cl2/pentane yielded very small, but strongly dif-
fracting, rectangular prisms of formula 2¥2C5H12 which rapidly desolvated
upon exposure to air. Yield 0.18 g, 47% based on Cu. Elemental analysis
calcd (%) for C84H150Br8Cu7N24O6: C 37.7, H 5.7, N 12.6; found: C 37.8,
H 5.7, N 12.4.


Synthesis of [{Cu3(Hpz
tBu)6(k


1,m3-NO3)(m3-OH)3}2Cu][NO3]6 (3): Method
as for 2, using Cu(NO3)2¥5H2O (0.28 g, 1.0î10�3 mol). The product
formed turquoise solvent-free crystals from CH2Cl2/pentane. Yield
0.080 g, 21% based on Cu. Elemental analysis calcd (%) for
C84H150Cu7N32O30: C 39.8, H 6.0, N 17.7; found: C 39.8, H 6.0, N 17.9.


Syntheses of [Cu(NCS)2(Hpz
tBu)2] (5) and [Cu2(NCS)2(m-pz


tBu)2(m-
HpztBu)(HpztBu)2] (6): A solution of NaOH (0.040 g, 1.0î10�3 mol) and
3{5}-tert-butylpyrazole (0.24 g, 2.0î10�3 mol) in MeOH (20 mL) was
added to a suspension of hydrated Cu(BF4)2 (0.32 g, 1.0î10�3 mol) in
MeOH (20 cm3). A solution of NaNCS (0.19 g, 2.4î10�3 mol) in MeOH
(20 mL) was then added, and the mixture stirred at 293 K for 16 h. The
solution was evaporated to dryness, the residue extracted with CH2Cl2
and the filtered blue solution layered with pentane to give large navy
blue crystals of 5. Yield 0.18 g, 54%. Elemental analysis calcd (%) for
C16H24CuN6S2: C 44.9, H 5.7, N 19.6; found: C 44.9, H 5.8, N 19.9. The
filtrate was left to evaporate slowly, yielding more crystals of 5 contami-
nated with a small number of green crystals of 6, which were manually
separated from this mixture. Yield 0.034 g, 8% based on Cu. Elemental
analysis calcd (%) for C37H58Cu2N12S2: C 51.5, H 6.8, N 19.5; found: C
51.6, H 6.8, N 19.5.


X-ray data collection and structural determinations : All diffraction meas-
urements were performed on a Nonius KappaCCD area detector diffrac-
tometer equipped with an Oxford Cryosystems low-temperature device,
using MoKa radiation (l=0.71073 ä). Crystallographic data for each
structure are summarized in Table 5. The unit cell of each structure was
refined using all data. The structure of 2¥2C5H12 was solved by a Patter-
son synthesis,[50] while all the other structures were solved by direct meth-
ods.[50,51] Each of the initial models was developed by least-squares refine-


ment on F2;[52] the refinement of each structure is described in more
detail below. MSDA calculations were performed using the program
THMA11,[22] embedded into the PLATON suite of crystallographic soft-
ware.[53]


CCDC-216810 (2¥2C5H12), CCDC-216811 (3), CCDC-216812 (5), and
CCDC-216809 (6) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge via www.ccdc.can.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Centre, 12 Union Road, Cambridge CB21EZ, UK; Fax: (+44)1223-
336033; or deposit@ccdc.cam.ac.uk).


The asymmetric unit of 2¥2C5H12 contains half a molecule of the complex
with Cu(1) lying on a crystallographic inversion center, and one molecule
of pentane lying on a general position. The tert-butyl substituent C(40)±
C(42) is disordered over two orientations labeled ’A’ and ’B’ with a
0.70:0.30 occupancy ratio, while the pentane molecule is disordered over
two equally occupied orientations. All disordered C�C distances in the
model were restrained to 1.53(2) ä, and nonbonded 1,3-C¥¥¥C distances
within a given disorder orientation to 2.50(2) ä. All non-H atoms with
occupancy >0.5 were refined anisotropically, while all H atoms were
placed in calculated positions and refined by using a riding model, except
that the torsions of the methyl groups in the minor orientation of the dis-
ordered tert-butyl moiety were not allowed to refine.


The asymmetric unit of 3 contains half a molecule of the complex with
Cu(1) lying on a crystallographic inversion center. High thermal parame-
ters on the non-H atoms and a large number of residual Fourier peaks
during initial refinement demonstrated that the whole half-molecule is
disordered over two equally occupied orientations, referred to as ’A’ and
’B’. Every atom in the refinement apart from Cu(1) (which is crystallo-
graphically ordered on its special position) and O(5)±O(7) was thus re-
fined in two half-occupied sites, using the following refined restraints:
N�N=1.34(2), N=C=1.34(2), N�C=1.35(2), C=C=1.37(2), pyrazole C-
C=1.39(2), tert-butyl C�C=1.52(2), tert-butyl 1,3-C¥¥¥C=2.48(2), N�O=


1.24(2), 1,3-O¥¥¥O=2.15(2) ä. No restraints were applied to the Cu�N or
Cu�O bonds. It is likely that O(5)±O(7) should also be disordered; con-
sistent with this, there are three residual electron density peaks of 1.3±
1.4 eä�3 in the vicinities of these atoms. However, they are not in an ap-
propriate place to be considered as alternative disorder sites it for O(5)±
O(7), and it proved impossible to refine distinct partial environments for
these O atoms. Hence, O(5)±O(7) were left as wholly occupied in the
final model. Similarly, high thermal parameters on some of the partial
tert-butyl groups suggest that these are also disordered, although this
could not be modeled. All non-H atoms with occupancy were refined ani-
sotropically except for the aforementioned disordered partial tert-butyl
environments C(13A)±C(16A), C(22B)±C(25B), C(40B)±C(43B), and


Table 5. Experimental details for the single-crystal structure determinations in this study.


2¥2C5H12 3 5 6


formula C94H174Br8Cu7N24O6 C84H150Cu7N32O30 C16H24CuN6S2 C37H58Cu2N12S2


Mr 2820.63 2533.14 428.07 862.15
crystal class, space group monoclinic, P21/c triclinic, P1≈ monoclinic, P21 orthorhombic, Pbca
a [ä] 12.3229(1) 14.2664(2) 5.8675(1) 12.5118(1)
b [ä] 15.9091(2) 16.5432(2) 10.1283(2) 17.3932(1)
c [ä] 32.0710(4) 16.5838(2) 17.3175(4) 41.7863(3)
a [8] ± 119.4961(6) ± ±
b [8] 97.4540(5) 97.7594(6) 91.7061(8) ±
g [8] ± 95.8939(5) ± ±
V [ä3] 6234.27(12) 3309.92(7) 1028.68(4) 9093.55(11)
Z 2 1 2 8
T [K] 100(2) 150(2) 150(2) 150(2)
m [mm�1] 3.789 1.176 2.278 1.066
1calcd, [Mgm�3] 1.503 1.271 1.510 1.259
measured reflections 47031 63845 9438 68921
independent reflections 14010 14714 4216 10351
Rint 0.056 0.065 0.046 0.098
R1,


[a] wR2
[b] 0.042, 0.095 0.068, 0.223 0.029, 0.078 0.047, 0.147


peak/hole [eä�3] 0.69/�0.51 1.45/�0.42 0.26/�0.25 0.65/�0.54
Flack parameter ± ± 0.477(8)[c] ±


[a] R1=�[ jFo j� jFc j ]/� jFo j . [b] wR2= [�w(F2
o�F2


c)
2/�wF4


o]
1/2. [c] This crystal was refined as a racemic twin.
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C(49B)±C(52B). All H atoms were placed in calculated positions and re-
fined by using a riding model.


Individual pyrazole ligands and nitrate ions in 3 were assigned to orienta-
tion ’A’ or ’B’ according to their distances from the relevant Cu atoms,
and/or so as to avoid unfavorable inter-ligand steric contacts within each
half-molecule. Whole molecules made up of two ’A’ or two ’B’ half-mole-
cules all show a number of unfavorable C¥¥¥C contacts between tert-butyl
groups on opposite sides of the molecule. No such contacts occur in a
molecule comprising one ’A’ and one ’B’ half-molecule. We therefore in-
terpret this disorder as showing that each molecule in the lattice compris-
es one ’A’ and one ’B’ half-molecule linked through Cu(1), and that the
molecule is disordered about the crystallographic inversion center. Con-
sistent with this, an attempt to refine the structure in P1 led to a badly
correlated model, in which the disorder was still present. Therefore, re-
finement in P1≈ is correct.


The asymmetric unit of 5 contains one complex molecule lying on a gen-
eral position. No disorder was detected during the refinement of this
structure, and no restrains were applied. All non-H atoms were refined
anisotropically, while all H atoms were placed in calculated positions and
refined using a riding model.


The asymmetric unit of 6 contains one complex molecule lying on a gen-
eral position. Four of the five tert-butyl groups in the molecule were
found to be disordered during refinement, and were modeled over orien-
tations labeled ’A’ and ’B’: C(8)±C(11) and C(26)±C(29), which were dis-
ordered in a 0.50:0.50 occupancy ratio; and C(38)±C(41) and C(50)±
C(53), which were modeled with an occupancy ratio of 0.60:0.40. All dis-
ordered C�C distances were restrained to 1.52(2) ä, and non-bonded
1,3-C¥¥¥C distances within a given disorder orientation to 2.48(2) ä. All
non-H atoms with occupancy=0.5 were refined anisotropically, while all
H atoms were placed in calculated positions and refined by using a riding
model.
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Synthesis and Structures of the First Cationic Perfluoroaryllanthanoid(ii)
Complexes


Glen B. Deacon* and Craig M. Forsyth[a]


Introduction


The phenomenal reactivity of zirconocene alkyl cations
[Cp2ZrR]+ and their significance in industrial catalyst tech-
nology[1] has inspired general interest in the properties of d0


organometallic complexes bearing a formal positive charge.
The isolation and characterization of related Group 3 or lan-
thanoid (d0/fn) derivatives having a Ln�C s bond, for exam-
ple, [LnIIIR2]


+ or [LnIII(L)R]+ (R=alkyl or aryl), has
proven challenging.[2±10] Recent studies have yielded tetraor-
ganoborate salts of novel scandium(iii)-, yttrium(iii)-, lantha-
num(iii)-, and lanthanoid(iii)±alkyl cations that are highly re-
active, for example, in ethylene polymerization (and in one
instance, unexpected ring opening of a furyl group was ob-
served[8]). To our knowledge, there are no similar cations
with a lanthanoid in the divalent oxidation state and a resid-
ual Ln�C s bond for example, [LnIIR]+ , R=alkyl, aryl.[11]


Even cyclopentadienyllanthanoid(ii) cations are scarce and
unstable.[12,13] We now demonstrate simple syntheses of sur-
prisingly stable tetraphenylborate salts of the perfluoroaryl-
lanthanoid(ii) cations [Ln(C6F5)(thf)n]


+ (Ln=Eu, n=6 (1);
Ln=Yb, n=5 (2)) and their crystal structures. In addition,
the structure of [YbII(C6F5)(thf)5][YbIII(C6F5)2{N(SiMe3)2}2]
(3), a remarkable mixed-valent ionic complex having a sol-
vated pentafluorophenylytterbium(ii) cation (analogous to


2) and an unusual bis(pentafluorophenyl)bis{bis(trimethylsi-
lyl)amido}ytterbate(iii) anion is reported. Complex 3 is the
first crystallographically charcaterized lanthanoid(iii) fluoro-
carbon complex.


Results and Discussion


The synthesis of organolanthanoid(iii) cations has been ach-
ieved by alkyl group abstraction from a pre-prepared metal±
dialkyl by utilizing Lewis acidic BAr3 or by protonolysis
with R3NH¥BAr4.


[2±10] However, for the lanthanoid(ii) deriva-
tives we have devised a straightforward one-pot synthesis
that utilizes simple reagents and which avoids the nontrivial
isolation of a suitable diorganolanthanoid(ii) precursor.
Thus redox transmetalation/ligand exchange reactions of yt-
terbium or europium metal, HgPh(C6F5), and Me3NHBPh4,
successfully gave the tetraphenylborate salts
[Ln(C6F5)(thf)n]BPh4 (Ln=Eu, n=6 (1); Ln=Yb, n=5 (2))
in good yield (Scheme 1a). Presumably, these reactions pro-


[a] Prof. G. B. Deacon, Dr. C. M. Forsyth
School of Chemistry, Monash University
Wellington Rd., Victoria 3800 (Australia)
Fax: (+613)99054597
E-mail : glen.deacon@sci.monash.edu.au


Abstract: Tetraphenylborate salts of
solvated pentafluorophenyllanthan-
oid(ii) cations [Ln(C6F5)(thf)n]


+ (Ln=
Eu, n=6 (1); Ln=Yb, n=5 (2)) were
readily synthesized in high yield by re-
actions of ytterbium or europium with
HgPh(C6F5) and Me3NHBPh4 in THF.
The structures of 1¥THF and 2 con-
firmed the existence of well-separated
ions and both 1 and 2 show notable


thermal stability at room temperature.
The cation in 2 was also observed
in the remarkable mixed-valent com-
plex [YbII(C6F5)(thf)5][YbIII(C6F5)2{N-
(SiMe3)2}2] (3), fortuitously isolated in


low yield from a reaction of ytterbium
metal, HgPh(C6F5), and HN(SiMe3)2 in
THF, and which additionally has an un-
usual bis(pentafluorophenyl)bis{bis(tri-
methylsilyl)amido)}ytterbate(iii) anion.
171Yb±19F coupling has been observed
in the low-temperature 171Yb NMR
spectra of 2 and [Yb(C6F5)2(thf)4].


Keywords: borates ¥ cations ¥ fluo-
rinated ligands ¥ lanthanoids ¥ orga-
nometallic compounds


Scheme 1. Synthesis of 1 and 2.
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ceed by protolysis of the more basic Ln�Ph site of inter-
mediate LnPh(C6F5)


[14] species (Scheme 1b) by the trimethy-
lammonium ion (Scheme 1c). The successful isolation of 1
and 2 is remarkable since attempts to synthesize tetraphe-
nylborate salts of related [LnIICp(thf)x]


+ cations (Ln=Sm,
Yb; Cp=C5Me5, C9H7) invariably gave crystals of [Ln(thf)n]
[BPh4]2 complexes presumably by disproportionation.[13] Ar-
guably, the [LnCp(thf)x]


+ cations, would be expected to be
more stable than the current cations, having a polyhapto p-
bound Cp ligand rather than the s-bonded C6F5 group, and
indeed [LnCp™([18]crown-6)]+ (Ln=Sm, Yb; Cp∫=1,3-
(Me3Si)2C5H3) species are known,[12] presumably stabilized
by the bulk of the Cp™ ligand. The ubiquity of
[Ln(C6F5)(thf)n]


+ was also apparent through the observation
of the same ytterbium cation in [YbII(C6F5)(thf)5]
[YbIII(C6F5)2{N(SiMe3)2}2] (3), a unique mixed-valent species
fortuitously isolated in low yield from an attempted synthe-
sis of a [YbII{N(SiMe3)2}(C6F5)] complex (Scheme 2). Thus,


reaction of Yb metal, HgPh(C6F5), and HN(SiMe3)2 in THF
(a synthetic route analogous to that successfully used to pre-
pare 1 and 2 and [Yb(C5Me5)(C6F5)(thf)3]


[14]) and low tem-
perature crystallization of the filtered and evaporated solu-
tion in PhMe/hexane gave a large amount of a dark colored
intractable oil (most likely decomposition products) and a
small amount of bright yellow 3. An alternative workup pro-
cedure by addition of hexanes to the concentrated THF sol-
ution gave crystals of [Yb(C6F5)2(thf)4]


[14,15] in moderate
yield, rather than the expected mixed ligand [YbII{N(Si-
Me3)2}(C6F5)(thf)n] species (Scheme 2), a fact which clearly
indicates that the mixed C6F5/N(SiMe3)2 ligand set readily
disproportionates. Whilst the origin of 3 is at this stage un-
clear, the compound presumably has been assembled from
the various ytterbium-containing fragments present in solu-
tion. In any case, the persistence of the [YbII(C6F5)(thf)5]


+


ion under unfavorable conditions (as indicated by the oxi-
dized and rearranged anion) attests to the unusual stability
of this fragment (vide infra).


All three complexes were characterized by IR spectrosco-
py. Comparison with the IR data for [Ln(C6F5)2(thf)n],


[15]


[Yb{N(SiMe3)2}2(thf)2],
[16] and [Yb(thf)6][BPh4]2


[13] enables
features associated with each functionality to be distinguish-
ed. For the C6F5 group, n(C±F) absorptions are evident at
922 (1) and 928 cm�1 (2) similar to those of
[Ln(C6F5)2(thf)n].


[15] However, the mixed oxidation state


complex 3 has a further intense band at 956 cm�1, not ob-
served for the YbII complexes, and this can be assigned to
the n(C±F) absorption of the YbIII anion. Similarly, a pair of
bands attributable to n(CPC) of the two different fluorocar-
bon rings is observed near 1500 cm�1 in the spectrum of 3.
For BPh4


� , there are characteristic g(C±H) and ring modes
at 734 and 704 cm�1 in the spectra of 1 and 2, whilst the
N(SiMe3)2 group of 3 gives features at 1247, 1072, and
760 cm�1. Prominent ring stretching modes of coordinated
THF at 1040±1020 and 867 cm�1 (the former coincident with
a higher frequency n(C±F) absorption) were seen for all
complexes.


Diamagnetic 2 was also characterized by NMR spectro-
scopy (1 gave only broad and featureless spectra) in THF
solution. Room-temperature data exhibited 1H and 19F spec-
tra typical of a YbII±BPh4


[13,17] and a YbII±C6F5
[14,15] species,


respectively, the 19F resonances being only marginally shifted
from those of [Yb(C6F5)2(thf)4]


[15] and [Yb(C5Me5)-
(C6F5)(thf)3].


[14] Significantly, the 171Yb resonance of mono-
cationic 2 (d(171Yb)=304 ppm) lies between those of neutral
[Yb(C6F5)2(thf)4] (d(171Yb)=463 ppm)[14] and di-cationic
[Yb(thf)6]


2+ (d(171Yb)=256 ppm).[18] When cooled to
�30 8C, the 171Yb spectrum of 2 did not shift markedly but
resolved into a slightly asymmetric multiplet (Figure 1a).
We interpret these data as the splitting of the 171Yb reso-
nance by the o-F and m-F of the C6F5 group giving an over-
lapping triplet of triplets with 3JYb,F ~48 Hz and 4JYb,F


~33 Hz. Coupling from the p-F is not completely resolved,
but from the splitting of the outer lines into doublets a ten-
tative value for 5JYb,F ~8 Hz can be obtained. This is the first
reported observation of 171Yb±19F coupling and prompted us
to examine the 171Yb NMR spectrum of [Yb(C6F5)2(thf)4]


[14]


also at lower temperatures. In this case, the single broad
room-temperature resonance resolves at �40 8C into a 17-
line spectrum (Figure 1b) comprising a pentet of pentets
from the four o-F and four m-F, respectively, yielding 3JYb,F


~39 Hz and 4JYb,F ~13 Hz. These coupling constants are
smaller than for 2 ; thus, it is reasonable then that coupling
to the para-fluorines is not resolved in this case.


In the solid state, crystals of 1¥THF obtained from THF
solution, have well-separated [Eu(C6F5)(thf)6]


+ ions and
BPh4


� ions (closest contact ~3.6 ä) and one unbound THF
in the lattice. The europium atom in 1¥THF is seven-coordi-
nate, bound to the ipso-carbon atom of the C6F5 group and
six oxygen atoms of coordinated THF ligands in a distorted
pentagonal bipyramidal array (Figure 2). Two of the equato-
rial THF ligands are pushed out of the plane by their prox-
imity to an o-F atom of the C6F5 groups as shown by
C(1)-Eu(1)-O angles >100 8 (Table 1). The coordination ge-
ometry closely resembles that of the neutral analogue
[Eu(C6F5)2(thf)5],


[19] with a THF ligand replacing one of the
C6F5


� groups. However, the Eu�C bond of 1¥THF
(2.735(2) ä) is shorter (0.087 ä) than that in the neutral
complex (2.822(2) ä)[19] emphasizing the bond lengthening
caused by the trans disposition of the two C6F5


� groups in
the latter. From the Yb�C distance (2.649(3) ä) in seven-co-
ordinate [Yb(C5Me5)(C6F5)(thf)3] (ignoring a weak Yb�o-F
interaction) which lacks a trans anionic group, EuII�C6F5 for
seven coordination is estimated to be 2.77 ä after account-


Scheme 2. The fortuitous formation of 3.
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ing for the difference in ionic radii.[20] The current value is
also in agreement with an earlier derived EuII�C(Ph) bond
length of 2.74 ä[19] (based on LnIII�C bond lengths of
[LnPh3(thf)3], Ln=Er, Tm). The only other known europiu-
m(ii) aryl [Eu(dpp)2(thf)2] (dpp=2,6-diphenylphenyl) has a
considerably more bulky aryl ligand but shorter Eu�C bond
lengths (2.606(4), 2.623(4) ä)[21] than in 1¥THF. If this com-
plex is viewed as four-coordinate (ignoring the two ipso-
C(Ar)�Eu interactions[21]), then the difference is consistent
with the difference in coordination numbers. The current
M�C6F5 bonding is also comparable with that of
[Al(C6F5)3(thf)], for which the Al�C distances (av
1.995(3) ä) were considered normal,[22] after accounting for
the 0.76 ä difference in ionic radii.[20] The Eu�O distances
of 1¥THF correspond closely to average values of seven-co-
ordinate [Eu(C6F5)2(thf)5] (<2.607> ä),[19] [EuI2(thf)5]
(<2.587> ä),[21] and [{Eu(C5Me5)(CCPh)(thf)2}2] (<2.62>
ä).[23] Perhaps surprisingly there is no lengthening of
Eu(1)�O(2) which is trans (173.58(8)8) to the C6F5 group
given recent observations[24±27] of trans influences of anionic
groups opposite neutral donors in lanthanoid chemistry (in-
cluding bond lengthening of up to 0.2 ä of an Y�O(THF)
bond trans to a bulky aryl in [Y(dmp)Cl2(thf)3], dmp=2,6-
dimesitylphenyl[25]). The longest (significantly) Eu�O dis-
tance in 1¥THF is for an equatorial ligand and this must
arise from local crowding. Considerable steric stress in the
related series 1¥THF, [Eu(C6F5)2(thf)5], and [EuI2(thf)5] is in-
dicated by the respective sums of the steric coordination
numbers[28] of the ligands (assuming C6F5 ~Ph), namely 8.5,
8.6, and 8.3, respectively.


The structure of 2 reveals three similar ion pairs in the
asymmetric unit, each having a [Yb(C6F5)(thf)5]


+ ion and
BPh4


� ion. The major distinctions between the crystallo-
graphically independent units are derived from relative rota-
tions of the THF and phenyl ring planes as well as some var-
iation in the constituent bond lengths (of greater than 3s in
the extremes). The structure of 3 displays the same divalent
ytterbium cation (Figure 3) as in 2, but without the compli-
cations of the latter, and a ytterbium(iii) complex anion
[Yb(C6F5)2{N(SiMe3)2}2]


� (vide infra). The YbII�C and
YbII�O distances in 3 are comparable with average values in
2 (Table 2). The Yb atom in the cations of 2 and 3 is bound
to five THF ligands and one C6F5 group in an octahedral


Figure 1. Low-temperature 171Yb NMR spectra of 2 (a) and
[Yb(C6F5)2(thf)4] (b) in THF solution at 243 K and 233 K, respectively,
showing Yb±F coupling.


Figure 2. Structure of the [Eu(C6F5)(thf)6]
+ ion in 1¥THF (50% thermal


ellipsoids; hydrogen atoms removed for clarity).


Table 1. Selected bond lengths [ä] and angles [8] for 1¥THF.


Eu(1)�C(1) 2.735(2) Eu(1)�O(5) 2.586(2)
Eu(1)�O(2) 2.593(2) Eu(1)�O(6) 2.601(2)
Eu(1)�O(3) 2.597(2) Eu(1)�O(7) 2.580(2)
Eu(1)�O(4) 2.632(2)
C(1)-Eu(1)-O(2) 173.50(6) O(3)-Eu(1)-O(4) 75.06(6)
C(1)-Eu(1)-O(3) 81.84(7) O(3)-Eu(1)-O(5) 143.08(6)
C(1)-Eu(1)-O(4) 108.54(7) O(3)-Eu(1)-O(6) 143.20(6)
C(1)-Eu(1)-O(5) 91.69(7) O(3)-Eu(1)-O(7) 72.71(6)
C(1)-Eu(1)-O(6) 85.52(6) O(4)-Eu(1)-O(5) 72.71(6)
C(1)-Eu(1)-O(7) 100.55(7) O(4)-Eu(1)-O(6) 141.67(6)
O(2)-Eu(1)-O(3) 103.58(5) O(4)-Eu(1)-O(7) 132.37(6)
O(2)-Eu(1)-O(4) 76.62(5) O(5)-Eu(1)-O(6) 71.37(6)
O(2)-Eu(1)-O(5) 86.07(5) O(5)-Eu(1)-O(7) 143.95(6)
O(2)-Eu(1)-O(6) 87.99(5) O(6)-Eu(1)-O(7) 75.91(6)
O(2)-Eu(1)-O(7) 77.98(6)
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array. The decrease in coordination number in the respec-
tive cations of 1¥THF and 2 or 3 is consistent with the larger
ionic radius[20] of EuII than YbII and also with the observed
structures of [Yb(C6F5)2(thf)4]


[14] and [Eu(C6F5)2(thf)5].
[19] It


is a response to the considerable crowding of the Eu ana-
logues reducing the sum of the steric coordination number
of the ligand set to a more normal 7.3. As with 1¥THF
above, the geometry of the cations in 2 and 3 closely resem-
bles that of the analogous neutral diorganoytterbium(ii)
complex [Yb(C6F5)2(thf)4],


[14] with one of the C6F5
� groups


replaced by a THF ligand. The YbII�C distance in 3
(Table 2) is comparable with that in [Yb(C5Me5)(C6F5)(thf)3]


(2.597(5) ä).[14] In addition, the difference in Ln�C distan-
ces between 1¥THF and the cation of 3 corresponds closely
to the difference (0.18 ä) between the ionic radii of seven-
coordinate Eu2+ and six-coordinate Yb2+ . As with the Eu
system above, the current Yb�C distances are shorter than
the corresponding distance in [Yb(C6F5)2(thf)4]
(2.649(3) ä),[14] presumably as a result of the trans influence
of the two C6F5 groups in the latter. Furthermore [Yb(dp-
p)(I)(thf)3] and [Yb(dpp)2(thf)2] have YbII�C distances of
2.529(4) ä,[21] and 2.521(3), 2.518(3) ä,[29] respectively, some-
what shorter than the current value as expected for lower
YbII coordination numbers. The YbII�O(THF) bond lengths
in 3 (Table 2) are similar to those of trans-[Yb(C6F5)2(thf)4]
(2.428(2), 2.440(2) ä),[14] although both are longer than in
the completely solvated dication [YbII(thf)6]


2+ (av
2.376(4),[13] av 2.378(5),[18] 2.390(7) ä[30]), perhaps reflecting
the higher charge in the latter, as the crowding is quite com-
parable.


The anion of 3 consists of a trivalent ytterbium at the
center of distorted tetrahedron (Figure 4) with the four-
coordinate Yb atom bound to two N(SiMe3)2 ligands and


two C6F5 groups. This is the first structurally characterized
perfluoroorganolanthanoid(iii) species.[11] The bulkiness of
the N(SiMe3)2 groups leads to a large N-Yb-N angle and
correspondingly narrow C-Yb-C angle (Table 3). The two
C6F5 groups are asymmetrically bound to Yb, each having
one of the ortho-fluorines tilted toward the metal (as evi-
denced by narrow C-C-Yb angles Table 3) although the
Yb¥¥¥F distances (3.25, 3.28 ä) are perhaps too long to
be considered as interactions, though only 0.10±0.15 ä
longer than the weak Yb¥¥¥F intramolecular interaction of
[Yb(C5Me5)(C6F5)(thf)3].


[14] In [Ce(SC6F5)3(thf)3],
[Ho(SC6F5)3(thf)3], and [Sm(SC6F5)3(py)4] intramolecular
Ln�F bonds are in the range 2.579(2)-2.749(2) ä,[31] well


Figure 3. Structure of the [Yb(C6F5)(thf)5]
+ ion in 3 (50% thermal ellip-


soids; hydrogen atoms removed for clarity).


Table 2. Selected bond lengths [ä] and angles [8] for the
[Yb(C6F5)(thf)5]


+ ions in 2 (average values for the three crystallographi-
cally independent cations) and 3.


2 3


<Yb(X)�C(1X)> 2.59(1) Yb(2)�C(25) 2.569(9)
<Yb(X)�O(6X)> 2.46(1) Yb(2)�O(3) 2.440(6)
<Yb(X)�O(2X)> 2.42(1) Yb(2)�O(1) 2.430(5)
<Yb(X)�O(3X)> 2.41(1) Yb(2)�O(2) 2.413(6)
<Yb(X)�O(4X)> 2.41(1) Yb(2)�O(4) 2.420(5)
<Yb(X)�O(5X)> 2.42(1) Yb(2)�O(5) 2.414(6)
<C(1X)-Yb(X)-O(6X)> 173.3(5) C(25)-Yb(2)-O(3) 175.5(2)
<O(2X)-Yb(X)-O(4X)> 173.4(4) O(1)-Yb(2)-O(4) 166.6(2)
<O(3X)-Yb(X)-O(5X)> 159.1(4) O(2)-Yb(2)-O(5) 170.9(2)
<C(1X)-Yb(X)-O(2X)> 92.9(5) C(25)-Yb(2)-O(1) 100.2(2)
<C(1X)-Yb(X)-O(3X)> 93.4(4) C(25)-Yb(2)-O(2) 93.8(2)
<C(1X)-Yb(X)-O(4X)> 87.6(5) C(25)-Yb(2)-O(4) 92.8(2)
<C(1X)-Yb(X)-O(5X)> 101.4(5) C(25)-Yb(2)-O(5) 93.7(2)
<O(2X)-Yb(X)-O(3X)> 90.4(4) O(1)-Yb(2)-O(2) 87.1(2)
<O(2X)-Yb(X)-O(5X)> 86.5(5) O(1)-Yb(2)-O(3) 83.4(2)
<O(2X)-Yb(X)-O(6X)> 90.2(4) O(1)-Yb(2)-O(5) 86.4(2)
<O(3X)-Yb(X)-O(4X)> 91.1(4) O(2)-Yb(2)-O(3) 83.6(2)
<O(3X)-Yb(X)-O(6X)> 82.8(4) O(2)-Yb(2)-O(4) 88.8(2)
<O(4X)-Yb(X)-O(5X)> 92.8(5) O(3)-Yb(2)-O(4) 83.5(2)
<O(4X)-Yb(X)-O(6X)> 91.6(4) O(3)-Yb(2)-O(5) 89.3(2)
<O(5X)-Yb(X)-O(6X)> 79.5(4) O(4)-Yb(2)-O(5) 96.0(2)


Figure 4. Structure of the [Yb(C6F5)2{N(SiMe3)2}2]
� ion in 3 (50% ther-


mal ellipsoids; hydrogen atoms omitted for clarity).
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short of the current values. The YbIII�ipso-C and YbIII�N-
(SiMe3)2 bond lengths in 3 are comparable with those of the
four-coordinate YbIII�aryl complex [Yb(dmp){N(Si-
Me3)2}Cl2Li(thf)2] (2.403(4), 2.158(3) ä).[32] Arguably, the
Yb�s-aryl linkage in the latter is lengthened due to the
bulky 2,6-mesityl substituents, and indeed this and the cur-
rent Yb�C bond lengths are at the long end of the range for
the terminal unsubstituted Ph groups of six-coordinate
[YbPh3(thf)3]


[14,33] and [YbIIIPh2(thf)(m-Ph)3YbII(thf)3]
(2.39(6)±2.46(4) ä)[34] despite the higher coordination num-
bers of the last two compounds. Longer YbIII�N(SiMe3)2
bonds than in 3 were observed in four-coordinate [Yb{N(Si-
Me3)2}2(NPh2)2Na(thf)2] (2.216(4) ä[35]), implying that the
anion in 3 is not sterically overcrowded (sum of steric coor-
dination numbers[28] of the ligand set is 6.9).


Satisfactory elemental analyses (C,H and/or Ln) were ob-
tained for complexes 1 and 2, both of which displayed re-
markable thermal stability. The solid tetraphenylborate salts
appear stable for several weeks at room temperature (C,H
analyses for 2 were obtained after this period) and when a
solid sample of 2 was heated in a sealed capillary, evidence
of decomposition was observed only above 130 8C, with evo-
lution of THF, and the sample at no stage went dark in
color. In contrast, [Yb(C6F5)2(thf)4] or [Eu(C6F5)2(thf)5]
show near complete decomposition to intractable, dark col-
ored materials within 1±2 days storage at room temperature
under nitrogen.[15] After heating a solution of 2 in [D8]THF
at 60 8C for 3 h, the 19F NMR spectrum of the resulting mix-
ture showed a forest of fluoroaromatic resonances in the
region d=�140 to �170 ppm with no evidence of any poly-
fluoroarylytterbium(ii) compound or C6F5H. Heating a solu-
tion of 2 in THF at 60 8C for 24 h gave an amorphous mate-
rial mixed with a white crystalline solid which was shown to
be [YbII(thf)6][BPh4]2


[13] by X-ray crystallography. Whilst
this observation could be simply explained by disproportio-
nation of 2 (Scheme 3), the absence of dark colored decom-
position products argues against the concomitant formation
of [Yb(C6F5)2(thf)4]. GC/MS analyses of the supernatant
THF solution after exposure to air showed evidence of radi-
cal decomposition/coupling products such as the polyphenyls
PhC6F4H, PhPh, and PhC6H4Ph. Clearly the thermal reac-
tions of 2 (and presumably also 1) are substantially different


to those of other Ln�C6F5 species in which F� abstraction
and tetrafluorobenzyne formation are considered to be the
key steps (similar to that proposed for Li(C6F5)


[36]).[15] Radi-
cal-induced decomposition of BPh4


� is known[37] and homo-
lytic scission of the Yb�C bond would give C6F5¥ and a YbI


(pseudo-radical) species, both of which could initiate radical
breakdown of BPh4


� . In addition, thermally induced group
exchange between BPh4


� and [Yb(C6F5)(thf)5]
+ , analogous


to that between [Tl(C6F5)2Br] and BPh4
� affording


TlPh2Br,
[38] giving a [YbPh(thf)5]


+ ion would provide a
source of PhC leading to formation of (unfluorinated) poly-
phenyls, as observed. A further interesting feature of the hy-
drolysis products is evidence for a p-HC6F4OR species
(19F NMR: d=�140.3 (d, J=20 Hz), �157.6 (d, J=19 Hz),
compare p-HC6F4OMe: d=�141.0 (dd, 3J=21 Hz, 4J=
9 Hz), �158.4 ppm (dd, 3J=21 Hz, 4J=9 Hz)), which may
relate to the HC6F4OC4H7


+ ion (plausibly derived from p-
HC6F4OCH2CH=CHCH3 or p-HC6F4OCH2CH2CH=CH2) in
the mass spectrum. Lanthanoid-induced ring-opening of
THF (and also of a furyl group[8]) by a highly Lewis acidic
organolanthanoid(iii) cation has recently been reported,[39]


and a THF-derived ytterbium(iii) n-buten-2-olate
(Yb�OCH2CH=CHCH3) fragment has been observed.[40] A
ytterbium alkoxide formed by opening of THF would be an
effective nucleophile for C6F5H giving p-HC6F4X.[41]


Conclusion


We have demonstrated that novel perfluoroaryllanthan-
oid(ii) cations can be readily synthesized in one step from
simple reagents. These solvated cations display lanthan-
oid(ii) coordination geometries similar to the corresponding
neutral [Ln(C6F5)2(thf)n] derivatives but with significantly
shortened metal±carbon bonds. Surprisingly these organo-
lanthanoid(ii) cations exhibited greater thermal stability
than their neutral diorganolanthanoid(ii) counterparts and
indeed the [Yb(C6F5)(thf)5]


+ fragment ultimately appears as
the counterion for the oxidized anion [YbIII(C6F5)2{N-
(SiMe3)2}2]


� , a ’decomposition product’ of the YbII/(C6F5)/
{N(SiMe3)2} system. This serendipitous mixed-valent com-
plex allowed the first structural characterization of a poly-
fluorphenyllanthanoid(iii) species.


Experimental Section


General remarks : All reactions were carried out under dry nitrogen or
argon using dry box and standard Schlenk techniques. Solvents were
dried by distillation from sodium wire/benzophenone. Elemental analyses
(C,H) were performed by the Campbell Microanalytical Service, Univer-
sity of Otago, New Zealand. Metal analyses of samples digested in con-
centrated HNO3/H2SO4 were by complexometric titration with
Na2EDTA and xylenol orange indicator. IR data (4000±650 cm�1) were
recorded for Nujol mulls sandwiched between NaCl plates using a Perkin
Elmer 1600 Fourier transform infrared spectrometer. NMR spectra were
obtained on a Bruker AC300 MHz spectrometer; 19F spectra were refer-
enced to external CFCl3 in [D6]acetone;


171Yb spectra were referenced to
external 0.15m Yb(C5Me5)2 in THF/10% [D6]benzene.


[42] [D8]THF was
degassed and distilled from Na/K alloy prior to use. HgPh(C6F5)


[43] and
Me3NHBPh4


[44] were prepared according to the literature procedures.


Table 3. Selected bond lengths [ä] and angles [8] for the [Yb(C6F5)2{N-
(SiMe3)2}2]


� ion in 3.


Yb(1)�N(1) 2.178(6) Yb(1)�N(2) 2.175(7)
Yb(1)�C(13) 2.432(9) Yb(1)�C(19) 2.449(8)
N(1)-Yb(1)-N(2) 117.9(2) N(1)-Yb(1)-C(13) 119.6(3)
N(1)-Yb(1)-C(19) 96.5(2) N(2)-Yb(1)-C(13) 99.2(3)
N(2)-Yb(1)-C(19) 121.1(3) C(13)-Yb(1)-C(19) 103.0(3)
C(14)-C(13)-Yb(1) 115.8(6) C(18)-C(13)-Yb(1) 130.8(7)
C(20)-C(19)-Yb(1) 114.7(5) C(24)-C(19)-Yb(1) 131.4(7)


Scheme 3.
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[Eu(C6F5)(thf)6][BPh4] (1): A Schlenk flask was charged with Eu pieces
(1.06 g, 7.0 mmol), HgPh(C6F5) (1.78 g, 4.0 mmol), Me3NHBPh4 (1.52 g,
4.0 mmol), and THF (60 mL). The reaction mixture was stirred for three
days at room temperature and then filtered and the yellow filtrate was
concentrated and cooled to �20 8C. Large yellow crystals of 1¥THF
formed, some of which were mounted for X-ray crystallography. The re-
maining crystals were collected by filtration and dried under vacuum at
room temperature for 1 h to give 1 (yield: 2.50 g, 83%). IR (Nujol): ñ=
1624w, 1579 m, 1414vs, 1294m, 1266w, 1224w, 1177w, 1136w, 1072w,
1020vs, 922s, 867s, 734s, 705s, 612m cm�1. 1H NMR (300 MHz, [D8]THF):
a very broad feature centered at approximately d=7.0 ppm was ob-
served; elemental analysis (%) calcd for C54H68BEuF5O6 (1070.88): C
60.57, H 6.40, Eu 14.19; found: C 59.37, H 6.04, Eu 14.40.


[Yb(C6F5)(thf)5][BPh4] (2): A Schlenk flask was charged with Yb powder
(1.40 g, 8.0 mmol), HgPh(C6F5) (1.78 g, 4.0 mmol), Me3NHBPh4 (1.52 g,
4.0 mmol), and THF (60 mL). The reaction mixture was stirred for 6 h at
room temperature and then filtered and the orange-yellow filtrate was
concentrated and cooled to �20 8C. Orange-yellow crystals of 2 formed
and were collected by filtration and dried under vacuum at room temper-
ature for 1 h. A second crop was obtained from the filtrate by addition of
hexanes and cooling (yield: 2.20 g, 54%). M.p. 130 8C (decomp); IR
(Nujol): ñ=1624w, 1579 m, 1415 s, 1300w, 1228w, 1175w, 1149w, 1137w,
1023vs, 928 s, 867 s, 839 m, 734vs, 704vs, 611m cm�1; 1H NMR (300 MHz,
[D8]THF): d=6.69 (t, J=7.0 Hz, 4H; p-H(Ph)), 6.83 (t, J=7.2 Hz, 8H;
m-H(Ph)) 7.24 ppm (br s, 8H; o-H(Ph)); 19F NMR (282.4 MHz,
[D8]THF): d=�111.6 (m, 2F; F2,6), �161.4 (m, 1F; F4), �161.8 ppm (m,
2F; F3,5); 171Yb NMR (52.5 MHz, 0.1m in THF, 303 K): d=304 ppm (br
s; Dn1/2=500 Hz); (243 K): d=307 ppm (tt 3JYb,F=48 Hz, 4JYb,F 33 Hz); el-
emental analysis calcd (%) for C50H60BF5O5Yb (1019.87): C 58.89, H
5.93, Yb 16.97; found: C 58.83, H 6.02, Yb 17.14.


Thermal decomposition of 2 : A solution of 2 in [D8]THF was heated at
60 8C for 3 h then examined by NMR spetroscopy: 1H NMR (300 MHz,
[D8]THF): broad aromatic resonances were observed at d=6.9, 7.0, 7.5,
7.7 ppm; 19F NMR (282.4 MHz, [D8]THF): broad resonances with little
or no fine structure were observed at d=�141.1, �142.1 �148.8, �150.9,
�153.0, �156.6*, �159.4, �165.0, �169.0*, �169.7*, �174.8 ppm (* major
peaks rel. int. ~1:1:2, all other peaks <10% of the largest peak). Crys-
tals of 2 (0.23 g, 0.23 mmol) were dissolved in THF (3.0 mL). The result-
ing bright yellow solution was heated to 60 8C for 24 h giving a white pre-
cipitate containing colorless crystals of [Yb(thf)6][BPh4]2 (unit cell at
123 K: a=11.9712(2), b=13.3394(2), c=21.0812(4) ä, b=94.552(1)8,
V=3355.8(2) ä[13]). After standing for three days the pale yellow super-
natant solution was exposed to air and examined by GC/MS: RT (min),
rel. int. (%), 7.51, 100, m/z 94 (PhOH), 8.10, 31, m/z 101 (C5H9O2), 9.03,
26, m/z 120 (PhCOMe), 10.01, 20, m/z 71, 10.43, 75, m/z 200 (C10H4F4),
10.83, 22, m/z 182, 11.39, 29, m/z 220 (HC6F4OC4H7), 11.45, 38, m/z 218
(HC6F4OC4H5), 12.00, 32, m/z 200, 12.72, 27, m/z 272 (PhC6F4H), 13.80,
98, m/z 154 (PhPh), 14.29, 12, m/z 242 (BPh3), 14.84, 56, m/z 200, 17.79,
40, m/z 170 (PhC6H4OH or PhOPh), 21.25, 14, m/z 356 (PhC6F3HC6F4H),
25.58, 25, m/z 230 (PhC6H4Ph).


[Yb(C6F5)(thf)5][Yb(C6F5)2{N(SiMe3)2}2] (3): A Schlenk flask was charg-
ed with Yb powder (1.74 g, 10.0 mmol), HgPh(C6F5) (2.22 g, 5.0 mmol),
HN(SiMe3)2 (0.81 g, 5.0 mmol), and THF (60 mL). The reaction mixture
was stirred for 6 h at room temperature and then filtered and the orange
filtrate was evaporated. A 1:2 mixture of PhMe and hexane (60 mL) was
added to the oily residue and the solution was cooled to �20 8C. After
several weeks, some yellow crystals of 3 had formed, mixed with a large
amount of a dark colored oil, and were hand picked for characterization
by X-ray crystallography. IR (Nujol): ñ=1629w, 1600w, 1533m, 1511m,
1495m, 1413s, 1323m, 1247s, 1178m, 1072m, 1040s, 956s, 934s, 883 m, 866s,
834s, 780w, 758w, 669m cm�1. From an identical reaction, the filtered re-
action mixture was reduced to 15 mL and hexanes (25 mL) were added.
Cooling to �20 8C overnight gave bright orange crystals of
[Yb(C6F5)2(thf)4] that were collected by filtration and dried under
vacuum (yield: 0.85 g, 52%, based on available C6F5). The IR and 171Yb
NMR (THF solution) spectra were identical with those reported.[14,15]
171Yb NMR (52.5 MHz, 0.15m in THF, 233 K): d=463 ppm (pp, 3JYb,F=


39 Hz, 4JYb,F=13 Hz); elemental analysis calcd (%) for C28H32F10O4Yb
(651.36): Yb 26.57; found: Yb 25.98.


X-ray crystallographic study : Crystals were mounted in an inert atmos-
phere under viscous oil onto a glass fiber. Low-temperature (123 K) data


were collected on an Enraf±Nonius CCD area detector diffractometer
(MoKa radiation, l=0.71073 ä, frames comprised 1.08 increments in f or
w yielding a sphere of data) with proprietary software (Nonius B.V.,
1998). Each data set was empirically corrected for absorption by using
SORTAV[45] then merged (Rint as quoted) to N unique reflections. The
structures were solved by conventional methods and refined with aniso-
tropic thermal parameter forms for the non-hydrogen atoms by full-
matrix least-squares on all F2 data using SHELX 97.[46] Hydrogen atoms
were included in calculated positions and allowed to ride on the parent
carbon atom.


Crystal cata: 1¥THF: C58H76B1Eu1F5O7 (1142.96), monoclinic, P21/c, a=
10.7264(1), b=19.0589(1), c=27.1660(2) ä, b=97.292(1)8, V=


5509(2) ä3, 1calcd (Z=4) 1.378 gcm�3, mMo=1.21 mm�1, F(000) 2372, Tmin,-


max 0.696, 0.743, Ntotal=65571, N=13466 (Rint=0.040), R=0.031, wR2=


0.073 (R=0.050, wR2=0.079 all data). 2 : C50H60B1F5O5Yb1 (1019.83),
monoclinic, P21/c, a=17.4016(1), b=32.8938(3), c=24.1992(2) ä, b=


96.0466(3)8, V=13774(5) ä3, 1calcd (Z=12) 1.475 gcm�3, mMo=


2.103 mm�1, F(000) 6240, Tmin,max 0.538, 0.623, Ntotal=125157, N=33566
(Rint=0.095), R=0.056, wR2=0.114 (R=0.129, wR2=0.136 all data). 3 :
C50H76F15N2O5Si4Yb2 (1528.57), monoclinic, P21/c, a=18.1981(3), b=
16.9262(3), c=20.5077(4) ä, b=96.872(1) 8, V=6271(2) ä3, 1calcd (Z=4)
1.619 g.cm�3, mMo 3.13 mm�1, F(000) 3044, Tmin,max=0.610, 0.811, Ntotal


75454, N 15382 (Rint=0.229), R 0.066, wR2 0.101 (R 0.225, wR2 0.137 all
data).


CCDC-226006±CCDC-226008 contain the supplementary crystallograph-
ic data for this paper. These data can be obtained free of charge via
www.ccdc.can.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Centre, 12 Union Road, Cambridge CB21EZ, UK; Fax:
(+44)1223-336033; or deposit@ccdc.cam.ac.uk).
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A New Multifunctional Ferrocenyl-Substituted Ferrocenophane Derivative:
Optical and Electronic Properties and Selective Recognition of Mg2+ Ions


Juan Luis Lopez,[a] Alberto Tµrraga,[a] Arturo Espinosa,[a] M. Desamparados Velasco,[a]


Pedro Molina,*[a] Vega Lloveras,[b] Josÿ Vidal-Gancedo,[b] ConcepciÛ Rovira,[b]


Jaume Veciana,*[b] David J. Evans,[c] and K. Wurst[d]


Introduction


The chemistry of ferrocene-based structures has been receiv-
ing increasing attention because of their importance in
many fields such as electrochemistry, molecular recognition,


material science and catalysis.[1] We have focussed our atten-
tion on two important aspects of the chemistry of these ma-
terials, namely molecular recognition and intramolecular
electron transfer in mixed-valence diferrocene derivatives.


Design of redox-active receptors in which a change in
electrochemical behaviour can be used to monitor complex-
ation of guest species is an increasingly important area of
molecular recognition.[2] In this context, ferrocene deriva-
tives, mostly those which are substituted with macrocyclic li-
gands, are prototype molecules which have proved to be es-
pecially versatile as ion sensors.[3] Cation binding at an adja-
cent receptor site of a ferrocene-based host induces a posi-
tive shift in the redox potential of the ferrocene/ferrocenium
couple, either by through-bond and/or through-space elec-
trostatic interactions, interference or conformational
change,[4] and the complexing ability of the ligand can be re-
versibly switched on or off by varying the applied electro-
chemical potential. The efficiency of these kinds of redox-
active ligands crucially depends on the electronic communi-
cation between the metal centre involved. It has been
shown that this communication is very favourable when
donor atoms of a chelating ligand are directly attached to
the ferrocene units.[3e,5] In particular, it has been suggested
that an added degree of recognition is conferred by appear-
ance of a new set of redox waves (two-wave behaviour) as-
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Abstract: The synthesis, characterisa-
tion, and X-ray structure of a new
strained asymmetric diferrocene deriv-
ative (2) is reported. Compound 2 acts
as a highly specific electrochemical and
optical Mg2+ ion sensor, as revealed by
spectroscopic and electrochemical tech-
niques. Thus, in the presence of Mg2+ ,
a new redox peak appears in the cyclic
voltammogram (CV) that is anodically
shifted compared to the E1/2 of the free
receptor (DE1/2=340 mV). Diferrocene
derivative 2 also gives a highly visual
response upon addition of Mg2+ ,


namely a change of colour from orange
to deep purple. In addition, compound
2 does not show any significant sensing
activity in the presence of Ca2+ or al-
kaline ions. On protonation, it is con-
verted into the stable diferrocenylcar-
benium salt 4, in which two different
modes of stabilisation of the a-carbo-


cationic centre are clearly demonstrat-
ed by a combination of 1H NMR and
57Fe Mˆssbauer spectroscopic measure-
ments. Finally, by a partial (chemical or
electrochemical) oxidation, compound
2 forms the asymmetric mixed-valence
species 2+ , which can be isolated as the
solid salt 6 by using CF3SO3


� as a coun-
terion. This mixed-valence species
shows a fast intramolecular electron-
transfer process, as ascertained by sev-
eral spectroscopic techniques.


Keywords: electrochemistry ¥
electron transfer ¥ metallocenes ¥
molecular recognition ¥ Mˆssbauer
spectroscopy
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sociated with the oxidation of the ferrocene unit in the
host±guest complex, compared with a single gradual shift in
the potential of the original ferrocene redox couple.[6]


Since the advent of mixed-valence chemistry in 1967,[7]


the study of electronic interactions in systems containing
multiple, identical metal-centred fragments that individually
display fast, reversible, one-electron exchange has been a
topic of particular interest.[8] Mixed-valence compounds,
which have at least two redox sites in different oxidation
states linked by a bridge that mediates the transfer of elec-
trons from one site to the other, are excellent benchmarks
for the study of intramolecular electron-transfer phenom-
ena.[9] In this context, many complexes containing two ferro-
cenyl moieties, which are linked together with a wide variety
of structural motifs, have been synthesised to investigate the
effectiveness of the bridging groups for electron transfer be-
tween the redox nuclei. Variation of the nature of the mo-
lecular framework of the bridge enables the extent of com-
munication between the metal centres to be modulated, as
reflected by the electrochemical response. Full characterisa-
tion of this kind of interaction between two iron atoms is
provided by the electronic coupling parameter (Vab), which
has the units of energy and can be obtained from the posi-
tion, intensity and width of the intervalence transition band,
which generally occurs in the near infrared region.[10,11] Al-
though metal±metal interactions of differing extents have
been revealed for homobimetallic complexes in which the
two ferrocene units are coupled intimately by p-unsaturated
bridges,[12] heterocycles[13] or metallocycles,[14] examples that
show electronic coupling between ferrocenyl units either
through a carbenium ion[15] or hydroxyl-substituted sp3


carbon atoms[16] are rare.
As shown in Figure 1, the structural features required for


the properties of particular interest to us in ferrocene
chemistry are very different: an effective spacer is needed to


observe the intramolecular electron-transfer phenomena in
diferrocene compounds, whereas the presence of an hetero-
macrocycle is the structural motif that is almost mandatory
for molecular recognition processes.


This paper is devoted to the preparation, structural deter-
mination and study of the physicochemical properties of the
new diferrocene derivative 2. This compound exhibits a de-


fined topology with a ferrocenophane architecture and also
incorporates an aza-substituted bridge. The combined effects
of both structural characteristics suggest that: 1) it might ex-
perience an electron-cloud perturbation upon coordination
or protonation and may thus function as a chemosensor for
metal ions or protons; and 2) it could be converted by parti-
al oxidation (chemical or electrochemical) into the corre-
sponding mixed-valence compound 2+ , which would display
interesting intramolecular electron-transfer phenomena and
show coordination properties that should differ from those
of the neutral derivative. Consequently, the combination of
these two properties in diferrocene 2 could lead to interest-
ing properties, such as electrochemically switchable chemo-
sensing behaviour.


Results and Discussion


Diferrocenylcarbinol 2


Synthesis: This compound was prepared from the ferroceno-
phane 1,[17] which can be viewed either as a [5]ferroceno-
phane bearing a 2,4-bridged dihydroquinoline ring or as a
[4](2,4)-dihydroquinolinophane containing a 1,1’-disubstitut-
ed ferrocene bridge. Reaction of ferrocenophane 1 with fer-
rocenyllithium[18] in dry THF at room temperature under N2


provided, after chromatographic purification, the diferroce-
nylcarbinol 2 as an orange solid, in 80% yield. (Scheme 1).


X-ray structure determination : Single crystals of 2 suitable
for X-ray structure determination were grown from CH2Cl2/
hexane. The molecular structure is shown in Figure 2 togeth-
er with the numbering scheme. Compound 2 crystallises in
the monoclinic space group P21/n with four molecules in the
unit cell. The molecular structure of 2 reveals almost
eclipsed cyclopentadienyl rings for both ferrocenes. The dif-
ferences between both ferrocenes are observed in the
Fe�C(cyclopentadienyl) distances. Thus, whereas in the
monosubstituted ferrocene the Fe�C distances are between
2.025 and 2.051 ä, in the disubstituted ferrocene the distan-
ces range between 2.024 and 2.084 ä. This generates a de-
formation angle between the two ring centroids and the iron
atom of 176.58 for the monosubstituted and 175.68 for the
disubstituted ferrocene, and tilt angles between the planes
of the Cp rings of 3.58 and 5.88, respectively. The deforma-
tion angle of the unstrained monosubstituted ferrocene can
accrue from crystal packing effects. More evidence for the
conformational strain is the bending of the single bonds
C(20)�C(21) and C(10)�C(21) with respect to the Cp rings.
Atom C(21) lies 0.021 ä and 0.277 ä out of the Cp planes


Figure 1. Schematic diagram of the structural features required for intra-
molecular electron-transfer phenomena and molecular recognition pro-
cesses.


Scheme 1. Reaction scheme for the formation of compound 2.
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of the mono- and disubstituted
ferrocene, respectively. The
single bonds C(10)�C(21) and
C(20)�C(21) have bending
angles of 0.88 and 10.58, respec-
tively, in the opposite direction
of the iron atoms. Interestingly,
the bending angle of the single
bond C(15)�C(25) is 5.68 in the
direction of the iron atom of the disubstituted ferrocene.
This bending in the direction of the iron atom can often be
found in monosubsituted ferrocenes with aldehyde groups
or vinyl groups with electron-withdrawing substituents,
which can conjugate with the Cp ring. In these compounds
the bending angles are in a range between 28 and 48. The
strain observed in the disubstituted ferrocene is, as expected,
much smaller than that found in a related 2-aza[3]ferroceno-
phane compound, which has the nitrogen atom linked to
both bridge carbons of the ferrocene, thus enforcing a rigid
bridge geometry.[17b] In contrast to that compound, which
has a short Fe�N distance, in 2 the nitrogen atom is far
from the Fe atom of the disubstituted ferrocene, as it is situ-
ated in the external part of the molecule and, therefore,
close interaction of the nitrogen atom with the iron atoms
of each ferrocene unit is prevented. The monosubstituted
ferrocene unit has a short Fe�HO interaction (dFe�HO


2.989 ä) reminiscent of agostic type bonding. The two ferro-
cene units are almost orthogonal, forming an angle of
106.938 between the closest Cp rings. On the other hand,
only a small torsion angle is observed between the Cp ring
of the disubstituted ferrocene and the aromatic ring con-
nected to the nitrogen atom, thus promoting an available
resonance pathway.


1H NMR studies : An in-depth study of the 1H NMR spec-
trum of the diferrocenylcarbinol 2 has been carried out. The


room temperature 400 MHz 1H NMR spectra of 2 was com-
pletely assigned (with the exception of the aromatic pro-
tons) by 1H,1H COSY, NOESY and spin-decoupled experi-
ments. The analysis of its 1H NMR spectrum presents the
following characteristic features: 1) the diastereotopism of
all the protons within the three substituted Cp rings, which
appear as twelve multiplets in contrast to the singlet corre-
sponding to the five equivalent protons within the unsubsti-
tuted Cp4 ring (Table 1); 2) the diastereotopism shown by
the two protons within each of the two methylene groups of
the bridge, which appear at d=1.99 ppm (t) and 2.41 ppm
(dd), in the case of the CH2 group placed at the 2-position
of the bridge, and at d=2.52 ppm (dd) and 3.70 ppm (dd),
in the case of the CH2 group placed in the dihydroquinoline
moiety; 3) the methine group which appears as a multiplet
at d=3.38 ppm and iv) the OH group, which appears as a
singlet at d=2.57 ppm.


The results obtained from NOE experiments are illustrat-
ed in Figure 3. It is important to emphasise that while a
NOE effect is detected between the OH group and the hy-
drogen atom H2 present in Cp3, no effect is observed be-


tween the OH group and the hydrogen atom H5 within the
same Cp3 ring. This indicates that, although in principle a
free rotation around the COH�CCp3 bond could be assumed,
giving rise to two possible extreme rotamers, from the NOE
experiments only the rotamer shown in Figure 3 is detected.
Moreover, inspection of the X-ray structure of alcohol 2 re-
veals the occurrence of an Fe¥¥¥HO interaction (dFe¥¥¥H:
2.989 ä), reminiscent of the agostic type bonding reported
for the protonation product of ferrocene and its proton ex-
change in highly acidic media,[19] and the intermediates in
electrophilic substitution reactions on ferrocenes.[20] The in-
teraction could account, to some extent, for a hampered ro-
tation of the monosubstituted ferrocene unit.


Electrochemical study : An electrochemical study in CH2Cl2
was carried out at room temperature, with [NnBu4]ClO4


(0.1m) as supporting electrolyte, a Pt disk as a working elec-
trode and SCE as the reference electrode. The cyclic vol-
tammetric (CV) response of 2 shows two closely spaced re-
versible oxidation processes at +0.510 V and +0.740 V (vs
SCE electrode in CH2Cl2) (Table 2 and Figure 4). Likewise
the differential pulse voltammogram (DPV) also exhibits
two well-resolved oxidation waves of the same area.[21] The
first reversible oxidation process arises from the oxidation
of the monosubstituted ferrocene unit, while the second re-
versible oxidation process is associated with the oxidation of
the 1,1’-disubstituted ferrocene unit. One might speculate


Figure 2. ORTEP view of the molecular structure of compound 2 show-
ing the atom labelling in the asymmetric unit. Thermal ellipsoids are
drawn at 50% probability level.


Table 1. 1H NMR data for the three substituted Cp rings in compounds 2 and 4.


Compound dH2 dH3 dH4 dH5 DdH2,3 DdH5,4


2 Cp1 3.88 3.99 4.07 3.96 0.11 �0.11
Cp2 4.72 4.53 4.45 4.99 �0.19 �0.46
Cp3 4.41 4.14 4.14 3.80 �0.27 0.34


4 Cp1 5.05 4.91 5.27 6.10 �0.14 �0.83
Cp2 5.86 5.51 5.12 5.66 �0.35 �0.54
Cp3 5.53 6.63 6.67 5.88 1.10 0.79
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that the difference between the oxidation waves (DE1/2=


230 mV) in compound 2, as well as the fact that the second
oxidation process appears at a higher potential than those
observed for closely related ferrocenophanes[17b] (0.740 V vs
0.580 V), is direct evidence for the presence of electronic
communication between the two ferrocene units. However,
we hesitate to invoke this explanation, because, even in the
absence of communication, the difference between the po-
tentials will increase simply because of the electrostatic
effect.[22] In addition, the two ferrocenyl groups are intrinsi-
cally inequivalent and this also contributes to the difference
in the oxidation potentials of the two ferrocene moieties. At
this time, with only the electrochemical data, it is not possi-
ble to separate the combined effects of, or to determine the


relative contribution of, chemi-
cal inequivalence and electronic
communication through the
carbon chain.


Metal-ion sensing properties of
2 : One of the most interesting
attributes of compound 2 is the
presence of two ferrocene
redox-active moieties in prox-
imity to the cation-binding di-
hydroquinoline site. The metal-
recognition properties of proli-
gand 2 were therefore evaluat-
ed by CV.[23] Whereas no per-
turbation of the CV was ob-
served upon addition of Ca2+


ion, significant modification
could be observed upon addi-
tion of Mg2+ ion. Thus, on addi-
tion of Mg(ClO4)2, a clear evo-
lution of the second wave from
E1/2=0.760 V to 1.100 V (DE1/2


=340 mV) was observed,
whereas there was almost no
effect on the first wave (a
change from E1/2=0.540 V to
0.570 V (DE1/2=30 mV)). More
interesting is the observation of
an extra irreversible reduction
wave at E1/2=�0.430 V, which
is absent for the proligand. The
current intensity of the anodic
peak of the newly appearing re-
versible wave increases, while
that of the disappearing reversi-
ble wave diminishes, with a
linear dependence on the
number of equivalents of the
salt added; maximum perturba-
tion of the CV was obtained
with one equivalent of added
Mg2+ ion (Table 2 and
Figure 4). This ™two-wave∫ be-
haviour is diagnostic of a large


value for the equilibrium constant for cation binding by the
neutral receptor.[6] The binding enhancement factor (BEF)
is 1.8î10�6 and the reaction coupling efficiency[2d,e] (RCE)
is 5.5î105. Remarkably, the presence of alkaline metal ions
in solution (LiClO4, NaClO4 and KClO4) had no effect on
the CV, even when present in large excess. The major chal-
lenge in the design of Mg2+ sensors lie, for many applica-
tions, in the discrimination of Mg2+ ions from Ca2+ , Na+


and K+ , as they play important roles as intracellular mes-
sengers in the regulation of cell function.[24] In this context,
a number of redox-active ferrocene-based receptors such as
imine-,[25] oxazoline-,[26] imidazoline-,[27] and pyridine-func-
tionalised[28] ferrocene ligands have been described, which,
in organic solvents, selectively respond to, but do not clearly


Figure 3. Chemical shifts and NOEs observed for compounds 2 and 4.


Table 2. Cyclic voltammetry data.


E1/2 (1)
[a]


(Epa�Epc)
E1/2 (2)


[a]


(Epa�Epc)
E1/2 (3)


[a]


(Epa�Epc)
Epc (irrev) (1) Epc (irrev) (2)


CH3CN CH2Cl2 CH3CN CH2Cl2 CH3CN CH3CN CH2Cl2 CH3CN CH2Cl2


2 0.450 0.510 0.670 0.740
(0.070) (0.070) (0.080) (0.080)


2¥Mg2+ [b] 0.570 0.760 1.100 �0.430
(0.080) (0.070) (0.070)


3 0.480 0.540 1.020 1.060 broad �0.560
(0.060) (0.080) (0.070) (0.140) wave


4 0.985 1.160 �0.130 �0.070 �0.310 �0.260
(0.095) (0.140)


6 0.470 1.010 �0.450
(0.070) (0.080)


[a] E1/2= (Epa+Epc)/2 versus SCE in volts. Electrolyte: [NnBu4]ClO4; working and counter electrodes: Pt; ref-
erence electrode: SCE. [b] E1/2= (Epa+Epc)/2 versus decamethylferrocene (internal reference), in volts. Data
obtained from measurements in CH3CN/CH2Cl2 (3:2) as solvent. Under these conditions the redox potentials
of compound 2 were: E1/2(1)=++0.540 V and E1/2(2)=++0.760 V versus DMFc.
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differentiate between, Mg2+ and Ca2+ ions, with no interfer-
ence from large excesses of Li+ , Na+ and K+ .


We have discounted the possibility that the electrochemi-
cal response we observed upon addition of Mg2+ ion is due
to adventitious protonation or hydration of the ligand. Ad-
dition of water to the resultant electrochemical solution eli-
cited a further redox response, with the evolution of a new
redox wave that corresponds to that assigned to the proli-
gand. Therefore it can be concluded that metal-ion coordi-
nation occurs. The proligand 2 can be recovered unchanged
in almost quantitative yield by aqueous workup.


The large positive shift in the ferrocene redox potential,
upon coordination of Mg2+ ions by 2, prompted us to inves-
tigate whether the coordination has an effect on the UV/Vis
spectrum, as previous studies on ferrocene-based ligands
have shown that their characteristic low-energy bands (LE)
are perturbed by complexation.[29]


The UV-visible spectrum of 2 is consistent with most fer-
rocenyl chromophores in that they exhibit two charge-trans-
fer bands in the visible region.[30] The prominent band at
319 nm (e=8240m�1 cm�1; high energy (HE)), is assigned to
a ligand-centred p±p* electronic transition (L±p*), and the
less energetic and weaker band at 464 nm (e=1195m�1 cm�1)
(LE), responsible for the bright orange colour of this com-
pound, is attributed to a metal-to-ligand charge-transfer
(MLCT) process (dp±p*) (Table 3). This assignment is in ac-
cordance with the latest theoretical treatment (model III)
reported by Barlow et al.[31] The bands associated with the
d±d transitions are masked by the MLCT band.[32]


Addition of anhydrous Mg(ClO4)2 into a solution of 2 in
dichloromethane caused a progressive appearance of a new,
more intense, absorption band located at l=530 nm (e=
4580m�1 cm�1) and the complete disappearance of the initial


LE band (Figure 5). The new band, which is 76 nm red-shift-
ed, is assigned to MLCT (dp±p*) transitions in the com-
plexed ligand and is responsible for a change of colour from


orange (neutral proligand) to deep purple (complexed
ligand). This colour change can be used for ™naked-eye∫ de-
tection of Mg2+ , even in the presence of Ca2+ . The HE
band is also red-shifted, although only very little.


The bathochromic shift of the LE band and the remarka-
ble increase in its molar absorptivity are consistent with an
increase in the electronic interaction in the resulting com-
plex, as the complexation process through the C=N�C
group implies a lowering of the energy gap between the dp


orbitals of the iron atom (HOMO) and the p* orbital of the
acceptor group (LUMO). This observation agrees with the
appearance of an irreversible reduction wave in the CV of
the complexed form of 2, which is not observed for the pro-
ligand, and might be attributed to the reduction of the now
highly polarised endocyclic C=N double bond. The complex-
ation process in which the binding site (C=N�C) interacts
with the cation gives rise to a more stabilised p* orbital in
the C=N group, which acts as acceptor in the MLCT pro-
cess. Consequently, the oxidant character of this group is en-
hanced and the charge-transfer process from the ferrocenyl
(which acts as the donor group) to the acceptor unit, is then
favoured upon cation binding.


Figure 4. Cyclic voltammogram of compound 2 before (black) and after
addition of 1 equivalent of Mg(ClO4)2 (blue); 1mm 2 and 0.1m [NnBu4]-
ClO4 in CH3CN/CH2Cl2 also containing 1mm DMFc, scan rate: 0.2 Vs�1.
The average of anodic and cathodic peak potentials (Epa+Epc)/2 for
DMFc was set at 0 V in each voltammogram.


Table 3. UV-visible/near-IR data in CH2Cl2.


Compound lmax [nm] (103 e [m�1 cm�1])


2 319 (8.2), 464 (1.2)
2¥Mg2+ 530 (4.6)
3 342 (10.2), 530 (3.5), 731 (0.2)
4 325 (14.7), 375 (h), 465 (3.9), 641 (3.1)
6 329 (10.0), 507 (1.4), 625 (sh), 1230 (0.03)
2+1 [a] 330 (10.5), 520[b] (1.8), 630 (sh), 1240 (0.03)
2+2 [a] 339 (12.8), 524 (2.8), 630 (sh).


[a] Oxidised species obtained electrochemically in CH2Cl2 with 0.15m
nBu4NPF6. [b] Value obtained by deconvolution of the experimental
spectrum.


Figure 5. UV-visible spectra of the titration of alcohol 2 with 1 equivalent
of Mg(ClO4)2 in CH2Cl2 (c=5î10�4 moldm�3). The initial spectrum is
that of alcohol 2 and the final spectrum corresponds to the complexed
form. Arrows indicate the absorptions that increased (up) and decreased
(down) during the experiment.
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The electrochemical and
spectrophotometric data there-
fore indicate that the complexa-
tion process takes place only
through the C=N�C group,
with no complementary partici-
pation of the OH, a result
which is consistent with the rel-
ative spatial orientation found
for both groups in the solid
state (X-ray structure of 2) and
in solution (NOE experiments
of 2). The association constant
of the 2¥Mg2+ complex (Ka=


1.8î108m�2) could be evaluated
by means of a UV-visible spec-
trophotometric titration.[33] Two
well-defined isosbestic points
were found at 428 and 464 nm
(Figure 5), indicating that a
neat interconversion between complexed and uncomplexed
species occurs. A Job×s method experiment carried out be-
tween 2 and Mg(ClO4)2 in dichloromethane at 25 8C re-
vealed a ML2 stoichiometry.[34] It is important to note that
the association constant determined by UV-visible spectro-
photometry corresponds to the complexation of the Mg2+


ion by neutral 2, whereas the voltammetric shift reflects the
interaction of the guest cation with the oxidised ligand.


Protonation of 2 : When 2 was treated with one equivalent
of HBF4 in acetonitrile, the N-protonated salt 3 was isolated
as a deep purple solid. This, in turn, can be deprotonated by
potassium carbonate in methanol to give the starting alcohol
2. Treatment of the salt 3 with one equivalent of HBF4 in di-
chloromethane afforded the diferrocenylcarbenium salt 4, a
green solid, in 90% yield. Complex 4 is highly persistent
and thermally stable in the solid state and in dichlorome-
thane, even when exposed to air. Direct conversion of alco-
hol 2 into 4 was achieved by addition of two equivalents of
HBF4 in dichloromethane at room temperature. However,
when this treatment was carried out in acetonitrile, a com-
plex mixture was obtained in which neither the N-protonat-
ed salt 3 nor the diferrocenylcarbenium salt 4 could be de-
tected.


Further addition of one equivalent of HBF4 to a solution
of 4 in dichloromethane yielded the ferrocenylfulvene deriv-
ative 5 in 90% yield. This compound can also be prepared
directly from 2, in almost quantitative yield, by the action of
an excess of dry hydrogen chloride. When this conversion
was carried out in the presence of ammonium hexafluoro-
phosphate, the reaction rate was increased. We have also
found that compound 4 is slowly transformed into 5, al-
though in moderate yield, in acetonitrile at room tempera-
ture (Scheme 2).


In order to gain an insight of the stepwise protonation of
2, spectrophotometric and electrochemical studies were per-
formed. A solution of the compound 2 in dichloromethane
was titrated with HBF4 in dichloromethane and the absorp-
tion spectra were taken after each addition. The evolution


of the UV-visible spectra is shown in the Supporting Infor-
mation (Figure II). Upon addition of sub-stoichiometric
quantities of HBF4, the two characteristic charge-transfer
absorption bands of ferrocenyl derivatives underwent a red-
shift with an intensity increase, as predicted by the theoreti-
cal model III, developed by Marder et al.,[32] since both tran-
sitions involve charge transfer to the same empty acceptor-
based orbital. As expected from its higher energy, the HE
band (e=10244m�1 cm�1) experienced a smaller red-shift
(23 nm) than the LE band (e=3549m�1 cm�1) (66 nm).
These changes are observed until one equivalent of acid is
added. After addition of the second equivalent of acid, the
spectrum of the resulting diferrocenylcarbenium salt 4 is
very different from its precursor. The resulting HE band
and the first LE band are almost identical to those found in
the neutral alcohol 2. This addition also induces the appear-
ance and development of a new broad band in the visible
region at 641 nm (e=3084m�1 cm�1). This explains the dark
green colour of 4 and might be ascribed to a relevant transi-
tion to the iron-centred orbitals with the empty p orbital of
the a-carbocationic centre.[35] The observation of some well-
resolved isosbestic points during the protonation of 2 (at
320, 428 and 464 nm) and of 3 (at 245, 507, and 565 nm) in-
dicates that there is no decomposition.


The electrochemical behaviour of compound 2 in the
presence of variable concentrations of HBF4¥Et2O was also
investigated by CV in order to obtain further details about
the protonation process. Thus, upon addition of sub-stoichio-
metric amounts of HBF4 to a solution of 2 in dichlorome-
thane, clear evolution of the second wave from E1/2=


0.740 V to E1/2=1.060 V (DE1/2=320 mV), and the appear-
ance of a new irreversible reduction wave at E1/2=�0.560 V,
were observed (Figure 6). Maximum perturbation of the CV
was obtained with two equivalents of added acid and, at this
point, the second wave disappears. Interestingly, the new
anodic wave has a typical diffusional shape, while, in con-
trast, a sharp cathodic stripping peak was observed. This in-
dicates the precipitation of the oxidised protonated salt onto
the electrode upon oxidation; on the reverse scan it redis-


Scheme 2. Reagents and conditions: i) Fec-Li/THF, RT, 30 min, 80%; ii) 0.1m HBF4/CH3CN (1 equiv); iii)
K2CO3/MeOH, CH3CN; iv) 0.1m HBF4/CH2Cl2 (1 equiv), 90%; v) a) 0.1m HBF4/CH2Cl2 (1 equiv) 90%; b)
SiO2, 10% Et3N/n-hexane; vi) a) HCl (g)/CH2Cl2/NH4


+PF6
� ; b) SiO2 10% Et3N/n-hexane, 90%.
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solves as it is reduced. If a small amount of acetonitrile is
added to the dichloromethane electrolyte medium, the
cathodic stripping peak disappears. The value of the redox
potential shift on protonation (DE1/2=320 mV) deviates by
64.6 mV from the theoretical value (255.4 mV) obtained
from Plenio×s relationship (y= (�2.7 + 2.1x)î102) between
the inverse iron±nitrogen separation (x; 399.4 pm for 2) and
the shifts of the potential (y) found on protonation of sever-
al types of aza-substituted ferrocenes.[5] This deviation indi-
cates that, apart from the electrostatic interaction between
the complexed Mg+2 ion and the disubstituted ferrocene
unit, an additional interaction between the ferrocene moiet-
ies should exist.


Further addition of two equivalents of acid produced dra-
matic changes in the CV. The first wave vanishes and a
quasi-reversible wave at E1/2=1.160 V (DEp=140 mV) ap-
pears. Remarkably, two well-defined irreversible reduction
waves appear at �0.070 and �0.260 V versus SCE. These
are attributed to the two-electron reduction of the carbeni-
um centre. That this CV corresponds to the diferrocenylcar-
benium salt 4 was confirmed by comparison with the CV of
a pure sample of 4 recorded under the same conditions.


Spectroscopic characterisation of 4 : The structure of 4, which
is both a carbenium ion and a [5]ferrocenophane, has been
elucidated from spectroscopic data. The high stability of car-
benium ion 4 permits its accurate mass detection by high-
resolution positive FAB-MS. The mass spectrum displayed
an intense isotopic cluster, peaking at m/z=524, assignable
to the molecular ion. The relative abundance of the isotopic
cluster was in good agreement with the simulated spectrum
of [M]+ .


The room temperature 400 MHz 1H NMR spectrum[36] of
4 was completely assigned (with the exception of the aro-
matic protons) by 1H,1H COSY, NOESY and spin-decoupled


experiments. The diastereotopism of all the protons of the
three substituted Cp rings is immediately apparent from the
1H NMR spectrum of 4 (Table 1). The assignment of the
protons corresponding to the different Cp rings present in
the molecule, as well as the four diastereotopic protons pres-
ent in the two methylene groups of this structure, were ach-
ieved by inspection of the 1H,1H COSY and two-dimension-
al NOESY spectra (Figure 3). In addition to full characteri-
sation of these protons, some differences observed among
the chemical shifts of the protons in the Cp1, Cp2 and Cp3


rings are noted. In the Cp3 ring a large deshielding for the b


and b’ protons, with respect to that of the a and a’ protons,
is observed (Dd2’’,3’’=1.10 and Dd5’’,4’’=0.79 ppm). This fits in
with this cation having an important resonance contribution
from a h6-fulvene-h5-cyclopentadienyliron(ii) unit, with addi-
tional p-bonding of the metal with the exocyclic double
bond. In this context it is also important to underline that
the d values for the b protons (H3’’and H4’’) are the largest
observed for these type of protons in a-ferrocenylcarbenium
ions.[37]


Direct metal participation in the stabilisation of the posi-
tive charge promotes significant bending of the exocyclic
carbenium atom out of the Cp ring plane towards the cen-
tral iron atom (Fe2). Consequently, the electronic density on
the 2’’- and 5’’-positions have been found to be significantly
increased, giving rise to a shielding of those protons with re-
spect to H3’’ and H4’’, for which the opposite effect has
been found.[38] These last two protons, H3’’ and H4’’, can be
considered as fulvene-like protons. Interestingly, in the 1H
NMR spectrum of ferrocenylfulvene derivative 5, the ful-
vene protons appear in the same region (6.4±6.7 ppm). On
the other hand, the chemical shifts corresponding to the pro-
tons of the Cp1 moiety clearly indicate that the iron atom in
this ferrocene unit does not take part in stabilisation of the
positive charge. The expected d values for the b and b’ pro-
tons should thus be larger than those for the a and a’ pro-
tons.[34a] However, the observed situation is that the a and a’
protons are unshielded, with respect to the b and b’ protons
(Dd2,3=�0.14 and Dd5,4=�0.83), following the typical pat-
tern of a ferrocene unit linked to an electron-withdrawing
group.[39]


Finally, the pattern observed for the d values of the pro-
tons in the Cp2 ring are in accordance with those observed
in ferrocene rings monosubstitued with an electron with-
drawing group: dH2’>dH5’>dH3’>dH4’ (Dd5’,4’=�0.54
and Dd2’,3’=�0.35). This parallels the observed pattern in
the structurally related Cp2 in alcohol 2.


57Fe Mˆssbauer spectroscopy has been employed to probe
the iron environments in the prepared compounds (Table 4).
At 77 K the neutral alcohol 2 shows one quadrupole split
doublet of narrow linewidth with an isomer shift (IS) and
quadrupole splitting (QS) in the normal range for ferro-
cenes.[40] There is no differentiation of the iron atoms, as
shown by Mˆssbauer. The N-protonated salt 3 exhibits two
nested quadrupole split doublets of equal relative intensity.
The smallest of the QS values is lower than that for the
parent alcohol 2. This is expected as protonation increases
the electron-withdrawing character of the C=N double bond
and now favours backbonding from the e2 (dx2�y2, dxy) iron-


Figure 6. Voltammetric response of compound 2 (1mm) in CH2Cl2 before
(black) and after addition of 2 equivalents of HBF4 (blue), and after ad-
dition of 4 equivalents of HBF4 (red). Scan rate: 0.2 Vs�1. Upper inset re-
ductive scan (0.2 Vs�1): left for 3 and right for 4.
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based orbitals to the ring, with a consequent decrease in QS
values.[41]


The diferrocenylcarbenium 4 exhibits, at both 77 K and
300 K, two overlapping quadrupole split doublets of equal
relative intensity. The i.s. moves with temperature as expect-
ed and the q.s. values are independent of temperature. The
i.s. is also typical of ferrocene derivatives.[43] The smaller of
the q.s. values of 4 is similar to that reported for diferroce-
nylmethylium tetrafluoroborate (2.10 mms�1 at 298 K)[42]


and is lower than that for the parent alcohol 2. The other
doublet of 4 has a QS that is higher than that of 2 and is
similar to those found for a series of a-ferrocenylcarbenium
ions.[43] It has been postulated that high QS values (greater
than that of ferrocene itself) in a-ferrocenylcarbenium sys-
tems are due mainly to the interactions between the empty
p orbital on Cexo with several occupied metal orbitals, proba-
bly most efficiently with one lobe of the dx2�y2, the central
belt of dz2, or one lobe of dzx. Such an interaction would dis-
rupt the normal binding of the ferrocene system,[44] giving
rise to a ring tilt angle on the ferrocene moiety and causing
the dz2 to take part in the bonding.[45] As a consequence, this
would promote bending towards the iron centre. Values of
about 2.6±2.7 mms�1 represent maximal iron participation
for such systems, whereas lower QS values are due to elec-
tron withdrawal through ring-based orbitals e1.


[43]


The reported parameters are consistent with the two iron
atoms having different partial charges. However, 4 can not
be described as mixed-valence as, in this case, a larger differ-
ence between QS values would be expected (e.g., in mixed-
valence biferrocenium derivatives, the difference between
the QS values of FeII and FeIII is more than 0.66 mms�1).[46]


The useful combination of 1H NMR and 57Fe Mˆssbauer
spectroscopic data of the diferrocenylcarbenium ion 4
strongly suggests two different processes for stabilisation of
the a-carbocationic centre. The monosubstituted ferrocene
group can clearly be considered as h6-fulvene-h5-cyclopenta-
dienyliron(ii) (deshielding for b protons with respect to a


protons) with iron participation (high QS value), whereas
the disubstituted ferrocene group is acting only through cy-
clopentadienyl-based orbitals (deshielding for a protons
with respect to b protons) without iron participation (low
QS value). That the nature of diferrocenylcarbenium ion 4
as a pentafulvene complex is more than just formal is dem-
onstrated by its easy conversion to 5, either spontaneously
or under acidic conditions. Compound 4 represents an at-
tractive example in which two ferrocene groups linked to an


a-carbocationic centre show different spectroscopic (both
1H NMR and 57Fe Mˆssbauer) characteristics.


Mixed-valence compound 6


Synthesis: Mixed-valence compound 6 was isolated in 60%
yield, as a stable purple solid, by controlled oxidation of 2
with silver trifluoromethanesulfonate. When 6 was treated
with an excess of 4-dimethylaminopyridine in toluene at
room temperature, the alcohol 2 was obtained, in 70%
yield, after chromatographic separation on a deactivated
silica gel column (Scheme 3).


Physicochemical properties: A chronoamperometric study
(see Figure IV in the Supporting Information) revealed the
nature and purity of compound 6. Plotting the sample cur-
rent, at a fixed time of 800 ms versus the potential gave a
sampled-current voltammogram, which displays two waves
in the anodic and cathodic region, respectively, with the
same wave height (FeIII/FeII ratio 1:1). In contrast, the re-
corded sampled-current voltammogram for the neutral pre-
cursor 2 displayed two waves in the anodic region.


The CV of 6 in acetonitrile does not correspond to the ex-
pected one, that is, one with two reversible one-electron
redox waves at +0.450 V and +0.670 V; however, it is
almost identical to that obtained by complexation with
Mg(ClO4)2. At the same time the CV of 6 is also very similar
to the spectrum obtained by protonation of the neutral pre-
cursor 2 with one equivalent of acid, in that it displays an ir-
reversible reduction wave at �0.450 V and two one-electron
oxidation waves at +0.470 V and +1.010 V (See Figure V
in the supporting information), respectively. These electro-
chemical results strongly suggest that, in acetonitrile, the
asymmetric mixed-valence complex 2+ exhibits an intramo-
lecular complexation of the FeIII atom by the nitrogen atom
of the C=N double bond (Scheme 4). Support for this intra-


Table 4. 57Fe Mˆssbauer parameters.


Compound T [K] IS QS HWHM[a]


2 77 0.52 2.33 0.13
3 77 0.50 2.41 0.13


0.50 2.09 0.15
4 77 0.50 2.51 0.13


0.51 2.11 0.14
300 0.43 2.50 0.11


0.44 2.14 0.13
6 77 0.51 2.22 0.17


300 0.44 2.20 0.14


HWHM=half width at half maximum.


Scheme 3. Reagents and conditions: i) AgCF3SO3, toluene, RT, 1.5 h,
60%; ii) a) DMAP (excess); b) deactivated silica gel (10% ET3N in n-
hexane), 70%.


Scheme 4. Schematic representation of the intramolecular interaction in
the mixed-valence complex 2+ .
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molecular interaction is provided by the appearance of an
absorption band at 520 nm (see Table 3) that resembles the
HE band shown by 2¥Mg2+ .


The mixed-valence compound 6 exhibits, both at 77 K and
300 K, a quadrupole split doublet with a QS of about
2.2 mms�1. The IS values move, as expected, with tempera-
ture and the QS values are independent of temperature. The
observed quadrupole split doublet, even at 77 K, is associat-
ed with a mixed-valence state in which the intramolecular
electron-transfer rate is greater than the Mˆssbauer time-
scale (107 s�1) (Table 4). In 6 the QS is larger than those ob-
served for other valence-delocalised biferrocenium cations.
In general, ferrocenyl groups (electronic ground state 1A1g)
give spectra characterised by a large QS in the range 2.0±
2.2 mms�1, while the spectra of ferrocenium cations (elec-
tronic ground state 2E2g) are characterised by a small or van-
ishing QS. In localised mixed-valence biferrocenium cations,
the value of the QS in the ferrocenyl moiety is slightly
smaller than that expected for an FeII ferrocenyl unit and
the FeIII ferrocenium moiety has a slightly larger QS value.
For asymmetric biferrocenophane mixed-valence com-
pounds Mˆssbauer studies clearly indicate that the electron-
ic ground state of the FeIII unit is not pure 2E2g and larger
QS values are observed. In
these compounds, the Cp rings
are tilted from the parallel ge-
ometry of ferrocenium. Bend-
ing back the Cp rings leads to
an increase of dx2�y2,dxy-ring
overlap and the metal non-
bonding orbitals start to inter-
act with the ligand p orbitals.
Under these circumstances the
iron ion loses some of its FeIII


character and there is conse-
quently an increase in the QS
value. In addition, an intramo-
lecular interaction between the
FeIII atom and the nitrogen
atom of the ferrocenophane
framework (as evidenced by
CV) also contributes to this in-
creased QS.


IR spectroscopy has often
been used to evaluate the rate
of electron-transfer in mixed-
valence compounds in the solid
state when a suitable vibrator is available on one of the me-
tallic termini. In these cases, when the electron-transfer is
faster than the timescale (1013 s�1), an averaging of this spe-
cific vibrational mode is observed for the mixed-valence
compound 6 relative to the neutral compound 2 and the di-
oxidised 22+ species. A spectrum corresponding to the over-
lap of both spectra is obtained in the opposite case; that is,
when a slow electron-transfer process takes place.[7,47]


Previous work on mixed-valence biferrocenes indicates
that the perpendicular C�H bending band is the best indica-
tor of the iron oxidation state. This band is seen at 815 cm�1


for neutral ferrocene and at 850 cm�1 for ferrocenium salts.


A localised mixed-valence biferrocenium cation should ex-
hibit one C�H bending band for the FeII ferrocenyl moiety
and another one for the FeIII ferrocenium moiety,[46d,48] while
only one averaged band is expected for delocalised mixed-
valence species. In our case, the IR spectrum of the neutral
form 2 displays a C�H bending vibration band at 818 cm�1,
while in the diferrocenylcarbenium salt 4 this band appears
at 843 cm�1.


The IR spectra of the N-protonated salt 3 and the mixed-
valence compound 6 only show one C�H bending vibration
at 835 cm�1. These findings are in agreement with the elec-
trochemical results that indicate a partial positive polarisa-
tion of the C=N double bond induced by a through-space in-
teraction with the FeIII atom. They also point towards a fast
electron-transfer process, in the solid state, for 6.


The generation of the mixed-valence species from 2 was
also performed electrochemically and monitored by UV-visi-
ble/near-IR spectroscopy. A stepwise Coulometric titration
was performed on a solution of 2 in CH2Cl2 (3.5î
10�3 molL�1), with [NnBu4]PF6 (0.1m) as supporting electro-
lyte. UV-visible/near-IR absorption spectra were regularly
recorded by transferring a small aliquot of the solution con-
tained in the electrochemical cell, for different average


number of electrons (n) removed (0�n�2), into a UV
quartz cell . The UV-visible/near-IR data are collected in
Table 3. Figure 7 shows the evolution of these spectra. The
increase in the characteristics bands of ferrocenium ions at
520 and 630 nm is clearly observed, with a remarkable in-
crease of the e value for the 520 nm band when the second
ferrocenium ion is formed, on transfer of more than one
electron per mol.


Interestingly, during the oxidation process of compound 2,
a new weak and broad band, centred at 1240 nm, appears.
This band increases continuously until complete formation
of 2+ (see inset of Figure 7). The intensity of this band sub-


Figure 7. Evolution of the UV-Visible spectrum during the course of the oxidation of compound 2. The aver-
age number of removed electrons is given on each spectrum. Inset: maximum of the intervalence charge-trans-
fer band.
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sequently decreases until it disappears when the dication
22+ is completely formed. This behaviour is typical of an in-
tervalence charge-transfer (IVCT) band due to the presence
of an intramolecular electron-transfer process in a class II
mixed-valence compound.[7] From the characteristics of the
IVCT band, the effective electronic coupling Vab (in cm�1)
between both ferrocene redox centres can be determined,
by using Equation (1) developed by Hush.[49]


Vab ¼ ½2:05� 10�2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
emaxnmaxDn1=2


q
�R�1 ð1Þ


In this equation Dn1/2 (in cm�1) is the half-height band
width of the IVCT band, R (in ä) is the distance between
the redox centres (in this case the intermetallic distance, as
determined by the X-ray structure, has been used), emax (in
m


�1 cm�1) is the maximum molar extinction coefficient, and
nmax (in cm�1) is the wavenumber at the maximal absorb-
ance. Equation (1) gives an effective electronic coupling
(Vab) for 2


+ of 90 cm�1 (0.0112 eV), which represents a weak
coupling between the two ferrocene units, since it is only
half the value observed in a diferrocene system linked by a
long chain of six ethylene bonds.[50]


Unfortunately, the strong resemblance between the ab-
sorption spectra of 2¥Mg2+ and the mixed-valence species
2+ has prevented a detailed study of the electrochemically
induced switchable chemosensor properties of 2.


Conclusion


Diferrocene derivative 2, which incorporates an aza-substi-
tuted bridge and has a ferrocenophane architecture with a
ferrocenyl susbtituent, functions as a highly selective chemo-
sensor for Mg2+ ions, while not showing any response to
Ca2+ or alkaline ions. The response of 2 to Mg2+ can be de-
tected either by electrochemical or optical techniques, even
in the presence of other metal ions. The presence of two
redox moieties in compound 2 allows formation of the
mixed-valence compound, which, interestingly, shows mod-
erate electronic coupling between both ferrocene units. It is
therefore a new class II mixed-valence system in which in-
tramolecular electron transfer has been studied by different
spectroscopic techniques.


The reported properties of this new multifunctional ion-
sensing derivative demonstrate that, with proper design,
more efficient switchable chemosensors could be developed
in the future.


Experimental Section


General methods : All reactions were carried out under N2 and with sol-
vents that were dried by routine procedures. All melting points were de-
termined on a Kofler hot-plate melting point apparatus and are uncor-
rected. IR spectra were determined as Nujol emulsions or films on a
Nicolet Impact 400 spectrophotometer. 1H and 13C NMR spectra were re-
corded on a Bruker AC200, 300 or 400 MHz instrument, and chemical
shifts are referenced to signals of tetramethylsilane. Mˆssbauer spectra,
obtained on an ES-Technology MS-105 spectrometer with a 100 MBq
57Co source in a rhodium matrix at ambient temperature, were refer-


enced to natural iron at 298 K. Solid samples were prepared by grinding
with boron nitride. Parameters were obtained by fitting the data with
Lorentzian lines, errors <	0.01 mms�1. The EI and FAB+ mass spectra
were recorded on a Fisons AUTOSPEC 500 VG spectrometer, with 3-ni-
trobenzyl alcohol as a matrix. Microanalyses were performed on a
Perkin±Elmer 240C instrument. Electrochemical measurements were
taken with a QUICELTRON potentiostat/galvanostat controlled by a
personal computer and driven by dedicated software. Electrochemical ex-
periments were conducted in a conventional three-electrode cell, under a
nitrogen atmosphere, at 25 8C. The working electrode was a Pt disk
(1 mm in diameter), polished before each recording. The auxiliary elec-
trode was a platinum wire. The reference electrode was SCE. All poten-
tials are quoted with respect to SCE, except where noted. The experi-
ments were in acetonitrile or dichloromethane solutions containing 0.1m
[NnBu4]ClO4 (WARNING :CAUTION) as supporting electrolyte. Under
these experimental conditions, the ferrocenium/ferrocene couple was ob-
served at +0.405 V versus SCE in acetonitrile and at +0.535 V versus
SCE in dichloromethane. Deoxygenation of the solutions was achieved
by bubbling with nitrogen for at least 10 minutes. Cyclic voltammetry
(CV) curves were recorded at scan rates of 0.050±1 Vs�1 and the scan po-
tential was obtained in both positive and negative directions. The differ-
ential pulse voltammtery (DPV) curves were recorded at a 4 mVs�1 scan
rate with a pulse height of 10 mV and a step time of 50 ms.


1,1’-[(3,4-Dihydro-2,4-quinolinediyl)(2-ferrocenyl-2-hydroxy-1,2-ethane-
diyl)]ferrocene (2): A solution of ferrocenyllithium, preparared by reac-
tion of ferrocene (0.5 g, 2.68 mmol) and tBuLi (1.33 mL of a 1.7m pen-
tane solution, 2.26 mmol) in dry THF (5 mL) at 0 8C for 1 h, was added
dropwise to a solution of 1 (0.2 g, 0.56 mmol) in THF (10 mL). The solu-
tion was stirred at room temperature for 10 min, then H2O (20 mL) was
added. The reaction mixture was extracted with CH2Cl2 (3î50 mL). The
combined organic layers were washed with a saturated solution of NaCl
(3î50 mL), then dried over anhydrous Na2SO4 and evaporated under re-
duced pressure. The crude product was purified by chromatography on a
previously deactivated silica gel column, with 1:1 EtOAc/n-hexane as
eluent, to give 2 in 80% yield as an orange solid. This was crystallised
from CH2Cl2/n-hexane (1:3). M.p. 290±293 8C (decomp); elemental analy-
sis calcd (%) for C31H27Fe2NO (541.3): C 68.79, H 5.03, N 2.59; found: C
68.55, H 4.88, N 2.70.


3,4-Dihydroquinolium salt 3 : A stirred solution of the alcohol 2 (73 mg,
0.14 mmol), in dry CH2Cl2 (10 mL), was treated dropwise with 1 equiv of
the appropriate acid (HBF4 or CF3SO3H) (e.g., 1.4 mL of a 0.1m solution
of HBF4 in CH2Cl2), during which the orange colour of the solution
changed to a deep purple. The resulting mixture was stirred for 5 min at
room temperature, then the solvent was removed under vacuum to give a
deep purple residue which was triturated with diethyl ether (10 mL). The
purple solid that formed was isolated in almost quantitative yield and re-
crystallised by slow diffusion of Et2O into a dilute solution of the com-
pound in CH2Cl2. 3a (X=BF4): M.p. 222±225 8C (decomp); 3b (X=


CF3SO3): M.p. 215±220 8C (decomp).


Diferrocenylcarbenium 4 : A stirred solution of the alcohol 2 (73 mg,
0.14 mmol) in dry CH2Cl2 (10 mL) was treated dropwise with 2 equiv of
HBF4 (2î1.4 mL of a 0.1m solution of HBF4 in CH2Cl2). During the ad-
dition, the orange colour of the solution evolved to a deep purple colour
and finally to the green colour of the carbenium species. After the addi-
tion, the solution was stirred for 5 min, then the solvent was removed in
vacuo. The crude product was treated with acetone/CH2Cl2 (1:3) and the
resulting powder was washed with CH2Cl2 (4î2mL) to give a deep green
product, in 90% yield. This was crystallised by slow diffusion of CH2Cl2
into a dilute solution of the compound in acetone. M.p. >300 8C; FAB+-
HRMS: calcd for C31H26NFe2: 524.0760; found: m/z (%): 522.0809 (15),
524.0765 (100), 525.0801 (79).


1,1’-[(3,4-Dihydro-2,4-quinolinediyl)(2-cyclopentadienylidene-1,2-ethane-
diyl)]ferrocene (5):


Method A : A 0.1m solution of [NBu4]PF6 in dry CH2Cl2 (10 mL) was
treated with a solution of 2 (0.2 g, 0.37 mmol) in dry CH2Cl2 (5 mL), and
the reaction mixture was stirred for 5 min at room temperature. A
stream of dry HCl was bubbled through the mixture for 1 h, during
which a clear evolution of the colour of the solution, from orange to
purple to green to purple, was observed. When the deep purple colour
was persistent, the reaction mixture was filtered through a deactivated
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(10% Et3N in n-hexane) silica gel layer. The filtrate was evaporated to
dryness and purified by chromatography on a deactivated silica gel
column, using EtOAc/n-hexane (9:1) as eluent, to give 5, in almost quan-
titative yield, as a red solid. This was crystallised by slow diffusion of n-
hexane into a diluted solution of the compound in CH2Cl2.


Method B : A solution of the diferrocenylcarbenium 4 (0.1 g, 0.16 mmol)
in CH2Cl2 (10 mL) was treated with HBF4 (1 equiv., 1.1 mL of a 0.1m sol-
ution of HBF4 in CH2Cl2) and the mixture was stirred at room tempera-
ture and under nitrogen for 30 min, during which the deep green colour
of the solution changed to deep purple. A crystalline sample in 90%
yield was obtained following the same procedure as described above.


Method C : A solution of the diferrocenylcarbenium 4 (0.1 g, 0.16 mmol)
in CH3CN (10 mL) was stirred at room temperature for 10 min to give a
black precipitate, which was filtered off. The filtrate was evaporated to
dryness and the product was isolated, as described above, in 90% yield.
M.p. 167±170 8C; elemental analysis calcd (%) for C26H21FeN (403.3): C
77.43, H 5.25, N, 3.47; found: C 77.14, H 5.30, N 3.27.


Mixed-valence compound 6 : A sample of this mixed-valence compound
was prepared by adding a solution of AgCF3SO3 (0.024 g, 0.094 mmol) in
dry toluene (10 mL) to a solution of the alcohol 2 (0.051 g, 0.094 mmol)
in the same solvent (50 mL). The reaction mixture was stirred at room
temperature and under nitrogen for 1.5 h. The dark brown microcrystals
formed were collected by filtration and washed with three portions of tol-
uene (3î10 mL). The solid was dissolved in CHCl3 (25 mL) and stirred
at room temperature and under nitrogen for 10 min to give a deep purple
solution and a dark precipitate. The solution was filtered under nitrogen
and the precipitate was washed with CHCl3 (3î10 mL). The combined
organic layers were evaporated to dryness under reduced pressure. The
resulting residue was triturated with dry Et2O to give 9 as a deep purple
solid in 60% yield. This was crystallised from CH2Cl2/toluene (1:1). M.p:
227±230 8C (decomp); IR (CH2Cl2): ñ=3468, 1642, 1618, 1574, 1287,
1263, 1169, 1038, 835, 758 cm�1; MS (FAB+): m/z (%): 691 (5) [M++1],
542 (100) [M++1�CF3SO3]; elemental analysis calcd (%) for
C32H28F3Fe2NO4S (691.3): C 55.60, H 4.08, N2.03; found: C 55.42, H 4.28,
N 1.95.


X-ray crystal structure analysis :


Data collection : A Nonius Kappa CCD with an area detector was used.
19153 reflections were measured by means of f- and w-scans and extract-
ed from the frames (DENZO-SMN).


Structure solution and refinement : Non-hydrogen atoms were refined ani-
sotropically on F2 (SHELXL 97), hydrogen atoms of the carbon atoms
were refined at calculated positions, the hydrogen atom of the hydroxyl
group was refined with an isotropic displacement parameter; R values for
320 parameters and 2402 observed reflections [I>2s(I)]: R1=0.0418 and
wR2=0.0977.


Crystal data : C31H27Fe2NO, monoclinic, space group P21/n, a=11.3545(4),
b=10.8175(6), c=18.725(1) ä, b=92.667(3)8, V=2297.45(19) ä3, Z=4,
T=233(2) K, l(MoKa)=0.71073 ä, F(000)=1120, m=1.289 mm�1, 1calcd=


1.565 gcm�3, yellow prism 0.4î0.1î0.05 mm. CCDC-215840 contains the
supplementary crystallographic data for this paper. These data can be ob-
tained 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 e-mail : deposit@
ccdc.cam.uk).
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Growing ZnO Crystals on Magnetite Nanoparticles


Rachel Turgeman, Shay Tirosh, and Aharon Gedanken*[a]


Introduction


ZnO is one of the important wide-band-gap materials
(3.3 eV at 300 K). It is a low cost II-VI semiconductor,
which is environmentally friendly and has superior electron-
ic and optical properties. ZnO is currently in use, or being
considered for use, as phosphors,[1] as component in electro-
optical devices,[2±8] as piezoelectric transducers,[1,9, 10] varis-
tors,[1,11,12] UV and microwave absorbers,[1,10] gas sen-
sors,[1,13, 14,15] and for transparent conducting films.[1,16]


ZnO can be grown by means of a variety of techniques in-
cluding vapor-phase transport,[18,19] sol±gel methods,[19,20] hy-
drothermal growth,[21,22] melt growth,[23] chemical vapor dep-
osition (MOCVD),[24] electrochemical deposition,[25±28] laser
ablation,[29] sputtering,[30] molecular beam epitaxy,[31,32] and
spraying arc-discharge.[33]


However, large-scale use will require the development of
simple, low-cost approaches. One such method is to grow
ZnO from an aqueous solution at temperatures below
100 8C. The mild conditions of this synthesis allow the
growth of ZnO by using surfactants[34±36] and diblock copoly-
mers,[37, 38] as well as the growth of ZnO on self-assembled
monolayers (SAMs).[39,40] It was also found that diblock co-
polymers could play an important role in determining the
morphology of CaCO3


[41,42] and BaSO4.
[43] Vayssieres and co-


workers have also used the method described in referen-


ces [34±40] for growing ZnO on various uncoated surfaces
such as glass, Si wafers, ITO, and so forth.[44]


Crystal engineering by organic molecules mimics natural
processes.[38,45] In natural processes, surfactant-like peptides
and glycopeptides interact with nuclei and growing crys-
tals.[46] This interaction is achieved by a combination of two
factors, one of which is related to the chemical functional
group, and the other to the structure, shape, orientation, and
organization of the surfactants.


Previously, we studied crystal engineering of ZnO by
growing the crystals on SAM of functionalized alkyl
silane.[40] We have found that the monolayers deposited on a
silicon wafer influence the orientation of ZnO crystal
growth. The nature of the substituent and its organization
affect the orientation of the ZnO growth. The current paper
is an extension of previous work in which nanoparticles are
used as seeds for the growth of the ZnO crystals. Nanoparti-
cles of magnetite were selected as the seeds. One of the rea-
sons for choosing the Fe3O4 nanoparticles as seeds is the ex-
istence of a very detailed and easy process for their prepara-
tion as monodispersed particles with narrow size distribu-
tion. In the preparation of the magnetite nanoparticles we
have followed the process reported by Sun and Zeng.[47]


They reported a simple organic-phase synthesis of magnetite
nanoparticles with sizes variable from 3 to 20 nm in diame-
ter. The 4 nm Fe3O4 nanoparticles are made by mixing
[Fe(acac)3] in phenyl ether with 1,2-hexadecanediol, oleic
acid, and oleylamine under nitrogen, and heating the mix-
ture to reflux for 30 min. The product was dissolved in
hexane in the presence of oleic acid and oleylamine, and
reprecipitated with ethanol to give 4 nm Fe3O4 nanoparti-
cles. The long alkyl chain coating prevents agglomeration of
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Department of Chemistry, Bar-Ilan University
Ramat-Gan, 52900 (Israel)
Fax: + (972)5311250
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Abstract: We report herein on the ori-
ented growth of ZnO crystals on mag-
netite nanoparticles. The ZnO crystals
were grown by hydrolyzing a super-
saturated aqueous solution of zinc ni-
trate. The seeds for the growth were
magnetite nanoparticles with a diame-
ter of 5.7 nm and a narrow size distri-
bution. Hollowed ZnO hexagons of
0.15 mm width and 0.5 mm length filled


with Fe3O4 particles were obtained.
HR-TEM (high-resolution transmission
electron microscopy) and selected-area
EDS (energy-dispersive spectroscopy)
show that the nanoparticles are homo-


genously spread in the ZnO tubes.
Zeta potential measurements were em-
ployed to understand the relationship
between the nanoparticles and the ori-
ented growth of the ZnO crystals. The
results show that the surfactants in-
duced the directional growth of the
ZnO crystals.


Keywords: crystal engineering ¥
magnetite ¥ nanostructures ¥ zeta
potential ¥ zinc oxide
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the magnetic particles, thus paving the way for obtaining
monodispersed nanoparticles.


From our computer search it appears that the current in-
vestigation is the first attempt to grow oriented crystals on
inorganic nanoparticles as seeds. We are aware that Wegn-
er×s group has grown ZnO crystals on 80±160 nm size latex
particles.[48] The motivation of this study is first to under-
stand the parameters of the nanoparticles that determine
the crystal growth. The second reason, which is related spe-
cifically to magnetite, is the opportunity to expand the func-
tionality of ZnO to magneto-optics as well as to spintronic
devices, and so forth.


Results


Although we synthesized the nanosized Fe3O4 by the above-
mentioned procedure, with the same amount of each of the
precursors, we did not observe X-ray diffraction for the
products. This might be due to either the product being X-
ray amorphous (i.e. , smaller particles were obtained in our
reaction than those in reference [47], or perhaps the temper-
ature was lower than in the Sun report). The selected-area
electron diffraction image (Figure 1) also indicated the


amorphous nature of the product; a diffused ring pattern is
detected. We therefore had to use other methods to charac-
terize the product.


We have applied the spot test suggested by Feigel[49] to
identify the presence of Fe2+ ions. Positive results were ob-
tained when a,a’-phenantroline was added to the solution.
The color was identical to that observed for commercial
Fe3O4.


Mˆssbauer spectroscopy (MS) measurements also con-
firmed that the compound is amorphous. On the other hand,
Fe3O4 crystals were positively identified by MS when the
amorphous crystals were heated to the crystallization tem-
perature determined by the DSC.


HR-TEM pictures of the magnetite nanoparticles are
shown in Figure 2a and b. The size and size distribution


were determined from HR-TEM micrographs by measuring
the diameters of 107 particles. The results of the particles
size were plotted in a histogram, which is depicted in Fig-
ure 2c.


A statistical analysis of this histogram shows that the
mean size of the nanoparticles is 5.7 � 0.1 nm. The histo-
gram reveals a narrow size distribution of particles, which
according to the HR-TEM are monodispersed. The amor-


Figure 1. Electron diffraction pattern of magnetite nanoparticles.


Figure 2. a) TEM micrographs of 5.7 nm Fe3O4 nanoparticles. b) High-
magnification TEM micrograph, î625000. c) Particle-size histogram ob-
tained from the HR-TEM data.
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phous nature is also revealed in HR-TEM in which fringes
are not detected for the as-prepared samples.


The surface area of these particles is less than 1 m2g�1.
This is a very small value for 5.7 nm particles and is attribut-
ed to the dense alkyl groups bonded to the particles× sur-
face, hindering the passage of the nitrogen molecules to the
magnetite surface.


The synthetic method used to grow the ZnO crystals was
hydrolysis of a zinc nitrate solution. The ZnO crystals were
grown on the magnetite nanoparticles by dispersing the par-
ticles in an aqueous solution that contains the zinc precur-
sors. The process is described in greater detail else-
where.[34±40]


HR-SEM (high-resolution scanning electron microscopy)
micrographs of these crystals are shown in Figure 3. These
pictures were compared to SEM pictures of a control


sample, namely, a sample of ZnO crystals that were grown
in the absence of magnetite nanoparticles. This comparison
showed that the size of the ZnO crystals that were grown on
the particles decreased. The length of the crystals decreased
from 3000 nm to 500 nm and the width decreased from
500 nm to 150 nm.


In Figure 3a, white arrows marked the (001) ZnO plane.
A higher resolution picture is depicted in Figure 3b. The pic-


ture shows that the magnetite nanoparticles are encapsulat-
ed inside the ZnO crystal. SEM pictures of the reference
sample showed that the ZnO crystals are not hollow. The
planes of the ZnO crystals in the control experiments were
much flatter than those grown on the magnetite nanoparti-
cles.


Further measurements were employed in order to explore
the homogeneity of the spreading of the nanoparticles in the
hollowed ZnO crystal. This was done by selected-area EDS,
through which we monitored the concentration of iron
along the ZnO crystal. An equal amount of iron was found
by measuring its quantity at three separate points along the
ZnO tube.


By analyzing Figure 4, the embedded particle size was es-
timated to be in the range of 4±6 nm. The images in Fig-
ure 4a and b were measured at the head of the ZnO tube
and those in Figure 4c and d were measured at the middle
of the tube. This analysis shows that the embedded particles
have the same size as the as-prepared magnetite nanoparti-
cles. Second, the size of the embedded particles is uniform
along the ZnO matrix.


The high-resolution TEM picture of a ZnO crystal lying
on the grid perpendicular to the electronic beam and paral-
lel to the horizontal plane of the grid is presented in
Figure 4. Thus, fringes should be obtained only for the ZnO
crystals.


We did not observe fringes in the magnetite nanoparticles
due to their amorphous nature. On the other hand, the
fringes of the ZnO walls are clearly observed in the three
images, Figure 4b±d. The spacing measured between these
fringes is 2. 83 ä. This fits very closely to the d value of the
(100) planes.


The results of these experiments raise the question re-
garding the factors that determine the growth of the ZnO
crystals. It is clear that due to the amorphous nature of the
crystals, the Fe3O4 planes do not play an important role in
determining the direction of the crystal growth. Our hypoth-
esis was, therefore, directed towards the surfactant mole-
cules and their organization as the determining factors of
the growth.


The organization of two molecules with two different
functional groups on a modified surface has been described
previously for fatty acids and fatty amines.[50] Following this
report and other studies about coating iron oxide with vari-
ous surfactants,[51±53] we assume that the surfactant bilayer
structure is as follows: The first layer consists of the oleic
acid monolayer bound to the magnetite nanoparticles
through ionic bonds (the COO� is detected by IR spectros-
copy). The outermost layer consists of an interdigitated
monolayer of an alkylamine/alkylcarboxylic acid. Thus,
acid±base moieties should be exposed in the outermost
shell.


The coated magnetite particles form colloidal solutions in
organic liquids. The as-prepared magnetite nanoparticles
could be dispersed for short times in water as well. Dispers-
ing the particles in an aqueous medium enabled us to con-
duct zeta potential measurements. We tried to follow the
ZnO growth by measuring the zeta potential of particles in


Figure 3. HR-SEM micrographs of the ZnO crystals that were grown on
the magnetite nanoparticles: a) bar=200 nm; b) bar=100 nm. White
arrows in a) show the (001) ZnO plane.
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the Zn(NO3)2 solution at pH of 5. Exposing the dispersed
magnetite nanoparticles changed the zeta potential from
�16.7�1.7 mv to �2.9� 2.0 mv. The growth of ZnO occurs
only when the pH of the solution is changed from 5 to 6. To
probe whether the change in the zeta potential is due to the
precipitating Zn2+ ions or to the changes in the pH, other
experiments were conducted. We measured the zeta poten-
tial as a function of pH from 3 to 8 in the absence of Zn2+ .
The pH was gradually changed from 3 to 8 by adding
NaOH to the coated magnetite nanoparticles. The zeta po-
tential decreased with the increase of pH in a titration-like
shape. Special attention was dedicated to the pH change
from 5 to 6. Almost no change in the zeta potential was re-
corded while the pH of solution changed from 5 to 6. Thus,
we can conclude that the changes in the zeta potential upon
the precipitation of the ZnO are not due to changes in the
pH, but rather due to the adsorption of Zn2+ ions on the
outer layer functional group of the surfactants. Indeed, the
changes in the zeta potential indicate that the Zn2+ ions and
not the O2� or OH� are first bonded to the surfactant
double layer, and further dictate the directional growth of


the ZnO crystal. It is clear from our HR-SEM pictures that
the ZnO crystal grows along the c axis, a polar axis. Our re-
sults indicate that Zn+2 ions are firstly deposited on the
outer layer of the surfactant and thus lead to the growth of
the crystal along the c axis. The polar Zn surface (001) is
not completed, because it contains magnetite particles at its
center, and in this way supports the growth of the (100)
planes.


Conclusion


HRTEM and zeta potential measurements show that the
monodispersed magnetite nanoparticles function as seeds
for ZnO crystal growth. The ability of these particles to ful-
fill this function is due to the terminated surfactant mole-
cules of oleic acid and oleylamine.


The results of this report are very important, because it is
the first report on the growth of crystals on monodispersed
nanoparticles. Second, synthesizing a composite material of
ZnO and magnetite nanoparticles will pave the way for ex-


Figure 4. HRTEM micrographs of the ZnO grown on the magnetite nanoparticles. a) and b) show the embedded magnetite particles at the edge of the
ZnO tube. c) and d) show the embedded magnetite at the middle of the tube.
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panding the technological uses of ZnO. Further investiga-
tions on the influence of other surfactants on the growth of
ZnO on various nanoprticles are in progress.


Experimental Section


Magnetite nanoparticle preparation : Iron(iii) acetylacetonate (2 mmol)
was mixed in phenyl ether (20 mL) with 1,2-hexadecanediol (10 mmol),
oleic acid (6 mmol), and oleylamine (6 mmol) under nitrogen and heated
to reflux for 30 min. After cooling to room temperature, the dark-brown
mixture was treated with ethanol under air, and a dark-brown material
was precipitated from the solution. The product was dissolved in hexane
in the presence of oleic acid and oleylamine and reprecipitated with etha-
nol.


Crystallization of ZnO on nanoparticles : As-prepared magnetite nano-
particles (1 mg) were dispersed in deionzed water (100 mL). The disper-
sion was heated to 95 8C in a water-jacketed cell of 100 mL capacity. At
this temperature, zinc nitrate (Zn(NO3)2¥6H2O, Aldrich, 0.89 g) was dis-
solved in a very small amount of water and then added to the dispersion.
The final concentration of the zinc nitrate solution was 0.03m. This solu-
tion was heated for several minutes and then hexamethylene tetramine
(Aldrich, HMT, 0.42 g) was dissolved in a very small amount of water.
The final concentration of the HMT solution was 0.03m. The high tem-
perature was chosen in order to prevent the formation of zinc hydroxide,
and lead to the decomposition of HMT to ammonia and formaldehyde.
This caused a shift of the pH of the solution from 5 to around 6, which
was the necessary basicity for the crystallization of ZnO. We stopped the
crystallization after 45 min by cooling the vessel to room temperature.
After the ZnO crystallization, the reaction solution was centrifuged and
washed with water and ethanol several times, and then dried in vacuum
at room temperature overnight.


Apparatus : HR-TEM images were taken using a JEOL 3010 model with
300 kV accelerating voltage. A conventional monochrome CCD camera,
with a resolution of 768î512 pixels, was used to digitize the images. The
digital images were processed with the Digital Micrograph software pack-
age (Gantan, Pleasanton, CA, USA). Samples for TEM were prepared
by placing a drop of the sample suspension on a copper grid (400 mesh,
Electron Microscope Sciences) coated with carbon film.


Selected-area EDS and selected-area electron diffraction measurements
were conducted with the HRTEM instrument, while the size of electron
beam was reduced to 35 nm.


HR-SEM images were taken with a SUPRA 55 VP FEG LEO. Zeta po-
tential measurements were carried out with a Malvern zetasizer 3000
HSA (High Resolution Analysis).
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