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Introduction


Designing, synthesizing, and characterizing supramolecular
systems is one of the current principal topics in modern
chemistry, as demonstrated by the large number of publica-
tions and conferences in the field during the last few years.[1]


The general concept applied is to arrange special molecules
into highly ordered architectures by self-assembly through
noncovalent interactions. It is anticipated that, by this
ªchemistry beyond the moleculeº,[1a, 2] structures possessing
new and interesting mechanical, thermal, electrochemical,
photochemical, or magnetic properties can be constructed,[3]


with potential applications in, for example, nanotechnology.[1]


With respect to the physical characterization of supra-
molecular architectures, powerful methods are available for
systems present as single crystals or as ordered surface
layers.[1c, 4] For supramolecular complexes in solution, how-
ever, the situation is much less favorable, in particular for
metallo-supramolecular systems. This even holds for studies
on rather basic problems, like that of the molar mass or the
related problem of the state of association of a supramolec-
ular structure in a particular solvent. It is this latter type of
study which is the concern of the present paper.


Information on the state of association of supramolecular
systems has been sought previously mainly from vapor
pressure osmometry and from electrospray mass spectrosco-
py[1c, 5] . It is obvious, however, that the results of these
methods do not necessarily reflect the state of the compound
studied in solution (in addition, the former technique is barely
applicable to charged systems[1d]). Recently, we have suggest-
ed the application of an alternative, true solution method,
analytical ultracentrifugation.[6] This classical method of
biochemistry and macromolecular chemistry for determining
the molar mass or the state of association of macromolecules[7]


has long been considered as obsolete, mainly due to instru-
mental difficulties. However, during the last few years,
following the introduction of a new commercial analytical
ultracentrifuge, it has seen a remarkable renaissance. Appli-
cation of this technique to supramolecular chemistry does, in
fact, lead to a number of problems concerning both technical
aspects (resistance of the cell components towards the organic
solvents required for most studies) and more fundamental
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problems (avoidance of nonideal sedimentation behavior,
determination of the compound�s partial specific volume). We
have shown in a feasibility study, however, that these
problems can be overcome,[6] thus opening the way towards
a general acceptance of this method for studies on supra-
molecular compounds.


A major obstacle in establishing analytical ultracentrifuga-
tion as a standard tool in supramolecular chemistry is that,
due to two decades of virtually complete neglect of this
classical technique in physical chemistry of large molecules,
most researchers in the field are unaware of its potential and
advantages. It is the aim of the present paper to contribute to
removing this obstacle, by 1) briefly describing the founda-
tions and methods of analytical ultracentrifugation, and 2)
demonstrating its potential by describing its application to a
model system, a metal coordination array (Figure 1). This
compound consists of four molecules of 4,6-bis(5''-methyl-
2'',2'-bipyrid-6'-yl)-2-phenylpyrimidine and four cobalt(ii) ions
plus appropriate counterions, held together by noncovalent
interactions.[8, 9] Mr of the compound (including 8 PF6 counter-
ions) is 3366. A very similar compound was used in the
feasibility study referred to above.[6] The association behavior
of several other compounds of this class will be described
elsewhere.[10]


Background


General : The purpose of analytical ultracentrifugation is the
study of the movement or the local distribution of molecules
(in solution) under the influence of a centrifugal force. This is
usually done in an instrument based on a preparative ultra-
centrifuge (as routinely used in biochemistry) to which are
added three different accessories: a special rotor, special cells


Figure 1. Building blocks, reaction scheme, and structure of the cobalt
coordination array (wireframe model, MacSpartan, level MM2; for an
X-ray structural analysis of a similar grid, see ref. [8]).


equipped with transparent windows, and an optical system
allowing the measurement of the local absorbance or the local
refractive index of the sample at any radial position in the
ultracentrifuge cell and at any time after starting the ultra-
centrifuge (Figure 2).[11] The concentration-versus-radius


Figure 2. The optical system of the Beckman Optima XL-A analytical
ultracentrifuge.[11]


Abstract in German: Analytische Ultrazentrifugation be-
schäftigt sich mit dem Studium der Bewegung oder der lokalen
Verteilung von gelösten supramolekularen oder makromole-
kularen Systemen unter dem Einfluû der Zentrifugalkraft.
Hierzu wird die Konzentrationsverteilung der Moleküle als
Funktion des Radius gemessen und ausgewertet. Dieser Artikel
beschreibt die Anwendung der Methode auf die Untersuchung
des Assoziationszustandes von supramolekularen Systemen in
Lösung. Sowohl das Meûprinzip als auch die experimentellen
Techniken werden behandelt und auf ein spezielles metallo-
supramolekulares Metallgitter angewendet. Die Methoden zur
Untersuchung der ,,transientenª Sedimentationsverteilungen,
nämlich Sedimentationsgeschwindigkeitslauf und Annäherung
an das Gleichgewicht (Archibald-Methode), können Infor-
mationen über die Gröûe der Aggregate in weniger als 3 h
liefern. Insbesondere die Archibald-Methode liefert eine Aus-
sage über die mittlere Molekülmasse der gelösten Verbindun-
gen in weniger als 30 min. Die Gleichgewichtsläufe geben
detaillierte Auskünfte über den Anteil der unterschiedlichen
vorhandenen Aggregate; im Falle von reversibel assoziieren-
den Systemen können sie auch Gleichgewichtskonstanten
liefern.
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curves obtained from the measurements contain information
on the molar masses of the molecules under study and,
additionally, on parameters related to the shape of the
molecules (sedimentation, diffusion, or frictional coeffi-
cient).[7] When applied to associating molecules, the data
can also yield association constants.[7] Although the method
has been used for molecules as small as sucrose (Mr� 342), it
is more useful for molecules with molar masses between
�1000 and several million g molÿ1. This range includes the
sizes characteristic for systems of supramolecular chemistry.


Applications of analytical ultracentrifugation which aim at
determining basic properties of the molecules under study are
usually conducted under conditions of ªidealº sedimentation
behavior, which can be realized by using low enough solute
concentrations and performing the measurements in the
presence of at least 10 ± 20 mm salt[7] (for situations where
this ideal behavior cannot be achieved, the reader is referred
to refs. [7a, 7c]). Under these conditions, the sedimentation of
the molecules in a sector-shaped solution column is described
by the Lamm equation [Eq. (1)],[7] where ck(r,t) denotes the


@ck


@t
� 1


r


@


@r


�
r
�


Dk


@ck


@r
ÿ skw


2rck


��
�Qk (1)


concentration of the molecular species k (k� 1,.. .n) at radius r
and time t, sk and Dk denote the sedimentation and diffusion
coefficient of that species, respectively, Qk denotes the local
chemical reaction rates (which are zero for noninteracting
components), and w denotes the angular velocity of the rotor.
It can be shown that the term in parenthesis represents the
local transport flux in the centrifugal field, and that sk and Dk


are related to each other and to the molar mass Mk of species k
by the Svedberg equation [Eq. (2)],[7] where nk


ÿÿ denotes the
partial specific volume (approximately the reciprocal density)
of species k and 1 is the solvent density.
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Analytical ultracentrifugation experiments can be per-
formed for the analysis of the transient states, that is, the
evolution of ck(r, t) in time, which are referred to as
sedimentation velocity methods, or for the analysis of the
equilibrium distribution ck(r,1) attained after sufficiently
large sedimentation times, referred to as sedimentation
equilibrium experiments.[7]


Transient state analysis: The time-course of sedimentation
ck(r,t) contains information on the molar mass and the
sedimentation coefficient as well as the diffusion coefficient
and hydrodynamic radius of the species k. Its measurement
does not permit the same detailed analysis of the state of
association of the sample molecules as do sedimentation
equilibrium experiments. On the other hand, it allows a
relatively quick assessment of the aggregation state of the
sample, which may be very useful as a quality control
preceding, for example, its use for preparing surface films[12]


or similar applications.
Sedimentation velocity experiments are traditionally per-


formed with special experimental configurations to allow the


application of robust analytical solutions to Equation (1). In
most cases, relatively high centrifugal fields are applied to an
initially uniform solution (ck(r,0)� ck,0), in order to produce
clear sedimentation boundaries of the macromolecular com-
ponents. The movement of the sedimentation boundary
allows the precise determination of the sedimentation coef-
ficient and hydrodynamic properties of the macromolecules
from a simple solution of Equation (1) for a single macro-
molecular component in the absence of diffusion.[7] Recently,
however, methods have become available that allow the direct
modeling of sedimentation data ck(r,t) with the Lamm
equation [Eq. (1)].[13] They can also be used for the analysis
of the sedimentation profiles produced by small molecules,
where no clear sedimentation boundary can be achieved. It is
exactly this latter behavior which is exhibited by many, if not
most, systems of supramolecular chemistry, making this
approach the method of choice (see below).


A special solution to the Lamm equation is available at the
end of the solution column: As shown by Archibald,[14] the
measurement of the concentration and its derivative at the
meniscus, at any time in the centrifugation process, allows the
estimation of the average molar mass of the molecules under
study. While the original Archibald method suffers from
optical artifacts which prevent precise concentration meas-
urements at the meniscus position, more recently described
variants[15] do not. In these alternative Archibald methods, the
average molar mass of the sample molecules is extracted
by applying the Lamm equation [Eq. (1)] from the time-
course of the absorbance profiles in the close vicinity
of the meniscus (measured in rapid succession after the
start of the ultracentrifuge). This group of methods is the
least precise but the most rapid among those described in
this paper. It can be combined with a sedimentation equili-
brium experiment, representing the initial phase of the latter
one.[15b]


Equilibrium analysis: Although sedimentation equilibrium
could simply be considered as the special case t!1 of the
general sedimentation process described by Equation (1), it is
much more powerful, in that sedimentation equilibrium
allows the direct application of equilibrium thermodynamic
principles.[7] In addition, by virtue of the absence of hydro-
dynamic parameters, sedimentation equilibrium experiments
are much more robust in their interpretation and are clearly
the method of choice for more complex solutes.


In most sedimentation equilibrium experiments, a much
lower centrifugal field is used than in traditional sedimenta-
tion velocity experiments. This reduces the sedimentation
fluxes to a magnitude comparable to the diffusional fluxes,
such that after sufficient time (from several hours up to a few
days) an equilibrium can be attained in which the concen-
tration of the solute at the bottom of the solution column is
only a few times higher than the concentration at the
meniscus. It can be shown that in sedimentation equilibrium
a single component k assumes a Boltzmann distribution
[Eq. (3)],[7] where r0 denotes an arbitrary reference radius. For
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a mixture of n species, the resulting concentration distribution
is the sum of the contributions of the different components
[Eq. (4)]. Importantly, for dilute solutions, this equation holds


c(r)�
Xn


k�1
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Mk�1ÿ nk1�w2


2RT
(r2ÿ r2


0�
�


(4)


true regardless of whether the components are stable or are
only reversibly formed through noncovalent interactions. If
different components are in reversible association equilibri-
um, and if there are no pressure effects on the equilibrium
constant that governs the association, then the preexponential
factors are simply coupled by the law of mass action. This
permits expression of ck(r0) in terms of c1(r0) and the
association constants Ka1k (k> 1). As a consequence, the
measurement of the equilibrium populations of interacting
components can be performed without their separation. This
makes sedimentation equilibrium particularly powerful for
the characterization of weak reversible macromolecular or
supramolecular interactions.


In practice, the measurement of the molar mass of a single
component can be best performed by fitting Equation (3) to
the experimental sedimentation equilibrium profiles, using Mk


and ck(r0) as fitting parameters. The same procedure can, in
principle, be applied to the analysis of multicomponent
systems with Equation (4). However, as with all techniques
that require the analysis of experimental data in terms of sums
of exponentials, the resolution for multiple unknown expo-
nents (here the molar masses) is very limited. Therefore, in
practice, the study of multicomponent systems requires that
the molar masses of the components be determined in
separate experiments, which leaves the relative population
ck(r0) of all stable components and reversibly formed aggre-
gates, respectively, as the parameters to be determined. This
allows the resolution of up to 3 ± 4 different species (provided
that their respective buoyant molar masses are significantly
different from each other). Reliable association constants
can, however, be obtained only with systems of 2 ± 3 compo-
nents.


Materials and Methods


The cobalt coordination array used for demonstration was synthesized and
purified as described elsewhere.[8, 9] It was dissolved in acetone (under
stirring) at a concentration of approx. 700 mgmLÿ1. Afterwards, the solution
was brought to 25mm ammonium hexafluorophosphate by the addition of a
150 mm stock solution of the salt in acetone.


Analytical ultracentrifugation experiments were conducted in a Beckman
Optima XL-A ultracentrifuge with an An-60Ti or an An-50Ti rotor,
titanium double sector centerpieces with optical pathlength of 1.2 cm, and
polyethylene gaskets (BASF).[6] The rotor speed was 40 000 rpm and the
rotor temperature 20 8C. The absorbance-versus-radius profiles A(r) of the
samples were recorded at a wavelength of 380 or 450 nm, depending on the
maximum absorbance desired. The centrifuge data were evaluated with the
computer programs SEDFIT (sedimentation velocity), ARCHIFIT (ap-
proach to equilibrium) and DISCREEQ (sedimentation equilibrium) by P.
Schuck.[13c, 13d, 15b, 16] Copies of the software are available from this author.
The partial specific volume of the cobalt coordination array, n, was assumed
to be 0.54� 0.02 mL gÿ1.[10, 17]


Experiments and Results


The aim of the experiments performed was to establish the
state of association of the cobalt coordination array dissolved
in acetone.


Sedimentation velocity experiments : The experimental sed-
imentation velocity pattern of the dissolved cobalt coordina-
tion arrays is shown in Figure 3. It consists of 25 consecutive


Figure 3. A sedimentation velocity experiment: (A) Experimental A(r)
data (collected at 450 nm) (�) and best-fit distributions according to
Equation (1), assuming the presence of a single supramolecular aggregate,
superimposed by the calculated time-invariant background signal (Ð). (B)
Local differences between the experimental and the fitted data. The scans
were taken at intervals of 420 seconds. Sample concentration was approx.
550 mgmLÿ1, and sample volume was 300 mL.


scans taken at time intervals of 420 seconds. The A(r) profiles,
with their absence of a plateau region near the meniscus and
the rapid disappearance of the plateau near the bottom of the
cell, are typical of a relatively small and rapidly diffusing
solute.[7, 15b] The figure also shows the curves fitted to the
experimental data according to the Lamm equation [Eq. (1)],
on the assumption that only one type of particles is present.
It is obvious that the fit is of very good quality at all the
time intervals considered. The best-fit parameter values for
the apparent sedimentation and diffusion coefficients are
s� (4.6� 0.2)� 10ÿ13 seconds and D� (61� 4)� 10ÿ7 cm2


secondsÿ1, respectively. From the Svedberg equation
[Eq. (2)], with nÅ � (0.54� 0.02) mLgÿ1 and 1� 0.7935 gmLÿ1,
a relative molecular mass of Mr� 3200� 300 is obtained,
which agrees, within the limits of error, with that of the intact
monomeric compound (3366). Assuming the presence of two
noninteracting molecular species did not improve the quality
of the fits. This indicates that the sample molecules are
essentially monomeric under the conditions used. However,
the presence of a small percentages of aggregated material
cannot be definitely excluded. From s and Mr , estimates on
the dimensions of the sedimenting species can be obtained.[7, 10b]


In general, the application of this method requires sample
volumes of 250 ± 450 mL, at concentrations high enough to
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give 0.2 ± 0.8 absorbance units at the wavelength selected for
scanning the profiles. With the sample used in this study,
taking advantage of the low solvent viscosity, the measure-
ments could be performed within 3 ± 4 h. Measuring times as
low as 90 min are possible, but reduce the accuracy of the
data.


Archibald method (approach to equilibrium): Experimental
A(r) patterns of an ªArchibald experimentº, extending from
the meniscus to approximately 1 mm into the sample sector,
are shown in Figure 4A. They were recorded during the first
30 min of a sedimentation equilibrium run (see below), at
intervals of 240 seconds. The figure also shows fits to the data
based on the Lamm equation [Eq. (1)] and the assumption
that the sample is monodisperse.[15b] The fit yields Mr and s as a
function of time; the results for Mr are shown in Figure 4C.
The calculated Mr essentially does not vary with time and,


Figure 4. An approach to equilibrium experiment: (A) Experimental data
sets of the depletion at the meniscus, recorded at 380 nm and at intervals of
240 seconds (�), and curves fitted to the data sets 2 ± 8 according to
Equation (1) (Ð). The first experimental scan was taken as initial condition
for solving Equation (1). The experimental noise in this scan is rapidly
suppressed in the calculated evolution, by virtue of the diffusion term.[13b]


(B) Local differences between the experimental and the fitted data. (C)
Time dependence of the apparent molar mass governing the depletion of
the solute at the meniscus. Sample concentration: 30 mgmLÿ1; sample
volume: 150 mL.


again, agrees reasonably well with that of the monomeric
cobalt coordination array. If the sample had contained
significant amounts of oligomers, an average Mr would have
been obtained which decreased with increasing time, because
of preferential removal of the larger and thus more rapidly
sedimenting species from the meniscus region.[15b]


Sedimentation equilibrium experiments : After sufficient
running time of the ultracentrifuge, the absorbance-versus-
radius profiles of the samples become time-invariant within
the precision of the data acquisition, indicating that the
samples have attained sedimentation equilibrium. For the
sample shown during the approach to equilibrium in Figure 4,
the corresponding sedimentation equilibrium distribution is
plotted in Figure 5; it was reached after approx. 8 h. An


Figure 5. A sedimentation equilibrium experiment: (A) Experimental
data A(r) at 380 nm (*), and curve fitted to the data by assuming that the
sample contains only the monomeric Co coordination array (Ð). (B) Local
differences between the experimental and the fitted data. The experimental
data are from the same centrifuge run as those of Figure 4.


analysis of these data according to Equations (3) and (4)
shows that a very good fit can be obtained just by use of a
single exponential characterizing the monomeric cobalt
coordination array (Figure 5). On the other hand, fits of
virtually the same quality were obtained if the presence of a
few percent of small oligomers of the compound (dimers,
trimers) was assumed. Similarly, the fits yielded small
percentages of these oligomers if n was assumed to be
0.56 mL gÿ1, which is within the limits of error of the
experimental value of 0.54 mL gÿ1.[10] The uncertainties de-
scribed are typical for any sedimentation equilibrium analysis.


The sample volume of 150 mL used in the experiment of
Figures 4 and 5 is a good compromise between accuracy of the
analysis and duration of the centrifuge run. Smaller sample
volumes, as low as �80 mL, can be used for homogeneous
samples, with a concomitant shortening of the time required
to reach sedimentation equilibrium by up to approx. 75 %.[7]


However, for heterogeneous samples the results of the
analyses will become less reliable. The loss of reliability can
be monitored by appropriate statistical analyses.[16] Initial
sample absorbance (at the wavelength selected) should be
around 0.4.
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With macromolecular compounds, sedimentation velocity
experiments are usually performed at distinctly higher
rotor speeds than sedimentation equilibrium runs. For
the much smaller compounds of supramolecular chemistry,
the advantage obtained by maintaining this practice is
small, in particular when the sedimentation velocity experi-
ments are evaluated by fitting the data by the Lamm
equation.


Discussion


During the initial characterization of newly synthesized
supramolecular compounds, three questions arise which
concern the compounds� solution properties:[6]


1) Do the compounds really exist in solution?
2) Do they show significant dissociation?
3) Do they show self-association and, if so, what type of self-


association?
In a later phase of the studies, an additional question may


arise:
4) Does a special sample (intended as, e.g., a starting ma-


terial for the formation of surface films[12]) meet the
requirements of uniformity with respect to its oligomeric
state?


We hope to have made clear that analytical ultracentrifu-
gation is ideally suited to answer the questions raised: for
questions (1) ± (3) by sedimentation equilibrium analysis, for
question (4) either by the same method (if sufficient time is
available) or by a sedimentation velocity or an Archibald
experiment. We do not know of other experimental methods
which could deal with the same problems with comparable
rigor and versatility.


With respect to the Co coordination array studied in this
paper, it is clear from our data that, under the experimental
conditions applied, it neither shows dissociation nor self-
association but is essentially ªmonomericº (though the
presence of a few percent of oligomeric material cannot be
excluded). Thus, when asking the questions cited above, the
answer is simple and unequivocal. This result is, however, not
clear from the beginning: We have found that, during
incubation at room temperature for several days, some of
the sample molecules apparently degrade, leading to smaller
as well as larger entities. This is supported by the findings on
similar compounds.[10] In addition, under a variety of con-
ditions most of the material settles to the bottom of the
ultracentrifuge cell (despite being apparently well solubilized
according to visual inspection) (see also ref. [6]). Thus, in
order to know the state of association of the sample, a control
by analytical ultracentrifugation is obligatory. With the
sample of ref. [6], the use of monomeric Co coordination
arrays was found to grant the formation of regular surface
films of the compound.[12]


It must be kept in mind that, according to Equations (2) ±
(4), any evaluation of analytical ultracentrifugation data
requires knowledge of the partial specific volume n of the
compound under study. The value of n used in the present
paper was determined by digital densimetry,[18] which requires
the availability of at least 5 mg of the compound and a


solubility of at least 5 mg mLÿ1. If these requirements cannot
be met, determining n may become the most difficult task in
an ultracentrifuge study (for a more detailed discussion see
refs. [6, 10 a, 18]).
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Introduction


Glycoproteins have assumed a rather notorious position
among biologists and chemists. Owing to their oligosaccharide
substituents, glycoproteins are not under direct genetic
control but are instead the products of secondary metabolism.
Glycoproteins have defied traditional genetic approaches to
biological study because of the heterogeneous and template-
independent nature of their biosynthesis. This feature has
frustrated efforts on the part of biologists to elucidate the
biological functions of glycoproteins, particularly in circum-
stances in which the precise structure of the glycan determines
biological activity. It is becoming apparent that oligosacchar-


ides on a polypeptide can modulate protein folding, intra- and
intercellular trafficking, and receptor binding and signaling.[1]


These discoveries at the forefront of biological research have
created a requirement of some urgency for glycoproteins of
well-defined structure.


In parallel, chemists have discovered glycoproteins to be
alluring yet formidable synthetic targets. Glycoproteins
embody all of the complexity of oligosaccharide chemistry,
including difficult glycosyl coupling reactions and extensive
protecting group manipulations, compounded with the chal-
lenges of solid-phase peptide synthesis. Consider the struc-
tures of prototypical glycoprotein glycans from the N-linked
(1) and O-linked (2) families (Figure 1). The synthesis of
merely the core fragments, the regions in closest proximity to
the polypeptide backbone, can require complex orthogonal
protection schemes to form branched oligosaccharide struc-
tures. The methods for such transformations that are currently
at our disposal are not compatible with the complex
functionality of the polypeptide backbone, precluding the
chemical elaboration of the oligosaccharide from the poly-
peptide scaffold. The convergent assembly of separately
prepared oligosaccharides and proteins is also marked by
several obstacles. Despite these challenges, in recent years
several groups have conquered glycopeptide fragments, and
some impressive structures have been reported.[2] In partic-
ular, advances in enzymatic glycosylation methods promise to
lift the burden of protecting-group manipulations in future
glycoprotein syntheses.[3]


Still, while chemists continue to progress toward a general
and accessible synthesis of native glycoproteins, there are
pressing issues in biology that have inspired parallel efforts
toward the synthesis of glycoprotein mimetics. For example, a
native glycoprotein may lack the stability or bioavailability
required for a specific therapeutic or basic science application.
Isosteric analogues have been designed to circumvent these
problems. The field of glycoprotein mimicry is also driven by
the urgency of certain biological problems, which overrides
the preference for a native structure. The goal shifts to
obtaining as rapidly as possible a synthetic mimic with
comparable biological activity. At present, the synthesis of
native glycoproteins is a time-consuming and encumbered
process, but glycoprotein mimics with subtly altered structures
can be made with reasonable facility. In this article, we
highlight recent concepts in glycoprotein mimicry that address
these issues at the chemistry/biology interface.
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attracted the attention of synthetic chemists as challeng-
ing targets for total chemical synthesis. Great strides have
been made, but the chemical synthesis of complex
glycopeptides still remains an arduous task. In recent
years, discoveries at the forefront of biological research
that have identified glycoproteins as key modulators of
cell ± cell communication have created an urgent demand
for quantities of homogeneous glycoconjugates for ther-
apeutic and basic research applications. In response,
chemists have begun to explore various approaches to the
construction of glycopeptide mimetics that have superior
properties for therapeutic applications, or lend them-
selves to a more facile synthesis. In this Concepts article,
we summarize contemporary approaches to the design of
stable glycopeptide analogues, including C- and S-glyco-
peptides and glycopeptoids, as well as creative new
strategies for generating glycopeptide mimics with use
of the chemoselective ligation technique.


Keywords: chemoselective ligation ´ C-glycosides ´
glycopeptides ´ peptoids ´ S-glycosides


[a] Prof. C. R. Bertozzi, L. A. Marcaurelle
Department of Chemistry, University of California
Berkeley, CA 94720 (USA)
Fax: (�1)510-643-2628
E-mail : bertozzi@cchem.berkeley.edu


CONCEPTS


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0505-1384 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 51384







1384 ± 1390


Chem. Eur. J. 1999, 5, No. 5 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0505-1385 $ 17.50+.50/0 1385


Discussion


Stable glycopeptide isosteres : It is well established that
glycosylation of peptide drugs can dramatically alter their
pharmacokinetic properties. Indeed, many native glycopro-
teins have been considered as therapeutic agents and a
handful are now in clinical use.[4] But there is room for
improvement of these compounds, particularly with respect to
the stability of the sugar-peptide linkage. The primary path-
way for glycoprotein degradation involves enzymatic cleavage
of the glycan from the peptide backbone, an event that, if
thwarted, could increase the lifetime of glycopeptide drugs.
Chemists have observed that substitution of the glycosidic
CÿO or CÿN bonds found in O-linked and N-linked
glycoproteins, respectively, with a CÿS or CÿC bond confers
resistance to enzymatic hydrolysis.[5] In addition, C- and S-
glycosides demonstrate solution conformations and biological
activities similar to their native counterparts.[6] Accordingly,
much effort has been devoted to the synthesis of C- and S-
glycopeptide analogues.


The replacement of the oxygen atom of an O-linked
glycopeptide with a sulfur atom is a conceptually straightfor-
ward approach to isosteric mimicry. In practice, this has been
accomplished by coupling an activated sugar derivative with a
protected cysteine residue. Several S-glycosylated cysteine
derivatives have been reported[7] (a representative example
(4) is shown in Figure 2), and some of these analogues have
been incorporated into peptides by standard solid-phase
methods.[7a, 8] S-Glycopeptides have also been prepared using
a building block derived from glycosylation of 3-mercapto-
propionic acid.[7c]


While structurally similar to
S-glycopetides, C-glycopeptides
present a greater synthetic chal-
lenge because of the require-
ment of stereoselective CÿC
bond formation at the anomeric
center. Several groups have met
this challenge with the synthesis
of C-glycosyl serine analogues,
which were incorporated into
glycopeptides by traditional
methods.[9] For example, Beau
and co-workers[9c] prepared a
C-linked analogue of the Tn
antigen (GalNAca-Ser) (5, Fig-
ure 2), an O-linked motif found
in several epithelial tumor gly-
coproteins.[10] Synthetic glyco-
peptides comprising the C-
linked Tn analogue may serve
as future generations of tumor
vaccines.


In contrast to O-linked gly-
copeptides which are degraded
through glycosidic bond hydrol-
ysis, N-linked glycopeptides are
hydrolyzed at the glycosyl
amide (6, Figure 3) by enzymes
from the N-glycanase family.[11]


Figure 2. Comparison of a native O-linked glycan (3) and two stable
glycopeptide isosteres, an S-glycoside (4)[7b] and a C-glycoside (5).[9c]


Several groups have sought analogues of N-linked glycopep-
tides which resist the action of these enzymes. In one
approach, Kessler et al. reversed the orientation of the
glycosyl amide affording C-glycosyl analogue 7.[12] Such
derivatives may be resistant to N-glycanase cleavage just as
retro-inverso peptides resist proteolytic cleavage.[13] In an
elegant alternative approach, Lee and co-workers[14] com-
bined C-glycoside chemistry with enzymatic chemistry to
construct a C-linked analogue of a high-mannose N-linked
glycopeptide (8, Figure 3). The synthetic strategy consisted of
two key steps: the chemical synthesis of a peptide bearing a C-
linked GlcNAc residue followed by enzymatic transfer of a
Man9GlcNAc moiety onto the core GlcNAc. The C-glyco-
peptide (8) was found to be resistant to N-glycanase-catalyzed
hydrolysis and, furthermore, displayed inhibitory activity
toward the enzyme.


Figure 1. Representative N-linked (1) and O-linked (2) glycans. The conserved core structures within each family
are indicated in color.
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Glycopeptoids : Peptoids, or N-substituted oligoglycines (9,
Figure 4), are achiral peptide mimics in which side chains are
sited on the amide nitrogen atom of each glycine monomer
rather than the a-carbon atom of each amino acid.[15] Peptoids
were designed in order to overcome several shortcomings of
synthetic peptides as potential drugs, including susceptibility


Figure 4. General structure of a peptoid (9)[15] and an O-linked glyco-
peptoid (10) bearing the Tn antigen.[16c]


to proteolytic degradation and poor bioavailability. While
these highly flexible molecules are indeed resistant to
proteolysis, the problem of oral bioavailability still exists. To
address this problem, Roy and co-workers designed a new
class of mimetics which they named glycopeptoids.[16] The O-
linked glycopeptoid 10 (Figure 4), which bears multiple Tn
antigens, was prepared in order to evaluate the role of


multivalency in antigen presen-
tation.[16c] A method for the
synthesis of a C-linked glyco-
peptoid building block has re-
cently been reported by Kessler
and co-workers.[17] When incor-
porated into glycopeptoids, the
C-glycoside should provide ad-
ditional stability towards chem-
ical and enzymatic hydrolysis.


Synthesis of glycopeptide mim-
ics by chemoselective ligation :
The concepts that have been
described thus far were moti-
vated by the need for metabol-
ically stable glycopeptide mim-
etics. While glycopeptide iso-
steres and glycopeptoids are
resistant to hydrolysis, the con-
struction of these analogues is
still a time-consuming and chal-
lenging endeavor. The synthesis


of such analogues becomes especially difficult when dealing
with larger oligosaccharide structures, such as the naturally
occurring O- and N-linked glycans depicted in Figure 1).
Moreover, biologists eager to study the roles of protein-
associated glycans in biological systems typically do not have
the synthetic expertise to prepare native complex glycopro-
teins. Their collaborators in synthetic chemistry may require
several years to generate small quantities of a relatively
simple structure, stalling the progress of research at the
biological forefront.


As early as the 1970�s, it was apparent that oligosaccharides
could be attached via non-native linkages to normally
unglycosylated proteins, such as bovine serum albumin
(BSA), generating neoglycoproteins that have since found
use in a myriad of biological studies.[18] Methods for the
synthesis of neoglycoproteins capitalized on the inherent
reactivity of certain amino acid side chains, in particular the e-
amino group of lysine and the sulfhydryl group of cysteine,
and were of sufficient simplicity that extensive synthetic
expertise was not required. The protein component of these
reagents was considered largely irrelevant, serving merely as a
scaffold for multivalent presentation of the carbohydrates and
for the simultaneous attachment of convenient molecular
probes. More recently, chemists have shifted their attention to
the construction of glycoprotein mimetics in which the
sequence and structure of the underlying protein, and the
specific sites of glycosylation, are of biological relevance.
Some of the methods developed for classical neoglycoprotein
synthesis are now being revisited in the context of structurally
defined glycopeptide mimetics with unnatural sugar ± peptide
or glycosidic linkages.


A technique that promises to be extremely powerful for the
site-specific attachment of carbohydrates to peptides is based
on the concept of chemoselective ligation. Originating in the
field of protein chemistry, the technique involves the coupling
of two mutually and uniquely reactive functional groups in an


Figure 3. Comparison of a native N-linked glycopeptide (6), a retro-amide C-glycosyl analogue (7),[12] and a high-
mannose C-linked glycopeptide (8).[14]
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aqueous environment.[19] Chemoselective ligation reactions
are of such high selectivity that no protecting groups are
needed. Even in the presence of a multitude of potentially
reactive functionalities, two chemoselective ligation partners
will react only with each other. Reactions that have proven
useful for chemoselective ligation include the coupling of
aminooxy groups with ketones or aldehydes to afford the
corresponding oximes, and reactions of thiolate anions with a-
haloacetamides to form the corresponding thioesters or
thioethers.


Modifications of endogenous cysteine residues : The chemo-
selective reaction of cysteine thiols with electrophilic carbo-
hydrates originated with neoglycoproteins and is now widely
used for the construction of glycopeptide mimetics of defined
structure. For example, a-haloacetamido[20] or bromoethyl
glycosides[21] react selectively with cysteine sulfhydryl groups
on unprotected peptides to afford modified glycopeptides
with non-native sugar ± peptide linkages (11 and 12, Figure 5).


With respect to synthetic facility, the a-haloacetamido glyco-
sides are superior, as they can be prepared from unprotected
free oligosaccharides through glycosylamine intermedia-
tes.[20b] In principle, complex oligosaccharides from natural
sources[2f] could be attached to peptides in this fashion without
any protecting group manipulations. It should be noted,
however, that multiple cysteine residues cannot be differ-
entiated, that is, a single cysteine residue cannot be glycosy-


lated site-specifically in the presence of others. In order to
maintain an unmodified cysteine residue, one must employ
orthogonal cysteine protecting groups during solid-phase
peptide synthesis.


Exploiting orthogonal functionality : An alternative strategy
for the generation of glycopeptide analogues could proceed
by the introduction of a novel functional group into the
peptide scaffold, one that is not normally found among amino
acid side chains and is chemically orthogonal to native amino
acid components. The ketone group fulfills these require-
ments, and toward this end a method for the synthesis of
glycopeptide mimetics has recently been described which
exploits the highly selective condensation reaction of ketones
with aminooxy groups to afford oximes.[22] Ketone-containing
peptides were generated by solid-phase peptide synthesis
(SPPS) with amino acid 13,[23] which bears an unnatural
ketone side chain (Scheme 1a). Reaction of ketopeptide 14
with aminooxy sugars such as compound 15 afforded glyco-


peptide mimetics in which an
oxime substitutes for the native
sugar ± peptide bond. In this
fashion, an oxime-linked ana-
logue (16) of the antimicrobial
glycopeptide drosocin was pre-
pared.[22]


This chemoselective ligation
strategy is not limited to the
synthesis of peptides bearing
simple monosaccharides. More
complex oligosaccharides can


be generated from simple aminooxy sugars using established
enzymatic methods. For example, elaboration of aminooxy
lactose (17, Scheme 1b) by enzymatic sialylation and fucosy-
lation afforded sialyl Lewis x analogue 18, which was then
allowed to react with ketopeptide 14 to generate an oxime-
linked glycopeptide bearing a structural motif similar to that
found in O-linked mucin-like glycoproteins.[24] Alternatively,
unprotected glycosylamines can be converted to aminooxy,


Figure 5. a-haloamides[20] and bromoethyl glycosides[21] have been conjugated to cysteine thiols to generate
glycopeptide mimetics such as 11 and 12.


Scheme 1. a) Synthesis of an oxime-linked glycopeptide (16) by means of an unnatural ketoamino acid (13).[22] b) Enzymatic conversion of aminooxy lactose
to sialyl Lewis x analogue 18.[24] a(2,3)-ST�a(2,3)-sialyltransferase and a(1,3)-FucT�a(1,3)-fucosyltransferase.
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hydrazide, or thiosemicarbazide derivatives in a straightfor-
ward manner, and each of these can be chemoselectively
ligated to ketopeptides.[24] Like a-haloacetamides, these latter
nucleophilic carbohydrate derivatives can be generated from
small quantities of unprotected free oligosaccharides through
glycosylamine intermediates. Thus, precious oligosaccharides
isolated from natural sources could potentially be converted
to coupling partners suitable for conjugation to ketone-
containing peptides.


An alternate strategy for the chemoselective synthesis of
glycopeptide analogues with non-native sugar ± peptide link-
ages has recently been described by Mutter and co-workers.[25]


Free reducing sugars were reacted with peptides bearing
internal N,O-disubstituted aminooxy groups (19, Scheme 2) to


Scheme 2. Reaction of free reducing sugars with peptides bearing N,O-
disubstituted aminooxy groups (19) to generate b-N-linked glycopeptide
analogues (20).[25]


produce b-N-linked glycopetide analogues (20). The reducing
terminal pyranose unit was preserved and the peptide was
glycosylated with high anomeric stereoselection without the
need for activation at the anomeric center or protection of
functional groups. Free reducing oligosaccharides have also
been appended to the N-terminus of synthetic peptides
adorned with an N-terminal aminooxy group.[26]


As the synthesis of glycopeptide mimetics is motivated by a
need for biologically active structures, a crucial question is:
how does the substitution of the native sugar ± peptide bond
with a non-native linkage affect bioactivity? Despite a
multitude of strategies for their construction, very few
glycopeptide mimetics have actually been evaluated for
activity relative to their native counterparts. One study has
shown that replacement of the sugar ± peptide bond with an
oxime linkage has no detrimental effect on function, even in a
molecule whose activity is normally dependent on glycosyla-
tion. The oxime-linked analogue of drosocin (16, Scheme 1a),
a 19-amino-acid glycopeptide with a single site of O-linked


glycosylation,[27] was found to be comparable in bacteriostatic
activity to the native molecule.[22]


It may be that in some cases the loss of the native sugar ±
peptide linkage results in reduced bioactivity of the glyco-
protein. Indeed, it has been demonstrated in model glyco-
peptides that the monosaccharide units most proximal to the
peptide backbone can profoundly influence local peptide
structure.[28] These observations have directed attention to
new sites of unnatural linkage substitution such as glycosidic
bonds within the pendant glycan. As an example of this
alternative approach, chemoselective ligation chemistry was
combined with enzymatic chemistry to generate modified O-
linked glycopeptides with native sugar ± peptide linkages.[29]


First, a glycosylated amino acid building block was incorpo-
rated into a peptide using standard solid-phase methods to
produce a glycopeptide bearing a proximal GalNAc (21,
Scheme 3). Next, a chemically unique functional group for
chemoselective ligation was introduced by means of the
enzyme galactose oxidase, which selectively converts galac-
tose or GalNAc residues to the corresponding C-6 alde-
hydes.[30] Finally, the aldehyde (22) was coupled to a synthetic
aminooxy sugar to afford an oxime-linked analogue (23) of
the b1!6 glycosidic linkage that is commonly found in
native O-linked glycoproteins. Flexibility in the elabora-
tion of outlying glycoforms could be achieved while the
native peptide-proximal GalNAc-a-Thr linkage was main-
tained.


These ketone- or aldehyde-based chemoselective ligation
strategies have the advantage over traditional methods for
neoglycoprotein synthesis in that they are site-selective.
Ketone, aldehyde, and aminooxy groups do not normally
reside within polypeptides, so once installed at a specific
position, they can be glycosylated in a controlled manner. In
addition, these ligation reactions are orthogonal to thiol
alkylations, allowing one to conjugate two different oligosac-
charides to ketone and thiol groups within a peptide in one
synthetic step (see Scheme 4). The one-step dual modification
of synthetic peptides using these mutually compatible reac-
tions has recently been achieved with biophysical probes.[23]


Future Directions


These novel concepts in glycopeptide mimicry have enabled
the synthesis of glycopeptide analogues with improved
pharmacokinetic properties or impressive glycan structures
that are difficult to achieve in their native form. Still, most of


Scheme 3. General strategy for the synthesis of glycopeptide mimics with C-6 oximes.[29]
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Scheme 4. General strategy for the one-step modification of peptides with
two different oligosaccharides.


the synthetic targets described were rather small with respect
to peptide length, representing fragments of glycoproteins
several orders of magnitude larger in size. Glycopeptide
synthesis must by definition be restricted by the limitations of
solid-phase peptide synthesis, currently executed in a routine
fashion for peptides of around 60 amino acids or less. Protein
chemists are now addressing this limitation with the develop-
ment of new strategies for convergent segment condensation.
Two recent technologies, native chemical ligation[19a, 31] and
the related expressed protein ligation,[32] have taken the
forefront in this regard. The strategies described above for
synthesizing glycopeptide mimetics could be merged with
these protein synthesis techniques to afford full-length
glycoprotein mimetics of unlimited size.


Finally, in nature many glycoprotein molecules reside on
the surfaces of cells, anchored to the plasma membrane. The
glycans of cell-surface glycoproteins contribute to many
extracellular recognition events that govern the life of the
cell. Perhaps it is now time to ask whether we can construct
glycoproteins or their mimetics in the context of a cell surface.
While this is a somewhat radical notion, the ability to generate
glycoproteins of defined structure on cell surfaces would
provide avenues for biological investigation for which there is
no current alternative. The exogenous addition of structures
onto cells is not a new concept, having been demonstrated
with recombinant GPI-anchored proteins which passively
insert into the plasma membrane when added to cells in
culture.[33] However, the attachment of chemically synthesized
glycoproteins or mimetics has not been reported and would
represent a landmark experiment. Chemically synthesized
glycoproteins could be attached to cell surfaces through a
suitable cell surface anchor. Several groups have taken steps
in this direction with the conjugation of synthetic oligosac-
charides to endogenous glycoprotein glycans using enzymatic
and chemical methods.[34] In this fashion, novel glycoprotein


landscapes were created on living cells. The extension of these
approaches to include synthetic glycoproteins and their
mimetics is a major frontier in cell surface engineering.
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Intramolecular Se ´´´ N Nonbonding Interactions in Low-Valent
Organoselenium Derivatives: A Detailed Study by 1H and 77Se NMR
Spectroscopy and X-Ray Crystallography


G. Mugesh,[a] Arunashree Panda,[a] Harkesh B. Singh,*[a] and Ray J. Butcher[b]


Abstract: A series of novel low-valent
organoselenium compounds stabilized
by Se ´´´ N intramolecular interactions
has been synthesized. The existence of
Se ´´ ´ N nonbonding interactions was
determined by 1H and 77Se NMR spec-
troscopy and X-ray crystallography.
These interactions result in an apparent
downfield shift of the 77Se NMR signals;
the shift values roughly correspond with
the strength of the Se ´´ ´ N interaction.
Single-crystal X-ray studies show that
the strength of the Se ´´´ N interactions
depends on the relative electronegativ-
ity of the group attached to the selenium
and the nature of the heteroatom. These
interactions lengthen the SeÿX (X� Se,
Cl, Br, I, CH2ÿ) bond trans to the N ´´´ Se
bond and increase the possibility of
nucleophilic attack on the selenium. In


addition to the Se ´´´ N intramolecular
interaction, Se ´´´ X (X�Cl, Br, I) inter-
molecular interactions were observed in
[2-(4,4-dimethyl-2-oxazolinyl)phenyl]-
selenenyl chloride (4), bromide (5), and
iodide (6), indicative of the hypervalent
(pseudo-high-valent) nature of the sele-
nium. The strength of the Se ´´´ N intra-
molecular interaction decreases in the
order RSeCl, RSeBr, RSeI, whereas the
Se ´´´ X intermolecular interaction in-
creases in the same order. The aryl
benzylic compounds [2-(4,4-dimethyl-2-
oxazolinyl)phenyl]benzyl selenide (7),
a,a'-di[2-(4,4-dimethyl-2-oxazolinyl)-


phenylselenenyl]-m-xylene (8), a,a'-
di[2-(4,4-dimethyl-2-oxazolinyl)phenyl-
selenenyl]-o-xylene (9), and 1,3,5-tri[2-
(4,4-dimethyl-2-oxazolinyl)phenylsele-
nenyl]-2,4,6-trimethylbenzene (10) are
unusually stable and also show weak Se
´´´ N interactions in the solid state. The
strong Se ´´ ´ N interactions in all the
compounds suggest that the sp2 nitrogen
may coordinate with the selenium more
strongly than the sp3 nitrogen and the
resonance contributions from the five-
membered heterocyclic rings further
increase the extent of Se ´´´ N interac-
tions between selenium and tertiary
nitrogen. A correlation between the
Se ´´ ´ N intramolecular distance and the
77Se chemical shift was attempted.


Keywords: halides ´ hypervalent
compounds ´ intramolecular coordi-
nation ´ selenides ´ selenium


Introduction


The chemistry of organoselenium derivatives stabilized by
intramolecular nonbonded Se ´´´ X (X�H, N, O, S, Se, F, Cl)
interactions has attracted considerable current interest. These
derivatives are remarkably versatile as they afford: a) novel,
hypervalent, stable organoselenium compounds where the
divalent selenium further interacts with a nearby heteroatom
(O, N, Se, etc.) to form a pseudo-high-valent selenium
species,[1] b) chiral reagents for asymmetric synthesis,[2]


c) ligands for achiral and chiral catalysis,[3] d) ligands for the
isolation of monomeric MOCVD (metal ± organics chemical


vapor deposition) precursors,[4] and e) synthetic models for
the glutathione peroxidase family of enzymes.[5] Interestingly,
all these low-valent selenium compounds have a heteroatom
in close proximity to the selenium atom, and the nonbonding
secondary interactions arise as a result of the intramolecular
coordination between the heteroatom and selenium. The
nature of these interactions has been analyzed by Ramasubbu
et al. ,[6] Goldstein et al. ,[7] and Barton et al.,[8] and the
electronic structure around the selenium atom has been
interpreted in terms of a 3c ± 4e X ´´´ SeÿR bond (hypervalent
bond).


Organoselenium compounds, in particular those having
Se ´´ ´ N intramolecular interactions, are of current interest and
are challenging targets for organic and organometallic
chemists because of their role in chiral induction and
antioxidant activity. Uemura et al.[2i±r] have extensively used
optically active ferrocenyl diselenides with in-built donor sp3


nitrogen for very high chiral induction, whereas Tomoda
et al.[2s±u, 3a, b] have demonstrated in a series of papers that
organoselenium derivatives with a coordinating amino group
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can be used not only for the catalytic conversion of olefins to
allylic ethers but also for asymmetric inter- and intraoxy-
selenenylation reactions. The Se ´´´ N interactions are also of
great interest from a biological point of view as these
interactions stabilize the selenenic acid, the key intermediate
in the glutathione peroxidase catalytic cycle, and synthetic
model compounds.[5] Also the hypervalent interactions be-
tween the tertiary amino nitrogen and the selenium atoms
activate the SeÿSe bond for oxidative cleavage.


However, the effects of substituents attached to the
selenium on the Se ´´ ´ N nonbonding interactions have not
been studied systematically with X-ray structure analysis. This
would give more information about the existence of Se ´´´ N
interactions in the solid state. In addition, although the Se ´´´ N
interaction between divalent selenium and tertiary amine
possessing a sp3 nitrogen has been studied to some extent,[9]


there is no detailed study concerning the nature of the Se ´´´ N
interactions between the selenium and a sp2 nitrogen. In
continuation of our work on intramolecular-coordinated
organochalcogens,[10] we describe in this paper the synthesis,
crystallographic study, and spectroscopic analysis of a range of
organoselenium compounds derived from (4,4-dimethyl-2-
phenyl)oxazoline. These include the first authentic example
of a structurally characterized areneselenenyl chloride 4, the
third example of a structurally characterized areneselenenyl
bromide 5, and the second example of a selenenyl iodide 6. In
addition, we report here the syntheses and the first structural
characterization of some stable aryl benzyl selenides 7 ± 14
stabilized by intramolecular Se ´´ ´ N interactions.


Results and Discussion


Synthesis : The synthesis of the key intermediate, diselenide
3,[11] was approached by the organolithium route. The lithium
areneselenolate, OxSeÿLi� (2), was easily prepared by the
direct metallation of 4,4'-dimethyl-2-phenyloxazoline (1) with
nBuLi in hexane followed by the addition of selenium powder
in ether.[11] Oxidation of the lithium selenolate 2 then afforded
the desired diselenide (Scheme 1). The stable chloro com-
pound 4 was obtained as a crystalline solid in good yield by
reacting the diselenide 3 with a stoichiometric amount of
sulfuryl chloride. The bromo compound 5 was synthesized by
a similar method, with a stoichiometric amount of bromine.
Attempts to synthesize the SeIV bromide, RSeBr3, by the
reaction of excess bromine with the diselenide 3 were
unsuccessful. Although there was some indication for the
formation of the SeIV compound in the reaction mixture, the
compound was found to be unstable in solution and decom-
posed within a few hours to give the monobromide 5. This
observation is consistent with the recent studies[12] which have
shown that the oxidative addition of Br2 to SeII compounds is a
reversible process.


It is known that the diorgano diselenides (R2Se2) react with
iodine to give only charge-transfer adducts (R2Se2 ´ I2) instead
of selenenyl iodides (RSeI).[13] The isolation of stable binary
compounds of iodine and selenium has been difficult owing to
their similar electronegativities.[14] Du Mont et al. used a more
hindered bis(2,4,6-tri-tert-butylphenyl) diselenide to synthe-


Scheme 1. Synthetic route to the [2-(4,4-dimethyl-2-oxazolinyl)phenyl]se-
lenenyl halides 4, 5, and 6. Reagents and conditions: i) nBuLi, hexane,
room temperature, 1 h; ii) Se powder, ether, 0 8C, 3 h; iii) O2, NaH-
CO3(aq); iv) SO2Cl2, CCl4, 0 8C, 1 h; v) Br2, CCl4, 0 8C, 1 h; vi) I2, CCl4,
0 8C, 1 h.


size a stable selenenyl iodide, which they characterized by
X-ray crystallography.[15] However, it was later reported by
the same authors that a slight reduction in the steric bulk
(from tert-butylphenyl to iso-propylphenyl) again leads to the
formation of a charge-transfer complex.[16] When the reaction
of 3 was carried out with a stoichiometric amount of iodine the
novel monoiodide 6 was obtained. In compound 6 intra-
molecular stabilization leading to the formation of 10-Se-3
selane (10 valence electrons, 3 bound ligands) seems to be
responsible for the formation of a covalent bond rather than a
charge-transfer adduct.[17]


In general, aryl benzyl and aryl allyl selenides are unstable
and decompose readily to give coupled hydrocarbon products
and free selenium.[18] Although the unsymmetrical selenides
are useful synthetic reagents in heterocyclic chemistry,[19±21]


there is no structural evidence for stable aryl benzyl selenides.
Reaction of OxSeÿLi� (2) with an equimolar amount of
benzyl chloride gave 7 in moderate yield. Compounds 8, 9,
and 10 were synthesized from the appropriate bromo
compounds (Scheme 2a). For comparison, we have also
prepared some novel benzylic compounds, 12, 13, and 14,
derived from N,N-dimethylbenzylamine which has a sp3


nitrogen atom (Scheme 2b). Although these compounds are
slightly unstable, they are stable enough for satisfactory
analysis and NMR spectrometry.


Spectroscopic behavior:


1H NMR spectra : The 1H NMR chemical shifts for 1 and 3 ± 14
are listed in Table 1. At ambient temperature there was no
evidence for significant Se ´´´ N interactions as no anisochro-
nous resonances were observed for the ÿC(CH3)2 group and
an AB quartet was observed for the ÿCH2Oÿ protons.
However, the trend in the chemical shifts gave some
information about the Se ´´´ N interaction. Compounds 3, 4,
5, 6, and 7 ± 10 can be categorized into three groups.
Compounds 4, 5, and 6 fall into the first category, in which







Selenium±Nitrogen Interactions 1411 ± 1421
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the Se ´´ ´ N interaction is very strong. For these compounds the
ÿCH3 signals spanned a range from d� 1.58 to 1.86 and the
ÿCH2ÿ signals from 4.50 to 4.71, considerable downfield shifts
compared with the free amine (d� 1.38 forÿCH3 and 4.10 for
ÿCH2ÿ). The chemical shifts for the methyl and methylene
protons mainly depend upon the electronegativity of the atom


attached to the selenium. The
trend RSeCl>RSeBr>RSeI
suggests a much stronger Se ´´´
N interaction in compound 4,
where the selenium is bonded
to a highly electronegative
atom chlorine. Du Mont et al.
have reported a partial redis-
mutation of RSeI compounds
when they are dissolved in ben-
zene or in aliphatic hydrocar-
bons. The solutions give rise to
peaks for the diselenide.[15] In-
terestingly, for compound 6 no
such observation was made;
this fact indicates its higher
stability as a result of the for-
mation of a five-membered
chelate which arises from
Se ´´´ N interactions. Compound
3 belongs to group two, in
having an intermediate Se ´´´ N
interaction. However, this in-
teraction is considerably stron-
ger than that reported for some
diselenides with similar basic
amino groups. The downfield
shift (0.08 ppm) observed for 3
is considerably larger than that
observed for the diselenide de-
rived from N,N-dimethylben-
zylamine (0.02 ppm)[3d] indicat-
ing a stronger interaction in 3.
The third group, which contains
selenides 7 ± 10, shows only a
weak Se ´´ ´ N interaction. The


signals due to the ÿCH2ÿ protons were shifted slightly
downfield for these compounds suggesting that the introduc-
tion of benzylic groups reduces the Se ´´´ N interaction. The
same trend was observed for compounds 12 ± 14, which also
fall into the third category.


Interestingly, for all the compounds based on the oxazoline
substrate, the signals due to the methylene protons are more
affected by the substituent on the selenium than by the methyl
protons, although both the protons are three bonds away from
the nitrogen. It is seen from the table that the signals due to
methylene protons are shifted downfield for compounds 4, 5,
and 6 whereas the shift is upfield for compounds 7 ± 10. This
may well be due to the involvement of oxygen in a resonance
contribution to the ozazoline ring when the nitrogen atom
interacts with the selenium (Figure 1). Therefore the methyl-
ene protons are more affected by the substituents than the


Figure 1. Postulated contribution of the oxygen atom to resonance
stabilization of the oxazoline ring in compounds 3 ± 8.


Scheme 2. Synthetic routes to the aromatic selenenyl derivatives a) 4 ± 10 and b) 12 ± 14. Reagents and
conditions: i) PhCH2Cl, 0 8C, 2 h; ii) a,a'-dibromo-m-xylene, 0 8C, 2 h; iii) a,a'-dibromo-o-xylene, 0 8C, 2 h;
iv) 1,3,5-bromomethyl mesitylene, 0 8C, 2 h.


Table 1. 1H NMR chemical shifts for methylene and methyl protons, and
77Se data.[a]


Compound ÿC(CH3)2 ÿCH2O (or N) 77Se[b]


1 1.38(s) 4.10(s) ±
3 1.46(s) 4.14(s) 454.8
4 1.86(s) 4.71(s) 855.9
5 1.64(s) 4.68(s) 849.5
6 1.58(s) 4.50(s) 762.2
7 1.37(s) 4.05(s) 420.5
8 1.38(s) 4.06(s) 361.9
9 1.37(s) 4.05(s) 349.4


10 1.38(s) 4.06(s) 304.9
12 2.18(s) 3.41(s) 321.1
13 2.17(s) 3.41(s) 320.8
14 2.20(s) 3.47(s) 256.8


[a] Chemical shifts measured in CDCl3 at RT. [b] Chemical shifts d relative
to Me2Se.
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methyl protons. This conclusion is further supported by the
X-ray crystallography data (vide infra). For compounds 7 ± 10
the signals for the ÿSeCH2ÿ protons appear in the range of
d� 4.07 ± 4.24, in close agreement with the literature values
for related compounds.[22, 23] However, the Se ± H coupling
constants (2JSe±H) observed in all the benzylic compounds
except 8 and 9 are much lower than the values obtained for
related compounds.[24] Since the peaks due to the ÿCH2ÿ
protons of the oxazoline ring merge with theÿSeCH2ÿ peaks,
the coupling constants for compounds 8 and 9 could not be
calculated. For compounds 12 ± 14, upfield shifts for the
methyl protons were observed but the signals due to
methylene protons were not shifted much.


77Se NMR spectra : The 77Se NMR chemical shifts (Table 1)
proved quite informative about the Se ´´´ N nonbonding
interactions. The suggestion that the intramolecular Se ´´´ N
nonbonding interaction results in a downfield shift of the 77Se
NMR peaks is now widely accepted, although the values for
the shift do not correspond exactly with the strength of the Se
´´ ´ N interaction.[9] In the monohalides 4 ± 6 a large deshielding
is observed with respect to the diselenide 3 (454 ppm) and the
trend is RSeCl 4 (855 ppm)>RSeBr 5 (849 ppm)>RSeI 6
(762 ppm). This result is consistent with the report of
McFarlane and Wood[25] that selenium resonances become
increasingly deshielded as the electronegativity of the attach-
ed substituent increases. It is worth noting that the halo
derivatives are quite stable in solution for a long time and
particularly in the case of 6 no peaks were detected for the
diselenide 3 indicating much greater stability as a result of the
intramolecular Se ´´ ´ N coordination. This contrasts with a
previous report where the authors had observed an equili-
brium between the diselenide and its iodo derivative.[15] The
77Se chemical shifts for compounds 4 and 5 are lower than for
the chloro and bromo derivatives reported by Tomoda et al.:
{(N-cyclohexyl-N-methylaminomethyl)phenyl}selenium bro-
mide 1010 ppm;[24] {(N-cyclohexyl-N-methylaminomethyl)-
phenyl}selenium chloride, 1050.3 ppm;[26] {2-(dimethylamino-
methyl)phenyl}selenium bromide, 987 ppm; simple phenyl-
selenenyl halides: PhSeCl, 1042 ppm; PhSeBr, 869 ppm; and a
cationic selenium species, 1203 ppm.[27] The 77Se chemical
shifts for the benzylic compounds 7 ± 14 are shifted relatively
upfield (240.9 ± 349.4 ppm) owing to the presence of benzylic
groups, which are covalently bonded to the Se atom and
cannot accept further electron density from selenium. The
77Se chemical shifts for these compounds are comparable with
the chemical shift values for the benzylic selenides derived
from N-tert-butylbenzanilide (367 ppm)[19] and N-cyclohexyl-
benzanilide (369 ppm).[19]


Mass spectra : Molecular-ion peaks were observed in low
intensities for compounds 4 and 5, but there is no indication
for the formation of the diselenides. The mass spectrum of
compound 6, however, exhibited a peak at m/z� 506 for the
formation of diselenide 3. In fact, the intensity of the
diselenide peak is much greater than that of the molecular-
ion peak. A peak at m/z� 254 along with the base peak can be
certainly assigned to molecular iodine. This suggests that a
charge-transfer adduct R2Se2 ´ I2, which is the normal product


in the reaction between diselenide and iodine,[13, 14] may be
formed under the mass spectroscopic conditions. Compound 7
displayed a straightforward mass spectrum. However, the
clear sets of peaks for several fragments confirm the higher
stability of this compound. In all cases the base peaks
observed at m/z� 252 ± 254 can be assigned to the RSe�


fragment. This strongly suggests a weakening of the SeÿX
(X� Se, Cl, Br, I or ÿCH2ÿ) bond trans to the Se ´´´ N
fragment. In contrast with the X-ray structures, compounds 4,
5, and 6 did not show any peaks corresponding with the dimer
(vide infra).


X-ray crystallographic studies :


Crystal structure of 3 : The details of the structure of
compound 3 will be reported elsewhere.[11] Here we present
only the salient features of the structure for comparison. The
coordination geometry around the selenium atoms is nearly
T-shaped with each selenium atom bonded to a selenium, a
carbon, and a nitrogen atom. The SeÿSe distance of
2.354(8) � relates well to the corresponding distances re-
ported for other diselenides, which range from 2.29 to 2.39 �.
This value is also close to others reported for related
compounds, bis[2-(dimethylaminomethyl)phenyl] diselen-
ide[3d] [2.357(1) �] and 2,2'-diselenobis(N-cyclohexylmethyl-
benzylamine) [2.36 �].[24] Of particular interest in the struc-
ture is the intramolecular interaction of the tertiary nitrogen
with the selenium. The atomic distances of Se(1) ´´ ´ N(1) and
Se(2) ´´ ´ N(2) are 2.819(5) and 2.705(5) � respectively, both of
which are larger than the sum of their covalent radii (1.80 �;
Se, 1.17 �; N(sp2), 0.63 �) but significantly shorter than the
sum of the corresponding van der Waals radii (3.5 �). One of
the five-membered rings lies in the plane, whereas for the
other ring, there is a twist about the C(26)ÿC(27) bond such
that the nitrogen atom present in this ring is directed slightly
away from the selenium atom. The torsion angle
C(11)ÿSe(1)ÿSe(2)ÿC(21) is 87.508. The unequal Se ´´´ N
bond lengths [Se(1) ´´ ´ N(1), 2.819(5) �; Se(2) ´´ ´ N(2),
2.705(5) �] indicate that steric effects may play an important
role.


Crystal structure of 4 : An ORTEP[28] view of compound 4 is
shown in Figure 2, and the corresponding bond lengths and
angles are listed in Table 2. The geometry around Se is
T-shaped. The strongest, nonbonded Se ´´ ´ N interaction [Se
´´ ´ N, 2.052(2) �] was observed for this compound compared
with all other compounds in this study and related compounds
reported in the literature. This bond length is 0.139 � shorter
than the Se ´´ ´ N distance in ArSeCl [2.191 �] reported by
Tomoda et al.[26] where the SeÿCl bond is stereoelectronically
stabilized by strong intramolecular N ´´´ SeÿCl interactions.
This is also shorter than the Se ´´ ´ N bond length reported for
[2-(dimethylaminomethyl)phenyl]selenium chloride from
ab initio molecular orbital (MO) calculations [2.331 �(3-
21*G method)] and 2.359 � (LANL1DZ method].[26] Al-
though the interaction between selenium and a hetero-
atom (O, N, S, etc.) is expected to be strong in all the
hypervalent compounds with highly electronegative substitu-
ents, the Se ´´ ´ N interaction in compound 4 is quite unusual
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Figure 2. Crystal structure of compound 4.


since the Se ´´ ´ N bond length approaches the SeÿN single-
bond length (1.80 �). It is surprising that the Se ´´ ´ N distance
of 2.052 � is even lower than the corresponding value
reported for a cationic species, chloro-substituted s-ammo-
nioselenane, in which the observed Se ´´´ N length is
2.191 �.[29] The SeÿCl bond is quite long [2.482(8) �] when
compared with the sum of the atomic covalent radii (2.16 �).
This value is also longer than the SeÿCl distances reported for
the cationic species chloro-substituted s-ammonioselenane
(SeÿCl 2.296 �).[29] The approximately linear alignment of the
SeÿCl covalent bond and the corresponding nitrogen [aN(1)
´´ ´ SeÿCl 175.06(7)8] may allow an effective orbital interaction
between the nitrogen lone pair and the s* orbital of the SeÿCl
bond and it may lead to the elongation of the SeÿCl bond. The
observed SeÿCl bond length of compound 4 is longer by
0.182 � than that of the inorganic selenenyl chloride reported
by Barton et al.[8]


Although the molecule is a monomer, it may dimerize
through weak intermolecular Se ´´´ Cl contacts (Figure 3). The
intermolecular distance of 3.476(8) � for Se ´´´ Cl(A) is about
0.324 � shorter than the van der Waals contact distance
(3.80 �). This Se ´´´ Cl contact length between discrete units
is very close to the values reported for Me2SeCl2 (Se ´´´ Cl
3.406 ± 3.614 �).[30] The angle N ´´´ SeÿCl, 175.06(7)8, shows
that the N ´´´ SeÿCl deviates a little from linearity. This may be
due to the intermolecular interaction between Cl and Se. If we
assume the intramolecular Se ´´´ N interaction leads to a linear
arrangement for the N ´´´ SeÿCl bond, it appears that sub-
sequent intermolecular interaction with consequent deviation
from linearity leads to a weakening of the Se ´´´ N interaction.


Crystal structure of 5 : The molecular structure of compound 5
is shown in Figure 4. Table 3 gives the significant bond lengths


Figure 3. Crystal structure of compound 4 showing the intermolecular Se
´´´ Cl interactions.


and angles. The geometry around Se is T-shaped with
selenium bonded to carbon, nitrogen, and bromine. The
N ´´´ Se separation of 2.063(3) � is well within the sum of the
van der Waals radii as reported by Pauling[31] [N, 1.5; Se,
2.0 �]. This distance is shorter than that reported
for [2-(dimethylaminomethyl)phenyl]selenium bromide
[2.143(6) �],[3d] and is also shorter than the average Se ´´´ N
distance in the diselenide 3, but marginally longer than in the
chloro compound 4. As in the case of 4, the SeÿBr distance of


Figure 4. Crystal structure of compound 5.


2.631(9) � is longer than the sum of the single-bond covalent
radii for Se and Br (2.31 �). A similar observation has been
made for the molecular structure of 2-formylbenzeneselenyl
bromide[32] where the deviation of the SeÿBr bond from the
phenyl plane is significantly reduced by Se ´´ ´ O interactions
accompanied by an increase in the SeÿBr bond length.


Table 2. Significant bond lengths [�] and angles [8] for 4.


SeÿC(1) 1.922(3) Se ´´´ N(1) 2.052(2)
SeÿCl 2.482(8) N(1)ÿC(7) 1.283(4)
Se ´´´ Cl(A) 3.476(8) C(1)ÿSeÿN(1) 81.38(10)
C(1)ÿSeÿCl 93.68(8) N(1) ´´ ´ SeÿCl 175.06(7)
C(1)ÿSe ´´´ Cl(A) 173.7(2) N(1) ´´ ´ SeÿCl(A) 94.6(2)
ClÿSe ´´ ´ Cl(A) 90.3(2)


Table 3. Significant bond lengths [�] and angles [8] for 5.


SeÿC(1) 1.926(4) Se ´´´ N(1) 2.063(3)
SeÿBr 2.6318(7) Se ´´´ Br(A) 3.556(9)
C(1)ÿSe ´´´ N(1) 80.9(2) C(1)ÿSeÿBr 95.24(12)
N(1) ´´ ´ SeÿBr 176.14(10) BrÿSe ´´´ Br(A) 88.0(2)
N(1)ÿSeÿBr(A) 95.9(10) C(1)ÿSeÿBr(A) 172.9(12)
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However, the SeÿBr bond length is very close to that reported
for [2-(dimethylaminomethyl)phenyl]selenium bromide.[3d]


The intermolecular distance between Se and Br(A)
[3.556(9) �] is longer than the sum of the single-bond
covalent radii (2.310 �) but considerably shorter than the
sum of the van der Waals radii (3.95 �). These intermolecular
contact distances are shorter than those reported for Me2-
SeBr2 (3.604 ± 3.630 �).[30]


Crystal structure of 6 : The molecular structure of 6 is shown in
Figure 5. Table 4 gives significant selected bond lengths and
angles. 6 is isostructural with 4 and 5. There is only one RSeI


Figure 5. Crystal structure of compound 6.


compound reported in the literature which has been charac-
terized by X-ray crystallography and in this case the SeÿI
bond was stabilized by the sterically bulky 2,4,6-tri-tert-
butylphenyl group.[15] Compound 6 is the first example of a
structurally characterized RÿSeÿI compound where the SeÿI
bond is strongly stabilized by Se ´´ ´ N nonbonding interactions.
The Se ´´ ´ N distance, 2.133(4) �, is slightly longer than the
corresponding distances observed for 4 and 5 but much
shorter than the sum of the van der Waals radii (3.5 �). The
SeÿI distance 2.7773(7) � is long compared with the sum of
the single-bond covalent radii (2.50 �). However, the elon-
gation of the SeÿI bond is relatively small compared with the
chloro and bromo derivatives. It is worth mentioning that this
distance is considerably greater than that observed for 2,4,6-
tri-tert-butylphenyl (iodo)selenide, [SeÿI� 2.529(1) �][15] and
is also longer than the SeÿI bond in Passmore�s cationic
species containing unicoordinate iodine.[33, 34] The C(1)ÿSeÿI
bond angle, 97.39(14)8, is comparable with the aCÿSeÿI
unit reported for 2,4,6-tri-tert-butylphenyl(iodo)selenide
[97.5(1)8]. The N ´´´ SeÿI unit is nearly linear [177.69(12)8]
owing to the Se ´´ ´ N interaction. As in 4 and 5, weak


intermolecular interactions between I and Se of the neighbor-
ing molecule were observed. The interatomic distance be-
tween Se and I(0A) is 3.725(1) �, which is more than the sum
of the covalent radii (2.50 �) but about 0.425 � shorter than
the van der Waals contact distance (4.15 �). In contrast with
the SeÿX intramolecular bond lengths, which decrease from
Cl to I, the intermolecular interaction in this compound is
much stronger than for 4 and 5. The SeÿC(1) bond length
1.945(5) � is slightly longer than that of the chloro and bromo
compounds but very close to the diselenide 3.


Crystal structure of 7: An ORTEP view of 7 is shown in
Figure 6, and selected bond lengths and angles are listed in
Table 5. The selenium atom is bonded to two carbon atoms
[SeÿC(1) 1.916(3) � and SeÿC(12) 1.966(3) �] derived from


Figure 6. Crystal structure of compound 7.


different organic substituents. The SeÿC bond lengths found
in 7 are similar to the SeÿC(Ph) bond lengths reported for the
related systems. Of particular interest in the structure is the
nature of the Se ´´ ´ N interaction and the arrangement of
SeÿC(12) trans to the Se ´´ ´ N bond. The Se ´´ ´ N separation
[2.798(3) �] is greater than the sum of the covalent radii
(1.80 �), but significantly shorter than the sum of the
van der Waals radii (3.5 �) for these two atoms. This distance
is also shorter than that reported for the related p-ethoxy-
phenyl-2-(2-pyridyl) selenide.[35] The N ´´´ SeÿC(12) bond
angle 175.48 indicates that the arrangement of the N ´´´ SeÿC
atoms is almost linear. As can be seen from Figure 6, the Se
and N atoms lie in the same plane in contrast with the
observation made for the p-ethoxyphenyl-2-(2-pyridyl) sele-
nide, where there is a twist about the CÿC bond such that the
nitrogen atom is directed away from the selenium. This planar
arrangement of the atoms may be due to the formation of a


Table 4. Significant bond lengths [�] and angles [8] for 6.


SeÿC(1) 1.945(5) Se ´´´ N 2.133(4)
IÿSe 2.7773(7) Se ´´´ I(0A) 3.725(2)
C(1)ÿSeÿN 80.9(2) C(1)ÿSeÿI 97.39(14)
NÿSeÿI 177.69(12) NÿSe ´´´ I(0A) 96.0(12)
IÿSe ´´´ I(0A) 85.9(3) C(1)ÿSe ´´´ I(0A) 171.7(3)


Table 5. Significant bond lengths [�] and angles [8] for 7.


Se ´´ ´ N 2.798(3) SeÿC(1) 1.916(3)
C(1)ÿSeÿC(12) 100.19(12) SeÿC(12) 1.966(3)
C(2)ÿC(1)ÿSe 120.6(2) C(6)ÿC(1)ÿSe 121.3(2)
C(13)ÿC(12)ÿSe 107.0(2) C(12)ÿSe ´´´ N 175.4(3)







Selenium±Nitrogen Interactions 1411 ± 1421


Chem. Eur. J. 1999, 5, No. 5 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0505-1417 $ 17.50+.50/0 1417


rigid, five-membered ring arising from the Se ´´ ´ N interac-
tions. Although the crystal structure shows the existence of
nonbonding Se ´´ ´ N interactions, the Se ´´´ N bond is consid-
erably weaker compared with the halo derivatives. However,
this Se ´´ ´ N interaction has lengthened the trans SeÿC(12)
bond. This elongation is also clear from a comparison of
SeÿC(1) and SeÿC(12) bond lengths. The SeÿC(12)(benzyl)
bond is considerably longer (1.966(3) �) than the
SeÿC(1)(phenyl) bond (1.916(3) �).


The remaining interatomic contacts show no abnormal
features. There is no significant intermolecular contact
between Se ´´ ´ Se as the closest distance between the atoms
is 4.882 �, which is much greater than the sum of the
van der Waals radii for these two atoms.


Crystal structure of 8 : The molecular structure of 8 is shown in
Figure 7, and selected bond lengths and angles are listed in
Table 6. The two selenium atoms attached to the m-xylyl


Figure 7. Crystal structure of compound 8.


group interact directly with the nitrogens. One of the Se ´´´ N
bond lengths, 2.793(5) �, is identical to the corresponding
length in 7 while the other, 2.772(6) �, is slightly shorter than
that observed for 7. Almost linear arrangements observed for
Se(1) ´´ ´ N(1A)ÿC(1A) (174.58) and Se(2) ´´ ´ N(1B)ÿC(1B)
(174.18) indicate the trans influence of the benzylic group
as shown by Barton et al. for the phenyl group.[8] The
bond lengths Se(1)ÿC(1A)(benzyl) (1.977(5) �) and
Se(2)ÿC(1B)(benzyl) (1.990(6) �) are slightly longer
than for Se(1)ÿC(2A)(phenyl) (1.920(5) �) and
Se(2)ÿC(2B)(phenyl) (1.916(6) �), like the lengthening of
bonds observed for 7 and other compounds. Although
aryl benzyl selenides are rare, some Re, Pd, and Pt com-
plexes of dibenzyl diselenide are known in which the
selenium acts as a normal two-electron donor.[36] The
reported SeÿCH2 bond lengths 2.018(21) and 1.987(21) �


for the PtII complex compare well with the Se(1)ÿC(1A)
[1.977(5) �] and Se(2)ÿC(1B) [1.990(6) �] values found in
compound 8.


Common features : The observed Se ´´ ´ N interatomic distance
increases in the order 4< 5< 6< 8< 3< 7, which is complete-
ly in accordance with the experimental results obtained from
1H NMR chemical shift values of these compounds. In all the
compounds the nitrogen atom present in the five-membered
heterocyclic ring interacts directly with the selenium atom to
form another five-membered ring. Although the heterocycle
has one oxygen donor atom, there is no indication of any
intramolecular or intermolecular interaction of oxygen with
the selenium. The strong Se ´´ ´ N interactions and the unusual
stability of the compounds may arise from the fact that the
lone pair of electrons present on the oxygen atom may be
involved in a resonance contribution with the p systems, as
shown in Figure 1.


The bond lengths for the oxazoline ring reflect certain
similarities with other five-membered heterocycles containing
O and N atoms such as iso-oxazoline[37] and oxazolo[38]


compounds. The C(7)ÿO lengths for compounds 3 ± 8
(1.313 ± 1.366 �) are significantly shorter than the C(8)ÿO
bond lengths (1.438 ± 1.474 �), while the same is true for the
C(7)ÿN lengths (1.259 ± 1.303 �) with respect to the C(9)ÿN
bond lengths (1.465 ± 1.492 �). This indicates similar double-
bond character in both C(7)ÿO and C(7)ÿN, as reflected in
the resonance structures in Figure 1. Owing to the charged
nature of the second resonance structure B, one may expect N
to be a strong electron donor and O to be a poor donor. This
diminishes the possibility of any intramolecular or intermo-
lecular interaction of the oxygen atom with the selenium. The
Se ´´ ´ N interactions in all the compounds may also be
correlated with the C(7)ÿO distances. For compounds 4, 5,
and 6 where the Se ´´´ N interaction is very strong, the C(7)ÿO
bond lengths (1.313 ± 1.332 �) lie between CÿO (1.43 �) and
C�O (1.25 �). The same is true for the diselenide 3 and the
benzylic compounds 7 and 8. Similar correlations can be made
for the C(7)ÿN bond lengths with the Se ´´´ N distances. The
C(7)ÿN bond lengths are longer for the halo derivatives
[1.275 ± 1.303 �] (shorter Se ´´´ N distances) whereas the
corresponding bond lengths are shorter for the diselenides
and benzylic compounds [1.239 ± 1.265 �] (longer Se ´´´ N
distances). On the other hand, the SeÿC bond lengths
[1.946(5) and 1.937(5) (3), 1.922(3) (4), 1.926(4) (5),
1.933(97) (6), 1.916(3) (7), 1.916(6) and 1.990(6) � (8)] do
not show any clear correlation with the Se ´´ ´ N distances.
However, for compounds 3, 4, 5, 6, and 7 the SeÿC bond
lengths are shorter than the normal SeÿC single bond
(1.94 �). From these observations, it is clear that the involve-
ment of the oxazoline ring in a resonance contribution would
certainly shorten the Se ´´´ N and C(7)ÿO distances simulta-
neously.


Structural comparisons among the halides 4 ± 6 give some
additional information about the Se ´´´ N interaction (Ta-
ble 7). It is observed that the deviation of the SeÿX (X�Cl,
Br, I) bond from the phenyl plane is significantly reduced by
the Se ´´´ N interaction, accompanied by an increase in the
SeÿX bond length.[35,39] The deviations of the SeÿX bond


Table 6. Significant bond lengths [�] and angles [8] for 8.


Se(1)ÿC(2A) 1.920(5) Se(1)ÿC(1A) 1.977(5)
Se(2)ÿC(2B) 1.916(6) Se(2)ÿC(1B) 1.990(6)
Se(1) ´ ´ ´ N(1A) 2.793(3) Se(2) ´´ ´ N(1B) 2.772(3)
C(1A)ÿSe(1) ´´ ´ N(1A) 174.5(6) C(2A)ÿSe(1) ´´ ´ N(1A) 75.2(6)
C(1)ÿC(1A)ÿSe(1) 106.3(4) C(3A)ÿC(2A)ÿSe(1) 121.0(4)
C(5)ÿC(1B)ÿSe(2) 103.7(4) C(2B)ÿSe(2) ´´ ´ N(1B) 74.9(6)
C(7B)ÿC(2B)ÿSe(2) 120.7(5) C(1B)ÿSe(2) ´´ ´ N(1B) 174.1(6)
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lengths from the corresponding covalent radii sum for 4, 5,
and 6 (0.322, 0.321, and 0.277 �) suggest that the elongation of
the SeÿX bond decreases in the order SeÿCl� SeÿBr> SeÿI.
The CÿSeÿX bond angles increase in the order 4< 5< 6
whereas the CÿSe ´´ ´ N bond angles are almost equal for all
three compounds. It is known that a strong Se ´´´ N interaction
causes shortening of the Se ´´´ N interatomic distance and an
increase in the linearity of the N ´´´ SeÿX alignment.[26]


Interestingly, the X-ray study of compounds 4 ± 6 shows that
the bond angles of N ´´ ´ SeÿX deviate from 1808 as the Se ´´´ N
interaction increases (N ´´ ´ SeÿCl, 175.068 ; N ´´´ SeÿBr,
176.148 ; N ´´ ´ SeÿI, 177.698). This is probably due to the
presence of intermolecular interactions between Se and X
which is greatest in the case of 6. The dimer formation
observed for 4 ± 6 is not very common in organoselenium
compounds and for the first time we have observed such
intermolecular interactions in divalent selenium compounds.
This structural similarity with SeIV compounds reasonably
confirms the hypervalent nature of the N ´´´ SeÿX inter-
action. The intermolecular interaction increases when the
electronegativity of the halogen atom decreases. Very strong
Se ´´ ´ X intermolecular interactions were found in com-
pound 6 compared with 4 and 5. The deviations of the
Se ´´ ´ X interatomic distances from the corresponding cova-
lent radii sum for 4, 5, and 6 (1.316, 1.246, and 1.225 �)
suggest that the strength of the intermolecular interaction
decreases in the order Se ´´ ´ I> Se ´´ ´ Br> Se ´´ ´ Cl. These
significant secondary Se ´´´ X interactions in the solid state
link the discrete RSeX molecules into centrosymmetric
dimers, the selenium atoms adopting distorted octahedral
geometry.


A correlation between the Se ´´ ´ N interaction and 77Se NMR
chemical shifts : It has been reported that the intramolecular
Se ´´ ´ N nonbonding interaction results in an apparent down-
field shift of the 77Se NMR[9] signals, but no correlation was
made between the strength of the Se ´´ ´ N or Se ´´ ´ O
interactions and the values of the chemical shifts. However,
we find that the 77Se NMR chemical shifts generally change
with the strength of the Se ´´ ´ N interaction, with some
exceptions (Table 8 and Figure 8). Also it is not possible to
correlate the results in detail as the deviations for the
distances are very high. The Se ´´ ´ N bond lengths for the
remaining compounds for which structures are not available
(9, 10, and 12 ± 14) may be roughly estimated by substituting
the 77Se chemical shift values in the linear equation derived
from Figure 8. The Se ´´ ´ N bond lengths obtained by this
method for these compounds (9, 3.03 �; 10, 3.12 �; 12, 3.09 �;
13, 3.09 �; 14, 3.22 �) are consistent with the values obtained
for 7, 8, and other related compounds.


Figure 8. Plot of Se ´´ ´ N bond lengths against 77Se NMR chemical shifts.


Conclusions


From the current results and their comparison with those of
other intramolecular-stabilized, organoselenium compounds,
it is apparent that the strength of the Se ´´ ´ N interaction
depends on the nature of the nitrogen atom used as an ortho
chelating group. The use of more rigid, planar, five-membered


Table 7. Structural comparison of the halides 4 ± 6.


Compound Se ´´´ N [�] SeÿX [�] Se ´´´ X(A) [�] N ´´´ SeÿX [8] CÿSe ´´´ X(A) [8] CÿSe ´´´ N [8] CÿSeÿX [8]


4 2.052 2.482 3.476 175.1 173.7 81.38 93.68
5 2.063 2.631 3.556 176.1 172.9 80.9 95.24
6 2.133 2.777 3.725 177.7 171.7 80.9 97.39


Table 8. 77Se NMR chemical shifts and Se ´´´ distances of compounds 3 ± 8
and 15 ± 24.


Compound Se ´´´ N distance [�] 77Se (d) Ref.


3 2.76 454.8 this work
4 2.05 855.9 this work
5 2.06 849.5 this work
6 2.13 762.2 this work
7 2.80 420.5 this work
8 2.78 461.9 this work


15[a] 2.86 430.0 [3d]
16[b] 2.14 987.0 [3d]
17[c] 2.87 431.9 [25]
18[d] 2.19 813.4 [29]
19[e] 3.10 340.8 [39a]
20[f] 2.64 566.9 [11]
21[g] 2.24 951.1 [39a]
22[h] 2.80 456.6 [11]
23[i] 2.05 877.7 [39b]
24[j] 2.07 769.3 [39b]


[a] Bis[2-(dimethylaminomethyl)phenyl] diselenide. [b]} [2-(dimethylami-
nomethyl)phenyl]selenium bromide. [c] 2,2'-Diselenobis(N-cyclohexylme-
thylbenzylamine). [d] Chloro s-ammonioselenane. [e] Bis-(N,N-di-
methylaminobenzylamine) selenide. [f] Bis[8-(dimethylamino)-1-naph-
thyl] diselenide. [g] 8-(dimethylamino)-1-naphthylselenium iodide.
[h] Bis[2-(4-ethyl-2-oxazolinyl)phenyl] diselenide. [i] [2-(4-Ethyl-2-oxazo-
linyl)phenyl]selenenyl bromide. [j] [2-(4-Ethyl-2-oxazolinyl)phenyl]sele-
nenyl iodide.
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heterocyclic rings with sp2-hybridized nitrogen increases the
Se ´´ ´ N nonbonding interaction considerably and lengthens
the Se ´´´ X bond (X� Se, Cl, Br, I, or CH2ÿ). This elongation
of the SeÿX bond increases the possibility of nucleophilic
attack on the selenium atom. The strong Se ´´´ N interactions
and the unusual stability of the compounds may arise from the
resonance contribution of the lone pair of electrons present
on the oxygen to the p systems. The Se ´´ ´ N distances also
depend on the nature of the group attached to the selenium. A
large downfield shift in the 1H and 77Se NMR spectra in
compounds 4, 5, and 6 confirms the existence of strong Se ´´´ N
nonbonding interactions even in solution. As well as the Se ´´´
N distances, the nature of X also affects the Se ´´´ X
intermolecular interaction. It appears that the Se ´´ ´ X inter-
molecular interaction reduces the strength of the Se ´´´ N
bond. The correlation between 77Se chemical shifts and Se ´´´
N distances may be useful in determining the approximate
strength of Se ´´´ N interactions for compounds for which
structures are not available.


Experimental Section


General procedure : All reactions were carried out under nitrogen or argon
with standard vacuum-line techniques. Solvents were purified by standard
procedures[40] and were freshly distilled before use. Melting points were
recorded in capillary tubes and are uncorrected. 1H, 13C, and 77Se NMR
spectra were obtained at 300, 75.42, and 57.22 MHz in CDCl3 on a Varian
VXR 300S spectrometer. Chemical shifts are cited with respect to SiMe4 as
internal (1H and 13C) and Me2Se (77Se) as external standards. Elemental
analyses were determined with a Carlo ± Erba model 1106 elemental
analyzer. Mass spectra were recorded at room temperature on a JEOL
D-300 (EI/CI) mass spectrometer. Fast atom bombardment (FAB) mass
spectra were recorded at room temperature on a JEOL SX 102/DA-6000
mass spectrometer/data system with xenon (6 kV, 10 mV) as the bombard-
ing gas. The accelerating voltage was 10 kV. m-Nitrobenzyl alcohol was
used as the matrix with cation detection. For isotopes the value given is for
the most intense peak.


Synthesis of [2-(4,4-dimethyl-2-oxazolinyl)phenyl]selenenyl chloride (4):
To a solution of 3[11] (0.51 g, 1 mmol) in CCl4 (25 mL) at room temperature
was added a solution of SO2Cl2 (0.134 g, 1 mmol) in CCl4. The reaction
mixture was stirred for 1 h at room temperature. The resulting solution was
concentrated to give a yellow, crystalline product. This was recrystallized
from a methanol/hexane mixture to give pale yellow crystals of 4. Yield:
0.25 g (85 %). M.p. 186 ± 188 8C; C11H12NOSeCl: calcd C 45.76, H 4.16, N
4.85; found C 45.63, H 4.12, N 4.74; 1H NMR (CDCl3): d� 1.86 (s), 4.71 (s),
7.45 ± 7.48 (t), 7.65 ± 7.70 (t), 7.83 ± 7.86 (d), 8.80 ± 8.83 (d); 13C NMR
(CDCl3): d� 28.50, 66.71, 85.19, 119.12, 126.46, 126.76, 129.79, 132.95,
150.73, 166.27; m/z : 289 [M�], 254 (100 %), 200, 182, 156, 130, 103, 70, 55.


Synthesis of [2-(4,4-dimethyl-2-oxazolinyl)phenyl]selenenyl bromide (5):
To a cold solution of diselenide 3 (0.51 g, 1 mmol) in CCl4 (25 mL) was
added a solution of bromine (0.162 g, 1 mmol) in CCl4. The addition was
carried out dropwise over a period of 0.5 h and the mixture was allowed to
come to room temperature. The solution obtained was concentrated to give
a yellow, crystalline product. This was recrystallized from a chloroform/
hexane mixture to give yellow crystals of 5. Yield: 0.55 g (82.7 %). M.p.
188 ± 190 8C; C11H12NOSeBr: calcd C 39.65, H 3.60, N 4.21; found C 39.41,
H 3.59, N 4.18; 1H NMR (CDCl3): d� 1.64 (s), 4.68 (s), 7.43 ± 7.49 (t), 7.60 ±
7.66 (t), 7.79 ± 7.82 (d), 8.81 ± 8.85 (d); 13C NMR (CDCl3): d� 28.59, 66.81,
85.11, 119.35, 131.15, 131.25, 133.12, 134.50, 148.37, 165.89; m/z : 333 [M�],
252 (100 %), 199, 181, 155, 116, 54.


Synthesis of [2-(4,4-dimethyl-2-oxazolinyl)phenyl]selenenyl iodide (6): To
a cold solution of diselenide 3 (0.51 g, 1 mmol) in CCl4 (25 mL) was added a
solution of iodine (0.254 g, 1 mmol) in CCl4. The addition was carried out
dropwise over a period of 1 h and the mixture was allowed to come to room
temperature. The stirring was continued for an additional 2 h. The solution


obtained was concentrated to give a red, crystalline product. This was
recrystallized from a chloroform/hexane mixture to give brick-red crystals
of 6. Yield: 0.64 g (84.2 %). M.p. 122 ± 124 8C; C11H12NOSeI: calcd C 34.76,
H 3.16, N 3.69; found C 34.77, H 3.19, N 3.84; 1H NMR (CDCl3): d� 1.58
(s), 4.50 (s), 7.41 ± 7.54 (m), 7.71 ± 7.74 (d), 8.55 ± 8.58 (d); 13C NMR (CDCl3):
d� 28.68, 67.09, 83.57, 121.22, 126.80, 127.31, 132.94, 134.62, 140.84, 164.38;
m/z : 507 (R2Se2), 380 [M�], 254 (I2), 253 (100 %), 200, 184, 154, 136, 105, 55.


Synthesis of [2-(4,4-dimethyl-2-oxazolinyl)phenyl]benzyl selenide (7): To a
solution of 1 (0.85 mL, 5 mmol) in dry THF (75 mL) was added a 1.6m
solution of n-butyllithium in hexane (3.4 mL, 5.5 mmol) by means of a
syringe under N2 at 0 8C. The mixture was stirred for 2 h at this temperature
to give the lithiated compound. Se powder (0.4 g, 5 mmol) was added under
a brisk flow of N2 gas. After 1 h stirring at 0 8C, 0.6 mL (5 mmol) of benzyl
chloride was added with the syringe. The reaction mixture was allowed to
come to room temperature and the stirring was continued for an additional
2 h. The resulting solution was evaporated to dryness then dissolved in
ether, washed with water, dried over Na2SO4, filtered, and concentrated to
give a white solid. X-ray quality crystals were obtained by recrystallization
from a chloroform/hexane mixture. Yield: 0.86 g (50 %). M.p. 158 ± 160 8C;
C18H19NOSe: calcd C 62.80, H 5.52, N 4.07; found C 62.84, H 5.69, N 3.98;
1H NMR (CDCl3): d� 1.37 (s), 4.05 (s), 4.09 (s), 7.17 ± 7.35 (m), 7.38 ± 7.47
(m), 7.77 ± 7.80 (d); 13C NMR (CDCl3): d� 28.83, 31.17, 68.78, 78.93, 125.02,
127.11, 127.29, 128.47, 129.60, 130.23, 131.08, 137.06, 137.49, 128.80, 161.61;
m/z : 254 (100 %), 200, 182, 156, 130, 103, 84, 70, 55.


Synthesis of a,a''-di[2-(4,4-dimethyl-2-oxazolinyl)phenylselenenyl]-m-xy-
lene (8): To a solution of 1 (1.75 mL, 1.79 g, 10 mmol) in dry hexane
(75 mL) was added a 1.6m solution of nBuLi in hexane (6.8 mL, 11 mmol)
by means of a syringe under N2 at room temperature. This was stirred for
1 h at room temperature and allowed to settle. The solvent was removed by
syringe and the white, lithiated compound was dissolved in dry ether
(75 mL). The solution was cooled to 0 8C then 0.8 g (10 mmol) of selenium
powder was added under a brisk flow of N2 gas. After 2 h stirring at this
temperature 1.3 g (5 mmol) of a,a'-dibromo-m-xylene in ether (10 mL) was
added dropwise and stirring was continued for an additional 1 h at 0 8C
followed by 1 h at room temperature. The resulting mixture was washed
with water, dried, and evaporated to give a yellow, crystalline solid. Pure
white crystals were obtained by recrystallization of the crude product from
a chloroform/hexane mixture. Yield: 0.66 g (43 %). M.p. 160 ± 162 8C;
C30H32N2O2Se2: calcd C 58.97, H 5.24, N 4.59; found C 58.82, H 5.13, N 4.72;
1H NMR (CDCl3): d� 1.38 (s), 4.06 (s), 4.07 (s), 7.17 ± 7.35 (m), 7.44 ± 7.46
(d), 7.78 ± 7.81 (d); 13C NMR (CDCl3): d� 28.56, 30.74, 68.49, 78.64, 124.74,
127.01, 127.88, 128.23, 128.74, 129.92, 130.24, 130.82, 136.70, 137.54, 161.32.


Synthesis of a,a''-di[2-(4,4-dimethyl-2-oxazolinyl)phenylselenenyl]-o-xy-
lene (9): Compound 9 was synthesized by a similar method described for
the synthesis of compound 8, with a solution of a,a'-dibromo-o-xylene
(1.30 g, 5 mmol). Compound 9 was obtained as a white solid. Yield: 0.61 g
(40 %). M.p. 168 ± 170 8C; C30H32N2O2Se2: calcd C 58.97, H 5.24, N 4.59;
found C 58.80, H 5.12, N 4.45; 1H NMR (CDCl3): d� 1.37 (s), 4.05 (s), 4.24
(s), 7.16 ± 7.46 (m), 7.77 ± 7.80 (d); 13C NMR (CDCl3): d� 28.34, 28.94, 68.40,
77.23, 124.10, 125.37, 126.90, 127.95, 129.23, 130.37, 131.61, 135.53, 136.69,
161.44.


Synthesis of 1,3,5-tri[2-(4,4-dimethyl-2-oxazolinyl)phenylselenenyl]-2,4,6-
trimethylbenzene (10): 1,3,5-Bromomethyl mesitylene[41] (1.32 g, 3.3 mmol)
was added to lithium selenolate (10 mmol) in ether (30 mL) at 0 8C. The
stirring was continued for 2 h at 0 8C and 3 h at room temperature. The
resulting solution was washed with water. The organic layer was separated
and dried over Na2SO4. Evaporation of the ether did not give any product.
The aqueous layer was again washed twice with chloroform. The organic
layer was washed twice with brine and then separated. The combined
organic layers were dried over Na2CO3 and the solvent was evaporated to
give a yellow oil. The oil was dissolved in CH2Cl2 and filtered through
Celite. After the volume of the solution had been reduced, pentane was
added. The white precipitate obtained was filtered, washed with pentane,
and dried. Yield: 3.8 g (42 %). M.p. 150 ± 152 8C; C45H51N3O3Se3: calcd C
58.82, H 5.56, N 4.58; found C 58.62, H 5.33, N 4.24; 1H NMR (CDCl3): d�
1.38 (s), 2.53 (s), 4.06 (s), 4.13 (s), 7.21 ± 7.26 (m), 7.36 ± 7.52 (m), 7.79 ± 7.83
(m); 13C NMR (CDCl3): d� 16.35, 27.67, 28.63, 68.59, 78.79, 124.63, 127.39,
128.31, 130.16, 130.94, 131.58, 136.26, 137.97, 161.48.


Synthesis of [2-(N,N-dimethylaminomethyl)phenyl]benzyl selenide (12): A
stirred solution of N,N-dimethylbenzylamine (1.5 mL, 10 mmol) in dry
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ether (75 mL) was treated dropwise by means of a syringe with a 1.6m
solution of nBuLi in hexane (6.8 mL, 11 mmol) under N2 at room
temperature. On stirring for 24 h at this temperature, a white slurry of
the lithiated product was obtained. Selenium powder (0.78 g, 10 mmol) was
added to this mixture under a brisk flow of N2 gas, and stirring was
continued for an additional 2 h at room temperature. The selenium was
found to be converted after this period to the corresponding lithium
areneselenolate.[3d] A solution of 0.5 mL (5 mmol) of benzyl chloride in
10 mL of dry ether was added dropwise to the lithium selenolate at 0 8C.
Stirring was continued for 2 h at 0 8C and then the reaction mixture was
allowed to attain room temperature. The resulting mixture was washed
with water and the aqueous layer was extracted thrice with ether. The
combined organic layers were dried over Na2SO4, filtered, and evaporated
to give a yellow oil. White crystals of the desired product were obtained by
the addition of hexane and storage of the solution at 0 8C for two days.
Yield: 0.15 g, (55 %). M.p. 158 ± 160 8C; C14H19NSe: calcd C 54.45, H 5.39, N
3.97; found C 54.58, H 5.58, N 3.67; 1H NMR (CDCl3): d� 2.18 (s), 3.41 (s),
4.03 (s), 7.12 ± 7.26 (m), 7.45 ± 7.48 (m).


Synthesis of a,a''-di[2-(N,N-dimethylaminomethyl)phenylselenenyl]-m-xy-
lene (13): Compound 13 was synthesized by a method similar to that
described for the synthesis of compound 12, with a solution of a,a'-
dibromo-m-xylene (1.3 g, 5 mmol). Compound 13 was obtained as a yellow
solid. Yield: 1.06 g (20 %). M.p. 162 ± 164 8C; C26H32N2Se2: calcd C 58.87, H
6.04, N 5.28; found C 58.65, H 5.94, N 5.14; 1H NMR (CDCl3): d� 2.17 (s),
3.41 (s), 4.09 (s), 7.16 ± 7.31 (m), 7.48 ± 7.51 (m).


Synthesis of 1,3,5-tri[2-(N,N-dimethylaminomethyl)phenylselenenyl]-
2,4,6-trimethyl benzene (14): Compound 14 was synthesized by a method
similar to that described for the preparation of compound 13, with a
solution of 1,3,5-bromomethyl mesitylene (1.317 g, 3.3 mmol). Compound
14 was obtained as a yellow solid. Yield: 3.2 g (40 %). M.p. 178 ± 180 8C;
C39H51N3Se3: calcd C 58.65, H 6.39, N 5.26; found C 58.43, H 6.25, N 5.16;
1H NMR (CDCl3): d� 2.20 (s), 2.44 (s), 3.47 (s), 4.14 (s), 7.18 ± 7.33 (m),
7.53 ± 7.56 (m); 13C NMR (CDCl3): d� 16.19, 28.08, 44.97, 45.33, 64.47,
125.97, 127.83, 129.18, 129.76, 139.39, 132.53, 132.53, 135.13, 135.33, 140.24.


X-ray crystallography : The diffraction measurements for compounds 3, 4,
5, 6, 7, and 8 were performed at room temperature (293 K) on a Siemens
R3m/V diffractometer with graphite-monochromated MoKa radiation (l�
0.7170 �). The structures were determined by routine heavy-atom (with
SHELXS-86[42]) and Fourier methods and refined by full-matrix least
squares with the non-hydrogen atoms anisotropic and hydrogens with fixed
isotropic thermal parameters of 0.07 �2 by means of the SHELXL-93
program.[43] The hydrogens were partially located from difference electron-
density maps and the rest were fixed at predetermined positions. Scattering
factors were from common sources.[44] Some details of the data collection
and refinement are given in Tables 9 and 10.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publications nos. CCDC-102795 (4),
102796 (5), 102797 (6), 102798 (7), and 102799 (8). Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : depos-
it@ccdc.cam.ac.uk).
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Table 9. Crystal data and structure refinement for 4, 5, and 6.
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empirical formula C11H12ClNOSe C11H12BrNOSe C11H12INOSe
Mr 288.63 333.09 380.08
crystal system monoclinic monoclinic monoclinic
space group P21/n P21/n P21/n
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b [�] 9.3192(13) 9.436(2) 9.6820(10)
c [�] 12.278(2) 12.312(2) 12.5000(10)
a [8] 90 90 90
b [8] 114.158(8) 114.771(9) 115.160
g [8] 90 90 90
V [�3] 1168.7(3) 1203.8(3) 1283.9(2)
Z 4 4 4
1calcd [Mg mÿ3] 1.640 1.838 1.966
T [K] 293(2) 293(2) 293(2)
l [�] 0.71073 0.71073 0.71073
abs coeff [mmÿ1] 3.414 6.412 5.304
obsd reflns [I> 2s] 2648 2606 2544
final R(F) [I> 2s][a] 0.0312 0.0392 0.0347
wR(F 2) indices [I> 2s] 0.0697 0.0834 0.0908
data/restraints/parameters 2647/0/185 2604/0/185 2543/0/185
goodness of fit on F 2 1.055 1.027 1.059


[a] Definitions: R(Fo)�S j jFo jÿjFc j j /S jFo j and wR(F 2
o )� {S[w(F 2


o ÿF 2
c )2]/


S[w(F 2
c )2}1/2. Additional crystallographic details are available from CCDC.


Table 10. Crystal data and structure refinement for 7 and 8.


7 8


empirical formula C18H19NOSe C30H32N2O2Se2


Mr 344.30 610.50
crystal system triclinic monoclinic
space group P1 P 21/n
a [�] 8.0699(8) 15.190(2)
b [�] 9.1119(9) 11.397(2)
c [�] 12.2642(12) 16.614(2)
a [8] 79.942(5) 90
b [8] 71.005(5) 95.08(2)
g [8] 68.530(6) 90
V [�3] 791.96(14) 2864.9(7)
Z 2 4
1calcd [Mg mÿ3] 1.444 1.415
T [K] 293(2) 293(2)
l [�] 0.71073 0.71073
abs coeff [mmÿ1] 2.369 2.609
obsd reflns [I> 2s] 3319 5565
final R(F) [I> 2s][a] 0.0355 0.0557
wR(F 2) indices [I> 2s] 0.0639 0.0946
data/restraints/parameters 3319/0/267 5562/0/361
goodness of fit on F 2 1.174 1.020


[a] Definitions: R(Fo)�S j jFo jÿjFc j j /S jFo j and wR(F 2
o )� {S[w(F 2


o ÿF 2
c )2]/


S[w(F 2
c )2}1/2. Additional crystallographic details are available from CCDC.
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Edge-Sharing Binuclear d8 Complexes with XR Bridges: Theoretical and
Structural Database Study of their Molecular Conformation


Gabriel AulloÂ n,[a] Gregori Ujaque,[b] Agustí LledoÂ s,*[b] and Santiago Alvarez*[a]


Abstract: The binuclear complexes of
d8 transition metal ions of the types
[M2(m-Y)(m-XR)L4] and [M2(m-XR)2L4]
(where M�RhI, IrI, NiII, PdII, PtII, or
AuIII ; X�O, S, Se, or Te; Y�Cl or S)
appear in a variety of molecular con-
formations in which the coordination
planes around the two metal atoms are
sometimes coplanar and sometimes
bent, and the substituents at the bridging
atoms adopt different orientations rela-


tive to the metal framework and to each
other. Ab initio theoretical studies on a
number of representative complexes,
complemented with a structural data-
base analysis, provides a rationale for


the experimentally observed structures.
The choice of molecular geometry is
seen to result from the interplay of
several factors including the conforma-
tional preference of the bridging atoms,
the existence of weak metal ´´ ´ metal
bonding in the bent structures, and
different steric or hydrogen-bonding
interactions implicating the terminal
ligands and the substituents at the bridg-
ing atoms.


Keywords: ab initio calculations ´
ligand effects ´ metal ± metal inter-
actions ´ square-planar complexes ´
structural database analysis


Introduction


The doubly bridged binuclear complexes of type [M2(m-
XRn)2L4] (n� 0 to 2; 1) with square-planar coordination
geometries around the metal atoms form a large family, with
XR being most commonly alkoxo or thiolato[1] groups. Some


L X
Rn


L


L


MM


Rn
XL


1


of these compounds have proved useful for the synthesis of
mixed-ligand mononuclear complexes.[2, 3] Other interesting
properties of these compounds include their catalytic activ-
ity,[2, 4±6] luminescent behavior,[7] or their potential use as
therapeutic agents for cisplatin nephrotoxicity.[8] Despite the
large amount of available structural data, a full understanding


of the factors that determine the molecular structure of a
particular compound has not been achieved. For the simplest
compounds in this family, those with unsubstituted bridges
(n� 0), the structural choice is restricted to planar or bent
structures, the degree of bending being defined by the angle q


(see structure 2). For those cases with monosubstituted
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bridges (n� 1), a larger number of molecular conformations
exist; these are depicted as 3. From here on we will refer to the
different structures with two letters, the first one to indicate
whether there is a planar (p) or bent (b) M2X2 skeleton, and
the second letter will refer to the relative orientation of the
substituents at the bridging atoms: coplanar (p), syn (s), anti
(a), exo (x), or endo (e). For a planar [M2(m-XR)2L4] molecule
there are three different conformations, considering the
bending of the two substituents R away from the XÿX hinge
(defined by the angle t ; see 2): coplanar (pp), syn (ps) or anti
(pa). If the molecule is bent, there are two syn conformations,
endo (be) or exo (bx), and an anti conformation (ba). Finally,
one can expect geometrical isomerism when the two terminal
ligands at each metal center are different (cis or trans, 4) with
two nonequivalent bent anti forms in the cis case. For the case
of a compound with mixed bridges, [M2(m-Y)(m-XR)L4], a
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smaller number of conformations exist (5): with a planar
framework the substituent may be in the plane (pp con-
formation), or out of the plane (po conformation), whereas
for a bent molecule, the substituent may be in an endo or exo
orientation (be and bx conformations, respectively).


Despite the variety of structures available, we are not aware
of the existence of structurally characterized isomers or
conformers, thus suggesting that electronic, steric, or packing
effects make one of the possible conformers more stable than
the other ones. In the only example known to us in which two
isomers have been structurally characterized, these corre-
spond to two conformations of the chelate ring formed by a
bidentate terminal ligand with one of the nickel atoms.[9]


Nevertheless, the fact that compounds with similar composi-
tion present different conformations suggest that energy
differences are small. Furthermore, studies in solution suggest
that interconversion between conformers may have a low
activation barrier in some cases.[10±12] For instance, intercon-
version of syn and anti isomers in solution has been proposed
for rhodium, palladium, and platinum complexes based on
their 19F- or 1H-NMR spectra[13±16] even if only one conformer
can be isolated in the solid state in each case. Similarly, the
syn-endo forms found for rhodium and iridium complexes in
the solid state present 13C and 1H NMR spectra in solution
that are consistent with an inversion of the M2S2 rings.[17±20] Cis
and trans isomers (4) have also been shown to coexist in
solution,[2, 21, 22] although the isomerization process presents a
higher activation energy.[15]


The distribution of the different structural types for
compounds with XR bridges, as obtained through a Cam-
bridge Structural Database search,[23] is summarized in
Figure 1. There, it is seen that most of the possible geometries
are frequently found. Only the planar syn conformation is
rare, in contrast with the bent structures which are most
common in the syn (either endo or exo) rather than in the anti
conformation. Such behavior is markedly different to that
previously found for the analogous complexes with unsub-
stituted bridges,[24] for which the planar structure was found to
be much more common than the bent one. It is worth stressing
that the bending angle q for a particular metal shows a
bimodal distribution with one maximum at q� 1808 and
another one at a small angle (e.g., at q� 1208 for Ni and Rh)
separated by a clear gap at intermediate angles, as previously
found for the X bridges.[24] Finally, it appears that different


Figure 1. Distribution of the different conformers (3) for the binuclear
complexes of d8 metal ions of the type [M2(m-XR)2L4], as found in a
structural database search.


Abstract in Catalan: Els complexos binuclears d�ions de
metalls de transicioÂ d8 dels tipus [M2(m-Y)(m-XR)L4] i [M2(m-
XR)2L4] (amb M�RhI, IrI, NiII, PdII, PtII o AuIII ; X�O, S, Se,
o Te; Y�Cl o S) es troben en diverses conformacions
moleculars en qu� els plans de coordinacioÂ al voltant dels
dos àtoms metàl ´ lics poden apareixer formant un angle o bØ en
forma coplanar, mentre que els substituents dels àtoms pont
adopten diferents orientacions en relacioÂ amb l�esquelet M2X2 i
l�un respecte l�altre. Estudis teoÁrics ab initio per a complexos
representatius, complementats amb una anàlisi de base de
dades estructurals, permeten organitzar de forma racional les
estructures observades. L�eleccioÂ de la geometria molecular
resulta d�un joc de diversos factors com ara la prefer�ncia
conformacional dels àtoms pont, l�exist�ncia d�interaccions
metall ´ ´ ´ metall a les estructures plegades, o les diferents
interaccions est�riques o d�enllaç d�hidrogen en qu� participen
els lligands terminals i els substituents dels àtoms pont.
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metals have different structural preferences: whereas rhodi-
um and iridium are most frequently found in bent structures,
other metals (Ni, Pd, Pt, Au) appear with similar frequencies
in planar and bent forms.


In our previous analysis of the bent and planar structures
for complexes with unsubstituted bridges we discussed the
factors that affect the structural choice.[24] Since these effects
should be expected to operate also in the presently studied
compounds, we briefly summarize here our previous conclu-
sions. The two main factors are the existence of weak metal ´´ ´
metal bonding in the bent form and the increased steric
repulsion between terminal ligands upon bending. The
analysis of these two factors allowed us to establish the
following general trends, which are consistent with the
structural data for 139 independent molecules: i) The ten-
dency to form bent structures increases when descending
along a group of the periodic table and from right to left along
a period, tht is, Ir>Rh>Pt>Pd>Ni. ii) Complexes with two
good s-donor (and preferably good p-acid) terminal ligands
(e.g., CO, bipyridine, cyclooctadiene or other diolefins) favor
metal ´´ ´ metal interactions, except for those ligands with
important steric hindrance (e.g., PEt3, PRPh2, PPh3, dppe,
SiCl3), in agreement with the experimental findings of
Connick et al.[25] for face-to-face dimers or stacks. In contrast,
complexes with two or more p-basic or poor s-donor terminal
ligands (halides, amides, thioethers, C6F5) tend to adapt a
planar structure.


When going from the unsubstituted bridges to the mono-
substituted ones, three new factors may be expected to
influence the choice between the various available structures:
i) the conformational preference of the bridging atom, ii) the
steric repulsion between the substituents R, and iii) the
repulsion between the bridge substituents and the terminal
ligands.


In this paper we present a systematic theoretical study of a
variety of compounds of the types [M2(m-Y)(m-XR)L4] and
[M2(m-XR)2L4] in a quest to establish the relative importance
of the factors that may in principle affect the relative
stabilities of the available molecular conformations. To that
end, ab initio calculations including the correlation energy at
the MP2 level were carried out (see Appendix for computa-
tional details) guided by the results of our previous qualitative
extended Hückel studies.[26] We will start by briefly discussing
the conformational preference of the RXZ2 groups based on
the results of semiempirical calculations on a single model
compound and of ab initio computations for the model XH3


�


groups (X�O, S, Se, Te). Then we will present the results of
ab initio calculations for a variety of binuclear complexes.
Finally, we will attempt a systematization of the available
structural data by using the guidelines obtained from the
theoretical results.


Results and Discussion


Conformational preference of RXZ2 groups (X�O, S, Se, Te)
Let us start by looking at the conformational preferences in


a model compound [Rh2(m-XH)2Cl4]4ÿ, where X�O or S,
assuming a planar M2X2 core (i.e. , q� 1808), according to


calculations at the EH level. The corresponding potential
energy surfaces are presented in Figure 2, where the energy
contours are shown as a function of the XMX angle (a) and
the out of plane displacement of the R groups (t). There, it
can be seen that for the hydroxo bridge the minimum appears


Figure 2. Contour diagram of the one-electron (extended Hückel calcu-
lations) potential-energy surface (in 0.2 eV steps) of [Rh2(m-XH)2Cl4]4ÿ as a
function of the bridging X-Rh-X angle (a) and the out-of-plane displace-
ment of the hydrogen atom (t in 2), for X�O (above) and S (below).
Experimental data also shown for comparison (Rh, squares; other metal
atoms, crosses).


with the H atom in the molecular plane, whereas for a thiolato
bridge the hydrogen atom is clearly out of the plane. It is
worthy of notice also that the potential-energy surface is
shallower for the hydroxo than for the thiolato bridge. In
essence, these results suggest that there is not a strong
preference for an sp2 or sp3 hybridization around the oxygen
atom, whereas an sp3 hybridization is strongly preferred for
the sulphur bridging atom. If one considers the sum of the
three bond angles around the X atom (S), the deviation of this
parameter from 3608 indicates the degree of pyramidalization
around X. These results can be summarized by saying that the
angle sum S for tri-substituted oxygen atoms should be close
to 3608, whereas smaller values are to be expected at sulfur
atoms. Let us recall that for the binuclear complexes under
study there are three alternative structures with pyramidal
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RXM2 groups when the molecule is bent (q< 1808): be, bx, or
ba (3). These structures should be expected to have similar
energies as far as the conformational preference of the
bridging atom is concerned. Similarly, for a planar framework,
the ps and pa structures should have comparable energies,
whereas the pp structure, for which S� 3608, is expected to be
less stable.


It can be shown that the different degree of pyramidaliza-
tion around the oxygen and sulfur atoms is attached to the
very nature of those atoms and is affected by the substituents
to a lesser degree. Thus, we have taken the simplest models for
RXZ2 groups, the XH3


� ions (X�O, S, Se, Te), and optimized
their geometries at the MP2 level used throughout in this
paper (see Appendix for computational details). The results
(Table 1) are in good qualitative agreement with the above


description. For X�O, the most stable geometry is little
pyramidalized and is only 4.4 kcal molÿ1 more stable than the
planar form. In contrast, the XH3


� ions of the other
chalcogenides are strongly pyramidalized and the energy
required for the planar conformation is quite high (from 31 to
47 kcal molÿ1), in excellent agreement with experimental
values for R3S� ions (24 ± 36 kcal molÿ1 [1, 27]). Results of
density functional calculations on SH3


� consistently predicts
its planar form to be 32.8 kcal molÿ1 higher than the pyramidal
one.[28] The effect of substituents, tested through calculations
for the MeXH2


� ions (Table 1), is seen to be small for X� S,
Se, and Te, and almost negligible for X�O.


The tendency of first-row main-group elements to present
larger bond angles and a smaller barrier to inversion than
heavier elements of the same group was discussed by
Kutzelnigg.[29] Those differences were attributed to a smaller
mixing of the X(p) orbitals in the bonding MOs for the lighter
elements. In particular, the barriers of inversion for NH3 and
PH3 were reported to be of 6 and 38 kcal molÿ1, respectively,
amazingly close to the values found by us for OH3


� and SH3
�.


The calculated energy required for a planar conformation
around the chalcogen atom in XH3


� should not be taken as a
quantitative estimate of the corresponding value in the
complexes under study, since it is well known that the
coordination of a sulfur lone pair to a transition metal
significantly lowers the barrier to pyramidal inver-
sion.[1, 27, 30, 31] Similarly, the experimental values obtained
from variable temperature NMR spectra of selenium coordi-
nated to transition metal complexes are sensibly smaller (15 ±


18 kcal molÿ1 [27]) than calculated for the model SeH3
� ion, and


comparable to those of sulfur derivatives. What the calculated
values clearly tell us is that the energy gained upon
pyramidalization of a sulfur, selenium, or tellurium atom is
much larger than that gained in the case of oxygen. A
structural database search confirms the trend predicted for
the values of S (Table 1) in RXZ2 groups (X�O, S, Se, Te;
Z�C, Si, Ge; R�H, Z). In Table 1, it is seen that S varies
only between 290 and 3208 for X� S, without ever approach-
ing the value of 3608 that would correspond to a planar
geometry for the central atom. That this is a general behavior
can be seen in Figure 3, where the distribution of the S values
for RXZ2 groups (X�O, S) in the Cambridge Structural


Figure 3. Distribution of the sum of the bond angles (S) around the central
X atom in M2XY groups, for X�O (white bars) and S (black bars), in
structures retrieved from the Cambridge Structural Database.


Database is presented. There it is seen that the values for
oxygen-bridged compounds concentrate at S� 3608, whereas
the distribution of S for sulfur-bridged compounds is centered
at around 3108. A result of the angular preference of the
bridging atom is that only for the small, highly electronegative
oxygen bridging atom can the pp structure be expected. In
general, if only the conformational preference around the
bridging atoms is considered, the rest of the structures (ps, pa,
bx, be, and ba) are expected to have similar energies.


A corollary of the quasi invariance of the S value for a
particular bridging atom (�3308 and �2908 at the O or S
atom, respectively) is that the orientation of the substituent R
(t angle) must change upon bending the M2X2 core. Semi-
empirical extended Hückel calculations on the model com-
pound [Rh2(m-SH)2Cl4]4ÿ indicate an optimum value of t of
approximately 548 for the planar case (a slightly larger value is
predicted by ab initio calculations), and t is predicted to vary
with q as seen in Figure 4 (solid lines). Such trend is confirmed
by the ab initio calculations (Figure 4, triangles) and by the
experimental data for binuclear thiolato-bridged rhodium
complexes (Figure 4, squares). The large out-of-plane motion
of the substituents upon bending reflected in the t values
should be mostly attributed to the attempt to maintain the
degree of pyramidalization around the bridging atom practi-
cally constant. It is interesting to realize that the correlation
between t and q provides a tool for molecular design in this


Table 1. Calculated sum of the bond angles (S) in the XH3
� and MeXH2


�


ions, and relative energies [kcal molÿ1] of their planar form. Mean values of
S in tricoordinate RXZ2 groups (X�O, S, Se, Te; Z�C, Si, Ge; R�H, Z)
from a structural database analysis also shown for comparison (standard
deviation in brackets).


O S Se Te


E (planar XH3
�) 4.4 31.0 39.8 47.0


E (planar MeXH2
�) 5.3 28.1 36.1 43.1


� calcd (XH3
�) 327 286 279 274


� calcd (MeXH2
�) 328 295 287 281


� exp. (mean) 352 [8] 308 [7] 303 [5] 286 [4]
structures 20 145 15 47
data sets 26 173 16 110
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Figure 4. Orientation of the substituent at the bridging atom (angle t


defined in 2) as a function of the bending angle q calculated at the EH level
for [Rh2(m-SR)2Cl4]4ÿ (R�H, Me; solid lines), and at the MP2 level
(triangles) for [Rh2(m-SR)2(PH3)4] (R�H, Me; Table S2). Experimental
values for the endo and exo substituents in bent structures of thiolato-
bridged rhodium compounds are represented by empty squares, and black
circles correspond to structures E.33 ± 35 (see text). Bending angles q are
taken between 1008 and 1808 for endo and between 1808 and 2608 for exo
groups.


family of compounds. Indeed, the value of t can be easily
modulated by the use of bidentate bridging ligands as in 7 e
(for structure of 7 e, see section on nickel compounds). The
use of a single linker between the two bridging atoms (e.g., Li�


or Cu� ions,[32, 33] compounds E.31 and E.32, Table 8) in
platinum complexes, induces a large value of t, hence a large
degree of bending. If the number of linkers is increased, as in
the series of mixed-metal complexes[34] of formula
[(PPh3)2Pt(m-S{CH2}n)Rh(cod)]� , the value of t is made
progressively smaller and the molecules approach planarity,
as seen by the structural data (Figure 4, black circles; Table 8,
compounds E.33 ± 35).


Ab initio results
Ab initio MP2 calculations (see Appendix for computa-


tional details) were performed on model complexes [Pt2(m-
S)(m-SR)(PH3)4]� , [M2(m-XR)2(PH3)4]n�, [Rh2(m-SH)2(CO)4],
and [Au2(m-SR)2L4] (M�Ni, Pd, Pt, Rh, Ir; X�O, S; L�Me,
Cl; and R�H, Me). The results of such calculations should
provide us with information on how the metal atom, the
nature of the bridging atom, and the nature of its substituent
affect the structural choice.


Relative energies : For the compounds with mixed bridges,
[Pt2(m-S)(m-SR)(PH3)4]� (R�H, Me), the calculated MP2
energies for the different conformations relative to that of the
po conformer are those presented in Table 2. It is clear that
the bent conformations are more stable than the planar ones,
with the exo form being slightly more stable than the endo
one, in excellent agreement with the experimental data (see
below) and with the qualitative conclusions of the preceding
section. Substitution of the thiolato bridge by a methylthiolato
introduces enhanced substituent ´´ ´ ligand repulsions in the be
conformer, which are in part relieved by changes in the Pt-S-
Pt and t angles, resulting in a net destabilization of only
2 kcal molÿ1 relative to the bx form. Notice that the sulfur
atom in the methylthiolato-bridged compound is less pyra-
midalized than in the hydrogensulfido-bridged complex (see
values of S in Tables S1 ± S4 in Supporting Information), thus
showing the same trend found for the simpler RXH2


� ions
(R�H, Me; see Table 1).


For the complexes with two substituted bridges, [M2-
(m-XR)2L4], the calculated MP2 energies for the six con-
formers of each model compound (3) are presented in Table 2,
relative to that of the pa form. The most relevant optimized
structural parameters are deposited as Supporting Informa-
tion (Tables S1 ± S5). As a visual guide for the present
discussion, we present in Figure 5 the relative energies of


Table 2. Calculated energies (kcal molÿ1) for the different conformers[a] of [M2(m-Y)(m-XR)L4] and [M2(m-XR)2L4] complexes relative to that of the po or pa
forms (see 3 and 5).


M Y XR L pp po bx be


Pt S SH PH3 19.7[b] 0.0[b] ÿ 6.4 ÿ 4.4
Pt S SMe PH3 19.9[b] 0.0[b] ÿ 6.3 ÿ 2.3


pp ps pa bx be ba


Rh OH PH3 5.9[b] 0.0[b] 0.0[b] ÿ 3.6 ÿ 2.1 ÿ 4.2
Rh OMe PH3 3.8 (e)[b] 0.1 (e)[b] 0.0 (s)[b] ÿ 0.5 (e) ÿ 1.5 (e) ÿ 6.1 (s)
Rh SH PH3 23.1[b] 0.2[b] 0.0[b] ÿ 9.3 ÿ 8.7 ÿ 9.8
Rh SMe PH3 25.5 (s)[b] 0.6 (e)[b] 0.0 (s)[b] ÿ 1.4 (s) ÿ 3.9 (e) ÿ 6.2 (s)
Rh SH CO 19.8[b] 0.2[b] 0.0[b] ÿ 6.6 ÿ 12.1 ÿ 10.2
Ir SH PH3 27.3[b] 0.0[b] 0.0[b] ÿ 10.4 ÿ 9.6 ÿ 10.6
Ni OH PH3 1.1[b] 0.8[b] 0.0 2.7[b] 2.1[b] 1.7[b]


Ni SH PH3 26.7[b] 0.5[b] 0.0[b] ÿ 1.4 ÿ 0.1 ÿ 2.0
Ni SMe PH3 32.4 (s)[b] 1.5 (e) 0.0 (s)[b] 11.5 (e)[b] 9.8 (e) 3.8 (s)
Pd SH PH3 32.1[b] 0.3[b] 0.0[b] ÿ 3.3 ÿ 1.3 ÿ 3.0
Pt OH PH3 3.8[b] 0.3[b] 0.0 ÿ 0.8 1.4[b] 0.1[b]


Pt OMe PH3 4.1 (s)[b] 0.1 (e)[b] 0.0 (s)[b] ÿ 5.5 (e) 5.3 (e)[b] 0.4 (s)[b]


Pt SH PH3 33.6[b] 0.3[b] 0.0[b] ÿ 2.8 ÿ 0.3 ÿ 2.3
Pt SMe PH3 33.0 (e)[b] 0.9 (e)[b] 0.0 (s)[b] 7.3 (e)[b] 3.6 (e) ÿ 0.8 (s)
Au SH Me 25.1[b] 0.1[b] 0.0[b] ÿ 1.1 ÿ 2.5 ÿ 2.3
Au SH Cl 41.7[b] 0.2[b] 0.0[b] 5.1[b] ÿ 4.1 ÿ 0.7
Au SMe Cl 40.9[b] 0.5[b] 0.0 19.3[b] ÿ 3.0 1.8[b]


[a] The relative orientation of the methyl groups is indicated in parentheses: e� eclipsed, s� staggered. [b] Not a minimum; q or t (or both) have been
frozen for this calculation.
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Figure 5. Calculated MP2 relative energies (kcal molÿ1) for the six con-
formers (3) of the [M2(m-SR)2L4] compounds (L�PH3 except for M�Au,
for which L�Me) relative to the most stable one for each metal, with R�
H (above) or Me (below).


the different conformers for the thiolato-bridged complexes.
From the analysis of the calculated energies some general
conclusions can be drawn. First, the oxygen and sulfur bridges
show quite different behavior. For the hydroxo-bridged
compounds, the energy differences between the six con-
formers are small for nickel and platinum, and larger for
rhodium. Substitution of the hydrogen atom by a methyl
group in the platinum compound enhances the differences
between conformers.


In contrast, for X� S (Figure 5) the completely planar
structure (pp) is highly unstable relative to the other five
conformers in most cases. Such a difference is undoubtedly
related to the much stronger tendency to pyramidalization of
the sulfur atom compared with oxygen, as discussed above. In
fact, the pp conformer is the most unstable one for all the
studied compounds except for [Ni2(m-OH)2(PH3)4]2�. The
remaining planar structures (ps and pa) are similar in energy
to the bent forms for M�Ni, Pd, Pt, or Au. For M�Rh and Ir,
though, all the planar structures are clearly less stable than the
bent ones (Figure 5). The presence of the bulkier methyl
group at the bridging atom destabilize the be conformer of
nickel and platinum. Only for nickel is the bx conformer
destabilized by introducing a methyl group, a fact that can be
attributed to the shorter NiÿX distances that force a closer
contact between the two R groups. These results suggest that
interligand interactions play an important role in determining
the preferred conformation.


It is worth noting that for X�O and M�Ni or Pt, only one
energy minimum was found, whereas for M�Rh or Ir the
three bent conformers appear to be minima in the potential-


energy surface. A minimum was also found for every bent
conformer of the compounds with X� S. These results suggest
that there is a chance for some of the studied compounds to
exist in more than one geometry and are probably associated
to the relatively high barrier for inversion around the sulfur
atom (let us recall that we have calculated 31 kcal molÿ1 for an
SH3


� group).
Another finding that is relevant for the subsequent


discussion of the experimental data is related to the partial
optimization of structures in which a planar environment was
imposed on the bridging atom (i.e., S� 3608). Even if such a
constraint is compatible with a structure of type bx, a planar
structure was obtained unless the molecule was forced to bend
by freezing the q angle. These results suggest that sp2 bridging
atoms (as in R2C� S) should favor the pp structure.


Molecular structures : We have shown in a previous study on
analogous systems with unsubstituted bridges that there is a
general good agreement between the optimized structural
parameters and the experimental data. For the interested
reader, structural parameters from 17 experimental data sets
of 15 compounds are presented as Supporting Information
(Table S5) together with those calculated for the correspond-
ing conformers of eleven closely related model complexes.
Despite the differences in substituents and terminal ligands,
the agreement between calculated and experimental data is
good except for [Au2(m-SH)2Me4]. The average error for the
MÿL distances is 0.03 �, and 0.05 � for the MÿX distances.
The largest differences appear in the angular parameters
associated with the bridge substituents (t and S). In the case
of the OH bridge this may be due to the uncertainty
associated with the determination of the position of the
hydrogen atom in the X-ray diffraction experiment. In other
cases, the differences between calculated and experimental
values of t and S can be attributed to the different substituent
at the bridging atoms in the model and experimental
molecules.


In this section we will try to summarize the most salient
structural features of the calculated molecules (Tables S1 ±
S4). 1) Among the complexes with the same metal atom, the
bent forms show a larger degree of bending (smaller q) for
X� S than for X�O. This is a direct result of the longer MÿX
distance in the former case, thus requiring a larger bending to
achieve a sufficiently short M ´´´ M contact. 2) Accordingly,
the t values are significantly smaller (and those of S larger)
for the alkoxo than for the thiolato bridges, as expected from
the above discussion on the pyramidalization of the X atom.
Also, the M-X-M angles are significantly smaller for X� S
than for X�O. 3) The ps and pa conformers of the same
compound present the same value of t (�18) for the XH and
XMe bridges, indicating that such a structural parameter in
the planar structures is little affected by steric problems, at
least for the substituents explored. 4) The exo group in the ba
conformers presents larger values of t than in the correspond-
ing bx structure, by 3 ± 248 (comparing only structures found
to be a minimum in the ba and bx forms), but no correlation
can be found between these changes and the values of S. 5)
The endo groups in bent structures give values in the range
178< j t j< 288 for the OR and in the range 168< j t j< 608 for
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the SR bridges, whereas the values for the exo groups appear
in the ranges 628< t< 1068 and 808< t< 1178 for OR and SR
bridges, respectively. 6) In those compounds with the ba
conformation, the exo group is always more pyramidalized
(smaller S value) than the endo one. 7) For every conformer,
the substitution of the hydrogen by a methyl group results in a
decrease of jt j by at least 58 and, consistently, an increase in S


of at least 108. This result, combined with the previous
observation suggests that the change in this parameter is due
to an electronic rather than a steric substituent effect, as
confirmed by the fact that MeXH2


� shows a larger S value
than XH3


� (for X� S, Se, Te, Table 1).
Since the effect of the terminal ligands has been previously


discussed[24, 25, 35] for the stacking d8 ´ ´ ´ d8 interactions and for
the bent binuclear complexes with unsubstituted bridges, we
have not varied the terminal ligands in a systematic way in the
present study. Nevertheless, the results for the gold complexes
with methyl and chloro terminal ligands are consistent with
the general rule that a combined poor s-donor and good p-
donor character induces a poorer metal ´ ´ ´ metal interaction,
whereas the good s-donor and p-acceptor ligands favor the
bonding nature of such interaction. This is reflected in
bending angles of 1368 and 1208 for the ba form with Cl or
Me as terminal ligands, respectively.


Interaction terms : From the energy differences between the
different conformers (3 and 5), one can obtain a rough
estimate of the different contributions to their relative
stability, neglecting ligand ± substituent interactions in the pp
conformer. For the compounds with mixed bridges those
interaction terms can be estimated through Equations (1) ±
(3), in which the subindices for the calculated energies
indicate the conformer (5).


VX�EpoÿEpp (1)


IMM�EbxÿEpo (2)


ILR�EbeÿEbx (3)


The symbol I is used for the estimated interaction energies
between the two metal atoms and their terminal ligands in the
bent forms (IMM), or between the substituent and terminal
ligand in the endo form (ILR). VX represents the energy
difference between planar and pyramidal conformations of
the substituted bridging X atom. The estimated contributions
will be discussed below together with the data obtained for
compounds with two substituted bridges.


For the compounds with two substituted bridges, an
estimate of the different contributions to the total energy of
the various conformers can also be obtained, assuming that
ligand ± substituent interactions are only siginificant for the
endo substituents, and substituent ± substituent interactions
only in the bx form. Also, we assume that the structural
parameters are similar for the different conformers, except for
the interplanar angle q when comparing planar and bent
structures, and for the orientation of the substituent (t angle)
when comparing endo, exo or coplanar orientations. The


expressions employed for the estimation of such interaction
terms are given in Equations (4) ± (7).


VX� (EpaÿEpp)/2 (4)


ILR�EbeÿEba (5)


IMM�EbaÿEpaÿ ILR (6)


IRR�EbxÿEba� ILR (7)


In Equations (4) ± (7), the subindices for the calculated
MP2 energies correspond to the conformations defined in 3.
In addition to the interaction terms described before, we
introduce here the interaction between the substituents in the
exo form (IRR). For [Pt2(m-SMe)2(PH3)4]2�, the optimization of
the bx conformer resulted in a relatively large interplanar
angle (q� 160)8, compared with 113 ± 1248 in be and ba
structures. In order to make the contributions calculated from
Equations (4) ± (7) sensible, we used the bx calculated energy
with a similar degree of bending (q� 1198), instead of that of
the minimum.


It must be kept in mind that not only the conformation
changes from one structure to another, but also struc-
tural parameters such as the bending angle q, the M ´´´ M
distance, the position of the R group measured by t, or other
bond distances and angles. Hence, one should expect the
calculated energy contributions to provide only a rough
estimate of the relative importance of different terms and of
the way in which they change upon substitution of one of the
constituents of the complex (metal atom, bridging atom, or
substituent).


Pyramidalization of the bridging atom : The stabilization
obtained on going from a planar to a pyramidal conformation
of the M2XR group, measured by the VX term (Table 3), is
small for X�O (1 ± 3 kcal molÿ1) and larger for X� S (12 ±
20 kcal molÿ1). Notice that it depends mainly on the nature of
the X atom, while the substituent and the metal atom are
responsible for smaller variations in VX. The differences in the
VX values for the different compounds with X�O are
associated to the different degrees of pyramidalization of X
(S values) found in the optimized pa structures used to
estimate VX [Eqs. (1) and (4)]. For X� S, in contrast, no clear
correlation is found between VX and S. The relative values of
VX for oxygen and sulfur are smaller than those calculated for
the corresponding XH3


� ions; this is in agreement with the
finding that the coordination of a sulfur lone pair to a
transition metal significantly lowers the barrier to pyramidal
inversion, and with barriers of approximately 15 ±
18 kcal molÿ1 reported for the MSR2 groups in mononuclear
complexes of PdII, IrI or AuIII,[27, 30, 31] compared with 24 ±
36 kcal molÿ1 for R3S� groups.[1, 27] Since the tendency of
selenium towards pyramidalization is similar to that of sulfur,
the VX values presented for thiolato bridges in Table 3 can be
taken as reasonable estimates for analogue selenolato-bridg-
ed compounds.
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Ligand ´´´ Substituent interaction : The term representing the
ligand ´´´ substituent interaction, ILR, is positive in most cases,
thus representing a steric repulsion. Such repulsion appears to
be small for L�PH3 or Me and R�H (0ÿ 2 kcal molÿ1) when
X�O or S. Substitution of the hydrogen atom by a methyl
group results in an increased repulsion by about 3 kcal molÿ1


per each R group. These results reflect the destabilization of
the be form by the increased steric bulk of the terminal ligands
or of the substituents at the bridging atom. The ba con-
formation, in turn, is less affected by these steric factors, since
only one L ´´´ R interaction is present in this conformer. It
must be stressed, however, that the L ´´ ´ R repulsions are
minimized in the case of the SMe bridge by readjusting the
orientation of the substituent. Thus, the t angle is reduced by
up to 308 upon methyl substitution in the endo conformer
(Tables S1 ± S4). Notice that the L ´´´ R interactions are
expected to be much weaker for those complexes with a
bidentate ligand spanning a terminal and a bridging position
(7 c; for structure see section on nickel compounds).


An interesting situation appears for the cases of [Au2-
(m-SH)2Cl4], [Au2(m-SMe)2Cl4], and [Rh2(m-SH)2(CO)4], for
which ILR seems to be attractive (Table 3). In the former case
this might be due to incipient hydrogen bonds of the type
SÿH ´´´ Cl (Cl ´´ ´ H� 3.1 �) in the endo forms, well within the
range found for other XÿH ´´´ Cl hydrogen bonds[36] involving
coordinated chlorides. The possible existence of weak attrac-
tive Cl ´´ ´ HÿC interactions in the second case is consistent
with experimental evidence found in the structures of two
polymorphic forms[37] of cis-[PtCl2(PMePh2)2], in which the
shortest Cl ´´ ´ H (phosphine) distance (2.71 �) is associated
with the smallest Cl-Pt-P bond angle (83.38). As for the third
case, interactions between hydrogen atoms and carbonyl


groups have not been systematically studied from a theoret-
ical point of view, but experimental data supporting the
existence of such interactions can be found in the literature. A
nice example in a compound related to those studied here has
been given by Terreros et al. ,[38] who showed that the
coordinated carbonyl group in trans-[Rh(SC6F5)(CO)(PPh3)2]
presents contacts to hydrogen atoms of the phenyl groups at
2.5 ± 2.7 �, and the CO stretching mode is shifted by 50 cmÿ1


to lower wavenumbers compared with a polymorph of the
same compound showing no such contacts. A similar differ-
ential behavior was reported for the interaction between the
methyl group of a methylcyclopentadienide and a carbonyl
ligand in the two polymorphic forms of a manganese
complex.[39] A detailed account of the existence of weak
hydrogen bonds to carbonyl groups coordinated to transition
metal atoms has been recently reported by Braga, Desiraju,
and co-workers.[40] We will show below that the existence of
such weak attractions between the carbonyl groups and alkyl
or aryl substituents at the bridging atoms may explain the
experimental conformations found for a handful of carbonyl
complexes.


Substituent ´´ ´ substituent interaction : The repulsion between
the hydrogen atoms in the bx form of the hydroxo-bridged
compounds (IRR term) is small (less than 1 kcal molÿ1), except
for the rhodium derivative, for which the hydrogen atoms are
closer (compare t� 958 for Rh with t� 66 and 718 for Ni and
Pt, respectively). Such repulsion is slightly larger in the case of
the thiolato bridge (1 ± 3 kcal molÿ1), and is also associated
with the larger t values in the thiolato than in the alkoxo
bridges. Substitution of the hydrogen atoms by the bulkier
methyl group results in an increase of IRR by up to
11 kcal molÿ1. These results clearly reflect the strong destabi-
lization of the exo forms by the steric bulk of the substituents.
For the methoxo-bridged platinum complex, the small degree
of pyramidalization required by the bridging oxygen atom
results in a relatively small angle t (698 compared with 1058
for SH and 808 for SMe) that makes the IRR term negligible.
Obviously, the repulsion between the two substituents, IRR,
should be expected to be negligible whenever a bidentate
ligand occupies the two bridging positions (7 e). Although this
case is not considered by our model calculations, it is easy to
discount the IRR contributions to obtain a sensible estimate of
the relative energies of the different conformers when
bidentate bridges are present.


Metal ´ ´ ´ metal and ligand ´´´ ligand interactions : The effect of
the M ´´´ M and L ´´´ L interactions that appear combined in
the IMM term is small and negative in most cases (Table 3).
Comparison of the series of compounds [M2(m-SH)2(PH3)4]n�


(M�Ni, Pd, Pt, Rh, Ir) and [Au2(m-SH)2Me4] shows that
j IMM j increases in the following order: Au<Ni�Pd�Pt<
Rh� Ir. For instance, for all platinum complexes the IMM


values lie between ÿ1 and ÿ6 kcal molÿ1; this is consistent
with the stabilization energy obtained by bending the
unsubstituted analogues [Pt2(m-X)2(PH3)4] of ÿ4.0 and
ÿ4.8 kcal molÿ1 for X�O and S, respectively.[24] For systems
with the same metal and terminal ligands, the stabilization is
larger for the thiolato- than for the hydroxo-bridged complex;


Table 3. Estimated contributions [kcal molÿ1] to the energies of the different
conformations of binuclear compounds with monosubstituted bridges
[Eqs. (1) ± (7)]. VX values calculated for the XH3


� ions (X�O, S, Se, Te)
included for comparison. For the definition of Ea1, Ea2 , and Ea3 see 8 and
Equations (8) ± (10) later.


Compd. VX IMM ILR IRR Ea1 Ea2 Ea3


OH3
� ÿ 4.4


SH3
� ÿ 31.0


SeH3
� ÿ 39.8


TeH3
� ÿ 47.0


[Rh2(m-OH)2(PH3)4] ÿ 3.0 ÿ 6.3 2.1 2.7 4.2 3.8 2.1
[Rh2(m-OMe)2(PH3)4] ÿ 1.9 ÿ 7.6 1.5 2.0 6.1 2.3 4.6
[Rh2(m-SH)2(PH3)4] ÿ 11.6 ÿ 10.9 1.1 1.6 9.8 22.0 8.7
[Rh2(m-SMe)2(PH3)4] ÿ 12.8 ÿ 8.5 2.3 7.1 6.2 23.2 3.9
[Rh2(m-SH)2(CO)4] ÿ 9.9 ÿ 8.3 ÿ 1.9 1.8 10.2 21.7 12.1
[Ir2(m-SH)2(PH3)4] ÿ 13.7 ÿ 11.6 1.0 1.2 10.6 26.4 9.6
[Ni2(m-OH)2(PH3)4]2� ÿ 0.6 1.3 0.4 0.6 ± 0.8 ±
[Ni2(m-SH)2(PH3)4]2� ÿ 13.3 ÿ 3.9 1.9 2.5 2.0 24.8 0.1
[Ni2(m-SMe)2(PH3)4]2� ÿ 16.2 ÿ 2.1 5.9 13.6 ± 26.5 ±
[Pd2(m-SH)2(PH3)4]2� ÿ 16.0 ÿ 4.8 1.7 1.4 3.0 35.1 1.4
[Pt2(m-OH)2(PH3)4]2� ÿ 1.9 ÿ 1.2 1.3 0.4 0 2.5 ±
[Pt2(m-OMe)2(PH3)4]2� ÿ 2.0 ÿ 4.4 4.9 ÿ 1.0 0 ± ±
[Pt2(m-SH)2(PH3)4]2� ÿ 16.8 ÿ 4.2 1.9 1.4 2.3 31.6 0.4
[Pt2(m-SMe)2(PH3)4]2� ÿ 16.0 ÿ 5.2 4.4 4.9 0.8 27.7 ±
[Pt2(m-S)(m-SH)(PH3)4]� ÿ 19.7 ÿ 6.4 2.0 ± 4.4 17.7 4.4
[Pt2(m-S)(m-SMe)(PH3)4]� ÿ 19.9 ÿ 6.3 4.0 ± 2.3 15.9 2.3
[Au2(m-SH)2Me4] ÿ 12.5 ÿ 2.2 ÿ 0.2 1.1 2.4 25.2 2.6
[Au2(m-SH)2Cl4] ÿ 20.9 2.7 ÿ 3.4 2.4 0.7 45.1 4.1
[Au2(m-SMe)2Cl4] ÿ 20.4 6.7 ÿ 4.8 12.7 ± 45.6 2.9
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a result that can be attributed to the softer nature of the sulfur
atom and to the longer MÿX distance that allows for a better
orbital overlap (6). The fact that the IMM term for the OMe-
bridged platinum compound is significantly more stabilizing


L L
L
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S


L


L


L


O


L
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than the corresponding value for the OH-bridged analogue
should be attributed to a shorter Pt ´´ ´ Pt contact achieved by
the bx conformer in the former case (3.071 vs. 3.135 �).
Notice that for the compounds of gold with L�Meÿ and Clÿ


the terminal ligand has a strong influence on the IMM value.
This can be attributed to the combination of two effects: a) the
enhancement of the M ´´´ M attraction by the soft terminal
ligands (Meÿ) compared with a harder p-donor[35] and b) the
stronger L ´´´ L repulsion for the bulkier ligands (Clÿ).


Analysis of the structural data for compounds with mixed
bridges


Having learnt about the factors that influence the structural
choice from a theoretical point of view, it is appropriate to
analyze the available structural data for several families of
compounds (Tables 4 ± 9) and verify how the theoretical
predictions can be of help in rationalizing the experimental
structures. We note that in this family only the structures of
thiolato-bridged compounds have been reported. In this case,
even for a weak M ´´´ M interaction the bent structure bx is
expected to be the most stable one (Table 2), favored by the
attractive IMM term and by the absence of an ILR repulsion
term. Hence it is no surprise that most of the compounds of
this type reported so far have a bx structure with a fairly large
angle t for the exo substituent (788< t< 1168, in excellent
agreement with the calculated values, t� 116 and 1008 for
R�H and Me, respectively), compared with those found for


compounds with two substituted bridges in an anti conforma-
tion (548< t< 848, Tables 5 ± 9, consistent with the values
calculated for [Pt2(m-SR)2(PH3)4], 80 and 738 for R�H and
Me, respectively). Nevertheless, the be structure can be
adopted for those combinations of terminal ligand and
substituent that give a small or negative ILR term. Computa-
tionally, we have found such an effect with CO as terminal
ligand in [Rh2(m-SH)2(CO)4]; this is consistent with the
experimental structure of the cis-dicarbonyl complexes A.15
and A.16 in which the endo substituent occupies the position
close to the CO ligands. Notice that in the cis-[M2(m-Y)(m-
XR)(CO)2L2] compounds (A.11 ± 16), the terminal ligands
that are vicinal to the substituted bridge are the carbonyls,
whereas for cis-[M2(m-Y)(m-XR)Cl2(PR3)2] (A.2 ± 5 and
A.10), the vicinal positions are occupied by the phosphines.
It is not clear in the light of the present theoretical study why
compounds A.6 and A.7 appear in the po structure.


Analysis of the structural data for [M2(m-XR)2L4] compounds
Let us stress that the presence of a double bond between


the bridging atom and its substituent imposes a planar
coordination around X (i.e., S� 3608), in contrast with
bridges such as ROÿ or RSÿ for which their bridging atom
can adopt an sp3 hybridization. In this paper we will not
consider the former type of complexes, since for them a pp
structure is favored by the sp2 bridging atom. Let us just
mention some compounds of pp structure that will not be
considered in the subsequent discussion, such as a nickel
complex with a macrocyclic ligand,[54] or nickel and platinum
compounds with SNSN2ÿ or SeNSeN2ÿ ligands,[55±58] in which
the bridging sulfur or selenium atoms have double bonds to
nitrogen atoms. A similar situation appears[59] for the bridging
azido groups in [Pd2(m1-N3)2(N3)4]2ÿ. Still, in these compounds,
small deviations of the substituents from the molecular plane
can be observed (e.g., t� 2 and 158 for the two nickel
compounds). The largest deviation appears in a rhodium
compound with an iminic bridging nitrogen atom,[60] in
which bending of the metal coordination spheres (q� 1238,
Rh ´´ ´ Rh� 2.83 �) is made compatible with a trigonal planar
geometry around the nitrogen atom (S� 3608).


Table 4. Structural data (2, distances in �, angles in degrees) for dimers of d8 metal ions with mixed bridges, [M2(m-Y)(m-XR)L4].


Compound M ´´´ M q t � struct. ref. refcode


A.1 cis-[{Pd(m-Cl)(m-SMe)}2(m-SMe)2(dppm)2] 3.027 118 99 294 bx [41] ziscej
3.053 121 99 292 bx


A.2 cis-[Pd2(m-Cl)(m-StBu)Cl2(PMe3)2] 3.209 140 85 307 bx [42] junxiz
A.3 cis-[Pd2(m-Cl)(m-SEt)Cl2(PMe2Ph)2] 3.234 136 96 295 bx [43] kifdae
A.4 cis-[Pd2(m-Cl)(m-SMe)Cl2(PMe3)2] 3.296 146 92 297 bx [42] junxev
A.5 cis-[Pd2(m-Cl)(m-SC3H6Cl)Cl2(PMe3)2] 3.305 150 79 310 bx [44] jityiu


3.353 157 78 307 bx
A.6 cis-[Pd2(m-Cl)(m-SPh)Cl2(PMe3)2] 3.407 176 ÿ 69 301 po [42] junxof
A.7 cis-[Pt2(m-Cl)(m-TePh)Cl2(PnBu3)2] 3.670 176 ÿ 72 295 po [45] jozjaj
A.8 [Pt2(m-S)(m-SAuPPh3)(PPh3)4]� 3.279 136 116 263 bx [46] factuy
A.9 [Pt2(m-S)(m-SMe)(PPh3)4]� 3.306 138 95 293 bx [47] daxtif
A.10 cis-[Pt2(m-Cl)(m-SEt)Cl2(PMe2Ph)2] 3.299 138 95 299 bx [48] junxar
A.11 cis-[Rh2(m-Cl)(m-SC6H9MeiPr)(CO)2(AstBu3)2] 3.233 126 99 295 bx [49] sopkud
A.12 cis-[Rh2(m-Cl)(m-SC6H9MeiPr)(CO)2(PtBu3)2] 3.286 127 99 296 bx [50] jongoi
A.13 cis-[Rh2(m-Cl)(m-StBu)(CO)2(AstBu3)2] 3.411 144 83 309 bx [51] deldih
A.14 cis-[Rh2(m-Cl)(m-StBu)(CO)2(PtBu3)2] 3.456 145 82 311 bx [52, 53] cbtpri10
A.15 cis-[Rh2(m-Cl)(m-SCH2C6H9CMe2)(CO)2(PtBu3)2] 3.316 122 ÿ 18 321 be [50] jongic
A.16 cis-[Rh2(m-Cl)(m-SC6H4Cl)(CO)2(PtBu3)2] 3.440 128 ÿ 24 319 be [52] coltus
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The experimental absolute values of the t angles for the
compounds with X� S, Se, or Te, and a variety of metal atoms
and terminal ligands (Tables 4 ± 9) follow the same trend as
the theoretical prediction: jt j appears in the range 13 ± 598
for the endo groups in ba and be structures (calculated values:
16 ± 608, Tables S1 ± S4), 47 ± 968 in the pa and po compounds
(73 ± 838 computationally), and 83 ± 1288 for the exo groups in
the ba and bx structures (80 ± 1248 in our calculations,
Tables S1 ± S4). As found in our calculations, the exo group
is always more pyramidalized (smaller S value) than the endo
one in compounds with an anti geometry.


Rhodium and iridium compounds : Given the tendency of the
rhodium and iridium complexes to form M ´´´ M contacts (see
IMM values in Table 3), owing to the diffuse nature of their
atomic orbitals, it is not strange that all their complexes are
bent with only four exceptions (Table 5). Most complexes
with hydroxo or alkoxo bridges appear in a bx conformation
(B.1 ± 7), which is expected from our model calculations to be
practically isoenergetic with the be one (Table 2). In one case


(B.2), the exo orientation is forced by chemically binding the
two bridging atoms. The few rhodium and iridium compounds
that appear in a planar conformation (B.8 ± 11) all have
oxygen as the bridging atom, the case for which our
calculations (Table 2) predict its energy to be closest to that
of the bent forms. Furthermore, the fact that these compounds
do not behave as expected from our calculations can be easily
understood by looking at the differences in L and R groups
between the model and the real compounds. For instance,
compounds B.10 and B.11 have bulky phosphines as terminal
ligands, making the IMM term less negative than in our
analogous model, [Rh2(m-OH)2(PH3)4], thus destabilizing the
bent conformations relative to the ps and pa ones. The same
behavior is found for analogous rhodium complexes with
unsubstituted bridges[24] such as Clÿ, for which the only planar
complexes are those having bulky PPh3 or PiPr3 as terminal
ligands. In another case (compound B.9), the bent structure is
clearly prevented by the two ortho-phenyl substituents of the
phenoxo bridging group. Finally, the pp structure of com-
pound B.8, is not easy to rationalize, since that structure is


Table 5. Structural data (2, distances in �, angles in degrees) for binuclear complexes of d8 metal ions of formula [M2(m-XR)2L4] (M�Rh, Ir). For the ba
structures, the parameters t and S corresponding to the endo XR group are given first, those for the exo groups in the second place.


Compound M ´´´ M q t � struct. ref. refcode


B.1 [Rh2(m-OSiPh3)2(CO)4] 2.926 130 37 357 bx [61] lihwuu
B.2 [(cod)2Rh2(m,h2-OTi{OtBu}2O)2Rh2(cod)2] 2.791 125 54 347 bx [62] hehdaz
B.3 [Rh2(m-OEt)2(cod)2] 2.853 121 1 342 bx [63] telbuh
B.4 [Rh2(m-OH)2(cod)2] 2.878 124 b [64] yivwop
B.5 [Rh2(m-OSiMe3)2(cod)2] 2.810 123 54 350 bx [65] zijxev
B.6 [Rh2(m-OSiMe3)2(nbd)2] 2.983 135 25 359 bx [66] tukpoe
B.7 [Rh2(m-OSiPh3)2(cod)2] 2.785 117 46 354 bx [61] lihwoo
B.8 [Rh2(m-OMe)2(cod)2] 3.231 180 4 360 pp [67] buhton
B.9 [Rh2(m-OC6H3Ph2)2(CO)4] 3.270 177 6 360 pp [68] kihlui
B.10 [Rh2(m-OH)2(PPh3)4] 3.278 180 21 354 pa [69] sacdij
B.11 [Rh2(m-OH)2(PiPr3)4] 3.330 173 77 pa [70] tesmuz
B.12 [Rh2(m-SPh)2(CO)4] 3.097 116 ÿ 29 304 be [71] pefler


3.087 115 ÿ 27 306 be
B.13 [Rh2(m-SC6H4F)2(CO)4] 3.076 115 ÿ 28 304 be [72] vihwue


3.070 114 ÿ 26 307 be
B.14 [Rh2(m-SEt)2(CO)4] 2.820 102 ÿ 25 298 be [71] pefliv
B.15 [(cod)Rh(m-SPh)2Rh(CO)2] 3.119 114 ÿ 20 315 be [12] tpchrh
B.16 [Rh2(m-S{CH2}3NMe2)2(cod)2] 2.960 106 ÿ 16 313 be [73] yajmeb
B.17 [Rh2(m-S{CPh�NR})2(cod)2] 3.517 142 ÿ 26 329 be [20] rijgia


3.527 143 ÿ 26 330 be
B.18 [Rh2(m-SMe)2(cod)2] 2.947 105 ÿ 17 312 be [74] jesteg
B.19 [Rh2(m-SC6H4-o-NHMe)2(cod)2] 3.481 146 ÿ 32 325 be [75]
B.20 [Rh2(m-SC6F5)2(cod)2] 2.955 118 92 296 bx [76] dodtar
B.21 [Rh2(m-SC6F4H)2(cod)2] 2.956 118 91 298 bx [77] jissot
B.22 [Rh2(m,h2-S{CH2}3S)(cod)2] 2.896 112 100 289 bx [78] wayjub
B.23 [Rh2(m,h2-S{CH2}2S)(cod)2] 2.876 104 114 275 bx [78] wayjov
B.24 [Rh2(m-S2CNMePh)(cod)2]� 2.895 bx [79]
B.25 trans-[Rh2(m-SC6H4PPh2)2(CO)2] 2.979 113 ÿ 35 292 be [80] zapgus
B.26 [Rh2(m-SC12H6-C12H6S)(P{OC6H4tBu}3)(CO)3] 2.973 109 ÿ 16, 103 317, 290 ba [81] zunciu
B.27 cis-[Rh2(m-StBu)2(CO)2(dppf)] 3.089 119 ÿ 26, 88 312, 308 ba [82] sacjov
B.28 cis-[Rh2(m-StBu)2(CO)2(PPh3)2] 3.103 118 ÿ 20, 88 319, 310 ba [83] jiftex
B.29 cis-[Rh2(m-SPh)2(CO)2(PMe3)2] 3.061 115 ÿ 25, 101 309, 291 ba [84] cpmprh
B.30 cis-[Rh2(m-StBu)2(CO)2({tBuC5H4}2Zr{CH2PPh2}2)] 3.044 114 ÿ 19, 90 317, 307 ba [85] jesbeo
B.31 cis-[Rh2(m-StBu)2(CO)2(PPh2{C2H4NMe2})2] 3.038 113 ÿ 20, 90 318, 307 ba [86] yipxea
B.32 cis-[Rh2(m-StBu)2(CO)2(dppb)] 3.038 113 ÿ 19, 91 315, 306 ba [82] sacjip
B.33 [Ir2(m-SPh)2(CO)4] 3.104 115 ÿ 29 303 be [87] bztirc10


3.106 115 ÿ 31 300 be
B.34 [Ir2(m-S{CH2}3NMe2)2(cod)2] 2.960 106 ÿ 15 314 be [19] zazzef
B.35 [Ir2(m-SPh)2(cod)2] 3.181 117 ÿ 13 325 be [18] gempap
B.36 [Ir2(m-SC6F5)2(CO)4] 3.066 114 ÿ 25, 100 307, 294 ba [88] wethuy
B.37 cis-[Ir2(m-StBu)2(CO)2(P{OMe}3)2] 3.216 123 ÿ 23, 85 318, 313 ba [89] sbupir
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expected to be the less stable one for rhodium and iridium
under any circumstances.


To illustrate the predictive ability of the model calculations
it is worth discussing with some detail the family of thiolato-
bridged rhodium and iridium complexes with cyclooctadiene
(COD) as bidentate terminal ligand, B.16 ± 24 and B.34 ± 35.
From the model calculations with phosphine or carbonyl
terminal ligands (Table 2), bent structures should be expected
in any case, as experimentally found in this family. However,
the conformation of the bridging ligands is not so easy to
predict, since the three conformers of the model compounds
with hydrogensulfide bridge are calculated to be practically
isoenergetic (Table 2). Even if the calculations with methyl-
thiolato-bridges and phosphine terminal ligands predict the
ba conformation to be more stable, none of the structurally
characterized COD complexes present such structure. Several
compounds (B.16 ± 19 and B.34 ± 35) crystallize with the be
conformation, which is predicted to be the most stable one
with carbonyl terminal ligands. For compounds B.22 ± 24,
which are found in the bx conformation, other structures are
precluded by the bidentate nature of the bridging ligands
(7 e). Rhodium compounds with polyfluorophenyl substitu-
ents (B.20 ± 21) probably constitute a special case, with bx
structures and the two aromatic substituents arranged in a
face-to-face stacking with distances between the centroids of
3.45 and 3.48 �, respectively. Two possible explanations can
be sought for this fact: either the ILR term disfavors the endo
orientation of the polyfluorophenyl substituents, or an
attractive stacking interaction substitutes the IRR repulsion.
From the structural data for [Zn(C6F5)2], which presents an
intermolecular stacking arrangement of the C6F5 groups at
practically the same distance (3.5 �),[90] the second hypothesis
is favored.


Practically all the thiolato-bridged complexes with four
terminal carbonyl ligands (B.12 ± 14 and B.33) behave as
predicted by our calculations on [Rh2(m-SH)2(CO)4], for
which be is the most stable conformation. The only exception
is an iridium compound with R�C6F5 and a ba conformation
(B.36). The fact that the iridium carbonyl complex prefers the
ba conformation, whereas the rhodium-COD compound with
the same bridges prefer the bx structure, should be taken as an
indication of the delicate balance between the ILR and IRR


terms: the bulkier cyclooctadiene ligand may produce larger
ILR repulsion than the carbonyls thus disfavoring the endo
position of a pentafluorophenyl group in the ba structure. A
clear corollary is that an evaluation of such terms for a variety
of L and R groups should be needed before one is able to
predict beforehand the conformations of real compounds.


There are no structurally characterized rhodium or iridium
compounds with thiolato bridges and phosphines as terminal
ligands. Our calculations predict [Rh2(m-SH)2(PH3)4] to be
more stable in the bx conformation, indicating that the endo
position of the R group is disfavored; this in contrast with the
terminal carbonyls for which the endo position is preferred.
Consistently, compounds of the type cis-[M2(m-SR)2-
(CO)2(PR3)2] (B.27 ± 32, B.37) and [Rh2(m-SR)2(CO)3(PR3)]
(B.26) appear in the ba conformation, with the endo
substituents at the side of the molecule with two carbonyl
ligands. In agreement with the weak attractive interaction


found between a terminal carbonyl ligand and alkyl substitu-
ents, all the structures of the cis-biscarbonyl complexes of
rhodium (B.27 ± 32) and iridium (B.37) present a ba con-
formation with relatively short OC ´´´ H (2.5 ± 2.6 �) or
OC ´´´ C (3.2 ± 3.5 �) contacts to organic groups attached to
the bridging atom; this is well in the range accepted by Braga,
Desiraju, and co-workers[40] as weak CÿH ´´´ O hydrogen
bonds in organometallic carbonyl complexes. A different case
is that of a compound with two trans carbonyls, in which the
bidentate ligands spanning one terminal and one bridging
position (B.25) impose the be conformation, as will be also
found below for other metals.


Nickel compounds : Given the weak Ni ´´´ Ni attraction found
in our calculations (see IMM term in Table 3), the most
favorable conformation for the nickel compounds is expected
to be pa, except for the specific case of the SHÿ bridges, for
which the bent structures can be slightly more stable.
Accordingly, a number of structures are found for that
conformation with alkoxo and thiolato bridges (C.3 ± 11;
Table 6). The planar structure can be thought to be imposed
by a rigid pentadentate ligand in one case (C.4), and the out of
plane shift of the hydrogen atom of the bridging hydroxo
group is favored by hydrogen bonding with a neighboring
perchlorate anion (2.21 �). In other cases, though, the choice
can probably be attributed to the combined electronic and
steric factors summarized in Table 3. Even for the little
sterically demanding hydroxo bridges (i.e., with a very small
IRR term, see Table 3), the ligand ´´´ ligand repulsion intro-
duced by bulky terminal ligands such as C6F5 or diphenyl
substituted phosphine (C.1 and C.2), probably overweighs the
weak Ni ´´ ´ Ni attraction, yielding a positive IMM interaction
term that favors the planar structure. Although the position of
the hydrogen atoms of the hydroxo bridges are not well
determined from the crystal structure in those cases, our
model calculations clearly point to an out of plane position of
those atoms.


According to the general trends discussed above, the bx
structure is energetically favorable only for the case of the
hydrogensulfide bridge, is slightly more unstable than the pa
form for a hydroxo bridge, and clearly unstable for bulkier
thiolato bridges. Such conformation is actually found in three
compounds with alkoxo bridges (C.12 ± C.14). In these cases,
even if the bridging groups are in an exo conformation, their
positions (t� 8, 29, and 38, respectively) do not correspond to
that usually found for exo groups (t� 908), or predicted by our
calculations on the hydroxo-bridged nickel complex (t� 668).
In one of them, a syn conformation is imposed by a bidentate
bridging ligand (C.12), whereas in the other two cases a planar
structure is prevented by strong L ´´´ R repulsions, with anti or
syn conformations being destabilized by strong R ´´´ R repul-
sions (C.13) or by the tridentate nature of the ligands (C.14,
case 7 a). Notice that in all three cases the bridging atom has a
practically planar coordination (S� 355, 359, and 3518,
respectively), which we have shown above that is affordable
only when the bridging atom is oxygen, but not when it is S, Se
or Te.


Surprisingly, there is a large number of nickel compounds
with the be structure, which our model calculations predict to
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be feasible only with R�H, but strongly destabilized by
bulkier R groups. The explanation is that all those structures
can be classified in two groups:
1) Those in which the bridging and terminal donor atoms are


chemically connected, corresponding to cases 7 a (C.24,
C.25, C.29 ± 34), 7 b (C.15), 7 c (C.16 ± 22), and 7 d (C.23,
C.26 ± 28). In these cases, the L ´´´ R repulsion is replaced
by chemical bonds, favoring the endo conformation Also,
the chelate rings involving the bridging ligand would be
highly strained in the exo position, as evidenced by the
optimized values of t (628< t< 1178), with the XÿR bond
pointing in a direction opposite to that of the terminal
donors (see 3 bx). Consequently, the be structure is per
force the preferred one for systems of types 7 a ± d.


2) Those in which the terminal donor atoms have no
substituents pointing to the outside of the molecule, as
happens in compounds C.35 ± 38, in which the terminal
positions are occupied by bidentate dithiocarbamato or
trithiocarbonato ligands. In such cases, the lone pair at the
donor atom pointing toward the bridging region can form a
weak L ´´´ HÿC hydrogen bond with the substituents.


Finally, we note that those nickel compounds with terminal
N-donor ligands are less bent (134< q< 1518) than those with
S or P donors. The only exception to this rule corresponds to a
complex with N-donor atoms incorporated into a macrocyclic
ligand, in which larger bending (q� 1108 for C.26 and C.27)
may result from ring strain.


Palladium compounds : For the palladium compounds one
should expect the pp structure to be highly unstable compared
with any other conformer, according to our theoretical results
(Table 2). In fact, in the only case for which a pp structure has
been reported (D.1, Table 7),[128] such geometry is imposed by
the planar portion of the macrocyclic ligand spanning the
L-X-L positions (7 b). Notice that the pa conformer in our
theoretical study is not too high in energy relative to the bx
and ba forms with PH3 as terminal ligand. Obviously, the
presence of bulkier ligands such as triphenylphosphine should
destabilize the ba conformation through L ´´´ R repulsions,
whereas bulky substituents R would destabilize the bx and ba
conformations through the R ´´´ R and L ´´´ R repulsions,
respectively. Given the weak M ´´´ M attraction to be expected


Table 6. Structural data (2, distances in �, angles in degrees) for binuclear compounds of d8 metal ions of the type [Ni2(m-XR)2L4].


Compound Ni ´´ ´ Ni q t � struct. ref. refcode


C.1 [Ni2(m-OH)2(C6F5)4]2ÿ 2.884 180 p [91] jowbom
C.2 [Ni2(m-OH)2({Ph2PCH2}2CMeR)2]2� 2.880 180 p [92] gakdol
C.3 [Ni2(m-OC6F5)2(C6F5)4]2ÿ 2.988 180 18 355 pa [93] rafjox
C.4 [Ni2(m-OH)(m-OC6H3{CH�NCH2C4H7NBz}2)]2� 2.849 178 8 349 pa [94] zulbox
C.5 [Ni2(m-SC6H4OH)2(SC6H4O)2]2ÿ 3.255 180 64 310 pa [95, 96] gihhag10
C.6 [Ni2(m-SC6H4Cl)2(SC6H4Cl)4]2ÿ 3.273 180 73 297 pa [97] kigxut
C.7 trans-[Ni2(S,C,S-C3H2N2{C6H4S}2)2] 3.281 180 63 312 pa [98] judkuo
C.8 [Ni2(m-SPh)2(dppe)2]2� 3.254 180 72 297 pa [99] lazxoz
C.9 [Ni2(Me2N{CH2}3S)2(dppe)2]2� 3.310 180 65 309 pa [100] kekcim
C.10 [Ni2(m-SEt)2(SEt)4]2ÿ 3.355 180 64 312 pa [101] detjan


3.356 180 68 307 pa
C.11 [Ni2(m-SeC6H2Me3)2(SeC6H2Me3)4]2ÿ 3.511 180 58 318 pa [102] tatwug
C.12 trans-[Ni2(S{Me2N}C�NN�C{Me}MeC6H3O)2] 2.728 136 8 355 bx [103] lahbeb10
C.13 [Ni2(m-OSi{OtBu}3)2(allyl)2] 2.666 135 29 359 bx [104] kesyem
C.14 [Ni2(m-OC6H4CMe�N-N�C{NMe2}S)2] 2.720 135 3 351 bx [105] zebred
C.15 [Ni2(SCH{CH2CH2NH2}2)2]2� 3.136 144 ÿ 48 303 be [106] fezkea
C.16 trans-[Ni2(SCH2CH2S)2(PEt3)2] 2.988 125 ÿ 38 300 be [107] yeypex
C.17 [Ni2(SCH2CH2S)3]2ÿ 2.941 122 ÿ 37 300 be [108, 109] durxod01
C.18 trans-[Ni2(m-SCH2CH2S)2(PPh3)2] 2.893 116 ÿ 28 308 be [110] pezdut
C.19 trans-[Ni2(Ph2P{CH2}2S)2Cl2] 2.679 104 ÿ 28 295 be [111] bomrea
C.20 trans-[Ni2(S{MeC6H3}S)2(PBu3)2] 2.678 101 ÿ 25 300 be [112] vusdiw
C.21 trans-[Ni2(SCH2CH{Me}S)2(PPh3)2] 2.867 113 ÿ 30 301 be [113] vubwuk
C.22 [Ni2(m-Se{CH2}3Se)2(Se{CH2}3Se)]2ÿ 3.094 119 ÿ 28 308 be [102] tatwiu
C.23 [Ni2(nsn)]2� 3.163 151 ÿ 59 294 be [114] websax
C.24 [Ni2(eia)2] 2.691 141 ÿ 31 324 be [115] nietac
C.25 [Ni2(py{CH2}2NH{CH2}3S)2]2� 3.048 134 ÿ 44 299 be [116] kerbeo
C.26 [Ni2(m-SCH2CH2N(Me)CH2CH2SO2)2]2� 2.721 110 ÿ 38 288 be [9] zurzer
C.27 [Ni2(m-SC6H4N�C(Me)CH�C(Me)O)2] 2.764 112 ÿ 41 283 be [117] topyig
C.28 [Ni2(nsn)]2� 3.141 150 ÿ 57 295 be [118] tofsuc


3.149 150 ÿ 56 297 be
C.29 trans-[Ni2(pyC2H4{C2H4SMe}NC2H4S)2] 2.850 113 ÿ 35 294 be [119] pidjuh
C.30 trans-[Ni2(S{CH2CH2S}2)2] 2.738 112 ÿ 35 293 be [107, 120, 121] mrcsni11
C.31 [Ni2(pyCH2CH2NHCH2CH2S)2]2� 2.739 110 ÿ 37 287 be [122] peaeni
C.32 trans-[Ni2(MeN{C2H4S}2)2] 2.679 108 ÿ 39 283 be [123] yelsox
C.33 [Ni2(MeSCH2CH2N{CH2CH2S}2)2] 2.635 105 ÿ 38 283 be [97] kigyaa
C.34 trans-[Ni2(MeN{CH2CH2Se}2)2] 2.721 104 ÿ 43 275 be [123] yelsud
C.35 [Ni2(m-SBz)2(S2CSBz)2] 2.794 115 ÿ 33 298 be [124] bztcdn
C.36 [Ni2(m-SPh)2(S2CS)2]2ÿ 2.831 116 ÿ 28 306 be [125] vusfeu
C.37 [Ni2(m-SMe)2(S2CNHMe)2] 2.829 117 ÿ 31 301 be [126] yegsos


2.761 112 ÿ 31 297 be
C.38 [Ni2(m-SEt)2(S2CS)2]2ÿ 2.762 112 ÿ 28 301 be [127] pafgei
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for palladium and platinum compounds, it is understandable
that the pa structure becomes the most stable one in a large
number of cases, as found in the solid-state structures of
compounds D.2 ± D.13.


The preferred bx structure for our model compound with a
bridging hydrogensulfido group, is obtained when two bridg-
ing donors belong to the same bidentate ligand (7 e), as in
D.16 and D.17, or when a bridging hydroxo group is present
and the bulky triphenylphosphine ligands are in trans
positions (D.15). That structure is predicted by our calcula-
tions for [Pt2(m-OH)2(PH3)4] and it is presumably adopted by
D.14, although the position of the hydrogen atoms are not well
determined in that structure. Molecules in which the bridging
atom is chemically connected to terminal atoms (D.18 ± 22,
case 7 c), appear in the be conformation, as discussed above
for the nickel compounds. In the case of compound D.23, the
be structure found should be attributed to a small ILR


repulsion or even a weak O ´´´ HÿC hydrogen bond. Similarly,
in compound D.24, a weak S ´´´ HÿC hydrogen bond might
be responsible for a nonrepulsive ligand ´´´ substituent inter-
action, although the steric bulk of the tBu substituents
disfavors a syn conformation (IRR term), thus resulting in
the ba structure experimentally found. Comparison of two
analogous compounds, D.21 and D.22, clearly show the
influence of the terminal ligands. As previously discussed[24, 35]


for the stacking d8 ´ ´ ´ d8 interactions and for the bent
complexes with unsubstituted bridges, the less favorable
ligands for a bonding metal ´´ ´ metal interaction are those
with poor s-donor and good p-donor character, and the most
favorable ones are the good s donors and p acceptors. In the
present case, the substitution of only one chloride by an
isonitrile ligand at each metal center results in an increased
bending (i.e., a decrease in the value of q from 1418 to 1308)
around the XÿX hinge, consequently reducing the Pd ´´ ´ Pd
distance by 0.15 �.


Table 7. Structural data (2, distances in �, angles in degrees) for PdII binuclear complexes of the type [Pd2(m-XR)2L4]. For the ba structures, the parameters t


and S corresponding to the endo XR group are given first, those for the exo groups in the second place.


Compound Pd ´´´ Pd q t � struct. ref. refcode


D.1 [Pd2(tacteneO2)]2� 3.151 180 2 360 pp [128] ladmim
D.2 [Pd2(m-OH)2(PMe3)4]2� 3.179 180 59 319 pa [129] yunboy
D.3 [Pd2(m-OH)2(C6F5)4]2ÿ 3.147 180 p [130] soghol
D.4 trans-[Pd2(m-SPh)2Cl2(PEt3)2] 3.463 180 69 304 pa [42] junxul
D.5 [Pd2(SC5H9NMe)2(dppe)2]2� 3.495 180 73 297 pa [131] kurmoz
D.6 trans-[Pd2(m-SPh)2(PPh3)2(SPh)2] 3.506 180 69 303 pa [99] lazxuf
D.7 trans-[Pd2(m-S{CH2}3NMe2)2Cl2] 3.442 180 65 306 pa [132] cegmac
D.8 [Pd2(m-SPh)2(SPh)4]2ÿ 3.505 180 64 311 pa [133] sokfon
D.9 [Pd2(m-SC6H4OH)2(OC6H4S)2]2ÿ 3.404 180 65 308 pa [134, 135] zahlid10
D.10 trans-[Pd2(m-SC6H4OH)2Cl2(PPh3)2] 3.495 180 60 316 pa [136] texbih
D.11 trans-[Pd2(m-SC6F5)2(SC6F5)2(PPh3)2] 3.532 180 60 316 pa [137] pfsppd


3.552 180 65 310 pa
D.12 trans-[Pd2(m-SC6F5)2(SC6F5)2(PPh3)2] 3.651 180 68 307 pa [138] fbtppd
D.13 [PdPt(m-SC5H9NMe)2(dppe)2]2� 3.542 180 72 299 pa [131] kurnam
D.14 [Pd2(m-OH)2(dppp)2]2� 3.100 146 b [139] jihjit


3.095 144 b
D.15 trans-[Pd2(m-OH)2Ph2(PPh3)2] 2.981 131 28 360 bx [140] lanbor
D.16 [Pd2(S3N2)Cl4]2ÿ 2.916 121 97 293 bx [141] kojgev
D.17 [Pd2(S3N2)Br4]2ÿ 2.857 117 96 294 bx [142] zojhel
D.18 [Pd2(m-SC2H4{C5H9NMe})2Cl2] 3.374 143 ÿ 41 311 be [143] gihmoz
D.19 trans-[Pd2(m-SCH2CH2S)2(PPh3)2] 3.038 113 ÿ 30 302 be [144] yuxzog
D.20 trans-[Pd2(m-SC6H4PPh2)2I2] 2.965 110 ÿ 28 300 be [145] ibzdpd


2.915 107 ÿ 30 295 be
D.21 trans-[Pd2(m-SC2H4CpPPh2{FeCp})2Cl2] 3.363 141 ÿ 43 309 be [146]
D.22 trans-[Pd2(m-SC2H4CpPPh2{Fep})2(CNR)2]2� 3.215 130 ÿ 26 316 be [146]
D.23 [Pd2(m-OMe)2(hfacac)2] 2.984 154 ÿ 28 335 be [147] bijpal
D.24 [Pd2(m-StBu)2(S2CStBu)2] 3.162 132 ÿ 32, 83 313, 311 ba [124] butcpd
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Platinum compounds : As found for palladium, one should
expect both planar and bent structures among the platinum
compounds, given the weakness of the Pt ´´ ´ Pt interaction.
Planar structures are more common with the small bridging
oxygen atom, as seen in Table 8, although there are a few
hydroxo-bridged compounds with bent structures. The struc-
tural differences between similar compounds in this family
reflect the small energy differences found in our calculations.
As an example, the [Pt2(m-OH)2(Me2SO)4]2� cation in E.2,
E.3, and E.9 has a planar structure, whereas substitution of
two dimethylsulfoxide ligands by chloride ions in cis-[Pt2(m-
OH)2Cl2(Me2SO)2] (E.26) gives a bent structure.


According to the theoretical predictions, the L ´´ ´ R repul-
sions make the be form clearly unstable compared with other
structures. This is reflected in the experimental data, since the
only known be structures are those with bridging groups
constrained to the endo orientation by the formation of
chelate rings spanning a bridging and a terminal position
(7 c, structures E.36 ± 38), as discussed above for nickel.
According to our above discussion, compounds with carbonyl
or chloro terminal ligands could also give rise to be con-


formers, but none of these has been structurally characterized
so far.


If the two bridging atoms belong to a bidentate ligand (7 e),
an anti structure is unrealistic. Then, among the three syn
conformers, ps, be, and bx, it is the latter which is predicted to
be more stable, as actually found in a compound with such
type of bridging ligands (E.31). A related case is that of
compound E.23, in which the two carboxylato groups from the
bridging substituents are connected by hydrogen bonding to a
water molecule (O ´´´ O distances 2.76 and 2.94 �). Such
hydrogen bonds clearly impose a syn conformation that can
be realized in either of the ps, bx, or be cases. Among these, it
is the ps conformer that provides the right orientation (the
calculated value of jt j for [Pt2(m-SH)2(PH3)4]2� is 818, 1058,
and 468 in the ps, bx and be conformations, respectively;
Table S3) to allow for the hydrogen bonding between the two
substituents, as found in the experimental structure of E.23
(t� 788) with the ps conformation.


The ba conformation is found in those complexes (E.27 ±
29) in which one terminal ligand (nitrite, thiolate, or chloride)
at each metal atom has a lone pair pointing to a bridging


Table 8. Structural data (2, distances in �, angles in degrees) for binuclear PtII compounds of the type [Pt2(m-XR)2L4] and [PtM(m-XR)2L4]. For the ba
structures, the parameters t and S corresponding to the endo XR group are given first, those for the exo groups in the second place.


Compound Pt ´´ ´ Pt q t[a] � struct. ref. refcode


E.1 [Pt2(m-OH)2(NH3)4]2� 3.085 180 p [148]
E.2 [Pt2(m-OH)2(Me2SO)4](BF4)2 3.144 180 p [149] julwiw
E.3 [Pt2(m-OH)2(Me2SO)4](CF3SO3)2 3.142 180 p [149] julwoc
E.4 [Pt2(m-OH)2(C6F5)4]2ÿ 3.211 180 26 358 pa [150] komweo
E.5 [Pt2(m-OH)2(Me2en)2]2� 3.138 180 p [151] kuywik
E.6 [Pt2(m-OLi{thf}2)2(CH{PPh2}2)2] 3.112 180 64 312 pa [32, 152] wekyam10
E.7 [Pt2(m-OAuPPh3)2(cod)2] 3.093 180 26 351 pa [153]
E.8 [Pt2(m-OH)2(thtO)4]2� 3.137 180 p [154] favkiw
E.9 [Pt2(m-OH)2(Me2SO)4]2� 3.146 180 p [155] defluv
E.10 [Pt2(m-OH)2(dppm)2]2� 3.270 180 4 360 p [32, 152] wekxuf10
E.11 [Pt2(m-OH)2(dppf)2]2� 3.226 180 p [156] gaglab
E.12 [Pt2(m-OH)2(dppb)2]2� 3.215 180 p [152] zotlid
E.13 [Pt2(m-OH)2(PMe3)4]2� 3.261 180 p [157] vidvuz
E.14 [Pt2(m-OH)2(PPh3)4]2� 3.153 180 pa [152] zotlav
E.15 [Pt2(m-SC5H9NMe)2(en)2]2� 3.451 180 62 314 pa [158] komzuh
E.16 [Pt2(m-SC5H10NMe)2(en)2]4� 3.447 180 64 311 pa [158] konbeu
E.17 [Pt2(m-SC5H9NMe)2(dppe)2]2� 3.549 180 71 301 pa [131] kurmuf
E.18 trans-[Pt2(m-SPh)2Ph2(PMe2Ph)2] 3.570 180 62 314 pa [159] lepcak
E.19 [Pt2(m-SAuCl)2(PPh3)4] 3.567 180 96 270 pa [46] factos
E.20 trans-[Pt2(m-SCH2CH2CMe�CH2)2I2(PPh3)2] 3.539 180 67 308 pa [15] jejsew
E.21 [PdPt(m-SC5H9NMe)2(dppe)2]2� 3.542 180 72 299 pa [131] kurnam
E.22 trans-[Pt2(m-SeEt)2Cl2(PEt3)2] 3.647 177 71 301 pa [21] zeljuv
E.23 trans-[Pt2(m-SCH2CH{CO2}NHAc)2(bpy)2] 3.441 167 78 301 ps [14, 160] perlut10
E.24 [Pt2(m-OH)2(PEt3)4]2� 3.115 144 b [161] hepptb
E.25 [Pt2(m-OH)2(dppp)2]2� 3.120 143 b [162] hejsiy
E.26 cis-[Pt2(m-OH)2Cl2(Me2SO)2] 3.050 148 b [163] lespee
E.27 cis-[Pt2(m-SMe)2(NO2)2(PPh3)2] 3.341 144 ÿ 47, 89 303, 303 ba [47] daxtol
E.28 cis-[Pt2(m-SBz)2(SBz)2(PMePh2)2] 3.348 137 ÿ 42, 95 305, 298 ba [164] birjan
E.29 cis-[Pt2(m-SEt)2Cl2(PPr3)2] 3.206 129 ÿ 35, 95 307, 302 ba [165] ethpdp
E.30 [Pt2(m-OPt{cod}Cl)2(cod)2] 3.039 151 27 358 bx [153]
E.31 [Pt2(m-O2LiBF4)(PPh3)4] 2.969 140 128 255 bx [32] kibteu10
E.32 [{Pt2(m3-S)2(dppe)2}2Cu]2� 3.072 118 132 244 bx [33] nilder


3.129 121 130 245 bx
E.33 [(PPh3)2Pt(m-S{CH2}2S)Rh(cod)]� 3.010 111 114 265 bx [34]
E.34 [(PPh3)2Pt(m-S{CH2}3S)Rh(cod)]� 3.065 121 99 292 bx [34]
E.35 [(PPh3)2Pt(m-S{CH2}4S)Rh(cod)]� 3.408 151 77 311 bx [34]
E.36 [Pt2(m-SC5H9NMe)2Br2] 3.142 127 ÿ 37 303 be [166] sewnud
E.37 trans-[Pt2(m-SCH2COCH2)2(PPh3)2] 3.088 116 ÿ 38 293 be [167] piffit
E.38 trans-[Pt2(m-SC2H4C{Me}�CH2)2I2] 3.027 116 ÿ 36 294 be [15] jejsas


[a] Negative values correspond to the endo substituent.
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ligand. In such cases, the bridging group closer to the lone-
pair-carrying terminal ligands is invariably found in the endo
position, probably favored by a negative ILR term (i.e., a weak
L ´´´ HÿC hydrogen bond). In all these compounds, contacts
between the a carbon atom of the bridging ligand and the
donor atom of the terminal ligand can be found between 3.26
and 3.50 �.


Gold compounds : The gold compound closer to one of our
models, [Au2(m-SEt)2Me4] (F.1 in Table 9), has a be structure
as predicted for [Au2(m-SH)2Me4] (Table 2). However, it must
be noticed that the degree of bending experimentally found
(q� 1428) is much less than in our calculations (q� 1188). The
degree of bending of the bx structure of F.2 is also relatively
small (q� 1518). The rest of the structurally characterized
gold compounds appear in the pa conformation, which is
expected to be some 2 ± 4 kcal molÿ1 less stable than one of the
bent forms in our model calculations. The disagreement
between the experimental structures and the results of our
calculations is not surprising given the small energy differ-
ences, but we think that it is due to the existence of weak
hydrogen bonding between the terminal ligands and the
hydrogen atoms of the substituents in the model molecules
that are absent in the experimental compounds. A special case
is that of [Au2(m-SPh)2Cl4], which shows the bx conformation
(F.2), probably because the stacking interactions between the
phenyl groups makes the IRR term an attractive one (it is
repulsive in the model compounds, Table 3). Such interaction
between two benzene molecules has been estimated by ab
initio calculations to be attractive (1.2 kcal molÿ1) at an
optimum distance of 3.71 �,[168] practically identical to that
between the centroids of the two phenyl groups in F.2
(3.64 �). Compared with our model calculations for [Au2(m-
SH)2Cl4], the stabilization of the bx form as a result of the
stacking interaction, combined with the enhanced ILR repul-
sion between the phenyl groups and the chloro ligands that
destabilize the ba and be conformers, can explain the bx
conformation shown by F.2.


Contrary to the expectations from our calculated energies
Table 2), most of the gold compounds appear in the planar pa
conformation. This is not strange since the IMM term is found
to be positive for the gold complexes with chloro terminal
ligands and thiolato groups as bridges. Hence, the planar
structure should be expected to be stable, especially in the pa
conformation in which both L ´´ ´ R and R ´´´ R repulsions are
absent. The fact that our model calculations predict the be and
ba conformations to be more stable than that experimentally


found is probably owing to existence of weak hydrogen bonds
between the HSÿ bridging groups and the terminal chlorides
in the model compound, whereas such interactions are absent
in the real compounds with non-hydrogen substituents at the
bridging atoms. The different degree of bending experimen-
tally found for the compounds with Me and Cl terminal
ligands is in good agreement with the dependence of the M ´´´
M interaction on the nature of terminal ligands as established
previously.[35]


Dynamic behavior: some hints
As summarized in the introductory section, there is


spectroscopic evidence of the coexistence in solution of
different conformers of the binuclear compounds under study.
This is consistent with the similar stability of the different
conformers found in our calculations. However, for such
intramolecular reactions to occur thermally, a low activation
energy is needed. Although we did not intend to carry out a
mechanistic study, and no attempt has been made to locate
transition states, the relative energies of the different con-
formers can provide some hints on three of the possible
dynamic processes. We focus first on the ba conformer, for
which the two R groups are nonequivalent, and exchange of
the endo and exo positions can in principle proceed through
two alternative pathways: a) by ring inversion through a
transition state close to the pa conformer (8), or b) by bridge
inversion through a syn conformation with the bridging atoms
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in a planar trigonal geometry (st in 8). According to the
energy partition scheme described above, we can estimate the
barrier for the two pathways, neglecting the ligand ´´ ´ sub-


Table 9. Structural data (2, distances in �, angles in degrees) for AuIII binuclear complexes of the type [Au2(m-XR)2L4].


Compound Au ´´´ Au q t � struct. ref. refcode


F.1 [Au2(m-SEt)2Me4] 3.458 142 ÿ 41 310 be [169] culyir
F.2 [Au2(m-SPh)2Cl4] 3.357 151 87 297 bx [170] viflif
F.3 [Au2(m-OH)2(C4Ph4)2] 3.425 180 p [171] hxpaup


3.431 180 p
F.4 [Au2(m-OH)2(C6H4NO2)4] 3.150 180 47 331 pa [172] zutjaz
F.5 [Au2(m-TeC6H2Ph3)2I4] 3.854 180 67 306 pa [173] yeknor


3.957 180 69 306 pa
F.6 [Au2(m-SAuCl)2Cl4]2ÿ 3.440 180 77 294 pa [174] zodlin
F.7 [Au2(m-SAuCl)2Cl4]2ÿ 3.463 180 77 294 pa [174] zodlot
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stituent and substituent ´´ ´ substituent repulsions in the st form
[Eqs. (8) and (9)].


Ea1�EpaÿEba�ÿ IMMÿ ILR (8)


Ea2�EstÿEba�ÿ 2 VXÿ ILR (9)


The estimated values of Ea1 (Table 3) for those model
complexes for which a bent structure was found to be more
stable are much lower than the corresponding Ea2 values,
except for the hydroxo- and alkoxo-bridged compounds. In
other words, the bridge inversion is expected to have a much
higher activation energy than the ring inversion for thiolato-
bridged complexes, in keeping with the low stabilization
associated with their bent forms (IMM) as compared with the
energy of pyramidalization of the bridging atom (VX). Since
the pyramidalization is much less favored for oxygen than for
the other studied bridges, it is no surprise that in the hydroxo-
and alkoxo-bridged compounds the two pathways seem to be
competitive. The estimated low activation energies, on the
other hand, are in good agreement with the finding that the
fluxional process is intramolecular in cis-[Pt2(m-
SEt)2Cl2(PPr3)2].[11] Furthermore, the theoretically estimated
barrier of 9.8 kcal molÿ1 for [Rh2(m-SH)2(PH3)4] (assuming
that the entropy contribution is comparatively small) is in
excellent agreement with the experimentally estimated free
energy of activation in solution of about 10 kcal molÿ1 for a
rhodium complex[12] that presents the ba conformation in the
solid state.


Another process for which we can obtain some insight from
the computational results is the interconversion of the pa and
ps conformers, conceivably proceeding through a transition
state in which one of the bridging atoms is inverted (9). The
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activation energy can be roughly estimated as the correspond-
ing VX value with negative sign. Such process has been
detected in the NMR spectra of the platinum compounds
E.23, which crystallizes in the ps conformation, and E.20, with
a solid state pa conformation. Their activation energies have
been estimated[15, 175] in the range between 13 and
20 kcal molÿ1 for thiolato bridges, with somewhat larger
barriers for analogous selenolato bridges. Such results are in
excellent agreement with the computational value of ÿVX for
[Pt2(m-SMe)2(PH3)4]2� (16 kcal molÿ1).


Finally, the solution isomerization at room temperature of
rhodium and iridium complexes that appear in the solid state
as a be conformer, may consist of a ring-inversion process


through a ps transition state leading to the bx conform-
er.[12, 17±20] The activation energy for such process can therefore
be estimated as in Equation (10); this is found (Table 3) to be
of 2 kcal molÿ1 for the hydroxo-bridged rhodium compound,
and between 9 and 12 kcal molÿ1 for the thiolato-bridged
rhodium and iridium complexes.


Ea3�EpsÿEbe�ÿ IMMÿ 2 ILR (10)


Conclusions


The combined use of theoretical studies and a structural
database analysis has allowed us to establish some guidelines
for understanding the structural choice between the possible
conformers in binuclear compounds of d8 transition metals
with monosubstituted bridges of the types [M2(m-Y)(m-
XR)L4] and [M2(m-XR)2L4]. A systematic ab initio study
was carried out for the different conformers of complexes
with a variety of combinations of metal atom, bridging atom,
bridge substituent, and terminal ligands. In general, the
predicted conformation for a particular molecule is in good
qualitative agreement with its experimentally determined
structure. Simplifications introduced in the theoretical model
(i.e., replacing a PPh3 terminal ligand by PH3) may alter the
relative stabilities of the different conformers within a few
kcal molÿ1.


Theoretical studies at the ab initio MP2 level for RXH2
�


ions (X�O, S, Se, or Te; R�H or Me), show that the
tendency towards pyramidalization increases in the order
O� S< Se<Te. The same trend is found at the EH level for
the model [Rh2(m-XR)2Cl4]4ÿ complexes and at the ab initio
MP2 level for [M2(m-Y)(m-XR)L4] and [M2(m-XR)2L4] com-
pounds. The pyramidalization of the bridging atom is slightly
favored for X�O (1 ± 3 kcal molÿ1), but represents an im-
portant stabilization factor for X� S (12 ± 20 kcal molÿ1). Such
behavior is reflected in both the calculated and experimental
structural data by the sum of the bond angles around the
bridging atom, S, which is close to 3608 for X�O, but
significantly smaller for X� S, Se, or Te. The tendency
towards a pyramidal geometry around the sulfur bridging
atoms results in a correlation between the bending of the
coordination planes (q) and the out of plane displacement of
the bridge substituent (t). Consequently, imposing a given
value of t by means of bidentate ligands allows for a control of
the degree of bending.


A driving force for bending the molecules is the weak
d8 ´´ ´ d8 interaction between the two ML2 fragments; this is
decreased in part by the steric repulsion between the terminal
ligands. The strength of such interaction increases in the order
Au<Ni�Pd�Pt<Rh� Ir. The nature of the terminal
ligands is seen to affect the M ´´´ M interaction. Also larger,
less electronegative bridging atoms seem to favor the weak
M ´´´ M bonding.


Ligand ´´´ substituent interactions are destabilizing in most
cases, as would be expected from steric arguments. Such
repulsions are relieved in part by changes in the M-X-M and t


angles. Therefore, the bent conformers have all similar
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energies when X�H, but the be structure is clearly destabi-
lized by stronger ligand ´´´ substituent interactions for X�Me.
When chloro or carbonyl groups occupy the terminal coordi-
nation positions, the ligand ´´´ substituent term appears
to be attractive, indicating weak hydrogen bonding that
stabilizes the endo conformation of the bridging group cis to
them.


Repulsions between the bridge substituents in the exo
conformation are very small for the XH bridges, but increase
by about 10 kcal molÿ1 upon substitution by a methyl group. A
special case, according to the experimental data, is provided
by the C6F5 and C6F4H substituents, which apparently favor
the exo conformation. For the model compound with mixed
bridges, [Pt2(m-S)(m-SR)(PH3)4]� (R�H, Me), the bent con-
formations are more stable than the planar ones, and the
methyl group introduces substituent ´´ ´ ligand repulsions in
the be conformer.


An analysis of the experimental structural data confirms
the general trends revealed by the theoretical study. Further-
more, other features not present in the model calculations can
be detected that might be useful for the design of new
compounds.
a) The presence of chelate rings involving the bridging atom


and at least one terminal donor atom favor the be
structure.


b) Linking the bridging atom with a terminal ligand through
chemical bonds stabilize the be conformer, making it a
very common structural motif among complexes of type
7 a ± 7 d.


c) Bidentate ligands occupying the two bridging positions
favor the bx conformation (7 e).


Comparison of the energies of the different conformers can
provide some hints on the possible mechanisms of dynamic
processes.
1) Fluxionality of ba compounds can proceed easily through a


ring inversion mechanism, and only for oxygen-bridged
complexes does the bridge inversion provide a competitive
mechanism.


2) Interconversion of pa and ps conformers of palladium and
platinum is likely to proceed through a bridge inversion
mechanism.


3) The dynamic behavior observed for rhodium and iridium
be compounds may correspond to an isomerization to bx
through ring inversion, which is estimated to have a low
activation barrier.
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AppendixÐComputational Details


Extended Hückel calculations[176, 177] were used to illustrate the qualitative
discussion, taking [Rh2(m-XR)2Cl4]4ÿ as a model compound. Cl-Rh-Cl and
S-C-H bond angles were taken as 90 and 1108, respectively. The following
bond distances were used: RhÿCl� 2.40, RhÿO� 2.07, RhÿS� 2.35,
SÿC� 1.82, SÿH� 1.35, CÿH� 1.09, and OÿH� 0.96 �. The calculations
were carried out with the YAeHMOP[178] program using the modified
Wolfsberg-Helmholz formula.[179] Standard atomic parameters were used
for Rh,[180] Cl,[181] S,[182] H, C, and O.[177] All ab initio calculations were
performed with the GAUSSIAN 94 suite of programs.[183] A molecular
orbital ab initio method with introduction of correlation energy through the
second-order Mùller ± Plesset (MP2) perturbation[184] approach was ap-
plied, excluding excitations concerning the lowest energy electrons (frozen-
core approach). The MP2 level was used because it is well established that
Hartree ± Fock calculations do not adequately describe the M ´´´ M
contacts. A basis set with double-z quality for the valence orbitals was
used for all atoms, supplemented by polarization functions with effective
core potentials for the innermost electrons, except for the H atoms of the
PH3 and Me groups, for which a minimal basis set was used.[185] More details
on the basis set can be found in our previous paper.[24] The internal
structures of the methyl and phosphine ligands were kept frozen in the
optimizations (CÿH� 1.094, PÿH� 1.42 �; H-C-H� 110.2, H-P-H�
93.28). All other geometrical parameters were optimized to find the most
stable structure for each compound. For those compounds in which R�
Me, the relative orientation of the two methyl groups were optimized for
the rhodium model compounds. Since the methyl groups in the optimized
structures were always found either in an eclipsed (e) or a staggered (s)
conformation, calculations for other metals were carried out only at these
two orientations, and the energies and structural parameters given in
Tables 2 ± 3 and S1 ± S5 correspond to the most stable one. In order to
evaluate the energy differences between the bent and planar geometries,
optimizations were performed for the least stable structure of each
compound, while keeping the value of the angle q fixed at 1808 or about
1208. With the energies for the different conformers calculated in this way,
the different energy contributions (Table 3) were evaluated through
Equations (1) ± (7).[186] Symmetry restrictions were introduced in the
optimizations when possible. The reported energies are quite similar to
those calculated at the MP2 level for the Hartree ± Fock optimized
geometries of thiolato-bridged platinum compounds in a previous pa-
per.[187]


The collection of structural data was obtained through a systematic search
of the Cambridge Structural Database[23] (version 5.12) for compounds of
general formula [M2(m-XR)2L4], in which M was imposed to be a metal at
its oxidation state with a d8 configuration: CoI, RhI, IrI, NiII, PdII, PtII, AuIII,
Ru,0 or Os0, and X was allowed to be any element of Groups 13 ± 17. The
bending angle q was obtained as that between the two MX2 planes.


Abbreviations


bpy� 2,2'-bipyridine; cod� 1, 5-cyclooctadiene; dppb� 1,4-bis(diphenyl-
phosphino)-butane; dppe� 1,2-bis(diphenylphosphino)etane; dppf� 1,1'-
bis(diphenylphosphino)-ferrocene; dppm�bis(diphenylphosphino)me-
thane; dppp� 1,3-bis(diphenylphosphino)-propane; eia�N-(2'-ethanola-
to)-acetylacetoniminate(2-); en� 1,2-ethylenediamine; hfacac�hexa-
fluoro-acetylacetonate(1-); nbd� 2,5-norbornadiene; nsn�N,N'-bis-
(4-methyl-2,6-dimethylene-phenylthiolate)-bis(1,3-diamino-propane) (2-);
tacteneO2� 11,23-dimethyl-3,7,15,19-tetraazatricyclo-hexacosa-2,7,9,11,13-
(26),14,19(25),22,24-decaene-25,25-diolate(2-); thf� tetrahydrofuran;
thtO� tetrahydrothiophene oxide.
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Trapping of 4-Halo-2-chlorobicyclo[2.1.1]hex-1-ene:
DFT Calculations on This and Related Molecules**


Thomas Ströter, Oliver Jarosch, and Günter Szeimies*


Abstract: The reaction of 1-chloro-3-
trichloromethylbicyclo[1.1.1]pentane 5 a
with an excess of MeLi leads to 1,3-di-
chloro-3,4-dimethylbicyclo[2.1.1]hexane
(7 a) as the major product in 33 % yield,
as well as to the bicyclo[2.1.1]hexane de-
rivatives 6 a and 8 a. 13C labeling shows
that 7 a is formed through two routes, the
minor one constituting a trapping reac-
tion of the elusive bicyclo[2.1.1]hex-1-
ene (3) by MeLi. This bridgehead olefin
is also trapped in an ene reaction with a-


methylstyrene leading to 18 in 8 % yield.
DFT calculations at the B3LYP/6-
311G(d,p)//B3LYP/6-31G(d) level of
theory show that 3-chlorobicyclo[1.1.1]-
pent-1-yl-chlorocarbene (2 a) in its sin-
glet electronic state is local minimum on
the corresponding energy hypersurface.


It rearranges over a barrier of only
7.9 kcal molÿ1 to the strongly pyramidal-
ized bridgehead olefin 3 a, which shows a
high propensity for a second rearrange-
ment (barrier 8.4 kcal molÿ1) to give
carbene 4 a. Hydrogen migration of 4 a
to afford 1,3-dichlorobicyclo[2.1.1]hex-
2-ene (20 a) needs a somewhat higher
barrier of 13.2 kcal molÿ1 and is not
observed under the experimental con-
ditions employed in this work.


Keywords: bridgehead olefins ´
carbenes ´ ene reactions ´
rearrangements


Introduction


The rearrangement cascade carbene!bridgehead ole-
fin!carbene belongs to the fascinating modes of stabilization
of reactive intermediates. A prominent reaction sequence has
been reported by Eaton et al.,[2] and we have recently added a
second example, in which carbenoids of type 1 rearranged,
probably after elimination of LiY, via carbenes 2 and bridge-
head olefins 3 to give carbenes 4 (see Scheme 1), which were
trapped by cycloaddition reactions with olefins, by insertion
reaction into the SiÿH bond of Et3SiH, and by addition of


Scheme 1. Reaction scheme for the formation of 4.


organolithium bases and even lithium halides.[3] Furthermore,
labeling of the exocyclic C atom in 1 proved that two CÿC
bonds were broken and two CÿC bonds were newly formed in
the reaction sequence.[3] Whereas the formation of carbenes 4
in Scheme 1 was experimentally well-established, it is not
clear yet, if carbenes 2 are intermediates or if LiY elimination
of 1 and ring enlargement to give 3 take place in a concerted
process. In addition, efforts of trapping alkenes 3 have not
been successful so far in our work.[3]


Herein we report on results that were obtained in extending
our investigations on bicyclo[1.1.1]pentanes of type 5 and on a
trapping experiment of 3. Furthermore, some stationary
points of the C6H6XY potential-energy surface have been
calculated by DFT methods, from which information on the
structure and energy of 2, 3, and 4, and on the energy barriers
separating these molecules could be obtained. In addition, the
possibility of the involvement of triplet states of carbenes 2
and 4 and alkenes 3 has been investigated.


Results and Discussion


Reaction of 1-halo-3-trichloromethylbicyclo[1.1.1]pentane
with methyllithium : The formation of 1-chloro-3-trichloro-
methylbicyclo[1.1.1]pentane 5 a by radical chain addition of
carbon tetrachloride to [1.1.1]propellane has been reported;[4]


the tetrahalide 5 a could be isolated in 50 % yield. The
analogous addition of bromotrichloromethane has only been
mentioned as an NMR-tube experiment.[4] Working on a


[a] Prof. G. Szeimies, Dr. T. Ströter, Dr. O. Jarosch
Institut für Chemie, Humboldt Universität zu Berlin,
Hessische Strasse 1-2, D-10115 Berlin (Germany)
Fax: (�49) 30-2093-6940


[**]: See ref. [1].
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0.1 mole scale, 5 b was obtained in 76 % yield; 5 a and 5 b
served as the major model compounds for the reaction with
MeLi. These reactions were carried out with salt-free MeLi at
ÿ78 8C in ether by addition of solutions of 5 a/b to an excess of
MeLi (4 equiv).


Aqueous workup afforded a mixture of the products 6, 7,
and 8, which could be separated by chromatographic methods.


Compound 7 was the major product, but 6 prevailed over 7
when MeLi was added to the solution of 5. Results are given in
Table 1.


The structures of 6, 7, and 8 followed from their NMR
spectra. Whereas the formation of trihalide 6 could be
expected from our earlier results,[3] the structures of 7 and 8
were unexpected and need some comment. As it could be
excluded that 7 was formed by reaction of 6 with MeLi, the
bridgehead methyl group had to be introduced at an earlier
stage during the reaction course. There are three ways that
this could occur.
1) Nucleophilic exchange of chloride against methyl could


take place in carbenoid 1. Related reactions have been
observed with vinylic carbenoids.[5] In detail, carbenoid 1
could either undergo a displacement reaction with ex-
change of chloride against methyl, or, alternatively, could
give carbene 2, which could add MeLi to afford 9. After
LiCl elimination from 9, the double rearrangement of
carbene 10 would lead via bridgehead alkene 11 to carbene
12, which could be stabilized by addition of MeLi affording
13, followed by lithium chlorine exchange with 5 a to give 7.
Alternatively, but less probable, the carbenic carbon in 12
could undergo an insertion reaction into the chloro ± car-
bon bond of chloromethane, present in the reaction
mixture, by lithium chlorine exchange of MeLi and 5, to
give 7.


2) Instead of rearranging, 11 could be trapped by MeLi,
which would also lead to 13 and by the same sequence as
discussed above would give 7.


3) Alternatively, MeLi could add to 3 (Y�Cl) affording 14,
which could lose LiCl to 12, which in turn could be
converted into 7 as indicated above.


Compound 8 could be generated by a CH insertion reaction
of carbene 12 into the methyl group of chloromethane which
is generated by lithium chlorine exchange of MeLi with 5. The
processes 2) and 3) are particularly interesting, because they
could be regarded as trapping reactions of the elusive
bicyclo[2.1.1]hexene system, whose existence has not been
fully established so far. Reaction path 1) can be differentiated
from 2) and 3) by a labeling experiment: the formation of 7
from path 1) proceeds with two rearrangements, while 7
produced from paths 2) or 3) is formed with only one ring
enlargement reaction. Placing a 13C label at the exocyclic
carbon of 5 a, path 1) will show the label at C4, path 2) and 3)
at C3 of 7 a.


Enriched 1-chloro-3-trichloro[13C]methylbicyclo[1.1.1]pen-
tane (5 a*) was obtained by addition of [13C]Cl4 to [1.1.1]pro-
pellane. The enrichment of 13C with respect to natural
abundance was 3.295:1.00. When 5 a* was added to an excess
of MeLi, the isolated products 6 a*, 7 a*, and 8 a* showed a
label distribution as given in the formulas below. The label
distribution was determined by 13NMR spectroscopy using the
inverse gated decoupling pulse sequence.[6]


As already seen in our prior investigation,[3] the full 13C
content is retained at C1 of the trichloride 6 a*, indicating that
two rearrangements have taken place during its formation. In
7 a* and 8 a*, most of the label (92 % and, respectively, 88 %)
is retained at C4, which is again in accord with two 1,2-
carbon ± carbon bond shifts. However, for both compounds
there is a second route to product (followed with 8 % and,
respectively, with 12 %), which proceeds with only one
rearrangement. This result indicates that formation of 7


Table 1. % Yield of 6, 7, and 8 from the reaction of 5 with MeLi.


5 % Yield of 6 % Yield of 7 % Yield of 8


a 7 33 3
b 12 29 4
reversed addition
a 26 7 2
b 31 5 < 1
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proceeds to a minor extent by a trapping reaction of a
bicyclo[2.1.1]hex-1-ene derivative with MeLi. The question, if
3 a (X�Y�Cl) or 11 (X�Cl) is involved in the trapping
reaction cannot be decided from this experiment; it will be re-
addressed later (see section on DFT Calculations).


Reaction of 1-halo-3-trichloromethylbicyclo[1.1.1]pentane
with methyllithium in the presence of a-methylstyrene : When
a solution of halide-free MeLi (1.04 equiv) in ether was added
to a solution of 5 b and a-methylstyrene (molar ratio 1:38) in
ether atÿ78 8C, and the mixture was allowed to warm to room
temperature, aqueous workup afforded the products 15, 16,
17 a, 17 b, and 18 in yields given in brackets behind the formula
numbers (see diagram). Compound 15 was separated by
sublimation at 2.0 x 10ÿ5 mbar and room temperature, the
remaining components were purified by column chromatog-
raphy with silica gel.


The structures of the products were determined by NMR
spectroscopy, with 1H 1H COSY, 1H 13C HETCOR, and for 18
also 13C 13C INADEQUATE techniques. In Table 2, selected


1J (13C13C) coupling constants of 18 are given. Looking at the
structures of the products, it is evident that 16 and 17 a/b
originate from carbenoid 1 (X�Br, Y�Cl). Whereas 17 a and
b stem from a carbenoid-cycloaddition reaction with a-
methylstyrene, the formation of 16 is the outcome of a
carbenoid-coupling reaction.[7] Probably for steric reasons,
only one of the two diastereomers, presumably the trans
isomer, was formed.


Reaction conditions differ in this experiment from those
reported without the presence of a-methylstyrene by a very
low MeLi concentration at any time. Therefore, neither
bridgehead olefin 3 b nor carbene 4 b is trapped by MeLi.
Instead, carbene 4 b adds LiCl to give carbenoid 19, which in a
Li/Cl exchange reaction with 5 b would give rise to the
formation of 15. The addition of lithium halide to a carbene
has been reported in the literature.[8] A reasonable alternative
for the stabilization of the carbenic center in 4 b, that is,
hydrogen migration to afford 20 b, was not observed.


Concerning the outcome of this reaction, alkene 18 is the
most significant product of this experiment. The structure of
18 is consistent with an ene reaction of 3 b and a-methylstyr-
ene at the methyl group and C�C double bond. As the double
bond in 3 b is strongly twisted, it will have a considerable
diradical character. This could lead to three limiting mecha-
nisms:
a) Compound 3 b could abstract a hydrogen from a-methyl-


styrene, giving rise to the radical pair 21, which collapses to
18.


b) Compound 3 b could add to a-methylstyrene, affording
diradical 22, which could be stabilized by hydrogen
abstraction.


c) CÿC bond formation between 3 b and a-methylstyrene and
hydrogen migration could take place in a concerted way as
depicted in 23.


The use of [CD3]-a-methylstyrene as one component for
the ene reaction allowed some differentiation between the
mechanistic alternatives. In this experiment, [D3]18 was
isolated again in 8 % yield. NMR spectroscopy of [D3]18
revealed that the deuterium distribution was as follows: 1.0 D
was found at C-3 of the bicyclo[2.1.1]pentane framework and
2.0 D were at the vinylic carbon of the side chain. This result


Table 2. Selected 1J (13C13C) [Hz] of 18 obtained from the INADEQUATE
spectrum.


Pair J [Hz] Pair J [Hz]


C1C2 35.8 C3C4[a] ±
C1C5 26.5 C4C5 29.2
C1C6 25.2 C4C6 29.2
C1C1' 39.8 C1'C2' 42.5
C2C3 33.2 C2'C3' 71.7


[a] This value could not be determined with certainty.
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implies that mechanistic alter-
native a) assuming the radical
pair 21 as an intermediate
should be excluded. A deci-
sion between 22 and 23 is
not possible from this experi-
ment.


DFT calculations on the carbene-bridgehead olefine-carbene
rearrangement : Some years ago, ab initio calculations using
the GAUSSIAN 90 program package were carried out on 2 b,
3 b, and 4 b at the MP2/6-31G(d)//MP2/6-31G(d) level of
theory, which showed that the rearrangements 2 b!3 b!4 b
are both exothermic.[3] In this paper, we have tried to solve
additional problems by computational methods: i) influence
of X and Y on the energy of 2, 3, and 4 and on the structure of
3, and ii) for selected models, influence of X and Y on the
potential-energy barriers TS 1 and TS 2, separating 2, 3, and 4.
In addition, insight into the energy barrier TS 3 of hydrogen
migration leading from 4 to 20 seemed interesting.


Singlet states : The Gaussian 94 program package[10] was
mainly used. Specifically, the density functional theory
(DFT)[11] with the Becke3 exchange[12] and the LYP correla-
tion functional,[12] and the 6-31G(d) basis set were applied
preferentially in this investigation. For transition states and
bridgehead olefins 3 with partial biradical character the spin-
unrestricted model seemed appropriate. Identical results were
obtained for transition states TS 1, TS 2, and TS 3 from the
spin-unrestricted and the spin-restricted formalism. For
olefins 3, lower energies were found with the unrestricted
formalism. However, the wave functions of the unrestricted
formalism are not eigenfunctions of the S2 operator. For
bicyclo[2.1.1]hex-1-enes 3, hS2i values as high as 0.94 were
calculated, indicating that the electronic states of 3 are
mixtures of singlets and higher spin states, preferentially
triplets. After spin annihilation, the hS2i values dropped to
0.05, showing that the projected wave function might be


regarded as reasonable for the singlet state of alkenes 3.[13] For
all stationary points, frequency calculations were carried out
at the B3LYP/6-31G(d) or UB3LYP/6-31G(d) levels of
theory. In all cases, transition structures showed one imagi-
nary frequency. Finally, the energies of the optimized
6-31G(d) structures were recalculated using the B3LYP or
UB3LYP formalism and the 6-311G(d,p) basis set. Results are
given in Table 3; for alkenes 3, hS2i values before and after
spin annihilation are also included.


Guided by our experimental results, in which carbenes of
type 4 could be trapped in several cases,[3] the carbenes 4 are
taken as reference systems. Table 4 gives the relative energies
of 2, 3, and 20, and of the barriers TS 1 ± 2, TS 2 ± 3, and TS 3 ± 4
with respect to 4, based on the B3LYP/6-311G(d,p)//B3LYP/
6-31G(d) results, including ZPE/6-31G(d) corrections.


Table 4 contains some interesting features. Carbene 2 c is
not a local energy minimum and the barrier between carbene
2 d and alkene 3 d is practically nonexistent. The chlorocar-
benes 2 a and 2 e are local energy minima separated by a
barrier of 7.1 ± 7.9 kcal molÿ1 from the corresponding bridge-
head olefin 3. Olefins 3 are considerably lower in energy than
the corresponding singlet carbenes 2 ; the energy differences
are DE�ÿ16.8 kcal for 3 a/2 a, DE�ÿ27.4 kcal for 3 d/2 d,
DE�ÿ16.4 kcal for 3 e/2 e, DE�ÿ23.3 for 3 f/2 f, and DE�
ÿ23.6 for 3 g/2 g. Obviously, a chlorine atom at the carbenic
center in 2 a and e stabilizes the singlet carbene considerably,
but has a smaller effect in stabilizing the bridgehead olefin 3 a
and e. All bridgehead olefins 3 are less stable than the
corresponding carbenes 4. The barriers TS 2 ± 3 for the
rearrangement of 3!4 depend slightly on the substituents
Y at the bridgehead double bond; the methyl group effects a
greater decrease than a chlorine atom. In the rearrangment of
4!20, the substituents Y are not located at the reactive site;
consequently the barrier heights of TS 3 ± 4 and the energy
differences of 20 ± 4 vary only marginally. The former range
from 12.4 to 13.2 kcal molÿ1, and the latter from ÿ51.2 to
ÿ52.7 kcal molÿ1. It is interesting to note that in our low-
temperature experiments hydrogen migration from 4 to
afford 20 was not observed. Obviously the lifetime of carbenes
of type 4 is sufficiently long to favor intermolecular trapping
processes.


The rearrangement of homo-1(9)-cubene, which also con-
tains a trans cyclopentene substructure, to 9-homocubylidene
has been investigated theoretically.[15, 16] Holthausen and Koch
have calculated the potential-energy barrier for this process at
the CASSCF/DZP level of theory and obtained a value of
23.5 kcal molÿ1,[16] which is considerably higher than our
values of Table 3. In a recent paper Hrovat and Borden
revisited this problem and computed a value for this barrier as
low as 8 kcal molÿ1.[17]


2-Bicyclo[2.1.1]hexylidene (4 c) has been the subject of a
DFT theoretical investigation by Schaefer III et al. who used
the BH and HLYP/DZP formalism.[18] In accordance with
earlier experimental results[19] they found that the preferred
internal stabilization of 4 c is hydrogen migration to afford
alkene 20 c. The activation enthalpy for this reaction was
calculated to be 16.2 kcal molÿ1, which is somewhat higher
than our B3LYP/6-311G**//B3LYP/6-31G* barrier of
12.6 kcal molÿ1.
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The results on the calculations of 3 a and 3 g open an answer
to a question, which could not be given experimentally: would
an excess of MeLi preferentially add to the C�C double bond
of 3 a or 3 g? In Figure 1, the total charges of C-1 and C-2 of 3 a
and 3 g are depicted. The numbers show that the C�C double
bond in 3 a is stronger polarized than the one in 3 g, which
might lead to a preferred reaction of 3 a with MeLi in
comparison to 3 g.


Figure 1. B3LYP/6-311G(d,p) charges of C1 and C2 of 3 a and g.


The calculated structures of the stationary points deserve
some comment.


1) Carbenes 2 : The structure of 2 a is shown in Figure 2.
Common features of the structures of all carbenes 2 are small
positive dihedral angles 416Y. In this conformation, the
interaction of the empty p orbital of C6 with the strained bond
C1ÿC2 is strong, as indicated by the short bond C6ÿC1.
Therefore C2 will be the migrating C atom, and C1ÿC2 will be
the breaking bond, which is already considerably elongated.
This is particularly true for 2 d, which is very close to the
transition state TS 1d. Some selected structural parameters of
2 are given in Table 5.


Table 3. Results of B3LYP/6-311G(d,p)//B3LYP/6-31G(d) calculations on 2, 3, 4, and 20 and on TS 1, TS 2, and TS 3.


X Y 2 TS 1 3 TS 2 4 TS 3 20
E[a] E[a] E[a] E[a] E[a] E[a] E[a]


ZPE[b] ZPE[b] hS2ib/hS2ia[d] ZPE[b] ZPE[b] ZPE[b] ZPE[b]


Etotal
[c] Etotal


[c] ZPE[b] Etotal
[c] Etotal


[c] Etotal
[c] Etotal


[c]


Etotal
[c]


Cl Cl a ÿ 1152.449079 ÿ 1152.434781 ÿ 1152.477261 ÿ 1152.458948 ÿ 1152.477503 ÿ 1152.452104 ÿ 1152.562904
0.101797 0.100953 0.744/0.029 0.100900 0.101509 0.099162 0.103899


ÿ 1152.461156 ÿ 1152.448522 0.102564 ÿ 1152.474626 ÿ 1152.491797 ÿ 1152.470724 ÿ 1152.574539
ÿ 1152.487983


H H c ± ± ÿ 233.269826 ÿ 233.249042 ÿ 233.279708 ÿ 233.255381 ÿ 233.365006
± ± 0.932/0.050 0.117568 0.118634 0.116267 0.120758
± ± 0.120330 ÿ 233.194766 ÿ 233.223771 ÿ 233.203768 ÿ 233.306708


ÿ 233.210339
Cl H d -692.827353 ÿ 692.826843 ÿ 692.873618 ÿ 692.855268 ÿ 692.880311 ÿ 692.855217 ÿ 692.965877


0.110122 0.110039 0.838/0.041 0.110465 0.111368 0.108969 0.113602
ÿ 692.806178 ÿ 692.806168 0.111080 ÿ 692.834824 ÿ 692.858177 ÿ 692.837350 ÿ 692.941272


ÿ 692.849830
H Cl e ÿ 692.846534 ÿ 692.833761 ÿ 692.874185 ÿ 692.855269 ÿ 692.879255 ÿ 692.855137 ÿ 692.965877


0.111278 0.110508 0.861/0.037 0.110750 0.111266 0.108850 0.113602
ÿ 692.822638 ÿ 692.811409 0.112107 ÿ 692.834545 ÿ 692.857348 ÿ 692.837520 ÿ 692.941272


ÿ 692.848810
H Me f ÿ 272.55262 ÿ 272.541392 ÿ 272.591431 ÿ 272.576514 ÿ 272.598813 ÿ 272.574494 ÿ 272.683607


0.147253 0.147477 0.942/0.052 0.147697 0.148415 0.146049 0.150752
ÿ 272.477410 ÿ 272.467271 0.148402 ÿ 272.503595 ÿ 272.524522 ÿ 272.504308 ÿ 272.606112


ÿ 272.514465
Cl Me g ÿ 732.155391 ÿ 732.144824 ÿ 732.195702 ÿ 732.182793 ÿ 732.199631 ÿ 732.174389 ÿ 732.284358


0.135082 0.135240 0.848/0.043 0.135495 0.136032 0.133709 0.138363
ÿ 732.117370 ÿ 732.106814 0.136142 ÿ 732.145634 ÿ 732.161537 ÿ 732.140464 ÿ 732.243138


ÿ 732.154942


[a] B3LYP/6-31G(d)//B3LYP/6-31G(d) energy in a.u. [b] Zero point energy, obtained from frequency calculations at the B3LYP/6-31G(d) level of theory
and scaled by a factor of 0.98040; see ref. [14]. [c] B3LYP/6-311G(d,p)//B3LYP/6-31G(d) energy, ZPE/B3LYP/6-31G(d) corrected. [d] hS2i before/hS2i after
spin annihilation.


Table 4. Relative energies (kcal molÿ1) of 2, 3, 4, and 20 and the barriers
TS 1-2, TS 2-3, and TS 3-4.


X Y 2 TS 1 ± 2 3 TS 2 ± 3 4 TS 3 ± 4 20
Erel


[a] Erel
[a] Erel


[a] Erel
[a] Erel


[a] Erel
[a] Erel


[a]


Cl Cl a 19.23 7.93 2.39 8.38 0.00 13.22 ÿ 51.92
H H c ± ± 8.43 9.77 0.00 12.55 ÿ 52.04
Cl H d 32.63 0.01 5.24 9.42 0.00 13.07 ÿ 52.14
H Cl e 21.78 7.05 5.36 8.95 0.00 12.44 ÿ 52.66
H Me f 29.56 6.36 6.31 6.82 0.00 12.68 ÿ 51.20
Cl Me g 27.72 6.62 4.14 5.84 0.00 13.22 ÿ 51.21


[a] kcal molÿ1.


Table 5. Selected structural parameters of 2.


X Y 2 C6ÿC1 C1ÿC2 C1ÿC4 C1ÿC5 C2ÿC3 C3ÿC4 C3ÿC5 Y61 614 416Y
[�] [�] [�] [�] [�] [�] [�] [8] [8] [8]


Cl Cl a 1.460 1.600 1.568 1.571 1.544 1.544 1.554 109.6 138.3 11.0
Cl H d 1.421 1.702 1.572 1.556 1.544 1.544 1.541 106.1 138.9 6.7
H Cl e 1.457 1.601 1.567 1.567 1.554 1.553 1.554 109.4 138.5 12.2
H Me f 1.445 1.607 1.588 1.563 1.554 1.549 1.552 113.4 137.9 10.2
Cl Me g 1.447 1.609 1.589 1.565 1.542 1.539 1.542 113.4 137.6 10.1
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Figure 2. B3LYP/6-31G(d) structures of 2 a, 3a, 4 a, TS 1a, TS 2a, and TS 3a
(Numbering of 2, 3, and 4 according to nomenclature, numbering of TS 1,
TS 2, and TS 3 as precursor).


2) Bridgehead olefins 3 : Bridgehead olefin 3 contains a trans-
cyclopentene substructure;[20] the C�C double bond is strong-
ly twisted. To retain some p overlap, 3 a ± g adopt a pyramidal
configuration at C2, as indicated by the dihedral angle Y214.
By necessity, C1 is also pyramidalized. The structure of 3 a is
depicted in Figure 2. Significant structural parameters are
shown in Table 6. A common structural feature of all alkenes
3 is the long C�C bond, with bond lengths between 1.445 and
1.470 �. The bond C1ÿC5 syn to Y is slightly longer than the
anti bond C1ÿC6. C5 will be the migrating C atom.


An interesting question with respect to the pyramidaliza-
tion of C2 in alkenes 3 is the inversion barrier, because some
insight into the residual p bond energy of the formal C�C
double bond C1ÿC2 might be obtained. Because of the
biradical nature of the transition state, it seemed appropriate
to calculate this barrier by using the (2,2)CASSCF and include
dynamic correlation. We chose the method of Nakano,[21]


implemented as MCQDPT procedure in the program
Gamess.[22] The potential-energy barrier, with zero-point-
energy correction, for the inversion of 3 e was calculated as
7.6 kcal molÿ1 (MCQDPT/6-31G(d)//CAS(2,2)/6-31G(d): 3 e
E�ÿ691.500720 a.u.; ZPE� 0.121261 a.u.; transition state
E�ÿ691.487320 a.u.; ZPE� 0.119966 a.u.).


3) Transition states TS 1, TS 2, TS 3 : Transition state TS 1 is
reached by further elongating the longest bicyclo[1.1.1]pentyl
sidebond C1ÿC2 and lowering the C2ÿC6 distance; the bond
C1ÿC6 gains C�C double bond character. The following
values are obtained in TS 1: a 1.884/1.938/1.401 �; d 1.799/
1.964/1.398 �; e 1.855/1.916/1.400 �; f 1.837/1.888/1.390 �; g
1.855/1.919/1.393 �.


The structure of TS 2 shows for the breaking C1ÿC5 and
new C2ÿC5 bonds distances of 1.853/2.033 � � for a, 1.773/
2.056 � for c, 1.801/2.021 � for d, 1.815/2.060 � for e, 1.769/
2.067 for f, and 1.811/2.028 � for g, whereas the vanishing
pyramidalized C�C double bond C1ÿC2 takes values of 1.398,
1.395, 1.405, 1.389, 1.408, and 1.417 �, respectively. It should
be realized that the migration of C5 to C2 takes place under
inversion of configuration at C2, the pyramidalized Y-carrying
carbon atom of bridgehead olefin 3.


Transition state TS 3 is nearly independent of the substitu-
ents X and Y. The distance of C3 to the migrating hydrogen is
1.270 ± 1.271 �, the corresponding distance to C2 1.366 ±
1.368 �, whereas the new C�C double bond shows a length
of 1.410 ± 1.417 �. In Figure 2 the structures of TS 1a, TS 2a,
and TS 3a are also depicted.


Triplet states : In the reaction sequence 2!3!4, reactive
intermediates are involved in which the triplet state could be
the ground state of the molecule. To shed some light on this
point, UB3LYP/6-31G(d) calculations were carried out for the
triplets of 2, 3, and 4. The results of these calculations are
given in Table 7. The last column shows the triplet-singlet
energy differences ET-S in kcal molÿ1.


As seen from the data in Table 6, the electronic ground
state of carbenes 2 c, d, f, and g is the triplet state. The
1-bicyclo[1.1.1]pentyl chlorocarbenes 2 a and e have singlet
ground states.[23] Although the ground state for bicyclo[2.1.1]-
hexenes 3 a ± g are singlets, the triplet ± singlet energy differ-
ence at <1 kcal molÿ1 is only marginal for 3 c and f, and small
for 3 d and e. Under these circumstances, triplet reactions of
these alkenes are not excluded under our experimental
conditions. As our model compounds resemble best the
properties of 3 a, for which DET-S was calculated to be
4.2 kcal molÿ1, triplet reactivity of 3 a is less probable within
the framework of our substitution pattern.


Table 6. Selected structural parameters of 3.


X Y 3 C1ÿC2 C1ÿC5 C1ÿC6 C2ÿC3 C3ÿC4 C4ÿC5 C4ÿC6 1234 Y214
[�] [�] [�] [�] [�] [�] [�] [8] [8]


Cl Cl a 1.445 1.557 1.540 1.536 1.562 1.573 1.543 6.0 130.1
H H c 1.470 1.561 1.544 1.533 1.559 1.574 1.558 3.7 138.7
Cl H d 1.458 1.558 1.541 1.534 1.558 1.571 1.542 6.7 132.0
H Cl e 1.457 1.560 1.541 1.537 1.562 1.576 1.558 3.6 132.5
H Me f 1.477 1.560 1.543 1.537 1.556 1.572 1.558 3.3 141.9
Cl Me g 1.466 1.558 1.542 1.538 1.555 1.568 1.541 6.3 136.8
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The structures of triplet carbenes 2 as well as triplet olefins
3 deserve some attention. Selected structural parameters are
given in Table 8 and 9. A pronounced structural difference
between singlet and triplet of carbenes 2 is the dihedral angle
416Y, which is close to 608 for the triplets. This leads, for the
triplets, to a bisected structure with a dihedral angle 261Y of


close to 1808 and (as no symmetry restrictions were used for
the calculations) nearly identical values for C1ÿC4/C1ÿC5
and C3ÿC4/C3ÿC5. As expected, the carbene angle Y61 is
wider for the triplets (128.9 ± 135.58) than for the singlets
(106.1 ± 116.48).


The triplet bridgehead olefins 3 share with the singlets a
long C�C double bond C1ÿC2. With the exception of 3 g, in all
triplets 3 both carbon atoms of the C�C double bond, C1 and
C2, are pyramidalized, as indicated by the dihedral angle
Y214. However, compared with the singlets, the extent of
pyramidalization is smaller.


Conclusion


Our DFT calculations have shown that bicyclo[1.1.1]pentyl
carbenes of type 2 with Y�H are not local minima on the
corresponding energy hypersurface. For Y�Cl, an energy
barrier of 7 ± 8 kcal molÿ1 separates these carbenes from the
bridgehead olefins 3, which are more stable than carbenes 2
by at least 15 kcal molÿ1. The bridgehead olefins are fleeting
intermediates, separated from a bridgehead olefin-carbene
rearrangement leading to 4 by a potential-energy barrier of
8 ± 10 kcal molÿ1. Under these circumstances, only efficient
traps will be able to react with 3 in intermolecular processes.
The 1,2-hydrogen shift of carbenes 4 proceeds over a
potential-energy barrier of 12 ± 13 kcal molÿ1, which enables
external traps to react with 4. Formation of alkenes 20 should
be observed at elevated temperatures in the absence of
appropriate trapping reagents. The triplet state is the ground
state of bicyclo[1.1.1]pentyl carbenes 2 d, f, and g, whereas the
chlorocarbenes 2 a and e have a singlet ground state and a
triplet/singlet energy separation of close to 7 kcal molÿ1. All
bridgehead olefins 3 have a singlet ground state, but only 3 a
and g shows a significant triplet/singlet energy separation to
assure that the singlet state will react in trapping processes for
these short-lived intermediates. The overall picture of our
theoretical investigation compares favorably with the exper-
imental results.


Table 7. Results of B3LYP/6-311G(d,p)//B3LYP/6-31G(d) calculations on
the triplet states of 2, 3 and 4, and the DET-S, the triplet/singlet energy
difference.


X Y 2 3 4
E(T)[a] E(T)[a] E(T)[a]


ZPE[b] ZPE[b] ZPE[b]


Etotal (T)[c] Etotal (T)[c] Etotal (T)[c]


DET-S
[d] DET-S


[d] DET-S
[d]


Cl Cl a ÿ 1152.339835 ÿ 1152.370477 ÿ 1152.360358
0.100005 0.100521 0.100795


ÿ 1152.450131 ÿ 1152.481317 ÿ 1152.471737
6.92 4.18 12.59


H H c ÿ 233.114811 ÿ 233.150997 ÿ 232.144738
0.116141 0.117525 0.119606


ÿ 233.173474 ÿ 233.209257 ÿ 233.202331
± 0.68 13.45


Cl H d ÿ 692.727255 ÿ 692.762379 ÿ 692.756397
0.106924 0.108272 0.110279


ÿ 692.812566 ÿ 692.847643 ÿ 692.841115
ÿ 4.01 1.37 10.7


H Cl e ÿ 692.728550 ÿ 692.766303 ÿ 692.751859
0.109359 0.109882 0.110202


ÿ 692.811806 ÿ 692.844784 ÿ 692.836456
6.80 2.53 13.11


H Me f ÿ 272.556178 ÿ 272.590296 ÿ 272.583589
0.144451 0.145468 0.146775


ÿ 272.480097 ÿ 272.513131 ÿ 272.505024
ÿ 1.69 0.84 12.24


Cl Me g ÿ 732.159815 ÿ 732.192865 ÿ 732.185933
0.135158 0.136122 0.137432


ÿ 732.119745 ÿ 732.144827 ÿ 732.143679
ÿ 0.70 6.35 11.58


[a] B3LYP/6-31G(d)//B3LYP/6-31G(d) triplet energy in a.u. [b] Zero point
energy, obtained from frequency calculations at the B3LYP/6-31G(d) level
of theory and scaled by a factor of 0.9804. [c] B3LYP/6-311G(d,p)//B3LYP/
6-31G(d) triplet energy, ZPE/B3LYP/6-31G(d) corrected. [d] Etotal(T)-Etotal


(of Table 2) in kcal molÿ1.


Table 8. Selected structural parameters of triplets 2.


X Y 2 C6ÿC1 C1ÿC2 C1ÿC4 C1ÿC5 C2ÿC3 C3ÿC4 C3ÿC5 Y61 614 416Y
[�] [�] [�] [�] [�] [�] [�] [8] [8] [8]


Cl Cl a 1.447 1.566 1.584 1.584 1.545 1.542 1.543 129.0 128.3 61.2
H H c 1.436 1.569 1.588 1.588 1.553 1.550 1.550 134.6 128.4 60.0
Cl H d 1.433 1.571 1.592 1.591 1.544 1.540 1.540 134.3 127.8 59.7
H Cl e 1.451 1.562 1.582 1.581 1.555 1.552 1.552 128.9 128.7 61.2
H Me f 1.440 1.567 1.590 1.590 1.553 1.550 1.549 135.5 128.6 61.6
Cl Me g 1.438 1.570 1.593 1.593 1.542 1.539 1.539 135.5 128.3 61.7


Table 9. Selected structural parameters of triplets 3.


X Y 3 C1ÿC2 C1ÿC5 C1ÿC6 C2ÿC3 C3ÿC4 C4ÿC5 C4ÿC6 1234 Y214
[�] [�] [�] [�] [�] [�] [�] [8] [8]


Cl Cl a 1.497 1.552 1.545 1.529 1.553 1.554 1.556 ÿ 2.3 144.1
H H c 1.497 1.556 1.551 1.523 1.556 1.564 1.566 ÿ 0.9 160.5
Cl H d 1.486 1.555 1.550 1.524 1.553 1.552 1.554 ÿ 0.9 161.0
H Cl e 1.498 1.552 1.546 1.527 1.555 1.565 1.567 ÿ 2.2 143.5
H Me f 1.491 1.555 1.548 1.529 1.554 1.564 1.565 ÿ 1.1 156.2
Cl Me g 1.493 1.555 1.547 1.531 1.551 1.552 1.553 ÿ 1.1 156.2
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Experimental Section


General : 1H and 13C NMR spectra including 1H1H COSY, 1H13C HETCOR
and 13C13C INADEQUATE measurements were recorded on a Bruker
AM 300, Bruker DPX 300, Bruker AMX 600, and on a Varian 400 S
spectrometer with TMS as an internal standard. Infrared spectra were
obtained on a Perkin ± Elmer 881, mass spectra on a Finnigan MAT90.
Melting points were determined on a Büchi 530 and are uncorrected.
Microanalyses were carried out at the Humboldt Universität, Institut für
Chemie, Microanalytical Laboratory. Reactions were monitored by thin-
layer chromatography (TLC) with analytical silica gel 60F254 on aluminum
foil by Merck (Darmstadt) and visualized with ammonium molybdate
solution or by UV light. Preparative column chromatography was carried
out on glass columns of different size packed with Merck (Darmstadt) silica
gel 60 (230 ± 400 mesh ASTM) or Merck silica gel 40 (35 ± 70 mesh ASTM).
Preparative gas chromatography (PGC) was effected with a Siemens
RGC 202 on a silicon OV-1 column (10 %) on chromosorb (diameter
5.33 mm, length 4.0 m).


Materials : n-Butyllithium (BuLi) was purchased from Chemetall [Frank-
furt/M (Germany)] as a 1.6m solution in hexane. Methyllithium (MeLi)
salt-free (<0.4% LiCl; 1.6m in ether) was obtained from Aldrich.
[D3]Acetophenone (D3 content 98%) was a commercial product of
Cambridge Isotope Laboratories. 13CCl4 (13C content 99%) was obtained
from Prochem [Wesel (Germany)].


1-Bromo-3-trichloromethylbicyclo[1.1.1]pentane (5 b):[4] In a typical ex-
periment, [1.1.1]propellane (70.0 mmol) in ether[24, 25] was mixed at ÿ78 8C
with bromotrichloromethane (40.0 g, 202 mmol) and kept for 48 h at room
temperature (RT). After removal of the volatile material in vacuo, the solid
residue was crystallized from ether affording 5 b (14.1 g, 76%) as colorless
crystals. M.p. 63 8C.


1-Chloro-3-trichloromethylbicyclo[1.1.1]pentane (5 a):[4] A solution of
[1.1.1]propellane (70 mmol) in ether[24, 25] and tetrachloromethane
(20 mL) was allowed to react as described for 5b. Compound 5a was
obtained as colorless crystals (11.2 g, 73%). M.p. 58 8C. For the synthesis of
1-chloro-3-trichloro[13C]methylbicyclo[1.1.1]pentane (5 a*), 13CCl4


(1.00 mL; 13C content 99 %) was diluted with CCl4 (49.0 mL), leading to
a 13C label content of approximately 3%. [1.1.1]Propellane (35.0 mmol) in
ether (70 mL) was added into this solvent, and the mixture kept for 4 d at
20 8C. After removal of the solvent, crystallization of the residue from n-
pentane afforded 5 a* (5.94 g, 77 %). Analysis of the 13C content by
13C NMR spectroscopy showed a ratio of the 13C content of the
trichloromethyl group to the average of the four additional C atoms of
(3.24:1.00)� 0.06


Reaction of MeLi with 5a : A solution of 5a (2.20 g, 10.0 mmol) in ether
(20 mL) was added dropwise under nitrogen with stirring to a solution of
MeLi (48 mmol, salt-free) in ether (30 mL), which was kept in a dry-ice
bath at ÿ78 8C. The mixture was allowed to warm to RT. The excess of
MeLi was destroyed by careful addition of water under stirring and
immersion of the reaction vessel in an ice bath. Aqueous workup and
removal of the ether from the organic layer afforded a yellow oil (1.61 g),
whose 1H NMR spectrum indicated the formation of three compounds.
Partial separation was effected by column chromatography (silica gel,
petroleum ether). The first fraction (730 mg) was a 5:1 mixture of 1,3-
dichloro-3,4-dimethylbicyclo[2.1.1]hexane (7a, yield 33 % ) and 1,2,4-
trichloro-2-methylbicyclo[2.1.1]hexane (6a, yield 6.7%), which was further
separated by PGC (150 8C; retention time for 7 a 25.5 min, oily liquid;
retention time for 6a 40.8 min, colorless solid, m.p. 38 8C). The second
fraction of the column chromatography was 1-chloro-3-chloromethyl-4-
methylbicyclo[2.1.1]hexane (8 a, 60 mg, 3.4%), which was obtained as a
waxy solid.


Compound 6a : IR (KBr): nÄ � 3019, 2985, 1451, 1443, 1382, 1280, 1224,
1214, 1202, 1152, 1143, 1121, 1082, 1001, 963, 956, 917, 911, 855, 795 cmÿ1;
1H NMR (300 MHz, CDCl3): d� 1.76 (s, 3H; CH3), 2.26 ± 2.33 (m, 3H;
5-Hendo, 6-H2), 2.37 (dd, 2J� 12.0 Hz, 4J� 3.0 Hz, 1 H; 3-H), 2.64 (dm, 2J�
12.0 Hz, 1H; 3-H), 2.87 (m, 1 H; 5-Hexo [syn to C-2-Cl]); 13C NMR
(75 MHz, CDCl3): d� 26.36 (q, C-7), 52.63, 53.64, 54.37 (3 t, C-3, C-5, C-6 in
unknown order), 54.89 (s, C-4), 67.25 (s, C-1), 74.50 (s, C-2); MS (70 eV, EI):
m/z (%): 167 (3), 165 (17), 163 (25) [M�ÿCl], 130 (3), 129 (32), 128 (9), 127
(100), 125 (17), 123 (21), 91 (62), 89 (11), 87 (23), 77 (14), 65 (17); C7H9Cl3


(199.51): calcd C 42.14, H 4.55, Cl 53.31; found C 41.10, H 4.33, Cl 52.99.


Compound 7a : IR (film): nÄ � 2968, 2932, 2901, 2875, 1447, 1379, 1283, 1228,
1216, 1174, 1156, 1131, 1104, 1038, 1003, 945, 779, 698, 616 cmÿ1; 1H NMR
(300 MHz, CDCl3): d� 1.25 (s, 3H; CH3), 1.66 (s, 3 H; CH3), 1.77 ± 1.95 (m,
3H; 5-Hendo, 6-H2), 2.27 (dd, 2J� 12.0 Hz, 4J� 3.1 Hz, 1H; 2-H cis to 3-Me),
2.46 (dd, 2J� 9.9 Hz, 4J� 6.8 Hz, 1H; 5-Hexo [syn to C-3-Cl]), 2.58 (dd, 2J�
12.0 Hz, 4J� 3.9 Hz, 1 H; 2-H cis to 3-Cl); 13C NMR (75 MHz, CDCl3): d�
13.29 (q, Me), 26.63 (q, Me), 49.69, 51.87, 54.41 (3 t, C-2, C-5, C-6 in
unknown order), 52.42 (s, C-4), 58.27 (s, C-1) [The signal of C3 was covered
by the signal of the solvent]; MS (70 eV, EI): m/z (%): 145 (13), 143 (34)
[M�ÿCl], 129 (11), 127 (15), 108 (11), 107 (100), 105 (17), 103 (21), 102
(12), 93 (15), 91 (48), 79 (26), 77 (26), 69 (13), 67 (31), 65 (23); C8H12Cl2


(179.09): calcd C 53.65, H 6.75; found C 53.56, H 7.30.


Compound 8a : IR (KBr): nÄ � 3007, 2978, 2963, 2939, 2922, 2885, 1441, 1295,
1283, 1254, 1223, 1199, 1169, 1155, 1120, 1081, 1025, 1001, 953, 915, 881,
827 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 1.22 (s, 3 H; Me), 1.62 (m, 1H;
5-H), 1.70 ± 1.82 (m, 4 H; 2-H2, 5-H, 6-H), 2.20 ± 2.34 (m, 2H; 3-H, 6-H),
3.33 (t, 2J� 10.8 Hz, 3J� 11.0 Hz, 1 H; CHCl), 3.67 (dd, 2J� 10.8 Hz, 3J�
5.8 Hz, 1H; CHCl); 13C NMR (75 MHz, CDCl3): d� 17.23 (q, Me), 42.39 (t,
C-6), 44.84 (s, C-4), 46.12 (t, CH2Cl), 47.10 (d, C-3), 47.18 (t, C-5), 54.35 (t,
C-2), 59.97 (s, C-1); MS (70 eV, EI): m/z (%): 145 (6), 143 (11) [M�ÿCl],
131 (13), 129 (38) [M�ÿCH2Cl], 122 (16), 115 (22), 107 (31), 105 (50), 93
(60), 91 (58), 89 (13), 88 (14), 79 (33), 77 (83), 75 (27), 73 (25), 71 (20), 68
(14), 67 (39), 65 (35).


The experiment was repeated, but with the mixing of the components
carried out in the reversed order by adding a solution of MeLi in ether
dropwise to a solution of 5 a in ether, which was cooled in a dry-ice acetone
bath. After the workup described above, 6 a, 7a and 8 were isolated in
yields of 26, 7, and 2 %, respectively.


Reaction of MeLi with 5a*: Compound 5 a* (2.20 g, 10.0 mmol) in ether
(30 mL) was added dropwise to MeLi (1.6m ; 32.0 mmol, salt-free) in ether
(20 mL), which was kept in ÿ78 8C bath. The workup was carried out as
given for 5 a and afforded after column chromatography a 1.5:1 mixture of
7a* and 6a* (606 mg; yield of 7a* %, yield of 6a* 13%) and pure 8a*
(40 mg, 2.2%). The 13C NMR investigation on the label distribution in the
products was conducted on the mixture of 7a*/6 a* and on pure 8 a*. The
NMR measurements were performed using the inverse gated decoupling
method[6] and a pulse delay time of 200 seconds. The following label
distribution was obtained: 6 a*: C1 (100� 2) %; 7a*: C4 (91.9� 2) %, C3
(8.1� 2) %; 8 a*: C4 (88.1� 2)%, C3 (11.9� 2)%.


Reaction of MeLi with 5 b : A solution of 5b (5.28 g, 20.0 mmol) in ether
(40 mL) was added dropwise under nitrogen with stirring to a solution of
MeLi (100 mmol, salt-free) in ether (60 mL), which was kept in a dry-ice
bath at ÿ78 8C. The mixture was allowed to warm to RT. The workup was
carried out as described for the reaction of 5a with MeLi. The residue of the
organic layer was subjected to a high-vacuum distillation, affording 3.05 g
of a colorless liquid, b.p. 20 ± 25 8C/0.001 mbar. Partial separation was
effected by column chromatography (silica gel, petroleum ether), for which
1.00 g of the oily mixture was used. According to 1H NMR analysis, the first
fraction (620 mg) was a 2.4:1 mixture of 1-bromo-3-chloro-3,4-dimethylbi-
cyclo[2.1.1]hexane (7 b, yield 29 % ) and 1-bromo-3,4-trichloro-3-methyl-
bicyclo[2.1.1]hexane (6b, yield 12 %), which was further separated by PGC
(150 8C; retention time for 7b 23.7 min, colorless liquid; retention time for
6a 40.8 min, colorless solid, m.p. 42 8C). The second fraction of the column
chromatography was 1-bromo-3-chloromethyl-4-methylbicyclo[2.1.1]-
hexane (8b, 60 mg, 4 %), which was obtained as a colorless liquid.


Compound 6b : IR (KBr): nÄ � 3014, 2984, 2956, 1440, 1381, 1281, 1221, 1201,
1149, 1136, 1118, 1076, 996, 946, 931, 905, 852, 793, 683 cmÿ1; 1H NMR
(300 MHz, CDCl3): d� 1.77 (s, 3H; CH3), 2.37 (m, 3H; 5-Hendo, 6-H2), 2.46
(dd, 2J� 12.0 Hz, 4J� 2.9 Hz, 1 H; 2-H cis to 3-Me), 2.71 (dm, 2J� 12.0 Hz,
1H; 2-H cis to 3-Cl), 2.91 (m, 1 H; 5-Hexo syn to 3-Cl); 13C NMR (75 MHz,
CDCl3): d� 26.26 (q, CH3), 42.70 (s, C-1), 53.29, 54.83, 55.13 (3 t, C-2, C-5,
C-6 in unknown order), 68.37 (s, C-4), 74.31 (s, C-3); MS (70 eV, EI): m/z
(%): 211 (1), 209 (5), 207 (5) [M�ÿCl], 167 (2), 165 (9), 163 (13) [M�ÿBr],
130 (4), 129 (32), 128 (12), 127 (100), 92 (15), 91 (77), 77 (18), 65 (18);
C7H9BrCl2 (243.96): calcd C 34.46, H 3.72; found C 34.54, H 3.33.


Compound 7b : IR (film): nÄ � 2967, 2931, 2873, 1445, 1378, 1282, 1224, 1172,
1154, 1130, 1100, 1035, 999, 918, 845, 844, 777, 697, 614, 601 cmÿ1; 1H NMR
(300 MHz, CDCl3): d� 1.26 (s, 3H; CH3), 1.66 (s, 3H; CH3), 1.93 (m, 3H;
5-Hendo, 6-H2), 2.35 (dd, 2J� 12.5 Hz, 4J� 2.8 Hz, 1 H; 2-H cis to Me), 2.50
(m, 1H; 5-Hexo syn to 3-Cl), 2.66 (dm, 2J� 12.5 Hz, 1H; 2-H cis to 3-Cl).
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The assignment of the signals is based on a 1H 13C HETCOR NMR
spectrum of 7b. 13C NMR (75 MHz, CDCl3): d� 13.34 (q, Me), 26.58 (q,
Me), 47.91 (s, C-1), 50.58, 52.87, 55.80 (3 t, C-2, C-5, C-6), 54.61 (s, C-4),
76.50 (s, C-3); MS (70 eV, EI): m/z (%): 189 (2), 187 (2) [M�ÿCl], 145 (3),
143 (10) [M�ÿBr], 108 (11), 107 (100), 91 (32), 79 (20), 77 (13), 67 (14), 65
(13); C8H12BrCl (223.54): calcd C 42.99, H 5.41; found C 43.04, H 5.38.


Compound 8b : IR (film): nÄ � 2985, 2957, 2924, 2877, 2870, 1447, 1379, 1307,
1272, 1220, 1186, 1164, 1057, 1044, 1036, 999, 920, 836, 798, 732, 673,
601 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 1.23 (s, 3H; CH3), 1.74 (m, 1H;
5-H), 1.79 ± 1.92 (m, 4H; 2-H2, 5-H, 6-H), 2.32 (m, 2H; 3-H, 6-H), 3.34 (t,
2J� 11.0 Hz, 3J� 11.0 Hz, 1 H; CHCl), 3.68 (dd, 2J� 11.0 Hz, 3J� 5.2 Hz,
1H; CHCl); 13C NMR (75 MHz, CDCl3): d� 17.25 (q, CH3), 43.92 (t, C-6),
46.03 (t, CH2Cl), 47.07, 50.04 (2s, C-1, C-4), 47.20 (d, C-3), 48.17 (t, C-5),
55.37 (t, C-2); MS (70 eV, EI): m/z (%): 175 (7), 173 (7) [M�ÿCH2Cl], 145
(19), 143 (54) [M�ÿBr], 129 (13), 107 (100), 105 (19), 93 (33), 92 (13), 91
(79), 79 (78), 77 (46).


The reaction of 5 b and MeLi was repeated, but carried out by combining
the components in reversed order and afforded after the same workup
procedure 6 b, 7b and 8b in yields of 31, 5, and 0.7%, respectively. In
addition, 74 mg (2%) of E-1,2-bis(3'-bromobicyc[1.1.1]pent-1-yl)-1,2-di-
chloroethene (16) was isolated as a solid of m.p. 165-168 8C, the properties
of which are given below.


3-[D3]-2-Phenylpropene :[26] A solution of [D3]acetophenone (20.0 g,
162.4 mmol) in ether (400 mL) was added dropwise under stirring at
ÿ60 8C to a solution of methylenetriphenylphosphorane, prepared from
methyltriphenylphosphonium bromide (71.4 g, 200 mmol) and BuLi
(200 mmol, 125 mL of a 1.60m solution in hexane) in ether (400 mL). The
mixture was stirred for 12 h at RT, the solid precipitate was removed by
filtration, the solution extracted twice with water and the organic phase
dried with MgSO4. The solvent was removed in vacuo. The distillation of
the liquid residue with a short Vigreux column gave 3-[D3]-2-phenyl-
propene (12.7 g, 65 %) as colorless liquid of b.p. 50 8C/12 mbar.


Reaction of 5b with MeLi in the presence of 2-phenylpropene : A solution
of MeLi (10.4 mmol, salt-free, in 100 mL of ether and 25 mL of 2-phenyl-
propene) was added dropwise under stirring to a solution of 5 b (2.64 g,
9.99 mmol) in ether (200 mL) and 2-phenylpropene (50 mL), cooled in an
ÿ78 8C bath,. Stirring was continued for 12 h at RT. After aqueous workup
the ether layer was dried with MgSO4, and the solvent and 2-phenyl-
propene removed in vacuo up to 0.001 mbar/RT. Careful distillation of the
oily residue at RT/2.0� 10ÿ5 mbar afforded 1-bromo-3,3,4-trichlorobicy-
clo[2.1.1]hexane (15, 304 mg), which was resublimed to afford 280 mg
(11 %) of 15 as colorless crystals , m.p. 82 ± 83 8C. The residual oil of the
distillation was further purified by column chromatography (silica gel,
petroleum ether) to give (increasing running time) 16 (120 mg, 6%) as
colorless crystals, m.p. 165 ± 168 8C (decomp), 17a (250 mg, 8 %) as
colorless crystals, m.p. 68 8C, 1-bromo-3-chloro-4-(2-phenyl-3-propenyl)bi-
cyclo[2.1.1]hexane (18, 260 mg, 8 %), m.p. 55 8C, and 17b (110 mg, 4%) as a
colorless oil.


Compound 15 : IR (KBr): nÄ � 3024, 2966, 1441, 1276, 1208, 1166, 1118, 1084,
1047, 1014, 995, 952, 913, 874, 827, 801, 759, 709, 692 cmÿ1; 1H NMR
(300 MHz, CDCl3): d� 2.49 (dq, 2J� 4.9 Hz, 4J� 1.9 Hz, 2 H; 5-Hendo,
6-Hendo), 2.72 (dd, 2J� 4.9 Hz, 4J� 1.9 Hz, 2 H; 5-Hexo, 6-Hexo), 3.09 (t, 4J�
1.9 Hz, 2H; 2-H2); 13C NMR (75 MHz, CDCl3): d� 41.35 (s, C-1), 54.22 (t,
C-5, C-6), 60.18 (t, C-2), 70.95 (s, C-4), 90.19 (s, C-3); MS (70 eV, EI): m/z
(%): 229 (3), 227 (2) [M�ÿCl], 183 (7) [M�ÿBr], 151(7), 149 (50), 147
(79), 113 (48), 112 (46), 111 (100), 91 (28), 87 (28), 77 (42), 73 (36);
C6H6BrCl3 (264.38): calcd C 27.26, H 2.29; found C 27.17, H 1.85.


Compound 16 : IR (KBr): nÄ � 3005, 2968, 2918, 2881, 1504, 1446, 1292, 1261,
1199, 1188, 1146, 1100, 1045, 1028, 1007, 928, 898, 868, 830, 772, 703 cmÿ1;
1H NMR (300 MHz, CDCl3): d� 2.54 (s, 12H; 2'-H2, 4'-H2, 5'-H2, 2''-H2,
4''-H2, 5''-H2); 13C NMR (75 MHz, CDCl3): d� 36.69 (s, C-3', C-3''), 44.16
(s, C-1', C-1''), 60.56 (t, C-2', C-4', C-5', C-2'', C-4'', C-5''), 125.60 (s, C-1,
C-2); MS (70 eV, EI): m/z (%): 309 (1), 307 (2), 305 (1) [M�ÿBr], 155 (51),
154 (31), 153 (34), 115 (81), 75 (32); C12H12Br2Cl2 (386.95): calcd C 37.25, H
3.13; found C 37.35, H 3.31.


Compound 17a : IR (KBr): nÄ � 3023, 2999, 2975, 2968, 2917, 2879, 1600,
1493, 1444, 1427, 1189, 1151, 1080, 1067, 1046, 1031, 959, 877, 861, 779, 761,
734, 700 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 1.07 (d, 2J� 6.4 Hz, 1 H; 3'-
H), 1.51 (d, 2J� 6.4 Hz, 1H; 3'-H), 1.58 (dd, 2J� 9.0 Hz, 4J� 1.1 Hz, 3H;
2-H, 4-H, 5-H), 1.61 (s, 3 H; 4'-H3), 1.94 (dd, 2J� 9.0 Hz, 4J� 1.1 Hz, 3H;


2-H, 4-H, 5-H), 7.22 (m, 5H; aromatic H); 13C NMR (75 MHz, CDCl3): d�
23.87 (t, C-3'), 26.10 (q, C-4'), 33.21 (s, C-2'), 37.41 (s, C-1), 45.36 (s, C-3),
52.12 (s, C-1'), 57.61 (t, C-2, C-4, C-5), 127.13, 128.38 (2 d, C-2'', C-3'', C-5'',
C-6''), 127.88 (d, C-4''), 141.64 (s, C-1''); MS (70 eV, EI): m/z (%): 233 (1),
231 (3) [M�ÿBr], 165 (33), 115 (40), 105 (70), 103 (33), 91 (100), 78 (35), 77
(84); C15H16BrCl (311.66): calcd C 57.81, H 5.18; found C 57.86, H 5.35.


Compound 17b : IR (Film): nÄ � 3024, 2999, 2972, 2921, 1495, 1445, 1433,
1193, 1147, 1110, 1073, 1026, 877, 863, 766, 700, 618, 601 cmÿ1; 1H NMR
(300 MHz, CDCl3): d� 1.14 (d, 2J� 6.4 Hz, 1 H; 3'-H), 1.49 (s, 3 H; 4'-H3),
1.54 (d, 2J� 6.4 Hz, 1H; 3'-H), 2.40 (s, 6H; 2-H2, 4-H2, 5-H2), 7.30 (m, 5H;
aromatic H); 13C NMR (75 MHz, CDCl3): d� 24.26 (q, C-4'), 25.92 (t, C-3'),
34.39 (s, C-2'), 36.56 (s, C-1), 45.41 (s, C-3), 50.33 (s, C-1'), 59.12 (t, C-2, C-4,
C-5), 126.69 (d, C-4''), 128.17, 128.62 (2d, C-2'', C-3'', C-5'', C-6''), 143.41 (s,
C-1''); MS (70 eV, EI): m/z (%): 231 (2) [M�ÿBr], 165 (30), 115 (38), 105
(71), 103 (31), 91 (100), 78 (33), 77 (80); C15H16BrCl (311.66): calcd C 57.81,
H 5.18; found C 57.75, H 5.30.


Compound 18 : IR (KBr): nÄ � 2996, 2956, 2938, 2926, 1493, 1445, 1433, 1292,
1266, 1244, 1216, 1189, 1165, 1029, 978, 920, 901, 813, 779, 703, 699 cmÿ1;
1H NMR (300 MHz, CDCl3): d� 1.28 (dd, 2J� 9.8 Hz, 4J� 7.5 Hz, 1H;
5-H), 1.76 (m, 2H; 6-H2), 2.14 (ddd, 2J� 12.1 Hz, 3J� 2.6 Hz, 4J� 1.1 Hz,
1H; 2-H), 2.15 (dd, 2J� 9.8 Hz, 4J� 7.1 Hz, 1H; 5-H syn to 3-Cl), 2.54 (ddd,
2J� 12.1 Hz, 3J� 7.9 Hz, 4J� 2.6 Hz, 1 H; 2-H cis to 3-Cl), 2.82 (dd, 2J�
14.3 Hz, 4J� 1.5 Hz, 1 H; 1'-H), 2.95 (dd, 2J� 14.3 Hz, 4J� 1.5 Hz, 1H; 1'-
H), 4.10 (dt, 3J� 7.9 Hz, 3J� 2.6 Hz, 4J� 2.6 Hz, 1 H; 3-H), 5.12 (tt, 2J�
1.5 Hz, 4J� 0.75 Hz, 1H; 3'-H), 5.37 (d, 2J� 1.5 Hz, 1H; 3'-H), 7.30 (m, 5H;
aromatic H); 13C NMR (75 MHz, CDCl3): d� 35.44 (t, C-1'), 48.68 (s, C-1),
47.76, 49.00, 50.39 (3 t, C-2, C-5, C-6), 53.22 (s, C-4), 61.79 (d, C-3), 115.81 (t,
C-3'), 126.14, 128.41 (2d, C-2'', C-3'', C-4'', C-5''), 127.74 (d, C-4''), 140.83 (s,
C-1''), 144.67 (s, C-2'). The assignment of the NMR data was carried out by
use of 1H-1H COSY, 1H-13C HETCOR, and 13C-13C INADEQUATE
measurements. See also Table 2. MS (70 eV, EI): m/z (%): 312 (1), 310 (1)
[M�], 195 (44), 117 (32), 115 (47), 103 (36), 91 (89), 79 (32), 78 (33), 77
(100); C15H16BrCl (311.65): calcd C 57.81, H 5.18; found C 58.06, H 5.41.


Reaction of 5 b with MeLi in the presence of 3-[D3]-2-phenylpropene :
Compound 5b (4.75 g, 18.0 mmol) and 3-[D3]-2-phenylpropene (12.7 g,
105 mmol) in ether (50 mL) were treated with MeLi (18.4 mmol, salt-free,
1.6m in ether) as described above. Column chromatographic purification of
the crude reaction products afforded [D3]18 in 8% yield. 1H NMR
(300 MHz, CDCl3): The spectrum shows identical chemical shifts as the one
of 18 ; the signals at d� 4.10, 5.12 and 5.37 are absent; 13C NMR (75 MHz,
CDCl3): d� 35.28 (t, C-1'), 48.68 (s, C-1), 47.76, 48.85, 50.34 (3 t, C-2, C-5,
C-6), 53.18 (s, C-4), 61.42 (dt, 1JCD� 24.4 Hz, C-3), 115.26 (tqi, 1JCD�
24.2 Hz, C-3'), 126.13, 128.41 (2 d, C-2'', C-3'', C-4'', C-5''), 127.74 (d,
C-4''), 140.75 (s, C-1''), 144.43 (s, C-2').
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Poly(propyleneimine) Dendrimers as pH-Sensitive
Controlled-Release Systems


George Pistolis, Angelos Malliaris,* Dimitris Tsiourvas, and Constantinos M. Paleos*[a]


Abstract: Molecular composites were
prepared by solubilizing pyrene in di-
aminobutane poly(propyleneimine) den-
drimers having 32 or 64 primary amine
end groups (DAB-32 or DAB-64). The
dendrimer ± pyrene binding constants
were determined as Kpy/DAB-32�
16 725� 200mÿ1 and Kpy/DAB-64�
33 858� 663mÿ1 by fluorescence spec-
troscopy. Fluorescence studies were also
employed to probe the release of pyrene
from the interior of dendrimers as a
function of pH. When the pH value of
the system was decreased from pH 11 by


addition of HCl, the fluorescence inten-
sity of the system was found to increase
by approximately tenfold at pH 2 ± 4. In
addition, at pH 2, the ratio of the first
to the third vibrational peak of pyrene
(I1/I3) increased from 0.9, the value
typical for pyrene solvated in dendrimer
solution, to 1.60, the value characteristic
of pyrene in water. Pyrene release from


the interior of dendrimers was con-
firmed by fluorescence quenching when
sodium iodide was added, since NaI
does not affect the emission of dendrim-
er-solubilized pyrene. Finally, fluores-
cence quenching was used to locate the
solubilization sites of pyrene within the
dendrimer microcavities. These sites are
close to the core of the dendrimer, near
the tertiary amino groups which are also
responsible for quenching the fluores-
cence of the dendrimer-bound pyrene.


Keywords: controlled release ´ den-
drimers ´ fluorescence spectroscopy
´ host ± guest chemistry ´ pyrene


Introduction


Dendrimers are highly branched oligomers or polymers with
well-defined structures which have been extensively studied
and reviewed[1] in recent years. A dendrimer is characterized
by three structural features: i) the central core from which the
polymeric branches emanate, ii) the nature of the repeat unit
which determines the microenvironment of the interior and in
turn the solubilization ability of the dendrimer, and iii) the
nature and number of the terminal functional groups which
are mainly responsible for the behavior of dendrimers in
solution. For instance, the hydrophobic interior of a den-
drimer solvates lipophilic compounds, while the water-soluble
external functional groups render the resulting molecular
composite water-soluble. Following intensive studies of syn-
thesis and characterization of a wide range of dendrimeric
compounds,[1] investigations are now focusing on functional-
ization of the surface groups[2±7] and structural modification of
the core,[8] and on solubilization phenomena, based on the
concept of the dendritic box.[9±11] According to this concept,


dendrimers are viewed as stabilized micellar systems, each
oligomer or polymer constituting a micelle in which organic
molecules can be solubilized.[12±18]


In the framework of our studies on drug delivery systems
involving dendrimers we are now examining a model system
based on diaminobutane poly(propyleneimine) dendrimers
having 32 or 64 primary amine end groups (DAB-32 or DAB-
64), in the hydrophobic interior of which pyrene was
solubilized. Efficient incorporation of the active molecule
and its controlled release are prerequisites for effective drug
delivery systems. With this in mind, we investigated whether
changing the pH in the environment of the dendrimers of our
model system can affect their solubilizing ability, thus
triggering the release of solubilized molecules. The dendrim-
ers in question possess tertiary amine repeating units and are
therefore susceptible to protonation, which will certainly
modify the environment within the microcavities, favoring in
turn the solubilization of more polar compounds.


Results and Discussion


The limiting solubilization of pyrene, measured by absorption
spectroscopy, was 1.7� 10ÿ5m in a 2.3� 10ÿ3m aqueous
solution of DAB-32, and 3.3� 10ÿ5m in 1.15� 10ÿ3m of
DAB-64. It should be noted that these limiting solubilities
of pyrene in the two dendrimers are proportional to the
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corresponding molecular weights of the dendrimers: [PyDAB-64]/
[PyDAB-32]� 3.3� 10ÿ5/1.7� 10ÿ5� 1.94 and MWDAB-64/MWDAB-32


� 7166/3514� 2.04. Similar behavior has been reported for
PAMAM dendrimers.[18]


In a titration-like addition of DAB-32 or DAB-64 to an
aqueous solution containing 6.7� 10ÿ7m pyrene (a concen-
tration lower than the solubility of this fluorophore in water,
8� 10ÿ7m) a strong quenching of fluorescence intensity of
pyrene was observed, as shown in Figure 1. When ethanol was
used as solvent instead of water, fluorescence quenching was
not observed. In a dendrimer/ethanol solution pyrene can
dissolve in the bulk phase and does not need to enter the
dendrimer microcavities. The decrease of fluorescence inten-
sity shown in Figure 1 must therefore be attributed to the
association of pyrene with the dendrimers and not simply to
pyrene ± dendrimer quenching collisions. This conclusion is
also supported by the following observation: When ethyl-
enediamine, which bears the same terminal NH2 functional
groups as the dendrimers, was added to an aqueous solution of
pyrene, the fluorescence was not quenched. In contrast
triethanolamine (TEA), which structurally resembles the
branching moiety (the tertiary N) of DAB-32 and DAB-64
dendrimers, caused significant quenching (kq� 2.0�
109mÿ1 sÿ1) of pyrene fluorescence in water. These observa-
tions suggest that solubilized pyrene molecules reside inside
the dendrimer microcavities close to the tertiary amino
groups, which are evidently responsible for fluorescence


Figure 1. Plot of F/F0 and of the ratio I1/I3 of the pyrene fluorescence
plotted against total dendrimer concentration. F0 is the initial fluorescence
intensity of an aqueous pyrene solution (6.7� 10ÿ7m) before the addition of
dendrimer, and F is the intensity during the titration procedure: ~ DAB-32,
* DAB-64. The lines through the experimental points (F/F0 vs. [DAB]) are
the best fits obtained according to Equation (1).


quenching. An alternative explanation, namely that the
quenching could be due to the high pH (pH 11) of the
dendrimeric aqueous solutions, was eliminated by adding
sodium hydroxide (up to pH 11) to an aqueous solution of
pyrene, upon which the fluorescence intensity remained
constant.


A quantitative description of the association of pyrene with
DAB-32 and DAB-64 was attained by determining the
pyrene ± dendrimer binding constants Kpy/DAB-32 and Kpy/DAB-64.
Using the data from Figure 1 and a fitting equation [Eq. (1)]
for an assumed 1/1 pyrene/dendrimer complexation,[19] we
found the above binding (equilibrium) constants


F/F0� 1� {(Fb/F0)ÿ 1}K[D]/(1�K[D]) (1)


to have the magnitudes Kpy/DAB-32� 16 725� 200mÿ1 (R2�
0.9999) and Kpy/DAB-64� 33 858� 663mÿ1 (R2� 0.9998). The
ratio of these binding constants is 2.02, that is, approximately
equal to the ratio of the molecular weights of the correspond-
ing dendrimers, and also to the ratio of the concentra-
tions of pyrene solubilized in the two dendrimers; in other
words, Kpy/DAB-64/Kpy/DAB-32� [PyDAB-64]/[PyDAB-32]�MWDAB-64/
MWDAB-32 .


Another question relevant to the solubilization properties
of the dendrimers is the hydrophobicity of their cavities.
Figure 1 shows the variation of the ratio of the first to the third
vibrational peak of pyrene (I1/I3) as a function of dendrimer
added to the original 6.7� 10ÿ7m aqueous solution of pyrene.
As the titration proceeds, I1/I3 decreases to a value of
approximately 0.90. This indicates that the microenvironment
in the dendrimeric microcavities is considerably less polar
than the microenvironment of the bulk aqueous phase, where
the ratio has an approximate value of 1.60. In conclusion, in
aqueous media pyrene is solubilized within poly(propylene-
imine) dendrimers at sites of low polarity and in amounts
proportional to the molecular weight of the dendrimer.


Abstract in Greek:







FULL PAPER A. Malliaris, C. M. Paleos, et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0505-1442 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 51442


The association and release of pyrene from the DAB-32 and
DAB-64 dendrimers in water as a function of pH was further
investigated by monitoring the fluorescence intensity and the
ratio I1/I3.[20] Figure 2 shows graphs of fluorescence intensity
against pH. Hydrochloric acid was added to aqueous solutions


Figure 2. Fluorescence intensity of pyrene plotted against pH of the
solvent. [Py]� 3.66� 10ÿ7m in water. ~ [DAB-32]� 1.00� 10ÿ3m ; * [DAB-
64]� 1.00� 10ÿ3m.


(pH 11) containing 3.66� 10ÿ7m pyrene and 1.0� 10ÿ3m
dendrimer until the pH had fallen to 2. It can be seen that
the fluorescence intensity of pyrene increases by approxi-
mately tenfold at pH 2 ± 4. The ratio I1/I3 also increases from
its initial value of 0.90, characteristic for pyrene solubilized in
dendrimers, to a value of 1.60 at pH 2. These results
demonstrate that the effect of adding hydrochloric acid is,
on the one hand, to eliminate the quenching of pyrene
fluorescence, and on the other, to place pyrene in an
environment that resembles the aqueous environment, as
suggested by the value of the ratio I1/I3� 1.60. Two alternative
rationalizations of the above findings are plausible. According
to the first, hydrochloric acid protonates the quencher,
namely the tertiary N of the amino group, thereby destroying
its quenching ability. This explains the observed rise in pyrene
fluorescence intensity. However, in order to explain the value
1.60 of the I1/I3 ratio, one must assume that the protonation of
N creates an environment identical to that of bulk water
inside the dendrimer microcav-
ity where pyrene resides. In the
second alternative, hydrochlor-
ic acid again protonates the N
center but now, owing to proto-
nation and ensuing increased
polarity, pyrene is forced out of
the dendrimer into the sur-
rounding water where it fluo-
resces strongly and naturally
exhibits an I1/I3 ratio character-
istic of pyrene in aqueous sol-
ution.


In order to differentiate be-
tween these two alternatives,
pyrene was solubilized (1.6�
10ÿ5m) in an aqueous solution
of DAB-32 (2.3� 10ÿ3m) and


the absorption and fluorescence spectra of pyrene were
recorded (Figure 3). Note that this concentration of pyrene is
nearly 20 times higher than its solubility in pure water (8�
10ÿ7m). When the solution was titrated with hydrochloric acid,
the optical density decreased while the fluorescence intensity
increased, until the dotted curves of Figure 3 were obtained at
pH 4. Figure 3 is interpreted as follows: As hydrochloric acid
is added to the dendrimer pyrene solution, the tertiary amino
groups are protonated. Pyrene molecules leave the dendrimer
and enter the surrounding water, which, however, can only
accommodate pyrene up to a concentration of 8� 10ÿ7m.
Crystallization therefore ensues and pyrene is thus removed
from the solution, causing the observed decrease in optical
density. The tiny crystals formed cause strong scattering in the
absorption spectra and strong excimer emission in the
fluorescence spectra, as clearly illustrated in Figure 3. Figure 3
also shows that the optical density at l� 334 nm, after
subtraction of the background due to the scattering, is 0.03,
which corresponds to a pyrene concentration of 7.85� 10ÿ7m
(e� 3.82� 104 cmÿ1mÿ1), very close to the water solubility of
pyrene. It is also worth mentioning that the absorption
spectrum of pyrene before addition of hydrochloric acid,
when pyrene is dissolved in dendrimer (solid line in Figure 3),
is blueshifted by approximately 440 cmÿ1 with respect to the
spectrum at pH 2, when pyrene has entered the surrounding
water (dotted line in Figure 3). Comparison of absorption
spectra of pyrene in aqueous dendrimer solutions and in pure
water yield the same blueshift as described above. This
confirms that pyrene is indeed in an environment of pure
water at pH 2.


A final confirmation that pyrene enters the aqueous phase
upon addition of hydrochloric acid, and that it does not simply
remain inside the dendrimer microcavities next to protonated
amino groups thus inactivated with respect to their quenching
ability, was obtained by means of the water-soluble quencher
sodium iodide. As described above, addition of DAB-32
(2.3� 10ÿm) to an aqueous pyrene solution ([Py]� 3�
10ÿ7m) greatly reduces the fluorescence intensity, and when
32 mL of 10n aqueous hydrochloric acid was added to 3 mL of
this solution to attain pH 2, the fluorescence intensity
recovered, as expected. Finally, when sodium iodide


Figure 3. Absorption and fluorescence spectra of 2.3� 10ÿ3m DAB-32 with 1.6� 10ÿ5m pyrene at pH 11 (solid
lines) and pH 2 (dotted lines).
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([NaI]� 5� 10ÿ3m) was added to the solution, the fluores-
cence intensity dropped again. In contrast to this result, we
found that sodium iodide does not quench the fluorescence of
pyrene solubilized in dendrimer. This means that sodium
iodide does not enter the interior of the dendrimers but
remains in the aqueous phase. Upon addition of hydrochloric
acid, pyrene is released into the aqueous phase and sodium
iodide quenches its fluorescence. The incorporation of pyrene
into the dendrimers and its release in acidic media is shown
schematically in Scheme 1.


The data in Figure 2, in combination with reported NMR
studies,[21] also allow some insight concerning the site of
solubilization of pyrene molecules in the dendrimers. It has
been reported[21] that at low [H�], pH> 10, all the amino
groups of DAB-32 and DAB-64 in water are only partly
protonated. As the pH value of the solution is lowered by
addition of hydrochloric acid, the outer amino groups are the
first to be fully protonated at approximately pH 9. As the pH
value is further reduced, the N-branching points of the amino
groups deep in the core of the dendrimer start to undergo
protonation, which is fully completed at about pH 6. Finally,
the nitrogen atoms located between the core and the outer
surface complete their protonation at even lower pH values.
In our experiments no significant increase in fluorescence
intensity was observed down to pH 9 (see Figure 2). Accord-
ing to the NMR data the outer tertiary nitrogen atoms are
completely protonated at pH 9, and we therefore conclude
that pyrene probe molecules do not dissolve in the outer
sphere of the dendrimers. Further lowering the pH of the
solution by addition of hydrochloric acid results in the
protonation of the innermost tertiary N groups, which occurs
between pH 9 and pH 6.[21] This protonation stage is
associated with a sharp increase in fluorescence intensity of
the dendrimer-solubilized pyrene (see Figure 2). We therefore
conclude that pyrene occupies a position close to the
dendrimer core where its fluorescence is quenched by tertiary
amino groups. Upon protonation of these groups due to the
addition of hydrochloric acid (pH 6 ± 9), the environment
becomes sufficiently polar to repel pyrene molecules which
are thus released into the bulk aqueous phase.


In conclusion, the molecular composites resulting from the
incorporation of pyrene in poly(propyleneimines) are pH-
sensitive: the release of pyrene is induced in acidic media and
its incorporation is favored in basic environments. The
implications of such behavior for the development of con-
trolled drug-release delivery systems is apparent.


Experimental Section


General : The amine-terminated poly(propyleneimine) dendrimers (i.e.
DAB-32 and DAB-64) were purchased from DSM Fine Chemicals
Company and used as received. Pyrene was purchased from Aldrich and
was purified by zone refining. The Lambda-16 spectrophotometer of
Perkin ± Elmer was used for absorption spectra, while fluorescence spectra
were recorded on a Perkin ± Elmer LS-50B fluorometer. For pyrene the
excitation wavelength was set to 335 nm.


The pyrene solutions, either in pure water or in aqueous dendrimer
solutions, were prepared as follows: An aliquot of a concentrated stock
solution of pyrene in hexane (10ÿ3m) was transferred into an Erlenmeyer
flask and the solvent was evaporated by rotating the flask slowly. The
pyrene was thus obtained as a thin film covering the walls of the flask. Pure
water or an aqueous dendrimer solution was then added and stirred
overnight.


Titration experiments : In a typical run, a dendrimer solution (1� 10ÿ2m) in
water containing pyrene (6.7� 10ÿ7m) was progressively added to water
(containing pyrene at the same concentration in order to maintain the same
pyrene concentration throughout the titration experiment) and the
fluorescence of pyrene together with the ratio I1/I3 were monitored.
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A Dicopper(i) Trefoil Knot with m-Phenylene Bridges between the Ligand
Subunits: Synthesis, Resolution, and Absolute Configuration


Christiane Dietrich-Buchecker,[a] GweÂnaeÈ l Rapenne,[a] Jean-Pierre Sauvage,*[a]


AndreÂ De Cian,[b] and Jean Fischer[b]


Abstract: A molecular trefoil knot, con-
structed around two copper(i) centres
used as a template, has been synthesized
in 29 % yield (cyclization step) by the
use of 1,3-phenylene spacers between
the 1,10-phenanthroline subunits; the
double stranded helical precursor com-
plex is formed quantitatively. This latest
improvement allowed us to prepare this
topologically chiral molecule on a large
scale and hence to undertake the reso-
lution of its enantiomers. The resolution


technique is based on crystallization of
diastereomers with an enantiomerically
pure chiral counterion, (S)-(�)-1,1'-bi-
naphtyl-2,2'-diyl phosphate [(�)-
BNPÿ]. After anion exchange, several
tens of milligrams of each enantiomer
were isolated, with an excellent enantio-


meric excess (ee> 98 %). The optical
purity was determined by 1H NMR and
circular dichroism (CD) spectroscopy.
The absolute configuration was estab-
lished on the basis of an X-ray diffrac-
tion study, the dextrorotatory knot cor-
responding to the left-handed knot.
Demetallation with excess KCN yielded
the free ligand, which could subsequent-
ly be remetallated with silver(i) or cop-
per(i). The chiroptical properties of each
species are reported.


Keywords: chiral resolution ´ cop-
per ´ molecular topology ´ template
synthesis ´ trefoil knot


Introduction


Euclidian or chemical chirality is the property of rigid
molecular objects not to be superimposable to any conforma-
tions of their mirror image. This type of chirality is associated
with the rigidity of the molecule and with chemically allowed
conformational changes.[1±4] The topological properties of a
chemical object represent an upper level of description,
leading to the notion of topological chirality.[5±7] In this
manner, contrary to Euclidian enantiomers, two topological
enantiomers can not be interconverted by a continuous
deformation in a three-dimensional space without breaking
a bond. Therefore topological chirality does not imply any
rigidity of the architecture.[8, 9] Molecular knots are fascinating
objects, not only for their beauty, but also for their chirality.
Knots are topologically novel systems par excellence, with the
simplest of them, that is, the classical trefoil knot, being the
archetype of a topologically chiral object (Figure 1).[10±12]


Figure 1. The two topologically equivalent representations of both enan-
tiomers of a trefoil knot.


According to Frisch and Wasserman�s definition,[7] structures
a and b are topological enantiomers.


The molecular graph of a topologically chiral molecule is
necessarily nonplanar. Made of a single knotted closed ring, a
knot can not be represented in a two-dimensional (2D) space
without a minimum number of crossing points, three in the
case of a trefoil knot. In Figure 2 some of the most well-known
prime knots are represented. However, if some knots are
chiral, it is noteworthy that others are not, for instance the
knot 41 represented in Figure 2.


[a] Prof. J.-P. Sauvage, Dr. C. Dietrich-Buchecker, Dr. G. Rapenne
Laboratoire de Chimie Organo-MineÂrale, UMR 7513 CNRS
UniversiteÂ Louis Pasteur, Institut Le Bel
4, rue Blaise Pascal, F-67070 Strasbourg (France)
Fax: (�33) 388-607312
E-mail : sauvage@chimie.u-strasbg.fr


[b] Dr. A. De Cian, Prof. J. Fischer
Laboratoire de Cristallographie et de Chimie Structurale
UMR 7513 CNRS, UniversiteÂ Louis Pasteur, Institut Le Bel
4, rue Blaise Pascal, F-67070 Strasbourg (France)


FULL PAPER


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0505-1432 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 51432







1432 ± 1439


Chem. Eur. J. 1999, 5, No. 5 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0505-1433 $ 17.50+.50/0 1433


Figure 2. The first eight prime knots.


In 1989, the first trefoil knot was prepared at the molecular
level.[13, 14] More recently, two different syntheses have been
developed. The first one, introduced by Seeman and co-
workers,[15] utilizes synthetic single-stranded DNA fragments
that are combined and knotted using enzymes. The second
one, developped by Stoddart et al.,[16] is based on the p-
donor ± p-acceptor gathering effect between aromatic nuclei.
We present here the improvements in our strategy, thanks to
the optimization of structural parameters, which allowed its
preparation on a gram scale[17] and led us to attempt its
resolution.[18]


Results and discussion


Synthesis of a racemic trefoil knot : Our strategy for making
knots takes advantage of the three-dimensional template
effect of transition metals that are able to gather and interlace
coordinating molecular strings prior to the ultimate cycliza-
tion step. The precursor of a molecular trefoil knot, as shown
in Figure 1, is a dinuclear double helix. In the first synthesis,


the modest yield was due to the simultaneous formation of a
face-to-face complex (major species), in equilibrium with the
double helix.[19] A 1,3-phenylene spacer, already used with
success by others in the construction of helical complexes,[20±22]


appeared very appealing to bridge the two phenanthroline
fragments in the precursor ligand.


Synthesis of a bisphenanthroline with a 1,3-phenylene bridge :
Bisphenanthroline 1 was obtained after reaction at room
temperature of 2-(p-anisyl)-1,10-phenanthroline[23] with half
an equivalent of 1,3-dilithiobenzene formed by interconver-
sion of 1,3-dibromobenzene with tert-butyllithium.[24] After
hydrolysis of the reaction mixture at 0 8C, followed by
rearomatization with excess manganese dioxide, chromatog-
raphy on alumina afforded pure 1 in a 66 % yield. The
methylic ethers were deprotected in refluxing pyridinium
chloride, according to a method described by Curphey et al.[25]


Despite the hard reaction conditions, diphenol 2 was obtained
in a 94 % yield after neutralization with 0.1m NaOH and
drying under vacuum in the presence of phosphorus pent-
oxide.


Preparation of a copper(ii) double helix with a labile anion : To
introduce the chiral auxiliary necessary in the resolution step,
a labile anion, unlike the classical BF4


ÿ or PF6
ÿ which can not


easily be exchanged, is required. Therefore, we performed the
metallation of 1 with a copper salt bearing a labile, non-
coordinating counterion. Triflate, which is known for these
properties,[26] seemed particularly well-suited. Copper(i) tri-
flate can be easily generated in situ by reaction of copper(ii)
triflate in the presence of a reducing agent. Copper(ii) triflate
was prepared following Jenkins� method,[27] by addition of
triflic acid onto a solution of copper(ii) carbonate in acetoni-
trile. After recrystallization, this salt was obtained in 85 %
yield.


One equivalent of copper(ii) triflate was then added at
room temperature to the bischelating diphenolic strand 2 in
the presence of a reductant (ascorbic acid or hydrazine). Mass
spectroscopy confirmed that the dark-red complex, obtained
quantitatively, contained two copper ions and two ligands, and
1H NMR showed that the molecule had a high degree of
symmetry. The four phenanthrolines, the four anisyls and the
two 1,3-phenylene bridges are magnetically equivalent; this is
a characteristic feature of a double helix that possesses three
C2 symmetry axes.[2, 3, 13]


In addition, this 1H NMR spectrum shows striking differ-
ences compared with that of the free ligand. Protons Ho are
significantly shielded (from 8.45 to 7.10 ppm), as well as Hm


(from 6.93 to 5.75 ppm) and especially H3 (from 8.63 to 6.57).
All these protons are located in the shielding cones of the
phenanthroline fragments of the double helix. A crystallo-
graphic study finally confirmed the double-helical struc-
ture.[17]


A double helix is a classically (but not topologically) chiral
object. The coordination of the first copper(i) ion determines
the rotation direction of the helix and therefore its stereo-
chemistry. It can either turn right (P double helix) or left (M
double helix). This chirality, purely of Euclidian nature, is
responsible for the topological chirality of the copper(i) knot.


Abstract in French: Un núud de tr�fle molØculaire prØparØ
graÃce à l�effet de matrice tridimensionnel induit par deux ions
cuivre(i) a ØtØ obtenu avec un rendement de 29 % (Øtape de
cyclisation). Ce progr�s a ØtØ possible par l�utilisation du pont
1,3-phØnyl�ne entre les fragments 1,10-phØnanthroline, le
prØcurseur en double hØlice se formant alors de mani�re
quantitative. Cette amØlioration synthØtique a rendu possible la
prØparation de cette molØcule topologiquement chirale a
l�Øchelle du gramme et ainsi à envisager son dØdoublement.
La mØthode de dØdoublement que nous avons utilisØe est
fondØe sur la cristallisation de diastØrØom�res, ceux-ci Øtant
formØs par l�utilisation d�un anion optiquement pur, (S)-(�)-
1,1'-binaphtyl-2,2'-diyl phosphate ((�)-BNPÿ). Apr�s Øchange
de celui-ci par un anion optiquement inactif, il a ØtØ possible
d�obtenir plusieurs dizaines de milligrammes de chaque
Ønantiom�re, ceci avec un excellent exc�s ØnantiomØrique
(ee> 98 %). La puretØ optique a ØtØ dØterminØe par RMN-1H
et par dichroïsme circulaire. La configuration absolue a
Øgalement ØtØ dØterminØe sur la base d�une Øtude par diffraction
des rayons X, le núud dextrogyre correspondant au núud
gauche. La dØmØtallation avec un exc�s de KCN nous permet
d�obtenir le ligand libre qui a ØtØ remØtallØ avec de l�argent(i) ou
du cuivre(i). Les propriØtØs optiques de chaques esp�ces sont
rapportØes.
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Preparation of a copper(ii) knot : The crystallographic study of
the double helix also showed that, owing to an important
twisting, the terminal phenolic functionalities are well-ori-
ented to favour the double cyclization leading to the knot. The
intermolecular reactions leading to oligomers are disfavoured
by the use of pseudo-high-dilution reaction conditions: a
suspension of cesium carbonate is progressively added to a
DMF solution containing in a 1:1 ratio the diiodo derivative of
hexaethyleneglycol[28] and the double helix (initial concen-
tration of �5 mmol Lÿ1). The reactive species (phenolate) is
therefore generated in very low concentration, which favours
intramolecular reactions and prevents the copper(i) complex
from being in a strongly basic medium, in which it is unstable.
After a reaction time of forty hours and performance of
chromatography twice in succession over silica, the triflate of
the copper(i) knot was isolated in a 29 % yield; this is very
satisfying given that the cyclization involves the connection of
eight reaction centres.


The 1H NMR spectrum of 42� ´ 2 TfOÿ is very similar to that
of the double helix, except the appearance of a broad
multiplet (between 4.20 and 3.20 ppm) corresponding to the
signals expected for the 48 protons of the two hexaethylene-
glycol chains. The mass spectrum shows a large molecular ion
peak at the expected value (m/z� 2003.0 [MÿTfO]�).
However, the knotted structure could only be strictly
evidenced by a 2D ROESY NMR experiment, which showed
interfragment NOE interactions between protons 5 and 6 of
the phenanthroline subunits (Figure 3) and the central pro-
tons of the polyoxyethylenic chains. Moreover, a crystallo-
graphic study confirmed the knotted structure of this complex
(vide infra).


Resolution : The resolution step of a chiral molecule is
sometimes difficult but always crucial.[29, 30] Topologically
chiral [2]-catenanes have been described,[31] but their reso-
lution could only be carried out at the analytical level.[32] The
strategy used here to prepare knots implies that the target
molecules be obtained as cationic dicopper(i) complexes.
Therefore we considered the possibility of interconverting
both enantiomers into a pair of
diastereomeric salts by combin-
ing them with an optically ac-
tive anion. Binaphthyl phos-
phate (BNPÿ)[33] drew our at-
tention because its chirality
arises from the binaphthyl core,
which is twisted. This helical
structure is reminiscent of that
of the copper(i) double helix,
precursor of the knot. Besides,
both compounds are aromatic
and therefore, we could expect
some potentially helpful stack-
ing interactions.[34]


These structural similarities
should enable strong interac-
tions between the two moieties,
possibly leading to a marked
differentiation of the properties


Figure 3. Synthetic strategy and chemical structure of the organic pre-
cursors and of the knots.


of both diastereomers (e.g., their solubility), making their
resolution possible by selective crystallization. The principle
of the resolution process is represented in Figure 4.


The racemic mixture of the knot was converted into
diastereomers by means of a liquid ± liquid extraction; this
takes advantage of the solubility of sodium triflate in water
compared with the insolubility of binaphthylphosphate salts.
Sodium binaphthylphosphate and the copper(i) knot triflate
were dissolved in dichloromethane. Sodium triflate was
progressively extracted by a water flow running through the
medium. The anion exchange was monitored by TLC (SiO2;
eluent: CH2Cl2/10 % MeOH), the counterion having a strong


Figure 4. Principle of the resolution of the dicopper(i) molecular trefoil knot 42�. The chiral auxiliary used is (S)-
(�)-1,1'-binaphthyl-2,2'-diyl phosphate (BNPÿ).
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influence on the polarity of the complex (the difference in Rf


is 0.2). After 48 hours at room temperature, the exchange was
complete.


The 1H NMR spectrum of the diastereomeric mixture
appeared to be very striking. Each signal was split into two,
which clearly indicated a strong difference in association
between the chiral auxiliary and each enantiomer of the knot.
This difference was large enough to confer the two diaster-
eomers different solubilities. Indeed we could crystallize (�)-
42� ´ 2 (�)-BNPÿ in a mixture of nitromethane and benzene,[18]


whereas the levorotatory knot remained in the mother liquor.
Typically, 100 mg of (�)-42� ´ 2 (�)-BNPÿ were dissolved in


5 mL of nitromethane and this solution was placed in a
crystallization tube. Benzene (nonsolvent) was carefully
added on top, thereby provoking, by slow diffusion into the
nitromethane solution, the crystallization of dark-red needles.
After filtration of these needles, the mother liquor was
evaporated to dryness. By measuring the rotatory power of
both samples and by recording their 1H NMR spectra, we
could determine that the mother liquor contained 33.5 mg of
optically pure (ÿ)-42� ´ 2 (�)-BNPÿ (diastereomeric excess
>98 %) and that the 66.3 mg of crystals contained 70 % of
(�)-42� ´ 2 (�)-BNPÿ, that is, a 40 % diastereomeric excess
(more details are given in the Experimental Section).


A second crystallization by diffusion of benzene vapours in
a nitromethane solution of these crystals yielded 44.1 mg of
optically pure dextrorotatory diastereomer (�)-42� ´ 2 (�)-
BNPÿ.


The 1H NMR spectra (selection of the most interesting
aromatic signals) of each isolated diastereomer and of their
initial mixture are shown in Figure 5. Chemical shifts of the
most representative protons are given in Table 1.


The difference in chemical shift from one diastereomer to
the other may give some indication as to the location of the


Figure 5. 1H NMR at 400 MHz in CD2Cl2 (aromatic region, selected
peaks) of a) the racemate, b) diastereomer (�)-42� ´ 2(�)-BNPÿ and
c) diastereomer (ÿ)-42� ´ 2(�)-BNPÿ.


BNPÿ anions. Differences appear large for the protons on the
m-phenylene spacer (Dd� 0.035 and 0.048 for Hb and Hc,
respectively) but weak for the peripheral ones (Dd� 0.014
and 0.000 for Ho and Hm, respectively). These observed
chemical shifts arise most probably from a preferential
interaction of the (�)-BNPÿ anion with the central core of
the double helix.


Optical properties : The molar rotation of each diastereomer
has been measured in dichloromethane. The experimental
values are not exactly opposite due to the contribution of the
(�)-BNPÿ anion (see Experimental Section for more details).
In order to isolate the pure enantiomers, (�)BNPÿ was
exchanged for PF6


ÿ by addition of a large excess of potassium
hexafluorophosphate. Now, the molar rotations obtained for
each enantiomer are perfectly equal and opposit in sign. The
circular dichroism (CD) spectra of each enantiomer are
presented in Figure 6; they are mirror images over the whole
region of the spectrum. In the visible, De reaches an extremum
(� orÿ 20.7 molÿ1 L cmÿ1) that corresponds to the absorption
maximum of the metal-to-ligand charge-transfer (MLCT)
transition at 510 nm.


Figure 6. Circular dichroism spectra of both enantiomers of the dicopper(i)
trefoil knot (ÿ)-42� ´ 2 PF6


ÿ (dotted line) and (�)-42� ´ 2 PF6
ÿ (plain line) in


CH2Cl2; these are perfect mirror images.


To finally accede to metal-free, purely topologically chiral
molecules, both enantiomers were demetallated separately by
refluxing them in acetonitrile in the presence of an excess of
potassium cyanide leading to the free knots (�)-5 and (ÿ)-5.
Both were pale-yellow glassy compounds and their molar
rotation was determined. A value of� or ÿ20000 was found,
which is high and comparable with those reported for some
helicenes.[35±37] As expected, owing to the very different
hypothetical electronic spectra of both species, this value
strongly contrasts with the very low theoretical value calcu-
lated by Frisch and Wasserman for a knot made of 66 CH2


Table 1. 1H NMR (400 MHz) chemical shifts of a selection of aromatic
protons for the two diastereomers (ÿ)-42� ´ 2 (�)-BNPÿ and (�)-42� ´ 2 (�)-
BNPÿ.


Ha H7 Hc Ho Hb H3 Hm


(ÿ)-42� ´ 2 (�)-BNPÿ 9.697 8.394 7.181 7.037 6.951 6.482 5.665
(�)-42� ´ 2 (�)-BNPÿ 9.680 8.367 7.133 7.023 6.916 6.468 5.665
Dd [ppm] 0.017 0.027 0.048 0.014 0.035 0.014 0
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units.[38] The high rotatory power found in our case is probably
related to the large dissymmetry in the organic skeleton of
knots (�)- or (ÿ)-42� ´ 2 PF6


ÿ (flexible polyoxyethylenic frag-
ments alternating with rigid aromatic subunits).


Moreover, the chromophore also contributes greatly. From
Drude�s equation:[30] a�K/(lÿ lo), in which a is the rotatory
power measured at wavelength l, lo the wavelength of the
closest absorption maximum and K a constant characteristic
of a molecule, one can see that the closer the wavelength used
for the measurment of a is to an absorption maximum, the
higher the rotatory power. In our case, l corresponds to the D
ray of sodium (589 nm), so it is much closer to the absorption
maximum of the n ± p* transition of the phenanthroline
groups (lo� 310 nm) than to that of the s ± s* transition of the
methylenic groups (lo< 200 nm) considered by Frisch and
Wasserman. Therefore a smaller rotatory power is expected in
the (CH2)66 case.


Remetallation of the free knotted ligand could be achieved
either with copper(i) or with silver(i). The 42� ´ 2 PF6


ÿ complex
regenerated with copper(i) displayed, as expected, an identical
rotatory power compared with that of the original 42� ´ 2 PF6


ÿ,
whereas a really different optical rotatory power is found for
the knot 62� ´ 2 BF4


ÿ remetallated with silver(i) (see Exper-
imental Section for more details). This is in agreement with
the Drude equation,[30] since the silver(i) knot does not absorb
in the visible region. Their CD spectra are also strongly
different from those observed for the copper(i) complexes
(Figure 7). The BF4


ÿ counterion being optically inactive, they
are perfect mirror images over the entire domain. De reaches
an extremum,� orÿ750 molÿ1 L cmÿ1, which corresponds to a
p ± p* transition at 336 nm.


Figure 7. Circular dichroism spectra of both enantiomers of the disilver(i)
trefoil knot (ÿ)-62� ´ 2 BF4


ÿ (dotted line) and (�)-62� ´ 2BF4
ÿ (plain line) in


CH2Cl2.


Radiocrystallographic study and absolute configuration :
Crystals suitable for X-ray analysis were obtained by dis-
solution of 60 mg of the dextrorotatory dicopper(i) knot (�)-
42� ´ 2 PF6


ÿ in 2-nitropropane and liquid diffusion of benzene.
The absolute configuration of the dextrorotatory resolved
knot has been determined. The X-ray crystallographically
determined molecular structure is presented Figure 8.[39]


The molecule has effective D2 symmetry, with three
mutually perpendicular pseudo-twofold axes, one joining the
two copper cations, one passing through the middle of the two
bridges, and the third one being perpendicular to the others,


Figure 8. Crystal structure of the dextrorotatory dicopper(i) trefoil knot
(�)-42� ´ 2PF6


ÿ. ORTEP representation showing the numbering scheme
adopted for copper and nitrogen atoms (for the sake of clarity, please note
the numbering of the nitrogen atoms is different from the original one
reported to Cambridge Crystallographic Data Centre). The solvent
molecules, PF6 anions and hydrogen atoms have been omitted and the
nitrogen atoms are shown in black.


passing through the central oxygens of the two polyoxy-
ethylene chains. Selected bond distances and angles are given
in Table 2.


The tight molecular structure of 42� is characterized by a
very short CuÿCu distance (4.76 �), whereas the coordination


Table 2. Bond distances and angles of the two pseudo-tetrahedral copper
centers in the complex (�)-42� ´ 2PF6


ÿ.


Cu1 environment Cu2 environment


Bond distances [�]
Cu1ÿN1 2.057 Cu2ÿN3 2.067
Cu1ÿN2 2.066 Cu2ÿN4 2.063
Cu1ÿN5 2.057 Cu2ÿN7 2.067
Cu1ÿN6 2.066 Cu2ÿN8 2.064
Angles [8]


N1-Cu1-N2 82.14 N3-Cu2-N4 80.94
N1-Cu1-N5 138.05 N3-Cu2-N7 140.16
N1-Cu1-N6 112.14 N3-Cu2-N8 113.14
N2-Cu1-N5 112.14 N4-Cu2-N7 113.14
N2-Cu1-N6 141.16 N4-Cu2-N8 139.86
N5-Cu1-N6 82.14 N7-Cu2-N8 80.94







Trefoil Knots 1432 ± 1439
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polyhedra around each metal appear as strongly distorded
tetrahedra, the two centers having very similar coordination
angles as shown in Table 2. The chelate bite of the phenan-
throline ligand imposes two N-Cu-N angle values of 80 to 828,
but the other N-Cu-N angles vary from 112 to 1418. Each
copper atom is bound to two phenanthrolines through four
nitrogen atoms. The CuÿN distances range from 2.05 to
2.07 �; they are close to the values found in other copper(i)
complexes of related ligands.[14, 17, 40]


Finally, it was possible to determine the absolute config-
uration of (�)-42� ´ 2 PF6


ÿ. It was found that the crystals of the
dextrorotatory knot correspond to the L knot, that is, the
enantiomer containing a double helix of absolute configura-
tion M.


Conclusion


Selective crystallization allowed us to resolve a dicopper(i)
trefoil knot. To our knowledge, it is the first preparative
resolution of topological enantiomers. The absolute config-
uration has been determined by X-ray crystallography.
Topologically chiral molecules are those whose enantiomers
can not be interconverted by continuous deformation, there-
fore racemization is excluded as long as no bond in their
organic backbone is broken. The combination of this latter
topological property with the high thermodynamic stability of
copper(i) 2,9-diphenylphenanthroline complexes provides us
with potential reagents and catalysts for various enantiose-
lective processes.


Experimental Section


General procedures : The following chemicals were obtained commercially
and were used without further purification: Cs2CO3 (Aldrich), KCN
(Janssen), KPF6 (Janssen). Some materials were prepared according to
literature procedures: 2-(p-anisyl)-1,10-phenanthroline,[23] copper(ii) tri-
flate,[27] hexaethyleneglycol diiodide,[28] (S)-(�)-1,1'-binaphthyl-2,2'-phos-
phoric acid,[33] and Cu(MeCN)4PF6.[41] Dry solvents were obtained by
distillation over suitable dessicants (Et2O and THF from Na/benzophe-
none, CH2Cl2 from P2O5, pyridine from potassium hydroxide). The other
anhydrous solvents were of commercial analytical grade: acetonitrile,
dimethylformamide, methanol, absolute ethanol, toluene, nitromethane.
Thin-layer chromatography (TLC) was performed on aluminium sheets
coated with silica gel 60 F254 (Merck 5554), or coated with neutral alumina
60 F254 (Merck 5550). After elution, the plates were either scrutinized
under a UV lamp or exposed to I2. Column chromatography was carried
out on silica gel 60 (Merck 9385, 230 ± 400 mesh) or neutral alumina 90
(Merck 1076, 0.060 ± 0.200 mm). UV/Vis spectra were recorded on a
Kontron Instruments UVIKON 860 spectrophotometer. Fast atom bom-
bardment mass spectrometry (FABMS), were recorded in the positive-ion
mode with either a krypton primary-atom beam in conjunction with a
3-nitrobenzyl alcohol matrix and a Kratos MS80RF mass spectrometer
coupled to a DS90 system, or a xenon primary-atom beam with the same
matrix and a ZAB-HF mass spectrometer. Electrospray mass spectrometry
(ES-MS) were recorded in the positive-ion mode with VG-BIOQ triple
quadripole. The 1H NMR spectra were recorded on either Bruker
WP 200SY (200 MHz) or AM 400 (400 MHz) spectrometers. The melting
points were measured on a Bioblock IA 8103 apparatus or on a Büchi SMP-
20 apparatus and are not corrected. Circular dichroism (CD) measure-
ments were performed in CH2Cl2 with a Jobin Yvon CD6 spectropho-
tometer. Cyclic voltammetry (CV) was realized with a Pt working
electrode, a Pt control electrode and a saturated calomel electrode as


reference. Potentiostat EG&G Princeton Applied Research model 273A.
(nBu)4NPF6 0.1m was used as support electrolyte.


Preparation of bisphenanthroline 1: A solution of tert-butyllithium (12 mL,
16 mmol, 1.34m) was added dropwise and under argon to a degassed
solution of m-dibromobenzene (0.94 g, 4 mmol) in freshly distilled THF
(50 mL) maintained at ÿ78 8C. The reaction mixture was stirred at ÿ78 8C
for 1 hour; the temperature was then brought up to �10 8C and
immediately back down to ÿ78 8C for an additionnal hour. It was then
added through a cannula to a suspension of 2-(p-anisyl)-1,10-phenanthro-
line (2.3 g, 8 mmol) in anhydrous THF (150 mL). The purple solution thus
obtained was stirred for 50 hours under argon and at room temperature and
then hydrolyzed at 0 8C by adding water (150 mL). A red solid started to
precipitate. The THF was evaporated and the reaction mixture was taken
up in CH2Cl2/H2O (1:1). The organic layer was decanted and the aqueous
layer was extracted with CH2Cl2 (3� 200 mL). The combined organic
layers were rearomatized by treatment with MnO2 (20 g, excess), dried over
MgSO4 and filtered and the filtrate was evaporated to dryness. Chroma-
tography on alumina (eluent: CHCl3/0 ± 10 % MeOH) afforded 1 in a 66%
yield (1.69 g, 2.9 mmol) as a colourless solid. M.p. 244 8C; MS (FAB�): m/z :
647.2 ([M�H]� , calcd 647.2; 100 %), 324.1 ([M�2 H]2�, calcd 324.1; 33%);
1H NMR ([D6]DMSO, 200 MHz): d� 9.93 (t, 4J� 1.5 Hz, 1H; Ha), 8.71 (d,
3J� 8.5 Hz, 2H; H4), 8.67 (dd, 3J� 7.7 Hz, 4J� 1.5 Hz, 1H; Hb), 8.63 (d,
3J� 8.5 Hz, 2 H; H3), 8.54 (d, 3J� 8.5 Hz, 2H; H7), 8.44 (d, 3J� 8.8 Hz, 4H;
Ho), 8.28 (d, 3J� 8.5 Hz, 2H; H8), 8.05 (s, 4H; H5-6), 7.90 (t, 3J� 7.7 Hz, 1H;
Hc), 3.90 (s, 6 H; OMe); C44H30N4O2 (646.74): calcd C 81.71, H 4.68, N 8.66;
found C 81.49, H 4.86, N 8.54.


Preparation of diphenol 2 : Hydrochloric acid (17.6 mL, 12m) was added to
analytical grade pyridine (16 mL) under rapid mechanical stirring. The
flask was equipped for distillation and water was distilled from the mixture
until its internal temperature rose to 210 8C. Once the anhydrous
pyridinium chloride solution had been cooled down to 150 8C, 1 (1.14 g,
1.8 mmol) was added at once as a solid and under an argon flush. The
mixture was then refluxed (210 8C) under argon for 3 hours. After
hydrolysis by hot water (60 mL), filtration onto filter paper gave 1.8 g of
a yellow solid. This solid was suspended in MeOH/H2O (3:1, 140 mL) and
neutralized with a 0.1m NaOH solution. The resulting orange suspension
was filtered off and dried for 36 hours under high vacuum in the presence of
P2O5 to yield 1.10 g of pure 2 (1.7mmol, 94 % yield) as an orange solid.
1H NMR ([D6]DMSO, 200 MHz): d� 9.77 (s, 1 H; Ha), 8.76 (d, 3J� 7.9 Hz,
2H; Hb), 8.71 (d, 3J� 8.5 Hz, 2 H; H4), 8.63 (d, 3J� 8.5 Hz, 2 H; H3), 8.53 (d,
3J� 8.5 Hz, 2H; H7), 8.45 (d, 3J� 8.5 Hz, 4H; Ho), 8.31 (d, 3J� 8.5 Hz, 2H;
H8), 8.03 (s, 4H; H5-6), 7.95 (t, 3J� 7.9 Hz, 1H; Hc), 6.93 (d, 3J� 8.5 Hz, 4H;
Hm); C42H26N4O2 (618.69): calcd C 81.54, H 4.24, N 9.06; found C 81.05, H
4.71, N 8.74; m.p. 252 8C (decomp); MS (FAB�): m/z : 619.1 ([M�H]� , calcd
619.2; 100 %), 310 ([M�2H]2�, calcd 310.1; 6%)


Preparation of the dicopper(ii) double helix 32� ´ 2TfOÿ : A degassed
solution of copper(ii) triflate (621 mg, 1.72 mmol) in acetonitrile (20 mL)
was added under argon to a suspension of 2 (900 mg, 1.45 mmol) and
ascorbic acid (302 mg, 1.72 mmol) in DMF (100 mL) at room temperature.
The resulting dark-red mixture was stirred for one hour under argon. The
solvent was evaporated and the residue washed with water and dried under
vacuum. Pure 3 was obtained in a quantitative yield (1.22 g, 0.72 mmol) as a
dark-red solid. 1H NMR ([D6]DMSO, 200 MHz): d� 9.55 (br s, 2 H; Ha),
8.60 (d, 3J� 8.5 Hz, 4 H; H7), 8.04 (AB, 3J� 8.9 Hz, 8 H; H5-6), 7.93 (d, 3J�
8.4 Hz, 4 H; H4), 7.82 (d, 3J� 8.5 Hz, 4 H; H8), 7.16 (t, 3J� 8.9 Hz, 2H; Hc),
7.10 (d, 3J� 8.7 Hz, 8 H; Ho), 7.04 (d, 3J� 8.9 Hz, 4 H; Hb), 6.57 (d, 3J�
8.4 Hz, 4H; H3), 5.75 (d, 3J� 8.7 Hz, 8H; Hm); m.p. 238 8C (decomp); cyclic
voltammetry (CV): two reversible distinct waves for CuIIÿCuI with Eo (33�/
32�) and (34�/33�)��0.69 and �0.91 V vs. SCE in MeCN; MS (ES�): m/z
1566.7 ([MÿTfO]� , calcd 1567.3; 12%), 709.2 ([Mÿ 2 TfO]2�, calcd 709.2;
100 %); UV/Vis(CH2Cl2): lmax (e)� 233 (128 700), 252 (118 800), 326
(76 300), 427 (sh, 3900), 518 nm (3300).


Preparation of the dicopper(ii) double helix 32� ´ 2 BF4
ÿ or 32� ´ 2 PF6


ÿ : A
degassed solution of copper(ii)tetrakisacetonitrile BF4


ÿ or PF6
ÿ salt in


acetonitrile (20 mL) was added under argon to a suspension of one
equivalent of 2 in DMF (100 mL) at room temperature. The resulting dark-
red mixture was stirred for one hour under argon. The solvent was
evaporated and the residue was washed with water and dried under
vacuum. Pure 3 was obtained in a quantitative yield as a dark-red solid. The
1H NMR and UV/Vis spectra are analogous to the spectra obtained with
the triflate salt.
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Preparation of the dicopper(ii) knot 42� ´ 2 TfOÿ : Small fractions of a
suspension of Cs2CO3 in DMF (932 mg overall, 2.86 mmol) were added
through cannula to a solution of 32� ´ 2 TfOÿ (1.18 g, 0.70 mmol) and
hexaethyleneglycol diiodide (790 mg, 1.57 mmol) in DMF (300 mL) at
60 8C under argon. The colour of the mixture progressively changed from
yellow to dark red. The reaction was followed by TLC on silica plates
(eluent: CH2Cl2/MeOH 90:10) and showed the disappearance of the chain,
which was compensated for by a further addition of this reactant (466 mg,
0.93 mmol) during the reaction. The reaction mixture was stirred at 60 8C
under argon for a further 24 hours. The DMF was then evaporated under
high vacuum (50 8C) and the dark-red residue dissolved in CH2Cl2/H2O
(1:1). The organic layer was decanted, insoluble oligomers were eliminated
and the aqueous layer was extracted three times with CH2Cl2. The organic
layers were combined and the solvent was evaporated. The residue was
treated by a copper(ii) triflate solution (8 g, excess) in CH3CN (300 mL) at
room temperature and was stirred for 24 hours. This was done in order to
have TfOÿ as the only counter-anion (the reaction mixture also contains Iÿ


and CO3
2ÿ anions). After evaporation of the solvent, the residue was


dissolved in CH2Cl2 and washed 3 times with water. After decantation, the
organic phase was dried over MgSO4 and filtered. The filtrate was
evaporated to dryness and crude 42� ´ 2TfOÿ was chromatographed on
silica (eluent: CH2Cl2/0 ± 12%MeOH) to yield 431 mg of pure 42� ´ 2TfOÿ


(0.20 mmol, 29 % yield) as a dark-red solid. 1H NMR (CD2Cl2, 200 MHz):
d� 9.72 (br s, 2H; Ha), 8.42 (d, 3J� 8.4 Hz, 4H; H7), 7.98 (AB, 3J� 8.8 Hz,
8H; H5-6), 7.96 (d, 3J� 8.4 Hz, 4H; H4), 7.66 (d, 3J� 8.4 Hz, 4 H; H8), 7.23 (t,
3J� 7.8 Hz, 2H; Hc), 7.07 (d, 3J� 8.6 Hz, 8H; Ho), 6.98 (dd, 3J� 7.8 Hz, 4J�
1.2 Hz, 4 H; Hb), 6.56 (d, 3J� 8.4 Hz, 4 H; H3), 5.70 (d, 3J� 8.6 Hz, 8 H; Hm),
4.20 ± 3.20 (m, 48 H; CH2). The latter assignment was confirmed by 2D
NMR spectroscopy (ROESY). M.p. >280 8C; MS (FAB�): m/z : 2003.0
([MÿTfO]� , calcd 2003.5; 14%), 1853.9 ([Mÿ 2 TfO�eÿ]� , calcd 1854.6;
13%), 927.2 ([Mÿ 2TfOÿ]2�, calcd 927.3; 13 %); UV/Vis (CH2Cl2): lmax


(e)� 237 (118 100), 253 (115 000), 324 (69 200), 425 (sh, 3700), 520 nm
(2960); C110H96Cu2F6N8O20S2 (2155.22): calcd C 61.30, H 4.49, N 5.20; found
C 61.08, H 4.37, N 5.07. The same procedure can be applied to obtain the
dicopper(i) trefoil knot with BFÿ4 or PFÿ6 counter-anion starting with the
corresponding double-helix. For the complex with the BFÿ4 anion, the cyclic
voltammogram was measured (CV) showing two reversible distinct waves
for CuIIÿCuI with Eo (33�/32�) and (34�/33�)��0.68 and �0.92 V vs. SCE,
respectively, in MeCN.


Preparation of the diastereomers of the knot : An aqueous solution of
NaOH (3.3 mL, 0.33 mmol, 0.1m) was added to a suspension of binaph-
thylphosphoric acid (115 mg, 0.33 mmol) in CH3CN (50 mL). The solvent
was evaporated and the residue dissolved in CH2Cl2 (150 mL). (�)-42� ´
2TfOÿ (320 mg, 0.15 mmol) was then added; it immediately dissolved in
the mixture. Liquid ± liquid extraction was performed at room temperature
over 24 hours in order to replace TfOÿ by binaphtylphosphate (BNPÿ). The
ion exchange was followed by TLC on alumina plates (eluent: CH2Cl2/5%
MeOH). The organic layer was then decanted and dried over MgSO4. After
filtration, the solvent was evaporated to give (�)-42� ´ 2(�)-BNPÿ as a red
solid (380 mg, 0.15 mmol, quantitative yield). 1H NMR showed that each
signal of the CuI knot was split into two, which confirmed the presence of
two diastereomers and showed the presence of the BNPÿ anion.


Resolution of (ÿ)-42� ´ 2(�)-BNPÿ and (�)-42� ´ 2(�)-BNPÿ : A saturated
solution of the diastereomers (510 mg, 0.2 mmol) in a 1:1 mixture of
dichloromethane and benzene was placed in a crystallization tube (internal
diameter 1 cm, length 20 cm). Some benzene was then added precautiously,
so that the surface of the red solution of knot was not damaged. After two
weeks diffusion, the needles obtained were filtered off and the mother
liquor was evaporated. From their 1H NMR spectra and their rotatory
powers, it was established that the crystals (207 mg) were diastereomeri-
cally pure and that the mother liquor (303 mg) had been strongly enriched
into the other diastereomer (68 %.diastereomeric excess). This sample was
crystallized a second time, with the use of a crystallization tube of 0.7 cm
internal diameter and of 20 cm length. After diffusion of benzene, the
needles obtained were filtered off and the mother liquor was evaporated.
From their 1H NMR spectra and their rotatory powers, it was established
that the mother liquor (57 mg) was diastereomerically pure and that the
crystals (246 mg) were not (60 % diastereomeric excess).


(ÿ)-42� ´ 2(�)-BNPÿ : [M]D�ÿ66000 (c� 5.25� 10ÿ6 in CH2Cl2); CD
(CH2Cl2): lmax (De)� 264 (�337), 298 (�176), 333 (ÿ631), 510 nm
(ÿ21.3); 1H NMR (CD2Cl2, 200 MHz): d� 9.70 (br s, 2 H; Ha), 8.39 (d,


3J� 8.4 Hz, 4 H; H7), 7.9 ± 8.0 (m, 20 H; H4-5-6-BNP), 7.2 ± 7.8 (m, 20H; H8-BNP),
7.18 (t, 3J� 7.8 Hz, 2 H; Hc), 7.04 (d, 3J� 8.6 Hz, 8H; Ho), 6.95 (dd, 3J�
7.8 Hz, 4J� 1.2 Hz, 4 H; Hb), 6.48 (d, 3J� 8.4 Hz, 4H; H3), 5.67 (d, 3J�
8.6 Hz, 8 H; Hm), 4.20 ± 3.20 (m, 48H; CH2).


(�)-42� ´ 2(�)-BNPÿ : [M]D��73000 (c� 4.57� 10ÿ6 in CH2Cl2); CD
(CH2Cl2): lmax (De)� 265 (ÿ203), 299 (ÿ179), 333 (�586), 508 nm
(�20.7); 1H NMR (CD2Cl2, 200 MHz): 9.68 (br s, 2 H; Ha), 8.37 (d, 3J�
8.4 Hz, 4H; H7), 7.9 ± 8.0 (m, 20H; H4-5-6-BNP), 7.2 ± 7.8 (m, 20H; H8-BNP), 7.13
(t, 3J� 7.8 Hz, 2H; Hc), 7.02 (d, 3J� 8.6 Hz, 8 H; Ho), 6.92 (dd, 3J� 7.8 Hz,
4J� 1.2 Hz, 4H; Hb), 6.47 (d, 3J� 8.4 Hz, 4 H; H3), 5.67 (d, 3J� 8.6 Hz, 8H;
Hm), 4.20 ± 3.20 (m, 48H; CH2).


Preparation of the enantiomers (ÿ)-42� ´ 2PF6
ÿ and (�)-42� ´ 2 PF6


ÿ : An
aqueous solution of KPF6 (100 mL, 0.5m) was added, through a cannula, to
a solution of (ÿ)-42� ´ 2 (�)-BNPÿ or (�)-42� ´ 2(�)-BNPÿ (100 mg,
39 mmol) in dichloromethane (100 mL). After 2 hours of vigourous stirring
at room temperature, the organic phase was decanted, washed three times
with water and dried over MgSO4. After filtration, the filtrate was
evaporated to dryness and the crude mixture chromatographed (Al2O3;
eluent: CH2Cl2/0 ± 6 % MeOH). (ÿ)-42� ´ 2PF6


ÿ or (�)-42� ´ 2PF6
ÿ were


isolated in a quantitative yield (84 mg, 39 mmol). Their 1H NMR spectra,
showing the absence of the BNPÿ ion, were similar to that of the copper(i)
complex of the knot with the triflate anion.


(ÿ)-42� ´ 2PF6
ÿ : [M]D�ÿ70 000 (c� 5.07� 10ÿ6 in CH2Cl2); CD (CH2Cl2):


lmax (De)� 245 (�155), 267 (�306), 302 (�179), 335 (ÿ640), 507 nm
(ÿ20.7)


(�)-42� ´ 2PF6
ÿ : [M]D��69000 (c� 4.72� 10ÿ6 in CH2Cl2) CD (CH2Cl2):


lmax (De)� 244 (ÿ154), 266 (ÿ306), 302 (ÿ180), 336 (�640), 508 nm
(�20.8).


Demetallation: (ÿ)-5 and (�)-5 : Potassium cyanide (0.5 g, large excess)
was added to a solution of (ÿ)-42� ´ 2 PF6


ÿ or (�)-42� ´ 2 PF6
ÿ (50 mg,


20 mmol) in refluxing wet acetonitrile (100 mL). The mixture was stirred at
80 8C for 4 hours, during which time the characteristic dark-red colour of
the copper(i) complex progressively disappeared. The solvent was evapo-
rated and the residue was dissolved in dichloromethane. The crude mixture
was washed three times with ammonia (0.1m), dried over MgSO4 and
filtered off to give (ÿ)-5 or (�)-5 as pale-yellow solids in quantitative yield
(37 mg, 20 mmol).


(ÿ)-5 : [M]D�ÿ19000 (c� 4.27� 10ÿ6 in CH2Cl2)


(�)-5 : [M]D��20000 (c� 4.88� 10ÿ6 in CH2Cl2)
1H NMR (CD2Cl2, 200 MHz): d� 8.80 (dd, 3J� 7.7 Hz, 4J� 1.4 Hz, 4H;
Hb), 8.72 (br s, 2H; Ha), 8.37 (d, 3J� 8.4 Hz, 4H; H3), 8.28 (d, 3J� 8.4 Hz,
4H; H4), 8.13 (d, 3J� 8.7 Hz, 8 H; Ho), 8.09 (d, 3J� 8.3 Hz, 4H; H7), 7.90 (d,
3J� 8.3 Hz, 4H; H8), 7.68 (t, 3J� 7.7 Hz, 2 H; Hc), 7.55 (AB, 3J� 8.8 Hz, 8H;
H5-6), 6.98 (d, 3J� 8.7 Hz, 8 H; Hm), 4.30 ± 3.60 (m, 48H; CH2).


Remetallation with silver(ii): (�)-62� ´ 2BF4
ÿ and (ÿ)-62� ´ 2BF4


ÿ : A solution
of AgBF4 (45 mg, 10 equiv) in MeOH (5 mL) was added, through a
cannula, to a solution of (ÿ)-5 or (�)-5 (37 mg, 20 mmol) in CH2Cl2


(30 mL). The mixture was stirred at room temperature for 12 hours. The
solvent was evaporated and the residue dissolved in dichloromethane. The
crude mixture was washed three times with water, dried over MgSO4,
filtered and chromatographed (Al2O3, CH2Cl2/0 ± 2 % MeOH) to give
(ÿ)-62� ´ 2BF4


ÿ or (�)-62� ´ 2 BF4
ÿ as colourless solids in a 95% yield.


(ÿ)-62� ´ 2BF4
ÿ : [M]D�ÿ33000 (c� 5.17� 10ÿ6 in CH2Cl2); CD (CH2Cl2):


lmax (De)� 240 (ÿ194), 262 (�359), 304 (�180), 336 nm (ÿ760); (�)-62� ´
2BF4


ÿ : [M]D��34000 (c� 5.34� 10ÿ6 in CH2Cl2); CD (CH2Cl2): lmax (De):
240 (�189), 263 (ÿ349), 304 (ÿ176), 335 nm (�742); UV/Vis (CH2Cl2):
lmax (e): 241 (110 600), 269 (79 600), 311 nm (65 400); 1H NMR (CD2Cl2,
200 MHz): d� 9.88 (br s, 2 H; Ha), 8.47 (d, 3J� 8.4 Hz, 4 H; H7), 8.13 (d,
3J� 8.8 Hz, 4 H; H4), 7.95 (AB, 3J� 9.0 Hz, 8H; H5-6), 7.74 (d, 3J� 8.4 Hz,
4H; H8), 7.37 (t, 3J� 7.9 Hz, 2 H; Hc), 7.07 (d, 3J� 8.6 Hz, 8 H; Ho), 7.10 (d,
3J� 7.9 Hz, 4H; Hb), 6.53 (d, 3J� 8.8 Hz, 4 H; H3), 5.85 (d, 3J� 8.6 Hz, 8H;
Hm), 4.20 ± 3.20 (m, 48H; CH2).


X-ray crystal structure analysis : Crystallographic data (excluding structure
factors) for the structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supplementary publication
no. CCDC-105608. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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Design, Syntheses, Complexation, and Electrochemistry of Polynuclear
Metallodendrimers Possessing Internal Metal Binding Loci


George R. Newkome,* Anil K. Patri, and Luis A. Godínez[a]


Abstract: Extended, branched monomers possessing bipyridine moieties were
synthesized by the use of high dilution conditions, then utilized in the assembly of
macromolecular constructs. Dendrimers with four internal bipyridine units at precise
locations within the superstructure were transformed into their [Ru(bpy')(bpy)2]2�


(bpy� 2,2'-bipyridine) complexes. The absorption spectra and cyclic voltammetry
measurements of these polynuclear dendritic bipyridine ruthenium(ii) complexes
were measured and used to confirm their composition.


Keywords: bipyridine ´ cyclic vol-
tammetry ´ dendrimers ´ metallo-
dendrimers ´ ruthenium


Introduction


Dendrimers offer a wide range of unique physical and
chemical properties owing to the availability of different
functional surface groups as well as their internal cavities. As a
result, unimolecular micelles,[1, 2] novel amphiphiles,[3] com-
plexation agents,[4] photocatalysts,[5, 6] and MRI contrast
agents[7] are notable areas that utilize selected aspects of
different regimes of these macromolecular constructs. Many
of the original issues associated with the assembly of these
uniform spherical macromolecules, such as characterization,
purity, dense packing limits, and surface functionalization,
have been addressed and reviewed.[8±12] After establishing the
foundations for their design and construction, attention is now
being focussed on different tailored approaches to prepare
highly specific, application-oriented dendrimers.[13]


From Balzani et al.,[14] the utilization of internal metal
centers has lead to metallodendrimers possessing a variety of
metal centers, instilling different dimensions to their physio-
chemical properties.[15] Making use of metal ion coordination,
hyperbranched 1,10-phenanthroline[16] and 2,2'-bipyridine[17]


ligands were self-assembled with CuI and RuII metal ions,
respectively, to form dendrimers with central metal cores.
Dendrimers with metal porphyrins at the core[18±30] were
synthesized by means of a divergent procedure and were
reported to show interesting photophysical and electrochem-
ical properties. In that metals were used as branching centers


to prepare arborols, Balzani and co-workers[31] used ruthe-
nium as a branching center through a protection/deprotection
scheme; whereas, Puddephatt et al.[32±36] prepared Pt-
branched organoplatinum dendrimers by an oxidative addi-
tion/complexation cycle. Veggel and Reinhoudt et al.[37, 38]


reported the preparation of metallodendrimers based on
branching with coordinated PdII and then used this strategy in
the preparation[39] of building blocks containing a barbituric
acid residue; these then formed a hexameric rosette upon
hydrogen bonding with melamine. Numerous accounts ex-
plore the surface chemistry of dendrimers possessing ruthe-
nium,[40] nickel,[41] cobalt,[42] and copper, zinc, or nickel,[43] as
the coordinating metal. Based on nonbranching metal con-
nectivity, we reported the stepwise assembly of dendrimers by
means of tpy-RuII-tpy (tpy� 2,2':6',2''-terpyridine) internal
connectivity;[44-47] such construction has given rise to isomeric,
tetrahedral dendritic assemblies.[48, 49]


The controlled internal chemical modifications of pre-
formed dendrimers has been, thus far, limited to the site- and
depth-specific placement of dicobalt clusters[50] and ortho
carborane,[51] electrochemical reduction and oxidation of
porphyrin-based[21, 52] and Ru-containing[17, 53, 54] dendrimers,
and bis-dendrimer formation.[46] Our interests in the incorpo-
ration of specific binding loci within the internal cavities[55-58]


for covalent and noncovalent attachment of guests have lead
to the development of various multicomponent monomers
through a high-dilution, three-component synthetic proce-
dure. By variation of the subunit and/or spacer, it is possible to
define the number and location of these utilitarian units
within the supramolecular architecture. As [Ru(bpy)3]2�


complexes show a unique combination of photophysical and
redox properties, incorporation of multiple units of these
metal centers within a dendritic environment is of current
interest. We recently reported the synthesis of substituted 2,2'-
bipyridines[59] for the incorporation of these ligands into
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dendrimers. Herein we report the synthesis, metal complex-
ation, and characterization using UV/VIS spectroscopy and
electrochemistry of polynuclear [Ru(bpy')(bpy)2]2� dendrim-
ers.


Results and Discussion


The key building block was prepared by treating glutaryl
dichloride with one equivalent of Behera�s amine (3),[60]


followed by one equivalent of 2,2'-bipyridine-5,5'-diamine[61]


(1) under high-dilution reaction conditions, with diisopropyl-
ethylamine as base, to afford the extended monomer 4 (54 %;
Scheme 1). The reaction mixture also afforded another useful
byproduct, the 2-directional hexaester 5 (6%); these materi-
als were easily separated by column chromatography over
basic alumina. The structure of monomer 4 was supported by
13C NMR spectrum, which showed ten distinct heteroaromatic
signals including d� 134.4 and 136.3 for the different 6,6'-
carbon atoms, in addition to the other expected signals. This
pattern is characteristic of an unsymmetrically substituted
bipyridine ring system[59] in contrast to the starting sym-
metrical bipyridine diamine 1, which shows only five signals in
the aromatic region. Notably, the 13C NMR spectrum of
hexaester 5 displayed only five signals in the aromatic region
at d� 120.4, 127.0, 135.2, 140.1, and 150.8, confirming its
symmetrical composition.


A slight excess (4.4 equiv) of pure monomer 4 was treated
with tetrakis(acyl chloride) core 6[62] in scrupulously anhy-
drous THF to give (94%) the first tier four-directional
dodecaester 7 (Scheme 2). Formation of 7 was readily
monitored by thin-layer chromatography (TLC). Structural


Scheme 2. Synthesis of first generation dendrimers 7 and 8. a) THF, 0 ±
25 8C, diisopropylethylamine; b) HCO2H.


proof for 7 is derived from its
13C NMR spectrum, which dis-
plays only five signals in the
aromatic region at d� 120.4,
127.5, 134.9, 140.4, and 150.4,
similar to the hexaester 5, in-
dicating the desired bisamida-
tion; however, upon close scru-
tiny, the data showed that two
nearly identical sets of signals
existed, for example, d� 150.4
and 150.7 for the 5,5'-carbons of
bipyridine, supporting its inher-
ent dissymmetry. Deprotection
of the twelve peripheral tert-
butyl ester groups of 7 was
effected by the treatment with
formic acid at 25 8C for 36 h
affording (80%) the dodecacar-
boxylic acid 8. Residual formic
acid was removed by dialysis of
8 in a methanol and water
mixture. The structure of 8 was
established (13C NMR) by the
total absence of the distinctiveScheme 1. Synthesis of building block 4. a) THF, 0 ± 25 8C, diisopropylethylamine.
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signals for the tert-butyl group
carbons at d 27.8 and 80.6, and
appearance of a downfield sig-
nal at d 183.7 for the terminal
acid carbon atom.


Dodecaacid 8 was coupled[63]


with 3 in the presence of
DCC(DCC� dicyclohexyl car-
bodiimide) and 1-HBT (HBT�
1-hydroxybenzotriazole) in dry
DMF to afford the second gen-
eration dendrimer 9 (38 %;
Scheme 3), which was spectro-
scopically supported (13C NMR)
by the broadening of signals,
the difference in the relative
intensities of the signals, and
the appearance of additional
signals at d� 57.5 (correspond-
ing to 48CNH of new genera-
tion; 48� quaternary) and d�
172.8 (for CO2tBu). Absence of
the distinctive carbonyl signal
at d� 183.7 for the carboxylic
acid moieties also supported
the transformation.


The ruthenium complexes of
first and second generation es-
ters, 10 and 11, respectively,
were prepared by refluxing the
corresponding esters with
[Ru(bpy)2Cl2] in ethanol under
nitrogen for three days
(Schemes 4 and 5); the chloride
counter ions were exchanged
with PF6 ions by the addition of
NH4PF6. Either column chro-
matography or dialysis was
used to purify these salts. The
aromatic region of the 13C NMR
spectra of these complexes is
very complicated as a result of
overlapping peaks; thus, proof
of the structure was obtained
from UV/visible spectroscopy,
mass spectrometry, and cyclic
voltammetry. The absorption
spectra of 10 and 11 in acetoni-
trile solution at 25 8C are dis-
played in Figure 1. The absorp-
tion spectra show bipyridine-
centered bands in the UV re-
gion and the metal-to-ligand
charge-transfer (MLCT) bands
in the visible region, character-
istic of RuII-polypyridine com-
plexes. The charge-transfer
band shows lmax at 448 nm due
to MLCT with e of 49 900 and Scheme 4. Synthesis of metallodendrimer 10. a) Ethanol, [Ru(bpy)2Cl2], reflux 3 d, NH4PF6.


Scheme 3. Synthesis of second generation dendrimer 9. a) DMF, DCC, 1-HBT, amine 3, 25 8C, 48 h.
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53 500mÿ1 cmÿ1 for first and second generation complexes,
respectively; these values compare favorably with the e of
[Ru(bpy)3]2� of 13 400mÿ1 cmÿ1 at 450 nm;[64] thus, these facts
afford evidence for 10 and 11 possessing four
[Ru(bpy')(bpy)2]2� per molecule.


The structure of the polynuclear ruthenium complexes 10
and 11 were further established by matrix-assisted laser
desorption ionization (MALDI) mass spectrometry. The mass
spectra were measured in the linear mode with the use of a
9-nitroanthracene matrix. Figure 2 shows the molecular ion
region of the MALDI mass spectrum for 10. The peaks at
m/z� 5812, 5667, 5522 and 5377 were assigned to [Mÿ
(PF6)n]� cations (where n� 1 ± 4, respectively). This pattern


of loss of PF6 ions with highly
reduced, singly charged cations
has been observed[46, 48, 65] in
related polypyridine ruthenium
complexes. A similar pattern
caused by the loss of PF6 ions
was observed for 11 with peaks
at m/z� 9907, 9762, 9617 and
9472 for [Mÿ (PF6)n]� cations.


Further support for the pro-
posed structures of metalloden-
drimers 10 and 11 was achieved
by exploratory cyclic voltam-
metry experiments in DMF at
25 8C. As seen in Figure 3a, the
voltammetric response of a
1.0 mm solution of the starting
reagent [Ru(bpy)2Cl2] is char-
acterized by a chemically irre-
versible signal for the two bi-
pyridine units (see the negative
potential region) and by a re-
versible wave for the RuIII/RuII


couple. On the other hand, the
formation of the mixed
[Ru(bpy')(bpy)2]2� complex in-
corporated within the dendritic
structure of 10 and 11 should be
characterized by an electro-
chemical response that reveals
the presence of a third, albeit
different, bipyridine ligand
around each one of the metallic
centers. As can be seen in
Figures 3b and 3c, the voltam-
metric signals for both den-
drimers show at least three
waves in the negative potential
region, corresponding to each
of the bipyridine ligands in the
organometallic complex. This
wave pattern is consistent with
the proposed structure of met-
allodendrimers 10 and 11 and
opposed to the presence of
starting material [Ru(bpy)2Cl2].


The appearance of three cathodic signals for each bi-
pyridine ligand has been observed for the similar [Ru(bpy)3]2�


complex[46, 66, 67] and for mixed [Ru(bpy')(bpy)2]2� com-
plexes.[68]


Inspection of Table 1 reveals that the electrochemical
reduction processes of the [Ru(bpy)3]2� complex take place
at more positive potentials than those of the metalloden-
drimers, possessing the [Ru(bpy')(bpy)2]2� moieties. This
negative potential shift for compounds 10 and 11 when
compared with their [Ru(bpy)3]2� analogue is consistent with
the electron donating character of the pyrÿNHCO linkages[69]


that characterize the substituted bipyridine ligand of the
macromolecular skeleton.[68]


Scheme 5. Synthesis of metallodendrimer 11. a) Ethanol, [Ru(bpy)2Cl2], reflux 3 d, NH4PF6.


Figure 1. Absorption spectra in the charge transfer band for 10 (- - -) and 11 (Ð) at 25 8C in MeCN solution. The
concentration is 8.0� 10ÿ6m. Wavelength is in nm.
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Figure 2. Molecular ion region of MALDI-TOF mass spectrum of 10.


Figure 3. Cyclic voltammetry responses for 1.0 mm solutions of
a) [Ru(bpy)2]Cl2, b) 10, and c) 11 in 0.1m Et4NTFB in DMF at 25 8C. Scan
rates 200 mV sÿ1.


Another important feature of the CV response of den-
drimers 10 and 11 must include the impact that the structural
change in the dendritic framework has on the electrochem-
istry of the ruthenium center when compared with the


reversible response in the free [Ru(bpy)2Cl2] and [Ru(bpy)3]2�


complexes.[65] As we[46, 58] and others[21, 22, 70, 71] have observed
by studying dendritic systems, in which the electroactive units
are positioned inside the branched structure, there is a
marked decrease in the kinetics of electron transfer that
usually translates into electrochemical irreversible behavior.
The question of whether this irreversible voltammetric
response of the ruthenium center in metallodendrimers 10
and 11, when compared with their nondendritic analogues, is
due to dendrimerization or whether there is an electrochemi-
cally induced chemical reaction that can break apart the
organometallic complex remains unanswered. Studies on the
photo- and electro-induced chemical reactions that take place
inside the hyperbranched structures of these novel types of
dendrimers are currently under investigation in our labora-
tory.


Conclusions


We have achieved the synthesis of polynuclear dendrimers
with specific internal attachment of bipyridine units. The
corresponding [Ru(bpy')(bpy)2]2� complexes were prepared
and characterized by means of UV/visible spectroscopy, mass
spectrometry, and cyclic voltammetry. These internally posi-
tioned metal centers offer insight into the use of metal-
lodendrimers as electrochemical and photochemical devices.
Similar use of dendrimers with internal biquinoline ligands to
form ordered dendritic networks is currently under inves-
tigation.


Experimental Section


Materials and methods : Chemicals were purchased from Aldrich and used
as received, except for THF, which was dried, distilled, and stored on
molecular sieves 4 �. 2,2'-Bipyridine-5,5'-diamine 1,[61] amine 3,[62] and
[Ru(bpy)2]Cl2


[72] were prepared using literature procedures. Thin layer
chromatography (TLC) was conducted on flexible sheets precoated with
aluminum oxide IB-F (Baker-flex). Column chromatography was con-
ducted with neutral/basic alumina, Brockman Activity I, 60 ± 325 mesh
(Fisher Scientific). Melting points were determined with an Electrothermal
9100 and are uncorrected. 1H and 13C NMR spectra were recorded on a
Bruker DPX250 spectrometer with CDCl3, except where noted. IR spectra
were recorded on ATI Matheson Genesis FTIR spectrophotometer.


Absorption spectra were measured on a Hewlett Packard 8452A
Diode Array spectrophotometer in MeCN solution at 25 8C. Mass
spectra were obtained on either a Bruker Esquire electrospray ion-
trap mass spectrometer or Bruker Reflex II MALDI-TOF mass
spectrometer. The electrochemical experiments were performed
with a Princeton Applied Research (PAR) model 173 potentiostat
coupled to a model 175 programmer, and a Houston Instruments
model 2000 X-Y recorder. Resistance compensation was performed
with a PAR digital coulometer module (model 179) integrated to
the potentiostat. All the cyclic voltammetry measurements were
conducted in anhydrous DMF solutions (1.0mm of the electroactive
compound) with 0.1m of tetraethylammonium tetrafluoroborate
(Et4NTFB) as supporting electrolyte. Dry N2 gas was bubbled
carefully through the electroactive solution for at least 10 minutes
before the measurements to deoxygenate the solution. The electro-


chemical cell consisted of a 2.0 mL conical vial fitted with a graphite
working electrode (previously polished in sequential steps with alumina
and diamond polishing compound on a felt surface), a silver pseudo-
reference electrode, and a platinum wire as a counter electrode (Cypress


Table 1. Electrochemical parameters for [Ru(bpy)2Cl2], [Ru(bpy)3]2� and ruthe-
nium metallodendrimers 10 and 11 (see experimental section for details). Potentials
in V against the ferrocene/ferrocenium couple.


Bipyridines Ru
Cathodic peak potentials Anodic peak potentials
Ec1 Ec2 Ec3 Ea1 Ea2 Ea3 E1/2 ,(DEp) Ea


[Ru(bp)2Cl2] ÿ 2.24 ÿ 0.15 (0.06)
[Ru(bp)3]2� ÿ 1.77 ÿ 1.96 ÿ 2.2 ÿ 1.71 ÿ 1.89 ÿ 2.14 0.87 (0.06)
10 ÿ 1.81 ÿ 2.02 ÿ 2.36 ÿ 1.91 ÿ 1.71 0.49
11 ÿ 1.80 ÿ 2.00 ÿ 2.31 ÿ 2.02 ÿ 1.74 0.49
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Systems, Lawrance, KS). All the potentials reported in this work were
measured against the ferrocene/ferrocenium redox couple.


Preparation of the extended monomer (4): A mixture of amine 3 (1.869 g,
4.5 mmol) and Et(iPr)2N (1.16 g, 9 mmol) in THF (25 mL) was added
dropwise over 30 min to a stirred cold solution of glutaryl dichloride 2
(761 mg, 4.5 mmol) in dry THF (60 mL). The mixture was then allowed to
warm to 25 8C and stirred for an additional 4 h. Excess 2,2'-bipyridine-5,5'-
diamine 1 (2 equiv, 2 g, 9 mmol) in THF (50 mL) was added at once and
stirring was continued at 25 8C for 12 h. The resultant yellow insoluble salt
was filtered and the solvent was removed in vacuo. The residue was
dissolved in EtOAc and was washed successively with aq. K2CO3, de-
ionized water, and finally a saturated brine solution. The organic layer was
dried (MgSO4), filtered, and concentrated in vacuo to give a reddish-orange
residue, which was column chromatographed (basic Al2O3) eluting with a
mixture of EtOAc/MeOH (95:5). Two pure products were isolated; the
aminobipyridine 4, as a light yellow solid (1.7 g, 54%) and hexaester 5, as
white powder (320 mg, 6%). Amine 4 was recrystallized from chloroform:
m.p. 88 ± 90 8C; 1H NMR: d� 1.42 (s, 27H, C(CH3)3), 1.96 (t, 6H,
CH2CH2CO2), 2.06 (m, 2H, CH2CH2CH2), 2.21 (t, 8H, CH2CH2CO2,
CH2CO) 2.47 (t, 2 H, COCH2), 6.13 (s, 1H, CONHC48), 7.12 (dd, 1H, ArH),
8.04 ± 8.24 (m, 4 H, ArH), 8.74 (s, 1H, ArH), 9.29 (s, 1H, ArNHCO);
13C NMR: d� 21.6 (CH2CH2CH2), 28.0 (C(CH3)3), 29.8, 29.9
(CH2CH2CO2), 35.6, 35.8 (CH2CH2CH2), 57.7 (48CNH), 80.9 (C(CH3)3),
119.8, 121.2, 122.0, 127.4, 134.4, 136.3, 140.1, 142.5, 146.6, 151.7 (CAr), 171.5,
172.2 (CONH), 173.0 (CO2); IR: nÄ � 3437, 3362, 2978, 2928, 1726, 1657,
1154 cmÿ1; ESI-MS: m/z : 698.8 [M��1]; calcd C37H55N5O8 (697.8).


Hexaester 5 : mp 217 ± 218 8C; 1H NMR: d� 1.43 (s, 54H, CH3), 1.97 (t,
12H, CH2CH2CO2), 2.06 (m, 4H, CH2CH2CH2), 2.21 (t, 16H, CH2CH2CO2,
CH2CH2CO), 2.45 (t, 4 H, COCH2), 6.04 (s, 2H, NHC48), 8.24 (br s, 4H,
ArH), 8.70 (s, 2 H, ArH), 9.09 (s, 2H, ArNHCO); 13C NMR: d� 21.5
(CH2CH2CH2), 27.8 (C(CH3)3), 29.5, 29.7 (CH2CH2CO2), 35.5, 35.8
(CH2CH2CH2), 57.4 (NHC48), 80.4 (OC(CH3)3), 120.4, 127.0, 135.2, 140.1,
150.8 (CAr), 171.6, 172.3 (CONH), 172.7 (CO2); IR: nÄ � 3334, 2976, 2934,
1728, 1651, 1154 cmÿ1; ESI-MS: m/z : 1210.6 [M��1]; calcd C64H100N6O16


(1209.5).


Preparation of dodecaester 7: Tetraacid chloride 6 (139 mg, 279 mmol) in
THF (10 mL) was added dropwise to a stirred cold (0 8C) THF (20 mL)
solution containing amine 4 (865 mg, 1.23 mmol) and Et(iPr)2N (158 mg,
1.23 mmol) under nitrogen. The mixture was stirred at 0 8C for 30 min,
allowed to warm to 25 8C, and maintained for 12 h. The solvent was
removed in vacuo, and the residue was dissolved in EtOAc, then washed
sequentially with aq. K2CO3, deionized water, and brine, and then dried
(MgSO4). The EtOAc was removed in vacuo and the residue was
chromatographed (basic Al2O3) eluting with a EtOAc/MeOH (9:1)
solution to afford the dodecaester 7, as a light yellow solid: 825 mg
(94 %), mp 142 ± 144 8C; 1H NMR: d� 1.4 (s, 108 H, C(CH3)3), 1.95 (br s,
8H, CH2CH2CH2), 2.00 (m, 24 H, CH2CH2CO2), 2.23 (m, 32H,
CH2CH2CO2, CH2CONHC48), 2.42 (br s, 8H, ArNHCOCH2), 2.53 (br s,
8H, OCH2CH2CO), 3.34 (br s, 8H, OCH2CH2), 3.67 (br s, 8 H, CCoreCH2O),
6.23 (br s, 4 H, CONHC48), 8.07, 8.15 (br s, 16 H, ArH), 8.64, 8.66 (br s, 8H,
ArH), 9.23, 9.35 (br s, 8H, ArNHCO); 13C NMR: d� 21.5 (CH2CH2CH2),
27.8 (C(CH3)3), 29.7 (CH2CH2CO2), 35.7 (CH2CH2CH2), 37.5 (OCH2CH2),
45.0 (48CCore), 57.4 (48CNH), 67.0, 69.2 (CH2OCH2), 80.6 [C(CH3)3], 120.4,
127.5, 134.9, 140.4, 150.4, 150.7 (CAr), 171.0, 171.6, 172.2 (CONH), 172.7
(CO2); IR: nÄ � 3332, 2976, 2934, 1728, 1656, 1154 cmÿ1; MALDI-TOF-MS
(trans-3-indoleacrylic acid): m/z : 3167.4 ([M��Na]); calcd C165H240N20O40


(3143.83).


Preparation of dodecaacid 8 : A stirred mixture of dodecaester 7 (400 mg,
127 mmol) and formic acid (15 mL) was maintained at 25 8C for 36 h. The
formic acid was removed in vacuo to give a residue, which was dissolved in
a water/MeOH mixture and dialyzed in a Spectra/Por CE membrane
(MWCO: 500) for 24 h. The solvent was removed in vacuo to afford the
desired dodecaacid 8, as orange red solid: 250 mg (80 %), m.p. 70 ± 72 8C;
1H NMR (D2O/NaOD): d� 1.6 (8H, CH2CH2CH2), 1.8, 1.9 (m, 48H,
CH2CH2COO), 2.0, 2.1 (m, 24H, CH2CH2CH2 , CH2CONH), 3.1, 3.3 (16 H,
CH2OCH2); 13C NMR (D2O/NaOD): d� 22.4 (CH2CH2CH2), 31.6, 32.6
(CH2CH2COO), 36.6 (CH2CONH), 45.3 (CCore), 59.2 (48CNH), 67.4, 67.9
(CH2OCH2), 122.0, 129.1, 136.1, 140.8, 149.8 (CAr), 173.1, 174.8, 175.7
(CONH), 183.7 (CO2); IR: nÄ � 3500 ± 3000 (br, acid OH), 1700 cmÿ1; ESI-
MS: m/z : 2494; calcd C117H144N20O40 (2470.5).


Preparation of 36-cascade 9 : A stirred mixture of dodecaacid 8 (113 mg,
45 mmol), DCC (135 mg, 658 mmol), and 1-HBT (88 mg, 658 mmol) in dry
DMF (20 mL) was maintained at 25 8C for 1 h under anhydrous conditions.
Formation of dicyclohexyl-urea, as a white precipitate, was noted. Amine 3
(273 mg, 658 mmol) was added and stirring was continued for 48 h at 25 8C.
After filtration, DMF was removed in vacuo to give a yellow residue, which
was dissolved in EtOAc. The organic layer was washed sequentially with
10% HCl, deionized water, aq. NaHCO3, and saturated brine solution, and
then dried (MgSO4). The EtOAc was removed in vacuo affording a residue,
which was column chromatographed (basic Al2O3) eluting with an EtOAc/
MeOH (9:1) mixture affording 9, as a light yellow solid: 125 mg (38 %),
m.p. 64 ± 67 8C; 1H NMR: d� 1.42 (324 H, CH3), 1.94 (8 H, CH2CH2CH2),
2.00 (96 H, CH2CH2CO2), 2.20 (104 H, CH2CH2CO, CH2CONH), 2.42 (8 H,
ArNHCOCH2), 2.52 (8H, OCH2CH2), 3.34 (8H, OCH2CH2), 3.68 (8 H,
CCoreCH2O), 6.2 (16 H, C48NH), 8.10, 8.75 (24 H, ArH), 9.30 (8H, ArNH);
13C NMR: d� 21.5 (CH2CH2CH2), 27.9 (C(CH3)3), 29.8 (CH2CH2COO),
35.7, 37.2 (CH2CONH), 45.2 (CCore), 57.5, 60.2 (48CNH), 67.2, 69.8
(CH2OCH2), 80.7 (C(CH3)3), 120.5, 127.4, 134.9, 140.5, 150.9 (CAr), 170.8,
171.7, 172.2 (CONH), 172.8 (COO); IR: nÄ � 3321, 2977, 2934, 1729, 1657,
1542, 1463, 1154 cmÿ1; MALDI-TOF-MS (trans-3-indoleacrylic acid): m/z :
7264.19 ([M��Na]); calcd C381H612N32O100 (7241.20).


Ruthenium complex 10 : [Ru(bpy)2Cl2] (101 mg, 200 mmol) was added to a
stirred solution of 7 (150 mg, 40 mmol) in absolute ethanol (50 mL), and
refluxed under nitrogen for 3 days. The ethanol was removed in vacuo, and
excess NH4PF6 in water was added. The precipitated PF6 salt was filtered
and washed with water until the filtrate was colorless. The crude residue
was column chromatographed (neutral alumina) eluting with EtOAc/
MeOH (8:2) to yield 10 as a red crystalline solid: 160 mg (57 %); 1H NMR:
d� 1.4 (108 H, CH3), 1.9 ± 2.4 (m, 72 H, CH2CH2CH2, CH2CH2CO2), 2.5 ±
3.7 (24 H, CH2OCH2CH2), 6.30 (4 H, C48NH), 7.0 ± 9.0 (88 H, ArH), 10.0
(8H, ArNH); 13C NMR: d� 21.2 (CH2CH2CH2), 27.8 (CH3), 29.5
(CH2CH2CO2), 35.6 (CH2CH2CH2), 36.7 (OCH2CH2), 45.0 (48CCore), 57.9
(48CNH), 67.0, 69.0 (CH2OCH2), 80.5 (C(CH3)3), 123.9, 127.3, 138.0, 150.8,
156.5 (br, CAr), 171.0, 172.2, 172.8 (C�O); IR: nÄ � 3397, 2976, 1722, 1533,
1482, 1156, 843 cmÿ1; UV/VIS: lmax (e)� 448 nm (49 900); MALDI-TOF-
MS (9-nitroanthracene): m/z : 5812.3 ([MÿPF6]�); calcd C245H304F48N36O40-
P8Ru4 (5957.3).


Ruthenium complex 11: [Ru(bpy)2Cl2] (40 mg, 82 mmol) was added to a
stirred solution of 9 (125 mg, 17 mmol) in absolute ethanol (50 mL) and
refluxed under nitrogen for 3 days. The ethanol was removed in vacuo, and
excess NH4PF6 in water was added to precipitate the PF6 salt. The isolated
solid was washed with water, dissolved in a MeOH/water mixture and
dialyzed in a CE membrane (MWCO: 3500) for 2 days. Solvent was
removed in vacuo to give 11 as a red solid: 70 mg (40 %), 1H NMR: d� 1.4
(324 H, CH3), 1.9 ± 2.5 (m, 216 H, CH2CH2CH2 , CH2CH2CO2), 2.5 ± 3.8
(24 H, CH2OCH2CH2), 6.5 (16 H, C48NH), 7.0 ± 9.0 (88 H, ArH), 10.0 (8 H,
ArNH); 13C NMR: d� 21.5 (CH2CH2CH2), 28.0 (CH3), 29.7 (CH2CH2CO2,
CH2CH2CONH), 31.6, 34.6 (CH2CH2CH2), 57.4 (48CNH), 80.6 (C(CH3)3),
124.2, 128.0, 138.1, 151.1, 156.9 (CAr), 172.4, 172.9, 173.4 (C�O); IR: nÄ �
3400, 3329, 2977, 2932, 1725, 1155, 844 cmÿ1; UV/VIS: lmax (e)� 448 nm
(53 500); MALDI-TOF-MS (9-nitroanthracene): m/z : 9907.0 ([M�ÿPF6]);
calcd C461H676N48N48O100P8Ru4 (10 054.6).
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The Striking Influence of Intramolecular Lanthanoid ± p ± Arene Interactions
on the Structural Architecture of the Homoleptic Aryloxolanthanoid(ii)
Complexes [Eu2(Odpp)(m-Odpp)3] and [Yb2(Odpp)2(m-Odpp)2]
and the YbII/YbIII Trimetallic [Yb2(m-Odpp)3]�[Yb(Odpp)4]ÿ
(ÿOdpp� 2,6-Diphenylphenolate)


Glen B. Deacon,*[a] Craig M. Forsyth,[a] Peter C. Junk,[b] Brian W. Skelton,[c]


and Allan H. White[c]


Abstract: Homoleptic binuclear arylox-
olanthanoid(ii) complexes, [Eu2(Odpp)-
(m-Odpp)3] (1) (ÿOdpp� 2,6-diphenyl-
phenolate), [Yb2(Odpp)2(m-Odpp)2] (2)
and the remarkable mixed-valent com-
plex [Yb3(Odpp)7] (3), have been pre-
pared by direct reactions of ytterbium or
europium metal with 2,6-diphenylphe-
nol in the presence of mercury at
elevated temperatures in sealed tubes.
X-ray diffraction studies of 1 and 2 (as
toluene solvates from extraction of re-
action mixtures) revealed different bi-
nuclear structures. In 1 three aryloxide
oxygens bridge the two Eu atoms, with a


terminal Odpp and three h1-p-bonded
substituent phenyl groups also attached
to one Eu, and three h2-p-bonded phe-
nyl groups to the other. By contrast,
both Yb atoms of 2 have one terminal
and two bridging Odpp ligands in a
pyramidal array and the coordination
sphere is completed by p interactions of
pendant phenyl groups (one h4- and one
h3- to one Yb, and an h6- and an h1-Ph


group to the other). The structure
of 3 comprises an unprecedented
[YbII


2 (Odpp)3]� cation and a [YbIII-
(Odpp)4]ÿ anion. In the cation, there
are solely three bridging aryloxide li-
gands with additional coordination of
one h6- and two h1-p-Ph groups at one
Yb and one h6-, one h2- and one h1-Ph at
the other. The [Yb(Odpp)4]ÿ anion has a
near-tetrahedral arrangement of four
aryloxide oxygens. In 1, 2, and 3, naked
lanthanoid coordination sites and faces
are protected by bulky pendant phenyl
groups with concomitant p-Ph ± Ln in-
teractions.


Keywords: europium ´ lanthanides
´ mixed-valent compounds ´ O li-
gands ´ ytterbium


Introduction


Over the past decade, there has been significant interest in
low-coordination-number (�6) lanthanoid complexes.[1] The
large and electropositive lanthanoid cations generally achieve
stability through high coordination numbers, either by bond-
ing to auxiliary neutral moleculesÐusually O- or N-donor
solventsÐor by generating oligomeric arrays. Thus, the
imposition of an unfavourable, low-coordinate environment
upon the lanthanoid centre can lead to unusual structures and


novel lanthanoid ± ligand interactions, for example with
hydrocarbon fragments.[1] The use of aryloxide ligands
(OAr, e.g. Ar�C6H2-2,6-tBu2-4-R,[2] C6H3-2,6-iPr2


[3] or
C6H3-2,6-Ph2


[4]) has allowed isolation of solvent-free lantha-
noid(iii) aryloxides, [Ln(OAr)3]. The sterically demanding 2,6-
substituents can effectively inhibit oxygen bridging since, in
dimeric [{Ln(OC6H3-2,6-iPr2)3}2], the two monomeric
Ln(OAr)3 units are linked by h6-arene ± lanthanoid interac-
tions.[3] The bulkier tert-butyl substituents in [Ln(OC6H3-2,6-
tBu2-4-R)3] can completely block the coordination sphere of
the lanthanoid, giving monomeric, three-coordinate com-
plexes.[2] In lanthanoid(ii) chemistry the only example of a
solvent-free aryloxide is [Yb(OC6H2-2,6-tBu2-4-Me)2].[5] In
this case, a dimeric structure results in which the ytterbium
centres are three-coordinate with oxygen-bridged aryloxides.
Similar structures are also observed in bulky ytterbium
aryloxide/amide systems.[5a] We have shown previously for
[Ln(Odpp)3] complexes that the primary coordination by the
three aryloxide oxygens is supplemented by weaker intra-
molecular p-phenyl ± lanthanoid interactions.[4] The latter can
effectively replace coordination of up to two tetrahydrofuran
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(THF) molecules, as exemplified by the series [Nd(Odpp)3-
(thf)2] ´ (thf)2 (CN� 5, no Ph ± Ln interaction), [Nd(Odpp)3-
(thf)] (CN� 4, with one h3-Ph ± Ln interaction) and
[Nd(Odpp)3] (CN� 3, with one h1- and one h6-Ph ± Ln
interaction).[4b] We have now investigated lanthanoid(ii) 2,6-
diphenylphenolates [Ln(Odpp)2], where intramolecular p-
Ph ± Ln interactions may assume even greater significance
because of the lower Odpp/Ln ratio and the relatively larger
lanthanoid(ii) ions, and we report structures of [Eu2(Odpp)-
(m-Odpp)3] (1), Yb2(Odpp)2(m-Odpp)2] (2) and the intriguing
mixed-valent homoleptic aryloxide [Yb3(Odpp)7] (3). In
addition, a novel synthesis of the homoleptic complexes by
direct reaction of the lanthanoid metals with the phenol at
elevated temperatures is presented.


Results and Discussion


Syntheses and characterisation : The lanthanoid(ii) aryloxides
[Ln(Odpp)2] (Ln�Eu, Yb) were prepared by heating a
mixture of the metal, mercury and 2,6-diphenylphenol
(HOdpp) to 200 8C in an evacuated and sealed Carius tube
[Eq. (1)]. These reactions were performed in the absence of


Ln(Hg)� 2 HOdpp ÿ! [Ln(Odpp)2]�H2 (1)


any added solvent, although initially the molten HOdpp (m.p.
100 ± 102 8C) possibly acted in this capacity. In the absence of
mercury, Yb metal and HOdpp react only incompletely at
350 8C after 6 days. Mercury presumably activates the metal
surface by amalgamation and may also contribute through
slight dissolution in the molten phenol, since the metal has
significant solubility in organic solvents.[6] There have been a
number of conceptually related reactions of lanthanoid metals
with low acidity protic reagents: for example, i) metal-atom
reactions with primary acetylenes[1a,b,d] and pentamethylcy-
clopentadiene,[1a,b,d] ii) reaction of mercury-activated lantha-
noids with alcohols,[1g,j] (where oxoalkoxide cages [Ln5O-
(iPrO)13] can be formed[1g,j] from isopropyl alcohol), iii)
coordination-assisted direct reaction of 2-methoxyethanol
with metals,[1j, 7] and iv) reaction of Yb or Eu with cyclo-
pentadiene[1a,b,d] or bulky 2,6-disubstituted phenols[7, 8] in
liquid ammonia, N-methylimidazole or acetonitrile. However,
the present reactions are particularly simple and deliver
homoleptic complexes from bulk metals in the absence of any
donor solvent and without coordination of the phenol (cf.
isolation of alcohol solvates from Ln/ROH reactions[1g,j]).
There is considerable potential for analogous reactions with
other protic reagents including amines, phosphines and thiols.


Extraction of the reaction mixtures with toluene followed
by crystallisation yielded [Eu2(Odpp)4] ´ (PhMe) (1 ´ (PhMe))
and [Yb2(Odpp)4] ´ (PhMe)1.5 (2 ´ (PhMe)1.5). The yield of 2 ´
(PhMe)1.5 was low even after exhaustive extraction of the
reaction residue with hot toluene, and much red-orange
toluene-insoluble solid remained mixed with the excess of
Yb(Hg). When this material was kept in a small amount of
toluene for �2 months, some orange-red crystals were
collected and identified by X-ray crystallography as the


mixed-valent species [Yb3(Odpp)7] ´ (PhMe) (3 ´ PhMe)
[Eq. (2)].


3Yb(Hg)� 7HOdpp ÿ! [Yb3(Odpp)7]� 3.5 H2 (2)


From a separate preparation of the mixture of 2 and 3, the
toluene-insoluble residue (i.e. free of 2) was extracted with
PhMe/THF. Evaporation to dryness and fractional crystalli-
sation of the residue from toluene yielded successively 2 ´
(PhMe)1.5 and then the known [Yb(Odpp)3].[4a] Thus, THF
induced dissociation of the mixed valence 3 [Eq. (3)].


[Yb3(Odpp)7] ÿ! [Yb2(Odpp)4]� [Yb(Odpp)3] (3)


Initially, the known [Yb(Odpp)2(thf)3][9] and [Yb(Odpp)3-
(thf)2][4a] would presumably have been formed by THF
treatment, but these were evidently desolvated on workup
with toluene. It is apparent that 2 and [Yb(Odpp)3] do not
reform 3 in boiling toluene, hence the thermal synthesis
[Eq. (2)] is a unique source of this species. No species
analogous to 3 was observed in the reaction with europium,
consistent with the greater stability of EuII than YbII.[1c,d]


Complexes 1 ´ (PhMe) and 2 ´ (PhMe)1.5 gave satisfactory
elemental analyses and their infrared spectra showed absorp-
tions characteristic of the Odpp ligand. There were some
differences between the spectra of 1 and 2 consistent with
their different structures. No metal-containing ions were
detected in the EI mass spectra of 1 and 2, in contrast to the
observation of ions attributable to [Yb(Odpp)2]� and
[Yb(Odpp)]� in the spectrum of [Yb(Odpp)2(thf)3].[9] This is
presumably due to the less volatile nature of binuclear 1 and 2
than monomeric [Yb(Odpp)2(thf)3)].


The 171Yb chemical shift of diamagnetic 2 in toluene is close
to that (d� 314) of [{Yb(OC6H2-2,6-tBu2-4-Me)2}2] in the
same solvent,[5b] consistent with persistence of the dimeric
structure in solution. The 1H NMR spectrum in [D6]benzene
showed a complex series of overlapping resonances for the
Odpp ligands and the toluene of crystallisation. However, a
distinct doublet of doublets at d� 7.38, which integrated for
16 H, can be assigned to the ortho protons of the substituent
phenyl groups. This implies a single Odpp environment, in
contrast to the observation of separate bridging and terminal
aryloxide resonances in the spectrum of dimeric [{Yb(OC6H2-
2,6-tBu2-4-Me)2}2].[5] Therefore, the spectrum of 2 probably
results from rapid exchange of Odpp ligands, which are less
bulky than 2,6-di-tert-butyl-4-methylphenolate groups. Fur-
ther, the C2 symmetry of the Odpp resonances in solution
suggests loss of the unsymmetrical intramolecular Yb ±
(Odpp) p-arene coordination observed in the solid state
(see below), possibly owing to Yb ± C6D6 interactions. Un-
fortunately, 2 crystallised from solution at lower temperatures,
precluding variable-temperature studies. In [D8]THF, the
spectrum of 2 showed more distinct resonances than in
[D6]benzene, but it presumably corresponds to a [D8]THF
complex analogous to the reported [Yb(Odpp)2(thf)3].[9]


Integration of the toluene resonances in the spectrum in
[D8]THF was consistent with the composition established by
microanalysis and X-ray crystallography (see below). The
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separation and spectroscopic characterisation of the mixed-
valent complex 3 were prevented by its low solubility in
noncoordinating solvents. The 1H NMR spectrum of the bulk
material in [D8]THF was consistent with an approximately 2:1
mixture of [Yb(Odpp)2] and [Yb(Odpp)3]. The resonances of
the latter were severely shifted and broadened due to the
paramagnetism of YbIII and were separate from those of
diamagnetic [Yb(Odpp)2]. The [D8]THF-induced dissociation
of 3 is consistent with the behaviour on THF/toluene
extraction [Eq. (3)].


Crystal structure analyses : The structures of 1 ± 3 are dis-
played in Figures 1 ± 3, whilst selected bond lengths and angles
are given in Tables 1 ± 3. Compound 1 has an unsymmetrical
binuclear structure (Figure 1) in which Eu(1) has one terminal


Figure 1. a) Molecular projection of [Eu2(Odpp)4] (1) normal to the
Eu(1) ± Eu(2) axis with 20% thermal ellipsoids; b) simplified representa-
tion showing the donor atoms. Partially coordinated (h1 or h2) phenyl rings
are shown by single atoms or ring fragments.


and three bridging Odpp ligands, and Eu(2) only three
bridging Odpp ligands. Oxygen ligation leaves gaps in the
coordination sphere, especially at Eu(2), and these are filled
by p-phenyl ± europium interactions (see below). The struc-
ture has the same unusual (ArO)Eu(m-OAr)3Eu framework
as in the recently reported [Eu2(OC6H3Me2-2,6)4(dme)3]
(dme� 1,2-dimethoxyethane), where one Eu has a terminal
and three bridging OAr groups and one chelating dme, whilst
the other has three bridging OAr groups and two chelating
dme ligands.[10] Accordingly, in 1 the intramolecular p-Ph ± Eu
interactions, combined with the steric bulk of the phenyl
substituents, effectively replace one dme at Eu(1) and two
dme ligands at Eu(2). Furthermore, the Eu ± O bond lengths
in 1 (Table 1) are comparable with Eu ± OAr distances of
aryloxoeuropium(ii) complexes with formal coordination
numbers �5, for example [Eu(OC6H2-2,6-tBu2-4-


Me)2(thf)3][11] (CN� 5; Eu ± Oter 2.321(5), 2.337(5) �), [Eu-
(OC6H3-2,6-Me2)2(CH3CN)4][8b] (CN� 6; Eu ± Oter 2.313(12),
2.35(2) �), [Eu2(OC6H3-2,6-Me2)4(dme)3][10] (CN� 6; Eu ±
Oter 2.350(5); Eu ± Obr 2.477(6) ± 2.597(5) �) (CN� 7; Eu ±
Obr 2.447(5) ± 2.495(5) �).[10] Thus, the p-Ph ± Eu coordination
lengthens the Eu ± O distances. For Eu(1), intramolecular p-
Ph coordination comprises three h1-Ph ± Eu contacts whilst for
Eu(2) there are three h2-Ph ± Eu interactions. The Eu ± C
distances that are considered to represent significant p-Ph ±
Eu interactions lie in the range 2.987(4) to 3.240(4) � (av.
3.11 �) (Table 1). For the dimer [{Nd(OAr)2(m-{O :h6-Ar}-
OAr)}2] (Ar� 2,6-iPr2C6H3), which has p-h6-Ar ± Nd bonding
linking the Nd(OAr)3 units, the Nd ± C bonds span 2.898(12)
to 3.183(10) � (av. 3.03 �).[3a] Allowing for the larger size of
Eu2� than Nd3� (difference 0.15 �),[12] these ranges are similar
or even suggest stronger bonding to EuII. They are entirely
consistent with Ln ± C distances in complexes of Ln metals
with neutral p donors,[13] such as [{Eu(h6-C6Me6)(AlCl4)2}4]
(hEu ± Ci 3.00 �; the angle brackets denote an average
value).[13c] Given that virtually half of the coordination sphere
of Eu(2) is available for p-Ph ± Eu bonding, the number of
interacting carbons seems small, but is presumably affected by
the combined steric effect of the three interacting rings. The
next shortest Eu(2) ± C distance (Eu(2) ± C(366) 3.319(5) �)
is near the binding limit and might reasonably be considered,
but it has been excluded as it is�0.15 � more distant than the
next closest carbon to Eu(2). There is no interaction between
the toluene of crystallisation and the metals.


Surprisingly, the structure of 1 bears a striking resemblance
to that of the homoleptic anionic 2,6-diphenylphenolatoneo-
dymium(iii) complex [Na{Nd(Odpp)4}][14] which contains a
[Nd(Odpp)4]ÿ anion and an aryloxo-bridged and phenyl-
encapsulated Na� cation. This suggests that 1 may be
described similarly (i.e. a [Eu(Odpp)4]2ÿ dianion coordinated
to an Eu2� dication). As with Nd in [Na{Nd(Odpp)4}], the
geometry at Eu(1) in 1 is highly distorted from tetrahedral by
virtue of the bridging of three oxygens to the second metal


Table 1. Selected geometries for [Eu2(Odpp)4] ´ (toluene), 1 ´ (PhMe) (dis-
tances in �, angles in 8).


Eu(1) ± O(11) 2.493(2) Eu(2) ± O(11) 2.463(3)
Eu(1) ± O(21) 2.517(3) Eu(2) ± O(21) 2.426(3)
Eu(1) ± O(31) 2.428(2) Eu(2) ± O(31) 2.438(2)
Eu(1) ± O(41) 2.361(3)


Eu(1) ´´ ´ C(122) 3.222(5) Eu(2) ´´ ´ C(161) 2.987(4)
Eu(1) ´´ ´ C(222) 3.082(4) Eu(2) ´´ ´ C(162) 3.154(4)
Eu(1) ´´ ´ C(322) 3.240(4) Eu(2) ´´ ´ C(261) 3.036(4)


Eu(2) ´´ ´ C(262) 3.013(4)
Eu(2) ´´ ´ C(361) 3.043(4)
Eu(2) ´´ ´ C(362) 3.136(4)


Eu(1) ´´ ´ Eu(2) 3.534(1)


O(11)-Eu(1)-O(21) 71.45(8) O(11)-Eu(2)-O(21) 73.50(9)


O(11)-Eu(1)-O(31) 77.57(8) O(11)-Eu(2)-O(31) 77.95(8)
O(21)-Eu(1)-O(31) 71.10(8) O(21)-Eu(2)-O(31) 72.49(8)
O(11)-Eu(1)-O(41) 143.45(8) Eu(1)-O(11)-Eu(2) 90.96(8)
O(21)-Eu(1)-O(41) 140.52(8) Eu(1)-O(21)-Eu(2) 91.24(9)
O(31)-Eu(1)-O(41) 123.08(8) Eu(1)-O(31)-Eu(2) 93.15(8)
Eu(1)-O(11)-C(11) 150.0(2) Eu(2)-O(11)-C(11) 116.9(2)
Eu(1)-O(21)-C(21) 148.5(2) Eu(2)-O(21)-C(21) 118.5(2)
Eu(1)-O(31)-C(31) 147.2(2) Eu(2)-O(31)-C(31) 119.6(2)
Eu(1)-O(41)-C(41) 154.6(2)
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centre (in this case Eu(2)). This is indicated by the small Obr ±
Eu(1) ± Obr and large Oter ± Eu(1) ± Obr angles (Table 1),
whereas discrete [Ln(Odpp)4]ÿ anions have a more regular
geometry[14b] (see also below). The three bridging Odpp
ligands are inclined toward Eu(2) with Eu(1) ± O(n1) ± C(n1)
(n� 1 ± 3) angles significantly larger than the corresponding
angles at Eu(2) and only marginally smaller than Eu(1) ±
O(41) ± C(41) of the terminal Odpp in 1 (Table 1).


The crystal structure of 2 showed two crystallographically
independent but closely similar dimeric molecules (i and ii).
Pseudosymmetry is evident, and the possibility that the crystal
symmetry assignment as triclinic rather than monoclinic may
be a consequence of poor crystal quality cannot be totally
discarded. Nevertheless, at a low level of precision the nature
of the material is definitively established, as shown by the
typical 2(i) in Figure 2. Toluene of crystallisation (1.5 mole-
cules per dimer) was also present in the unit cell. The complex
is approximately symmetrical with two bridging and two
terminal Odpp ligands around each ytterbium. However, the
structure differs strikingly from that of solvent-free, dimeric
[{Yb(OC6H2-2,6-tBu2-4-Me)2}2][5] since there is approximately
pyramidal YbO3 geometry in 2(i) (SO±Yb±O 261.6, 276.98)
compared with near-trigonal planar in [{Yb(OC6H2-2,6-tBu2-
4-Me)2}2] (SO±Yb±O 352.1, 359.98).[5] The Yb(m-OAr)2Yb geom-
etry is similar in both complexes (Yb ± Obr ± Yb 100.1(7) to
107.8(7)8 and Obr ± Yb ± Obr 72.6(6) to 80.6(6)8 in the two
structures), but in 2(i) the terminal Yb ± OAr bonds form
angles of 96.5 and 104.68 to the Yb ± Yb vector, by contrast
with 161.2 and 165.78 in [{Yb(OC6H2-2,6-tBu2-4-Me)2}2].[5] The
resulting void in the coordination sphere on each ytterbium
atom in 2(i) is filled by a number of close ytterbium ± car-
bon(phenyl) contacts (below). The Yb ± O distances (Table 2)
are comparable with those of [{Yb(OC6H2-2,6-tBu2-4-Me)2}2]
(Yb ± Oter 2.08(2), 2.10(2); Yb ± Obr 2.25(2) ± 2.37(2) �).[5] The
Yb ± C distances considered (from data in ref. [13]) to be p-
Ph ± Yb interactions lie in the range 2.75(3) to 3.18(4) �
(Table 2). The shortest of these is similar to those of a YbII-h2-
olefin complex, namely [Yb(C5Me5)2(m-h2:h2-CH2CH2)-


Figure 2. a) Molecular projection of molecule i of [Yb2(Odpp)4] (2(i))
normal to the Yb2O2 plane with 20% thermal envelopes; b) simplified
representation showing the donor atoms. Partially coordinated (h1, h3, or
h4) phenyl rings are shown by single atoms or ring fragments.


PtMe2], Yb ± C 2.781� 0.006 �[15] and the range of proposed
YbII ± C interactions is similar to Nd ± C (2.898(12) to
3.183(10) �) of [{Nd(OAr)2(m-{O :h6-Ar}-OAr)}2] (Ar� 2,6-
iPr2C6H3).[3a] For the same coordination number, the ionic
radius of Yb2� is approximately 0.04 � larger than that of
Nd3�.[12] For 2(i), the intramolecular p-Ph ± Yb bonding can be
described as one h3-Ph (C(1461 ± 1463)) and one h4-Ph
(C(1121 ± 1123,1126)) at Yb(11) and as one h6-Ph (C(1421 ±
1426)) and one h1-Ph (C(1262)) at Yb(12). An Yb ± ipso-C
contact (Yb(12) ± C(131) 3.10(7) �) is also close enough to be
viewed as bonding but is considered to result more from the


Table 2. Selected geometries for [Yb2(Odpp)4] ´ (toluene)1.5, 2 ´ (PhMe)1.5 (distances in �, angles in 8). The two values in each entry are for molecules n� i, ii.[a]


i ii i ii


Yb(n1) ± O(n11) 2.10(2) 2.11(2) Yb(n2) ± O(n21) 2.17(2) 2.14(2)
Yb(n1) ± O(n31) 2.30(2) 2.29(2) Yb(n2) ± O(n31) 2.24(2) 2.34(2)
Yb(n1) ± O(n41) 2.32(2) 2.35(2) Yb(n2) ± O(n41) 2.30(2) 2.31(2)
Yb(n1) ´´ ´ C(n121) 3.09(4) 3.13(3) Yb(n2) ´´ ´ C(n262) 3.18(4) 3.18(4)


Yb(n1) ´´ ´ C(n122) 3.01(3) 3.09(3) Yb(n2) ´´ ´ C(n421) 2.82(3) 2.88(3)
Yb(n1) ´´ ´ C(n123) 3.19(4) 3.28(4) Yb(n2) ´´ ´ C(n422) 2.80(4) 2.75(3)
Yb(n1) ´´ ´ C(n126) 3.23(5) 3.29(4) Yb(n2) ´´ ´ C(n423) 2.85(4) 3.07(4)
Yb(n1) ´´ ´ C(n461) 3.11(4) 2.96(3) Yb(n2) ´´ ´ C(n424) 3.08(4) 3.10(4)
Yb(n1) ´´ ´ C(n462) 2.86(3) 2.86(4) Yb(n2) ´´ ´ C(n425) 3.18(4) 3.12(4)
Yb(n1) ´´ ´ C(n463) 3.22(4) 3.27(4) Yb(n2) ´´ ´ C(n426) 2.99(4) 2.93(4)
Yb(n1) ´´ ´ Yb(n2) 3.675(3) 3.682(3)


O(n11)-Yb(n1)-O(n31) 103.4(8) 109.3(8) O(n21)-Yb(n2)-O(n31) 108.6(7) 102.1(8)


O(n11)-Yb(n1)-O(n41) 85.6(8) 92.3(8) O(n21)-Yb(n2)-O(n41) 95.8(8) 93.3(8)
O(n31)-Yb(n1)-O(n41) 72.6(6) 75.3(7) O(n31)-Yb(n2)-O(n41) 74.1(6) 75.0(7)
Yb(n1)-O(n31)-Yb(n2) 107.8(7) 105.4(8) Yb(n1)-O(n41)-Yb(n2) 105.5(7) 104.3(7)
Yb(n1)-O(n31)-C(n31) 134(2) 138(2) Yb(n1)-O(n41)-C(n41) 131(2) 128(2)
Yb(n2)-O(n31)-C(n31) 118(2) 115(2) Yb(n2)-O(n41)-C(n41) 124(2) 128(2)


[a] Angles at O(n11:n21) are 139(2), 144(2); 145(2), 145(2)8. Dihedral angles between the C6 planes of rings C(n3m ; n4m) to their central Yb2O2 planes are
75.8(9), 72.2(8); 24.4(8), 18.8(8)8. O(n31) ´´ ´ O(n41) are 2.74(3), 2.83(3) �.
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arrangement of the bridging aryloxide than formation of a
discrete Yb ± C bond. In a comparison of 2(i) as typical with
[Nd(Odpp)3],[4a] which has h6- and h1-Ph interactions, the
hYb(12) ± Ci distance for the h6-Ph ± Yb(12) interaction
(2.95 �; the subscripted number is of less reliable accuracy)
is similar to hNd ± Ci (3.046 �) of the h6-bonded ring. This is
the more significant given the slightly larger radius of Yb2�


(above).[12] It is also relevant that the hYb ± Ci distance of the
h6-Ph ring in 2(i) is comparable with hYb ± Ci (2.978 �) of h6-
Ph ± Yb of [Yb(Odpp)3][4a] (isostructural with [Nd(Odpp)3])
even though Yb3� is approximately 0.15 � smaller than
Yb2�.[12] This further emphasises the importance of intra-
molecular p-Ph ± Yb interactions in 2. However, the h1-Ph ±
Yb contact (Table 2) is longer than h1-Ph ± Nd (2.964(7) �) of
[Nd(Odpp)3].[4a] The Yb(12) ± cent(146) vector (cent(146)�
centroid of atoms C(1421 ± 1426)) is nearly perpendicular to
the phenyl ring plane (q defined as the angle between the
normal to the h6-phenyl plane and the Yb ± cent(146) vector,
q� 8.68) and the Yb(12) ± cent(146) distance is 2.61 �. The
phenyl interactions at Yb(11) appear longer than those at
Yb(12) with hYb(11) ± Ci 3.14 � (h4-Ph) and 3.06 � (h3-Ph).
The next shortest contacts (C(1124) 3.32(4) �; C(1125)
3.32(5) �) are seemingly too distant for p-bonding. However,
the angle q between the normal of the plane defined by
C(1121 ± 1126) and the Yb(11) ± cent(116) vector is 7.88,
marginally smaller than that of the h6-Ph bound to Yb(12).
This suggests that the ring C(1121 ± 1126) may also be
described as h6-Ph-bound, albeit more weakly, since the
Yb(11) ± cent(116) distance (2.88 �) is considerably longer
than Yb(12) ± cent(146) (see above). The structure of dimer
2(ii) (Table 2) is similar to that of dimer 2(i).


The structure of 3 revealed an ionic mixed-valent com-
plex containing discrete [YbII


2 (Odpp)3]� cations and
[YbIII(Odpp)4]ÿ anions (Figure 3). The [Yb2(Odpp)3]� cation
is a structure unique amongst lanthanoid aryloxides since it
has no terminal aryloxide groups. Three Odpp ligands bridge
the two ytterbium centres, and the naked faces of the metals
are surrounded by pendant phenyl groups. The decrease in
size from Eu2� to Yb2� results in loss of a terminal Odpp group
between 1 and [Yb2(Odpp)3]� . The range of Yb ± O distances
(2.289(7) ± 2.327(7) � Table 3) is close to those observed for
the bridging Odpp ligands in 2 (see above), indicative of
oxidation state (ii) for ytterbium, whilst the O ± Yb ± O angles
(70.3(2) ± 75.6(2)8, Table 4) are similar to the Obr ± Eu ± Obr


angles in 1 (Table 1). The geometry of the oxygens of the
bridging Odpp ligands is characterised by much narrower
Yb ± O ± Yb angles compared with 2, leading to a closer
nonbonded Yb ± Yb separation (3.348 � c.f. 2(i) 3.675 �) and
this can be attributed to the extra bridging Odpp in
[Yb2(Odpp)3]� . In contrast to those of 1, the Ln ± O ± C angles
in the cation of 3 (Table 3) do not show a marked variation,
reflecting the more symmetrical nature of the Yb(m-Odpp)3-
Yb framework. The primary coordination of the ytterbium
centres in [Yb2(Odpp)3]� is augmented by p-phenyl ± ytterbi-
um interactions. An h6-Ph-Yb and two h1-Ph-Yb groups are
observed for Yb(2) and an h6-Ph-Yb, an h2-Ph-Yb and an h1-
Ph-Yb for Yb(3) (Table 3). The hYb(2) ± C(103 ± 108)i 3.037 �
and hYb(3) ± C(85 ± 90)i 2.968 � for the h6-phenyls are in
agreement with values for 2 (above) and are comparable with


Figure 3. Structure of [Yb2(Odpp)3]�[Yb(Odpp)4]ÿ (3). a) The
[Yb(Odpp)4]ÿ anion; b) the [Yb2(Odpp)3]� cation projected normal to
the Yb(2) ± Yb(3) axis with 30% thermal ellipsoids; c) simplified repre-
sentation showing the donor atoms. Partially coordinated (h1 or h2) phenyl
rings are shown by single atoms or ring fragments.


Eu ± C values for 1 allowing for ionic radii differences,[12]


whilst the Yb ± centroid vectors are nearly perpendicular to
the phenyl ring planes (Yb(2) ± C(103 ± 108), q� 4.78 ; Yb(3) ±
C(85 ± 90), q� 5.28), indicative of h6 bonding. The remaining
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close Yb ± C distances lie in the range 2.85(1) ± 3.12(1) � and
correspond well with Yb ± C (2.75(3) ± 3.18(4)) of 2. More-
over, the present range for YbII ± C bonds (2.85(1) ±
3.15(1) �) is close to that (2.814(4) ± 3.148(6) �) for YbIII ±
C interactions for the p-h6-Ph and p-h1-Ph groups of
[Yb(Odpp)3],[4a] despite the much larger size of Yb2�. A
summary of Ln ± C interactions of 1, 2, the cation of 3, and of
relevant comparable compounds is given in Table 4.


The ytterbium of the discrete [Yb(Odpp)4]ÿ anion in 3 lies
in an only slightly distorted tetrahedral metal environment as
indicated by O ± Yb ± O angles close to 1098 (Table 3). The
range of angles compares well with those observed for the
anions in [Na(diglyme)2][Ln(Odpp)4] (Ln�Nd or Er) (O ±
Ln ± O 101.7(1) ± 115.4(1)8 (Nd), 102.9(2) ± 112.7(2)8 (Er)).[14]


In addition, the hYb ± Oi distance (2.0678) is smaller than the
corresponding hNd ± Oi (2.187 �) and hEr ± Oi (2.082 �)
distances, which correlates with differences in the ionic radii
of the Ln3� ions (i.e. Yb3� is approximately 0.11 � smaller
than Nd3� and 0.02 � smaller than Er3�).[12] Since the ionic


radius of Yb2� is approximately 0.13 � larger than Yb3�,[12] the
above distances unambiguously define the ytterbium in the
anion as trivalent. Interestingly, hYb ± Oi is near-identical
with that (2.065 �) of Yb(Odpp)3 (with h6-p-Ph and h1-p-
Ph).[4a]


Structurally characterised organometallic compounds com-
bining lanthanoids in both the ii and iii oxidation states are
very rare, specifically, [{YbIII(C5Me5)2}2YbII(m-CCPh)4],[16]


[SmIII(C5Me5)2(m-C5H5)SmII(C5Me5)2],[17] [{YbIII(C5Me5)2-
(m-F)2YbII(C5Me5)}2],[18] [YbIII(C5Me5)2(m-F)YbII(C5Me5)2],[19]


and [YbIIIPh2(thf)(m-Ph)3YbII(thf)3].[20] Compound 3 is the
first mixed oxidation state aryloxide and further novelty is
provided by the ionic constitution.


Conclusion


The homoleptic lanthanoid(ii) 2,6-diphenylphenolates 1, 2,
and [Yb2(Odpp)3]� are unique complexes showing the versa-
tility of the phenyl substituents in occupying considerable
sectors of the lanthanoid coordination sphere and influencing
the geometries of the lanthanoid ± oxygen framework.


Experimental Section


General : The compounds described herein are extremely air- and moisture-
sensitive and consequently all operations were carried out in an inert
atmosphere (argon, nitrogen) with standard Schlenk and dry-box (Vacuum
Atmospheres HE-43) techniques. Solvents were purified, dried, and
deoxygenated by conventional methods. Light petroleum refers to the
fraction boiling between 40 to 60 8C. IR data (4000 ± 650 cmÿ1) were
obtained with a Perkin Elmer 1600 FTIR spectrometer for Nujol mulls
sandwiched between NaCl plates. Room temperature (20 8C) NMR spectra
were recorded on a Bruker AC 200 MHz or AM 300 MHz spectrometer.
The chemical shift references were the residual solvent signals ([D6]ben-
zene, dH� 7.15) or an external solution of [Yb(C5Me5)2] in THF/10 % C6D6


(dYb� 0.0). For the proton assignments, H2' ± H6' refer to the substituent
phenyl protons. Metal analyses were by EDTA titration with xylenol
orange indicator and hexamine buffer of solutions prepared by digestion of
accurately weighed samples in concentrated HNO3/2% concentrated
H2SO4, followed by dilution with water. Microanalytical data (C, H) were
determined by the Campbell microanalytical service, University of Otago,
New Zealand. Lanthanoid elements as powders or distilled metal ingots
were obtained from Research Chemicals or RhoÃ ne ± Poulenc. 2,6-Diphe-
nylphenol was purchased from Aldrich and used as received.


Reaction of europium(Hg) and HOdpp : A thick-walled Carius tube was
loaded with europium pieces (0.91 g, 6.0 mmol), mercury (1.93 g,
9.60 mmol), and HOdpp (1.04 g, 4.00 mmol). The tube was evacuated to
<10ÿ3 Torr, sealed and heated to 200 8C. After 48 h, an orange-yellow
crystalline solid had formed, intermixed with the residual europium(Hg).
The mixture was extracted with warm toluene (50 mL) giving a yellow
solution which was evaporated to dryness under vacuum. The resulting
solid was then recrystallised from toluene/light petroleum (4:1) and gave
0.20 g (15 % based on HOdpp) of large yellow crystals of [Eu2(Odpp)4] ´
(toluene), 1 ´ (PhMe). IR: nÄ � 1583 m, 1558 w, 1492 m, 1407 s, 1298 w, 1282 s,
1263 s, 1252 m, 1170 w, 1157 w, 1083 m, 1067 m, 1026 w, 1011 w, 849 m, 804 w,
757 s, 746 s, 734 m, 710 cmÿ1 vs; MS (70 eV, EI): m/z (%): 246 (100)
[HOdpp�]; no metal-containing ions were detected; C72H52Eu2O4 ´ (C7H8)
(1377.28): calcd C 68.90, H 4.39; found C 69.47, H 4.61. Treatment of the
extraction residue with warm toluene (3� 50 mL), reduction of the
combined extracts, and crystallisation gave 0.60 g (44 % based on HOdpp,
combined yield 59%) of yellow crystals of 1 ´ (PhMe), which had an IR
spectrum identical with that above. C72H52Eu2O4 ´ (C7H8) (1377.28): calcd
Eu 22.07; found Eu 22.17.


Table 3. Selected geometries for {[Yb(Odpp)4][Yb2(Odpp)3]} ´ (toluene),
3 ´ (PhMe) (distances in �, angles in 8).


Yb(1) ± O(1) 2.094(7) Yb(2) ± O(5) 2.320(7)
Yb(1) ± O(2) 2.049(7) Yb(2) ± O(6) 2.289(7)
Yb(1) ± O(3) 2.073(8) Yb(2) ± O(7) 2.302(7)
Yb(1) ± O(4) 2.053(6) Yb(3) ± O(5) 2.313(7)


Yb(3) ± O(6) 2.319(6)
Yb(3) ± O(7) 2.327(7)


Yb(2) ´´ ´ C(80) 3.06(1) Yb(3) ´´ ´ C(85) 2.87(1)


Yb(2) ´´ ´ C(103) 2.99(1) Yb(3) ´´ ´ C(86) 2.88(1)
Yb(2) ´´ ´ C(104) 3.04(1) Yb(3) ´´ ´ C(87) 2.97(1)
Yb(2) ´´ ´ C(105) 3.15(1) Yb(3) ´´ ´ C(88) 3.06(1)
Yb(2) ´´ ´ C(106) 3.10(1) Yb(3) ´´ ´ C(89) 3.06(1)
Yb(2) ´´ ´ C(107) 3.00(1) Yb(3) ´´ ´ C(90) 2.97(1)
Yb(2) ´´ ´ C(108) 2.94(1) Yb(3) ´´ ´ C(97) 3.12(1)
Yb(2) ´´ ´ C(116) 2.85(1) Yb(3) ´´ ´ C(98) 2.97(1)


Yb(3) ´´ ´ C(122) 3.04(1)
Yb(2) ´´ ´ Yb(3) 3.3480(6)


O(1)-Yb(1)-O(2) 114.9(3) O(6)-Yb(2)-O(7) 75.6(2)


O(1)-Yb(1)-O(3) 109.9(3) O(5)-Yb(3)-O(6) 70.3(2)
O(1)-Yb(1)-O(4) 111.0(3) O(5)-Yb(3)-O(7) 74.1(2)
O(2)-Yb(1)-O(3) 112.1(3) O(6)-Yb(3)-O(7) 74.6(2)
O(2)-Yb(1)-O(4) 106.5(3) Yb(2)-O(5)-Yb(3) 92.5(3)
O(3)-Yb(1)-O(4) 101.6(3) Yb(2)-O(6)-Yb(3) 93.2(3)
Yb(1)-O(1)-C(1) 154.8(7) Yb(2)-O(7)-Yb(3) 92.6(3)
Yb(1)-O(2)-C(19) 165.7(7) Yb(2)-O(5)-C(73) 131.5(7)
Yb(1)-O(3)-C(37) 162.5(7) Yb(3)-O(5)-C(73) 132.5(6)
Yb(1)-O(4)-C(55) 164.3(6) Yb(2)-O(6)-C(91) 135.4(6)
O(5)-Yb(2)-O(6) 70.7(3) Yb(3)-O(6)-C(91) 123.4(6)
O(5)-Yb(2)-O(7) 74.5(2) Yb(2)-O(7)-C(109) 136.7(6)


Yb(3)-O(7)-C(109) 130.5(6)


Table 4. Ln ´´´ C contacts considered to be significant interactions in 1, 2, the
cation of 3, and related lanthanoid complexes with neutral p-donor ligands.


Complex Ln ´´´ C [�] hLn ´´´ Ci [�] Ref.


1 2.987(4) ± 3.240(4) 3.11
2 2.75(3) ± 3.18(4) 3.00
[Yb2(Odpp)3]� in 3 2.85(1) ± 3.15(1) 3.00
[{Nd(OAr)2(m-{O :h6-Ar}-OAr)}2] 2.898(12) ± 3.183(10) 3.03 [3a]
[{Eu(h6-C6Me6)(AlCl4)2}4] 2.917(15) ± 3.066(12) 3.00 [13c]
[Yb(C5Me5)2(m-h2 :h2-C2H4)PtMe2] 2.781� 0.006 [15]
[Nd(Odpp)3] 2.946(6) ± 3.158(9) 3.03 [4b]
[Yb(Odpp)3] 2.814(4) ± 3.148(6) 2.96 [4a]
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Reaction of ytterbium(Hg) and HOdpp : A
thick-walled Carius tube was loaded with
ytterbium powder (1.73 g, 10.0 mmol), mer-
cury (1.93 g, 9.60 mmol) and HOdpp (1.04 g,
4.00 mmol). The tube was evacuated to
<10ÿ3 Torr, sealed and heated to 200 8C.
After 48 h, a dark red crystalline solid had
formed, intermixed with the residual ytter-
bium(Hg). The mixture was extracted with
toluene (60 mL) and gave a dark red sol-
ution. A red-orange solid remained with the
unreacted metal. Further treatment of the
latter with warm toluene (40 mL) gave a
near-colourless extract, which was discarded.
The red toluene solution was evaporated to
dryness and the residue was recrystallised
from toluene/light petroleum (2:1) and gave
0.21 g (14 % based on HOdpp) of dark red
crystals of [Yb2(Odpp)4] ´ (toluene)1.5 , 2 ´
(PhMe)1.5 . IR: nÄ � 1592 m, 1578 w, 1561 w,
1493 m, 1415 s, 1304 m, 1277 w, 1254 m, 1172
w, 1156 w, 1070 m, 1025 w, 1010 w, 859 m, 846
m, 767 s, 745 s, 732 s, 700 cmÿ1 vs; 1H NMR
([D6]benzene): d� 2.10 (s, CH3(toluene)),
6.80 (m, 28 H, H4,H3',H4',H5'), 7.10 (m,
C6H5(toluene)), 7.22 (d, J� 7.5 Hz, 8 H,
H3,H5), 7.38 (dd, 3J� 7.8 Hz 4J� 1.8 Hz,
16H,H2',H6'). The compound was not com-
pletely soluble in this solvent and the toluene integration was variable.
Complete dissolution and satisfactory integration were achieved with
[D8]THF: d� 2.31 (s, 4.5 H, CH3(toluene)), 6.39 (t, 3J� 7.4 Hz, 4H, H4),
7.01 (t, 3J� 7.4 Hz, 16 H, H3', H5'), 7.10 (m, 7.5H, C6H5(toluene)), 7.18 (t,
3J� 7.5 Hz, 16H, H3,H5, H4'), 7.53 (d, 3J� 8.1 Hz, 16 H, H2', H6'); 171Yb
NMR (PhMe, 298 K): d� 337 (Dn1.2� 30 Hz); MS (70 eV, EI): m/z (%): 246
(100) [HOdpp�]; no metal-containing ions were detected; C72H52O4Yb2 ´
(C7H8)1.5 (1465.51): calcd C 67.62, H 4.40; found C 67.70, H 4.24. The
remaining red-orange solid/residual ytterbium(Hg) obtained after toluene
extraction of the initial reaction mixture was allowed to stand in
approximately 2 mL of toluene for several weeks. A portion of this
material was covered in a heavy oil and examined under a microscope,
which showed the presence of some red-orange crystals. One of these was
selected under heavy oil, examined by single-crystal X-ray diffraction and
found to be {[Yb(Odpp)4][Yb2(Odpp)3]} ´ (toluene), 3 ´ (PhMe); 1H NMR
([D8]THF): d�ÿ22.7* (vbr s, 12 H, H2', H6'), ÿ9.59* (br s, 6 H, H3, H5),
ÿ8.88* (br s, 3H, H4), 2.18 (s, 3 H, CH3(toluene)), 6.36 (t 3J� 7.1 Hz, 4H,
H4), 6.86 ± 7.08 (m, 37H, H3', H4', H5', C6H5(toluene)), 7.45 (d, 3J� 7.2 Hz,
16H, H2', H6'), 12.34* (br s, 12H, H3', H5'), 15.61* (br s, 6H, H4')
(* denotes YbIII). From a separate reaction, the red-orange material was
extracted with toluene/THF (1:1, 40 mL) to give a bright orange solution.
The solvents were removed under vacuum and the residue was treated with
toluene/light petroleum (1:2, 60 mL) which gave, after filtration, a red
powder and a yellow filtrate. The red powder was twice recrystallised from
toluene/light petroleum (2:1) and gave 0.38 g (26 % based on HOdpp) of
dark red crystals of 2 ´ (PhMe)1.5 . IR and 1H NMR spectra were identical
with those above. C72H52O4Yb2 ´ (C7H8)1.5 (1465.51): calcd Yb 23.62; found
Yb 24.94. The yellow filtrate was concentrated and cooled and gave 0.23 g
(19 % based on HOdpp) of yellow crystals of [Yb(Odpp)3]. IR, visible/near
IR and mass spectra were in agreement with those reported.[4a] 1H NMR
([D8]THF): d�ÿ22.8 (vbr s, 12 H, H2', H6'), ÿ9.5 (br s, 6 H, H3, H5), ÿ8.8
(br s, 3H, H4), 12.4 (br s, 12H, H3',H5'), 15.7 (br s, 6H, H4'); C54H39O3Yb
(908.95): calcd C 71.36, H 4.32; found C 71.14, H 4.96.


X-ray crystallography : Single crystals of 1 ´ (PhMe) and 2 ´ (PhMe)1.5 were
grown by slow cooling to room temperature of hot saturated toluene/light
petroleum solutions. Representative crystals were selected and mounted
under argon in sealed glass capillaries. Intensity data were collected with an
Enraf ± Nonius CAD-4 diffractometer (graphite-monochromated MoKa


radiation l� 0.71073 �) at room temperature. For 3, a portion of the
residue, after toluene extraction of the Yb(Hg)/HOdpp reaction mixture,
was covered in viscous oil and a crystal was selected and placed immediately
into the cold nitrogen stream of an Enraf ± Nonius CCD diffractometer.
Crystal and refinement data are listed in Table 5. Crystallographic data


(excluding structure factors) for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication nos. CCDC-105133 (1 ´ (PhMe)), 105066 (2 ´
(PhMe)1.5) and 105082 (3 ´ (PhMe)). Copies of the data can be obtained
free of charge on application to CCDC, 12 Union Road, Cambridge
CB121EZ (UK) (Fax:(�44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).
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Zeolite-Encapsulated Cobalt Salophen Complexes as
Efficient Oxygen-Activating Catalysts in Palladium-Catalyzed
Aerobic 1,4-Oxidation of 1,3-Dienes


Jens Wöltinger,[a] Jan-E. Bäckvall,*[a] and AÂ gnes Zsigmond[b]


Abstract: Different cobalt salophen
catalysts 1, 2, 3, and 4 were prepared
and studied as oxygen-activating agents
in the palladium ± quinone catalyzed
aerobic oxidation of 1,3-dienes. These
cobalt salophen catalysts were also en-
capsulated into the supercage of zeolite
Y by the template synthesis method
(ship-in-the-bottle technique). The co-
balt salophen catalyst 2 from 3,5-di-tert-


butylsalicylaldehyde and 1,2-diamino-
benzene was found to be more active
than the unsubstituted parent cobalt
salophen and the zeolite-encapsulated
variant 2-ZeY showed remarkably high
activity. With this catalyst, palladium-


catalyzed aerobic oxidation of 1,3-cyclo-
hexadiene afforded 1,4-diacetoxy-2-cy-
clohexene in high yield (95 %) at room
temperature within three hours. It was
demonstrated that the zeolite-encapsu-
lated catalyst 2-ZeY can be isolated and
reused several times and still show good
conversion in the third run.


Keywords: cobalt ´ electron transfer
´ oxidations ´ palladium ´ zeolites


Introduction


Mild oxidations are of fundamental importance in organic
synthesis.[1, 2] The recent interest in organometallic chemistry
and homogeneous catalysis has led to the development of a
large number of mild catalytic oxidation reactions of organic
substrates.[3±9] In particular, oxidation processes that employ
O2 or H2O2 have attracted considerable attention[1b, 1c, 2, 3, 6±9]


due to potential industrial applications and environmental
concerns. These reactions often proceed at low temperature
under mild conditions and water is the only side product.
Many aerobic oxidation reactions presently used in industry,
however, employ rather high temperatures and/or high
pressures.[3]


We have been involved in the development of biomimetic
aerobic oxidation reactions of organic substrates with ruthe-
nium and palladium catalysts.[9±13] These reactions are based
on a mild multistep electron transfer in which electrons are


transferred from the substrate to molecular oxygen in a way
that is reminiscent of processes in living organisms. These mild
oxidation reactions employ a substrate-selective redox cata-
lyst (PdII, RuII) and an oxygen-activating metal macrocyclic
catalyst. In most cases it is necessary to use an electron-
transfer mediator (usually a quinone) to facilitate the trans-
port of electrons from the substrate-selective redox catalyst to
the metal macrocyclic oxygen complex. In one such reaction,
1,3-dienes are oxidized to 1,4-diacetoxy-2-alkenes[9, 10]


(Scheme 1; where MLm is a porphyrin or a salophen/salen
complex). In this reaction none of the three catalysts can be
omitted without stopping the reaction.


The limiting step of this catalytic system is associated with
the metal macrocyclic complex MLm. First, the electron
transfer from the hydroquinone to the oxidized form of the
metal macrocycle (MLm)ox (e.g. a peroxo or oxo complex) is
usually slow compared to the other electron transfer steps.
Second, the metal macrocyclic complex undergoes oxidative
degradation as well as dimerization and this will severely
shorten the lifetime of the biomimetic catalytic system. The
dimerization may involve formation of dimeric peroxo com-
plexes[14] or m-oxo dimers.[15] In an effort to improve the
electron transfer between hydroquinone (HQ) and the
oxidized form of the metal macrocycle, (MLm)ox, the quinone
and MLm were incorporated into the same molecule.[10b] Thus,
the use of a cobalt tetraquinoylporphyrin in place of separated
quinone and porphyrin increased the efficiency and the rate of
the oxidation reaction,[10b] but the system still suffered from
deactivation of the macrocycle through oxidative degradation
and/or dimerization.


[a] Prof. Dr. J.-E. Bäckvall,[�] Dr. J. Wöltinger
Department of Organic Chemistry, University of Uppsala
Box 531, SE-751 21 Uppsala (Sweden)


[b] Dr. A. Zsigmond
Department of Organic Chemistry and Organic Catalysis
Research Group of the Hungarian Academy of Sciences
JoÂ zsef Attila University, DoÂ m teÂr 8, H-6720 Szeged (Hungary)


[�] Current address:
Department of Organic Chemistry
Arrhenius Laboratory, Stockholm University,
SE-106 91 Stockholm (Sweden)
Fax: (�46) 8-154908


FULL PAPER


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0505-1460 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 51460







1460 ± 1467


Chem. Eur. J. 1999, 5, No. 5 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0505-1461 $ 17.50+.50/0 1461


One way to increase the stability of metal macrocyclic
complexes in oxidation reactions is to replace the hydrogen
atoms of the macrocycle with halogen atoms.[16±18] Thus,
perfluorinated porphyrins have shown an interesting stability
and also increased activity in aerobic oxidation reactions.[18]


An alternative approach to avoid dimerization and degrada-
tion of the oxygen-activating catalyst MLm is to encapsulate it
into the supercage of a zeolite. This strategy has previously
been used by us[11, 13d] and others[19±25] in oxidation reactions
and was found to increase the lifetime of porphyrin and
phthalocyanine catalysts, as well as that of the salophen-type
catalysts. In preliminary studies, we have shown that iron
phthalocyanines and cobalt salophen encapsulated in zeolites
are reliable and stable catalysts for aerobic oxidation of
hydroquinone to p-benzoquinone.[11] These catalysts were
employed in the palladium-catalyzed aerobic oxidations of
both terminal olefins to ketones and cyclohexene to 2-cyclo-
hexenyl acetate.[11] In this paper we report the preparation of
zeolite-encapsulated Co(tetra-tert-butyl-salophen) and its
efficient application as an oxygen-activating catalyst in the
palladium-catalyzed aerobic 1,4-diacetoxylation of 1,3-dienes.


Results and Discussion


Synthesis of cobalt salophen complexes : With the aim of
studying the effect of steric hindrance in cobalt salophen
complexes, we synthesized four different complexes, 1 ± 4.


The cobalt complexes were prepared by standard meth-
ods[9, 14a] from 1,2-diaminobenzene (3-methoxy-1,2-diamino-
benzene in the case of complexes 3 and 4) and salicylaldehyde
or 3,5-di-tert-butyl-salicyladehyde. The diamine and the
aldehyde were refluxed to give the corresponding ligand.
When the ligand was refluxed in the presence of cobalt
acetate, the cobalt salophen complex was obtained in
crystalline form.


Comparison between cobalt
salophen catalysts 1 ± 4 : The
oxygen uptake in the palladi-
um-catalyzed oxidation of 1,3-
cyclohexadiene in the presence
of the cobalt salophen catalysts
1 and 2 as oxygen-activating
complexes was studied. The
oxygen uptake was measured
by a gas burette. For the cobalt
salophen catalyst 1 a linear
oxygen uptake was observed
(Figure 1). For catalyst 2, which
contains tert-butyl groups, the
oxygen uptake during the first
three hours was faster than for
catalyst 1 (Figure 1). The faster
initial oxygen uptake for tert-
butyl-cobalt-salophen 2 may be
due to a lower tendency for this
catalyst to dimerize. The higher


oxygen uptake for catalyst 1 compared to 2 by the end of the
reaction is difficult to explain but may be due to oxidative
degradation reactions of the former which leads to unpro-
ductive oxygen consumption.


Figure 1. Oxygen uptake for the oxidation of 1,3-cyclohexadiene cata-
lyzed by the triple catalytic system: 1,3-cyclohexadiene (1.19 mmol),
LiOAc2 ´ 2H2O (3.31 mmol), hydroquinone (22 mol %), Pd(OAc)2


(4.5 mol %), cobalt catalyst (4.5 mol %). The reactions were carried out
in acetic acid (5 mL) at room temperature. ~: cobalt-salophen 1, *: tetra-
tert-butyl-cobalt-salophen 2.


Scheme 1. Triple catalytic system for aerobic oxidation.
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In order to evaluate the influence of the different compo-
nents of the triple catalytic system, oxidation of hydroquinone
to benzoquinone was investigated. Figure 2 describes the
oxygen uptake for this reaction. The curves in Figure 2 show
minor deviations in the activity of the four catalysts. This is in


Figure 2. Oxygen uptake for the oxidation of hydroquinone catalyzed by
different cobalt salophen complexes: hydroquinone (1.14 mmol), cobalt
catalyst (5 mol %). The reactions were carried out in acetic acid (5 mL) at
room temperature. -: 1, ^ : 2, *: 3, ~: 4.


contrast to the oxidation of 1,3-cyclohexadiene, shown in
Figure 1. One possible explanation for the larger difference
between catalyst 1 and 2 in the triple catalytic system is that
partial exchange of cobalt for palladium may take place in this
case and this metal ± metal exchange is expected to be faster
for the less sterically hindered catalyst 1. Stable palladium
complexes of Schiff bases obtained from salicylaldehyde are
known.[26] If such a metal ± metal exchange does occur, the
addition of cobalt acetate would, to some extent, inhibit
formation of a Pd(salophen) complex by pushing the equili-
brium toward Co(salophen). We therefore investigated the
effect of cobalt acetate on the oxygen uptake in the presence
of palladium(ii).


Influence of cobalt acetate on the reaction rate : Indeed, for 2,
an increased oxygen uptake was observed for the diacetox-
ylation reaction in the presence of cobalt acetate, which
further supports a metal ± metal exchange (Figure 3). When
cobalt acetate was used, the desired 1,4-diacetoxy-2-cyclo-
hexene was obtained in 86 % yield in five hours. An improve-
ment of the yield in the presence of catalyst 4 was also
observed on addition of cobalt acetate (Table 1). The yields
and cis/trans selectivities are given in Table 1.


However, with catalysts 1 and 3, the yield and oxygen
uptake in the oxidation of 1,3-cyclohexadiene decreased on
addition of cobalt acetate (Figure 3, Table 1). The reason for
the decreased yield and oxygen uptake with catalysts 1 and 3 is
not clear. This phenomenon occurs for the catalysts without
tert-butyl groups, while the catalysts substituted with tert-butyl
groups (2 or 4) afforded better yields on addition of cobalt
acetate. A control experiment showed that cobalt acetate
itself in the absence of cobalt salophen catalyst (1 ± 4) does not
catalyze the aerobic oxidation of hydroquinone.


Figure 3. The effect of cobalt acetate on the aerobic oxidation of 1,3-
cyclohexadiene catalyzed by the triple catalytic system: 1,3-cyclohexadiene
(1.19 mmol), LiOAc2 ´ 2 H2O (3.31 mmol), hydroquinone (22 mol %),
Pd(OAc)2 (4.5 mol %), cobalt salophen catalyst (4.5 mol %). The reactions
were carried out in acetic acid (5 mL) at room temperature. -: 1, *:
1�cobalt acetate, ^ : 2, ~: 2�cobalt acetate.


Zeolite catalysts for the oxidation of hydroquinone : By the
use of catalyst 2 in the presence of cobalt acetate, it was
possible to obtain a high yield in the oxidation of 1,3-
cyclohexadiene and reduce the reaction time from 24 to five
hours (Table 1). To further increase the stability of the metal
macrocyclic complex, we decided to study its encapsulation in
a zeolite.


For this purpose we prepared catalysts in which complexes
1 and 2 were encapsulated in the supercage of a zeolite (Y
type). These new catalysts were prepared by the template
method by refluxing a cobalt-exchanged zeolite[11b] with the
salicylaldehyde for two hours, followed by addition of 1,2-
diaminobenzene. After another two hours reflux, the excess
ligand was removed by Soxlet extraction. Drying at 120 8C
under vacuum afforded the zeolite complexes 1-ZeY and 2-
ZeY (Figure 4). As shown in Figure 5, the new catalysts
obtained by encapsulation of a cobalt salophen complex are
more active than the free complex as catalysts for the aerobic
oxidation of hydroquinone. The amount of zeolite catalyst
employed, 150 mg, contains approximately 0.024 mmol of
cobalt salophen catalyst (�2 mol %).[27]


In both cases the observed oxygen uptake for the catalysts
encapsulated in the zeolite is better than for the free catalysts
when hydroquinone is the substrate.[28] For the catalyst 2-ZeY,
the activity was dramatically improved and after 30 minutes
the oxygen uptake was complete. The high activity of 2-ZeY is


Table 1. Effect of cobalt acetate on aerobic oxidation of 1,3-cyclohexa-
diene with complexes 1 ± 4.[a]


Entry Complex Co(OAc)2 ´ 4 H2O[b] trans/cis[c] Time [h] Yield [%][d]


1 1 - 88/12 24 78
2 1 2.2 equiv 80/20 24 24
3 2 - 90/10 24 74
4 2 2.2 equiv 90/10 5 86
5 3 - 87/13 24 85
6 3 2.2 equiv 80/20 24 61
7 4 - 87/13 24 44
8 4 2.2 equiv 90/10 24 58


[a] The reactions were carried out employing the reaction conditions of
Figure 3. [b] Number of equiv relates to diene. [c] The trans/cis ratio was
determined by 1H NMR spectroscopy. [d] Yield of 1,4-diacetoxy-2-
cyclohexene.
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Figure 4. Intrazeolite complexes 1-ZeY and 2-ZeY from encapsulation of
cobalt salophens into zeolite Y


Figure 5. Oxygen uptake for the oxidation of hydroquinone catalyzed by
different Co-salophen complexes: hydroquinone (1.14 mmol), cobalt
salophen catalyst (5 mol %), or zeolite (150 mg) catalyst. The reactions
were carried out in acetic acid (5 mL) at room temperature. *: 2-ZeY; ^ : 2 ;
*: 1-ZeY; ~: 1.


remarkable and requires some comment. Molecular modeling
suggests that 2 would be too large to fit into the �13 � cavity
of zeolite Y. However, with a slight distortion of complex 2,
two of the tert-butyl groups could protrude from two of the
channel windows. Such an explanation was recently proposed
to account for the encapsulation of a large metalloporphyrin
into zeolite Y.[24]


Zeolite catalysts for the oxidation of 1,3-cyclohexadiene : The
next step was to investigate whether the excellent results for
catalyst 2-ZeY could be reproduced in the oxidation of 1,3-
cyclohexadiene. The zeolite-encapsulated catalysts 1-ZeY and
2-ZeY were compared with the free catalysts 1 and 2 in the
aerobic oxidation of 1,3-cycohexadiene (Figure 6). Again,
with both zeolite-encapsulated catalysts, the oxygen uptake
was much better than with the free cobalt salophen com-
plexes. For the tetra-tert-butyl-Co-salophen zeolite catalyst (2-
ZeY) the oxygen uptake was complete within three hours.


The influence of cobalt acetate on the oxidation of 1,3-
cyclohexadiene for the catalysts 1, 2, 3 and 4 was discussed
above (see Figure 3). For the catalysts which include the tert-
butyl groups, catalysts 2 and 4, an increase of the oxygen
uptake was detected on addition of cobalt acetate. For 2-ZeY


Figure 6. Oxygen uptake for the oxidation of 1,3-cyclohexadiene catalyzed
by different cobalt-salophen complexes: 1,3-cyclohexadiene (1.19 mmol),
LiOAc2 ´ 2H2O (3.31 mmol), Pd(OAc)2 (5 mol %), hydroquinone
(22 mol %), cobalt salophen catalyst (5 mol %), or zeolite catalyst
(150 mg). The reactions were carried out in acetic acid (5 mL) at room
temperature. ^ : 1, ~: 1-ZeY, *: 2, *: 2-ZeY.


the oxygen uptake and the yield in the oxidation reaction of
1,3-cyclohexadiene is roughly the same whether cobalt acetate
is used or not (Table 2). For the catalyst 1-ZeY the oxygen
uptake was significantly decreased on addition of cobalt
acetate. This is in accordance with the results for the non-
encapsulated catalyst 1. The reason for this negative effect by
cobalt acetate on the nonsubstituted salophen complexes is
unclear at present. The yields and cis/trans selectivities for the
experiments with zeolite complexes 1-ZeY and 2-ZeY are
given in Table 2.


Zeolite catalyst recovery and scale-up : The results with the
zeolite catalyst 2-ZeY show that it is possible to oxidize 1,3-
cyclohexadiene to 1,4-diacetoxy-2-cyclohexene in high yield,
with good cis/trans selectivity and short reaction times.


An important test of the new zeolite-encapsulated catalyst
2-ZeY was to recover and reuse it after an aerobic 1,4-
diacetoxylation reaction. Thus, after three hours, once oxygen
uptake was complete, the zeolite catalyst 2-ZeY was filtered
off and used in a second run. This procedure was repeated a
third time. Small amounts of the zeolite catalyst were lost
during work-up, so the next reaction was run on smaller scale.
The results given in Table 3 show that the catalyst can be
reused and that efficiency is maintained in the second run and
is only slightly lower in the third run. The yields of the
reactions were 85 % (1st run), 80 % (2nd run) and 78 % (3rd
run). When the reaction was run at 40 8C, the reaction time
drops to 1.5 h with the same yield and cis/trans selectivity as
for the reaction carried out at room temperature.


Table 2. Effect of cobalt acetate on aerobic oxidation of 1,3-cyclohex-
adiene with complexes 1-ZeY and 2-ZeY.[a]


Entry Complex Co(OAc)2 ´ 4H2O[b] trans/cis[c] Yield [%][d]


1 1-ZeY - 88/12 72
2 1-ZeY 2.2 equiv 85/15 57
3 2-ZeY - 90/10 84
4 2-ZeY 2.2 equiv 89/11 85


[a] The reactions were carried out employing the reaction conditions of
Figure 6. [a] Number of equiv relates to diene. [c] The trans/cis ratio was
determined by 1H NMR spectroscopy. [d] Yield of 1,4-diacetoxy-2-
cyclohexene.
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We next studied the scale-up of the reaction. Therefore, the
concentration of starting material in acetic acid and the
amount of zeolite catalyst were increased. Table 4 shows that
a concentration of 10.5 mmol 1,3-cyclohexadiene in 25 mL
acetic acid leads to a 95 % isolated yield after three hours at
room temperature (entry 2). Attempts to run the reaction at
even higher concentration resulted in poor yields and with
105 mmol in 25 mL the yield was less than 15 % (entry 3). A
likely explanation of this phenomenon is that the Diels ±
Alder reaction between benzoquinone and 1,3-cyclohexa-
diene predominates at this high concentration.[29, 30]


In the attempt to scale-up the reaction, it was evident that
there is a limit for the concentration of the diene (Table 4). To
utilize the catalytic system in a more efficient way, continuous
addition of 1,3-cyclohexadiene was explored to maintain a
moderate concentration throughout the reaction. Therefore,
the same reaction conditions from the best batch reaction
were employed but now the diene was added continuously
with a syringe pump. Figure 7 shows the oxygen uptake for
continuous addition of 1,3-cyclohexadiene (15.8 mmol) over
seven hours. The straight line shows the theoretical maximum
O2 uptake if conversion occurs at the same rate as addition.
After two hours, the oxygen uptake is lower and the efficiency
of the catalytic system decreases. The gap between the
theoretical uptake and the measured uptake becomes larger
with time. This is most likely due to the formation of a Diels ±
Alder adduct between the 1,3-cyclohexadiene and 1,4-benzo-
quinone, which results in decreased activity.[29, 30]


The efficiency of the system could be increased by
decreasing the rate of addition and therefore the steady-state
concentration of diene (Figure 8). As can be seen from
Figure 8, there is no difference between the observed and the
maximum O2 uptake during the first 3.5 hours. The turnover
number (TON) on palladium after 3.5 h is 97. After this time
the oxygen uptake curve deviates from the straight line and
the efficiency of the system slowly decreases. After nine hours
the TON is 190 with respect to the palladium catalyst.


Figure 7. 1,3-Cyclohexadiene (1.5 mL, 15.8 mmol) was added by a syringe
pump over 7 h. The line gives the theoretical oxygen uptake (6 mL/15 min).
The curve gives the experimental oxygen uptake. The reaction was carried
out at 40 8C, with Pd(OAc)2 (12 mg, 0.053 mmol), hydroquinone (28 mg,
0.26 mmol), 150 mg catalyst 2-ZeY, Co(OAc)2 ´ 4 H2O (654 mg, 2.63 mmol),
and LiOAc2 ´ 2H2O (3.38 mg, 3.31 mmol) in acetic acid (5 mL).


Figure 8. 1,3-Cyclohexadiene (1.2 mL, 12.6 mmol) was added by a syringe
pump over 8 h. The line gives the theoretical oxygen uptake (4.42 mL/
15 min). The curve gives the experimental oxygen uptake. The reaction was
carried out at 40 8C, with Pd(OAc)2 (12 mg, 0.053 mmol), hydroquinone
(28 mg, 0.26 mmol), 150 mg catalyst 2-ZeY, Co(OAc)2 ´ 4H2O (653 mg) and
LiOAc2 ´ 2H2O (3.38 mg, 3.31 mmol) in acetic acid (5 mL). The turnover
number (TON) is 97 after 3.5 hours and 190 after 9 hours. The correspond-
ing estimated TONs on 2-ZeY were 214 and 420.


After a yield of 85 ± 95 % of 1,4-diacetoxy-2-cyclohexene
was obtained in the aerobic oxidation of 1,3-cyclohexadiene at
20 ± 40 oC with reaction times of 1.5 ± 3 h, we also applied our
triple catalytic system to the 1,4-diacetoxylation reaction of
1,3-cycloheptadiene. The preparative results for the two
dienes are summarized in Table 5. The trans-diacetate from
1,3-cyclohexadiene was obtained on a multi-gram scale in
95 % yield after three hours at room temperature (entry 3).
Reaction of 1,3-cycloheptadiene at room temperature gave
only 40 % yield after 24 hours. When the reaction time was
prolonged to 48 hours, the yield increased to 57 % (entry 6).
When the reaction was run at 40 oC, the yield improved to
72 % but at the expense of the selectivity for the cis product
(entry 7). Finally, an increase of the LiOAc concentration
resulted in a yield of 69 % of the diacetate (entry 8) with a
good cis selectivity (>95 % cis).


Conclusion


This paper provides an example of the successful combination
of homogeneous and heterogeneous catalysis. The homoge-


Table 3. Aerobic oxidation of 1,3-cyclohexadiene with recovery and reuse
of 2-ZeY.[a]


Entry Run 1,3-Cyclohexadiene [mmol] Time [h] Yield [%][b]


1 1 1.19 3 85
2 2 1.02 4 80
3 3 1.02 6 78


[a] All reactions were carried out as in Table 2, entry 3. [b] Yield of trans-
1,4-diacetoxy-2-cyclohexene> 90 % trans).


Table 4. Effect of the concentration in aerobic oxidation of 1,3-cyclo-
hexadiene.[a]


Entry 1,3-Cyclohexadiene HOAc 2-ZeY Yield [%][b]


[mmol] [mL] [g]


1 1.19 5 0.15 85
2 10.5 25 1.0 95
3 105 25 2.5 15


[a] The reactions were carried out under 1 atm of O2 at room temperature
employing 4.5 mol % of Pd(OAc)2 and 22 mol % hydroquinone. The
reactions were run for 3 h. [b] Yield of trans-1,4-diacetoxy-2-cy-
clohexene> 90 % trans).
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neous part controls the selectivity of the organic transforma-
tion; the heterogeneous part contains the oxygen-activating
catalyst protected by a zeolite framework. Zeolite-encapsu-
lated tetra-tert-butyl-Co-salophen 2-ZeY was found to be an
efficient oxygen-activating catalyst in the palladium-catalyzed
aerobic 1,4-diacetoxylation of 1,3-dienes. The unexpectedly
high activity of this catalyst, as observed in the aerobic re-
oxidation of hydroquinone to benzoquinone, can be explained
by distortion of the complex 2 in zeolite Y.


Experimental Section


NMR spectra were recorded with a Varian XL-300 spectrometer. All NMR
spectra were recorded in CDCl3 or [D6]DMSO solutions with tetrame-
thylsilane as the internal standard for 1H NMR and CDCl3 for 13C NMR.
Analytical gas chromatography was performed with a Varian 3400 GC with
FID detector connected to a Varian 4270 computing integrator. A 30 m DB-
5 J&M fused silica column was used. The IR spectra were recorded with a
Perkin-Elmer 1600 Series FTIR spectrometer. The oxygen uptake was
measured by a gas burette.


Co(salophen) (1): For the preparation and spectroscopic data see ref. [9].


Tetra-tert-butyl-salophen (N,N''-bis-(3,5-di-tert-butylsalicylidene)-1,2-phe-
nylenediamine): 3,5-Di-tert-butylsalicylaldehyde (500 mg, 2.14 mmol) and
1,2-diaminobenzene (108 mg, 1 mmol) were refluxed in ethanol (4 mL;
95%) for 3 h. The solution was allowed to cool to room temperature and
left for 44 h. The precipitate was filtered off and washed with ethanol. The
product was dried under high vacuum to yield 453 mg (84 %) as yellow
crystals. M.p. 193 8C. 1H NMR (300 MHz, CDCl3): d� 13.54 (s, 2 H), 8.66 (s,
2H), 7.44 (d, J� 2, 2 H), 7.34 ± 7.27 (m, 4 H), 7.27 ± 7.34 (m, 4H), 1.44 (s,
18H), 1.32 (s, 18H); 13C NMR (75.4 MHz, CDCl3): d� 164.53, 158.41,
142.61, 140.16, 137.05, 128.05, 127.19, 126.65, 119.69, 118.24, 35.16, 34.21,
31.51, 29.47; IR (CDCl3): nÄ � 3904, 3870, 3854, 3838, 3821, 3802, 3751, 3735,
3712, 3690, 3676, 3649, 3629, 3567, 2963, 2253, 1793, 1734, 1718, 1700, 1684,
1654, 1616, 1576, 1508, 1466, 1438, 1393, 1363, 1272, 1250, 1200, 1171, 1106,
908, 734 651 cmÿ1.


Tetra-tert-butyl-Co-salophen (2): Tetra-tert-butylsalophen ligand (756 mg)
was suspended in 95% ethanol (36 mL) under reflux. Potassium hydroxide
(133 mg) was dissolved in ethanol (4.7 mL) and added to the solution. The
mixture was refluxed until all of the salophen 5 was dissolved. Co(OAc)2 ´
4H2O (756 mg, 3.04 mmol) was dissolved in water (2.3 mL) and added to
the reaction mixture. After 1 h of reflux, the mixture was cooled down to
room temperature and stirred for another hour. LiOAc ´ 2H2O (344 mg,


3.37 mmol) in water (1.1 mL) was added. The mixture was stirred for
another 3 h. The reaction mixture was filtered through a short celite pad
and washed with ethanol. The solution was evaporated to a volume of
approximately 10 mL and water (37 mL) was added. After the solution was
left to stand overnight, the precipitated brown crystals were filtered off and
washed with water. The crystals were dissolved in dichloromethane and the
solution was washed with water and dried (MgSO4). Evaporation of the
solvent and drying under high vacuum (0.05 mbar) at 100 8C for 7 h
afforded 404 mg (46 %) of 2. IR (CDCl3): nÄ � 3852, 3820, 3749, 3733, 3710,
3688, 3674, 3445, 3258, 3208, 2492, 1684, 1653, 1616, 1507, 1457, 1416, 1108,
1069, 1022, 895, 836, 720, 615 cmÿ1.


Methoxy-salophen ligand (N,N''-bis(salicylidene)-4-methoxy-1,2-phenyle-
nediamine): 3-Methoxy-1,2-diaminobenzene (461 mg, 3.34 mmol) and
salicylaldehyde 2 (0.78 mL, 7.35 mmol)) were dissolved in 95 % ethanol
(3 mL) under reflux for 3 h. After the mixture was cooled to room
temperature, a black oil was formed which was used without further
purification for the Co-complex formation.


Methoxy-Co-salophen (3): The crude product of methoxy-salophen ligand
(from methoxy-o-phenylendiamine (461 mg, 3.34 mmol) and salicylalde-
hyde (0.78 mL, 7.35 mmol) was dissolved in 95% ethanol (33 mL) under
reflux. Potassium hydroxide (206 mg, 3.68 mmol) was dissolved in ethanol
(15 mL) and added to the solution. The mixture was refluxed until all the
salophen ligand had dissolved. Co(OAc)2 ´ 4 H2O (2.56 g, 10.3 mmol) was
dissolved in water (7.4 mL) and the resulting solution was added to the
reaction mixture. After 1 h of reflux, the mixture was cooled down to room
temperature and stirred for another hour. LiOAc ´ 2 H2O (1.12 g;
11.0 mmol) in water (3.6 mL) was added. The mixture was stirred for
another 3 h. The reaction mixture was filtered through a short celite pad
and washed with ethanol. The solution was evaporated to approximately
15 mL and water (180 mL) was added. After the mixture was left to stand
overnight, the brown crystals were filtered off and washed with water. The
crystals were dissolved in dichloromethane and the solution was washed
with water and dried (MgSO4). Evaporation of the solvent and drying
under high vacuum (0.05 mbar) at 100 8C for 7 h afforded 152 mg (11 %
over two steps) of 3.


Methoxy-tetra-tert-butylsalophen ligand (N,N''-bis(3,5-di-tert-butylsalicyli-
dene)-4-methoxy-1,2-phenylenediamine): 3-Methoxy-1,2-diaminobenzene
(438 mg, 3.17 mmol) and 3,5-di-tert-butyl-salicylaldehyde (1.632g,
6.97 mmol) were dissolved in 95% ethanol (3 mL) and refluxed for 1 h.
The precipitate was filtered off. Recrystallization from ethanol (95 %) and
drying under high vacuum afforded 767 mg (43 %). M.p. 204 8C. 1H NMR
(CDCl3): d� 13.66 (s, 1 H), 13.44 (s, 1H), 8.65 (s, 2H), 7.45 ± 7.44 (d, J� 2,
1H), 7.42 ± 7.41 (d, J� 2, 1H), 7.25 ± 7.19 (m, 3H), 6.87 ± 6.86 (d, J� 3, 1H),
6.83 ± 6.84 (d, J� 1, 1H), 6.76 ± 6.75 (d, J� 3, 1H), 3.87 (s, 3H), 1,45 (s, 9H),
1.42 (s, 9H), 1.32 (s, 18 H); 13C NMR (CDCl3): d� 164.95, 162.67, 160.74,
158.91, 158.46, 158.22, 143.84, 140.24, 140.08, 137.10, 136.95, 135.67, 120.21,
127.62, 126.76, 126.43, 120.10, 118.43, 118.18, 112.56, 105.42, 55.73, 35.20,
35.17, 34.23, 31.56, 29,51; IR (CDCl3): nÄ � 3854, 3838, 3751, 3735, 3690, 3676,
3649, 3629, 2962, 2253, 1793, 1654, 1616, 1498, 1466, 1438, 1363, 1274, 1249,
1198, 1170, 1101, 1039, 908, 734, 650 cmÿ1.


Methoxy-tetra-tert-butyl-Co-salophen (4): Methoxy-tetra-tert-butyl-salo-
phen (750 mg, 1.315 mmol) was dissolved in 95 % ethanol (36 mL) under
reflux. A solution of potassium hydroxide (142 mg) in ethanol (5 mL) was
added and the mixture was refluxed until all the methoxy-tetra-tert-butyl-
salophen ligand had been dissolved. Co(OAc)2 ´ 4 H2O (805 mg, 3.23 mmol)
was dissolved in water (2.5 mL) and added to the reaction mixture. After
1 h under reflux, the mixture was cooled to room temperature and stirred
for another hour. LiOAc ´ 2 H2O (366 mg, 3.59 mmol) in water (1.2 mL) was
added and the mixture was stirred for another 3 h and then filtered through
a short celite pad. The solution was concentrated in vacuum to approx-
imately 15 mL and then diluted with water (40 mL). After the mixture was
left to stand overnight, the precipitated brown crystals were filtered off and
washed with water. The crystals were dissolved in dichloromethane and the
solution was washed with water and dried (MgSO4). Evaporation of the
solvent and drying under high vacuum (0.05 mbar) at 100 8C afforded
202 mg (25 %) of 4.


Cobalt-exchanged zeolite (CoY zeolite): NaY zeolite was dried at 500 8C
for at least 12 h. The dried zeolite (1 g) was stirred and refluxed for 72 h
with an aqueous solution of Co(OAc)2 ´ 4H2O (0.1m, 25 mL). The pink solid


Table 5. Pd-catalyzed aerobic 1,4-diacetoxylation with 2-ZeY as oxygen-
activating catalyst.[a]


Entry Starting
material


Product Time Tempera-
ture


Yield
[%][b]


trans/cis[c]


1 3h RT 85 90:10


2 1.5 h 40 8C 85 90:10
3 3 h RT 95[d] > 91 % trans


4 24 h RT 40 6:94


5 40 h RT 52 9:91
6 48 h RT 57 9:91
7 24 h 40 8C 72 18:82
8 24 h RT 69[e] > 95 % cis


[a] Unless otherwise noted the reactions were carried out with 1.19 mmol
of diene employing 3.31 mmol of LiOAc2 ´ 2 H2O, 4.5 mol % of Pd(OAc)2,
22 mol % of hydroquinone, and 150 mg of 2-ZeY in acetic acid (5 mL). [b]
Yield of isolated product. [c] The trans/cis ratio was determined by
1H NMR spectroscopy. [d] 10.5 mmol of diene and 1.0 g of 2-ZeY. [e]
16.6 mmol LiOAc2 ´ 2 H2O and 25 mol % of hydroquinone.
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was filtered off and dried under vacuum (120 8C, 0.05 mbar) until it turned
violet (5 h).


Co-salophen zeolite 1-ZeY: CoY zeolite (1 g) from above was dried under
high vacuum for 2 h at 100 8C. Dry ethanol (10 mL) and o-phenylendiamine
(0.5 g) were added. The reaction mixture was stirred for 1 h under reflux.
Salicylaldehyde (1.1 g) was added and the reflux was continued for another
2 h. The mixture was filtered and the solid residue was extracted in a
Soxleth extractor until the eluate became colorless (8 h). Noncomplexed
cobalt ions were replaced by sodium ions by gentle reflux with saturated
NaOAc (75 mL). The solid catalyst, 1-ZeY, was filtered off, washed with
water (50 mL) and dried at 110 8C under high vacuum (0.05 mbar) for 7 h.


Co-salophen zeolite 2-ZeY: CoY zeolite (1 g) from above was dried under
high vacuum for 2 h at 100 8C. Dry ethanol (10 mL) and 3,5-di-tert-butyl-
salicylaldehyde (1.079 g) were added. The reaction mixture was stirred for
2 h under reflux. o-Phenylendiamine (235 mg) was added and the reflux
was continued for another 2 h. Work-up as described for 1-ZeY.


General Procedure for the catalytic aerobic oxidation of hydroquinone to
benzoquinone with different cobalt salophen complexes (1, 2, 3, or 4):
Hydroquinone (125 mg, 1.14 mmol) and the appropriate Co-salophen
complex (0,057 mmol, 5 mol %) were added to acetic acid (2.5 mL). The
reaction mixture was stirred at room temperature under 1 atm oxygen for
24 h. The oxygen uptake was measured.


General procedure for palladium(iiii)-catalyzed aerobic 1,4-diacetoxylation
of 1,3-cyclohexadiene with different cobalt salophen complexes (1, 2, 3, or
4): The appropriate Co-salophen complex (4.5 mol %) was added to a
solution of 1,3-cyclohexadiene (113 mL, 1.19 mmol), LiOAc ´ 2H2O
(338 mg, 3.31 mmol), Pd(OAc)2 (12 mg, 4.5 mol %), and hydroquinone
(29 mg, 22 mol %) in acetic acid (5 mL). The resulting slurry was stirred at
room temperature and the oxygen uptake was measured under 1 atm of
oxygen. After 24 h, the reaction mixture was diluted with brine (10 mL)
and extracted with pentane (10 mL). The aqueous layer was extracted
again with pentane:ether 4:1 (20 mL). The combined organic layers were
washed twice with 2m NaOH (10 mL) and brine (10 mL). The organic layer
was dried (MgSO4) and the solvents were evaporated. The product was
characterized according to ref. [30a] and the cis/trans ratio was determined
by 1H NMR.


General procedure for palladium(iiii)-catalyzed aerobic 1,4-diacetoxylation
of 1,3-cyclohexadiene with different cobalt salophen complexes in the
presence of cobalt acetate hydrate : The same procedure and the same
amounts of compounds as described above for the palladium(ii)-catalyzed
aerobic 1,4-diacetoxylation of 1,3-cyclohexadiene was used. In addition,
Co(OAc)2 ´ 4 H2O (654 mg, 2.63 mmol) were used.


General procedure for the catalytic aerobic oxidation of hydroquinone to
benzoquinone with different cobalt salophen zeolite complexes (1-ZeY or
2-ZeY): Hydroquinone (125 mg; 1.14 mmol) and the appropriate Co-
salophen zeolite complex (150 mg) were added to acetic acid (2.5 mL). The
reaction mixture was stirred at room temperature under 1 atm of oxygen
for 24 h. The oxygen uptake was measured.


General procedure for palladium(iiii)-catalyzed aerobic 1,4-diacetoxylation
of 1,3-cyclohexadiene with different cobalt salophen zeolite complexes (1-
ZeY or 2-ZeY): The appropriate Co-salopen zeolite catalyst (150 mg) was
added to a solution of 1,3-cyclohexadiene (113 mL, 1.19 mmol), LiOAc ´
2H2O (338 mg, 3.31 mmol), Pd(OAc)2 (12 mg, 4.5 mol %), and hydro-
quinone (29 mg, 22 mol %) in acetic acid (5 mL). The resulting slurry was
stirred at room temperature and the oxygen uptake was measured under
1 atm of oxygen. After the appropriate reaction time (24 h for 1-ZeY; 3 h
for 2-ZeY) the reaction mixture was diluted with saturated NaOAc
(10 mL) and worked up as described above. The use of 1-ZeY and 2-ZeY
gave 72 % and 85 % yield, respectively.


Recovery and reuse of 2-ZeY for 1,4-diacetoxylation of 1,3-cyclohexadiene.
The zeolite catalyst 2-ZeY from the above experiment was collected by
filtration and washed with water (50 mL), EtOH (50 mL) and ether
(50 mL). Drying under vacuum (0.05 mbar) at 100 8C afforded 125 mg of
the recovered zeolite catalyst. This catalyst was reused in a second 1,4-
diacetoxylation following the procedure described above (4 h) to give 80%
yield of 1,4-diacetoxy-2-cyclohexene (>90% trans). Recovery of 2-ZeY
with the same procedure and reuse in a third 1,4-diacetoxylation (6 h)
afforded 78% yield of 1,4-diacetoxy-2-cyclohexene (>90 % trans).


General procedure for palladium(iiii)-catalyzed aerobic 1,4-diacetoxylation
of 1,3-cyclohexadiene with different cobalt salophen complexes (1-ZeY or


2-ZeY) in the presence of Co(OAc)2 ´ 2 H2O : The same procedure and the
same amounts of compounds as described for the palladium(ii)-catalyzed
aerobic 1,4-diacetoxylation of 1,3-cyclohexadiene with cobalt salophen
zeolite complexes were used. Co(OAc)2 ´ 4H2O (654 mg; 2.63 mmol) was
employed.


1,4-Diacetoxy-2-cyloheptene : 2-ZeY (150 mg) was added to a solution of
1,3-cycloheptadiene (129 mL, 1.19 mmol), LiOAc ´ 2 H2O (1.69 g;
16.5 mmol), Pd(OAc)2 (12 mg; 4.5 mol %), and hydroquinone (29 mg,
22 mol %) in acetic acid (5 mL). The resulting slurry was stirred at room
temperature and the oxygen uptake was measured under 1 atm of oxygen.
After 24 h the reaction mixture was diluted with saturated NaCl (10 mL)
and worked up as described above. The product was characterized
according to ref. [30a] and the cis/trans ratio was determined by 1H NMR
spectroscopy.
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Organoboranes in Radical Reactions, Part 1


B-Alkylcatecholboranes as a Source of Radicals for Efficient Conjugate
Additions to Unsaturated Ketones and Aldehydes


Cyril Ollivier and Philippe Renaud*[a]


Abstract: Selective and efficient generation of alkyl radicals from alkenes as well as
their addition to unsaturated ketones and aldehydes is reported. The method is based
on a simple one-pot procedure involving the hydroboration of the alkene with
catecholborane, followed by treatment with a catalytic amount of oxygen in the
presence of DMPU and a radical trap. Examples of cyclization and cascade reactions
are reported.


Keywords: boron ´ cascade reac-
tions ´ domino reactions ´ Michael
additions ´ radical reactions


Introduction


Radical reactions are becoming an extremely useful tool for
organic synthesis. The very rapid development of these
reactions may be attributed to the emergence of very efficient
ways to conduct them, such as the tin hydride approach,[1] the
atom or group transfer reactions,[2±4] and the single-electron-
transfer processes.[5, 6] However, alternative ways of generat-
ing radicals with high chemo-, regio- and eventually stereo-
control are still highly in demand. A particularly attractive
process would be the direct generation of radicals from
alkenes according to Equation (1). No efficient one-pot
reaction of this type has yet been reported.
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It is known from the pioneer work of Brown, that organo-
boranes are good radical precursors.[7±9] For instance, upon
treatment with oxygen, trialkylboranes give rise to alkyl
radicals that have been used for intermolecular radical
additions to unsaturated ketones and aldehydes.[10, 11] This
method of generating radicals has not been widely applied in
synthesis with the exception of the systems with triethylbor-
ane-oxygen as the initiator for radical reactions.[12] One
serious drawback of the trialkylborane approach is that
only one out of the three alkyl groups is transferred, so


the method is restricted to trialkylboranes obtained by
hydroboration of easily available and cheap alkenes. A
partial but limited solution to this problem was proposed
by Brown and Negishi who used B-alkylboracyclanes.[8, 13]


Borane 1 (R�H), the most efficient of the series, is prepared
by the hydroboration of the expensive 2,4-dimethyl-1,4-
pentadiene. An excess of alkene is required when 1
(R�H) is used as a hydroborating agent. With this system,
a selective cleavage of the boron ± alkyl bond was possible
for secondary and tertiary alkyl
groups. The resulting radicals
could be trapped with highly
reactive a,b-unsaturated car-
bonyl compounds bearing no
substituents at the b position.[7]


However, this method is not
suitable for primary alkyl radicals (yield <35 %) and for
radical traps substituted at the b-position. Indeed, with
these traps, addition of oxygen is necessary to run a chain
reaction and the cleavage of the CÿB bond is not selective
anymore.[14]


Results and Discussion


We demonstrate here that 2-alkylbenzo[d][1,3,2]dioxaborole
(2 ; B-alkylcatecholboranes), easily obtained by hydrobora-
tion of olefins with the commercially available catecholbor-
ane, are excellent radical pre-
cursors and can be used for
highly efficient radical addi-
tions to various a,b-unsaturated
aldehydes and ketones.
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The hydroboration followed by radical reaction was
examined for several model systems in accordance with
Equation (2). The reaction conditions were optimized for the
hydroboration of cyclohexene followed by radical addition to
cyclohexenone. The best results were obtained when the
hydroboration was conducted under conditions developed by
Fu,[15] that is, reaction of the alkene with two equivalents
of catecholborane catalyzed by N,N-dimethylacetamide
(10 mol %) in dichloromethane. Water (3 equiv) was added
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to destroy the excess of catecholborane followed by 1,3-
dimethyl hexahydro-2-pyrimidinone (DMPU; 1 equiv) and
the a,b-unsaturated carbonyl compound (5 equiv). Air was
added to the system through a syringe pump over 2 h; the
reaction requires only substoichiometric amounts of oxygen
(0.2 equiv). Within 2 h, the reactions were complete. Results
are summarized in Table 1 (see next page).


Hydroboration of cyclohexene 3 a followed by reaction with
1-penten-3-one 4 a led to 5 aa in excellent yield (entry 1,
94 %). Reaction of the same cyclohexyl radical with b-
substituted alkenones such as 4-hexen-3-one 4 b, cyclohexe-
none 4 c and cyclopentenone 4 d gave the ketones 5 ab, 5 ac,
and 5 ad in 74, 79, and 86 % yield, respectively (entries 2 ± 4).
Radical addition to methacrolein 4 e gave the adduct 5 ae in
satisfactory yield (entry 5, 74 % yield). However, addition to
b-substituted a,b-unsaturated aldehydes such as crotonalde-
hyde 4 f gave the adduct 5 af in only modest yield (entry 6,
43 %). Primary radicals resulting from the hydroboration of
1-octene 3 b, styrene 3 c, and methylenecyclohexane 3 d add
efficiently to 1-penten-3-one 4 a (entries 7 ± 9). In the two first
cases, the hydroboration is not fully regioselective causing the
formation of some isomeric products 5 ba'' and 5 ca''. Addition
of tertiary radicals generated from 2-thexylbenzo[d][1,3,2]-
dioxaborole (obtained by the hydroboration of 2,3-dimethyl-


2-butene 3 e) afforded the ketone 5 ea in 71 % yield. We have
also demonstrated that hydroboration of 1-substituted cyclo-
alkenes followed by radical addition to 1-penten-3-one 4 a
furnished the adducts 5 fa, 5 ga, and 5 ha in 80 %, 88 %, and
81 % yield, respectively (entries 11 ± 13). The trans isomers
were formed preferentially in accordance with Giese�s rules[16]


for 2-substituted cyclic radicals. Finally, the reaction between
3 a and 4 a (entry 1) was repeated on a 30 mmol scale to
demonstrate the preparative potential of the method. The
ketone 5 aa was isolated in 83 % yield after purification by
distillation.


A plausible radical mechanism is presented in Figure 1 and
is supported by the inhibition of the reaction observed with
2,2,6,6-tetramethylpiperidine-N-oxide (TEMPO) and galvin-
yl oxide, the stereoselectivity of the reactions with 3 f ± 3 h,
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Figure 1. Possible mechanism for the formation of 5.


and by the observation of typical radical rearrangements (see
below). The alkyl radical R . is produced in an initiation step
from the reaction of 2-(R)-benzo[d][1,3,2]dioxaborole with
molecular oxygen. This radical then adds to the a,b-unsatu-
rated carbonyl compound to give an enolate radical; this
reacts with the borane 2 to give a boron enolate.[10] The exact
role of water has not been proved, but it is expected to
hydrolyse the excess of catecholborane and the formed boron
enolate. This helps to avoid side reactions such as aldol
condensations or conjugate additions. The presence of DMPU
(1 equiv) is absolutely necessary to obtain good yields;
however, its role is not yet understood.[17] Similar results were
obtained with hexamethyl phosphoramide (HMPA) as the
additive. Different attempts to use other types of radical traps
such as methyl acrylate, phenylthioacrylate, N-phenylmale-
imide, and vinyl phenyl sulfone have all failed. At the
moment, the reaction is limited to a,b-unsaturated ketones
and aldehydes. This suggests to us that the critical step in the
chain reaction is the reaction of the enolate radical with the
2-alkylbenzo[d][1,3,2]dioxaborole, which liberates the alkyl
radical R . . Enough spin density at the oxygen atom is present
with ketones and aldehydes to render this step sufficiently


1468 ± 1473


Abstract in French: Nous dØcrivons une mØthode sØlective et
efficace permettant d�engendrer des radicaux alkyles à partir
d�alc�nes et de les additionner sur des cØtones et aldØhydes a,b-
unsaturØs. Une procØdure expØrimentale simple a ØtØ dØvelop-
pØe: l�hydroboration d�olØfines par le catecholborane fournit
les B-alkylcatecholboranes qui sont immØdiatement traitØs avec
une quantitØ catalytique d�oxyg�ne et la trappe à radicaux. Des
exemples de cyclisations et de rØactions en cascade viennent
illustrer cette Øtude et confirmer la nature radicalaire de la
rØaction.
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fast. However, this is not the case with
ester, amide, and sulfone radical
traps.


The utility of this approach to
radical reactions is not limited to
intermolecular reactions. Indeed, the
chemoselectivity of the hydrobora-
tion allows us to devise intramolecu-
lar processes. A first example is
depicted in Equation (3); selective
hydroboration of the terminal alkene
8 followed by the addition of water
(3 equiv), DMPU (1 equiv), and air
(0.2 equiv O2 over 2 h) gave the
bicyclic ketone 9 in 45 % yield as
95:5 endo/exo mixture.[18]


More complex reaction cascades
are possible, the only requirement is
that the last radical in the cascade has
to be a ketone or aldehyde enolate
radical in order to allow the propaga-
tion step (formation of a boron eno-
late). For instance, radical annulation
starting from alkenylcyclopropanes
has been examined. Hydroboration
of (�)-2-carene followed by radical
addition to pent-1-en-3-one 4 a af-
forded 10 in 40 % yield [Scheme 1,
Eq. (4)]. This process is highly stereo-
selective, since four new stereogenic
centers are formed and only two
diastereomers in a 66:34 ratio are
formed. The complete reaction se-
quence is depicted in Scheme 1. The
borane 11 gave the radical 12, which
in turn undergoes a cyclopropylalkyl
ring opening (!13), an intermolecu-
lar addition to 4 a (!14), a 5-exo-
cyclization (!15), and a second in-
termolecular addition to 4 a (!16).
This reaction cascade is remarkable
since it contains two distinct intermo-
lecular CÿC bond forming processes.


Conclusion


We have demonstrated that hydro-
boration with catecholborane fol-
lowed by treatment with water/
DMPU/oxygen represents an effec-
tive and simple one-pot procedure for
performing radical addition to a,b-
unsaturated ketones and aldehydes.
For such transformations and because
of its simplicity, our method is supe-
rior to the conjugate addition based
on organometallic reagents. It is prac-
ticable on large scale and does not
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Table 1. Hydroboration of 3 followed by radical addition to 4 according to Equation (2).


Alkene (3) Product (5) Yield [%]
Radical trap (4)


[a] 5ba/5 ba''� 89:11. [b] 5ca/5 ca''� 78:22. [c] cis/trans� 20:80. [d] cis/trans� 9:91. [e] cis/trans� 5:95.







Chem. Eur. J. 1999, 5, No. 5 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0505-1471 $ 17.50+.50/0 1471


H


H


O


O
HH


H


H


(RO)2B


H


H


O


H


O


H


H O


O
HH


H


(4)


Catecholborane (2 eq.)
Me2NCOMe (10 mol%)
CH2Cl2, ∆, 3 h 


1)


2)


(+)-2-carene 10 (40%, dr 66:34)


4a (5 eq.)
H2O (3 eq.), DMPU (1 eq.)
O2 (0.2 eq. over 2h)


4a


4a


11 12 13 14


15 16


Scheme 1. Cascade reaction.


involve the handling of highly reactive and sensitive organo-
metallic compounds. Moreover, application of this strategy to
cyclization and annulation procedures prove the synthetic
potential this approach. Efforts are currently being made in
our laboratory to run complex reaction cascades as well as to
develop an access to optically pure compounds by enantio-
selective hydroboration followed by radical reactions.


Experimental Section


General techniques : Flash column chromatography (FC) and filtration:
Baker silica gel (0.063 ± 0.200 mm), EtOAc, Et2O, and hexane as eluents.
Thin-layer chromatography (TLC): Baker silica gel 25 UV254 analytical
plates; detection by spraying with a solution of KMnO4 (3 g), K2CO3 (20 g),
NaOH 5% (3 mL) in H2O (300 mL) and subsequent heating. Gas
chromatography (GC): Carlo Erba HRGC 5300, column Permabond SE-
54 Macherey-Nagel (60!250 8C). IR spectroscopy: Perkin ± Elmer 16PC.
FT-IR spectroscopy: Mattson Unicam 5000. NMR spectroscopy: Bruker
AM 360 (1H�360 MHz, 13C� 90.5 MHz), Bruker avance DRX 500 (1H�
500.13 MHz, 13C� 125.8 MHz); chemical shift in ppm relative to tetrame-
thylsilane. MS: Vacuum Generators Micromass VG 70/70E and DS 11-250;
CI (CH4), EI (70 eV); m/z (%). High resolution mass spectra (HRMS) were
recorded on a FTICR mass spectrometer Bruker 4.7T BioApex II.
Elementary analysis: Ilse Beetz, Microanalytisches Laboratorium,
D-8640 Kronach (Germany) and Ciba-Geigy, Mikrolabor, CH-1700, Fri-
bourg-Marly (Switzerland).


General procedure : Catecholborane (0.64 mL, 6.0 mmol) was added
dropwise at 0 8C to a solution of olefin 3 (3.0 mmol) and N,N-dimethyl-
acetamide (28.0 mL, 0.3 mmol) in CH2Cl2 (2.0 mL), and the reaction mixture
was heated under reflux for 3 h. Water (0.16 mL, 9.0 mmol) was added at


0 8C and the solution was stirred for
15 min at RT. CH2Cl2 (8.0 mL),
DMPU (0.36 mL, 3.0 mmol), and the
unsaturated ketone or aldehyde 4
(15.0 mmol) were successively added
to this solution. Air (60.0 mL,
0.5 mmol O2) was introduced over
2 h through a needle placed just above
the reaction surface. After 2 h stirring
at RT, the reaction mixture was treat-


ed with saturated NH4Cl (10 mL) and extracted with Et2O (3� 20 mL).
The organic layer was dried (MgSO4), filtered, and concentrated. The crude
product was purified by FC.


5-Cyclohexyl-3-pentanone (5 aa): This compound was prepared according
to the general procedure from 3a (247 mg, 3 mmol) and 4a (1.26 g,
15 mmol). FC (Et2O/hexane 5:95) gave 5aa (474 mg, 94%). Large scale:
from 3a (2.47 g, 30 mmol) and 4a (12.6 g, 15 mmol), distillation (b.p. 87 8C/
4 mbar) followed by filtration through silica gel (Et2O/hexane 5:95) to
remove DMPU traces (4.19 g, 83 %). Physical and spectral data were in
accordance with literature.[19] Colorless oil; 1H NMR (360 MHz, CDCl3):
d� 0.82 ± 1.22 (m, 6 H), 1.04 (t, J� 7.3 Hz, 3H), 1.46 (dt, J� 7.0, 7.0 Hz, 2H),
1.60 ± 1.69 (m, 5 H), 2.38 ± 2.45 (m, 4H).


5-Cyclohexyl-3-hexanone (5ab): This compound was prepared according
to the general procedure from 3 a (247 mg, 3 mmol) and 4b (1.47 g,
15 mmol). FC (Et2O/hexane 3:97) gave 5ab (402 mg, 74 %). Physical and
spectral data were in accordance with literature.[19] Colorless oil; 1H NMR
(360 MHz, CDCl3): d� 0.82 (d, J� 7.0 Hz, 3H), 1.04 (t, J� 7.3 Hz, 3H),
0.90 ± 1.22 (m, 6H), 1.59 ± 1.74 (m, 5 H), 1.87 ± 1.94 (m, 1 H), 2.44 ± 2.14 (2 dd,
J� 9.2, 15.6 Hz, 2H), 2.37 ± 2.47 (m, 2H).


3-Cyclohexylcyclohexanone (5ac): This compound was prepared according
to the general procedure from 3a (247 mg, 3.0 mmol) and 4c (1.45 g,
15 mmol). FC (Et2O/hexane 10:90) gave 5ac (424 mg, 79%). Physical and
spectral data in accordance with literature.[19] Colorless oil ; 1H NMR
(360 MHz, CDCl3): d� 0.90 ± 1.27 (m, 6 H), 1.35 ± 1.43 (m, 1 H), 1.52 ± 1.76
(m, 7 H), 1.82 ± 1.90 (m, 1H), 2.02 ± 2.12 (m, 2 H), 2.18 ± 2.28 (m, 1H), 2.31 ±
2.41 (m, 2H).


3-Cyclohexylcyclopentanone (5ad): This compound was prepared accord-
ing to the general procedure from 3a (247 mg, 3 mmol) and 4d (1.23 g,
15 mmol). FC (Et2O/hexane 10:90) gave 5 ad (429 mg, 86%). Physical and
spectral data were in accordance with literature.[19] Colorless oil; 1H NMR
(360 MHz, CDCl3): d� 0.89 ± 1.02 (m, 2 H), 1.10 ± 1.29 (m, 4 H), 1.41 ± 1.54
(m, 1 H), 1.64 ± 1.77 (m, 4H), 1.80 ± 1.94 (m, 3 H), 2.06 ± 2.22 (m, 2H), 2.27 ±
2.40 (m, 2H).


3-Cyclohexyl-2-methylpropanal (5ae): This compound was prepared
according to the general procedure from 3a (247 mg, 3 mmol) and 4e
(1.05 g, 15 mmol). FC (Et2O/hexane 2:98) gave 5ae (340 mg, 74%).
Colorless oil ; 1H NMR (360 MHz, CDCl3): d� 0.80 ± 0.95 (m, 2 H), 1.06
(d, J� 6.7 Hz, 3H), 1.14 ± 1.36 (m, 5H), 1.56 ± 1.71 (m, 6 H), 2.44 (d sext, J�
7.0, 2.1 Hz, 1 H), 9.58 (s, 1 H); 13C NMR (90.5 MHz, CDCl3): d� 13.8, 26.3,
26.5, 33.1, 33.7, 35.1, 38.3, 43.8, 205.4; IR (neat): nÄ � 2923, 2851, 2703, 1726,
1448 cmÿ1; MS (CI, CH4): m/z (%): 171 (15) [M��CH4], 155 (57) [M��H],
137 (92), 125 (33), 95 (79), 81 (100), 69 (23), 55 (31); HRMS (CI, isobutane)
C10H19O [M��H]: calcd 155.1435; found 155.1432.


3-Cyclohexylbutanal (5af): This compound was prepared according to the
general procedure from 3 a (247 mg, 3 mmol) and 4 f (1.05 g, 15 mmol). FC
(Et2O /hexane 2:98) gave 5 af (200 mg, 43%). Colorless oil ; 1H NMR
(360 MHz, CDCl3): d� 0.92 (d, J� 7.0 Hz, 3 H), 0.90 ± 1.27 (m, 6 H), 1.62 ±
1.87 (m, 5 H), 1.83 ± 2.01 (m, 1 H), 2.15 ± 2.23 (m, 1 H), 2.49 ± 2.40 (m, 1H),
9.74 (s, 1H); 13C NMR(90.5 MHz, CDCl3): d� 16.9, 26.5, 26.6, 30.3, 33.1,
35.1, 42.8, 48.5, 203.2; IR (neat): nÄ � 2925, 2852, 2710, 1727, 1448, 1381 cmÿ1;
MS (CI, CH4): m/z (%): 155 (45) [M��H], 137 (75), 111 (33), 110 (83), 95
(43), 81 (100), 69 (22), 55 (21); HRMS (CI, isobutane) C10H19O [M��H]:
calcd 155.1435; found 155.1436.


3-Tridecanone and 6-methyl-3-dodecanone (5ba and 5b''a): This compound
was prepared according to the general procedure from 3b (337 mg,
3 mmol) and 4a (1.26 g, 15 mmol). FC (Et2O /hexane 5:95) gave 5 ba/5b''a
(354 mg, 60%) as a 89:11 mixture not separable by chromatography.
Colorless oil ; GC: tr� 6.28 min (5 b''a), 6.62 min (5ba); 1H NMR (360 MHz,
CDCl3): d� 0.87 (t, J� 7.0 Hz, 3H), 1.04 (t, J� 7.3 Hz, 3 H), 1.24 ± 1.26 (m,
14H), 1.53 ± 1.72 (m, 2 H), 2.38 (t, J� 7.5 Hz, 2H), 2.42 (q, J� 7.4 Hz, 2H);
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13C NMR (90.5 MHz, CDCl3): d� 7.8, 10.9, 22.6, 23.9, 29.3, 29.4, 29.5, 29.6,
31.9 , 35.8, 42.4, 212.0; IR (neat): nÄ � 2925, 2854, 1716, 1460, 1413, 1377,
1108 cmÿ1; MS (70 ev, EI): m/z (%): 199 (29) [M��1], 198 (2) [M�], 169
(43), 126 (6), 109 (8), 95 (23), 85 (72), 72 (99), 57 (100); C13H26O (182.16):
calcd C 78.72, H 13.21; found C 78.73, H 13.59.


7-Phenyl-3-heptanone and 6-phenyl-3-heptanone (5ca and 5 c''a): These
compounds were prepared according to the general procedure from 3 c
(312 mg, 3 mmol) and 4 a (1.26 g, 15 mmol). FC (Et2O/hexane 10:90) gave
5ca/5c''a (400 mg, 70 %) as a 78:22 mixture not separable by chromatog-
raphy. Colorless oil; GC: tr� 6.56 min (5 c''a), 7.11 min (5ca).
Compound 5ca-major: 1H NMR (500 MHz, CDCl3): d� 1.04 (t, J� 7.3 Hz,
3H), 1.59 ± 1.63 (m, 4H), 2.40 (q, J� 7.3 Hz, 2 H), 2.40 ± 2.43 (m, 2 H), 2.60 ±
2.63 (m, 2 H), 7.15 ± 7.30 (m, 5H); 13C NMR (125.8 MHz, CDCl3): d� 7.8,
22.5, 31.0, 35.9, 42.2, 125.7, 128.4, 142.5, 211.6; IR (neat): nÄ � 2936, 1714,
1603, 1495, 1453, 1413, 1376, 1113, 748, 700 cmÿ1; MS (70 ev, EI): m/z (%):
190 (31) [M�], 161 (17), 143 (8), 129 (11), 118 (97), 105 (31), 91 (100), 85
(25), 72 (34), 57 (76); C13H18O (190.13): calcd C 82.06, H 9.53; found C
82.12, H 9.58.
Compound 5c''a-minor: 1H NMR (500 MHz, CDCl3): d� 0.99 (t, J� 7.3 Hz,
3H), 1.25 (d, J� 6.9 Hz, 3 H), 1.78 ± 1.94 (m, 2H), 2.32 ± 2.20 (m, 2H), 2.31
(q, J� 7.3 Hz, 3 H), 7.15 ± 7.30 (m, 5H); 13C NMR (125.8 MHz, CDCl3): d�
7.8, 23.6, 31.9, 35.7, 39.4, 40.5, 127.0, 126.1, 146.5, 211.6.


6-Cyclohexyl-3-hexanone (5da): This compound was prepared according
to the general procedure from 3 d (289 mg, 3 mmol) and 4 a (1.26 g,
15 mmol). FC (Et2O/hexane 10:90) gave 5 da (380 mg, 69%). Colorless oil ;
1H NMR (360 MHz, CDCl3): d� 0.83 ± 0.90 (m, 2H), 1.04 (t, J� 7.3 Hz,
3H), 1.10 ± 1.25 (m, 6H), 1.53 ± 1.70 (m, 7 H), 2.37 (t, J� 7.3 Hz, 2 H), 2.41
(q, J� 7.3 Hz, 2 H); 13C NMR(90.5 MHz, CDCl3): d� 7.8, 21.3, 26.3, 33.3,
35.8, 37.0, 37.5 , 42.7, 211.8; IR (neat): nÄ � 2922, 2850, 1717, 1449, 1414, 1376,
1111 cmÿ1; MS (70 eV, EI): m/z (%): 183 (46) [M��1], 182 (3) [M�], 165
(14), 153 (66), 135 (100), 121 (12), 109 (12), 107 (9), 93 (19), 81 (24), 72 (44),
57 (87); C12H22O (182.16): calcd C 79.06, H 12.16; found C 79.04, H 12.17.


6,6,7-Trimethyl-3-octanone (5ea): This compound was prepared according
to the general procedure from 3e (253 mg, 3 mmol) and 4e (1.26 g,
15 mmol). FC (Et2O/hexane 10:90) gave 5 ea (361 mg, 71 %). Colorless oil ;
1H NMR (360 MHz, CDCl3): d� 0.79 (s, 6 H), 0.82 (d, J� 7 Hz, 6H), 1.06 (t,
J� 7.3 Hz, 3H), 1.47 (sept, J� 7.0 Hz, 1 H), 1.48 ± 1.51 (m, 2 H), 2.32 ± 2.36
(m, 2 H), 2.44 (q, J� 7.3 Hz, 2 H); 13C NMR(90.5 MHz, CDCl3): d� 7.9,
17.4, 23.8, 33.9, 34.6, 35.4, 35.9, 37.4 , 212.3; IR (neat): nÄ � 2922, 1715, 1463,
1378, 1113 cmÿ1; MS (70 eV, EI): m/z (%): 171 (18) [M��1], 170 (3) [M�],
137 (8), 127 (50), 123 (20), 109 (31), 97 (10), 85 (32), 81 (14), 69 (15), 57
(100); C11H22O (170.14): calcd C 77.58, H 13.02; found C 77.40, H 12.99.


1-(2-Methylcyclohexyl)-2-butanone (5 fa): This compound was prepared
according to the general procedure from 3 f (289 mg, 3 mmol) and 4a
(1.26 g, 15 mmol). FC (Et2O/hexane 10:90) gave 5 fa (436 mg, 80 %) as a
cis/trans 20:80 mixture (GC and and 1H NMR). Colorless oil ; GC (140 8C):
tr� 2.71 min (trans-5 fa), 2.99 min (cis-5 fa).
cis-5 fa : 1H NMR (360 MHz, CDCl3): d� 0.82 (d, J� 7.0 Hz, 3H).
trans-5 fa : 1H NMR (360 MHz, CDCl3): d� 0.89 (d, J� 7.0 Hz, 3 H), 0.85 ±
1.06 (m, 3 H), 1.04 (t, J� 7.4 Hz, 3H), 1.15 ± 1.50 (m, 4H), 1.62 ± 1.71 (m,
4H), 1.82 ± 1.89 (m, 1H), 2.27 ± 2.46 (m, 4 H); 13C NMR (90.5 MHz, CDCl3):
d� 7.9, 20.2, 26.5, 27.5, 31.6, 35.8, 36.8, 39.4 , 43.4, 212.3; IR (neat): nÄ � 2922,
2853, 1716, 1447, 1377, 1113 cmÿ1; MS (70 eV, EI): m/z (%): 183 (50)
[M��1], 182 (13) [M�], 165 (17), 153 (20), 135 (81), 110 (68), 97 (35), 95
(42), 81 (41), 69 (42), 57 (92), 55 (100); C12H22O (182.16): calcd C 79.06, H
12.16; found C 79.15, H 12.22.


1-(2-Methylcyclopentyl)-2-butanone (5ga): This compound was prepared
according to the general procedure from 3 g (247 mg, 3 mmol) and
4a(1.26 g, 15 mmol). FC (Et2O/hexane 5:95) gave 5ga (443 mg, 88%) as
a cis/trans 9:91 mixture (GC and 1H NMR), not separable by chromatog-
raphy. Colorless oil; GC: tr� 8.11 min (trans-5ga), 8.83 min (cis-5ga).
cis-5ga : 1H NMR (360 MHz, CDCl3): d� 0.76 (d, J� 7.0 Hz, 3H).
trans-5ga : 1H NMR (360 MHz, CDCl3): d� 0.96 (d, J� 7.0 Hz, 3H), 1.05 (t,
J� 7.3 Hz, 3H), 1.03 ± 1.23 (m, 3 H), 1.28 ± 1.35 (m, 1 H), 1.38 ± 1.42 (m, 1H),
1.51 ± 1.57 (m, 2 H), 1.75 ± 1.85 (m, 3 H), 2.33 ± 2.46 (m, 4H); 13C NMR
(90.5 MHz, CDCl3): d� 7.8, 19.3, 23.3, 28.7, 32.1, 34.7, 35.8, 40.5, 41.5, 47.2,
212.2; IR (neat): nÄ � 2949, 2868, 1717, 1458, 1414, 1375, 1110 cmÿ1; MS
(70 eV, EI): m/z (%): 169 (84) [M��1], 168 (15)[M�], 151 (38), 139 (11), 121
(41), 95 (100), 93 (15), 81 (42), 69 (26), 57 (85); C11H20O (168.15): calcd C
78.51, H 11.98; found C 78.45, H 11.94.


1-(2-Phenylcyclopentyl)-2-butanone (5ha): This compound was prepared
according to the general procedure from 3h (432 mg, 3 mmol) and
4a(1.26 g, 15 mmol). FC (Et2O/hexane 8:92) gave 5 ha (561 mg, 81 %) as
a cis/trans 5:95 mixture (GC and 1H NMR), not separable by chromatog-
raphy. Colorless oil ; GC: tr 7.35 min (trans-5ha), 8.29 min (cis-5 ha); trans-
5ha : 1H NMR (360 MHz, CDCl3): d� 0.96 (t, J� 7.3 Hz, 3 H), 1.24 ± 1.34
(m, 1H), 1.40 ± 1.51 (m, 1H), 1.62 ± 1.88 (m, 5H), 1.94 ± 2.1 (m, 2H), 2.19 ±
2.39 (m, 4H), 2.5 (q, J� 9.7 Hz, 1 H), 7.15 ± 7.30 (m, 5 H); 13C NMR
(90.5 MHz, CDCl3): d� 7.8, 24.1, 28.6, 32.4, 35.6, 35.8, 41.3, 47.5, 53.1, 125.9,
127.4, 128.3, 145.4, 211.5; IR (neat): nÄ � 2938, 1717, 1600, 1492, 1451, 1373,
1111, 756, 700 cmÿ1; MS (70 eV, EI): m/z (%): 230 (27) [M�], 212 (15), 183
(15), 158 (39), 143 (12), 129 (25), 117 (35), 104 (64), 91 (99), 77 (15), 57
(100); C16H22O (230.16): calcd C 83.43, H 9.63; found C 83.14, H 9.73.


2,4,6-Trimethylbicyclo[4.3.0]non-4-en-3-one (9): This compound was pre-
pared according to the general procedure from 8 (530 mg, 3 mmol), which
was prepared from 2,4,6-trimethylphenol by means of the procedure of
Schmid[20] and Miller.[21] FC (Et2O/hexane 5:95) gave 9 (241 mg, 45%) as a
endo/exo 95:5 mixture (1H NMR). Separation by further FC (Et2O/hexane
2:98) was achieved. Colorless oil.
endo-9 : 1H NMR (500 MHz, CDCl3): d� 1.10 (d, J� 6.9 Hz, 3 H), 1.23 (s,
3H), 1.20 ± 1.28 (m, 1H), 1.39 ± 1.47 (m, 1H), 1.51 ± 1.62 (m, 2H), 1.71 (d,
J� 1.45 Hz, 3H), 1.99 (ddt, J� 2.2, 4.6, 6.75 Hz, 1H), 2.70 (dq, J� 6.8,
4.6 Hz, 1 H), 6.13 (s, 1H); 13C NMR (125.8 MHz, CDCl3): d� 13.4, 16.0,
22.5, 24.0, 26.6, 40.4, 42.2, 44.6, 50.6, 133.2, 150.8, 202.2; IR (CH2Cl2): nÄ �
2953, 2869, 1676, 1446, 1373 cmÿ1.
exo-9 : 1H NMR (500 MHz, CDCl3): d� 1.14 (d, J� 6.9 Hz, 3 H), 1.16 (s,
3H), 1.50 ± 1.61 (m, 2H), 1.66 ± 1.77 (m, 3H), 1.75 (d, J� 1.4 Hz, 3 H), 1.86
(dt, J� 4.2, 8.3 Hz, 1 H), 1.98 ± 2.05 (m, 1H), 2.28 (dq, J� 6.9, 1.6 Hz, 1H),
6.37 (s, 1 H) ; 13C NMR (125.8 MHz, CDCl3): d� 15.5, 16.3, 23.1, 28.2, 30.7,
39.4, 43.6, 43.9, 51.9, 131.2, 151.3, 202.8; IR (CH2Cl2): nÄ � 2955, 1674, 1455,
1372 cmÿ1.
Mixture of endo-9 and exo-9 : MS (70 eV, EI): m/z (%):178 (75) [M�], 163
(29), 150 (33), 135 (35), 122 (87), 109 (86), 107 (53), 93 (60), 83 (100), 67
(41), 55 (54); C12H18O (178.13): calcd C 80.85, H 10.18; found C 80.85, H
10.60.


1-(1,1,5-Trimethyl-3-propionylperhydro-4-indenyl)-3-pentanone (10): This
compound was prepared according to the general procedure from (�)-2-
carene (409 mg, 3 mmol) and 4a (1.26 g, 15 mmol). FC (Et2O/hexane 5:95
then 10:90) gave 10 (366 mg, 40 %) as a 34:66 mixture of two isomers
(1H NMR). Colorless oil.
Compound 10-major: 1H NMR (500 MHz, CDCl3): d� 0.89 (d, J� 6.6 Hz,
3H), 0.92 (s, 3 H), 0.95 (s, 3H), 1.03 (2t, J� 7.3 Hz, 6H) 1.01 ± 1.17 (m, 2H),
1.25 ± 1.36 (m, 3 H), 1.47 ± 1.51 (m, 3H), 1.66 ± 1.76 (m, 2 H), 1.88 (dd, J�
22.6, 14.0 Hz, 1 H), 2.22 ± 2.54 (m, 7 H), 2.83 ± 2.88 (m, 1H); 13C NMR
(125.8 MHz, CDCl3): d� 7.9, 8.1, 20.4, 21.4, 24.5, 28.9, 31.3, 32.1, 35.3, 36.0,
36.8, 41.6, 43.0, 45.7, 46.7, 47.0, 56.5, 212.2, 214.2; IR (CH2Cl2): nÄ � 2935,
1710, 1457, 1374, 1114 cmÿ1.
Compound 10-minor: 1H NMR (500 MHz, CDCl3): d� 0.83 (d, J� 6.0 Hz,
3H), 0.95 (s, 3 H), 0.98 (s, 3H), 0.99 (t, J� 7.2 Hz, 3H), 1.04 (t, J� 7.3 Hz,
3H), 1.15 ± 1.39 (m, 5 H), 1.44 ± 1.53 (m, 4H), 1.62 (q, J� 7.6, 1H), 1.81 (t,
J� 12.3 Hz, 1H), 2.23 ± 2.38 (m, 3H), 2.39 (q, J� 7.4 Hz, 2H), 2.48 (dq, J�
7.2, 18.2 Hz, 1 H), 2.66 (dq, J� 7.2, 18.2 Hz, 1H), 3.18 ± 3.24 (m, 1H);
13C NMR (125.8 MHz, CDCl3): d� 7.7, 7.9, 20.2, 21.7, 26.1, 26.6, 30.7, 31.4,
33.1, 35.9, 37.7, 38.6, 39.3, 40.1, 43.7, 48.7, 49.1, 51.5, 211.8, 214.8.
Mixture of isomers of 10 : IR (CH2Cl2): nÄ � 2938, 1709, 1456, 1373,
1111 cmÿ1; MS (CI, CH4): m/z (%): 307 (100) [M��H], 306 (2) [M�], 271
(19), 259 (4), 231 (27), 217 (10), 179 (9), 177 (14), 150 (25), 127 (19), 107 (7),
85 (3), 57 (21); C20H34O2 (306.25): calcd C 78.38, H 11.18; found C 78.04, H
11.35.
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From Molecules to the Crystalline Solid: Secondary Hydrogen-Bonding
Interactions of Salt Bridges and Their Role in Magnetic Exchange


Dimitris Papoutsakis,[a] James P. Kirby,[a] James E. Jackson,*[b] and Daniel G. Nocera*[a]


Abstract: The primary two-point hy-
drogen-bond contact of p-substituted
benzamidinium cations to benzoate
anions in [D6]DMSO forms a salt bridge
as described by a classical Hammett
relation. At carboxylate: amidinium
proportions greater than 1:1, amidinium
hydrogen atoms external to the salt
bridge associate to carboxylate. This
complementary interaction of four pro-
tons and four lone pairs of the amidi-
nium ± carboxylate salt bridge creates
closure of the hydrogen-bonding net-
work in 3-amidinium benzoate. Struc-
tural characterization of this solid shows
that the primary amidinium ± carboxy-
late interaction of the salt bridge, which
leads to zigzag tapes, is augmented by
lateral hydrogen bonding, forming lad-
der structures of oppositely oriented salt


bridges. The ladders crosslink tapes,
thus setting the three-dimensional struc-
ture of the system. We have exploited
this secondary hydrogen-bonding inter-
action to construct layered magnetic
solids based on the salt bridge formed
between 3-cyanobenzamidinium and
2,2,4,4-tetramethylpyrroline-N-oxyl-3-c-
arboxylate. In this solid, the nitroxyl
radical moiety participates in the hydro-
gen-bonding network, truncating salt
bridge ladder formation by capping (salt
bridge)2 ladder segments. These seg-
ments are linked to each other via


the secondary hydrogen-bonding inter-
action of the salt bridge to form isolated
linear chains of nitroxyl radicals running
diagonally within the layer. Magnetic
susceptibility studies show that the
nitroxyl spin can propagate through the
secondary hydrogen bond. When a
water molecule in the solid formed from
benzamidinium and 2,2,5,5-tetramethyl-
3-carboxypyrroline-1-oxyl interrupts the
pathway, magnetic coupling of the spins
is obstructed. These results show that
the hydrogen bonds external to salt
bridges can both set structure and medi-
ate magnetic organization, establishing
the salt bridge as a useful synthon in
the design of layered magnetic materi-
als.


Keywords: crystal engineering ´ hy-
drogen bonds ´ layered compounds
´ magnetic properties ´ supramolec-
ular salt-bridges


Introduction


The catenation of molecular subunits by hydrogen bonding to
afford extended solids offers the possibility of materials
design with targeted properties. When the molecular subunit
carries a spin, magnetic solids may result, which differ from
the isolated molecule to the extent that magnetic exchange is
conveyed through the crystals� network of intermolecular
bonds.[1] The construction of such solids from molecular
building blocks requires that the structural subunits' non-


covalent interactions, known as supramolecular synthons,[2] be
controlled in a predictable manner. Of the various non-
covalent intermolecular interactions that have been exploited
in solids design,[3] electrostatic forces and hydrogen bonding
have emerged as general tools for the assembly of molecular
subunits into extended arrays. The pioneering work of Etter
and Ward[4] and others[5,6] have shown that the problems
associated with the nondirectionality of electrostatic inter-
actions, the difficulty of de-solvating charged species from
polar media, and the need for counterions to maintain charge
neutralization in the crystalline environment are overcome
when the synthon is a salt bridge. The strong primary
electrostatic interaction of the salt bridge often engenders
tape or layer structures. Crystallinity, however, requires order
in all three dimensions, which can be particularly difficult for
structures composed of tapes.[7] We now show that the
secondary one-point hydrogen bonds external to amidini-
um ± carboxylate salt bridges offer a rational mechanism for
establishing three-dimensional crystalline arrays and may
serve as a viable conduit for magnetic communication among
the spins of paramagnetic subunits.
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Our self-assembly scheme centers on the primary two-point
hydrogen bond of the amidinium ± carboxylate salt bridge
(Scheme 1) augmented by secondary hydrogen bonds be-
tween the external amidinium hydrogens and carboxylate
oxygens of neighboring salt bridges. In this work, we provide
evidence for the secondary interaction in solution and show
that it sets the connectivity for the design of a three-
dimensional layered solid based on 3-amidinium benzoate.
The structure exploits the propensity of the salt bridge to form
a closed set of hydrogen bonds thus providing the link
between molecules in solution and the crystalline solid state.
Spin is introduced into the layered solid by isolating the
amidinium and carboxylate functionalities on separate mo-
lecular subunits, with the carboxylate bearing the paramag-
netic nitroxide 2,2,5,5-tetramethyl-3-carboxypyrroline-1-oxyl.
Salts of this anion with 3-cyanobenzamidinium preserve the
primary two-point and secondary one-point interactions while
the nitroxyl group assumes a dual role as a spin carrier and as
a crystal engineering element. We show that spins may
magnetically couple through the secondary amidinium-car-
boxylate hydrogen bonds, establishing this salt-bridge as a
supramolecular synthon in the assembly of molecular mag-
netic materials.


Experimental Section


Materials: The carboxylate of the previously known 3-amidinium chloride
benzoic acid,[8] 3-amidinium benzoate (1), was prepared in a one-pot
synthesis from the corresponding 3-cyanobenzoic acid by base-catalyzed
ammonolysis of the nitrile, as we have previously described.[9] An excess of
freshly generated sodium methoxide in a methanol solution of 3-cyano-
benzoic acid, under an argon atmosphere, performed the dual duties of
deprotonating the acid to yield the benzoate and converting the nitrile to
the free base imidate ester carboxylate. Addition of excess ammonium
chloride after 24 h of stirring, at ambient temperature, yields 1, which was
filtered and washed several times with water, methanol and ether and
recrystallized from hot water. 1H NMR (300 MHz, D2O, TMS): d� 7.67
(1H, t), 7.89 (1H, d), 8.18 (1H, d),
8.20 (1H, s). Elemental analysis was
performed by H. Kolbe Mikro-
analytisches Laboratorium. C8H8N2O2


(%): calcd: C 58.53, H 4.91, N 17.06;
found: C 58.36, H 4.99, N 16.89.


3-Cyanobenzamidinium chloride was synthesized in a similar manner. 1,3-
dicyanobenzene (5.125 g, 40 mmol) was placed under an argon atmosphere
in a flame-dried Schlenk flask, equipped with a magnetic stirrer. A freshly
generated solution of sodium methoxide in methanol (0.46 g, 20 mmol, of
Na in 100 mL of methanol) was added dropwise at ambient temperature.
The solid was dissolved within 30 min, and the clear solution was stirred at
room temperature for an additional 2 h. Ammonium chloride (5.35 g,
100 mmol) was added and stirring continued overnight. The solvent was
removed under vacuum and the white solid was heated at 80 8C under
vacuum for an additional 3 h. It was washed with ether and methanol and
recrystallized from water producing fine white needles, which were air
dried for 24 h. 1H NMR (300 MHz, [D6]DMSO): d� 7.80 (1H, t, J� 9 Hz),
8.16 (2 H, t, J� 9 Hz), 8.34 (1H, s), 9.57 (4 H, s).


The salts 3-cyanobenzamidinium-2,2,5,5-tetramethyl-3-carboxypyrroline-
1-oxyl (2) and benzamidinium-2,2,5,5-tetramethyl-3-carboxypyrroline-1-
oxyl (3) were prepared by slow evaporation of aqueous solutions
containing equimolar amounts of the corresponding amidinium chloride
and the 2,2,5,5-tetramethyl-3-carboxypyrroline-1-oxyl neutralized by 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU). The resulting yellow crystals of 2
and 3 were removed from their mother liquors prior to complete evaporation
of the water. The results of elemental analyses, also performed by H. Kolbe
Mikroanalytisches Laboratorium are as follows: 2 : C17H21N4O3 (%): calcd:
C 61.99, H 6.43, N 17.00; found: C 62.11, H 6.49; N 17.10; 3 : C16H24N3O4


(%): calcd: C 59.61, H 7.50, N 13.03; found: C 59.60, H 7.48, N 13.12.


Methods : Solid-state infrared spectra were recorded as KBr pellets on a
Perkin Elmer Spectrum 2000 spectrophotometer with a resolution of
1 cmÿ1. Prominent absorptions were observed at 3270, 3170, and 3253 cmÿ1


for 1, 2, and 3 respectively. EPR spectra were recorded at room temper-
ature by using an X-band Bruker ESP300E spectrometer. Solution samples
were prepared by dissolving the solid materials in deuterated methanol at a
concentration of 10ÿ4m, followed by thorough deoxygenation afforded
from several freeze-thaw cycles under vacuum. The spectrum in Figure 7b
was recorded with a magnetic field modulation of 0.04 G, microwave power
of 1 mW and field modulation frequency of 25 kHz to avoid any possible
complication from modulation sidebands.[10] Simulations were performed
by using Bruker�s program SimFonia. Magnetic susceptibilities were
determined using a SQUID susceptometer (Quantum Design MPMSR2
Susceptometer) within the 2 to 300 K temperature range. The data were
corrected for the diamagnetic contribution of the sample holder and for the
diamagnetism of the compound, calculated using Pascal�s constants. To
ensure that powder samples were consistent with the results of X-ray
crystallography, the powder X-ray diffraction pattern was calculated from
the atomic coordinates and cell dimensions of the X-ray crystal data (see
below). Calculated and observed powder X-ray diffraction patterns of the
compounds were in excellent agreement with each other.


AVarian Gemini-300 spectrometer was used to record the 1H NMR spectra
of p-substituted benzamidinium-benzoates in [D6]DMSO. The chemical
shifts were referenced to the residual solvent peaks. The association
constants were determined from the chemical shifts of the 1H NMR
of the NHk for freely solvated amidinium (dam) and for the amidinium
carboxylate salt bridge (dam±ca). The difference in these chemical shifts,
Ddmax (� dam±caÿ dam) is related to the observed carboxylate concentration-
dependent chemical shift, dobs, according to expression (1). The association
constant for the salt bridge is obtained from a nonlinear least-squares fit of
the data to this relation.


Experimental details of the X-ray analyses of the salts presented here are
given in Table 1. Single-crystal X-ray data were collected on a Rigaku
diffractometer with graphite-monochromated MoKa radiation (l�
0.71073 �) to a maximum of 2q� 508. Final cell parameters were obtained
by least-squares analyses of 22 ± 24 reflections, while all data were corrected
for Lorentz and polarization effects. Absorption correction was based on y


scans of a few suitable reflections with c values close to 908. The structures
were solved by using direct methods (SHELXS-86) and refined by using
full-matrix least-squares procedures based on F 2 (SHELXL-93). All non-
hydrogen atoms were refined anisotropically. Amidinium hydrogen atoms
were located after successive Fourier difference maps and refined isotropi-
cally, while all other hydrogen atoms were placed in idealized positions
with assigned isotropic temperature factors (U� 1.2U of bonded atoms).[11]


Scheme 1.
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Results and Discussion


More than 100 years ago Pinner isolated benzamidinium ±
benzoate salts in his pursuit of a synthetic methodology
toward the amidinium functional group.[12] In solution,
amidinium spontaneously interacts with a carboxylate to
form a salt bridge as depicted in Scheme 1 for benz-
amidinium ± benzoate. The interfacial protons (NHk) anti to
the aryl group mediate this two-point interaction, leaving the
other pair (NH?) for additional one-point contacts. We have
studied this equilibrium where X is hydrogen, methyl, phenyl,
or trifluoromethyl. In the presence of added benzoic acid
(16.6 mm),[13] the NHk and NH? resonances appear as two
resolvable peaks centered at d� 9.3 ppm. Figure 1 shows the
1H NMR spectral changes resulting from the addition of
varying amounts of tetrabutylammonium benzoate to benz-
amidinium chloride in [D6]DMSO. A concentration-dependent
downfield shift of amidinium protons involved in hydrogen
bonding (NHk varying by >3 ppm) to carboxylate is con-
trasted by an insensitivity of the chemical shift (<0.5 ppm) for
the amidinium protons external to the salt bridge (NH?). Such
behavior, which has been observed previously for bicyclic
guanidinium ± carboxylate[14] and amidinium ± phosphate
complexation,[15] is a signature of salt bridge formation. A
nonlinear least-squares fit[16] of chemical shift of the hydro-
gen-bonded amidinium protons versus the carboxylate con-


Figure 1. Selected 1H NMR spectra of the equilibrium descri-
bed in Scheme 1 for X�H (5.2 mm in [D6]DMSO) in the
absence of tetrabutylammonium benzoate with no benzoic
acid, with the addition of a catalytic amount of benzoic acid and
subsequent additions of 1.5, 2.3, 3.0, and 5.0 mm tetrabutylam-
monium benzoate (bottom to top). The spectral range captures
the amidinium protons internal (NHk) and external (NH?) to
the salt bridge interface; the initial spectrum also shows the 1H
spectral region of the phenyl rings.


centration yields an association constant (Kassoc) of
2500mÿ1 in [D6]DMSO. A 1:1 stoichiometry for the
complex over a 0 ± 25 mm concentration range of
benzoate (benzamidinium concentration of 5.5 mm)
is established by a Job�s plot[17] of the 1H NMR
titration data, which shows that the complex is
optimally formed at equimolar concentrations of


amidinium and carboxylate (i.e. , a 0.5 mole fraction). Two
favorable secondary electrostatic interactions (SEI),[18] com-
posing the hydrogen-bonded interface contribute to the
exceptionally high association of the salt bridge in a solvent
of such large dielectric constant as [D6]DMSO. However SEI
cannot entirely account for the stability of the salt bridge
inasmuch as the structurally analogous two-point hydrogen
bonds between urea and carboxylate,[19] which also exhibit a
SEI of 2, yield association constants that are more than a
factor of 10 less than that observed here. In our case, the
charge ± dipole interaction of the SEI is subsumed in the
simple charge ± charge electrostatic attraction between the
negative carboxylate and positive amidinium ions.


The strength of the salt bridge described by Scheme 1
directly correlates with the electronic properties of the
individual constituents. Figure 2 displays a plot of the log of
Kassoc (as referenced to X�H) versus the Hammett sp


parameter.[20] The linear free energy relation (slope 1� 1.4)
of Figure 2, which is characteristic of benzamidinium ± ben-
zoate[21] and other primary two-point hydrogen bond sys-
tems,[22,23] indicates that association is governed by the acidity
of the amidinium partner as dictated by the composite
resonance and sigmatropic electron-withdrawing/electron-
donating effects of X in the para position on the phenyl ring.


Table 1. Crystallographic data for compounds 1 ± 3.


1 2 3


Crystal parameters
formula C8H8N2O2 C17H21N4O3 C16H24N3O4


FW 164.16 329.38 322.38
crystal size [mm3] 0.65� 0.40� 0.20 0.46� 0.23� 0.15 0.57� 0.32� 0.30
crystal system monoclinic monoclinic monoclinic
space group P21/n P21/c P21/n
a [�] 7.253(2) 8.107(4) 9.232(1)
b [�] 6.934(3) 18.463(2) 9.479(5)
c [�] 14.602(2) 12.231(2) 20.695(3)
b [8] 93.64(2) 103.15(2) 97.94(2)
V [�3] 733.0(4) 1782.9(9) 1793.8(9)
Z 4 4 4
1calcd [gcmÿ3] 1.488 1.227 1.194
F(000) 344 700 692
m(MoKa) [cmÿ1] 1.10 0.86 0.86


Data collection
2qmax [8] 50.0 50.0 50.0
index ranges 0� h� 8 0� h� 9 0�h� 9


0� k� 8 0� k� 21 0�k� 11
ÿ 17� l� 17 ÿ 14� l� 14 ÿ 24� l� 24


scan speed [8minÿ1 in w] 2 2 2
T [K] 296(2) 296(2) 296(2)
reflections collected 1397 3369 2937
unique reflections 1288 3140 2725
R(merg) [%] 3.27 2.99 4.53


Refinement
refinement method full-matrix full-matrix full-matrix


least-squares on F 2 least-squares on F 2 least-squares on F 2


R indices (I> 2s(I)) R1� 0.0376 R1� 0.0522 R1� 0.0459
WR2� 0.1195 WR2� 0.1054 WR2� 0.1090


R indices all data R1� 0.0519 R1� 0.1275 R1� 0.0918
WR2� 0.1291 WR2� 0.1370 WR2� 0.1334


D(1) [e �ÿ3] 0.180 0.177 0.152
extinction coefficient 0.034(9) 0.005(1) 0.016(2)
GOF 1.174 1.030 1.135
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Figure 2. Plot of the Kassoc for the equilibrium represented in Scheme 1
(normalized to Kassoc for X�H) vs Hammett sp parameter (slope, 1� 1.4).


As the concentrations of amidinium and benzoate partners
are increased beyond 25 mm, new equilibria are observed in
addition to the one associated with the primary two-point
hydrogen bond. Specifically, whereas the chemical shift of the
NHk protons becomes nearly independent of benzoate at
high concentrations (owing to saturation equilibrium of the
axial hydrogens), the NH? protons exhibit a pronounced
downfield chemical shift. This behavior, displayed in Figure 3
over a carboxylate concentration range of 0 to 864 mm,


Figure 3. The change in the chemical shift of NHk (circles) and NH?
(squares) with the addition of benzoate (0 to 864 mm) in the presence of
226 mm benzoic acid (see ref. [13]). The concentration of benzamidinium
was 63 mm.


suggests the presence of a secondary equilibrium involving
hydrogen bonding to NH? . As formalized by graph set
analysis,[24] one primary two-point NHk and two secondary
one-point NH hydrogen bonds lead to a closed set of hydrogen
bonds for the salt bridge. As we now show, this connectivity
forms the architectural underpinning for layered crystalline
solids constructed from amidinium ± carboxylate salt bridges.


In order to elaborate an extended structure, the amidinium
and carboxylate functionalities were introduced at the 1 and
the 3 positions of the same phenyl ring. Figure 4 (top) shows
the bc plane of the crystal structure of 3-amidinium benzoate
(1). Typical of a 1,3-phenyl substitution pattern, a two-
dimensional zigzag tape structure forms from the catenation
of the two-point hydrogen bonds along a chain. Tapes align in


Figure 4. The packing of the zigzag tapes in the bc plane of the crystal
structure of 1 (top). Rotation of the crystal structure of 1 such that the
ladder is viewed in the plane of the paper (middle). The ac plane of the
crystal structure of 1 showing the layered sheet structure supported by the
ladder scaffold. The ladders tilt alternately in to and out of the plane of the
paper by 30.08 and 23.38, respectively (bottom).


a head-to-head arrangement along the c axis of the unit cell
and pack together at a van der Waals contact distance to
create the sheets of the bc plane. The repeat distance between
positional atoms of neighboring tapes is 6.93 � thereby
establishing the b dimension of the unit cell. Whereas the
phenyl rings lie in the bc plane, a rotation of the amidinium
group by 30.0(1)8 from the plane of the aromatic ring is
complemented by a 23.3(1)8 counter-rotation of the carbox-
ylate group. This 78 difference in rotation of the two groups
results in a slight twist of the amidinium ± carboxylate inter-
face (dihedral angle of 8.418 for the planes defined by the CN2


and CO2 atoms of the salt bridge) with respect to the bc plane.
Nonetheless, the interface is very stable as indicated by the
relatively short N ± O distances of 2.766(1) � (aNHO
177(2)8) and 2.791(2) � (aNHO 180(2)8) and by the self-
assembly of the salt bridge from aqueous solution.


The canting of the salt bridges permits the formation of
secondary hydrogen-bonding interactions akin to that ob-
served in solution, thus extending the dimensionality of the
structure beyond the sheets of zigzag tapes. The amidinium
protons outside the salt bridge (H?) form hydrogen bonds to
carboxylate oxygens of tapes from adjacent sheets above and
below the bc plane. Consistent with solution results, the one-
point hydrogen bond is slightly weaker than the two-point
interaction, as evidenced by longer N ± O distances of
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2.878(2) � (aNHO 153(2)8) and 2.905(2) � (aNHO
143(2)8). As shown in Figure 4 (middle), this secondary
interaction generates ladders, which radiate from the aro-
matic subunits to provide the scaffolding to support a layer
structure of interconnecting sheets of zigzag tapes (Figure 4
bottom). The structure is further stabilized by the van der
Waals interactions of the aromatic rings from neighboring
sheets (d spacing 3.16 �). The hydrogen-bonding arrange-
ment of the ladder necessarily enforces the amidinium ± car-
boxylate salt bridges in neighboring sheets to arrange with
their dipoles opposed, thereby setting the head-to-tail ori-
entation of tapes along the ladder. This head-to-tail orienta-
tion has the added benefit of satisfying the dominant
Coulomb interaction within the three-dimensional structure
since dipoles of salt bridges along the ladder are at a distance
of 3 � whereas the dipoles of salt bridges within the bc plane
are at a distance of 7 �.


The same interactions of the four protons and four lone
pairs of the amidinium ± carboxylate salt bridge that we
observe in solution creates closure of the hydrogen-bonding
network in 1. Two protons internal (Hk) to the salt bridge
establish a primary interaction with two lone pairs of a
carboxylate; the resulting zigzag tapes are like those of
isophthalic acid,[25] where carboxylic acid dimers form the
two-point intermolecular hydrogen bonds. However, in iso-
phthalic acid, there is no secondary interaction to connect the
layers owing to the absence of protons external to the
hydrogen-bonding interface. For the amidinium ± carboxylate
salt bridge of 1, the two external protons of the salt bridge
(H?) are complemented by two lone pairs on oxygens from
adjacent interlayer carboxylates to form the common ladder
structure characteristic of benzamidinium ± carboxylate
bridges.[26] In accordance with the recent predictions of
Whitesides,[7] a secondary interaction external to the tape is
the critical structural element that establishes the three-
dimensional motif of the crystal.


Whereas 1 is not able to support an unpaired electron, the
introduction of the carboxylate and amidinium moieties in
separate species permits spin to be introduced into an
engineered layered structure. In compound 2, the nitroxyl
carboxylate 2,2,5,5-tetramethyl-3-carboxypyrroline-1-oxyl
complexes with 3-cyanobenzamidinium to form a layered
structure with amidinium-carboxylate linkages similar to
those in 1. Figure 5 displays the amidinium ± carboxylate salt
bridge of 2, which is somewhat unsymmetrical with its N ± O
distances of 2.853(3) � (aNHO 166(3)8) and 2.680(3) �
(aNHO 172(3)8). Both functionalities within the salt bridge
interface are twisted with respect to the planes defined by the
ring backbones of their constituent molecular units. As in 1,
rotations of the carboxylate and amidinium groups (by
20.8(3)8 and 34.7(3)8, respectively) set up the amidinium ±
carboxylate ladder structure through the one-point carbox-
ylate-O to H? contacts, with d(N ± O)� 2.789(4) � (aNHO
155(3)8). Ladder formation is truncated at four-molecule
segments by hydrogen-bonding of the external amidinium H?
protons to the nitroxyl oxygens of adjacent ladder segments.
Closure of the hydrogen-bonding network through this
nitroxyl-to-ladder interaction (d(N ± O) 2.851(3) � (aNHO
178(3)8)) engenders a two-dimensional network, as shown in


Figure 5. Crystal structure of 3-cyanobenzamidinium-2,2,5,5-tetramethyl-
3-carboxypyrroline-1-oxyl (2) highlighting the four molecule amidinium ±
carboxylate cluster, hydrogen bonded to two nitroxyl radicals external to
the ladder subunit.


Figure 6, thus extending the dimensionality of the solid. The
aromatic units of the cation, which are positioned in a face to
face arrangement, occupy the intralayer volume. The cyano
group is not involved in any close contacts and adjacent layers
simply stack on top of each other.


Figure 6. Two-dimensional sheets of compound 2 assembled by nitroxyl
radicals interconnecting adjacent cluster subunits. The nitroxyl spin carriers
compose a linear chain, diagonally situated within the layer.


The solution EPR spectrum of compound 2 shown in
Figure 7a displays the typical three-line pattern, with the
splitting arising from the 14N hyperfine coupling to the free
electron. The LandeÂ g factor is 2.010 and the value of the
nitrogen isotropic hyperfine coupling, obtained directly from
the experimental spectrum, is 15.3 G, typical of the nitroxyl
radical in solution.[27] As has been noted previously,[28] oxygen-
free solutions of nitroxyl compounds provide additional
details regarding proton superhyperfine (shf) coupling. Figure
7 b displays the central nitrogen hyperfine line of compound 2,
where good resolution of the proton hyperfine is observed.
Computer simulation of the spectrum yields values of 0.235 G
and 0.465 G for the coupling to the methyl and vinylic protons
respectively, in agreement with literature results.[27b,c] These
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values establish that delocali-
zation of the unpaired electron
is not limited to the nitroxyl
moiety, but extends to the ring
backbone of the radical.


Powder EPR experiments
afforded featureless, relatively
broad gaussian-shaped line
profiles (Figure 7c). The lack
of hyperfine splitting in the
solid yields no information
regarding exchange interac-
tions. Consequently, magnetic
susceptibility measurements
on powder specimens were
undertaken. Figure 8 illus-
trates the cMT vs T plot. Neg-
ative deviation from the high-
temperature spin-only value of
0.360 and a Weiss constant of
ÿ1.1 K indicates antiferro-
magnetic coupling between
the nitroxyl spins.


Examination of Figures 5
and 6 reveals four possible
pathways for spin communica-
tion, all of which involve the


salt bridge. Taking the nitroxyl oxygen as the seat of unpaired
spin, and tracing paths in the six-subunit fragment shown in
Figure 5, we designate O(1) ´´ ´ O(4), O(1) ´´ ´ O(4a), O(4) ´´´
O(4a), and O(1) ´´´ O(1a) as paths 1 ± 4, respectively. The first,
and shortest, is the one we believe to be magnetically
significant (see below); it is a nine-bond path in which
nitroxyl radicals internal and external to the four molecule
ladder cluster are coupled through N ± O(4) ´´´ H? ± N(1) ± Hk
´ ´ ´ O(3) ± C hydrogen bonding. Paths 2, 3, and 4 involve 11, 12,
and 14 bonds, respectively; path 3, propagating along and
across the ladder cluster, includes four hydrogen bonds rather
than the two found in each of the other three paths. It is


Figure 8. Temperature dependence of the magnetic susceptibility of 2 (*)
and 3 (&). The inset shows the least-squares fit over the temperature range
of greatest change of the magnetic susceptibility data of 2 to a Heisenberg
linear chain model.


unlikely that the transfer of spin through paths 2 ± 4 could
effectively compete with the shorter path 1. As can be seen in
Figure 6, path 1 composes isolated linear chains of nitroxyl
radicals running diagonally within the layer. On this basis, we
have analyzed the magnetic susceptibility data of 2, shown in
Figure 8, using a Heisenberg linear chain model.[29] By using
the experimentally determined LandeÂ g factor, we obtain
J/kB�ÿ0.8 K.


We probed the effectiveness of the spin propagation along
the chain by examining compound 3, shown in Figure 9. Here,
the 3-cyanobenzamidinium of 2 has been replaced with
unsubstituted benzamidinium. The same four-cluster unit is


Figure 9. Crystal structure of benzamidinium-2,2,5,5-tetramethyl-3-car-
boxypyrroline-1-oxyl (3) highlighting the four molecule amidinium ± car-
boxylate cluster, hydrogen-bonded to two nitroxyl radicals external to the
ladder structure through two water molecules.


retained with nearly identical metrical parameters, but a water
molecule interrupts the hydrogen bond connecting the
internal and external nitroxyl radicals. As Figure 8 reveals,
the cMT vs T plot renders a straight line of slope� 0 and
intercept of 0.377 for T� 2 ± 300 K, indicating purely para-
magnetic behavior.


The differing magnetic behavior of 2 and 3 suggests that
coupling between external and internal nitroxyl radicals is the
important exchange pathway since it is the presence or
absence of this interaction that distinguishes these struc-
tures.[30] If intracluster coupling were dominant, then similar
behavior for both compounds would be expected on the basis
of the retention of path 4 in both structures. Moreover, these
data support our initial inference that path 1 should dominate
the magnetic coupling; the extra H2O in 3 adds one hydrogen
bond and one O ± H covalent bond to path 1, making it an 11-
bond pathway that includes three hydrogen bonds. Noting
that path 2 is an 11-bond linkage incorporating two hydrogen
bonds, and that path 3 has 14 bonds with four hydrogen bonds,
it seems unlikely that these connections contribute to the
coupling in 2.


The most successful approaches to crystal engineering take
advantage of the highly directional and relatively strong
nature of the hydrogen bond. The secondary hydrogen bond
of a salt bridge is strong with respect to other noncovalent
secondary interactions and is important in setting the
dimensionality of layered structures. This structural element


Figure 7. Room temperature
ESR spectra of compound 2 (a)
in deuterated methanol, (b) in
deoxygenated deuterated meth-
anol, and (c) for a solid sample.
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is also capable of propagating magnetism within the layer
when radical centers are introduced. Although the spin is
mainly localized on the molecular constituents composing the
layer, small but appreciable amounts of spin density can
advance through the intermolecular hydrogen bonds external
to the salt bridge as observed for spin polarization mecha-
nisms of other hydrogen bonds.[1,31±34] These results show that
the hydrogen bonds external to salt bridges can both set
structure and mediate magnetic organization, establishing the
salt bridge as a useful synthon in the design of layered
magnetic materials.
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and Brian F. G. Johnson*[b]


Abstract: Elucidation of the catalytic performance of TiIV centers in titanium-silica
epoxidation catalysts has been probed by studying a range of soluble titanium-based
silsesquioxane analogues. Several related and new TiIV complexes in which the TiIV is
coordinated to only one or two siloxides of the silsesquioxane backbone have
enabled us to modify, in a controlled fashion, the degree of steric congestion around
the active site. It has been shown that the performance of these model catalysts is
strongly influenced by the precise nature of the coordination environment about the
TiIV active site, both in terms of steric crowding and in the likely occurrence of dative
bonding.


Keywords: BINOL ´ catalysts ´
epoxidations ´ silsesquioxanes ´
titanium


Introduction


It has been established[1, 2] by in-situ X-ray absorption
spectroscopic (XAS) studies that the atomic architecture of
the active site in grafted (if not also framework-substituted)
titanium ± silica epoxidation catalysts is a TiIV ion tripodally
bound to the silica matrix as schematized in Figure 1. These
studies also reveal that a key feature of the active site is the
coordination unsaturation of the tetrahedrally linked TiIV ion
(during catalytic conversion, the coordination increases to
six), and the magnitude of the catalytic activity was found[3] to
be much influenced by the accessibility of the active site to the
reactants (the alkene and the alkylhydroperoxide). These
assignments have been corroborated by a range of other
spectroscopic investigations such as FT-IR, UV/visible and


Figure 1. TiIV active center tripodally anchored to mesoporos silica
(MCM-41).


photoluminescence spectroscopy.[4] Moreover, computational
studies involving density functional theory calculations are
consistent with these interpretations.[5]


In view of the considerable importance of Ti-centered
epoxidations and related selective oxidations in the synthesis
of bulk[6, 7] and fine[8, 9] chemicals (including stereoselective
catalysis[10]), it is instructive to explore the role of steric
hinderance at the active site upon the overall performance of
such catalysts.


Results and Discussion


A wide range of soluble titanium silsesquioxane complexes of
the type Ti(L)R7Si7O12 (R� cyclohexyl[11] , cyclopentyl[12] and
L� alkyl,[13] aralkyl,[13] siloxy,[13] amido,[13] OH,[13] aryloxy,[13]


alkoxy,[13, 14] Cp,[15] C5Me5,[16] or C5Ph5
[17]), in which the TiIV


center is coordinated to three siloxides of the silsesquioxane
backbone, may be readily prepared and conveniently tested in
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homogeneous solution. More-
over, their detailed structures
may be determined, both by
NMR (in solution and in the
solid state) and single crystal
X-ray crystallography.


By preparing a variety of
related new TiIV complexes in
which the TiIV is coordinated to
only one or two siloxides of the
silsesquioxane backbone, we
have been able to modify, in a
controlled fashion, the degree
of steric congestion around the
TiIV active site and thereby to
assess the importance of this
factor on the overall catalytic
performance. In an analogous
method to that used for
[(c-C6H11)7Si7O9(OH)3 by
Feher et al.[11, 18] , the reaction
of [(c-C5H9)7Si7O9(OH)3] with
(TMS)Cl leads to the formation
of the partially silylated precur-
sor compounds A and B. Reac-
tion of both compounds with
Ti(OL)4 (L�Me, iPr) in THF
leads to substitution of either
two or one of the four titanium
alkoxide ligands for each silses-
quioxane to give complexes 1, 2
(the cyclopentyl derivative of
the complex previously synthe-
sized by Crocker et al.[13]), 3
and 4, with the subsequent
elimination of LOH (see
Scheme 1). On precipitation
from solution by the use of
MeCN and recrystallization
from CHCl3, it is possible to
displace any coordinated THF
molecules and obtain the compounds as predominantly TiIV


tetrahedral species, as determined by UV/Vis spectroscopy
(lmax< 250 nm in all cases).


As TiIV alkoxy complexes of the ligand 1,1'-bi-2-naphthol
(BINOL) are well-characterized species that have shown to
be active catalysts for a number of reactions,[19] complexes 1 ±
4 were further treated with BINOL at 25 8C to generate the
orange BINOL-TiIV-silsesquioxane species by substitution of
two alkoxide ligands, as depicted in Scheme 1. Each of the
resulting complexes were tested as catalysts for the epoxida-
tion of cyclohexene under the conditions given in Scheme 2,
and their activity subsequently compared with that of other
silsesquioxane based TiIV species[14] (Table 1).


Interestingly, the order of activity of complexes 1 ± 7 does
not follow in a straightforward fashion from that which would
be expected by simple steric considerations. Complexes 3, 4, 6,
and 7 should be expected to be the most catalytically active,
since the bulky silsesquioxane in each case acts as a mono-


Scheme 2. Catalytic epoxidation of cyclohexene.


dentate ligand with respect to the TiIV center, whereas in
complexes 1, 2, and 5 it is bidentate.


One explanation for the lower activity of complex 3 relative
to 4 may arise from the likelihood of non-bonding interactions
(see Figure 2) between the OTMS groups on the silsesquiox-
ane backbone and the TiIV center, so blocking available
coordination sites to the substrates. The relatively higher
activity of complex 4 could result from the presence of the
more sterically demanding iPr moieties, which would prevent


Scheme 1. Synthesis of partially silylated titanosilsesquioxane complexes. i) [TMS]Cl, NEt3, THF, 25 8C;
ii) Ti(OL)4, THF, 24 h, reflux; iii) 1,1'-bi-2-naphthol, CH2Cl2, 25 8C; c�% conversion of TBHP; s�% selectivity
to epoxide.
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Figure 2. The catalytic performance of complexes 3 and 4 suggest (see
text) that dative bonding is a key feature of their structures.


the OTMS groups from interacting with the TiIV center to the
same extent as that found in complex 3. This view is supported
by evidence from UV/visible absorption studies, which show a
broad absorption maximum occurring at a slightly higher
wavelength in the case of 3 (lmax� 250 nm) as compared with
that for complex 4 (lmax� 237 nm). This compares well with
that found for other in solution predominantly tetrahedral
TiIV complexes such as Ti(OSiPh3)4 (lmax� 233 nm).[20] How-
ever, in both 1 and 2 (lmax� 233 nm and lmax� 229 nm
respectively), the effect on the TiIV centers of any dative
bonding arising from the single OTMS group appears to be
negligible, compare with complex 3, so that, for these
complexes, the steric nature of the OL group plays no role
in influencing any potential dative bonding. As there are only
two alkoxy moieties bonded to each active site, it is probable
that the less crowded coordination sphere in 1 allows better
access to the TiIV center than in 2, an effect which was
observed previously in related titanosilsesquioxanes,[14] lead-


ing to its much better activity in terms of both conversion and
selectivity. As the related work of others has shown,[13] these
complexes are generally less active, under the same catalytic
conditions, than their tripodally attached titanosilsesquioxane
cousins, for example, complexes 2 and 3 are about one order
of magnitude less active in terms of conversion than either
[(c-C5H9)7Si7O12(TiOiPr)] or [(c-C5H9)7Si7O12(TiOMe)] and
show lower selectivities.


Curiously, complexes 5 ± 7 were virtually inactive under
these reaction conditions, and indeed, this is still the case with
a variety of other alkenes (styrene, 1-octene, and trans-
cinnamyl alcohol). This inactivity may be due to the steric
demands of the BINOL group (in the case of 5) as well as to
the dative-bonding electronic effects arising from the OTMS
groups (in the cases of 6 and 7).


Hence, in order to test these hypotheses, we have synthe-
sized related titanosilsesquioxane complexes that do not
incorporate these OTMS groups on the silsesquioxane back-
bone. The dehydration of [(c-C5H9)7Si7O9(OH)3] under the
same conditions employed for [(c-C6H11)7Si7O9(OH)3][11]


generates the monosilanol C (see Scheme 3), that can be


Scheme 3. Synthesis of partially dehydrated titanosilsesquioxane com-
plexes. i) NEt3, 4 � molecular sieves, reflux 12 h; ii) Ti(iOPr)4, THF, 24 h,
reflux; iii) 1,1'-bi-2-naphthol, CH2Cl2, 25 8C; c�% conversion of TBHP;
s�% selectivity to epoxide.


similarly treated with Ti(OiPr)4 to give complex 8, which
retains three iso-propoxide groups at the TiIV center. Again,
precipitation from solution with the use of MeCN and
recrystallization from CHCl3 yields the predominantly TiIV


tetrahedral species. Further derivatization with BINOL
similarly substitutes two more iso-propoxide groups to yield
the corresponding orange BINOL-TiIV-silsesquioxane com-
plex (9), as shown in Scheme 3.


Similar catalytic tests on these two complexes now show
that each has significantly higher activity, both in terms of
conversion and selectivity, than was the case for complexes 1 ±
7, despite the presence of the relatively bulky iPr and BINOL
groups (see Table 1). UV/visible studies on complex 8 also
confirm its predominantly four coordinate structure in
solution (lmax� 231 nm) as compared with complex 4 (vide


Table 1. Epoxidation of cyclohexene with TBHP-catalyzed titanosilses-
quioxanes.[a]


Catalyst Conversion[b] [%] Selectivity[c] [%]


1 43 89
2 8.3 77
3 9.7 60
4 29 82
5 < 1.0 ±
6 < 1.0 ±
7 < 1.0 ±
8 81 96
9 50 95
[(c-C5H9)7Si7O12(TiOMe)] > 98 > 98
[(c-C5H9)7Si7O12(TiOiPr)] 73 > 98


[a] Epoxidations were performed with equimolar amounts (15 mmol) of
cyclohexene and tert-butyl hydroperoxide (TBHP) in CDCl3 (0.4 mL) with
tetramethylsilane (15 mmol) as an internal standard. Reactions were
performed at 45 8C in sealed vials that were magnetically stirred for 4 h,
with 1 equiv of pre-dried catalyst (100 8C, 10ÿ4 Torr, 12 h) to 70 equiv of
both peroxide and alkene. Data quoted are derived from at least two runs.
Conversions and selectivities were determined by 1H NMR spectroscopy.
[b] Based on TBHP; [c] Based on the epoxide.
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infra). These observations further substantiate the view that
the presence of the OTMS groups on the silsesquioxane
backbone cause an increase in the average coordination
number of the tetrahedral TiIV center and although this effect
is slight, it is detrimental to catalytic performance.


Experimental Section


Unless otherwise stated, all experiments were performed under argon using
solvents that were freshly distilled before use. UV/visible studies were
carried out with 2 mg of pre-dried complex (100 8C, 10ÿ4 Torr, 12 h) in
distilled CH2Cl2 under argon. A, B, and C were synthesized in an analogous
manner to that employed for [(c-C6H11)7Si7O9(OH)3].[11, 18]


General synthetic method for the preparation of 1, 2, 3, 4, and 8 : Ti(OL)4


(L�Me or iPr, 0.317 mmol) was added to a solution of A, B, or C
(0.264 mmol) in THF (50 mL), and the resulting colorless solution was
refluxed for 24 h. The solution was then filtered in air, the solvent removed
in vacuo, and the remaining white solid redissolved in the minimum amount
of CH2Cl2 (15 mL). MeCN was then added dropwise, until no further
precipitation of the product was observed. Filtration in air yielded white
powders, which were then redissolved in the minimum amount of CHCl3


and allowed to stand in air at 25 8C. Slow evaporation of the solvent after
2 days yielded 1, 2, 3, 4, or 8 as white powders.


Compound 1: 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 3.510 (s, 3H;
OMe), 3.493 (s, 3 H; OMe), 1.727 (m, 20H; cyclopentyl-H), 1.567 (m, 36H;
cyclopentyl-H), 0.938 (m, 7H; ipso-H), 0.157 (s, 9 H; SiMe3); 13C NMR
(400 MHz, CDCl3, 25 8C, TMS): d� 63.76 (s, CH3; OMe), 27.91, 27.73, 27.62,
27.58, 27.55, 27.45, 27.42, 27.39, 27.29, 27.18 (s, CH2; cyclopentyl-C,
unassignable), 23.65, 23.11, 22.89, 22.40, 21.81 (1:2:2:1:1, s, CH; ipso-C),
1.70 (s, CH3; SiMe3); UV/Vis(CH2Cl2): l (lmax)� 210 ± 320 nm (233);
MS(FAB�): m/z : 970 [M�ÿMeÿC5H9], 915 [M�ÿ 2C5H9]; C40H78O14Si8-
Ti ´ CHCl3 (1175.0) calcd C 41.9, H 6.7; found C 41.1, H 6.8.


Compound 2 : 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 4.023 (br sept,
2H; OCH(CH3)2), 1.853 (m, 20 H; cyclopentyl-H), 1.568 (m, 36H; cyclo-
pentyl-H), 1.208 (d, 12H; OCH(CH3)2), 0.935 (m, 7 H; ipso-H), 0.157 (s,
9H; SiMe3); 13C NMR (400 MHz, CDCl3, 25 8C, TMS): d� 77.18 (s, CH;
OCH(CH3)2), 27.90, 27.75, 27.61, 27.46, 27.35, 27.05, 26.96 (s, CH2; cyclo-
pentyl-C, unassignable), 25.37 (s, CH3; OCH(CH3)2), 24.32, 23.17, 22.99,
22.42, 22.31 (1:2:2:1:1, s, CH; ipso-C), 1.67 (s, CH3; SiMe3); UV/
Vis(CH2Cl2): l (lmax)� 210 ± 320 nm (229); MS(FAB�): m/z : 1054 [M�ÿ
OiPr], 915 [M�ÿTi(OiPr)2ÿH2OÿCH3], 863 [M�ÿTi(OiPr)2ÿH2Oÿ
C5H9], 739 [M�ÿTi(OiPr)2ÿ 3C5H9]; C44H86O14Si8Ti ´ CHCl3 (1231.1):
calcd C 43.8, H 7.0; found C 42.5, H 6.9.


Compound 3 : 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 3.584 (s, 9H;
OMe), 1.735 (m, 20H; cyclopentyl-H), 1.568 (m, 36H; cyclopentyl-H),
0.963 (m, 7H; ipso-H), 0.133 (s, 18H; SiMe3); 13C NMR (400 MHz, CDCl3,
25 8C, TMS): d� 64.42 (s, CH3; OMe), 27.93, 27.70, 27.62, 27.52, 27.40, 27.29,
27.19, 27.06, 26.96, 26.89, 26.85 (s, CH2; cyclopentyl-C, unassignable), 24.51,
23.79, 23.26, 22.66, 22.38 (1:2:2:1:1, s, CH; ipso-C), 1.82 (s, CH3; SiMe3);
UV/Vis(CH2Cl2): l (lmax)� 210 ± 320 nm (250); MS(FAB�): m/z : 1158
[M�], 1085 [M�ÿSiMe3], 1019 [M�ÿTi(OMe)3]; C44H90O15Si9Ti ´ 3 CHCl3


(1518.0): calcd C 37.2, H 6.1; found C 36.0, H 6.7.


Compound 4 : 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 4.019 ± 3.842
(br sept, 3H; OCH(CH3)2), 1.736 (m, 20 H; cyclopentyl-H), 1.566 (m, 36H;
cyclopentyl-H), 1.254 (d, 18H; OCH(CH3)2), 0.964 (m, 7 H; ipso-H), 0.133
(s, 18H; SiMe3); 13C NMR (400 MHz, CDCl3, 25 8C, TMS): d� 77.20 (s,
CH; OCH(CH3)2), 27.93, 27.55, 27.43, 27.40, 27.33, 27.27, 27.23, 27.09, 27.01,
26.99 (s, CH2; cyclopentyl-C, unassignable), 25.11 (s, CH3; OCH(CH3)2),
23.60, 22.76, 22.42, 22.33, 22.20 (1:2:2:1:1, s; CH, ipso-C), 1.66 (s, CH3;
SiMe3); UV/Vis(CH2Cl2): l (lmax)� 210 ± 320 nm (237); MS(FAB�): m/z :
831 [M�ÿC5H9ÿ 3OiPr], 789 [M�ÿTi(OiPr)3]; C50H102O15Si9Ti ´ 3 CHCl3


(1602.1): calcd C 39.7, H 6.5; found C 39.2, H 6.3.


Compound 8 : 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 4.022 (br sept,
3H; OCH(CH3)2), 1.758 (m, 20 H; cyclopentyl-H), 1.586 (m, 36H; cyclo-
pentyl-H), 1.242 (d, 18H; OCH(CH3)2), 0.967 (m, 7 H, ipso-H); 13C NMR
(400 MHz, CDCl3, 25 8C, TMS): d� 77.22 (s, CH; OCH(CH3)2), 27.38, 27.26,
27.20, 27.14, 27.00, 26.96, 26.91, 26.87 (s, CH2; cyclopentyl-C, unassignable),


25.37 (s, CH3; OCH(CH3)2), 22.31, 22.19, 22.17, 22.04, 21.50 (2:1:1:2:1, s;
CH, ipso-C); UV/Vis(CH2Cl2): l (lmax)� 210 ± 320 nm (231); MS(FAB�):
m/z : 831 [M�ÿC5H9ÿ 3 OiPr], 789 [M�ÿTi(OiPr)3]; C44H84O14Si7Ti ´
2CHCl3 (1320.4): calcd C 41.8, H 6.5; found C 42.1, H 6.8.


General synthetic method for the preparation of 5, 6, 7, and 9 : 1,1'-Bi-2-
naphthol (15 mg, 0.052 mmol) was added to a colorless solution of 1, 2, 3, 4,
or 8 (0.041 mmol) in CH2Cl2 (10 mL). The resulting orange solution was
stirred at 25 8C for 12 h, the solvent removed in vacuo, and the resulting
orange solid stirred in an excess of acetone (20 mL) for 4 h. Filtration
yielded 5, 6, 7, or 9 as orange powders.


Compound 5 : 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 7.981 (d,
2J(H,H)� 5.3 Hz, 2H; C20H12O2), 7.894 (d, 2J(H,H)� 5.3 Hz, 2H;
C20H12O2), 7.402 (t, 3J(H,H)� 4.9 Hz, 2 H; C20H12O2), 7.384 (d, 2J(H,H)�
4.9 Hz, 2 H; C20H12O2), 7.315 (t, 3J(H,H)� 4.9 Hz, 2 H; C20H12O2), 7.154 (d,
2J(H,H)� 4.9 Hz, 2 H; C20H12O2), 1.730 (m, 20H; cyclopentyl-H), 1.555 (m,
36H; cyclopentyl-H), 0.899 (m, 7H; ipso-H), 0.162 (s, 9 H; SiMe3);
13C NMR (400 MHz, CDCl3, 25 8C, TMS): d� 152.77 (s, C; C20H12O2),
133.42 (s, C; C20H12O2), 131.47 (s, CH; C20H12O2), 129.49 (s, C; C20H12O2),
128.44 (s, CH; C20H12O2), 127.51 (s, CH; C20H12O2), 124.22 (s, CH;
C20H12O2), 124.07 (s, CH; C20H12O2), 117.77 (s, CH; C20H12O2), 110.82 (s,
C; C20H12O2), 29.71, 29.38, 27.76, 27.62, 27.50, 27.46, 27.36, 27.18, 27.11, 27.06
(s, CH2; cyclopentyl-C, unassignable), 24.32, 23.46, 23.09, 22.71, 22.43
(1:2:2:1:1, s; CH, ipso-C), 1.67 (s, CH3; SiMe3); MS(FAB�): m/z : 993 [M�ÿ
C20H12O2], 947 [M�ÿC20H12O2Ti]; C58H84O14Si8Ti (1277.9): calcd C 54.5, H
6.6; found C 55.8, H 7.4.


Compound 6 : 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 7.971 (d,
2J(H,H)� 5.3 Hz, 2H; C20H12O2), 7.897 (d, 2J(H,H)� 5.3 Hz, 2H;
C20H12O2), 7.392 (t, 3J(H,H)� 4.9 Hz, 2 H; C20H12O2), 7.386 (d, 2J(H,H)�
4.9 Hz, 2 H; C20H12O2), 7.303 (t, 3J(H,H)� 4.9 Hz, 2 H; C20H12O2), 7.149 (d,
2J(H,H)� 4.9 Hz, 2H; C20H12O2), 5.585 (s, 1 H; OMe), 1.736 (m, 20H;
cyclopentyl-H), 1.568 (m, 36 H; cyclopentyl-H), 0.934 (m, 7 H; ipso-H),
0.133 (s, 18H; SiMe3); 13C NMR (400 MHz, CDCl3, 25 8C, TMS): d� 152.78
(s, C; C20H12O2), 133.42 (s, C; C20H12O2), 131.47 (s, CH; C20H12O2), 129.48 (s,
C; C20H12O2), 128.44 (s, CH; C20H12O2), 127.51 (s, CH; C20H12O2), 124.23 (s,
CH; C20H12O2), 124.07 (s, CH; C20H12O2), 117.79 (s, CH; C20H12O2), 110.84
(s, C; C20H12O2), 62.40 (s, CH3; OMe), 27.69, 27.67, 27.62, 27.54, 27.44, 27.41,
27.36, 27.29, 27.18, 27.06, 26.99, 26.97 (s, CH2; cyclopentyl-C, unassignable),
24.51, 23.78, 23.26, 22.65, 22.40 (1:2:2:1:1, s, CH; ipso-C), 1.82 (s, CH3;
SiMe3); MS(FAB�): m/z : 1380 [M�], 1086 [M�ÿC20H12O2ÿMe], 1019
[M�ÿC20H12O2Ti(OMe)]; C62H96O15Si9Ti (1382.1): calcd C 53.9, H 7.0;
found C 54.0, H 6.3.


Compound 7: 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 7.989 (d,
2J(H,H)� 5.3 Hz, 2H; C20H12O2), 7.894 (d, 2J(H,H)� 5.3 Hz, 2H;
C20H12O2), 7.393 (t, 3J(H,H)� 4.9 Hz, 2 H; C20H12O2), 7.380 (d, 2J(H,H)�
4.9 Hz, 2 H; C20H12O2), 7.303 (t, 3J(H,H)� 4.9 Hz, 2 H; C20H12O2), 7.145 (d,
2J(H,H)� 4.9 Hz, 2H; C20H12O2), 4.063 (br sept, 1H; OCH(CH3)2), 1.736
(m, 20H; cyclopentyl-H), 1.566 (m, 36 H; cyclopentyl-H), 1.245 (d, 6H;
OCH(CH3)2), 0.963 (m, 7 H; ipso-H), 0.135 (s, 18 H; SiMe3); 13C NMR
(400 MHz, CDCl3, 25 8C, TMS): d� 152.78 (s, C; C20H12O2), 133.42 (s, C;
C20H12O2), 131.47 (s, CH; C20H12O2), 129.48 (s, C; C20H12O2), 128.44 (s, CH;
C20H12O2), 127.51 (s, CH; C20H12O2), 124.23 (s, CH; C20H12O2), 124.07 (s,
CH; C20H12O2), 117.79 (s, CH; C20H12O2), 110.84 (s, C; C20H12O2), 77.19 (s,
CH; OCH(CH3)2), 29.72 (s, CH3; OCH(CH3)2), 27.55, 27.42, 27.40, 27.33,
27.27, 27.24, 27.11, 27.03, 26.92 (s, CH2; cyclopentyl-C, unassignable), 23.59,
22.76, 22.42, 22.33, 22.22 (1:2:2:1:1, s; CH, ipso-C), 1.66 (s, CH3; SiMe3);
MS(FAB�): m/z : 1375 [M�ÿCH3ÿH2O], 860 [M�ÿC20H12O2Ti(OiPr)ÿ
2C5H9ÿH2O]; C64H100O15Si9Ti (1410.1): calcd C 54.5, H 7.1; found C 53.8,
H 6.7.


Compound 9 : 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 7.993 (d,
2J(H,H)� 5.3 Hz, 2H; C20H12O2), 7.904 (d, 2J(H,H)� 5.3 Hz, 2H;
C20H12O2), 7.393 (t, 3J(H,H)� 4.9 Hz, 2 H; C20H12O2), 7.389 (d, 2J(H,H)�
4.9 Hz, 2 H; C20H12O2), 7.305 (t, 3J(H,H)� 4.9 Hz, 2 H; C20H12O2), 7.147 (d,
2J(H,H)� 4.9 Hz, 2H; C20H12O2), 4.153 (br sept, 1H; OCH(CH3)2), 1.742
(m, 20H; cyclopentyl-H), 1.574 (m, 36 H; cyclopentyl-H), 1.246 (d, 6H;
OCH(CH3)2), 0.967 (m, 7 H, ipso-H); 13C NMR (400 MHz, CDCl3, 25 8C,
TMS): d� 152.76 (s, C; C20H12O2), 133.42 (s, C; C20H12O2), 131.48 (s, CH;
C20H12O2), 129.48 (s, C; C20H12O2), 128.44 (s, CH; C20H12O2), 127.51 (s, CH;
C20H12O2), 124.22 (s, CH; C20H12O2), 124.07 (s, CH; C20H12O2), 117.78 (s,
CH; C20H12O2), 110.83 (s, C; C20H12O2), 77.23 (s, CH; OCH(CH3)2), 28.90 (s,
CH3; OCH(CH3)2), 27.38, 27.25, 27.20, 27.14, 27.02, 26.96, 26.91, 26.87 (s,
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CH2; cyclopentyl-C, unassignable), 22.60, 22.28, 22.17, 22.04, 21.53
(2:1:1:2:1, s; CH, ipso-C); MS(FAB�): m/z : 919 [M�ÿC20H12O2ÿ iPr],
789 [M�ÿC5H9ÿC20H12O2Ti(OiPr)]; C58H82O14Si7Ti (1247.8): calcd C 55.9,
H 6.6; found C 54.9, H 5.9.
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Soft and Hard Molecule-Based Magnets of Formula
[(Etrad)2M2{Cu(opba)}3] ´ S [Etrad��Radical Cation, MII�MnII or CoII,
opba�Ortho-phenylenebis(oxamato), S� Solvent Molecules], with a Fully
Interlocked Structure
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SteÂphane Golhen,[d] LahceÁne Ouahab,[d] Olivier Cador,[a]


Corine MathonieÁre,[a] and Olivier Kahn*[a]


Abstract: The goal of this work was to
explore the chemistry and the physics of
a family of molecule-based magnets
containing three spin carriers, with a
fully interlocked structure. The main
emphasis was on the coercivity of these
magnets, which confers a memory effect
on the materials. For this, three com-
pounds have been synthetized, namely
the precursor [(Etrad)2Cu(opba)] ´
CH3CN ´ H2O (1), and the magnets
[(Etrad)2Mn2{Cu(opba)}3(DMSO)0.5] ´
0.25 H2O (2) and [(Etrad)2Co2{Cu-
(opba)}3(DMSO)1.5] ´ 0.25H2O (3), where
Etrad� stands for the radical cation
2-(1-ethylpyridinium-4-yl)-4,4,5,5-tetra-
methylimidazolin-1-oxyl-3-oxide, and
opba stands for ortho-phenylenebis-
(oxamato). The crystal structures of the


three compounds have been deter-
mined. The structure of 1 consists of
planar Cu(opba) units with one of the
radical cations weakly bound to the Cu2�


ion, the other radical cation being rather
isolated. Compounds 2 and 3 are iso-
morphous. Their structure consists of
two interpenetrating graphitelike net-
works with edge-sharing hexagons. The
magnetic properties of the three com-
pounds have been investigated in detail.
For compounds 2 and 3 the temperature
dependences of the direct current (dc)
and alternating current (ac) magnetic


responses have been measured along
with the field dependence of the mag-
netization. Both compounds exhibit a
long-range magnetic ordering with a
spontaneous magnetization. The critical
temperatures are 22.8 K and 37 K for 2
and 3, respectively. While 2 is a soft
magnet, 3 has been found to be a very
hard magnet, with a coercive field de-
pending on the particle size. This coer-
cive field may reach 24 kOe at 6 K for a
sample consisting of very small crystals.
Mixed materials with the abbreviated
formula [Etrad2Mn2ÿ2xCo2xCu3] (4ÿ x)
have also been synthesized. Their crit-
ical temperatures have been found to
vary almost linearly with x. The x
dependence of the coercive field has
also been investigated and analyzed.


Keywords: catenanes ´
magnetic properties ´ magnets ´
supramolecular chemistry


Introduction


Since the discovery of the first molecule-based magnets,[1±4] a
large number of molecule-based materials exhibiting a
spontaneous magnetization below a critical temperature Tc


have been reported.[5±10] In many cases these compounds
contain two kinds of spin carriers, either two different metal
ions,[11±15] or a metal ion and an organic radical.[16±25] Today
different topologies are known, ranging from quasi one-
dimensional systems with small Tc values to three-dimen-
sional networks with Tc values higher than room temperature.
One of the challenges for a chemist in this field of research is
to control the topology in order to obtain interactions
between spin carriers in the three directions of the space. To
build a three-dimentional network, a specific type of building
block or brick is necessary. The hexacyanometallates,
[M(CN)6]3ÿ, are certainly the best known examples of
building blocks capable of giving infinite linkages along three
perpendicular directions.[26±29] The trisoxalatometallates,
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[M(C2O4)3]3ÿ, may also lead to three-dimensional networks.
However, it is then necessary to control the chirality of the M
sites, which all have to be identical. Few examples of such
chiral three-dimensional networks are known; their critical
temperatures, if any, are below 10 K.[30, 31] Most often, the M
sites adopt the two conformations, L and D, in equal
proportions, and the structure consists of two-dimensional
honeycomblike networks. Many compounds of that kind have
been reported in the last few years.[12, 32±34]


In 1993 we reported on a compound whose structure
consisted not of one but two interpenetrating quasi-perpen-
dicular honeycomblike networks.[36, 37] Its formula is [(Mer-
ad)2Mn2{Cu(opba)}3(DMSO)2] ´ 2 H2O, in which Merad stands
for 2-(1-methylpyridinium-4-yl)-4,4,5,5-tetramethylimidazo-
lin-1-oxyl-3-oxide and opba for ortho-phenylenebis(oxama-
to). This compound behaves as a soft magnet below 22.5 K. To
explore all the potentialities arising from this peculiar top-
ology, we made efforts to synthesize and characterize
structurally other fully interlocked compounds. Our main
concern was the design of hard magnets retaining the peculiar
and aesthetic structure of [(Merad)2Mn2{Cu(opba)}3(DMSO)2]
´ 2 H2O. The coercivity is indeed one of the main character-
istics of a magnet; it confers the memory effect. We also
wanted to compare the physical properties of soft and hard
magnets with the same structure. In this paper we report on
our latest findings. We first describe the syntheses and the
structures of the precursor [(Etrad)2Cu(opba)] ´ CH3CN ´
H2O (1), in which Etrad� stands for 2-(1-ethylpyridinium-4-
yl)-4,4,5,5-tetramethylimidazolin-1-oxyl-3-oxide, and of the
bimetallic compounds [(Etrad)2Mn2{Cu(opba)}3(DMSO)0.5] ´
0.25 H2O (2) and [(Etrad)2Co2{Cu(opba)}3(DMSO)1.5] ´
0.25 H2O (3). Then, we investigate the magnetic properties
of the three compounds in great detail, with a specific
emphasis on the critical temperature and coercive field values.
As expected 2 and 3 are molecule-based magnets, with Tc�
22.8 K and 37 K, respectively. While 2 behaves as a soft


magnet, 3 exhibits an exceptionally strong coercivity, as
compared with other magnetic molecular materials. Finally,
we demonstrate that it is possible to fine-tune the critical
temperature and the coercivity in this class of materials by
synthesising mixed compounds of abbreviated formula
Etrad2Mn2ÿ2xCo2xCu3.


Results


Description of the structures


Compound 1: The structure of the precursor (1) is shown in
Figure 1. It consists of mononuclear Cu(opba)2ÿ units, two
kinds of radical cations, and noncoordinated CH3CN and H2O
molecules (Figure 1). One of the radical cations is very weakly


Figure 1. View of the precursor 1. For the sake of simplicity, the non-
coordinated solvent molecules have been omitted.


bound to the copper atom of the anion, and the other is rather
isolated. The copper atom is in a square-pyramidal environ-
ment, with two nitrogen and two oxygen atoms from the
oxamato groups in the basal plane and an oxygen atom from
the former radical cation in the apical position. The average
values of the CuÿN and CuÿO bond lengths in the basal plane
are 1.89 � and 1.95 �, respectively, and the CuÿO apical bond
length is 2.834(5) �. The corresponding bond angle Cu-O-N is
111.4(3)8. The shortest intermolecular contact involving the
isolated radical cation is found between a hydrogen atom of
the pyridinium ring and an oxamato oxygen atom. This HÿO
separation is equal to 2.015 �.


Compounds 2 and 3 : The compounds 2 and 3 are isomorphous
and their structure is similar to that described for
[(Merad)2Mn2{Cu(opba)}3(DMSO)2] ´ 2 H2O.[37] The general
architecture consists of two equivalent two-dimensional net-
works denoted A and B. Each network is formed by parallel
honeycomb layers. A layer is made up of edge-sharing
hexagons with M2� ions (M�Mn or Co) at each corner and
Cu2� ions at the middle of each edge, as shown in Figure 2.
Two nearest neighbor metal ions are bridged by an oxamato
group. Structural information concerning the hexagons is


Editorial Board Member:[*] Oliver
Kahn is a Graduate Engineer in
Chemistry. He received his Ph.D.
degree from the University of Paris in
1969. He became Professor in
Chemistry at the University of Paris
South in 1975, where he founded and
directed the Laboratoire de Chimie
Inorganique. In 1995, he moved to
the Insititut de Chimie de la MatieÁre
CondenseÂe de Bordeaux (ICMCB),


where he founded the Laboratoire des Sciences MoleÂculaires.
He is currently Professor at the Universtiy of Bordeaux I, and
a Member of the Institut Universitaire de France. Olivier Kahn
is a Member of the (French) Academy of Science. His fields of
resarch are molecular materials, molecular electronics, and
molecular magnetism. He has already published some 300
research papers, along with seven books, including Molecular
Magnetism in 1993.


[*] Members of the Editorial Board will be introduced to readers with their
first manuscript.







FULL PAPER H. O. Stumpf, O. Kahn et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0505-1488 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 51488


Figure 2. View of a hexagon A in compounds 2 (M�Mn) and 3 (M�Co)
along with the copper atom belonging to hexagon B, located nearby the
center of hexagon A. This view also shows the presence of Cu2A-Etrad-
Cu3B chains connecting the A and B networks.


given in Table 1. The layers of each network stack above each
other in a graphitelike fashion. The mean interlayer separa-
tion is 14.68 � for 2 and 14.82 � for 3.


The A and B networks interpenetrate with a full inter-
locking of the M6Cu6 hexagons, as shown in Figure 3 (the
radical cations and solvent molecules were omitted for
clarity). These networks make dihedral angles of 71.88 for 2
and 73.28 for 3 ; these are smaller than that found for
[(Merad)2Mn2{Cu(opba)}3(DMSO)2] ´ 2 H2O (83.48). The top-
ology may be described as a three-dimensional wire netting.
The hexagons are connected further through radical cations
that bridge two copper atoms, one belonging to the network
A, the other one to the network B. More precisely, a copper
atom Cu3 (Cu2) is located very nearby the center of a
hexagon belonging to network A (B), and is bound to two
other copper atoms Cu2 (Cu3) by radical cations which play
the role of bridging units between the two networks. The
resulting chains Cu2A-Etrad-Cu3B (Cu3A-Etrad-Cu2B) define
two directions making dihedral angles of 71.88 for 2 and 73.28


Figure 3. Interpenetration and interlocking of the networks A and B in
compounds 2 and 3.


for 3, and the intrachain separations are 8.512(6) �
(10.327(6) �) for 2 and 8.648(7) � (9.917(7) �) for 3.


Let us now describe the surroundings of the metal centers.
There are three crystallographically independent Cu(opba)
groups, and within each hexagon two crystallographically
equivalent copper atoms are opposite to each other. Each
copper atom has a square-based coordination with two
nitrogen and two oxygen atoms arising from two oxamato
groups. The average values of CuÿN and CuÿO bond lengths
are reported in Table 1. Cu1 is bound to one DMSO molecule
with a Cu1ÿO apical bond length of 2.26(3) � in 2 and
2.17(3) � in 3 (the additional DMSO molecule in 3 is not
coordinated). Both Cu2 and Cu3 are bonded to two radical
cations through oxygen atoms. The related CuÿO bond
lengths are given in Table 2. The deviations with respect to


the mean plane defined by the oxamato atoms N2O2 are
larger for Cu1 (0.182 � in 2 and 0.200 � in 3) than for Cu2 and
Cu3 (<0.1 �). Two crystallographically independent manga-
nese or cobalt atoms noted M1 and M2 occupy two chiral sites.
Each M atom is bonded to six oxygen atoms arising from three
oxamato groups. The three copper atoms that are bridged to
an M atom through oxamato groups are crystallographically
independent. The structure presents a perfect alternation of L


and D chiral sites (Figure 4).
Finally, there are two crystallographically independent


radical cations. The dihedral angles between the pyridinium
ring and the mean plane of the five-membered imidazoline-1-
oxyl-3-oxide ring are equal to 27.098 and 17.508 in 2 and 27.038
and 21.598 in 3.


At the end of this structural section, it is worth mentioning
that a general presentation of interlocked structures has
recently appeared.[38]


Table 1. Structural information on the hexagons M6Cu6 (M�Mn and Co)
for compounds 2 and 3. All distances [�] are mean distances.


2 3


edge length (distance between corners) 10.62 10.47
MÿCu distance along an edge 5.37 5.28
distances between opposite corners 21.09 20.85
bond lengths around metal ions:
MÿO 2.13 2.09
CuÿO 1.97 1.97
CuÿN 1.92 1.92


Table 2. Apical distances [�] around the copper atoms for compounds 2
and 3.


2 3


Cu1ÿO1S 2.26 (3) 2.17(3)
Cu2ÿO1R 2.813(24) 2.798(27)
Cu2ÿO3R 2.970(30) 2.846(30)
Cu3ÿO2R 2.629(21) 2.699(23)
Cu3ÿO4R 3.135(25) 2.938(37)
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Figure 4. Edge of a hexagon in compounds 2 and 3 showing the L and D


chiral sites M2� bridged by the Cu(opba) unit.


Magnetic properties


Compound 1: The magnetic susceptibility data for 1 are
shown in Figure 5 in the form of the cMT versus T curve; cM is
the molar magnetic susceptibility and T the temperature. At
room temperature cMT is equal to 0.98 emu K molÿ1. As T is
lowered, cMT first increases, reaches a maximum at 9.8 K, with
cMT� 1.38 emuK molÿ1, and then decreases. The profile of
this cMT versus T curve indicates that some ferromagnetic
interactions are operative.


Figure 5. Experimental (Ð) and calculated (*) cMT versus T plots for
compound 1.


These magnetic susceptibility data may be interpreted by
considering a ferromagnetically coupled [(Etrad)Cu(opba)]ÿ


heterospin pair together with an isolated radical cation. The
zero-field Hamiltionian for the pair is given in Equation (1),
in which JCuRad1 is the singlet ± triplet energy gap. The
theoretical expression of cMT is then given by Equation (2),


H � ÿ JCuRad1 SCu ´ SRad1 (1)


cMT� 2 Nb
2g2


k


1


3 � exp�ÿJCuRad1=kT� ÿ 2 zJ'=kT


�Nb2g2


3 k
SRad2(SRad2� 1)� cdiaT


(2)


in which the first term in the right-hand side concerns the pair,
the second term concerns the isolated radical cation, and the
third term is the core diamagnetism.


In Equation (2) the local Zeeman factors were assumed to
be equal and isotropic. The decrease of cMT in the low-
temperature range may be attributed to intermolecular
interactions, which were accounted for in the mean-field
approximation. zJ' stands for the intermolecular interaction
parameter. Least-squares fitting of the experimental data led
to JCuRad1� 31 cmÿ1, g� 2.04, zJ'�ÿ0.25, and cdia�ÿ742�
10ÿ6 emu molÿ1. The agreement factor R defined by
S[(cMT)obsÿ (cMT)cal]2/S[(cMT)obs]2 was then found to be
3.0� 10ÿ4. One will notice that the core diamagnetism is
substantially larger than the value calculated from the Pascal
tables. Such a situation was already found in some other
compounds involving organic radicals. The important point is
that the interaction between the Cu2� ion and the radical
cation bound to it is significantly ferromagnetic. Gatteschi and
co-workers already showed that the interaction between a
Cu2� ion and a nitronyl nitroxide radical occupying an apical
position may be ferromagnetic.[23]


Compound 2 : Both the temperature and field dependences of
the direct current (dc) magnetic response along with the
temperature dependence of the alternating current (ac)
magnetic response were investigated. The cMT versus T plot
shown in Figure 6 is characteristic of ferrimagnetic com-
pounds of the formula [(cat)2Mn2{Cu(opba)}3] ´ S.[35] At room
temperature cMT is equal to 8.26 emuK molÿ1, which is slightly


Figure 6. cMT versus T plots for compounds 2, 3, and 4ÿ 0.52.


lower than expected for isolated spin carriers. As T is lowered,
cMT first decreases smoothly, reaches a rounded minimum
around 120 K, and then increases very abruptly before
reaching a maximum around 20 K. The minimum in the cMT
versus T plot reveals antiferromagnetic interactions between
nearest-neighbor Mn2� and Cu2� ions without correlation
length, and the huge increase of cMTat low temperature is due
to the increase of the correlation length with the SMn� 5/2
spins aligned along the field direction and the SCu� 1/2 spins
aligned along the opposite direction. There is no theoretical
model to quantitatively interpret these magnetic data because
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of the complexity of the structure as well as the presence of
three kinds of spin carriers. The cMT versus T curve for 2 is
very close to that observed for [(NBu4)2Mn2{Cu(opba)}3] ´
S.[35] In particular, the minima of cMT, characteristic of the
ferrimagnetic regime, occur at the same temperature. From
this cMT curve it is not possible to determine the specific
behavior of the radical-cation spins. However, the field
dependence of the magnetization for [(Merad)2Mn2{Cu-
(opba)}3(DMSO)2] ´ 2 H2O up to 200 kOe has confirmed that
the radical cation interacts ferromagnetically with the Cu2�


ion to which it is bound. It follows that the radical spins tend
to align along a direction opposite to that of the SMn spins.[37]


The cM versus T plot shows a break around 23 K corre-
sponding to a long-range magnetic ordering. To fully charac-
terize this magnetically ordered state, the temperature
dependences of the field-cooled magnetization (FCM), the
remnant magnetization (REM), and the in-phase and out-of-
phase ac susceptibilities (at a frequency of 125 Hz and a drive
amplitude of 3 Oe), cM' and cM'', were measured. The results
are displayed in Figure 7. The FCM curve shows a very rapid


Figure 7. Top: FCM and REM versus T curves for compound 2. The
applied field is 20 Oe. The figure also shows the dFCM/dT derivative.
Bottom: In-phase, cM', and out-of-phase, cM'', versus T curves for
compound 2. The vertical straightline corresponds to the extremum of
dFCM/dT.


increase at 24 K, then reaches a plateau at about
3900 emu Oemolÿ1 below 20 K. The derivative curve,
dFCM/dT, presents an extremum at 22.8 K, corresponding
to the critical temperature, Tc. The REM vanishes above Tc�
22.8 K. The cM' curve is very similar to the FCM curve with a
rapid increase between 24 and 21.5 K, and below this temper-


ature a slight decrease. The cM'' curve becomes non-zero
below 23.5 K, increases in an abrupt fashion as T is lowered
down to 21.5 K, and then increases slightly. cM' and cM'' show
no peak.


The field dependence of the magnetization for 2 is very
similar to that observed for [(Merad)2Mn2{Cu(opba)}3-
(DMSO)2] ´ 2 H2O.[37] At 10 K and under 50 kOe the magnet-
ization value is 6.43 Nb (Bohr magneton per mole). The
hysteresis loop for 2 shows a coercitive field smaller than
10 Oe. This compound is a soft magnet.


Compound 3 : The same magnetic experiments were per-
formed for compound 3 as for compound 2. The temperature
dependence of cMT is shown in Figure 6. At room temperature
cMT is equal to 6.93 emuK molÿ1, which is slightly lower than
expected for isolated spin carriers. Then cMT decreases
smoothly as the temperature is lowered, reaches a rounded
minimum around 75 K, and increases very abruptly at lower
temperature before reaching a maximum around 30 K. This
cMT versus T curve reveals again antiferromagnetic interac-
tions between noncompensating spin carriers, that is, a
ferrimagnetic regime.


Figure 8 shows the FCM, REM (top), cM' and cM'' (bottom)
versus T curves. The FCM curve shows a rapid increase below
38 K, and reaches a plateau at 3500 emu Oemolÿ1 below 28 K.
The derivative of this FCM curve has an extremum at 36.2 K,
while the REM vanishes at a slightly higher temperature,
37.2 K. The cM' and cM'' curves have peaklike shapes, with


Figure 8. Top: FCM and REM versus T curves for compound 3. The
applied field is 20 Oe. The figure also shows the dFCM/dT derivative.
Bottom: In-phase, cM', and out-of-phase, cM'', versus T curves for
compound 3. The vertical straightline corresponds to the extremum of
dFCM/dT.
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maximum values at 37 K and 36.7 K, respectively. It is
worthwhile to notice that the maximum of cM' occurs at a
temperature that is very close to that where the REM
vanishes. This temperature, 37 K, may be considered as the
critical temperature of the compound.


The most important feature for compound 3 is the field
dependence of the magnetization. Figure 9 shows the hyste-
resis loop at 6 K for two different samples consisting of
crystals of different average size. The black dots were


Figure 9. Field dependences of the magnetization for two samples of
compound 3 : (*) the largest crystals; (*) the smallest crystals.


obtained with the largest crystals; the coercive field was found
to be 8.5 kOe; the white dots were obtained with crystals
whose volume is approximately 50 times smaller, and the
coercive field appears to be of the order of 24 kOe. Let us
notice, however, that for this latter sample the saturation
magnetization is not reached under 50 kOe, so that the
hysteresis loop is not measured accurately with our magnetom-
eter, and the coercive field might be even larger than 24 kOe.
An apparatus working at higher fields should be utilized. With
crystals of intermediate size a coercive field of about 16 kOe
was obtained. We have already discussed the origin of the
coercivity of magnets, in particular of molecule-based mag-
nets.[34, 39] This coercivity depends on both chemical and
structural factors. These two aspects are illustrated here. The
high-spin Co2� ion in a distorted octahedral environment has a
strong magnetic anisotropy, while the Mn2� ion in the same
environment is almost isotropic. This chemical difference
between compounds 2 and 3 explains why the latter is much
more coercive than the former. However, the coercive field of
the hard molecule-based magnet 3 also depends on structural
factors such as particle size and shape.[40]


Mixed Compounds (4ÿ x): The mixed compounds 4ÿ x were
synthesized with a view to fine tuning the magnetic properties.
The limits x� 0 and 1 correspond to pure compounds 2 and 3,
respectively. Four crystalline samples were obtained, namely
4-0.26, 4ÿ 0.52, 4ÿ 0.79, and 4ÿ 0.90. The cMT versus T curve
for these four compounds shows a minimum that is character-
istic of the ferrimagnetic regime. The larger x is, the lower the
temperature of this minimum. A typical example, that of


compound 4ÿ 0.52, is shown in Figure 6. The shapes of ac
magnetic responses are very similar to those obtained for 3
with the peaks of cM' and cM'' depending on the composition
defined by x. The critical temperatures for these mixed
compounds were estimated as the inflexion points of the cM'
versus T curves. The variation of Tc as a function of x is almost
linear, as shown in Figure 10. This figure also gives the


Figure 10. Variation of the critical temperature, Tc, and of the coercive
field, Hc, as a function of x for the mixed compounds
(Etrad)2Mn2ÿ2xCo2xCu3 (4ÿ x). The straight line for Tc corresponds to a
linear regression of the experimental data. The line for Hc is just an eye
guide.


variation of the coercive field, Hc, at 6 K as a function of x for
samples prepared in a similar way, and consisting of crystals of
similar size. Hc does not vary linearly with x, but with a slope
increasing rapidly as x increases. The profile of this Hc� f(x)
curve may be easily understood. As a matter of fact, we write
Equations (3) and (4),[40, 41] in which K(x) and Ms(x) are the
anisotropy constant and the magnetic density (per unit of
volume) for the mixed compound 4ÿ x ; KM and MM (M�Mn
or Co) are the anisotropy contants and magnetic densities for
the pure compounds 2 and 3, respectively. KMn may be
considered as being negligibly small as compared to KCo.
Assuming that the particles are spherical and monodomain
results in Equations (5) and (6), in which with 1�MMn/MCo.[37]


K(x)� (1ÿ x)KMn� xKCo (3)


MS(x)� (1ÿ x)MMn� xMCo (4)


Hc(x)� 0.96 K(x)/MS(x) (5)


Hc(x)�Hc(x� 1)
x


x�1ÿ 1� � 1
(6)


Even if MCo is difficult to evaluate owing to the first-order
angular momentum for the Co2� ion in octahedral environ-
ment, 1 is certainly larger than the unity; as a matter of fact,
Mn2� is more magnetic than Co2�. It follows that the Hc� f(x)
curve for the mixed compounds 4ÿ x is expected to exhibit
the curvature experimentally observed (see Figure 10).







FULL PAPER H. O. Stumpf, O. Kahn et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0505-1492 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 51492


Discussion


Let us begin this discussion by a few remarks concerning both
the synthesis and the crystal growing of compounds 2 and 3.
The syntheses are exceptionally critical. First, the purity of the
precursor 1 is crucial. Furthermore, the experimental con-
ditions leading to the magnets 2 and 3 need to be very
carefully and precisely adjusted. In addition to these com-
pounds 2 and 3, the reactions may lead to chain compounds of
formula MCu(opba) ´ S and uncharacterized two-dimensional
compounds in which the networks are probably not inter-
locked. The most critical parameters, in addition to the purity
of 1, are the concentrations and the temperature. The
syntheses were carried out in a temperature controlled room.
Finally, it must be stressed that, although 2 and 3 are
isomorphous, their syntheses as well as the methods of crystal
growing are quite different.


Let us now focus on the physical properties. One of the
most important aspects of this work concerns the comparison
between soft (2) and hard (3) molecule-based magnets. The
two compounds are isomorphous, and the only difference
between them is the replacement of Mn2� in 2 by Co2� in 3.
Both ions are in distorted octahedral surroundings. Mn2� has a
6A1 local ground state, with a very weak local anisotropy. The
zero-field splitting parameter in such a case is known to be of
the order of 10ÿ2 wavenumbers. Co2� has a 4T1 local ground
state, and the combined effect of symmetry lowering and spin-
orbit coupling gives rise to two low-lying Kramers doublets,
which can be separated by several tens of wavenumbers.
Furthermore, the g tensor associated with the ground
Kramers doublet is expected to be strongly anisotropic as
well.[42] As a consequence of these differences between Mn2�


and Co2�, the coercive field for 2 at 6 K is of the order of
10 Oe, and that of 3 at the same temperature of the order of
104 Oe.


This work also points out that the coercivity of a magnet is
not an intrinsic property, but strongly depends on structural
factors like particle shape and size, and homogeneity of the
material. Of course, such a situation was well documented for
magnetic alloys and ionic lattices, but not proved yet for
molecule-based materials. Actually, the size factor seems to
be much more important than the shape factor. As a matter of
fact, the largest coercive field due to shape properties is
expected for needle-shaped monodomain particles. In such a
case, the coercive field is equal to 0.96pM2


s where MS is the
magnetic density.[40] For molecule-based magnets, MS is
obviously very weak, compared with metallic magnets, so
that the shape of the particles should not play a key role.
Three samples of 3 were investigated, differing in the average
size of the crystals, and the coercive field at the same
temperature (6 K) varies from 8.5 kOe for the largest crystals
to about 24 kOe for the smallest ones.


The differences between 2 and 3 are not limited to the
shapes of the magnetic hysteresis loops. The differences of ac
magnetic responses also deserve to be commented (see
bottom of Figures 7 and 8). Two features are more particularly
significant, namely:
1) In the magnetically-ordered state the ratio cM''/cM' at any


temperature is much larger for 3 (ca. 20 %) than for 2 (ca


1.5 %). In Figure 8 cM' and cM'' are plotted with the same
vertical scale, while in Figure 7 it was necessary to use two
scales; otherwise, the out-of-phase response would not be
visible. The magnetic anisotropy in the hard magnet
enhances the relaxation phenomena, which in turn in-
creases the out-of-phase response, cM''.


2) cM' and cM'' present a plateau below Tc for 2, and have a
peaklike shape for 3. In other terms the FCM curve and the
cM' curve have the same profile for the soft magnet 2. It is
not the case anymore for the hard magnet 3.


This situation may be easily explained. For the soft magnet
FCM and zero-field-cooled magnetization (ZFCM) curves
are almost identical. It follows that cM'� dM/dH in zero field
varies as the FCM measured in low field, 20 Oe in this work.
For the hard magnet FCM and ZFCM curves are very
different. In particular, the ZFCM is very weak at low
temperature, much below Tc, and presents a maximum at a
temperature just below Tc. It follows that cM' should exhibit a
peak, as observed in Figure 8.


Another important aspect of our work concerns the mixed
compounds 4ÿ x. The critical temperature varies almost
linearly as a function of x. This is not the case for the coercive
field. For samples consisting of particles of approximately the
same size the slope of the Hc� f(x) plot increases as x
increases.


To finish this discussion we would like to address briefly the
problem of the determination of Tc from dc and ac magnetic
data. In the dc mode two criteria are more frequently used,
namely the inflexion point of the FCM curve, and the
vanishing of the REM curve. For the soft magnet 2, these
two approaches lead to the same result, Tc� 22.8 K. On the
other hand, there is a difference of 1 K between the two
determinations for the hard magnet 3 (36.2 K and 37.2 K). In
the ac mode some authors have suggested the determination
of Tc as the maximum of cM', or alternatively of cM''. Both
approaches are quite questionable. First, cM' and/or cM'' may
not display a maximum; this is the case of cM'' for 2. Secondly,
the profiles of the cM' and cM'' versus T curves are governed by
complicated relaxation phenomena which are not directly
related to Tc. Perhaps, the most erroneous approach is to
determine Tc as the maximum of cM'', if any. It is probably a bit
less uncorrect to say that Tc is close to the temperature where
cM'' is not strictly zero, and slightly below. To sum up this
discussion concerning Tc, we can say that the order parameter
of the long-range magnetic ordering is the spontaneous
magnetization, so that it is correct to determine Tc as the
temperature at which the REM vanishes. However, it is not
always easy to obtain the genuine REM curve. In particular,
this requires us to work in strictly zero field. For a soft magnet,
Tc also corresponds to the extremum of the derivative dFCM/
dT. This is not strictly true anymore for a coercive magnet.


Conclusion


The molecule-based magnets are still a rather new class of
materials. It was already well established that as more
common metallic or ionic magnets they exhibit a spontaneous
magnetization below a certain critical temperature. This
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critical temperature may be found above room temper-
ature.[28] This paper confirms that they may also behave as
hard magnets with strong coercive fields. [(Etrad)2Co2{Cu-
(opba)}3(DMSO)1.5] ´ 0.25H2O (3) exhibits one of the strongest
coercive fields reported so far for molecule-based materials.
Very recently Kurmoo and co-workers also reported on a very
hard magnet synthesized from molecular precursors.[43] The
possibility to design molecule-based materials displaying wide
magnetic-hysteresis loops was not obvious, at least for us.
Actually, some time ago, we thought that the softness of the
molecular state would prevent us from synthesizing very
coercive magnets. We were not right; there is no contradiction
between soft lattices and hard magnets. The key factor of the
coercivity for compound 3 is the presence of the very
anisotropic Co2� spin carrier. This factor, however, is not the
only one. The Co2� containing two-dimensional magnets of
formula [(cat)2Co2{Cu(opba)}3] ´ S display coercive fields at
5 K weaker than 5 kOe. The three-dimensional character of 3
resulting from the interlocking of two quasi-perpendicular
graphitelike networks contributes to the coercivity.


Critical temperatures and coercive fields are physical
characteristics common to all sorts of magnets. The presence
of three different kinds of spin carriers in 2 and 3 along with
the chicken-wire netting topology are more specific to the
molecular state. We are presently studying the physical
properties related to the molecular nature of the compounds
and will report on the ferromagnetic (ferrimagnetic) reso-
nance for compound 2 in the near future.


Experimental Section


Syntheses : The radical 2-(pyridine-4-yl)-4,4,5,5-tetramethylimidazoline-1-
oxyl-3-oxide, abbreviated as rad,[36, 37, 44] the ligand opba, and the tetrabu-
tylammonium salt of the Cu2� precursor, [(NBu4)2Cu(opba)],[11, 37] were
prepared as already described.


Etrad�Iÿ : A solution of rad (0.43 g, 1.8� 10ÿ3 mol) and iodomethane
(2 mL, 3.9 g, 2.5� 10ÿ2 mol) in tetrahydrofuran (1 mL) was maintained
under stirring for 72 hours at room temperature. The resulting green
precipitate was collected by filtration, washed with THF, and dried under
vacuum. Yield: 0.61 g (86 %); C14H21N3O2I (390.24): calcd C 43.08, H 5.44,
N 10.77; found C 42.35, H 5.94, N 10.40.


[(Etrad)2Cu(opba)] ´ CH3CN ´ H2O (1): [(NBu4)2Cu(opba)] (0.94 g, 1.2�
10ÿ3 mol) was added into a solution of Etrad�Iÿ(1 g, 2.6� 10ÿ3 mol) in
dichloromethane (35 mL) under vigorous stirring. After 20 min, a brown
polycristalline powder precipitated, which was filtered off, washed with
CH2Cl2, and dried under vacuum. Well-shaped brown single crystals of 1
suitable for X-ray structure determination were obtained from a CH3CN
solution. Yield: 0.97 g (90 %); C40H51N9O11Cu (897.44): calcd C 53.53, H
5.73, N 14.05, Cu 7.08; found C 53.75, H 5.70, N 13.40, Cu 7.14.


[(Etrad)2Mn2{Cu(opba)}3(DMSO)3.5] ´ 3 H2O (2): A solution of MnCl2 ´
4H2O (0.0107 g, 6� 10ÿ5 mol) in DMSO (3 mL) was added to a solution
of 1 (0.30 g, 3.34� 10ÿ4 mol) in DMSO (6 mL). The mixture was stirred at
21 8C for 10 min. The color slowly turned to green. The compound was
cristallized as follows: small aliquots of the mother-liquor were placed into
Petri dishes that were then covered with a parafilm and allowed to stand.
The first crystals appeared within a few hours, were collected after 5 days of
standing, and washed with DMSO. C65H81N12O28.5S3.5Mn2Cu3 (1899.70):
calcd C 41.11, H 4.30, N 8.85, S 5.91, Cu 10.04, Mn 5.78; found C 41.32, H
4.30, N 8.95, S 5.57, Cu 9.06, Mn 5.05.


[(Etrad)2Co2{Cu(opba)}3(DMSO)4] ´ 5.5H2O (3): A solution of CoCl2 ´
6H2O (0.025 g, 1.05� 10ÿ4 mol) in DMSO (4 mL) was added to a solution
of 1 (0.125 g, 1.39� 10ÿ4 mol) in DMSO (11 mL). The solution was poured
into a beaker and allowed to stand at 21 8C. After 20 days crystals suitable


for X-Ray analysis were separated and washed with DMSO. The size of the
crystals depends upon the period of standing. For magnetic measurements,
several samples with different crystal sizes were isolated. C66H89N12O31.5-
S4Co2Cu3 (1991.25): calcd C 39.81, H 4.51, N 8.44, S 6.44, Cu 9.57, Co 5.92;
found C 39.72, H 4.20, N 8.33, S 6.27, Cu 10.00, Co 5.28.


[(Etrad)2Mn2ÿ2xCo2x{Cu(opba)}3(DMSO)y] ´ zH2O (4ÿ x): A solution of 1
(0.3 g, 3.35� 10ÿ4 mol) in DMSO (4.8 mL) was added to a solution
containing a mixture of CoCl2 ´ 6H2O and MnCl2 ´ 4H2O in DMSO
(1.3 mL) at 21 8C. The product was isolated by centrifugation, washed with
DMSO and dried under vacuum. Four samples were isolated with different
compositions and standing days, namely: (4ÿ 0.26): 22.5 mg of CoCl2 ´
6H2O and 67.5 mg of MnCl2 ´ 4 H2O, 20 standing days; (4ÿ 0.52): 45 mg of
CoCl2 ´ 6 H2O and 45 mg of MnCl2 ´ 4H2O, 28 standing days; (4ÿ 0.79):
72 mg of CoCl2 ´ 6 H2O and 18 mg of MnCl2 ´ 4H2O, 40 standing days; (4ÿ
0.90): 81 mg of CoCl2 ´ 6 H2O and 9 mg of MnCl2 ´ 4 H2O, 40 standing days;
(4ÿ 0.26): C69H91N12029.5S5.5Mn1.48Co0.52Cu3 (2039.50): calcd C 40.64, H 4.50,
N 8.24, S 8.65, Cu 9.35, Mn 3.99, Co 1.50; found: C 40.05, H 4.39, N 8.27, S
8.25, Cu 9.33, Mn 3.99, Co 1.37; (4ÿ 0.52): C67H89N12030.5S4.5Mn0.96Co1.04Cu3


(1999.47): calcd C 40.25, H 4.49, N 8.41, S 7.22, Cu 9.53, Mn 2.64, Co 3.05,
found: C 40.55, H 4.41, N 8.48, S 7.08, Cu 9.51, Mn 2.63, Co 2.82; (4ÿ 0.79):
C66H86N12030S4Mn0.41Co1.59Cu3 (1962.60): calcd C 40.39, H 4.42, N 8.56, S
6.53, Cu 9.71, Mn 1.15, Co 4.77; found C 40.65, H 4.37, N 8.86, S 6.01, Cu
9.15, Mn 1.08, Co 4.89; (4ÿ 0.90): C65H83N12029.5S3.5Mn0.2Co1.8Cu3 (1924.37):
calcd C 40.57, H 4.35, N 8.73, S 5.83, Cu 9.91, Mn 0.57, Co 5.51; found C
40.54, H 4.34, N 8.89, S 5.26, Cu 9.54, Mn 0.54, Co 4.94. All metal analyses
were carried out by absorption spectroscopy.


We will note that the chemical analyses of compounds 2 and 3 revealed the
presence of more water and DMSO molecules than detected by X-ray
diffraction. Most likely, these additional solvent molecules are strongly
disordered in the tunnels limited by the interlocked perpendicular layers.
The magnetic data have been interpreted by using the molecular weights
deduced from the chemical analyses.


Crystallographic data collection and structure determination : Data were
collected with a Enraf-Nonius CAD4 diffractometer for compound 1, and a
Siemens SMART diffractometer for compounds 2 and 3. The data
reduction was performed with MOLEN[45] (for 1), and structure solutions
and refinements for the three compounds were carried out with the
programs SHELXS-86[46] and SHELXL-93.[47] The small size and the
instability of the crystals along with the complexity of the structures of 2 ± 3
made the structure refinement very difficult. Furthermore, disorder and
high thermal motion were observed for the DMSO and water molecules.
Consequently, the values of the agreement factor R for 2 and 3 are rather
high. The crystal data are summarized in Table 3. Crystallographic data
(excluding structure factors) for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-103083, 103084, and 103085. Copies
of the data can be obtained free of charge on application to CCDC, 12
Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail :
deposit@ccdc.cam.ac.uk).


Magnetic measurements : These were carried out with a Quantum Design
MPMS-5S SQUID magnetometer, working in both the dc and ac modes
between 2 and 300 K, and from 0 to 50 kOe. In the dc mode the field-cooled
magnetizations (FCM) were measured upon cooling the sample within a
field of 20 Oe. The remnant magnetizations (REM) were obtained as the
differences between two curves, 1 and 2. Curve 1 was measured in cooling
down the sample within the field and then warming up in a field equal to
zero according to the indication of the apparatus. Curve 2 was measured in
cooling down within this zero field. This procedure allowed us to eliminate
the influence of the remnant field present in the superconducting wires. The
raw susceptibility data were corrected of the core diamagnetism estimated
as ÿ530� 10ÿ6 emu molÿ1 for 2 and 3. On the other hand, the core
diamagnetism was considered as one of the parameters to fit for compound
1 (see above).
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Abstract: The synthesis of multifunc-
tional inorganic materials from robust
building blocks (synthons) that have a
well-defined structure and can be linked
together represents a constant challenge
in crystal engineering. We report the
synthesis of the deep blue mixed-va-
lence (MoVI/MoV) compound Na16-
[MoVI


124MoV
28O429(m3-O)28H14(H2O)66.5] ´


ca. 300 H2O (1), which consists of nano-
sized wheel-shaped building blocks with
152 Mo atoms. These discrete building


blocks can be prepared easily by reduc-
tion of an acidified aqueous molybdate
solution and, when linked together, they
form a layered open framework with
nanosized channels. The encapsulated
water molecules can be partly replaced


by organic molecules. The metal-oxide-
based host lattice has altogether 28 4d
electrons per ring. These can be assigned
to 14 incomplete double-cubane-type
compartments spanned by five Mo and
six O atoms, which show negligible
electronic interaction. The two electrons
delocalized in each of these compart-
ments give rise to the deep blue colour.


Keywords: inorganic rings ´ layered
compounds ´ mixed-valent com-
pounds ´ molybdenum blue ´ supra-
molecular chemistry


Introduction


One of the most challenging problems in modern chemistry is
the synthesis of multifunctional compounds and materials
with desirable or predictable properties, such as mesoporosity
(well-defined cavities or channels), electronic and ionic
transport, ferro- as well as ferrielasticity, luminescence, and
catalytic activity. In particular, deeply coloured, mixed-
valence transition metal oxides,[1] including the hydrogen
molybdenum bronzes[2] with their unusually high conductivity
and wide range of composition, play an important role in both
technology and materials science. Their large field of appli-
cations ranges from hydrogenation and dehydrogenation
catalysts, superconductors, passive electrochromic display
devices to �smart� windows.[2] The synthesis of these com-
pounds or solids from preorganized building blocks with well-
defined geometries and desired chemical properties is there-
fore of special interest.[3] We have recently reported the
synthesis of giant, reduced mixed-valence molybdenum-oxide
clusters with nanosized cavities.[4] Reactions that allow these


clusters to be linked to form open frameworks are of strategic
interest. Here we report the synthesis of a layered solid-state
structure with well-defined channels (diameter ca. 2 nm).


Results and Discussion


If, under special conditions (see Experimental Section), an
aqueous solution of sodium molybdate is acidified and
reduced with tin(ii) chloride at room temperature, dark-blue
rhombic-bipyramidal crystals of 1, with the condensed cluster
network 1 a ([MoVI


124MoV
28O429(m3-O)28H14(H2O)66.5]16ÿ), precip-


itate together with a certain amount of amorphous material.[5]


The crystal structure of 1 (space group Cmca) shows the
presence of nanosized, ring-shaped cluster fragments (crys-
tallographic site symmetry 2/m), which are linked to give a
framework structure with nanosized channels (Figures 1 and
2). In the crystallographic ac plane, each cluster ring is
surrounded by four further rings (Figure 1a) and is intercon-
nected by covalent MoÿOÿMo bridges (Figures 1b, 1c), such
that a layered structure is formed parallel to the ac plane
(Figure 1a). The packing of these layers gives rise to nano-
sized channels; four neighbouring rings of one layer form a
bipyramid with two rings from the adjacent layers. This
corresponds formally to the observed shape of the crystals and
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is in agreement with the �correspondence principle� of
crystallography.[6]


For a better understanding of the complicated structure of
1 a, its basic units are compared with those of related discrete
clusters as follows. Each of the ring-shaped cluster fragments
of 1 a comprises 14 {Mo8}- linked by 14 {Mo1}- and 13 {Mo2}-
type units (Figure 1a), whereas {Mo8} units, which occur in
several polyoxomolybdates, can be considered as the funda-
mental building units.[4, 7±12] This scheme is applicable, for
instance, to the related tetradecameric (b� 14) discrete anion
with three sets of similar units (b� number of building units):
[Mo154(NO)14O420(m3-O)28H14(H2O)70]28ÿ (� [{MoVI


2 O5(H2O)2}14-
{MoVI=V


7 (MoNO)O25(m3-O)2H(H2O)3MoVI/V}14]28ÿ� [{Mo2}14-
{Mo8}14{Mo1}14]28ÿ) 2a.[4] (See Table 1, where several related


compounds are given for comparison of their building units.)
Starting formally with 2a, the formulae can be obtained for the
corresponding pure, discrete polyoxomolybdate [{MoVI


2 O5-
(H2O)2}14


2�({MoVI=V
8 O26(m3-O)2H(H2O)3MoVI/V}3ÿ)14]14ÿ 3a (based


on the substitution MoNO3�!MoO4�), as well as for the
corresponding cluster [{MoVI


2 O5(H2O)2}13{MoVI=V
8 O26(m3-O)2-


H(H2O)3MoVI/V}14]16ÿ 3 b with one defect in the {Mo2}2� group
(which represents the building block of the layer system 1 a).
Interestingly, both anions 3 a and 3 b occur in the recently
isolated, mixed-crystal compound 3[7] listed in Table 1. The
main difference between the discrete cluster 3 b and 1 a is that
the latter contains 1.5 H2O ligands less per formula unit owing
to the linkage of the ring-shaped building blocks; this is
caused by a novel type of substitution reaction: {Mo2}-type


Figure 1. a) Ball-and-stick representation of the packing of the linked rings
in crystals of 1 when viewed along the crystallographic b axis. Each ring is
connected to surrounding rings by MoÿOÿMo bridges of the
O�MoÿOÿMoÿOH2 units (b and c) to form layered networks parallel to
the ac plane. One ring is shown as the basic unit in polyhedral
representation ({Mo2} units, red; {Mo8}, blue (central MoO7 pentagonal-
bipyramid, light blue); {Mo1}, yellow). b) Detailed view of the bridging
region between two cluster rings of 1. One {Mo8} unit of each ring together
with one {Mo1} unit is shown in polyhedral representation and one {Mo2}2�


(� {MoVI
2 O5(H2O)2}2�) unit per ring in ball-and-stick representation (Mo,


red). The bridging (disordered) oxygen centres are depicted as large,
hatched circles (for clarity, the disorder in the bridging positions is not
shown here). c) Detailed view of the bridging {Mo2} units showing the
disorder of the bridging Mo and O centres with the two orientations in blue
and red respectively to indicate how the disorder could be resolved for the
linking unit. In about 50 % of the linking units the �red positions� are
occupied; in the other cases the �blue positions� are occupied.
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Figure 2. a) Perspective view along the crystallographic c axis showing the framework with nanotubes that are filled with H2O molecules and Na� cations.
For clarity, only one ring is shown completely in polyhedral representation. For the other rings, only the centres of the {Mo1} units are depicted and connected.
The diameter of the central cavity inside a ring in the crystal is at least 1.9 nm. b) Space-filling representation of the central part of a nanotube.


Table 1. Compounds with nanosized rings: building units, molar extinction coefficients and bond valence sum values relating to the structures.[a]


Compound with approximate crystal Building units [b] Structure BVS[c] BVS[d] Vis/NIR Ref.
water content (Mo) (m3-O) (IVCT) l [nm]


(e[l molÿ1 cmÿ1]
� 105)


Na16[Mo152O457H14(H2O)66.5] ´ 300 H2O 1 {Mo2}13{Mo8}14{Mo1}14 layer built up by rings with defects 5.6 1.2 750 (1.6) this paper


(NH4)28[Mo154(NO)14O448H14(H2O)70] ´
350 H2O 2[a]


{Mo2}14{Mo8}14{Mo1}14 discrete rings 5.7 1.2 750 (1.7) [4a]


Na15{0.5[Mo154O462H14(H2O)70]14ÿ ´
3a


0.5[Mo152O457H14(H2O)68]16ÿ} ´ 400 H2O
3b


{Mo2}14{Mo8}14{Mo1}14 � two different discrete rings, 5.6 1.2 745 (1.8) [7]
{Mo2}13{Mo8}14{Mo1}14 one of which possesses a defect 5.6 1.2


Na16[Mo176O528H16(CH3OH)17(H2O)63] ´
600 H2O ´ 30 CH3OH 4


{Mo2}16{Mo8}16{Mo1}16 discrete rings 5.7 1.3 743 (2.1) [8]


Na14[Mo154O462H14(CH3OH)8(H2O)62] ´
400 H2O ´ 10CH3OH 5[e]


{Mo2}14{Mo8}14{Mo1}14 discrete rings 5.5 1.2 750 (1.7) [9]


Na24{0.5[Mo144O437H14(H2O)56] ´
6a


0.5[Mo144O437H14(H2O)60]} ´ 350 H2O
6b


{Mo2}9{Mo8}14{Mo1}14 � discrete rings with defects and chains [f] [f] 744 (1.5) this paper
{Mo2}9{Mo8}14{Mo1}14 built up by rings with defects


Na24[Mo144O437H14(H2O)56] ´ 250 H2O[a] {Mo2}9{Mo8}14{Mo1}14 chains built up by rings with defects 5.8 1.2 745 (1.7) [10]
Na22[Mo146O442H14(H2O)58] ´ 250 H2O {Mo2}10{Mo8}14{Mo1}14 chains built up by rings with defects 5.6 1.2 743 (1.6) [7]
Li16[Mo176O528H16(H2O)80] ´ 400 H2O[a] {Mo2}16{Mo8}16{Mo1}16 discrete rings 5.6 1.3 740 (2.3) [11]


[a] Formulas of some earlier reported compounds corrected according to the now accepted type of protonation for compounds with b� 14 building units
(tetradecameric case) or b� 16 (hexadecameric case). [b] The general formula for the discrete pure molybdenum-oxide-based unit is [{MoVI


2 O5(H2O)2}2�
bÿx-


({MoVI=V
8 O26(m3-O)2Hm(H2O)3MoVI=V}(4ÿm)ÿ)b](2bÿbm�2x)ÿ�[{Mo2}bÿx{Mo8}b{Mo1}b]�2bÿbm�2x�ÿ [b� number of building units per set�number of compartments (see


Figure 3)� number of protonations at the equatorial m3-O atoms or in the {(m3-O)2O2} compartment (with m� 1)�half of the (formal) number of MoV centres; x�
number of defects or missing {Mo2}2� units]. [c] Average BVS value for the Mo centres which span the b incomplete {Mo5O6}-type double cubanes, built up by (parts
of) the {Mo8} and {Mo1} units (Figure 3). The (formal) number of MoV centres per ring is 2b (or two per compartment) for all compounds according to the related
constant BVS (Mo) values and other experimental data (see text). [d] Average BVS value for the m3-O atoms of the b �14 or 16 {(m3-O)2O2}-type compartments
(Figure 3); this indicates protonation at the equatorial m3-O atoms or within the {(m3-O)2O2} compartments. The finally accepted value for the number of protons m
per compartment is 1 according to the results of the numerous cation analyses. This value corresponds to a type of disorder of the kind that only one of the two m3-O
atoms of a compartment is protonated. This situation (m� 1) is also more plausible, as the other possibility (m� 2) leads to a rather small H ´´´ H distance in the
compartment (compare with ref. [13]). [e] Because of the rather high resolution of the crystal structure, Na positions could be determined for the first time, proving
their importance for the structure. [f] The structure is not sufficiently resolved to calculate reasonable BVS values.
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Mo�O groups of rings (acting formally as ligands) replace the
{Mo2}-type H2O ligands of neighbouring rings (Figure 1c).
Consequently, each of these connections reduces the number
of H2O molecules in 1 a by 0.5 (three of the four possible
linking positions are occupied statistically in the crystal
lattice). The complex relationship between the described
ring-shaped clusters is illustrated below.


For the problematical determination of the actual charge of
1 a (or, in fact, of any known Mo-blue compound with ring-
shaped cluster units), the difference between the (formal)
number of MoV centres and the number of protons at m3-O
positions must be considered. In this context the following
observations are important: 1) According to the bond valence
sum (BVS) values[14] of the Mo atoms (average value 5.6; see
Table 1), 28 (� 2b) 4d electrons [corresponding to the
(formal) number of 28 MoV centres] are located within the
14 incomplete double-cubane-type compartments, each of
which is spanned by five Mo and six O atoms of the {Mo8}
and {Mo1} units (see Figure 3). In other words, two 4d
electrons are delocalized within each compartment. This is
in agreement with the (formal) number of 28 (� 2b) MoV


centres determined by redox titrations, as well as with the
measured e value of the 750 nm band in the solution spectrum,
which arises from an IVCT transition (e� 6� 103 L molÿ1


cmÿ1/MoV centre[15]). 2) On the other hand, there are in
total 28 (� 2b) m3-O atoms located in the region of the ring
equator with an average BVS value of 1.20, which can be
assigned to 14 (� b) {(m3-O)2O2} related tetrahedral compart-
ments (Figure 3, Table 1). This BVS value indicates protona-
tion and corresponds to one or two protons per tetrahedron.
The BVS values for m3-O (1.2� 0.05) and Mo (5.6� 0.1) are
virtually identical in all of the known related tetradecameric
(b� 14) and hexadecameric (b� 16) structures (ca. 20, some
of which are displayed in Table 1). It follows therefore that
the same number of relevant protons (m� 1 or 2, which
means that one or both m3-O atoms in the tetrahedral
compartments are protonated) as well as the same number
of 4d electrons are present in each of the aforementioned
compartments.


In the light of these results, the charge of the clusters (of all
pure molybdenum-oxide based compounds without defects) is
given by the difference between the (formal) number of MoV


centres (2b) and the number of relevant protons (bm). On the
other hand, the values obtained from sodium analyses, which
could not be easily interpreted in the past because of the
relatively small sodium content, have now gained greater
significance because of the large number of known related


Figure 3. Structural details (bottom) of a typical ring-shaped cluster unit in
polyhedral representation (top) with a view perpendicular to that depicted
in Figure 2a. The detailed ball-and-stick representation highlights three of
the 14 (incomplete) double-cubane-type compartments, each of which is
spanned by five Mo centres that belong to {Mo8} as well as {Mo1} groups
(Mo ´´´ Mo� 3.4 ± 4.0 �) and six O atoms [besides other experimental data,
the lowered BVS values (average� 5.6) of the corresponding Mo atoms
prove that two 4d electrons are trapped in each compartment]. It also
highlights one of the 14 {(m3-O)2O2}-type compartments (O ´´ ´ O� 3.07 ±
4.0 �, indicated by dotted lines); these are located between two double-
cubane-type compartments [the two characteristic m3-O atoms (O ´´´ O�
3.07 �) have an average BVS value of 1.2; see text].


compounds. According to these results we get m� 1, which
also seems more plausible, as a degree of protonation m� 2
would lead to a rather small H ´´ ´ H distance in the tetrahedral
compartments.


The bond lengths in 1 are within the expected limits.
Terminal MoÿO bonds have a length of about 1.67 �, whereas
terminal H2O ligands, which are always located trans to
terminal O atoms, have an MoÿO distance of about 2.4 �. In
some of the Mo-coordination polyhedra the terminal O and
H2O ligands change their positions. In these cases the Mo
atom is shifted from the centre of its coordination polyhedron
towards the terminal O atom and correspondingly is found
disordered over two positions. All m2-O atoms possess one
shorter (�1.85 �) and one longer (�1.95 �) bond to Mo
atoms, the unprotonated m3-O atoms have three nearly equal
MoÿO distances (�2.03 �), while the m4-O atoms have three
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equally long (�2.08 �) and one much longer bond (�2.5 �).
The characteristics of the m3-O atoms situated at the equator
are one short (�1.95 �) and two long MoÿO bonds (�2.3 and
2.45 �). The O ´´´ O distance (3.08 �) of the related 14 (m3-O)
´´ ´ (O-m3) pairs is significant for the proton localizations.


The following remarks are important with respect to the
defects observed in 1 a. 1) The presence of the {MoO}4�


groups in 1 a, instead of the {Mo(NO)}3� groups found in 2 a,
causes a corresponding decrease in its negative charge by 14
units. This favours the release of the positively charged
{Mo2}2� units. 2) From a structural comparison of the
tetradecameric (b� 14) with the corresponding larger hexa-
decameric (b� 16) ring system (such as in 4 with two
additional sets of the {Mo1}, {Mo2}, and {Mo8} units), it can
be seen that the {Mo2} units in the �smaller� rings are less
strongly bound.


Indeed, defects were not observed in the two types of
cluster species mentioned, that is, either those with {MoNO}3�


groups or those with three sets of b� 16 building units
(Table 1). Regardless of this fact, we would expect, in
principle, the number of defects observed and, consequently,
the negative charge of one discrete, tetradecameric ring-
shaped cluster to increase not only with increasing pH value
of the solution, but also with decreasing molybdate concen-
tration and reducing potential of the solution. This situation is
roughly comparable with that of the (very much) smaller,
lacunary polyoxometalate structures.[4b, 16] The actual charge
of the system discussed here depends on the number of
missing {Mo2} groups, x. Taking into consideration the differ-
ent number of building units b (b� 14, tetradecameric; b� 16,
hexadecameric ring) and the number of defects x, the general
formula for the type of discrete ring unit that we are dealing
with is


[{MoVI
2 O5(H2O)2}2�


bÿx({MoVI=V
8 O26(m3-O)2(H)(H2O)3-


MoVI/V}3ÿ)b](b�2x)ÿ(� [{Mo2}bÿx{Mo8}b{Mo1}b](b�2x)ÿ). The term
2x represents the increase in charge because of x missing
{Mo2}2� groups; 2b is the formal number of MoV centres. For
structure 1, x� 1 and b� 14.


In accordance with the obtained Mo BVS values,[14] the
28 4d electrons of the deep blue mixed-valence (MoV/MoVI)
compound 1 (class III in the Robin and Day classification[17])
are distributed over 70 Mo positions that belong to the
[{Mo8}{Mo1}] units. More precisely, these electrons are located
within the 14 {Mo5O6} compartments, each of which contains
two delocalized electrons. This is equivalent to the situation in
2 a and also in all the other tetradecameric compounds listed
in Table 1. An EHMO calculation for the discrete cluster 2 a
reveals that the 28 4d electrons can be assigned to 14 MOs
(molecular orbitals), which are mostly (>90 %) spanned by
the Mo(4d)-type atomic orbitals that belong to the Mo
positions of the {Mo5O6} compartment. Interestingly, these
14 MOs are nearly (accidentally) degenerate, but are sepa-
rated from the LUMOs by a significant gap. Also, with
increasing energy Mo(4d) functions of other Mo positions
contribute to the lower lying unoccupied molecular orbitals.
In principle, the electronic structure of this type of compound,
though not the topology, shows some similarities to the
transition metal-oxide bronzes. Of special interest in this
context are the molybdenum bronzes and the hydrogen


molybdenum bronzes, HiMoO3 (i� 0 ± 2), which have a
stoichiometric composition comparable with that of 1 a.[2]


Remarkably, these function as both electron and proton
conductors, can store hydrogen (in agreement with the given
formula) and can show the other notable properties as
mentioned in the introduction.


The lattice in 1 contains exchangeable, disordered H2O
molecules and Na� ions. (Additional, very small amounts of
Na� together with Clÿ ions, present in the solution, can in
principle be incorporated into the crystal lattice depending on
the crystallization conditions and corresponding electrolyte
concentration.) In vacuo, the compound slowly releases H2O,
which can be replaced reversibly by organic molecules, for
instance, by formic acid. Interestingly the acid is partially
deprotonated; this has been proven by infrared spectroscopy.


Conclusions


The occurrence of {Mo2}-type defects within the ring-shaped
structures leads to different reactivity and, at least, favours
easier linkage of the clusters by MoÿOÿMo bonds to form not
only compounds with layered structures as discussed above,
but also, in the case of a larger number of defects, crystalline
compounds with chains that have interesting anisotropic
electronic properties. The linking is based on substitution of
the H2O ligands located in {Mo2} groups by the terminal O
atoms of {Mo2} groups of neighbouring rings, which act
formally as ligands. This is especially favoured if the electron
density at the terminal O atom is increased.


In the compound type reported here, nanosized channels
are present with basic properties (in contrast to the acidic
channels in zeolites); these can incorporate small organic
molecules such as formic acid.


One noteworthy aspect is that by linking the giant ring-
shaped entities in different ways to form framework structures
the significance of the current problem, the structure ± prop-
erty relationship, is increased; this fact can be correlated with
the following properties of the cluster ring unit.
1) It exhibits a nanometre-sized cavity and thus presents new


perspectives for novel host-guest chemistry.
2) It has an extended hydrophilic inner and outer surface due


to the presence of a large number of H2O ligands.
3) The periphery of the cluster ring has a rather high electron


density.
4) It is possible to generate discrete structural defects on the


inner surface of the cluster ring by the removal of
positively charged {Mo2} groups, thereby increasing the
negative charge or the nucleophilicity.


5) Different types of H2O ligands at various sites can be
substituted by other ligands.


The reaction pathway followed here is still relatively
complex,[18] but this must be put into perspective against a
background in which generations of chemists have attempted
in vain to isolate crystals of the so-called soluble molybde-
num-blue-type species from ill-defined solutions (see related
remarks in ref. [5]). In the meantime we have succeeded, at
least for compounds with discrete clusters[7±9, 12c] and for those
with chain structures,[7] in developing synthetic methods that
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lead to the precipitation of pure and crystalline substances in
high yield and without formation of any amorphous by-products,
even after a few days (for instance, in the case of compounds
with discrete clusters of the type {Mo154} 5[7, 9] and {Mo176} 4,[8, 12c]


including those which have MeOH as well as H2O ligands; see
Table 1). Our future challenge will be to find conditions under
which compounds with layered structures can also be
prepared without amorphous material and in high yield.[18]


Experimental Section


Na16[Mo152O429(m3-O)28H14(H2O)66.5] ´ ca. 300 H2O (1): An aqueous solution
of Na2MoO4 ´ 2 H2O in H2O (6.00 g, 2.48 mmol in 40 mL) was acidified with
hydrochloric acid (10 %, 15 mL) (c0(Mo)� 0.45 mol Lÿ1; c0(H�)�
0.78 mol Lÿ1; Z�� c0(H�)/c0(Mo)� 1.74). After the addition of SnCl2 ´
2H2O (0.58 g, 2.6 mmol; theoretically sufficient for the reduction of 20%
of the MoVI to MoV) with stirring, the solution turned dark blue, and a dark
blue precipitate was formed. The reaction mixture was allowed to stand at
RT in a 100 mL Erlenmeyer flask (covered with a watch glass) undisturbed
by vibration in order to initiate and improve the formation of crystals.
Within 6 weeks, dark blue rhombic-bipyramidal crystals (crystal class
mmm) of the diamagnetic compound 1 were precipitated from the reaction
mixture. The crystals were separated mechanically from the amorphous
part, washed quickly with a small amount of ice-cold water, and then dried
under argon. The dry compound 1 is air-stable, but lost some water at 60 8C.
IR (KBr pellet prepared under argon, 1100 ± 400 cmÿ1): nÄ � 971, 912 (m,
n(Mo�O)), ca. 810 (sh), 750 (s), 634 (s), 559 cmÿ1 (s); (resonance) Raman
(solid; le� 1064 nm): nÄ � 799 (vs), 534 (m), 463 (s), ca. 438 (sh), 323 (s),
215 cmÿ1 (s); UV/Vis (oxygen-free 0.1m HCl): l (eM 105 L molÿ1 cmÿ1)� 750
(1.6), 1065 nm (1.1) (electronic absorption spectrum of the �solution� only
measured for determination of the formal number of MoV centres; for the
solid, l� 750, 1050 nm). Na16Mo152O523.5H147 ´ 300 H2O (28879.7): calcd Na
1.27, H2O 18.7; found Na 1.6, H2O 18.0 (Cl 0.5). The indirect cerimetric
titration showed the presence of 28 4d electrons, which (formally)
corresponds to 28 MoV centres.
If the precipitate was not filtered, additional dark blue triclinic pinacoidal
plates of the compound Na24{0.5[Mo144O409(m3-O)28H14(H2O)56] ´ 0.5 [Mo144-
O409(m3-O)28H14(H2O)60]} ´ ca. 350 H2O (6) also precipitated. (Crystal data
for 6 : space group P1Å, a� 29.271(14), b� 33.604(12), c� 44.781(18) �,
a� 91.40(3), b� 91.44(4), g� 97.55(3)8, V� 43634 �3, Z� 2.) The single-
crystal X-ray structural analysis of the mixed-crystal compound shows the
presence of discrete ring units as well as chains (built up from the rings) in
the ratio 1:1 (see Table 1). Interestingly, both parts of the structure possess
the same {Mo2}-type defect. For further information on this latter chain
structure see refs. [7, 10]. Compound 6 is formed after crystallization of 1,
which means it is synthesized under more dilute conditions.


Single-crystal X-ray structural analysis of 1: Several crystals were inves-
tigated by complete refinement procedures giving practically the same
result, even with respect to the type of disorder. Data (MoKa radiation,
graphite monochromator) were collected on a Siemens three-circle
diffractometer with a 1K-CCD detector. The structure was solved by
direct methods. Further details on the
crystal structure investigation(s) may
be obtained from the Fachinforma-
tionszentrum Karlsruhe, D-76344 Eg-
genstein-Leopoldshafen, Germany
(fax: (�49) 7247-808-666; e-mail :
crysdata@fiz-karlsruhe.de), on quot-
ing the depository number CSD-
407 669. The formula is idealized in
spite of the low R value. The error
limit for the total number of {Mo2}
groups is in agreement (�0.5) with
the uncertainty in the determination
of the occupation factors for disor-
dered (under-occupied) atoms. Crys-
tal data, data collection and refine-
ment parameters are given in Table 2.
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Single- or Dual-Mode Switching of Semisynthetic Ribonuclease S' with an
Iminodiacetic Acid Moiety in Response to the Copper(ii) Concentration


Itaru Hamachi,* Yasuhiro Yamada, Tomoaki Matsugi, and Seiji Shinkai[a]


Abstract: Ribonuclease S' bearing
iminodiacetic acid as a metal-binding
site was designed and semisynthesized
by self-assembly of native S-protein with
chemically modified S-peptide. Iminodi-
acetic acid-appended amino acid (Ida4)
was synthesized and incorporated into
the S-peptide sequence by solid-phase
peptide synthesis based on Fmoc chem-
istry at a single site or double sites of the
solvent-exposed side of the S-peptide.
Circular dichroism (CD) spectroscopy
of these S-peptides confirmed that the
CuII ion induced an increase or decrease
of a-helix conformation depending on
the replacement position. S-Peptide/S-
protein titration monitored by conven-
tional enzymatic activity and UV or CD
spectroscopy demonstrated that various
S-peptides form a stable complex (Ida4 ±
RNase S') with S-protein, except when
Met13 and Asp14 are replaced with Ida4.
In CuII titration and thermal denatura-


tion experiments with single-site re-
placement mutants, CuII binding occur-
red at 1:1 stoichiometry of Ida4/CuII with
perturbation of the a-helix conforma-
tion. Both 2:1 and 2:2 stoichiometries
were achieved by addition of CuII ions to
double-site mutants, and were depend-
ent on the CuII concentration. Most
importantly, the A6/E9Ida4 ± RNase S'
mutant shows cooperative binding of
CuII ion with two Ida4; holoenzyme
stability is enhanced at 2:1 stoichiome-
try, but at 2:2 stoichiometry, two Ida4


sites independently bind two CuII ions,
and the mutant is destabilized. Other
double mutants showed simple destabi-
lization of 3D structure upon CuII bind-
ing. The response of the enzymatic


activity of these Ida4 ± RNase S' to the
concentration of CuII ion was evaluated
by the hydrolysis of polyuridiric acid
catalyzed by RNase S' mutants. The
CuII-induced activity change of single
and double mutants agreed well with the
structural response to CuII, that is, the
activity of A6/E9Ida4 ± RNase S' was
enhanced upon cooperative CuII binding
at 2:1 stoichiometry and then sup-
pressed at the 2:2 ratio. The activity of
all other mutants was simply suppressed
by CuII ions. These results represent
successful switching of A6/E9Ida4 ±
RNase S' activity in dual mode, that is,
suppression (OFF) or enhancement
(ON), depending on the environmental
CuII concentration. Thus it has been
established that rational design of a
metal-binding site can confer the dual
mode of response to a metal cation on
the structure and activity of an enzyme.


Keywords: amino acids ´ copper ´
enzyme catalysis ´ ribonuclease ´
switchable enzymes


Introduction


Metal ions play crucial roles in various aspects of biological
systems. In metal-containing proteins and enzymes, for
example, metal ions act as an essential structural element in
the regulation of the net enzymatic activity by metal-induced
conformational change, and are components of active sites.[1]


Native enzymes have adeptly utilized the valuable properties
of reversible and strong coordination bonds in aqueous
solution between metals and ligands consisting of side and
main chains of the polypeptide matrix. This gives us an
important clue for the artificial design of metal-ion-assisted
semisynthetic enzymes.


In the research field of de novo design of artificial peptides
and proteins, such coordination chemistry has contributed
towards the successful construction of various unique protein-
like structures.[2] Three-helix bundles and DNA-binding
protein mimics have been prepared by means of a transition
metal complex with 2,2'-bipyridine or terpyridine as a
template.[3] A short, single-strand helix structure has also
been formed by bridging two iminodiacetic acids with a metal
cation.[4] In spite of these successes, there have been few
reports of enzyme engineering with the concept of coordi-
nation chemistry, and these have been limited to examples
of site-directed mutagenesis based on DNA recombinant
technology.[5] For example, a histidine cluster was intro-
duced into the proximity of an active site so that chelation of a
metal there involved the amino acid responsible for activity
and thus suppressed the enzymatic activity. Aspartic acid
or cysteine domains similar to the metal-binding motifs
of other proteins have also been created as artificial binding
sites for calcium ions or a cubic iron cluster, respectively.
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In order to establish a rational
design for sophisticated novel
biocatalysts assisted by coor-
dination chemistry, it is desira-
ble to link valuable findings
obtained from de novo peptide
studies to enzyme engineering.
For this purpose, ribonuclease
S (RNase S'), a RNA-hydro-
lyzing enzyme consisting of
S-protein and a short S-peptide
segment, is regarded as an
appropriate model, because
the S-peptide can be replaced
with other peptides prepared
by solid-phase peptide synthe-
sis.[6] It is also known that
various unnatural amino acids
can be stably incorporated
into the S-peptide of RNase
S'.[7] The pioneering work by
Hopkins and co-workers in
model peptides demonstrated
that transition-metal induced
conformational change occurs
in peptides with two imino-
diacetic acid groups (Ida4) at
the i and i�3 or i�4 positions.
We planned to apply this
concept to the RNase S' en-
zyme as a model case and examine the efficacy of the
metal-induced conformational change at the local site for
the modulation of the structure and function of the net
enzyme.


We describe herein the incorporation of a unnatural
amino acid, with an iminodiacetic acid moiety (Ida4) as a
transition metal binding site, into ribonuclease S' by a
semisynthetic method. The iminodiacetic acid-appended
RNase S' (Ida4 ± RNase S') displayed CuII-responsive proper-
ties, both in the structure and the activity, which were
dependent on the replacement position and number of Ida4


moieties.


Results


Design and synthesis of Idan-incorporated S-peptide by the
Fmoc strategy: Although Hopkins used Boc chemistry to
insert Idan into a model peptide,[8] we found Fmoc (fluore-
nylmethyloxycarbonyl) chemistry for mutant S-peptide syn-
thesis to be more feasible. In order to allow Idan access to the
solid-phase peptide synthesizer for the Fmoc method, we
synthesized the unnatural amino acid 1 (Ida4), protected by a
Fmoc group at the N-terminal and by tert-butyl groups at the
iminodiacetic acid ends, as shown in Scheme 1.


Since iminodiacetic acid, a strong chelator for transition
metal cations in aqueous solution, is hydrophilic, it is
reasonable to expect that Ida4 can favorably replace the
amino acid residues positioned at the solvent-exposed side of
the RNase S-peptide a-helix. According to the 3D-structure
and activity data reported previously,[9] we selected four
amino acid sites, all of which are expected to be exposed to the
aqueous phase suggested by X-ray analysis of native RNase S
(Scheme 2).[10] At first, four different peptides (Thr3Ida4,
Ala6Ida4, Glu9Ida4, Asp14Ida4), each of which have a single
mutation in the native sequence of the S-peptide (1 ± 15
residue sequence), were designed to check the accommoda-
tion capacity for Ida4. On the basis of the results from these
single mutants, we next designed mutants with double-site
replacement. Double-site replacement was conducted at
several sets of the i and i�3 or i�4 positions (T3/A6Ida4,
A6/E9Ida4, E9/M13Ida4, A5/E9Ida4) in which two iminodi-
acetic acids may act cooperatively to bind transition metal
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Scheme 1. Synthesis of Fmoc-Ida4(tBu)2-OH (1).
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Scheme 2. Native and mutant S-peptide sequences.


cations so as to bridge one turn along the a-helix axis. T3/
E9Ida4 was prepared as a control sequence. These sequences
are summarized in Scheme 2. All peptides were synthesized
by a solid-phase peptide synthesizer, purified by reverse-
phase HPLC, and characterized by MALDI-TOF mass
spectroscopy.


CuII-induced conformational change of the Ida4-incorporated
S-peptide in 30 % TFE aqueous solution: Before investigating
the semisynthetic Ida4 ± RNase S', we examined metal-in-
duced conformational change of mutant S-peptides without
S-protein by CD spectroscopy. In aqueous buffer solutions,
neither native nor mutant S-peptides can form any 3D
structures within the single component (that is, in the absence
of S-protein). Under these conditions, no conformational
change is observed by the addition of any metal cations. With
30 % of trifluoroethanol (TFE), all the S-peptides partially
form a-helix conformation.[11] Figure 1 shows the CuII-in-
duced CD spectral change of A6/E9Ida4. Two negative peaks
at 222 and 208 nm, characteristic of an a-helix conformation,
are intensified by the addition of up to 1 equivalent of copper
sulfate, and subsequently reduced by further addition of
CuII.[12] Other metal cations such as Ni2�, Co2�, Zn2�, and Cd2�


did not significantly induce conformational change (data not
shown).[13] Titration curves for all of the mutants are
summarized in Figure 2. In the case of all single mutants,


Figure 1. CD spectral change of A6/E9Ida4 ± S-peptide on addition of
CuII cation in 30% trifluoroethanol. A6/E9Ida4 ± S-peptide 60mm in MES
buffer (10 mm, pH 6.0, 0.1m NaCl) containing 30% trifluoroethanol at
25 8C.


Figure 2. CuII/S-peptide titration curve monitored by CD-spectroscopy:
a) single mutants: Glu9 (*), Ala6 (~), Thr3 (~); b) double mutants: A6/E9
(*), T3/A6 (~), E9/M13 (*), A5/E9 (^), T3/E9 (~). S-peptide 60 mm in
MES buffer (10 mm, pH 6.0, 0.1m NaCl) containing 30% trifluoroethanol at
25 8C.


these two peaks decrease upon CuII addition (Figure 2a).
On the other hand, the double mutant, T3/A6Ida4, displays
a biphasic change similar to that of A6/E9Ida4, that depends
upon the CuII concentration (Figure 2b). The CD intensity
of A5/E9Ida4 and T3/E9Ida4 mutants, however, steadily
decrease up to the addition of 2 equivalents of CuII. Signifi-
cant changes are not observed in the case of E9/M13Ida4


peptide. It is clear that doubly replaced Ida4 at the i and i�3
sites cooperatively bind a CuII ion in the S-peptide so as to
increase the helix content, similar to Hopkins� model pep-
tides, although the efficiency is greatly dependent on the
mutation site. Double mutants at i and i�4 or i�6 did not
show such a cooperative binding.[14] Noncooperative 1:1
binding of Ida4 with CuII simply disturbs a-helix conforma-
tion.
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Semisynthesis of RNase S'' by complexation of S-protein with
mutant S-peptides: It is known that native self-assembled
S-peptide/S-protein complex (so-called RNase S) restores the
ordered 3D structure and the RNA hydrolysis activity
identical to native RNase A. We confirmed the complex
formation of the mutant peptides with S-protein by a conven-
tional activity assay.[15]


Hydrolysis of polyuridiric acid (poly-U) is not catalyzed by
the single components of S-peptide or S-protein. When
S-protein was complexed with a mutant S-peptide, the
hydrolysis reaction occurred. S-Peptide/S-protein titration
monitored by this activity assay is a conventional method for
the evaluation of complex formation. The initial rate was
increased by the addition of most S-peptide mutants and
saturated at almost a 1:1 ratio of S-peptide to S-protein, with
the exception of Asp14Ida4 and E9/M13Ida4 (Figure 3).[16]


Figure 3. Initial rate of poly-U hydrolysis catalyzed by various RNase S':
native (*), Glu9 (*), A6/E9 (~), Asp14 (~), E9/M13 (^). S-protein 1 mm,
poly-U 100 mm, 10mm MES buffer, pH 6.0, containing 0.1m NaCl, 25 8C.


This saturation behavior is the same as that of the native
S-peptide, indicative that these mutant peptides are tightly
bound to the S-protein to form the native-like RNase S'.
Using this saturation curve, we estimated the association
constant (K) of the corresponding S-peptide/S-protein com-
plex.[17] The values for mutant S-peptides (107.4 ± 108.6mÿ1) are
comparable to that for native S-peptide (108.3mÿ1),[18] suggest-
ing that the mutation by Ida4 at the 3, 5, 6, or 9 positions does
not seriously affect the complexation. In the case of Asp14I-
da4 ± RNase S', the initial rate is slightly increased at more
than 10 equiv of excess peptide, owing to its low binding
affinity to the S-protein (K< 104mÿ1). Since no reaction
occurred for E9/M13Ida4 ± RNase S', we cannot estimate the
binding constant.


UVand CD spectroscopies were also utilized to monitor the
S-peptide/S-protein complexation.[19] The absorbance at
287 nm was intensified when a mutant S-peptide (either
single or double mutants) was added to the S-protein solution,
as is the case for native S-peptide (data not shown). CD
spectral titration of S-protein with S-peptide shows that the
helix content increases upon S-protein ± S-peptide binding
(Figure 4). The CD spectral change is practically saturated at
a 1:1 ratio of S-peptide to S-protein. Asp14Ida4 and E9/
M13Ida4 are, once again, exceptions, and have shallow curves
as a result of their low association constants. The saturated q


Figure 4. CD spectra of Glu9, A6/E9, E9/M13, native Ida4 ± RNase S' (S-
peptide/S-protein� 1:1), inset: Glu9 S-peptide/S-protein titration curve.
S-protein 10 mm, 10mm, MES buffer, pH 6.0, containing 0.1m NaCl 25 8C.


value for mutant S-peptide/S-protein complexes is almost
identical to that of native species. This data implies that all
mutant S-peptide/S-protein complexes are successfully
formed in a manner similar to the native RNase S, apart from
Asp14Ida4 and E9/M13Ida4, which is in good agreement with
the data from the activity titration. We also checked the
association constant in the presence of CuII for the following
discussion on the CuII response of Ida4 ± RNase S'. The CD
titration of S-protein with A6/E9Ida4-S-peptide suggested
that the association constant (108.4mÿ1) barely changes upon
the addition of CuII, that is, 108.5mÿ1 at 1 equiv of CuII and
108.6mÿ1 at 2 equiv of CuII. Other mutants displayed the same
behavior, indicating that CuII binding does not affect the tight
complex of S-protein with S-peptide.


CuII-induced structural change of semisynthetic Ida4 ± RNase
S'': It was found that the two negative peaks from a-helix
formation (208 nm and 222 nm) in the CD spectra of
the single-mutant RNase S' varieties were reduced by addi-
tion of CuII. Figure 5 depicts plots of the CD intensity
(222 nm) against CuII concentration. The order of the
CuII-induced q value decrease is Glu9>Ala6>Thr3Ida4 ±
RNase S' (Figure 5a), which implies that the perturbation of
the a-helix domain takes place upon CuII binding and
it depends on the incorporation position of Ida4. This titration
was not conducted for Asp14Ida4 ± RNase S' because of
its low association constant between S-peptide and S-pro-
tein.[16]


On the other hand, for A6/E9Ida4, a double mutant, the
peaks became more pronounced upon addition of up to
1 equiv of CuII and were then reduced upon furhter addition
of CuII (Figure 5b). This suggests that Ida4 units positioned on
the S-peptide bind the CuII cation in two different modes at
2:1 and 2:2 stoichiometry.[20] For other double mutants (T3/
A6, A5/E9, and T3/E9Ida4), the two peaks simply decreased
upon addition of CuII.[21]


The subtle conformational change of the A6/E9Ida4 mutant
upon CuII addition was also probed by fluorescence of the
tyrosine residues, shown in Figure 6.[22] The fluorescence at
307 nm due to Tyr residues, which are located only in the
S-protein portion of RNase S', was lessened at 1 equiv of CuII


and gradually recovered to the original value at more than
1 equiv for the A6/E9Ida4 mutant. Such changes were minimal
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Figure 5. CD spectral change ([q] 222 nm) of Ida4 ± RNase S' by addition
of CuII : a) single mutants: native (*), Glu9 (~), Ala6 (&), Thr3 (*);
b) double mutants: A6/E9 (*), T3/A6 (~), A5/E9 (~), T3/E9 (^). Ida4 ±
RNase S' 10mm, 10 mm MES buffer, pH 6.0, containing 0.1m NaCl, 35 8C.


Figure 6. Plots of relative fluorescence intensity (307 nm) by addition of
CuII: native (*), A6/E9 (*), Glu9 (&), Ala6 (~). Each point is plotted with
averaged volumes in three experiments. Ida4 ± RNase S' 1mm, 10mm MES
buffer, pH 6.0, containing 0.1m NaCl, 25 8C.


for other single and double mutants. This suggests that the
structure of the S-protein was also affected by the cooperative
CuII binding in the A6/E9Ida4 mutant complex.


Thermal denaturation experiments clearly supported the
above-mentioned effect of CuII on the net RNase S' structure.
Figure 7a shows the dependence of the thermal denaturation
curves of Glu9Ida4 ± RNase S' upon the CuII concentration.
Without the CuII ion, the denaturation temperature (Td) was
36.1 8C. In the presence of 1 equiv of CuII, Td shifted to 31.2 8C.
Td decreased similarly for Thr3Ida4 ± RNase S' (36.2!
34.8 8C), or Ala6Ida4 ± RNase S' (35.4!33.1 8C) upon addi-
tion of 1 equiv of CuII. There was no significant shift in Td for
the native RNase S' (37.1!36.3 8C). Clearly, the mutant
RNase S' enzymes with an iminodiacetic acid at a single site
were destabilized upon CuII binding. The order of CuII-
induced destabilization was in accord with the above-men-


tioned CD-titration data. In the case of A6/E9Ida4 ± RNase S',
a double mutant, the CuII effect on the denaturation temper-
ature is greatly dependent on the stoichiometry of CuII to
RNase S' (Figure 7b). At a 2:1 stoichiometry of CuII to A6/


Figure 7. Thermal denaturation curve monitored by CD at [q]222 nm of
RNase S': a) Glu9Ida4 ± RNase S'; b) A6/E9Ida4 ± RNase S'; CuII 0 equiv
(*), 1 equiv (*), 2 equiv (~). Ida4 ± RNase S' 10mm, 10 mm MES buffer, pH
6.0, containing 0.1m NaCl.


E9Ida4 ± RNase S', Td rose by 3.1 8C (39.7 8C), and at 2:2
stoichiometry it fell by 7.4 8C (29.2 8C), relative to the Td value
without metals. It is noteworthy that the A6/E9Ida4 mutant is
more stable by about 3 8C with regard to the native RNase S'
through cooperative binding at 2:1 stoichiometry. In contrast,
for the other double mutants, including T3/E6Ida4, a simple
decrease in the denaturation temperature was caused by the
addition of CuII [35.8 (0 equiv)!34.2 (1 equiv)!32.1 8C
(2 equiv) for T3/E6Ida4, 35.4 (0 equiv)!33.6 (1 equi-
v)!30.9 8C (2 equiv) for T5/E9Ida4, 36.0 (0 equiv)!34.6
(1 equiv)!31.7 8C (2 equiv) for T3/E9Ida4].


CuII-responsive activity change of semisynthetic Ida4 ± RNas-
e S'': The addition of CuII also affected the net activity of the
semisynthetic RNase S'. The initial rate of the poly-U
hydrolysis catalyzed by Glu9Ida4 ± RNase S' was reduced by
an increase in CuII (Figure 8a).[23] A similar suppression was
caused by CuII ions for other single mutants to different
extents, but not for the native RNase S. The efficiency of the
CuII-induced suppressions (the ratio of the initial rate with
1 equiv of CuII over that without CuII) is in the order of
Glu9Ida4>Ala6Ida4>Thr3Ida4 ± RNase S' (the relative ac-
tivities based on the initial rate are 62 %, 87 %, and 94 %,
respectively). This order is coincident with the CuII-induced
structural changes estimated by CD and thermal denaturation
experiments. Figure 8b shows the titration curves for the
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Figure 8. Initial rate of poly-U hydrolysis catalyzed by various RNase S',
a) single mutants: native (*), Glu9 (~), Ala6 (&), Thr3 (*), b) double
mutants: A6/E9 (*), T3/E9 (~), A5/E9 (*), T3/A6 (^). S-protein 1 mm,
poly-U 100 mm, 10 mm buffer, pH 6.0, containing 0.1m NaCl, 25 8C.


series of double mutants. In sharp contrast to the single
mutants, the initial rate of A6/E9Ida4 ± RNase S' increased at
1 equiv of CuII cation (120 %) and then decreased after the
addition of more than 1 equiv of CuII (relative initial rate:
60 %), indicating that the cooperative binding of two Ida4 of
the A6/E9-mutant directly influences the enzymatic reactivity.
Interestingly, such a dual response, that is, enhancement and
suppression dependent on copper concentration, was not
observed for other double mutants: T3/A6Ida4 (50% at 2:1,
25 % at 2:2), A5/E9Ida4 (85 % at 2:1, 38 % at 2:2), and T3/
E9Ida4 ± RNase S' (75% at 2:1, 15 % at 2:2); that is, their
activity is only suppressed by CuII binding. These experiments
apparently demonstrated that the sensitivity for CuII concen-
tration is less than 1 mm for all mutants.[24] This activity
modulation by CuII in both single and double mutants accords
well with the above-mentioned structural data. Addition of
other metal cations such as Ni2�, Co2�, Zn2�, and Cd2� did not
influence the initial rates of the reaction catalyzed with
RNase S' (data not shown).[25]


Using both kinds of the CuII-induced reactivity change, we
attempted to switch the RNase activity in two different
patterns, that is, CuII-induced suppression and CuII-induced
enhancement. Figure 9 shows the switching of the activity of
A6/E9Ida4 ± RNase S' by changing the environmental con-
centration of the CuII cation. The poly-U hydrolysis, which is
catalyzed by RNase S' in the absence of CuII, is quickly
suppressed upon addition of more than 2 equiv of CuII cation
(5 equiv CuII used in Figure 9a). Subsequently, when 5 equiv
of EDTA (ethylenediamine tetracetic acid) was added to the
solution to remove the bound CuII, the reaction was resumed.
These processes can be repeated several times; this indicates


Figure 9. Switching of A6/E9Ida4 ± RNase S' activity depending on the
environmental CuII concentration: a) inhibition of activity by CuII ; A6/
E9Ida4 ± RNase S' 1mm, poly-U 100 mm, CuII 5 equiv (5mm) and EDTA
5 equiv (5mm) for every arrow, pH 6.0, 10mm MES buffer, containing 0.1m
NaCl, 25 8C; b) enhancement of activity by CuII ; A6/E9Ida4 ± RNase S'
1mm, poly-U 300 mm, CuII 1 equiv (1 mm) and EDTA 1 equiv (1mm) for every
arrow, pH 6.0, 10 mm MES buffer, containing 0.1m NaCl, 35 8C.


that the reversible change between the active state and the
less active state of A6/E9Ida4 ± RNase S' is carried out upon
the binding or release of CuII ions. Following this, we used
only a small amount of CuII (less than 1 equiv to Ida4) to
conduct the reverse type of switching. When 1 equiv CuII


cation was added to A6/E9Ida4 ± RNase S', the reaction was
not suppressed but accelerated as shown in Figure 9b. Under
these conditions, addition of 1 equiv of EDTA caused the
suppression of the reaction. Repeated addition of 1 equiv of
CuII reactivated the A6/E9Ida4 ± RNase S' once again. Clearly,
this is a switching mode completely opposite to that in
Figure 9a.[26]


Discussion


In the study of the single mutants of Ida4 ± RNase S', it was
clear that changing the free iminodiacetic acid to a CuII-
complexed iminodiacetate induced destabilization (decrease
of Td) and deactivation (the decreased initial rate of poly-U
hydrolysis). This is probably due to the bulkiness of the metal
chelate and the introduction of positive charge upon CuII


complexation. The responsive efficiency to the CuII ion was in
the order of Glu9Ida4>Ala6Ida4>Thr3Ida4. This is reason-
ably explained by the following considerations: i) a chelation
position close to the center of the a-helix is the most effective
for structural perturbation of the S-peptide, and ii) since the
order is also coincident with the distance (12, 9 5.4 �, 12, 6
10.0 �, 12, 3 14.1 �) between the incorporated Ida4 and the
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enzymatic active site (His 12), a chelation position close to His
12 is the most influential.


With the double mutants, it has been demonstrated that
Hopkins� strategy shown in a de novo designed peptide can be
principally applied to an enzyme, that is, A6/E9Ida4 ± RNase
S' displays cooperative binding of a CuII ion with two
iminodiacetic acids on the mutant enzyme. This transition
metal binding at specific sites by the artificial chelator can
cause the perturbation not only of the local a-helix structure,
but also of the net structure and activity change in the
holoenzyme (Scheme 3). A correct spatial arrangement of the


Scheme 3. Schematic illustration of the dependence of dual-mode mod-
ulation of A6/E9Ida4 ± RNase S' on CuII concentration.


two receptors is essential for the dual response to CuII ions.
However, we found several points of difference with respect
to the Hopkins� peptide, owing to the structural specificity of
the enzyme: i) the incorporation of Ida4 at the i and i�3
positions does not always result in a cooperative binding site
(for example, T3/A6-mutant), or rather, there are only a few
positions (a so-called hot spot) which can cooperatively bind
CuII ; ii) we did not find cooperative binding at the i and i�4
position in our study (for example, A5/E9 or E9/M13-
mutants); iii) the incorporation position of Ida4 was also
limited by the accommodation capacity of the holoprotein
molecule (for example, Met13 or Asp14 mutants); iv)
interestingly, metal-ion selectivity was found in the A6/
E9Ida4 ± S-peptide and -RNase S', that is, CuII is the most
effective ion, whereas ZnII, CoII, and NiII showed almost no
effect. Despite some limitations, the present study shows that
a number of findings accumulated in the research on de novo
designed peptides could also be applicable to native protein/
enzyme engineering.


So far, there are only a few examples of synthetic metal
binding sites which have been incorporated into native
protein frameworks by site-directed mutagenesis.[5] Unnatural
amino acid incorporation is expected to make these ap-
proaches more flexible. We have previously proposed, using
myoglobin as a model template, that rational introduction of
artificial receptor molecules into naturally occurring proteins
and enzymes is one of the promising approaches for the design
of environment-sensitive semisynthetic enzymes.[27] Genera-
tion of negative or positive charges upon binding with a


corresponding guest close to an active site was a guiding
principal in these examples. The present structure and activity
switching, in contrast, is attributed to the fastening or
unfastening of a specific a-helix domain by coordination
chemistry, which is envisaged as a novel strategy for modu-
lation of the enzyme activity.[28]


Experimental Section


Materials: Ribonuclease A (bovine pancreas) and subtilisin (Nagarse) were
purchased from Sigma Chemical and used without further purification. The
S-Protein of RNase (21 or 22 ± 124 amino acid sequence of RNase A) was
purchased or prepared by the subtilisin-catalyzed cleavage of RNase A
followed by ion exchange and gel chromatography, according to the
literature method.[29] Fmoc-Lys(Boc)-OH and other chemicals for peptide
synthesis were purchased from Watanabe Chemicals (Hiroshima, Japan).
HATU was purchased from PerSeptive Biosystems.


Synthesis of Fmoc-Ida4(tBu)2OH: Fmoc-Lys(Boc)-OH (10.0 g, 20.5 mmol),
benzyl bromide (6.4 mL, 53 mmol), and anhydrous sodium bicarbonate
(1.8 g, 20.5 mmol) were dissolved in dry DMF (dimethylformamide;
75 mL) and stirred at room temperature under a nitrogen atmosphere.
DMF was removed under reduced pressure after 45 h. The residues were
suspended in 75 mL of water and extracted with dichloromethane (1�
125 mL, and then 3� 50 mL). The organic layer was dried over anhydrous
magnesium sulfate and concentrated. The crude residue was purified by
silica-gel chromatography (4.5 diam.� 8 cm length, eluent: ethyl acetate/
hexane� 1:5!5:2 gradient) to afford a colorless solid, Fmoc-Lys(Boc)-
OBn (2 ; 8.4 g, 71% yield). IR (KBr): nÄ � 3320, 1730, 1690 cmÿ1; 1H NMR
(250 MHz, CDCl3): d� 1.3 ± 1.9 (m, 15H), 3.10 (d, 2 H), 4.10 (m, 1 H), 4.39
(m, 3 H), 4.58 (m, 1H), 5.26 (s, 2H), 5.45 (m, 1H), 7.30 (t, J� 7.1 Hz, 2H),
7.39 (t, J� 7.6 Hz, 2H), 7.49 (d, J� 8.3 Hz, 2 H), 7.57 (d, 2H), 7.77 (d, J�
7.3 Hz, 2H), 8.19 (d, J� 8.4 Hz, 2 H); m.p. �87 ± 89 8C.


The protected amino acid 2 (8.4 g, 14.6 mmol) was dissolved in dry
dichloromethane (60 mL), and trifluoroacetic acid (TFA, 11.3 mL) was
added to the solution. The reaction mixture was stirred at room temper-
ature for 21 h before removal of the solvent under reduced pressure. The
oily residue was dried in vacuo for several hours. Deprotection of the Boc
group was confirmed by 1H NMR (CDCl3; i.e., disappearance of a singlet
peak at d� 1.3) and this crude product was used without further
purification.


Crude Fmoc-Lys-OBn (3 ; 10.3 g, 16.3 mmol) thus obtained was dissolved in
dry DMF (88 mL), and sodium bicarbonate (24.5 g, 0.28 mol), KI (3.7 g,
21.6 mmol), and tert-butyl bromoacetate (21.6 mL, 0.12 mol) were added to
the solution. The mixture was stirred at room temperature for 84 h, and
DMF was removed under reduced pressure. The residue was suspended in
water (176 mL)and extracted with dichloromethane (90 mL and then
40 mL). The organic layer was dried over anhydrous magnesium sulfate
and concentrated. The crude residue was purified by silica-gel chromatog-
raphy (4.5 cm diam.� 7 cm length, eluent: ethyl acetate/hexane� 1:6 ± 3:5
gradient) to afford a pale yellow oil, Fmoc-Ida4(tBu)2-OBn (4 ; 5.3 g, 52%
yield for 2 steps). IR (KBr): nÄ � 3320, 1730, 1700 cmÿ1; 1H NMR (250 MHz,
CDCl3): d� 1.3 ± 1.9 (m, 24H), 2.68 (m, 2H), 3.40 (s, 4H), 4.21 (t, 1H), 4.38
(m, 3 H), 5.26 (s, 2H), 5.59 (d, 1 H), 7.30 (t, J� 7.3 Hz, 2 H), 7.39 (t, J�
7.2 Hz, 2 H), 7.50 (d, J� 8.5 Hz, 2 H), 7.60 (d, J� 7.2 Hz, 2H), 7.76 (d, J�
7.4 Hz, 2H), 8.19 (d, J� 8.5 Hz, 2H); anal. calcd for C40H50;N2O8�
2CH3CO2Et: C 67.31, H 7.65, N 3.38; found: C 67.01, H 7.56, N 3.41%.


Fmoc-Ida4(tBu)2OBn (4 ; 1.0 g, 1.45 mmol) was dissolved in ethyl acetate
(11 mL). Palladium charcoal (20 mg, Pd/C) was added to the solution. The
suspended mixture was stirred under a hydrogen atmosphere at room
temperature. After 11 h, Pd/C was filtered off with Celite and the filtrate
was concentrated. The crude product was purified by silica-gel chromatog-
raphy (4.5 cm diam.� 7 cm length, eluent: ethyl acetate/hexane� 3:5!
ethyl acetate only!ethyl acetate/ethanol� 5:1) to afford a colorless solid,
Fmoc-Ida4(tBu)2-OH (1; 0.71 g, 72% yield). IR (KBr): nÄ � 3300, 1730, 1700,
1690 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 1.3 ± 1.9 (m, 24 H), 2.65 (m,
2H), 3.41 (s, 4H), 4.21 (m, 1H), 4.31 (m, 3H), 5.95 (m, 1 H), 7.25 ± 7.35 (m,
4H), 7.57 (d, 2H), 7.70 (d, 2 H); m.p.� 52 ± 54 8C; anal. calcd for







FULL PAPER I. Hamachi et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0505-1510 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 51510


C33H44N2O8�1�2 CH3CO2Et: C 65.61, H 7.50, N 4.50; found: C 65.61, H 7.55,
N 4.37%.


Peptide synthesis : All S-peptide mutants were synthesized by peptide
synthesizer (ABI, with NMP as a reaction solvent and DCC as a coupling
reagent, or PerSeptive Pioneer, with DMF as a solvent and HATU as a
coupling reagent) with solid-phase peptide synthesis based on Fmoc
chemistry. The crude peptides were purified by reverse-phase HPLC (ODS
column, eluent: water/acetonitrile gradient containing 0.1% of TFA,
HITACHI-LC series). The purified peptides were characterized by
MALDI time-of-flight (TOF) MS (a-cyano-4-hydroxycinnamic acid) as a
matrix.


Preparation of RNase S' S-protein :[18, 29] Subtilisin-catalyzed cleavage of
RNase A and purification of the S-protein were conducted according to the
literature method. We monitored the progress of the hydrolysis reaction by
HPLC (ODS column, 4.6 mm diam., eluent: water/acetonitrile gradient
containing 0.1 % TFA, HITACHI-LC series). The S-protein was identified
by MALDI-TOF mass spectroscopy.


CD and fluorescence measurements : CD spectra of the S-peptide mutants
and S-peptide/S-protein complexes were measured by CD spectropolarim-
eter (JASCO J-720w). Fluorescence measurements of the RNase S'
mutants were conducted with a Hitachi fluorescence spectrophotometer
F-4500.


Thermal denaturation : Thermal denaturation experiments were conducted
by CD spectropolarimeter (JASCO J-720w spectropolarimeter, sensitivity:
10 mdeg; resolution: 0.2 nm; bandwidth: 2.0 nm; response: 0.5 s; scan
speed: 200 nm minÿ1) equipped with thermal controller; light-path length:
1 mm, temperature rose from 10 8C to 60 8C at 0.5 8Cminÿ1.


Activity assay :[30] Polyuridiric acid (poly-U) hydrolysis was catalyzed by
RNase S', according to the literature. The solution (MES buffer, pH 6.0,
0.1m NaCl) containing S-protein (1 mmol) and S-peptide (1 mmol) was
incubated at 25 8C for 5 min (in the case of CuII addition, an appropriate
amount of CuSO4 solution was mixed and incubated). The reaction was
started by injection of poly-U solution (final concentration of 100 mmol)
and the reaction was monitored by absorbance change at 278 nm (Hitachi
U-3000 or JASCO UV/vis spectrophotometer, MES buffer, pH 6.0, 0.1m
NaCl). The initial rates were calculated with a differential molar extinction
coefficient at 278 nm (1360mÿ1 cmÿ1).[28]
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Synthesis of Disaccharides, Containing Sulfur in the Ring of the Reducing
Monosaccharide Unit, Through a Nonglycosylating Chemical Strategy


Joaquín Isac-García, Francisco G. Calvo-Flores, Fernando HernaÂndez-Mateo,
and Francisco Santoyo-GonzaÂ lez*[a]


Abstract: The synthesis of disaccharides
containing sulfur in the reducing ring
through a nonglycosylating chemical
strategy is described. Lactose, maltose
and cellobiose were transformed in sev-
eral steps into the appropriately protect-
ed 4-O-glycosyl-2,3-O-isopropyliden-al-
dehydo-d-glucose dimethyl acetals (6,
11, 18 and 27) and 4-O-glycosyl-2,3-O-
isopropyliden-aldehydo-l-idose dimeth-
yl acetals (42 a and 42 b). Compounds 6,
11, 18 and 27 were converted into the
corresponding 4-O-glycosyl-5,6-dideoxy-
5,6-epithio-2,3-O-isopropylidene-alde-
hydo-l-idose dimethyl acetals 33 e ± h
via the 5,6-cyclic sulfates 31 a ± d, by


reaction with potassium thioacetate or
potassium thiocyanate and treatment with
NaOMe/MeOH. Nucleophilic ring open-
ing of the episulfide ring of 33 e ± h, with
sodium acetate followed by acidic hy-
drolysis, ZempleÂn de-O-acetylation and
acetylation gave the thio disaccharides
4-O-(2',3',4',6'-tetra-O-acetyl-b-d-galac-
topyranosyl-, -a-d-glucopyranosyl- and
-b-d-glucopyranosyl)-1,2,3,6-tetra-O-ac-
etyl-5-thio-a,b-l-idopyranoses (38 ± 40).


1,2,3-Tri-O-acetyl-4-O-[2',3',4',6'-tetra-O-
acetyl-b-d-galactopyranosyl]-6-deoxy-5-
thio-a,b-l-idopyranose (37) was ob-
tained by treatment of 4-O-(2',6'-di-O-
acetyl-3',4'-O-isopropylidene-b-d-galac-
topyranosyl)-2,3-O-isopropylidene-6-S-
cyano-5-O-sulfonate-6-thio-aldehydo-d-
glucose dimethyl acetal potassium salt
(32 a) with lithium aluminium hydride
followed by acidic hydrolysis and acety-
lation. The analogous thio maltose and
cellobiose (47 c and 47 d) were synthes-
ised following a similar strategy (5,6-
cyclic sulfate!episulfide!thiosugar)
from compounds 42 a and 42 b.


Keywords: carbohydrates ´ cyclic
sulfates ´ disaccharides ´ small ring
systems ´ thiodisaccharides


Introduction


The synthesis of sugar hetereoanalogues as potential inhib-
itors have received great attention in recent years. Most of the
research in this respect is addressed toward the stability of the
natural compounds under hydrolytic conditions and the
enhancement of their affinity towards enzymes. Much of the
activity has been focused in the synthesis of sugar hetero-
analogues that fall in two main categories (see Figure 1): di/
oligosaccharide heteroanalogues in which the interglycosidic
oxygen atom has been replaced (type I) and those in which
the ring oxygen atom has been substituted (type II). The
synthesis of analogues of type I with a carbon,[1±15] sulfur,[16±36]


selenium[36±38] or nitrogen atom[39±41] in the interglycosidic
linkage has been described. Monosaccharide azasugars[42±47]


have become increasingly important targets due to their
potential value as enzyme inhibitors and therapeutic agents.


Figure 1. Sugar heteroanalogues.


Of the several different azasugars developed, some of them
have been incorporated in analogues of type II.[48, 49] Further-
more, the synthesis of type II disaccharides containing sulfur
in the ring of the reducing[48, 50] and nonreducing[36±38, 41, 50±55]


sugar residues has been reported. Different thia sugars have
also been incorporated in analogues of the blood group
antigen trisaccharides Lewis X[56, 57] and H-type 2.[56] In
addition, some novel disaccharide heteroanalogues with both
the interglycosidic and the ring oxygen atoms substituted by
heteroatoms (type III) have been recently reported. Pinto
et al. have introduced sulfur as the X atom and sulfur,[36±38]


selenium[36±38] or nitrogen[41] as the Y atom (see Figure 1) and
Hashimoto et al.[39] described the synthesis of an azapyranosyl
disaccharide with a thioglycosidic linkage.


[a] Prof. F. Santoyo-GonzaÂlez, Prof. J. Isac-García,
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To the best of our knowledge, all the syntheses of
thioanalogues of type II have been performed by chemical
glycosylations using thio sugars and the appropriate glycosyl
acceptors or by enzymatic methods. Only the synthesis of
methyl 5'-thio-a-isomaltoside[55] has been performed from
gentobiose through a novel ring-opening ± recyclisation ap-
proach of the nonreducing sugar residue. This alternative
strategy, which employs an easily available natural oligosac-
charide in which an appropriate interglycosidic bond is
already present, avoids the use of chemical or enzymatic
glycosylation reactions between two monosaccharides and the
consequent related steps in the synthesis, such as the multiple
manipulation of protective groups. In this paper we extend
this idea by means of the synthesis of thio sugars from vicinal
diols via cyclic sulfates as described previously by our
group,[58] using natural disaccharides (lactose, maltose and
cellobiose) as starting materials.


Results and Discussion


As mentioned above, we have developed[58] a new easy and
expeditious strategy for the synthesis of thiiranes using cyclic
sulfates of vicinal diols that allows access to these compounds
in two steps. The versatility of this methodology was
demonstrated by its application in carbohydrate chemistry.
Thus, the preparation of several 4-thiopentofuranoses and
5-thiohexopyranoses, including l-thiofucose, was performed
in good yields by the synthesis of 4,5-dideoxy-4,5-epithio


pentoses and 5,6-dideoxy-5,6-epithio hexoses followed by
nucleophilic ring opening of the episulfide with acetate or
hydride and acidic hydrolysis. Considering the importance of
sugar heteroanologues as potential inhibitors, we thought that
this methodology could also be appropriate for the prepara-
tion of disaccharides containing sulfur in the ring of the
reducing monosacharide unit. Although some enzymatic
syntheses of this type of disaccharide heteroanalogues have
been previously described,[48, 50] no general chemical synthesis
is hitherto available. In order to get the highest efficiency in
the synthesis it would be desirable to use appropriate
disaccharide derivatives in which the interglycosidic bond is
already present. In addition, the 5,6-hydroxyl groups of the
reducing unit of such disaccharides should be free for the
formation of a cyclic sulfate and the rest of the hydroxyl
groups protected with temporary or semipermanent protect-
ing groups that can be easily introduced and removed. In this
context, the reported kinetic acetonation of lactose (1),[59, 60]


maltose (13)[61] and cellobiose (22)[62] that leads to the
corresponding dimethyl acetals (3, 14 and 23, respectively)
provides the appropriate starting materials (Schemes 1 and 2).
The acetonation reactions were performed by the method
described by Ueno et al.[61] with slight modifications in the
reaction time and in the work-up (see Experimental Section).
Hough et al.[59] were the first to report the isopropylidenation
of lactose with an excess of 2,2-dimethoxypropane in the
presence of p-toluensulfonic acid isolating the tri-O-isopro-
pylidene dimethylacetal 3 as the major product. Later
reinvestigation of this reaction by Yoshino et al.[60] showed
that 2,3:5,6:3',4'-tri-O-isopropylidene-6'-O-(2-methoxyiso-
propyl)lactose dimethyl acetal (2) was formed as a minor
product. When we carried out the acetonation of lactose (1)
following the method of Ueno et al. ,[61] compound 3 was
isolated in good yield (70%) together with a small amount of
2 (4 %). The latter acetal can be readily transformed into 3 by
boiling in methanol for 1 hour as previously described by
Yoshino et al. (Scheme 1).[60] Acetylation of the 2',6'-hydroxyl
groups of 3 was followed by selective hydrolysis in 70 %
AcOH at RT, taking advantage of the different acid lability of
the four acetal functions. Compounds 5 (14.0%), 6 (14.0 %)
and 9 (15.0 %) were obtained together with a 20 % of the
starting material 4. The low regioselectivity observed in the
hydrolysis is compensated, since 5 and 6 are useful precursors
for the pursued target compounds and 9 could be reace-
tonated giving again 4 in high yield (96 %). Compound 6
fulfils all the requirements indicated above because it has the
5,6-hydroxyl groups ready for the formation of the cor-
responding cyclic sulfate derivative, whereas the rest of the
hydroxyl groups are protected. Furthermore, compound 5
gave access to diol 11 by acetylation of the 3'- and 4'-hydroxyl
groups and selective hydrolysis of the 5,6-O-isopropylidene
group (48% overall yield from 5). Diols 6 and 11 were
characterised together with their corresponding 5,6-di-O-
acetates derivatives 7 and 12, respectively, (Scheme 1).


Isopropylidenation of maltose (13) and cellobiose (22)
using the procedure of Ueno et al.[61] led to the tri-O-
isopropylidene derivatives 14 and 23, respectively
(Scheme 2). Whereas 14 was the sole product isolated in the
reaction with maltose, formation of the di-O-isopropylidene


Abstract in Spanish: En el presente artículo se describe la
síntesis de disacaÂridos que contienen azufre en la unidad
reductora a traveÂs de una estrategia química no glicosidante.
Los disacaÂridos naturales lactosa, maltosa y celobiosa fueron
transformados, en varias etapas, en los 4-O-glicosil-2,3-O-
isopropiliden-aldehido d-glucosa (6, 11, 18 y 27) y 4-O-
glicosil-2,3-O-aldehido l-idosa (42a y b) dimetil acetales
adecuadamente protegidos. Los compuestos 6, 11, 18 y 27 se
transformaron en los correspondientes 4-O-glicosil-5,6-dide-
soxi-5,6-epitio-2,3-O-isopropiliden-aldehido-l-idosa dimetil
acetales 33e ± h a traveÂs de los 5,6-sulfatos cíclicos 31a ± d,
por reaccioÂn con tioacetato potaÂsico o tiocianato potaÂsico y
tratamiento con NaOMe/MeOH. La apertura nucleofílica del
anillo episulfuro de 33e ± h con acetato soÂdico seguido de
hidroÂlisis aÂcida, des-O-acetilacioÂn de ZempleÂn y acetilacioÂn
condujo a los tiodisacaÂridos 4-O-(2', 3',4',6'-tetra-O-acetil-b-d-
galactopiranosil-, -a-d-glucopiranosil- y -b-d-glucopiranosil)-
1,2,3,6-tetra-O-acetil-5-tio-a,b-l-idopiranosas (38 ± 40). Así
mismo, el tiodisacaÂrido 1,2,3-tri-O-acetil-4-O-[2',3',4',6'-tetra-
O-acetil-b-d-galactopiranosil]-6-deoxy-5-tio-a,b-l-idopirano-
sa (37) se obtuvo por tratamiento de la sal potaÂsica de 4-O-
(2',6'-di-O-acetil-3',4'-O-isopropiliden-b-d-galactopiranosil)-
2,3-O-isopropiliden-6-S-ciano-5-O-sulfonato-6-tio-aldehido-
d-glucosa dimetil acetal (32a) con hidruro de aluminio y litio
seguido de hidroÂlisis aÂcida y acetilacioÂn. Los tioazuÂcares
anaÂlogos de maltosa y celobiosa (47c y d) se sintetizaron
siguiendo una estrategía similar (5,6-sulfato cíclico!episul-
furo!tioazuÂcar) a partir de los compuestos 42a y b.
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derivative 24 also occurs in the reaction with cellobiose.
Selective hydrolysis of the 4',6'-acetal in 14 and 23 with boiling
methanol containing traces of acetic acid allowed the easy
transformation into 15 and 24, respectively. These compounds
were subsequently converted into the tetra-O-acetyl deriva-
tives 16 and 25 and then treated with 80 % acetic acid at 50 8C
yielding the diols 18 and 27; these are then ready to be used
for the formation of the corresponding cyclic sulfate. In all
these transformations the reactions exhibited good to high
yields (Scheme 2).


The disaccharide diols 6, 11, 18 and 27 were then trans-
formed into the episulfides 33 e ± h via the cyclic sulfates 31 a ±
d. Formation of these sulfates was performed by reaction with
SOCl2/Et3N followed by oxidation of the resulting cyclic
sulfite by means of the procedure reported by Gao and
Sharpless.[63] These two reactions were perfomed in a one-pot
procedure to give the cyclic sulfates in high yields (82 ± 96 %).
Two routes were now followed for the synthesis of episulfides
33 e ± h from the cyclic sulfate derivatives. First, nucleophilic
opening of the sulfate ring with potassium thiocyanate in


Scheme 1. Synthesis of partially protected derivatives of lactose. Reaction conditions: i) 2,2-dimethoxypropane, 1,4-dioxane, p-TsOH; ii) MeOH, reflux;
iii) Ac2O/Py; iv) 70 % AcOH, RT; v) acetone, 2,2-dimethoxypropane, H� ; vi) MsCl/Py; vii) 80% AcOH, 50 8C.


Scheme 2. Synthesis of partially protected derivatives of maltose and cellobiose. Reaction conditions: i) 2,2-dimethoxypropane, 1,4-dioxane, p-TsOH;
ii) MeOH, reflux; iii) Ac2O, Py for 16 and 25 or Me3COCl, Py for 17 and 26 ; iv) 80% AcOH, 50 8C; v) MsCl/Py.
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compounds 31 a, c and d gave the potassium salts 32 a, c and d
in 79 ± 99 % yield. Subsequent treatment of these salts with
sodium methoxide in methanol afforded the episulfides 33 e, g
and h in high yields (85 ± 90 %). The second route studied used
potassium thioacetate as nucleophile for the opening of the
cyclic sulfate and introduction of a sulfur atom at the C-6 atom
of the disaccharide derivatives. The corresponding 6-S-acetyl
potassium salts were not isolated, but were directly treated
with NaOMe/MeOH yielding the episulfides 33 e ± h in a more
straightforward fashion and with improved yields (88 ± 100 %
from 31 a ± d ; Scheme 3). As a result of these reactions an


Scheme 3. Synthesis of episulfides 33 e ± h. Reaction conditions :
i) a) SOCl2, Et3N, CH2Cl2; b) RuCl3, NaIO4, MeCN, CCl4, H2O; ii) KSCN,
acetone; iii) KSAC, acetone; iv) NaOMe, MeOH.


inversion of the configuration at the C-5 carbon atom
occurred and therefore l-thio sugars will be obtained by the
nucleophilic opening of the episulfide ring.


A different strategy for the synthesis of monosaccharide
5,6-episulfides has been used by Hashimoto et al.[64] for the
synthesis of 5-thio-l-fucose by formation of 5,6-di-O-p-
toluensulfonylesters derived from sugars and selective dis-
placement of the 6-O-tosyl group with potassium thioacetate
followed by treatment with NaOMe/MeOH. For this reason,
the synthesis of di-O-methanesulfonylesters 8, 19 and 28 was
performed. Our experience showed that no selectivity was
observed in the reactions of these dimesylate disaccharide
derivatives with potassium thioacetate and mixtures of mono-
and di-substituted compounds were obtained.


Incorporation of the sulfur atom into the carbohydrate ring
in order to get the desired thio sugars was first carried out by
thiirane opening with sodium acetate in acetic anhydride and
acetic acid. This reaction allowed the conversion of episulfides
33 e ± h into the 5-thioacetyl derivatives 35 a ± d in good yields
(57 ± 87 %). A yield decrease in the case of the preparation of
the episulfide 33 c was due to concomitant formation of olefin
36 c as a by-product (33% yield). This process is not unusual,
since thiirane thermal desulfurisation has previously been
reported.[65±71] Acidic hydrolysis of the acetal groups in 35 a ± d
followed by Zemplen de-O-acetylation and acetylation af-
forded the disaccharide thio sugars 38 ± 40 as an a,b mixture of
anomers in 55 ± 63 % yield. On the other hand, treatment of
the thiocyanate salt 32 a with an excess of lithium aluminium
hydride led directly to the thiol derivative 34 e, which was then
subsequently hydrolysed with aqueous acetic acid and acety-
lated. By this route, the 6-deoxy disaccharide thio sugar 37
was obtained in 38.0 % overall yield from 32 a (Scheme 4).


Considering the inversion of the configuration that occurs
at the C-5 carbon in the formation of the episulfides 33 e ± h,
the synthesis of the thioanalogous of the naturally occurring
disaccharides using a similar strategy requires an additional
previous inversion in the configuration of C-5. In order to
achieve this goal, it is necessary to use orthogonal protection
that allows discrimination of the 5,6-hydroxyl groups. For
these reasons, compounds 15 and 24 were transformed into
the tetra-pivalate derivatives 17 and 26, respectively. Selective
hydrolysis of the 5,6-O-isopropylidene group followed by
treatment with methanesulfonyl chloride led to the 5,6-di-O-
methanesulfonyl derivatives 21 and 30 (see Scheme 2).
Subsequent reaction with sodium acetate in acetic anydride
allowed the desired inversion at C-5 and the isolation of
compounds 41 a and b (Scheme 5). The selective deprotection
of the acetyl esters in the presence of the pivaloyl esters was
performed with guanidine or sodium methoxide at 0 8C
yielding compounds 42 a and b. Application of a strategy
identical to that used for the diols 6, 11, 18 and 27 led to
episulfides 44 a and b via the cyclic sulfates 43 a and b.
However, the nucleophilic opening of these episulfides with
sodium acetate occurred with low yields and formation of the
olefin 45 a as the major product was observed in the case of
episulfide 44 a. The presence of the bulky pivaloyl groups in
these compounds can be pointed out as the likely cause for
these results. An improvement in this transformation was
possible by using the tetra-O-acetyl derivatives 44 c and d,
which were obtained from 43 a and b by treatment with
sodium methoxide in methanol followed by conventional
acetylation. Opening of the thiirane ring in compounds 44 c
and d happened in 16 and 52 % yield, respectively, and the
resulting acyclic 5-thio sugars 46 c and d were thus obtained
and then converted into the thiodisaccharides thiomaltose
and thiocellobiose 47 c and d.


Conclusion


We report the first synthesis of 1!4-linked disaccharides
containing sulfur in the reducing ring unit by means of a
nonglycosylating strategy and starting from the natural
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disaccharides lactose, maltose
and cellobiose. The methodol-
ogy used takes advantage of an
easy protection ± deprotection
manipulation of those natural
disaccharides based on kinetic
acetonation and selective hy-
drolysis ; this allows the synthe-
sis of partially protected disac-
charide derivatives that have
the 5,6-hydroxyl groups free.
This in turn enables the intro-
duction of the sulfur in the ring
of the reducing unit through the
sequence diol!cyclic sulfate
!thiirane!thio sugar.


Experimental Section


General details : Thin-layer chroma-
tography (TLC) was performed on
precoated plates of silica gel 60 F254


(Merck) with detection by UV light
and the spots were visualised with a
spray containing 5% sulfuric acid in
ethanol followed by heating. Organic
solutions were dried over Na2SO4.
Column chromatography was per-
formed on silica gel 60 (270 ±
230 mesh, Merck). Optical rotations
were measured with a Perkin ± Elm-
er 141 polarimeter at RT. Infrared
data were obtained with a Perkin ±
Elmer IR 983 spectrometer; only


Scheme 4. Synthesis of thiodisaccharides 37 ± 40. Reaction conditions: i) LiAlH4, THF; ii) Ac2O, AcOH, NaOAc; iii) a) AcOH/H2O; b) Ac2O/Py; iv) a)
AcOH/H2O; b) NaOMe, MeOH; c) Ac2O/Py.


Scheme 5. Synthesis of thiomaltose 47 c and thiocellobiose 47 d. Reaction conditions: i) NaOAc/Ac2O/AcOH;
ii) NaOMe/MeOH, 0 8C or guanidine, Cl2CH2, EtOH; iv) a) KSAc, acetone; b) NaOMe, MeOH; v) a) KSAc,
acetone; b) NaOMe, MeOH; c) Ac2O, Py; vi) NaOAc, Ac2O, AcOH; vii) a) AcOH, H2O; b) NaOMe, MeOH;
c) Ac2O, Py.
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bands of spectral structural significance are listed. 1H and 13C NMR spectra
were recorded at 300 MHz (Bruker AM 300) and when specified at
400 MHz or 500 MHz (AM 400 or AM 500 instruments, respectively). The
1H and 13C resonances for compounds 3, 14, 17, 26, 37, 38, 39, 40 and 42a
were assigned by 1H-1H COSY and 13C-1H NOESY correlation experi-
ments. Mass spectra data (m/z) were obtained by the chemical ionisation
mode using methane as the ionizing gas with a Fisons VG Platform II
instrument and molecular weights were obtained with a Fisons VG
Autospec-Q instrument. Microanalyses were performed by the University
of Granada Microanalytical Service.


Reaction of lactose (1), maltose (13) and cellobiose (22) with 2,2-dimeth-
oxypropane: general procedure : The reactions were carried out by the
method of Ueno et al.[61, 62] with slight modifications. 2,2-Dimethoxypro-
pane (40 mL, 0.33 mol) and p-toluenesulfonic acid (1.0 g) was added to a
suspension of anhydrous disaccharide 1, 13 or 22 (10.0 g, 29.24 mmol) in
anhydrous 1,4-dioxane (100 mL) and the mixture was stirred at 70 ± 80 8C
(6 h for lactose and cellobiose and 1.5 h for maltose). After cooling,
triethylamine was added dropwise until the solution became basic (pH
paper) and the solvent was evaporated. The residue was purified by column
chromatography.


2,3:5,6-Di-O-isopropylidene-4-O-(3'',4''-O-isopropylidene-b-dd-galactopyra-
nosyl)-aldehydo-dd-glucose dimethyl acetal (3), and its 6''-O-(1-methyloxy-
1-methylethyl) derivative (2): Column chromatography (ether) first gave 2
(0.71 g, 4.2 %), which was isolated as a syrup. [a]22


D ��19.0 (c� 4.0,
chloroform); IR (neat) nÄ � 3450, 1456, 1370, 1246, 1216, 1155, 1127,
1083 cmÿ1; 1H NMR (CDCl3): d� 4.47 (dd, J� 7.7, 6.1 Hz, 1H; H-2), 4.35
(d, J� 8.2 Hz, 1 H; H-1'), 4.34 (d, J� 6.1 Hz, 1 H; H-1), 4.24 (ddd, J� 6.7,
6.6, 2.6 Hz, 1 H; H-5), 4.11 (dd, J� 5.4, 2.0 Hz, 1H; H-4'), 4.10 (dd, J� 8.6,
6.7 Hz, 1 H; H-6), 4.04 (dd, J� 2.4, 1.7 Hz, 1 H; H-4), 4.04 (dd, J� 7.2,
5.5 Hz, 1 H; H-3'), 3.97 (dd, J� 8.8, 6.7 Hz, 1H; H-6), 3.87 (dd, J� 7.6,
1.5 Hz, 1 H; H-3), 3.79 (ddd, J� 6.3, 6.3, 2.1 Hz, 1H; H-5'), 3.70 ± 3.50 (m,
4H; H-2',6',6',OH), 3.39, 3.38, 3.15 (3s, 9H; 3MeO), 1.46, 1.44, 1.33, 1.30,
1.29, 1.27 (6s, 24H; 4CMe2); 13C NMR (CDCl3): d� 110.0, 109.9, 108.2,
100.5, 105.0, 104.1, 79.0, 77.9, 77.8, 76.6, 74.8, 74.4, 73.5, 72.8, 64.8, 60.0, 56.0,
53.0, 48.5, 28.2, 27.2, 26.4, 26.2, 25.7, 24.6, 24.3, 24.2.
Compound 3 (10.4 g, 70.2 %) was eluted second. M.p. 125 ± 126 8C (from
ether/hexane; lit. 133 ± 134 8C,[59] 129 ± 131 8C,[72] 129 ± 130 8C[60]), [a]22


D �
�38.0 (c� 1.5, chloroform) {lit. [a]22


D � �39.1 (c� 1, chloroform),[59]


�37.3 (c� 1.3, chloroform)[72]}; IR (KBr): nÄ � 3450, 1456, 1380, 1210,
1116, 906, 871, 664 cmÿ1; 1H NMR (CDCl3, D2O): d� 4.61 (dd, J� 7.8,
6.8 Hz, 1 H; H-2), 4.43 (d, J� 8.3 Hz, 1H; H-1'), 4.37 (d, J� 6.7 Hz, 1H;
H-1), 4.34 (ddd, J� 7.3, 5.1, 2.5 Hz, 1H; H-5), 4.22 (dd, J� 8.8, 5.1 Hz, 1H;
H-6), 4.09 (dd, J� 6.0, 5.3 Hz, 1 H; H-3'), 4.07 ± 3.97 (m, 3H; H-4, 4', 6),
3.95 ± 3.85 (m, 2H; H-3,6'), 3.82 (br d, J� 9.0 Hz, 1H; H-5'), 3.67 (dt, J�
12.0, 2.0 Hz, 1H; H-6'), 3.54 (dd, J� 8.3, 6.0 Hz, 1H; H-2'), 3.50, 3.49 (2s,
6H; 2MeO), 1.51, 1.39, 1.33, 1.32 (4 s, 18 H; 3CMe2); 13C NMR (CDCl3):
d� 110.5, 110.0, 108.4 (3 CMe2), 107.2 (C-1), 103.5 (C-1'), 79.4 (C-3'), 78.1
(C-3), 77.5 (C-5), 75.8 (C-4'), 75.4 (C-2), 74.7 (C-5'), 74.1 (C-2'), 73.5 (C-4),
64.5 (C-6), 62.4 (C-6'), 57.5, 54.3 (2MeO), 28.1, 27.0, 26.2, 26.2, 25.6, 23.9
(3CMe2). Compound 3 was also obtained in quantitative yield by treatment
of 2 in boiling methanol for 1 h.


2,3:5,6-Di-O-isopropylidene-4-O-(4'',6''-O-isopropylidene-a-dd-glucopyra-
nosyl)-aldehydo-dd-glucose dimethyl acetal (14): Column chromatography
with ethyl acetate and then methanol/chloroform 1:10 gave 14 (8.2 g,
55.2 %) as a syrup. [a]22


D ��58.0 (c� 1, chloroform); IR (neat): nÄ � 3470,
1457, 1373, 1266, 1211, 1065, 1026, 850 cmÿ1; 1H NMR (500 MHz, CDCl3):
d� 5.06 (d, J� 3.9 Hz, 1H; H-1'), 4.40 (d, J� 5.9 Hz, 1H; H-1), 4.24 ± 4.20
(m, 2H; H-2,5), 4.15 (dd, J� 6.6, 4.0 Hz, 1H; H-3), 4.03 (dd, J� 8.0, 6.4 Hz,
1H; H-6), 3.96 (dd, J� 8.0, 6.5 Hz, 1H; H-6), 3.87 ± 3.84 (m, 2 H; H-4, 6'),
3.80 ± 3.70 (m, 3 H; H-3',5',6'), 3.55 (dt, J� 9.5, 3.9 Hz, 1 H; H-2'), 3.52 (t,
J� 9.3 Hz, 1H; H-4'), 3.45, 3.42 (2s, 6 H; 2 OMe), 3.13 (d, J� 9.8 Hz, 1H;
HO-2'), 2.62 (s, 1H; OH-3'), 1.51, 1.46, 1.43, 1.35 (4 s, 18H; 3CMe2);
13C NMR (CDCl3): d� 110.1, 108.8, 99.6 (3CMe2), 104.9 (C-1), 100.8 (C-1'),
79.7 (C-4), 78.3 (C-3), 75.6, 75.3 (C-2,5), 73.4, 73.3 (C-2',4'), 72.1 (C-5'), 65.8
(C-6), 63.8 (C-3'), 62.1 (C-6'), 56.6, 53.7 (2 MeO), 29.0, 27.2, 27.0, 26.3, 24.9,
19.0 (3 CMe2).


2,3:5,6-Di-O-isopropylidene-4-O-(4'',6''-O-isopropylidene-b-dd-glucopyra-
nosyl)-aldehydo-dd-glucose dimethyl acetal (23) and 4-O-b-dd-glucopyrano-
syl-2,3:5,6-di-O-isopropylidene-aldehydo-dd-glucose dimethyl acetal (24):
Column chromatography (ethyl acetate) first gave 23 (5.5 g, 37%) as a
syrup. [a]22


D �ÿ10.0, [a]22
436�ÿ18.0 (c� 1, chloroform); IR (neat): nÄ �


3426, 1456, 1369, 1209, 1073, 854 cmÿ1; 1H NMR (CDCl3): d� 4.58 (d,
J� 7.6 Hz, 1H; H-1'), 4.43 (dd, J� 7.3, 6.4 Hz, 1 H; H-2), 4.37 (d, J� 6.3 Hz,
1H; H-1), 4.31 (ddd, J� 7.1, 6.3, 1.8 Hz, 1H; H-5), 4.19 (dd, J� 8.8, 6.3 Hz,
1H; H-6), 4.07 (m, 1H; H-4), 4.02 (dd, J� 8.8, 7.1 Hz, 1H; H-6), 3.90 (dd,
J� 7.4, 1.7 Hz, 1H; H-3), 3.83 (dd, J� 10.8, 5.9 Hz, 1 H; H-6'), 3.80 ± 3.58
(m, 4 H; H-3',4',6',OH), 3.48 (t, J� 8.0 Hz, 1 H; H-2'), 3.41, 3.39 (2 s, 6H;
2MeO), 3.27 (m, 1 H; H-5'), 2.71 (br s, 1 H; OH), 1.52, 1.44, 1.38, 1.35 (4 s,
18H; 3 CMe2); 13C NMR (CDCl3): d� 110.3, 108.4, 99.9, 105.0, 104.8, 78.1,
77.9, 75.5, 74.7, 73.8, 73.0, 67.6, 64.6, 62.1, 55.9, 52.8, 29.1, 27.3, 26.5, 25.6, 24.2,
19.2; HR-MS (FAB� ) C23H40O12Na calcd for [M��Na] 531.2417; found
531.2421.


Further elution with ethyl acetate/methanol 20:1 provided the second title
product 24 (2.2 g, 15.5 %) isolated as a hygroscopic foam solid. M.p. 126 ±
129 8C; [a]22


D �ÿ9.0 (c� 1, methanol); IR (neat): nÄ � 3450, 1456, 1371, 1253,
1217, 1160, 1079, 992, 856 cmÿ1; 1H NMR ([D6]DMSO): d� 5.04 (d, J�
4.7 Hz, 1H; OH), 4.95 (d, J� 4.8 Hz, 1H; OH), 4.91 (d, J� 5.1 Hz, 1H;
OH), 4.40 (dd, J� 7.2, 6.4 Hz, 1 H; H-2), 4.37 (d, J� 6.5 Hz, 1H; H-1), 4.31
(d, J� 7.8 Hz, 1H; H-1'), 4.13 (m, 1H; H-5), 4.07 (dd, J� 8.5, 5.5 Hz, 1H;
H-6), 4.02 (dd, J� 7.3, 1.0 Hz, 1H; H-3), 3.93 (dd, J� 8.6, 5.8 Hz, 1H; H-6),
3.89 (dd, J� 7.9, 4.3 Hz, 1 H; HOÿC-6'), 3.39 (m, 1H; H-6'; dd, J� 11.7,
6.5 Hz after isotopic exchange), 3.32, 3.30 (2 s, 6H; 2MeO), 3.60, 3.17 ± 2.92
(2m, 6 H; H-4, 2',3',4',5',6'), 1.31, 1.28, 1.24 (3s, 18H; 3 CMe2); 13C NMR
([D6]DMSO): d� 108.8, 108.0, 105.3, 103.3, 77.1, 76.7, 76.1, 75.9, 74.5, 73.8,
70.3, 65.5, 61.6, 55.7, 53.3, 27.1, 26.6, 25.5; C20H36O12 ´ 1/2H2O (477.51): calcd
C 50.31, H 7.76; found C 50.70, H 7.84.


Selective hydrolysis of 4'',6''-acetal of 14 and 23. Synthesis of 15 and 24 : A
solution of 14 or 23 (6.2 g, 12.2 mmol) and acetic acid (2 drops) in methanol
(100 mL) was boiled for 24 h. The solvent was removed under vacuum and
the residue was purified by column chromatography.


4-O-a-dd-Glucopyranosyl-2,3:5,6-di-O-isopropylidene-aldehydo-dd-glucose
dimethyl acetal (15): Column chromatography (methanol/ethyl acetate
1:15) of the crude product gave first the starting material 14 (1.15 g,
16.1 %). Compound 15 (4.02 g, 70.4 %) was eluted second as a syrup.
[a]22


D ��76.0 (c� 1, methanol); IR (neat): nÄ � 3402, 1374, 1253, 1216, 1053,
1047 cmÿ1; 1H NMR ([D6]DMSO): d� 4.93 (d, J� 5.1 Hz, 1H; OH),4.88
(d, J� 5.3 Hz, 1 H; OH), 4.84 (d, J� 4.6 Hz, 1H; OH), 4.78 (d, J� 3.5 Hz,
1H; H-1'), 4.73 (dd, J� 7.4, 7.1 Hz, 1H; H-2), 3.89 (t, J� 5.2 Hz, 1H;
HOÿC-6'), 4.33 (d, J� 6.4 Hz, 1H; H-1), 4.05, 3.62 ± 3.00 (several m, 11H;
H-3,4,5,6,6,2',3',4',5',6',6'), 3.33, 3.29 (2s, 6H; 2MeO), 1.36, 1.30, 1.29, 1.24
(4s, 12H; 2CMe2); 13C NMR ([D6]DMSO): d� 108.5, 107.7, 105.1, 101.3,
79.6, 78.0, 75.3, 73.2, 72.7, 72.1, 70.0, 66.8, 60.9, 55.6, 52.80, 27.4, 26.8, 26.5,
25.1; HR-MS (FAB� ) C20H36O12Na calcd for [M��Na] 491.2104; found
491.2087; C20H36O12 ´ H2O (486.51): calcd C 49.37, H 7.87; found C 49.20, H
8.14.


4-O-b-dd-Glucopyranosyl-2,3:5,6-di-O-isopropylidene-aldehydo-dd-glucose
dimethyl acetal (24): Column chromatography (ethyl acetate) of the crude
product gave 24 (3.78 g, 66.3 %) which showed physical properties identical
to those described above.


Acetylation of 3, 15 and 24 : Conventional acetylation of 3, 15 and 24 (5.0 g)
with acetic anhydride-pyridine (25:25 mL) at RT overnight gave after
conventional work-up a crude product that was purified by column
chromatography.


4-O-(2'',6''-Di-O-acetyl-3'',4''-O-isopropylidene-b-dd-galactopyranosyl)-2,3:
5,6-di-O-isopropylidene-aldehydo-dd-glucose dimethyl acetal (4): Column
chromatography (ether) gave 4 (5.1 g, 88 %). M.p. 105 ± 106 8C (lit. m.p.
113 ± 115 8C[59]); [a]22


D ��25.0 (c� 1, chloroform)(lit. [a]22
D ��25.2[59]).


The 1H and 13C NMR data are identical to the reported by Yoshino et al.[60]


4-O-(2'',3''4'',6''-Tetra-O-acetyl-a-dd-glucopyranosyl)-2,3:5,6-di-O-isopropyl-
idene-aldehydo-dd-glucose dimethyl acetal (16): Column chromatography
(ether/hexane 5:1) gave 16 (5.43 g, 80%). M.p. 115 ± 117 8C; [a]22


D ��93.0
(c� 2, chloroform) {lit. [a]22


D ��116.7 (c� 0.06, chloroform)[61]}; IR (KBr):
nÄ � 1744, 1369, 1224, 1161, 1142, 1085, 1058, 1029 cmÿ1; 1H NMR (CDCl3):
d� 5.49 (dd, J� 10.5, 9.4 Hz, 1H; H-3'), 5.32 (d, J� 3.6 Hz, 1 H; H-1'), 5.09
(dd, J� 10.2, 9.4 Hz, 1H; H-4'), 4.95 (dd, J� 10.5, 3.6 Hz, 1H; H-2'), 4.36
(ddd, J� 10.3, 3.8, 2.2 Hz, 1H; H-5), 4.32 (d, J� 5.9 Hz, 1H; H-1), 4.30 ±
4.20, 4.12 ± 3.90 (several m, 7 H; H-3,4,6,6,5',6',6'), 4.15 (dd, J� 7.4, 5.9 Hz,
1H; H-2), 3.45, 3.44 (2 s, 6H; 2 MeO), 2.10, 2.08, 2.02, 2.00 (4s, 12 H; 4Ac),
1.45, 1.42, 1.41, 1.35 (4 s, 12H; 2 CMe2); 13C NMR (CDCl3): d� 170.7, 170.2,
170.0, 169.6, 110.2, 108.5, 105.9, 97.1, 78.8, 78.8, 76.0, 75.7, 70.7, 70.0, 68.4,
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67.6, 65.7, 61.9, 57.0, 54.7, 27.2, 26.9, 26.4, 25.1, 20.7, 20.6; C28H44O16 (636.65):
calcd C 52.83, H 6.97; found C 53.14, H 7.11.


4-O-(2'',3'',4'',6''-Tetra-O-acetyl-b-dd-glucopyranosyl)-2,3:5,6-di-O-isopropyl-
idene-aldehydo-dd-glucose dimethyl acetal (25): Column chromatography
(ether/hexane 5:1) gave 25 (5.67 g, 83.5 %) as an amorphous solid. M.p.
60 ± 61 8C; [a]22


D �ÿ11.0 (c� 1, chloroform) {lit. [a]22
D �ÿ12.0 (c� 0.51,


chloroform)[62]}; 1H NMR (CDCl3): d� 5.20 (t, J� 9.3 Hz, 1 H; H-3'), 5.13
(t, J� 8.9 Hz, 1 H; H-4'), 5.07 (dd, J� 9.4, 7.3 Hz, 1 H; H-2'), 4.98 (d, J�
7.9 Hz, 1 H; H-1), 4.43 ± 4.33, 3.95 ± 3.91 (2m, 5H; H-2,3,6,6,1'), 4.31 (ddd,
J� 6.8, 6.7, 2.3 Hz, 1 H; H-5), 4.22 (dd, J� 12.3, 4.3 Hz, 1 H; H-6'), 4.12 (t,
J� 1.7 Hz, 1 H; H-4), 4.07 (dd, J� 12.2, 2.3 Hz, 1 H; H-6'), 3.69 (ddd, J�
9.8, 4.2, 2.4 Hz, 1 H; H-5'), 3.38, 3.36 (2s, 6H; 2 MeO), 2.08, 2.06, 2.01, 1.99
(4s, 12H; 4Ac), 1.50, 1.36, 1.31 (3s, 12H; 2CMe2); 13C NMR (CDCl3): d�
170.7, 170.3, 169.5, 169.4, 110.9, 108.1, 105.1, 100.5, 78.3, 78.1, 74.9, 74.0, 73.1,
71.6, 71.3, 68.7, 64.4, 62.0, 55.7, 52.6, 27.3, 26.3, 26.1, 24.4, 20.7; MS (FAB� ):
m/z : 659 [M��Na], 637 [M��H]; C28H44O16 (636.65): calcd C 52.83, H 6.97;
found C 52.49, H 7.18.


Pivalation of 15 and 24. Synthesis of 17 and 26 : Pivaloyl chloride (3.5 mL)
and a catalytic amount of DMAP was added to a solution of 15 or 24
(4.7 mmol) in dry pyridine (10 mL). The reaction was kept at RT for 72 h
and then at 60 8C for 24 h. The reaction mixture was poured into ice water
(100 mL) and extracted with chloroform (100 mL). The organic phase was
successively washed with hydrochloric acid (2� 75 mL), saturated aqueous
solution of sodium hydrogen carbonate (100 mL) and water (50 mL). The
organic phase was evaporated and the residue was purified by column
chromatography (ether/hexane 1:1)


4-O-(2'',3'',4'',6''-Tetra-O-pivaloyl-a-dd-glucopyranosyl)-2,3:5,6-di-O-isopro-
pylidene-aldehyde-dd-glucose dimethyl acetal (17): Column chromatogra-
phy gave 17 (3.06 g, 81 %), as a syrup. [a]22


D ��84.0 (c� 1, chloroform); IR
(neat): nÄ � 1741, 1700, 1141, 1039 cmÿ1; 1H NMR (CDCl3): d� 5.62 (d, J�
3.7 Hz, 1 H; H-1'), 5.61 (t, J� 9.8 Hz, 1 H; H-3'), 5.12 (dd, J� 10.4, 9.5 Hz,
1H; H-4'), 4.88 (dd, J� 10.3, 3.7 Hz, 1 H; H-2'), 4.70 (ddd, J� 10.4, 4.7,
1.3 Hz, 1 H; H-5'), 4.30 (d, J� 5.6 Hz, 1 H; H-1), 4.23 ± 4.18 (m, 2 H; H-3,6),
4.11 (dd, J� 7.6, 2.7 Hz, 1H; H-4 or H-5), 4.04 ± 3.96 (m, 4H; H-2,6,6',6'),
3.91 (dd, J� 7.6, 6.3 Hz, 1H; H-5 or H-4), 3.47, 3.45 (2 s, 6H; 2 MeO), 1.48,
1.43, 1.37, 1.34 (4 s, 12 H; 2 CMe2); 13C NMR (CDCl3): d� 178.1, 177.5, 177.0
(4CO), 110.4, 108.6 (2 CMe2), 105.6 (C-1), 94.7 (C-1'), 79.1 (C-4 or C-5),
77.6 (C-2), 75.0 (C-3), 74.8 (C-5 or C-4), 70.9 (C-2'), 69.4 (C-3'), 68.1 (C-4'),
67.3 (C-5'), 64.1 (C-6'), 61.9 (C-6), 57.0, 54.6 (2MeO), 38.9, 38.8, 38.6
(Me3C), 27.3, 27.2, 27.1, 27.0 26.9, 26.5, 26.4, 25.5 (4Me3C, 2Me2C);
C40H68O16Na: HR-MS (FAB� ) calcd [M��Na] 827.4405; found 827.4384.


4-O-(2'',3'',4'',6''-Tetra-O-pivaloyl-b-dd-glucopyranosyl)-2,3:5,6-di-O-isopro-
pylidene-aldehyde-dd-glucose dimethyl acetal (26): Column chromatogra-
phy gave 26 (2.61 g, 69 %) as a solid. M.p. 131 ± 132 8C; [a]22


D �ÿ16.0 (c� 1,
chloroform); IR (KBr): nÄ � 1745, 1138 cmÿ1; 1H NMR (CDCl3): d� 5.25
(dd, J� 9.2, 7.0 Hz, 1 H; H-3'), 5.16 (dd, J� 9.7, 9.2 Hz, 1H; H-4'), 5.12 ±
5.05 (m, 2 H; H-1', 2'), 4.36 ± 4.31 (m, 2 H; H-1,2), 4.26 (dd, J� 6.8, 3.3 Hz,
1H; H-5), 4.18 (br s, 1H; H-4), 4.16 (dd, J� 12.4, 1.5 Hz, 1H; H-6'), 4.03 (m,
1H; H-3), 4.02 (dd, J� 12.4, 4.6 Hz, 1H; H-6'), 3.95 (m, 2H; H-6,6), 3.68
(ddd, J� 9.9, 4.5, 1.5 Hz, 1 H; H-5'), 3.36, 3.36 (2s, 6 H; 2OMe), 1.46, 1.34,
1.29, 1.21 (4 s, 12H; 2CMe2), 1.20, 1.15, 1.12, 1.09 (4s, 36H; 4Me3C);
13C NMR (CDCl3): d� 178.2, 177.3, 177.2, 176.6 (CO), 110.8, 108.2
(2CMe2), 105.1 (C-1), 99.5 (C-1'), 78.1 (C-5), 77.9 (C-3), 75.2 (C-2), 72.9
(C-3'), 72.3 (C-5'), 72.2 (C-4), 71.7 (C-2'), 68.1 (C-4'), 64.9 (C-6), 61.8 (C-6'),
55.5, 53.6 (2OMe), 38.7 (Me3C), 27.7, 27.3, 27.3, 27.2, 27.1, 26.8, 26.5, 24.9
(4Me3C, 2 Me2C); HR-MS (FAB� ) C40H68O16Na: calcd for [M��Na]
827.4405; found 827.4402; C40H68O16 (804.97): calcd C 59.68, H 8.52; found
C 59.41, H 8.65.


Treatment of 4 with aqueous acetic acid. Synthesis of 5, 6 and 9 : Compound
4 (7.6 g, 12.82 mmol) was hydrolysed with aqueous 70 % acetic acid for 70 h
at RT. Water (25 mL) was added, the mixture was neutralised with sodium
hydrogen carbonate. The solution was extracted with ethyl acetate (6�
65 mL). The organic phase was dried and concentrated. The residue was
chromatographed (ether) to give the starting material 4 (1.4 g, 20.0 %).


4-O-(2'',6''-Di-O-acetyl-b-dd-galactopyranosyl)-2,3:5,6-di-O-isopropylidene-
aldehydo-dd-glucose dimethyl acetal (5): Compound 5 (1 g, 14.1 %) as a
solid was obtained after further elution with ethyl acetate. M.p. 123 ±
124 8C; [a]22


D ��9.0, [a]22
436��20.0 (c� 1, methanol); IR (KBr): nÄ � 3440,


1742, 1373, 1250, 1226, 1156, 1050 cmÿ1; 1H NMR (CDCl3): d� 5.03 (dd,
J� 9.8, 8.1 Hz, 1 H; H-2'), 4.85 (d, J� 8.0 Hz, 1H; H-1'), 4.47 (dd, J� 6.6,


6.2 Hz, 1 H; H-2), 4.36 (d, J� 6.2 Hz, 1 H; H-1), 4.40 ± 4.25 (m, 2H; H-5,6'),
4.19 (dd, J� 11.5, 6.5 Hz, 1H; H-6'), 4.10 (m, 1 H; H-4), 4.01 (dd, J� 6.7,
1.4 Hz, 1H; H-3), 3.97 (m, 2H; H-6,6), 3.90 (d, J� 2.8 Hz, 1H; H-4'), 3.68
(dd, J� 6.4, 6.1 Hz, 1H; H-5'), 3.62 (dd, J� 9.8, 3.0 Hz, 1H; H-3'), 3.41, 3.40
(2s, 6H; 2 MeO), 2.16, 2.08 (2s, 6 H; 2 Ac), 1.50, 1.37, 1.33 (3 s, 12H;
2CMe2); 13C NMR (CDCl3): d� 171.3, 171.0, 111.0, 108.0, 105.0, 100.5, 78.2,
78.1, 75.4, 74.0, 72.9, 72.5, 72.2, 69.0, 64.6, 62.9, 55.4, 53.3, 27.6, 26.4, 26.1,
24.6, 20.9, 20.8; C24H40O14 ´ 1/2H2O (561.58): calcd C 51.34, H 7.31; found C
51.49, H 7.30.


4-O-(2'',6''-Di-O-acetyl-3'',4''-O-isopropylidene-b-dd-galactopyranosyl)-2,3-
O-isopropylidene-aldehydo-dd-glucose dimethyl acetal (6): Upon further
elution compound 6 was obatined as a syrup (1.0 g, 14.1 %). [a]22


D ��11.0,
[a]22


436��24.0 (c� 1, methanol); IR (neat): nÄ � 3475, 1747, 1454, 1373, 1226,
1157, 1132, 1082 cmÿ1; 1H NMR (CDCl3): d� 4.97 (dd, J� 8.0, 6.8 Hz, 1H;
H-2'), 4.66 (d, J� 8.0 Hz, 1H; H-1'), 4.45 (dd, J� 7.4, 5.8 Hz, 1H; H-2), 4.36
(d, J� 5.7 Hz, 1H; H-1), 4.35 (dd, J� 10.7, 5.1 Hz, 1H; H-6'), 4.26 (dd, J�
11.6, 7.1 Hz, 1H; H-6'), 4.17 ± 4.11 (m, 3H; H-3',4', OH), 4.09 (dd, J� 7.4,
1.5 Hz, 1H; H-3), 3.95 (ddd, J� 7.0, 5.1, 1.8 Hz, 1 H; H-5'), 3.88 (dd, J� 5.2,
1.4 Hz, 1 H; H-4), 3.81 (m, 1 H; H-5), 3.75 ± 3.70 (m, 3 H; H-6,6,OH), 3.43,
3.42 (2s, 6 H; 2MeO), 2.10, 2.07 (2 s, 6H; 2 Ac), 1.52, 1.39, 1.31 (3 s, 12H;
2CMe2); 13C NMR (CDCl3): d� 170.9, 169.7, 110.9, 110.8, 105.2, 100.2, 77.3,
77.0, 76.7, 75.7, 73.5, 72.9, 72.8, 71.0, 63.3, 63.2, 55.9, 53.8, 27.6, 27.4, 26.4, 26.3,
21.0, 20.8; MS (CI� ) m/z : 537 [M�ÿCH3], 521 [M��1ÿCH3OH], 287
[C13H19O7]; HR-MS (FAB� ) C24H41O14: calcd for [M��H] 553.2496;
found 553.2494.


4-O-(2'',6''-Di-O-acetyl-b-dd-galactopyranosyl)-2,3-O-isopropylidene-alde-
hydo-dd-glucose dimethyl acetal (9): Further elution with chloroform-
methanol 5:1 gave 9 (1 g, 15.2 %) as a solid. M.p. 157 ± 160 8C; [a]22


D �
�10.0, [a]22


436��20.0 (c� 1, methanol); IR (KBr): nÄ � 3412, 1743, 1375,
1241, 1139, 1064 cmÿ1; 1H NMR ([D6]DMSO, D2O): d� 4.83 (dd, J� 9.9,
8.1 Hz, 1 H; H-2'), 4.54 (d, J� 8.1 Hz, 1H; H-1'), 4.38 (t, J� 6.4 Hz, 1H;
H-2), 4.29 (d, J� 6.2 Hz, 1 H; H-1), 4.20 ± 3.20 (several m, 10 H;
H-3,4,5,6,6,3',4',5',6',6'), 3.30, 3.26 (2 s, 6H; 2MeO), 2.01, 2.00 (2 s, 6H;
2Ac),1.27, 1.25 (2s, 6H; CMe2); 13C NMR ([D6]DMSO): d� 170.3, 169.0,
109.1, 104.8, 99.8, 77.0, 76.1, 74.9, 72.1, 72.0, 71.6, 70.7, 68.4, 63.5, 61.7, 54.9,
52.6, 27.8, 26.6, 20.9, 20.5; C21H36O14 (512.51): calcd C 49.21, H 7.08. found:
C 49.36, H 7.04.


Acetonation of 9 : 2,2-Dimethoxypropane (10 mL) and p-toluenesulfonic
acid (50 mg) was added to a solution of 9 (0.74 g) in anhydrous acetone
(20 mL). The mixture was stirred for 1 h at RT. Triethylamine was then
added until the solution became basic and the solvent was evaporated. The
residue was chromatographed (ether) to give 4 (0.82 g, 96%).


Acetylation of 5 and 6. Synthesis of 10 and 7: Conventional acetylation of 5
and 6 (1.0 g) with acetic anhydride/pyridine (7:7 mL) at RT overnight
followed by conventional work-up gave a crude product that was purified
by column chromatography.


4-O-(2'',3'',4'',6''-Tetra-O-acetyl-b-dd-galactopyranosyl)-2,3:5,6-di-O-isopro-
pylidene-aldehydo-dd-glucose dimethyl acetal (10): Column chromatogra-
phy (ether/hexane 5:1) of the crude product gave 10 (1.14 g, 99 %), as a
syrup. [a]22


D �ÿ8.0, [a]22
436�ÿ13.0 (c� 1, chloroform); IR (neat): nÄ � 1749,


1458, 1376, 1218, 1154, 1076, 721, 664 cmÿ1; 1H NMR (CDCl3): d� 5.38 (d,
J� 3.4 Hz, 1 H; H-4'), 5.21 (dd, J� 10.5, 8.0 Hz, 1 H; H-2'), 4.99 (dd, J�
10.4, 3.5 Hz, 1H; H-3'), 4.97 (d, J� 7.9 Hz, 1 H; H-1'), 4.45 (dd, J� 7.1,
6.1 Hz, 1 H; H-2), 4.36 (d, J� 6.1 Hz, 1 H; H-1), 4.33 (m, 1H; H-5), 4.15 ±
3.93 (m, 7 H; H-3,4,6,6,5',6',6'), 3.41 (s, 6 H; 2MeO), 2.16, 2.10, 2.04, 1.98
(4s, 12 H; 4Ac), 1.49, 1.40, 1.38, 1.31 (4s, 12H; 2 CMe2); 13C NMR (CDCl3):
d� 170.4, 170.2, 169.6, 110.9, 108.0, 105.2, 100.8, 78.2, 78.1, 75.2, 73.7, 71.1,
70.5, 68.9, 67.1, 64.4, 61.2, 55.7, 53.2, 27.5, 26.3, 26.1, 24.3, 20.8, 20.7, 20.6; MS
m/z (CI� ): 621 [M�ÿCH3], 605 [M��1ÿCH3OH], 331 (C14H19O9); HR-
MS (FAB� ) C28H45O16: calcd for [M��H] 637.2707; found 637.2699.


4-O-(2'',6''-Di-O-acetyl-3'',4''-O-isopropylidene-b-dd-galactopyranosyl)-5,6-di-
O-acetyl-2,3-O-isopropylidene-aldehydo-dd-glucose dimethyl acetal (7):
Column chromatography (ether/hexane 5:1) of the crude product gave 7
(1.10 g, 95.5 %), as a syrup. [a]22


D ��18.0, [a]22
436��38.0 (c� 2.0, chloro-


form); IR (neat): nÄ � 1749, 1437, 1373, 1224, 1156, 1132, 1080 cmÿ1; 1H NMR
(CDCl3): d� 5.30 (ddd, J� 8.5, 2.8, 2.2 Hz, 1H; H-5), 4.99 (dd, J� 7.9,
7.1 Hz, 1 H; H-2'), 4.65 (d, J� 8.0 Hz, 1H; H-1'), 4.60 (dd, J� 12.5, 2.2 Hz,
1H; H-6), 4.40 ± 4.00 (m, 9H; H-1,2,3, 4,6,3',4',6',6'), 3.94 (ddd, J� 7.1, 5.2,
1.9 Hz, 1H; H-5'), 3.44, 3.43 (2s, 6H; 2MeO), 2.17, 2.11, 2.06 (3 s, 12H;
4Ac), 1.57, 1.39, 1.37, 1.35 (4s, 12H; 2CMe2); 13C NMR (CDCl3): d� 170.9,
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170.8, 170.0, 169.5, 111.0, 110.9, 105.3, 99.5, 77.9, 77.2, 75.6, 75.5, 74.2, 73.5,
72.9, 71.1, 63.3, 62.7, 55.8, 53.7, 27.6, 27.5, 26.4, 26.3, 21.2, 20.9, 20.8; MS
(CI� ): m/z : 621 [M�ÿCH3], 605 [M��1ÿCH3OH], 287 [C13H19O7]; HR-
MS (FAB� ) C28H45O16: calcd for [M��H] 637.2708; found 637.2717.


Selective hydrolysis of 5,6-acetal of 10, 16 and 25: general procedure :
Compounds 10, 16 and 25 (3.5 g, 5.5 mmol) were treated with aqueous 70%
acetic acid (40 mL) at 45 8C (4 h for 10 and 2 h for 16 and 25). The reaction
mixtures were concentrated and coevaporated with toluene to give a crude
product that was purified by column chromatography.


4-O-(2'',3'',4'',6''-Tetra-O-acetyl-b-dd-galactopyranosyl)-2,3-O-isopropyli-
dene-aldehydo-dd-glucose dimethyl acetal (11): Column chromatography
(ethyl acetate/methanol 50:1) of the crude product gave, first, unreacted 10
(420 mg, 12%). Compound 11 (1.39 g, 48%) was eluted second. M.p. 85 ±
90 8C; [a]22


D �ÿ13.0, [a]22
436�ÿ25 (c� 1, chloroform); IR (KBr): nÄ � 3450,


1749, 1392, 1215, 1143, 1099, 1041 cmÿ1; 1H NMR (CDCl3): d� 5.39 (dd,
J� 3.0, 1.0 Hz, 1H; H-4'), 5.21 (dd, J� 10.5, 7.9 Hz, 1 H; H-2'), 5.03 (dd, J�
10.5, 3.4 Hz, 1H; H-3'), 4.83 (d, J� 8.0 Hz, 1H; H-1'), 4.45 (dd, J� 7.4,
5.9 Hz, 1H; H-2), 4.38 (d, J� 5.9 Hz, 1H; H-1), 4.15 ± 3.75 (several m, 10H;
H-3,4,5,6,6,5',6',6',2 OH), 3.44 (s, 6H; 2 MeO), 2.16, 2.10, 2.05, 1.98 (4s,
12H; 4Ac), 1.44, 1.42 (2s, 6H; CMe2); 13C NMR (CDCl3): d� 170.5, 170.3,
170.2, 169.5, 110.8, 105.3, 100.7, 77.3, 77.0, 75.7, 73.0, 71.0, 70.8, 69.2, 67.1,
63.5, 61.2, 56.0, 54.0, 27.4, 26.4, 20.8, 20.7, 20.7, 20.6; MS (CI� ): m/z : 581
[M�ÿCH3], 565 [M��1ÿCH3OH], 331 [C14H19O9]; C25H40O16 (596.58):
calcd C 50.33, H 6.76; found C 50.34, H 6.84.


4-O-(2'',3'',4'',6''-Tetra-O-acetyl-a-dd-glucopyranosyl)-2,3-O-isopropylidene-
aldehydo-dd-glucose dimethyl acetal (18): Column chromatography (ethyl
acetate) of the crude product gave, first, unreacted 16 (680 mg, 19.4 %).
Compound 18 (2.44 g, 74.4 %) was eluted second as a syrup. [a]22


D ��61.0
(c� 1, chloroform); IR (neat): nÄ � 3510, 1742, 1725, 1437, 1376, 1179, 1169,
1014 cmÿ1; 1H NMR (CDCl3): d� 5.52 (dd, J� 10.4, 9.4 Hz, 1 H; H-3'), 5.20
(d, J� 3.8 Hz, 1 H; H-1'), 5.05 (dd, J� 10.3, 9.5 Hz, 1H; H-4'), 4.95 (dd, J�
10.4, 3.8 Hz, 1H; H-2'), 4.42 (ddd, J� 10.2, 5.0, 2.5 Hz, 1 H; H-5'), 4.33 (d,
J� 5.8 Hz, 1 H; H-1), 4.27 (dd, J� 7.5, 5.9 Hz, 1H; H-2), 4.20 ± 4.09 (m, 3H;
H-3,6',6'), 3.98 (m, 1H; H-5), 3.77 (dd, J� 3.4, 3.1 Hz, 1H; H-4), 3.70 (m,
2H; H-6,6), 3.46 (s, 6H; 2MeO), 3.40 (d, J� 8.2 Hz, 1 H; OH-5), 2.37 (br s,
1H; OH-6), 2.11, 2.09, 2.04, 2.01 (4s, 12 H; 4 Ac), 1.51, 1.43 (2s, 6H; CMe2);
13C NMR (CDCl3): d� 170.8, 170.2, 170.0, 169.7, 110.6, 106.1, 98.4, 80.6,
78.6, 76.5, 73.9, 70.8, 69.9, 68.6, 68.3, 63.8, 62.3, 57.2, 55.7, 27.2, 26.5, 20.8,
20.7; HR-MS (FAB� ) C25H40O16Na: calcd for [M��Na] 619.2214; found
619.2199.


4-O-(2'',3'',4'',6''-Tetra-O-acetyl-b-dd-glucopyranosyl)-2,3-O-isopropylidene-
aldehydo-dd-glucose dimethyl acetal (27): Column chromatography (ethyl
acetate/methanol 50:1) of the crude product gave, first, unreacted 25 (1.1 g,
31%). Compound 27 (1.84 g, 56%) was eluted second. M.p. 108 ± 110 8C;
[a]22


D �ÿ20.0, [a]22
436�ÿ39.0 (c� 1, chloroform); IR (KBr): nÄ � 3422, 1756,


1364, 1230, 1176, 1067 cmÿ1; 1H NMR ([D6]DMSO): d� 5.23 (dd, J� 9.7,
9.6 Hz, 1 H; H-3'), 4.91 (d, J� 8.0 Hz, 1H; H-1'), 4.90 (t, J� 9.8 Hz, 1H;
H-4'), 4.77 (d, J� 4.4 Hz, 1 H; OHÿC-5), 4.75 (dd, J� 9.8, 8.0 Hz, 1H;
H-2'), 4.50 (t, J� 5.0 Hz, 1H; CH2OH), 4.36 ± 4.29, 3.96 ± 3.40 (several m,
8H; H-2,3,4,5,6,6,5',6'), 4.19 (d, J� 6.4 Hz, 1 H; H-1), 4.11 (dd, J� 12.0,
4.5 Hz, 1H; H-6'), 3.32, 3.30 (2s, 6H; 2 MeO), 1.99, 1.97, 1.93 (3 s, 12H;
4Ac), 1.28, 1.25 (2 s, 6 H; CMe2); 13C NMR ([D6]DMSO): d� 170.1, 169.5,
169.3, 168.8, 108.0, 104.8, 98.8, 76.7, 76.7, 74.7, 72.1, 71.5, 71.2, 70.3, 68.2, 62.0,
61.8, 55.3, 52.3, 27.6, 26.5, 20.3, 20.2; MS (CI� ): m/z : 581 [M�ÿCH3], 565
[M��1ÿCH3OH], 331 [C14H19O9]; C25H40O16 (596.58): calcd C 50.34, H
6.76; found C 50.38, H 6.93.


Synthesis of the 5,6-di-O-mesyl derivatives 8, 19 and 28: general procedure :
Methanesulfonyl chloride (0.5 mL) was added to a solution of 6, 18 or 27
(0.5 mmol) in dry pyridine (7 mL) and the reaction was kept at RT for 16 h.
The reaction mixture was poured into ice water and extracted with
chloroform (75 mL). The organic phase was successively washed with
hydrochloric acid (2� 50 mL), saturated aqueous solution of sodium
hydrogen carbonate (50 mL) and water (50 mL). After evaporation of the
organic phase, the residue was purified by column chromatography (ether).


4-O-(2'',6''-Di-O-acetyl-3'',4''-O-isopropylidene-b-dd-galactopyranosyl)-2,3-
O-isopropylidene-5,6-di-O-methanesulfonyl-aldehydo-dd-glucose dimethyl
acetal (8): Column chromatography gave 8 (172 mg, 48%) as a solid. M.p.
114 ± 116 8C; [a]22


D ��24.0, [a]22
436��50.0 (c� 1, chloroform); IR (KBr):


nÄ � 1742, 1353, 1227, 1177, 1094, 1042 cmÿ1; 1H NMR (CDCl3): d� 4.98 (dd,
J� 7.6, 6.7 Hz, 1H; H-2'), 4.94 (ddd, J� 7.6, 3.2, 2.6 Hz, 1 H; H-5), 4.78 (dd,


J� 12.1, 2.1 Hz, 1H; H-6), 4.70 (d, J� 7.7 Hz, 1 H; H-1'), 4.45 (dd, J� 10.8,
4.9 Hz, 1H; H-6'), 4.42 (dd, J� 6.1, 4.4 Hz, 1H; H-2), 4.40 (dd, J� 11.9,
3.7 Hz, 1H; H-6), 4. 38 (d, J� 6.0 Hz, 1H; H-1), 4.30 (dd, J� 3.1, 1.5 Hz,
1H; H-4), 4.25 (dd, J� 11.6, 7.3 Hz, 1 H; H-6'), 4.22 (dd, J� 6.6, 5.4 Hz, 1H;
H-3'), 4.17 (dd, J� 5.6, 2.1 Hz, 1H; H-4'), 4.01 (dd, J� 7.5, 1.4 Hz, 1H;
H-3), 3.97 (ddd, J� 7.1, 4.7, 2.3 Hz, 1H; H-5'), 3.46, 3.44 (2s, 6H; 2MeO),
3.12, 3.08 (2s, 6H; 2 Ms), 2.15, 2.10 (2s, 6 H; 2Ac), 1.54, 1.40, 1.38, 1.33 (4 s,
12H; 2 CMe2); 13C NMR (CDCl3): d� 170.2, 169.7, 111.2, 110.9, 105.3,
100.4, 82.0, 77.1, 76.6, 75.7, 73.4, 72.8, 71.3, 68.1, 63.2, 56.3, 53.9, 38.6, 37.6,
27.6, 27.4, 26.4, 26.2, 21.0, 20.8; MS (CI� ): m/z : 693 [M�ÿCH3], 287
[C13H19O7]; HR-MS (FAB� ) C26H43O18S2: calcd for [M�ÿH] 707.1891;
found 707.1882; C26H44O18S2 (708.74): calcd C 44.07, H 6.21, S 9.04; found C
44.03, H 6.19, S 8.81.


4-O-(2'',3'',4'',6''-Tetra-O-acetyl-a-dd-glucopyranosyl)-2,3-O-isopropylidene-
5,6-di-O-methanesulfonyl-aldehydo-dd-glucose dimethyl acetal (19): Col-
umn chromatography gave 19 (250 mg, 66 %) as a solid foam. M.p. 62 ±
66 8C; [a]22


D ��82.0 (c� 2, chloroform); IR (KBr): nÄ � 1749, 1363, 1227,
1177, 1041 cmÿ1; 1H NMR (CDCl3): d� 5.44 (dd, J� 10.4, 9.6 Hz, 1H;
H-3'), 5.41 (d, J� 3.8 Hz, 1 H; H-1'), 5.08 (dd, J� 10.1, 9.8 Hz, 1H; H-4'),
5.07 (m, 1H; H-5), 4.92 (dd, J� 10.5, 3.8 Hz, 1H; H-2'), 4.68 (dd, J� 11.6,
2.2 Hz, 1 H; H-6), 4.48 (dd, J� 11.6, 8.9 Hz, 1 H; H-6), 4.46 ± 4.37 (m, 2H;
H-1,6'), 4.27 ± 4.03 (m, 5 H; H-2,3,4,5',6'), 3.49, 3.44 (2s, 6 H; 2MeO), 3.12,
3.09 (2s, 6H; 2Ms), 2.06, 2.05, 2.02, 2.01 (4s, 12H; 4Ac), 1.38, 1.38 (2 s, 6H;
CMe2); 13C NMR (CDCl3): d : 170.7, 170.2, 170.0, 169.6 (4CO), 110.8
(CMe2), 105.3, 97.3, 81.4, 79.7, 77.7, 77.0, 70.4, 69.7, 68.3, 68.1, 67.5, 61.2, 57.7,
54.9, 38.4, 37.8, 26.9, 26.8, 20.8, 20.7; C27H44O20S2 (752.75): calcd C 43.08, H
5.89, S 8.52; found C 42.90, H 5.92, S 8.54.


4-O-(2'',3'',4'',6''-Tetra-O-acetyl-b-dd-glucopyranosyl)-2,3-O-isopropylidene-
5,6-di-O-methanesulfonyl-aldehydo-dd-glucose dimethyl acetal (28): Col-
umn chromatography gave 28 (0.29 g, 77%), as a solid. M.p. 68 ± 70 8C.
[a]22


D �ÿ4.0, [a]22
436�ÿ6.0 (c� 1, chloroform); IR (KBr): nÄ � 1756, 1364,


1230, 1176, 1065 cmÿ1; 1H NMR (CDCl3): d� 5.24 (dd, J� 9.4, 9.3 Hz, 1H;
H-3'), 5.12 (dd, J� 9.9, 9.4 Hz, 1H; H-4'), 5.03 (dd, J� 9.4, 8.0 Hz, 1H;
H-2'), 4.95 (ddd, J� 8.4, 2.6, 2.2 Hz, 1H; H-5), 4.90 (d, J� 7.9 Hz, 1H;
H-1'), 4.77 (dd, J� 12.1, 2.1 Hz, 1 H; H-6), 4.39 (dd, J� 6.8, 6.1 Hz, 1H;
H-2), 4.38 (d, J� 6.1 Hz, 1 H; H-1), 4.38 (dd, J� 12.1, 8.4 Hz, 1H; H-6), 4.33
(dd, J� 2.7, 1.6 Hz, 1H; H-4), 4.22 (dd, J� 12.2, 4.2 Hz, 1 H; H-6'), 4.14 (dd,
J� 12.4, 2.4 Hz, 1H; H-6'), 3. 98 (dd, J� 6.8, 1.4 Hz, 1 H; H-3), 3.73 (ddd,
J� 9.9, 4.3, 2.6 Hz, 1 H; H-5'), 3.44, 3.40 (2s, 6 H; 2MeO), 3.14, 3.07 (2 s,
6H; 2 Ms), 2.11, 2.07, 2.02, 2.00 (4s, 12H; 4Ac), 1.40, 1.37 (2 s, 6 H; CMe2);
13C NMR (CDCl3): d� 170.7, 170.2, 169.5, 111.1, 105.3, 100.4, 81.8, 77.0, 75.6,
73.0, 72.0, 71.7, 68.2, 67.8, 61.7, 56.6, 53.6, 38.7, 37.7, 27.4, 26.3, 20.6; MS (CI�
): m/z : 721 [M�ÿOCH3], 331 [C14H19O9]; C27H44O20S2 (752.75): calcd C
43.09, H 5.85, S 8.51; found C 43.43, H 6.01, S 8.34.


Synthesis of 5,6-di-O-methanesulfonyl derivatives 21 and 30: general
procedure : Compounds 17 and 26 (3.93 g, 4.90 mmol) were treated with
aqueous 80% acetic acid (40 mL) at 45 8C for 12 ± 14 h. The reaction
mixture was concentrated and evaporated with toluene to give a crude
product that was dissolved in dry pyridine (15 mL). Methanesulfonyl
chloride (1.1 mL) was then added at 0 8C and the magnetically stirred
solution was left at RT for 16 h. The reaction mixture was poured into ice
water (100 mL) and extracted with chloroform (150 mL). The organic
phase was successively washed with 5 % hydrochloric acid (2� 100 mL),
sodium hydrogen carbonate saturated aqueous solution (100 mL) and
water (50 mL). After evaporation of the organic phase, the residue was
purified by column chromatography (ether).


4-O-(2'',3'',4'',6''-Tetra-O-pivalolyl-a-dd-glucopyranosyl)-2,3-O-isopropyli-
dene-5,6-di-O-methanesulfonyl-aldehyde-dd-glucose dimethyl acetal (21):
Column chromatography gave 21 (3.0 g, 66.6 %) as a solid. M.p. 68 ± 70 8C;
[a]22


D �64.0 (c� 2.0, chloroform); IR (KBr): nÄ � 1742, 1177, 1140 cmÿ1;
1H NMR (CDCl3): d� 5.53 (d, J� 4.0 Hz, 1H; H-1'), 5.52 (t, J� 10.0 Hz,
1H; H-3'), 5.17 (dd, J� 10.2, 9.6 Hz, 1 H; H-4'), 5.13 (dt, J� 5.6, 5.5, 1.2 Hz,
1H; H-5), 4.90 (dd, J� 10.3, 4.0 Hz, 1 H; H-2'), 4.53 (d, J� 5.6 Hz, 1H;
H-6), 4.38 (d, J� 4.6 Hz, 1 H; H-1), 4.32 (dt, J� 10.3, 1.2, 1.2 Hz, 1 H; H-5'),
4.27 ± 4.20 (m, 4H; H-4,6,6',6'), 4.10 (dd, J� 6.7, 4.6 Hz, 1H; H-2), 4.04 (dd,
J� 8.0, 6.7 Hz, 1 H; H-3), 3.52, 3.46 (2s, 6H; 2MeO), 3.14, 3.10 (2 s, 6H;
2MeSO2), 1.41, 1.38 (2s, 6 H; CMe2), 1.23, 1.18, 1.15, 1.13 (4s, 36H; 4 Me3C);
13C NMR (CDCl3): d� 178.0, 177.4, 177.3, 177.2, 110.9, 105.1, 96.1, 79.8, 79.4,
77.8, 70.6, 69.5, 68.2, 67.6, 67.5, 60.9, 57.7, 54.7, 38.8, 38.3, 37.8, 27.3, 27.2, 27.2,
27.0, 27.0; HR-MS (FAB� ) C39H68O20NaS2: calcd for [M��Na] 943.3643;
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found 943.3631; C39H68O20S2 (921.0): calcd C 50.85, H 7.44, S 6.96; found C
50.55, H 7.63, S 6.91.


4-O-(2'',3'',4'',6''-Tetra-O-pivalolyl-b-dd-glucopyranosyl)-2,3-O-isopropyli-
dene-5,6-di-O-methanesulfonyl-aldehyde-dd-glucose dimethyl acetal (30):
Column chromatography gave 30 (2.95 g, 65 %) as a solid foam. M.p. 70 ±
73 8C; [a]22


D ÿ4.0 (c� 1.0, chloroform); IR (KBr): nÄ � 1744, 1178,
1140 cmÿ1; 1H NMR (CDCl3): d� 5.35 (dd, J� 9.3, 9.2 Hz, 1 H; H-3'),
5.21 (dd, J� 10.1, 9.3 Hz, 1H; H-4'), 5.07 (dd, J� 9.2, 8.0 Hz, 1 H; H-2'),
4.90 (d, J� 8.0 Hz, 1H; H-1'), 4.92 (ddd, J� 8.1, 3.3, 2.2 Hz, 1 H; H-5), 4.87
(dd, J� 12.2, 2.2 Hz, 1 H; H-6), 4.41 ± 4.32 (m, 4 H; H-1,2,4,6), 4.22 (dd, J�
12.5, 1.7 Hz, 1H; H-6'), 4.07 (dd, J� 12.5, 3.8 Hz, 1 H; H-6'), 4.00 (dd, J�
7.1, 1.3 Hz, 1H; H-3), 3.76 (ddd, J� 9.9, 3.7, 1.7 Hz, 1 H; H-5'), 3.43, 3.49 (2s,
6H; 2 MeO), 3.13, 3.03 (2 s, 6H; 2MeSO2), 1.39, 1.36 (2 s, 6H; CMe2), 1.23,
1.19, 1.14, 1.12 (4s, 36H; 4Me3C); 13C NMR (CDCl3): d� 178.1, 177.0,
176.3, 177.2, 111.1, 105.2, 99.8, 82.2, 76.6, 75.8, 74.9, 72.7, 72.4, 71.9, 68.0, 67.6,
61.4, 56.6, 54.0, 38.9, 38.6, 37.7, 27.5, 27.4, 27.3, 27.1, 26.4; HR-MS (FAB� )
C39H68O20NaS2: calcd for [M��Na] 943.3643; found 943.3653; C39H68O20S2


(921.0): calcd C 50.85, H 7.44, S 6.96; found C 50.46, H 7.61, S 7.35.


Synthesis of 41a and b: general procedure : Anhydrous NaAcO (2.3 g) was
added to a solution of compounds 21 or 30 (1.3 g, 1.4 mmol) in Ac2O
(20 mL). The reaction mixture was heated under reflux for 72 h. After this
time water (200 mL) was added and the resulting solution was neutralised
by the portion wise addition of sodium hydrogen carbonate. Extraction
with CH2Cl2 (2� 150 mL) was followed by washing with water (2�
100 mL). After evaporation of the organic phase, the residue was purified
by column chromatography.


4-O-(2'',3'',4'',6''-Tetra-O-pivalolyl-a-dd-glucopyranosyl)-2,3-O-isopropyli-
dene-5,6-di-O-acetyl-aldehyde-ll-idose dimethyl acetal (41 a): Column
chromatography (ether/hexane 1:1) first gave 41a (712 mg, 60 %) as a
solid. M.p. 118 8C; [a]22


D ��54.0 (c� 2.2, chloroform); IR (KBr): nÄ � 1742,
1220, 1134, 1039 cmÿ1; 1H NMR (CDCl3): d� 5.52 (dd, J� 10.4, 9.3 Hz, 1H;
H-3'), 5.23 (m, 1 H; H-5), 5.21 (d, J� 3.5 Hz, 1H; H-1'), 5.11 (dd, J� 10.1,
9.3 Hz, 1H; H-4'), 4.90 (dd, J� 10.4, 3.7 Hz, 1 H; H-2'), 4.45 (dd, J� 12.7,
2.5 Hz, 1H; H-6), 4.27 ± 4.04 (m, 7H; H-1,2,3,6,5',6',6'), 3.80 (dd, J� 5.7,
1.8 Hz, 1 H; H-4), 3.38, 3.35 (2 s, 6H; 2MeO), 2.00, 1.98 (2s, 6H; 2 Ac), 1.44,
1.35 (2s, 6H; CMe2), 1.16, 1.13, 1.06, 1.05 (4 s, 36H; 4 Me3C); 13C NMR
(CDCl3): d� 177.9, 177.8, 176.8, 176.2, 170.4, 170.1, 110.7, 105.9, 97.4, 76.9,
76.5, 76.2, 72.7, 71.1, 69.6, 68.7, 67.5, 63.2, 61.0, 57.2, 55.2, 38.9, 38.7, 27.2, 27.1,
27.1, 27.0, 26.9, 20.9, 20.7; HR-MS (FAB� ) C41H68O18Na: calcd for
[M��Na] 871.4303; found 871.4315; C41H68O18 (848.95): calcd C 58.00, H
8.07; found C 58.46, H 8.06. Unreacted 21 (445 mg, 34%) was eluted second.


4-O-(2'',3'',4'',6''-Tetra-O-pivalolyl-b-dd-glucopyranosyl)-2,3-O-isopropyli-
dene-5,6-di-O-acetyl-aldehyde-ll-idose dimethyl acetal (41 b): Column
chromatography (ether/hexane 2:1) gave 41b (792 mg, 66%) as a syrup.
[a]22


D � ÿ14.0 (c� 4.0, chloroform); IR (neat): nÄ � 1742, 1139 cmÿ1;
1H NMR (CDCl3): d� 5.33 (t, J� 9.4 Hz, 1H; H-3'), 5.20 (dd, J� 10.0,
9.3 Hz, 1 H; H-4'), 5.17 (m, 1 H; H-5), 5.09 (dd, J� 9.5, 8.0 Hz, 1H; H-2'),
4.89 (d, J� 8.1 Hz, 1H; H-1'), 4.40 ± 4.28 (m, 5 H; H-1,2,3,6,6) 4.22 (dd, J�
12.4, 1.5 Hz, 1 H; H-6'), 4.07 ± 3.98 (m, 2 H; H-4,6'), 3.77 (ddd, J� 10.0, 4.4,
1.5 Hz, 1 H; H-5'), 3.38, 3.36 (2s, 6 H; 2 MeO), 2.11, 2.04 (2 s, 6 H; 2Ac), 1.38,
1.34 (2s, 6H; CMe2), 1.23, 1.15, 1.13, 1.11 (4 s, 36H; 4 Me3C); 13C NMR
(CDCl3): d� 178.0, 177.2, 176.3, 176.3, 170.4, 170.1, 111.1, 105.1, 99.2, 75.8,
75.3, 72.9, 72.8, 72.5, 72.5, 71.2, 67.8, 55.7, 53.0, 38.9, 38.7, 38.7, 38.7, 27.6, 27.3,
27.3, 27.2, 27.2, 27.1, 27.0, 26.9, 26.4, 21.1, 21.0; HR-MS (FAB� )
C41H68O18Na: calcd for [M��Na] 871.4303; found 871.4302.


ZempleÂn de-O-acetylation of 41 a and b. Synthesis of 42a and b: general
procedure : A 0.5n solution of sodium methoxide in methanol (0.5 mL) was
added to a solution of 41a and b (1.84, 2.16 mmol) in anhydrous methanol
(25 mL). The reaction mixture was left at RT for 30 min. Neutralisation
with acetic acid was followed by concentration under vacuum giving a
crude product that was purified by column chromatography (ether) giving
42a and b in quantitative yields.


4-O-(2'',3'',4'',6''-Tetra-O-pivalolyl-a-dd-glucopyranosyl)-2,3-O-isopropyli-
dene-aldehyde-ll-idose dimethyl acetal (42 a): Isolated as a syrup. [a]22


D �
�52.0 (c� 1.0, chloroform); IR (neat): nÄ � 3450, 1735, 1281, 1134,
1035 cmÿ1; 1H NMR (CDCl3): d� 5.58 (dd, J� 10.4, 9.2 Hz, 1H; H-3'),
5.31 (d, J� 3.7 Hz, 1H; H-1'), 5.11 (dd, J� 10.2, 9.2 Hz, 1H; H-4'), 4.98 (dd,
J� 10.4, 3.7 Hz, 1 H; H-2'), 4.33 (d, J� 4.9 Hz, 1H; H-1), 4.24 ± 4.15 (m,
3H; H-2,3,5'), 4.14 (dd, J� 12.5, 1.8 Hz, 1 H; H-6'), 4.02 (dd, J� 12.5,
5.4 Hz, 1H; H-6'), 3.93 (m, 1H; H-5); 3.82 (dd, J� 11.5, 4.7 Hz, 1 H; H-6),


3.72 ± 3.70 (m, 2 H; H-4,6); 3.48, 3.43 (2s, 6H; 2 MeO), 1.50, 1.42 (2 s, 6H;
CMe2), 1.22, 1.19, 1.14, 1.11 (4s, 36H; 4Me3C); 13C NMR (CDCl3): d�
178.3, 177.8, 176.6 (4CO), 110.4 (CMe2), 106.1 (C-1), 97.5 (C-1'), 80.8 (C-4),
76.8, 76.6 (C-2,3), 71.6 (C-5), 70.9 (C-2'), 69.3 (C-3'), 68.9 (C-5'), 68.2 (C-4'),
62.3, 62.2 (C-6,6'), 57.7, 55.7 (2OMe), 39.0, 38.8 (CMe3), 27.3, 27.3, 27.2, 27.1,
26.9 (CMe2, CMe3); HR-MS (FAB� ) C37H64O16Na: calcd for [M��Na]
787.4092; found 787.4093.


4-O-(2'',3'',4'',6''-Tetra-O-pivalolyl-b-dd-glucopyranosyl)-2,3-O-isopropyli-
dene-aldehyde-ll-idose dimethyl acetal (42 b): Isolated as a solid. M.p. 62 ±
65 8C; [a]� ÿ15.0 (c� 1.0, chloroform); IR (KBr): nÄ � 3418, 1745,
1139 cmÿ1; 1H NMR (CDCl3): d� 5.33 (t, J� 9.4 Hz, 1H; H-3'), 5.21 (dd,
J� 9.8, 9.4 Hz, 1H; H-4'), 5.09 (dd, J� 9.4, 8.0 Hz, 1H; H-2'), 4.81 (d, J�
7.9 Hz, 1H; H-1'), 4.46 (dd, J� 7.4, 5.7 Hz, 1H; H-2), 4.37 (d, J� 5.7 Hz,
1H; H-1), 4.21 (dd, J� 12.4, 1.7 Hz, 1H; H-6'), 4.11 (d, J� 7.3 Hz, 1H;
H-3), 4.04 (dd, J� 12.4, 3.9 Hz, 1H; H-6'), 3.86 ± 3.59 (m, 5 H; H-4,5,6,6,5'),
3.42, 3.38 (2s, 6H; 2 MeO), 2.80, 1.07 (2 br s, 2H; 2 OH), 1.41, 1.40 (2 s, 6H;
CMe2), 1.23, 1.17, 1.14, 1.11 (4s, 36 H; 4Me3C); 13C NMR (CDCl3): d�
178.1, 177.6, 177.3, 176.4, 110.7, 105.1, 100.0, 76.4, 75.6, 75.5, 72.6, 72.4, 71.6,
71.3, 67.7, 61.5, 61.5, 56.3, 53.5, 39.0, 38.8, 27.5, 27.3, 27.3, 27.2, 27.1, 26.4; HR-
MS (FAB� ) C37H64O16Na: calcd for [M��Na] 787.4092; found 787.4086;
C37H64O16 (764.88): calcd C 58.10, H 8.43; found C 58.00, H 8.79.


Synthesis of cyclic sulfates 31a ± d and 43a and b: general procedure : SOCl2


(1.5 mmol) in CH2Cl2 (5 mL) was added dropwise over a period of 10 min
to an ice cooled and magnetically stirred solution of the diol 6, 11, 18, 27,
42a or 42b (1 mmol) and Et3N (4 mmol) in dry CH2Cl2 (20 mL). Stirring
was continued at 0 8C, until TLC (ether) showed complete disappearance of
starting material (15 ± 30 min). The mixture was diluted with CH2Cl2


(50 mL), and washed with water (2� 50 mL) and brine (100 mL). The
organic solution was dried (Na2SO4) and filtered. The filtrate was
concentrated under vacuum giving a mixture of the corresponding cyclic
sulfites, which was dissolved in MeCN/CCl4 (10:10 mL). NaIO4 (1.5 equiv)
dissolved in water (10 mL) was then added followed by a catalytic amount
of RuCl3 ´ 3H2O. The resulting mixture was stirred for 45 ± 60 min at RT
until TLC (ether/hexane 5:1) showed complete disappearance of the
starting material. The mixture was diluted with ether (100 mL) and washed
with water (2� 100 mL) and brine (100 mL). The organic solution was
dried (Na2SO4) and filtered. After evaporation the crude product obtained
was purified by short-column chromatography.


4-O-(2'',6''-Di-O-acetyl-3'',4''-O-isopropylidene-b-dd-galactopyranosyl)-2,3-
O-isopropylidene-aldehydo-dd-glucose dimethyl acetal 5,6-cyclic sulfate
(31 a): Column chromatography (ether/hexane 5:1) of the crude product
gave 31 a (0.503 g, 82.2 %) as a foam solid. M.p. 52 ± 54 8C; [a]22


D ��19.0,
[a]22


436��40.0 (c� 1, chloroform); IR (KBr): nÄ � 1747, 1385, 1214, 1155,
1132, 1085, 1047 cmÿ1; 1H NMR (CDCl3): d� 5.10 (ddd, J� 8.4, 6.7, 1.9 Hz,
1H; H-5), 5.00 (dd, J� 7.6, 7.0 Hz, 1H; H-2'), 4.79 (dd, J� 8.9, 8.4 Hz, 1H;
H-6), 4.69 (dd, J� 9.1, 6.7 Hz, 1H; H-6), 4.67 (d, J� 7.7 Hz, 1H; H-1'), 4.49
(dd, J� 7.3, 5.6 Hz, 1 H; H-2), 4.38 (d, J� 5.6 Hz, 1H; H-1), 4.35 (dd, J�
11.6, 5.3 Hz, 1H; H-6'), 4.28 (t, J� 3.3 Hz, 1H; H-4), 4.27 (dd, J� 11.6,
6.7 Hz, 1 H; H-6'), 4.22 (dd, J� 6.8, 5.6 Hz, 1H; H-3'), 4.16 (dd, J� 5.6,
2.1 Hz, 1 H; H-4'), 3.94 (dd, J� 7.3, 1.5 Hz, 1H; H-3), 3.93 (ddd, J� 6.9, 5.3,
2.1 Hz, 1H; H-5'), 3.44, 3.42 (2s, 6H; 2MeO), 2.12, 2.09 (2s, 6H; 2Ac),
1.53, 1.38, 1.35, 1.33 (4s, 12H; 2CMe2); 13C NMR (CDCl3): d� 111.6, 110.9,
104.9, 100.7, 83.0, 77.0, 75.5, 73.2, 72.6, 72.6, 71.2, 69.7, 63.1, 56.5, 53.7, 27.6,
27.4, 26.3, 26.3, 20.2; C24H38O16S (614.62): calcd C 46.90, H 6.23; found C
46.70, H 6.45.


4-O-(2'',3'',4'',6''-Tetra-O-acetyl-b-dd-galactopyranosyl)-2,3-O-isopropyli-
dene-aldehydo-dd-glucose dimethyl acetal 5,6-cyclic sulfate (25 b): Column
chromatography (ether) of the crude product gave 31b (0.554 g, 83.0 %) as
a foam solid. [a]22


D �ÿ1.5, [a]22
436� 4.0 (c� 1.0, chloroform); IR (KBr): nÄ �


1750, 1373, 1215, 1073, 972 cmÿ1; 1H NMR (CDCl3): d� 5.42 (dd, J� 3.4,
1.0 Hz, 1 H; H-4'), 5.20 (dd, J� 10.5, 7.8 Hz, 1 H; H-2'), 5.13 (ddd, J� 8.3,
7.0, 1.3 Hz, 1H; H-5), 5.05 (dd, J� 10.5, 3.4 Hz, 1H; H-3'), 4.82 (d, J�
7.8 Hz, 1H; H-1'), 4.78 (t, J� 8.7 Hz, 1 H; H-6), 4.69 (dd, J� 9.0, 6.8 Hz,
1H; H-6), 4.50 (dd, J� 7.3, 5.7 Hz, 1 H; H-2), 4.39 (d, J� 5.7 Hz, 1 H; H-1),
4.37 ± 4.31, 4.16 ± 4.06, 3.97 ± 3.90 (3m, 5 H; H-3,4,5',6',6'), 3.46, 3.43 (2 s,
6H; 2 MeO), 2.16, 2.11, 2.05, 1.98 (4 s, 12H; 4 Ac), 1.43, 1.38 (2 s, 6H;
CMe2); 13C NMR (CDCl3): d� 170.3, 170.1, 170.0, 169.9, 111.4, 105.1, 100.9,
82.6, 76.9, 75.5, 72.6, 70.8, 70.7, 68.8, 66.8, 69.5, 60.9, 56.6, 53.8, 27.2, 26.2,
20.6, 20.6, 20.5; C25H38O18S ´ 1/2 H2O (667.64): calcd C 44.97, H 5.89, S 4.80;
found C 44.90, H 6.08, S 4.80.







Disaccharides 1512 ± 1525
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4-O-(2'',3'',4'',6''-Tetra-O-acetyl-a-dd-glucopyranosyl)-2,3-O-isopropylidene-
aldehydo-dd-glucose dimethyl acetal 5,6-cyclic sulfate (31 c): Column
chromatography (ether/hexane 5:1) of the crude product gave 31 c
(0.554 g, 84.3 %) as a solid. M.p. 87 8C; [a]22


D ��80.0 (c� 1.0, chloroform);
IR (KBr): nÄ � 1750, 1370, 1224, 1111, 638, 616 cmÿ1; 1H NMR (CDCl3): d�
5.44 (dd, J� 10.5, 9.5 Hz, 1H; H-3'), 5.26 (d, J� 3.9 Hz, 1 H; H-1'), 5.14 (t,
J� 10.4 Hz, 1 H; H-4'), 5.13 (ddd, J� 8.5, 6.6, 1.7 Hz, 1 H; H-5), 5.06 (dd,
J� 10.5, 3.9 Hz, 1H; H-2'), 4.91 (t, J� 8.8 Hz, 1H; H-6), 4.76 (dd, J� 8.9,
6.6 Hz, 1 H; H-6), 4.35 (dd, J� 12.8, 3.1 Hz, 1 H; H-6'), 4.35 (d, J� 5.2 Hz,
1H; H-1), 4.29 ± 4.24 (m, 2H; H-4,5'), 4.10 (dd, J� 7.8, 5.2 Hz, 1 H; H-2),
4.10 (dd, J� 12.8, 2.5 Hz, 1H; H-6'), 3.98 (dd, J� 7.8, 3.6 Hz, 1 H; H-3),
3.48, 3.44 (2s, 6 H; 2 MeO), 2.10, 2.08, 2.04, 2.01 (4 s, 12 H; 4Ac), 1.43, 1.39
(2s, 6H; CMe2); 13C NMR (CDCl3): d� 170.6, 170.1, 169.8, 169.6, 110.8,
105.3, 98.0, 81.0, 77.5, 76.1, 75.9, 70.2, 69.9, 68.3, 67.7, 69.9, 61.5, 57.7, 55.5,
26.9, 26.5, 20.8, 20.7; C25H38O18S (658.63): calcd C 45.59, H 5.81, S 4.86;
found C 45.76, H 6.22, S 4.55.


4-O-(2'',3'',4'',6''-Tetra-O-acetyl-b-dd-glucopyranosyl)-2,3-O-isopropylidene-
aldehydo-dd-glucose dimethyl acetal 5,6-O-cyclic sulfate (31 d): Column
chromatography (ether/hexane 5:1) of the crude product gave 31 d (0.633 g,
96.3 %) as a solid. M.p. 125 ± 126 8C, [a]22


D �ÿ6.5, [a]22
436�ÿ11.0 (c� 1.0,


chloroform); IR (KBr): nÄ � 1755, 1382, 1214, 1053, 973 cmÿ1; 1H NMR
(CDCl3): d� 5.26 (dd, J� 9.4, 9.3 Hz, 1H; H-3'), 5.14 (dd, J� 9.9, 9.1 Hz,
1H; H-4'), 5.11 (m, 1H; H-5), 5.08 (dd, J� 9.5, 7.8 Hz, 1 H; H-2'), 4.83 (d,
J� 7.8 Hz, 1H; H-1'), 4.77 (dd, J� 9.0, 8.2 Hz, 1H; H-6), 4.68 (dd, J� 9.0,
6.9 Hz, 1 H; H-6), 4.46 (dd, J� 7.3, 5.7 Hz, 1 H; H-2), 4.36 (d, J� 5.7 Hz,
1H; H-1), 4.31 (dd, J� 1.7, 1.5 Hz, 1 H; H-4), 4.25 (dd, J� 12.2, 4.0 Hz, 1H;
H-6'), 4.12 (dd, J� 12.2, 2.5 Hz, 1H; H-6'), 3.93 (dd, J� 7.3, 1.4 Hz, 1H;
H-3), 3.72 (ddd, J� 9.9, 4.0, 2.5 Hz, 1H; H-5'), 3.43, 3.39 (2s, 6 H; 2MeO),
2.09, 2.08, 2.03, 2.00 (4s, 12 H; 4 Ac), 1.40, 1.37 (2s, 6H; CMe2); 13C NMR
(CDCl3): d� 170.5, 170.0, 169.9, 169.6, 111.5, 105.2, 100.7, 82.6, 77.0, 75.5,
73.0, 72.8, 71.8, 71.4, 68.3, 69.5, 61.7, 56.7, 53.6, 27.3, 26.8, 20.6, 20.5;
C25H38O18S (658.63): calcd C 45.59, H 5.81; found C 45.38, H 6.06.


4-O-(2'',3'',4'',6''-Tetra-O-pivaloyl-a-dd-glucopyranosyl)-2,3-O-isopropyli-
dene-aldehydo-ll-idose dimethyl acetal 5,6-O-cyclic sulfate (43 a): Column
chromatography (ether/hexane 2:1) of the crude product gave 43a (745 mg,
90.4 %) as a solid. M.p. 54 ± 56 8C; [a]22


D ��64.0 (c� 1.0, chloroform); IR
(KBr): nÄ � 1743, 1215, 1138 cmÿ1; 1H NMR (CDCl3): d� 5.55 (dd, J� 10.4,
9.3 Hz, 1H; H-3'), 5.24 (m, 1H; H-5), 5.24 (d, J� 3.8 Hz, 1H; H-1'), 5.16
(dd, J� 9.8, 9.4 Hz, 1H; H-4'), 5.00 (dd, J� 10.4, 3.8 Hz, 1H; H-2'), 4.78 (d,
J� 7.4 Hz, 1H; H-1), 4.33 (br d, J� 3.9 Hz, 1 H; H-3), 4.19 ± 4.05 (m, 7H;
H-2,4,6,6,5',6',6'), 3.50, 3.42 (2s, 6 H; 2 MeO), 1.46, 1.39 (2s, 6H; CMe2),
1.23, 1.19, 1.15, 1.12 (4 s, 36 H; 4Me3C); 13C NMR (CDCl3): d� 178.0, 177.7,
177.1, 176.4, 110.9, 105.7, 97.6, 81.5, 76.4, 76.3, 75.0, 70.9, 69.7, 69.5, 69.1, 68.0,
61.7, 58.0, 56.0, 39.1, 39.0, 38.9, 27.4, 27.4, 27.3, 27.2, 26.9, 26.7; HR-MS
(FAB� ) C37H62O18NaS: calcd for [M��Na] 849.3555; found 849.3565.


4-O-(2'',3'',4'',6''-Tetra-O-pivaloyl-b-dd-glucopyranosyl)-2,3-O-isopropyli-
dene-aldehydo-ll-idose dimethyl acetal 5,6-O-cyclic sulfate (43 b): Column
chromatography (ether/hexane 2:1) of the crude product gave 43b (740 mg,
90%) as a foam. M.p. 65 ± 70 8C; [a]22


D �ÿ10.0 (c� 1.0, chloroform); IR
(KBr): nÄ � 1735, 1274, 1134 cmÿ1; 1H NMR (CDCl3): d� 5.36 (dd, J� 9.5,
9.4 Hz, 1 H; H-3'), 5.22 (dd, J� 9.9, 9.5 Hz, 1H; H-4'), 5.10 (dd, J� 9.4,
8.1 Hz, 1H; H-2'), 5.08 (m, 1H; H-5), 4.90 (d, J� 8.1 Hz, 1H; H-1'), 4.79
(dd, J� 9.0, 6.4 Hz, 1H; H-6), 4.49 (dd, J� 8.8, 8.4 Hz, 1H; H-6), 4.43 (dd,
J� 6.8, 4.8 Hz, 1H; H-2), 4.37 (d, J� 4.8 Hz, 1H; H-1), 4.23 (dd, J� 12.4,
1.6 Hz, 1H; H-6'), 4.12 (dd, J� 8.7, 1.6 Hz, 1 H; H-4), 4.04 (dd, J� 12.4,
4.0 Hz, 1H; H-6'), 3.86 (dd, J� 6.8, 1.6 Hz, 1H; H-3), 3.75 (ddd, J� 10.0,
4.0, 1.6 Hz, 1 H; H-5'), 3.44, 3.39 (2 s, 6H; 2MeO), 1.37, 1.35 (2s, 6 H; CMe2),
1.23, 1.17, 1.15, 1.11 (4s, 36 H; 4 Me3C); 13C NMR (CDCl3): d� 178.0, 177.1,
176.6, 176.4, 111.9, 104.8, 99.9, 83.6, 75.8, 74.9, 74.8, 72.6, 72.3, 71.1, 69.5,
67.2, 61.5, 56.7, 54.6, 38.8, 27.3, 27.2, 27.1, 26.5; HR-MS (FAB� )
C37H62O18NaS: calcd for [M��Na] 849.3555; found 849.3575.


Opening of cyclic sulfates 31,a,c,d with potassium thiocyanate: general
procedure : KSCN (1.1 equiv) was added to a solution of the cyclic sulfate
31a, c and d (1 equiv) in dry acetone (20 mL). The resulting solution was
then stirred at RT until no cyclic sulfate remained (TLC; 4 d for 31a and d,
and 2 d for 31c). The solution was then concentrated and the crude product
was purified by column chromatography on silica gel.


4-O-(2'',6''-Di-O-acetyl-3'',4''-O-isopropylidene-b-dd-galactopyranosyl)-2,3-
O-isopropylidene-6-S-cyano-5-O-sulfonate-6-thio-aldehydo-dd-glucose di-
methyl acetal potassiun salt (32 a): Column chromatography (methanol/


chloroform 1:5) of the crude product gave 32a (635 mg, 89.3 %) as a
hygroscopic solid. M.p. 84 ± 87 8C; [a]22


D ��26.0 (c� 1, methanol); IR
(KBr): nÄ � 3482, 2159, 1748, 1374, 1227, 1155, 1132, 1078 cmÿ1; 1H NMR
([D6]DMSO, 500 MHz): d� 4.78 (dd, J� 8.2, 7.7 Hz, 1H; H-2'), 4.70 (d, J�
8.4 Hz, 1 H; H-1'), 4.39 ± 4.36, 4.22 ± 4.18 (2 m, 4H; H-2,4,5,4'), 4.31 (d, J�
6.2 Hz, 1H; H-1), 4.23 (dd, J� 7.4, 5.4 Hz, 1H; H-3'), 4.16 (dd, J� 11.4,
4.2 Hz, 1 H; H-6'), 4.10 (dd, J� 11.5, 7.8 Hz, 1H; H-6'), 4.01 (ddd, J� 7.5,
4.4, 2.0 Hz, 1 H; H-5'), 3.93 (dd, J� 6.8, 2.2 Hz, 1H; H-3), 3.48 (dd, J� 12.8,
2.6 Hz, 1H; H-6), 3.34, 3.31 (2s, 6 H; 2 MeO), 3.13 (dd, J� 13.0, 5.8 Hz, 1H;
H-6), 2.09, 2.03 (2s, 6 H; 2 Ac), 1.41, 1.29, 1.25, 1.25 (4s, 12 H; 2CMe2);
13C NMR (CDCl3): d� 170.9, 169.9, 114.2, 110.2, 109.9, 105.2, 100.1, 77.8,
77.3, 76.7, 76.3, 73.8, 73.1, 70.5, 63.1, 55.9, 54.2, 35.3, 27.9, 27.6, 26.6, 26.5, 21.1,
20.8; HR-MS (FAB� ) C25H39NO16S2K: calcd for [M��H] 712.1347; found
712.1342; C25H38O16NS2K ´ 1/2 H2O (780.80): calcd C 41.65, H 5.45, N 1.95, S
8.89; found C 41.92, H 5.73, N 1.64, S 8.84.


4-O-(2'',3'',4'',6''-Tetra-O-acetyl-a-dd-glucopyranosyl)-2,3-O-isopropylidene-
6-S-cyano-5-O-sulfonate-6-thio-aldehydo-dd-glucose dimethyl acetal potas-
sium salt (32 c): Column chromatography (methanol/chloroform 1:5) of the
crude product gave 32 c (610 mg, 79 %) as a solid. M.p. 105 ± 108 8C; [a]22


D �
�88.0 (c� 1, methanol); IR (KBr): nÄ � 2158, 1750, 1370, 1226, 1140,
1041 cmÿ1; 1H NMR ([D6]DMSO): d� 5.37 (t, J� 10.0 Hz, 1H; H-3'), 5.25
(d, J� 3.7 Hz, 1H; H-1'), 4.96 (t, J� 10.0 Hz, 1 H; H-4'), 4.68 (dd, J� 10.4,
3.7 Hz, 1H; H-2'), 4.43 ± 4.00 (several m, 6H; H-2,4,5,5',6',6'), 4.37 (d, J�
6.7 Hz, 1 H; H-1), 3.84 (t, J� 6.5 Hz, 1H; H-3), 3.44 ± 3.32 (m, 2 H; H-6,6),
3.38, 3.33 (2s, 6 H; 2 MeO), 1.99, 1.98, 1.97, 1.96 (4s, 12 H; 4Ac), 1.30, 1.28
(2s, 6 H; CMe2); 13C NMR (CDCl3): d� 170.6, 170.2, 170.0, 169.6, 114.0,
109.7, 105.1, 95.9, 81.1, 78.4, 76.8, 73.6, 70.5, 69.4, 67.9, 67.3, 56.6, 54.2, 35.1,
26.9, 26.8, 21.2, 20.8, 20.6; HR-MS (FAB� ) C26H39NO18S2K calcd for
[M��H] 756.1128; found 756.1102; C26H38O18NS2K ´ H2O (773.82): calcd C
40.35, H 5.21, N 1.81, S 8.28; found C 40.74, H 5.37, N 1.55, S 8.04.


4-O-(2'',3'',4'',6''-Tetra-O-acetyl-b-dd-glucopyranosyl)-6-deoxy-2,3-O-isopro-
pylidene-6-S-cyano-5-O-sulfonate-6-thio aldehydo-dd-glucose dimethyl
acetal potassium salt (32 d): Column chromatography (methanol/chloro-
form 1:3) of the crude product gave 32d (750 mg, 99%) as a solid. M.p.
122 ± 127 8C; [a]22


D �ÿ2.2, [a]22
436�ÿ3.9 (c� 0.7, methanol); IR (KBr): nÄ �


2113, 1753, 1373, 1226, 1062 cmÿ1; 1H NMR ([D6]DMSO): d� 5.23 (dd, J�
9.8, 9.6 Hz, 1H; H-3'), 4.98 (d, J� 8.0 Hz, 1 H; H-1'), 4.90 (dd, J� 9.8,
9.6 Hz, 1 H; H-4'), 4.78 (dd, J� 9.8, 8.0 Hz, 1 H; H-2'), 4.38 (m, 1H; H-5),
4.37 (br s, 1H; H-4), 4.32 (d, J� 6.2 Hz, 1 H; H-1), 4.22 (dd, J� 6.7, 6.5 Hz,
1H; H-2), 4.10 (dd, J� 12.4, 4.9 Hz, 1H; H-6'), 3.97 (dd, J� 12.2, 2.4 Hz,
1H; H-6'), 3.94 (dd, J� 6.0, 2.0 Hz, 1 H; H-3), 3.87 (ddd, J� 9.8, 4.7, 2.5 Hz,
1H; H-5'), 3.47 (dd, J� 12.5, 2.8 Hz, 1H; H-6), 3.32, 3.28 (2s, 6H; 2MeO),
3.11 (dd, J� 12.5, 9.3 Hz, 1 H; H-6), 2.05, 1.99, 1.97, 1.93 (4 s, 12H; 4Ac),
1.29, 1.26 (2s, 6 H; CMe2); 13C NMR (CDCl3): d� 170.1, 169.5, 169.3, 113.8,
109.6, 104.6, 100.1, 78.1, 77.3, 76.5, 75.5, 72.1, 71.2, 70.5, 68.1, 61.8, 55.5, 53.0,
35.0, 27.3, 26.3, 20.5, 20.3, 20.2; C26H38O18NS2K (755.80): calcd C 41.31, H
5.07, N 1.85, S 8.48; found C 41.68, H 4.72, N 1.48, S 8.10.


Synthesis of 5,6-dideoxy-5,6-epithio derivatives 33 e ± h and 44 a and b:
general procedure :


a) From cyclic sulfates : KSAc (1.1 equiv) was added to a solution of the
cyclic sulfate 31a ± d or 43 a and b (1 equiv) in dry acetone (20 mL) was
added. The resulting solution was then stirred at RT until no cyclic sulfate
remained (TLC; 1 d for 31b ± d, 43 a and b and 2.5 d for 31a). The solution
was then concentrated and the crude product was dissolved in dry methanol
and then NaOMe (5 equiv) was added. The reaction mixture was left at RT
until TLC (methanol/chloroform 1:5) showed complete disappearance of
the starting material (1 h for 31b ± d, 2 h for 31 a and 4 h 43 a and b). The
solution was neutralised with acetic acid and concentrated. The residue was
purified by column chromatography on silica gel.


b) From the 6-S-cyano-potassium salts 32a, c and d : NaOMe (5 equiv) was
added to a solution of the 6-S-cyano potassium salts 32 a, c and d (1 equiv)
in dry methanol (25 mL). The reaction mixture was left at RT until TLC
(methanol/chloroform 1:5) showed complete disappearance of the starting
material (2 ± 4 h). The solution was neutralised with acetic acid and
concentrated. The residue was purified by column chromatography on
silica gel using the solvent described above. Compounds 33e, g and h were
obtained in 85, 87 and 90 % yield, respectively.


5,6-Dideoxy-5,6-epithio-4-O-[3'',4''-O-isopropylidene-b-dd-galactopyrano-
syl]-2,3-O-isopropylidene-aldehydo-dd-idose dimethyl acetal (33 e): Col-
umn chromatography (ethyl acetate) of the crude product gave 33e
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(410 mg, 88%) as a solid. M.p. 117 ± 118 8C; [a]22
D ��4.0, [a]22


436��6.0 (c�
1.0, methanol); IR (KBr): nÄ � 3481, 1245, 1219, 1078 cmÿ1; 1H NMR
([D6]DMSO): d� 5.29 (d, J� 5.4 Hz, OHÿC-2'), 4.45 (d, J� 7.9 Hz, 1H;
H-1'), 4.41 (dd, J� 6.7, 4.6 Hz, 1H; CH2OH), 4.36 (d, J� 5.9 Hz, 1H; H-1),
4.27 (dd, J� 7.2, 5.9 Hz, 1H; H-2), 4.10 (dd, J� 5.6, 1.9 Hz, 1H; H-4'), 3.99
(ddd, J� 7.2, 6.7, 1.7 Hz, 1 H; H-6'; after isotopic exchange with D2O was
transformed in dd, J� 7.2, 1.7 Hz), 3.94 (dd, J� 6.8, 5.6 Hz, 1 H; H-3), 3.62
(ddd, J� 5.9, 5.3, 1.6 Hz, 1 H; H-5'), 3.60 ± 3.15 (several m, 5 H;
H-4,5,2',3',6'), 3.29, 3.28 (2 s, 6H; 2 MeO), 2.55 (dd, J� 6.3, 1.5 Hz, 1H;
H-6), 2.24 (dd, J� 5.3, 1.5 Hz, 1H; H-6), 1.35, 1.32, 1.30, 1.22 (4 s, 12H;
2CMe2); 13C NMR ([D6]DMSO): d� 109.5, 108.5, 104.7, 101.7, 80.6, 79.5,
79.3, 75.2, 73.0, 72.9, 72.4, 60.2, 55.3, 53.6, 35.3, 28.1, 27.2, 26.6, 26.3, 20.7;
HR-MS (FAB� ) C20H35O10S: calcd for [M��H] 467.1951; found 467.1948;
C20H35O10S (467.55): calcd C 51.48, H 7.35, S 6.87; found C 51.23, H 7.34, S
6.89.


5,6-Dideoxy-5,6-epithio-4-O-[b-dd-galactopyranosyl]-2,3-O-isopropyli-
dene-aldehydo-dd-idose dimethyl acetal (33 f): Column chromatography
(methanol/chloroform 1:4) of the crude product gave 33 f (383 mg, 90 %) as
a solid. M.p. 78 ± 80 8C; [a]22


D �ÿ15.0 (c� 1.0, methanol); IR (KBr): nÄ �
3482, 1374, 1255, 1214, 1168, 1116 cmÿ1; 1H NMR (500 MHz; D2O): d�
4.71 (d, J� 7.8 Hz, 1 H; H-1'), 4.62 (d, J� 6.7 Hz, 1H; H-1), 4.44 (dd, J� 7.0,
6.7 Hz, 1H; H-2), 4.33 (dd, J� 7.2, 1.9 Hz, 1 H; H-3), 3.92 (d, J� 3.2 Hz,
1H; H-4'), 3.78 (dd, J� 11.6, 8.0 Hz, 1 H; H-6'), 3.72 (dd, J� 11.6, 4.4 Hz,
1H; H-6'), 3.67 (dd, J� 9.8, 3.2 Hz, 1 H; H-3'), 3.64 (m, 1 H; H-5'), 3.58 (dd,
J� 9.9, 7.6 Hz, 1 H; H-2'), 3.51, 3.50 (2 s, 6H; 2 MeO), 3.50 (dd, J� 8.5,
1.9 Hz, 1H; H-4), 3.26 (ddd, J� 8.7, 6.1, 6.1 Hz, 1 H; H-5), 2.62 (dd, J� 6.6,
1.9 Hz, 1H; H-6), 2.38 (dd, J� 5.7, 1.9 Hz, 1H; H-6), 1.52, 1.48 (2s, 6H;
CMe2); 13C NMR ([D6]DMSO): d� 110.1, 105.3, 102.7, 80.8, 79.9, 75.4, 75.3,
73.8, 71.0, 68.2, 60.6, 56.0, 53.9, 35.8, 27.5, 27.1, 21.0; HR-MS (FAB� )
C17H31O10S: calcd for [M��H] 427.1638; found 427.1641; C17H30O10S ´ H2O
(444.49): calcd C 45.93, H 7.26, S 7.21; found C 45.92, H 7.10, S 6.76.


5,6-Dideoxy-5,6-epithio-4-O-[a-dd-glucopyranosyl]-2,3-O-isopropylidene-
aldehydo-dd-idose dimethyl acetal (33 g): Column chromatography (meth-
anol/chloroform 1:5) of the crude product gave 33g (424 mg, ÿ100 %) as a
syrup. [a]22


D ��70.0 (c� 1, methanol); IR (neat): nÄ � 3422, 1253, 1216,
1145, 1054, 1022, 922 cmÿ1; 1H NMR ([D6]DMSO, D2O): d� 4.76 (d, J�
3.7 Hz, 1H; H-1'), 4.45 (dd, J� 7.5, 6.3 Hz, 1H; H-2), 4.33 (d, J� 6.3 Hz,
1H; H-1), 3.94 (dd, J� 7.5, 1.6 Hz, 1H; H-3), 3.60 ± 3.00 (several m, 8H;
H-4,5,2',3',4',5',6',6'), 3.29, 3.28 (2s, 6 H; 2MeO), 2.51 (dd, J� 5.6, 2.6 Hz,
1H; H-6), 2.35 (dd, J� 5.6, 1.6 Hz, 1 H; H-6), 1.37, 1.30 (2 s, 6 H; CMe2);
13C NMR ([D6]DMSO): d� 109.6, 105.0, 101.1, 83.6, 79.9, 74.9, 73.3, 73.1,
72.9, 69.9, 60.7, 56.0, 53.9, 36.0, 27.6, 27.0, 22.3; HR-MS (FAB� )
C17H31O10S: calcd for [M��H] 427.1637; found 427.1631.


5,6-Dideoxy-5,6-epithio-4-O-[b-dd-glucopyranosyl]-2,3-O-isopropylidene-
aldehydo-dd-idose dimethyl acetal (33 h): Column chromatography (meth-
anol/chloroform 1:4) of the crude product gave 33 h (384 mg, 90 %) as a
solid. M.p. 75 ± 80 8C; [a]22


D �ÿ21.08 (c� 2, methanol); IR (KBr): nÄ � 3422,
1216, 1078 cmÿ1; 1H NMR (500 MHz, [D6]DMSO, D2O): d� 4.43 (d, J�
6.0 Hz, 1H; H-1'), 4.36 (d, J� 6.1 Hz, 1 H; H-1), 4.29 (dd, J� 7.2, 6.1 Hz,
1H; H-2), 4.00 (dd, J� 7.3, 1.5 Hz, 1H; H-3), 3.60 (br d, J� 11.4 Hz, 1H;
H-6'), 3.37 (dd, J� 11.4, 6.0 Hz, 1H; H-6'), 3.29, 3.28 (2s, 6 H; 2MeO), 3.18
(dd, J� 8.6, 1.5 Hz, 1 H; H-4), 3.15 ± 2.95 (m, 5 H; H-5,2',3',4',5'), 2.54 (dd,
J� 6.4, 1.4 Hz, 1 H; H-6), 2.24 (dd, J� 5.5, 1.4 Hz, 1H; H-6), 1.33, 1.31 (2s,
6H; CMe2); 13C NMR ([D6]DMSO): d� 109.8, 105.2, 102.1, 80.7, 79.6, 76.9,
76.8, 75.3, 73.7, 70.5, 61.8, 56.0, 53.9, 35.7, 27.4, 26.9, 21.0; MS(CI� ): m/z 427
[M��H], 411 [M�ÿCH3], 395 [M�ÿCH3O], 379 [M�ÿCH3ÿCH3OH],
363 [M�ÿCH3Oÿ S]; HR-MS (FAB� ) C17H31O10S: calcd for [M��H]
427.1638; found 427.1635; C17H30O10S (426.48): calcd C 47.87, H 7.09; found
C 47.77, H 7.37.


5,6-Dideoxy-5,6-epithio-4-O-[2'',3'',4'',6''-tetra-O-pivaloyl-a-dd-glucopyrano-
syl]-2,3-O-isopropylidene-aldehydo-dd-glucose dimethyl acetal (44 a): Col-
umn chromatography (ether/hexane 1:2) of the crude product gave 44a
(514 mg, 67%) as a solid. M.p. 52 ± 54 8C; [a]22


D ��59.0 (c� 1.0, chloro-
form); IR (KBr): nÄ � 1740, 1281, 1141, 1041 cmÿ1; 1H NMR (CDCl3): d�
5.57 (dd, J� 10.4, 9.3 Hz, 1 H; H-3'), 5.15 (d, J� 3.6 Hz, 1H; H-1'), 5.10 (dd,
J� 10.2, 9.3 Hz, 1H; H-4'), 4.84 (dd, J� 10.4, 3.6 Hz, 1H; H-2'), 4.25 (m,
1H; H-5'), 4.24 (d, J� 5.8 Hz, 1 H; H-1), 4.18 (dd, J� 7.6, 5.8 Hz, 1H; H-2),
4.12 (dd, J� 12.7, 2.1 Hz, 1H; H-6'), 4.08 (dd, J� 7.8, 2.3 Hz, 1H; H-3), 3.95
(dd, J� 12.5, 4.2 Hz, 1H; H-6'), 3.35, 3.34 (2s, 6H; 2 MeO), 3.13 (ddd, J�
9.2, 5.8, 5.5 Hz, 1H; H-5), 2.92 (dd, J� 9.2, 2.2 Hz, 1H; H-4), 2.56 (dd, J�
6.0, 1.5 Hz, 1 H; H-6), 2.34 (dd, J� 5.4, 1.5 Hz, 1H; H-6), 1.48, 1.39 (2 s, 6H;


CMe2), 1.15, 1.11, 1.08, 1.06 (4s, 36 H; 4Me3C); 13C NMR (CDCl3): d�
178.2, 179.9, 177.0, 176.5, 110.4, 106.1, 96.3, 84.3, 81.0, 76.1, 71.2, 69.5, 68.5,
68.0, 61.9, 57.3, 54.8, 38.9, 38.8, 34.0, 27.4, 27.3, 27.2, 27.1, 26.9, 26.2; HR-MS
(FAB� ) C37H62O14NaS: calcd for [M��Na] 785.3758; found 785.3759.


5,6-Dideoxy-5,6-epithio-4-O-[2'',3'',4'',6''-tetra-O-pivaloyl-b-dd-glucopyrano-
syl]-2,3-O-isopropylidene-aldehydo-dd-glucose dimethyl acetal (44 b): Col-
umn chromatography (ether/hexane 1:2) of the crude product gave 44b
(532 mg, 70%) as a solid. M.p. 107 ± 110 8C; [a]22


D �ÿ16.5 (c� 1.2, chloro-
form); IR (KBr): nÄ � 1744, 1158, 1132, 1105, 1065 cmÿ1; 1H NMR (CDCl3):
d� 5.33 (dd, J� 9.6, 9.4 Hz, 1 H; H-3'), 5.13 (dd, J� 10.0, 9.4 Hz, 1H; H-4'),
5.08 (dd, J� 9.6, 8.0 Hz, 1 H; H-2'), 4.83 (d, J� 8.0 Hz, 1 H; H-1'), 4.33 (d,
J� 6.2 Hz, 1 H; H-1), 4.27 (dd, J� 7.3, 6.2 Hz, 1 H; H-2), 4.15 (dd, J� 12.2,
1.8 Hz, 1H; H-6'), 4.12 (dd, J� 7.2, 1.5 Hz, 1 H; H-3), 4.01 (dd, J� 12.3,
5.3 Hz, 1H; H-6'), 3.68 (ddd, J� 10.1, 5.3, 1.8 Hz, 1H; H-5'), 3.36, 3.33 (2 s,
6H; 2MeO), 3.32 (m, 1H; H-4), 3.05 (ddd, J� 8.4, 5.8, 5.4 Hz, 1H; H-5),
2.63 (dd, J� 5.9, 0.8 Hz, 1 H; H-6), 2.29 (dd, J� 5.4, 0.8 Hz, 1 H; H-6), 1.39,
1.35 (2s, 6H; CMe2), 1.18, 1.15, 1.13, 1.09 (4 s, 36H; 4 Me3C); 13C NMR
(CDCl3): d� 178.0, 177.2, 176.4, 176.2, 110.5, 104.9, 98.0, 80.2, 78.8, 75.0,
72.4, 71.3, 67.9, 61.9, 55.1, 53.6, 38.9, 38.8, 38.7, 32.9, 27.5, 27.3, 27.3, 27.2, 27.1,
27.0, 26.9, 25.0; C37H62O14S (762.95): calcd C 58.25, H 8.19; found C 58.14, H
8.33; HR-MS (FAB� ) C37H62O14NaS: calcd for [M��Na] 785.3758; found
785.3752.


Synthesis of 5,6-dideoxy-5,6-epithio derivatives 44 c and d: general
procedure : The 5,6-dideoxy-5,6-epithio derivatives 44 c and d were
prepared according to the general procedure outlined for 44 a and b
starting from the parent cyclic sulfates 43 a and b (1 mmol) and treatment
with NaOMe (5 equiv). After 18 h evaporation of the solvent gave a crude
product, which was conventionally acetylated with by treatment with acetic
anhydride-pyridine (5:5 mL) at RT overnight. Conventional work-up gave
a crude product that was purified by column chromatography (ether/
hexane 2:1).


5,6-Dideoxy-5,6-epithio-4-O-[2'',3'',4'',6''-tetra-O-acetyl-a-dd-glucopyrano-
syl]-2,3-O-isopropylidene-aldehydo-dd-glucose dimethyl acetal (44 c): Col-
umn chromatography gave 44 c (505 mg, 85 %) as a syrup. [a]22


D ��32.0
(c� 0.5, chloroform); IR (neat): nÄ � 1751, 1225, 1041 cmÿ1; 1H NMR
(CDCl3): d� 5.53 (t, J� 9.9 Hz, 1 H; H-3'), 5.12 (d, J� 3.7 Hz, 1 H; H-1'),
5.10 (t, J� 9.8 Hz, 1 H; H-4'), 4.93 (dd, J� 10.4, 3.7 Hz, 1 H; H-2'), 4.30 (d,
J� 6.0 Hz, 1 H; H-1), 4.32 ± 4.00 (m, 5 H; H-2,3,4,6,6'), 3.44, 3.42 (2 s, 6H;
2MeO), 3.21 (dt, J� 9.0, 5.6, 5.6 Hz,1 H; H-5'), 2.95 (dd, J� 9.0, 2.2 Hz,
1H; H-5), 2.58 (br d, J� 6.0 Hz, 1 H; H-6), 2.41 (br d, J� 5.1 Hz, 1H; H-6),
2.01, 2.08, 2.04, 2.00 (4s, 12 H; 4 Ac), 1.52, 1.45 (2 s, 6H; CMe2); 13C NMR
(CDCl3): d� 170.6, 170.2, 170.0, 169.6, 110.3, 106.2, 97.9, 85.6, 80.9, 75.9,
70.7, 69.8, 68.6, 68.1, 62.1, 57.1, 55.1, 33.6, 27.1, 26.7, 25.5, 20.8, 20.7, 20.6; HR-
MS (FAB� ) C25H38O14NaS: calcd for [M��Na] 617.1880; found 617.1865.


5,6-Dideoxy-5,6-epithio-4-O-[2'',3'',4'',6''-tetra-O-acetyl-b-dd-glucopyrano-
syl]-2,3-O-isopropylidene-aldehydo-dd-glucose dimethyl acetal (44 d): Col-
umn chromatography gave 44 d (450 mg, 77 %) as a syrup. [a]22


D �ÿ17.0
(c� 2.0, chloroform); IR (KBr): nÄ � 1756, 1222, 1043 cmÿ1; 1H NMR
(CDCl3): d� 5.22 (dd, J� 9.5, 9.4 Hz, 1H; H-3'), 5.08 (dd, J� 9.8, 9.4 Hz,
1H; H-4'), 5.06 (dd, J� 9.5, 7.9 Hz, 1H; H-2'), 4.81 (d, J� 7.9 Hz, 1 H; H-1'),
4.36 (d, J� 6.2 Hz, 1H; H-1), 4.31 (dd, J� 6.9, 6.3 Hz, 1H; H-2), 4.21 (dd,
J� 12.3, 5.0 Hz, 1H; H-6'), 4.12 (dd, J� 6.8, 1.6 Hz, 1H; H-4), 4.10 (dd, J�
12.3, 2.6 Hz, 1 H; H-6'), 3.66 (ddd, J� 10.0, 5.0, 2.6 Hz, 1H; H-5'), 3.48 (dd,
J� 7.0, 1.6 Hz, 1 H; H-3), 3.40, 3.38 (2 s, 6H; 2MeO), 3.11 (m, 1H; H-5),
2.57 (d, J� 6.0 Hz, 1H; H-6), 2.37 (d, J� 5.7 Hz, 1 H; H-6), 2.07, 2.05, 2.03,
2.01 (4s, 12H; 4Ac), 1.43, 1.40 (2s, 6H; CMe2); 13C NMR (CDCl3): d�
170.6, 170.3, 169.5, 169.2, 110.5, 105.2, 99.1, 80.2, 78.9, 75.1, 72.9, 71.8, 71.5,
68.6, 62.1, 55.6, 53.5, 33.2, 27.4, 26.5, 23.8, 20.7, 20.6; HR-MS (FAB� )
C25H38O14NaS: calcd for [M��Na] 617.1880; found 617.1879.


Synthesis of 6-deoxy-4-O-[2'',3''-O-isopropylidene-b-dd-galactopyranosyl]-
2,3-O-isopropylidene-5-thio-aldehydo-ll-idose dimethyl acetal (34 e): A
mixture of 32 a (0.711 g, 1 mmol) and lithium aluminium hydride (0.267 g,
7 mmol) in dry THF (30 mL) was stirred at RT for 1.5 h. Ethyl acetate
(25 mL) was added and the solution filtered through celite and evaporated.
Water (50 mL) was added to the residue, which was then extracted with
ethyl acetate (3� 50 mL). The organic phase was dried and evaporated.
Column chromatography (ethyl acetate) of the crude product gave 34e
(0.135 g, 45.5 %) as a solid. M.p. 123 ± 125 8C; [a]22


D ��31.5 (c� 2.0,
chloroform); IR (KBr): nÄ � 3450, 2542, 1243, 1217, 1152, 1121, 1074,
1036 cmÿ1; 1H NMR (CDCl3): d� 4.69 (d, J� 8.3 Hz, 1 H; H-1'), 4.64 (dd,
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J� 7.9, 6.7 Hz, 1 H; H-2), 4.36 (d, J� 6.7 Hz, 1H; H-1), 4.17 ± 3.38 (several
m, 11H; H-3,4,5,2',3',4',5',6',6' and 2OH), 3.52, 3 ± 51 (2s, 6 H; 2 OMe), 2.04
(d, J� 5.5 Hz, 1 H; SH), 1.50, 141, 1.40, 1.33 (4s, 12H; 2 CMe2), 1.35 (d, J�
6.9 Hz, 3H; Me); 13C NMR (CDCl3): d� 110.6, 109.8, 107.7, 102.7, 81.4, 79.6,
76.9, 75.8, 75.0, 74.6, 73.7, 62.5, 57.8, 54.8, 38.2, 28.2, 27.1, 26.6, 26.3, 21.0; MS
(CI� ): m/z : 453 [M�ÿ CH3] , 451 [M��1ÿ H2O], 203 [C9H15O5] ;
C20H36O10S (468.56): calcd C 51.26, H 7.74, S 6.84; found C 51.49, H 7.84,
S 6.53.


Opening of episulfides 33e ± h and 44a ± d with sodium acetate: general
procedure : A mixture of episulfide (33e ± h or 44a ± d ; 1 mmol) and
anhydrous sodium acetate (6.0 g) in acetic anhydride (30 mL) and acetic
acid (6.0 mL) was heated at 140 8C under an argon atmosphere until TLC
(ether) showed complete disappearance of the starting material (2.5 d for
33e, 2 d for 33 f, 4 d for 33g, 3 d for 33h, 6 d for 44 a ± c and 12 d for 44d).
After cooling, the reaction mixture was poured into ice water and the
aqueous solution was extracted with chloroform (100 mL). The chloroform
solution was washed with a saturated solution of sodium hydrogen
carbonate (3� 100 mL) followed by water (100 mL), was dried and
evaporated.


6-O-Acetyl-5-S-acetyl-4-O-[2'',6''-di-O-acetyl-3'',4''-O-isopropyliden-b-dd-ga-
lactopyranosyl]-2,3-O-isopropylidene-5-thio-aldehydo-ll-idose dimethyl
acetal (35 a): Column chromatography (ether) gave 35 a (0.516 g, 86%)
as a syrup. [a]22


D ��0.5; [a]22
436��1.1 (c� 2.0, chloroform); IR (neat): nÄ �


1743, 1696, 1374, 1229, 1044 cmÿ1; 1H NMR (CDCl3): d� 5.02 (dd, J� 8.0,
7.3 Hz, 1H; H-2'), 4.71 (d, J� 8.0 Hz, 1H; H-1'), 4.42 ± 3.99 (several m, 9H;
H-1,2,3,6,6,3',4',6',6'), 3.84 (br d, J� 4.5 Hz, 1H; H-4), 3.45 ± 3.40 (m, 1H;
H-5), 3.41, 3.38 (2 s, 6H; 2OMe), 2.36 (s, 3 H; MeCOS), 2.10, 2.08, 2.06 (3s,
9H; 3 MeCO), 1.56, 1.37, 1.36, 1.35 (4 s, 12H; 2CMe2); 13C NMR (CDCl3):
d� 194.5, 170.7, 170.5, 169.3, 111.1, 110.8, 105.2, 98.4, 77.2, 76.4, 75.4, 75.2,
73.6, 72.5, 71.2, 63.1, 61.9, 55.3, 53.3, 44.6, 30.7, 27.6, 26.3, 26.2, 21.2, 20.9,
20.7; MS (CI� ): m/z : 653 [M��1], 637 [M�ÿCH3], 621 [M�ÿCH3O], 563
[M�ÿCH3OÿCH3CO]; HR-MS (FAB� ) C28H45O15S: calcd for [M��H]
653.2479; found 653.2469.


6-O-Acetyl-5-S-acetyl-4-O-[2'',3'',4'',6''-tetra-O-acetyl-b-dd-galactopyrano-
syl]-2,3-O-isopropylidene-5-thio-aldehydo-ll-idose dimethyl acetal (35 b):
Column chromatography (ether/hexane 5:1) gave 35b (0.44 g, 63 %)
isolated as a syrup. [a]22


D �ÿ8.0 (c� 1.0, chloroform); IR (neat): nÄ � 1747,
1692, 1368, 1224, 1077 cmÿ1; 1H NMR (CDCl3): d� 5.41 (dd, J� 3.3, 0.8 Hz,
1H; H-4'), 5.22 (dd, J� 10.3, 7.8 Hz, 1 H; H-2'), 5.09 (dd, J� 10.4, 3.4 Hz,
1H; H-3'), 4.86 (d, J� 7.8 Hz, 1H; H-1'), 4.41 ± 3.80 (several m, 10H;
H-1,2,3,4,5,6,6,5',6',6'), 3.41, 3.38 (2s, 6 H; 2OMe), 2.37 (s, 3H; MeCOS),
2.16, 2.07, 2.04, 2.03, 1.98 (5s, 15H; 5 MeCO), 1.39, 1.38 (2 s, 6H; CMe2);
13C NMR (CDCl3): d� 194.4, 170.5, 170.5, 170.4, 170.2, 169.3, 111.1, 105.4,
99.4, 76.6, 75.8, 75.6, 71.1, 70.9, 68.8, 67.1, 61.9, 61.0, 55.6, 53.5, 44.9, 30.8,
27.6, 26.3, 20.9, 20.8, 20.6; HR-MS (FAB� ) C29H44O17S: calcd for [M��Na]
719.2231; found 719.2215.


6-O-Acetyl-5-S-acetyl-4-O-[2'',3'',4'',6''-tetra-O-acetyl-a-dd-glucopyranosyl]-
2,3-O-isopropylidene-5-thio-aldehydo-ll-idose dimethyl acetal (35 c) and
4-O-[2'',3'',4'',6''-tetra-O-acetyl-a-dd-glucopyranosyl]-2,3-O-isopropylidene-
aldehydo-dd-xylo-hex-5-ene dimethyl acetal (36 c): Column chromatogra-
phy (ether/hexane 5:1) gave first 36c (0.190 g, 33%) as a syrup. [a]22


D �
�67.0 (c� 1.7, chloroform); IR (neat): nÄ � 1749, 1699, 1646, 1223, 1145,
1041 cmÿ1; 1H NMR (CDCl3): d� 6.02 (ddd, J� 17.3, 10.3, 8.5 Hz, 1H;
H-5), 5.56 (t, J� 10.0 Hz, 1H; H-3'), 5.40 ± 5.25 (m, 2 H; H-6,6), 5.29 (d, J�
3.7 Hz, 1 H; H-1'), 5.10 (t, J� 10.2 Hz, 1 H; H-4'), 4.89 (dd, J� 10.2, 3.7 Hz,
1H; H-2'), 4.36 (d, J� 5.9 Hz, 1 H; H-1), 4.25 (dd, J� 12.3, 4.0 Hz, 1H;
H-6'), 4.14 (ddd, J� 10.4, 4.1, 4.0 Hz, 1 H; H-5'), 4.10 ± 3.96 (m, 3H;
H-2,3,6'), 3.48, 3.47 (2 s, 6H; 2OMe), 2.11, 2.10, 2.05, 2.04 (4 s, 12H;
4MeCO), 1.51, 1.45 (2 s, 6 H; CMe2); 13C NMR (CDCl3): d� 170.7, 170.2,
170.0, 169.6, 135.7, 118.3, 110.3, 105.3, 97.1, 81.8, 81.1, 76.1, 71.0, 70.1, 68.5,
67.5, 61.6, 56.4, 54.3, 27.4, 26.9, 20.7, 20.6; HR-MS (FAB� ) C25H38O14: calcd
for [M��Na] 585.2159; found 585.2158.
Compound 35 c (0.4 g, 57 %) was eluted second and was isolated as a solid.
M.p. 115 ± 117 8C; [a]22


D ��32.0 (c� 1.0, chloroform); IR (KBr): nÄ � 1747,
1683, 1239, 1159, 1138, 1091, 1036 cmÿ1; 1H NMR (CDCl3): d� 5.48 (dd,
J� 10.3, 9.6 Hz, 1 H; H-3'), 5.32 (d, J� 3.8 Hz, 1 H; H-1'), 5.11 (t, J�
9.8 Hz, 1H; H-4'), 4.96 (dd, J� 10.5, 3.8 Hz, 1 H; H-2'), 4.43 (dd, J� 11.4,
6.0 Hz, 1 H; H-6), 4.38 (dd, J� 12.5, 3.8 Hz, 1 H; H-6'), 4.29 (d, J� 5.9 Hz,
1H; H-1), 4.26 ± 4.11 (m, 5H; H-3,5,6,5',6'), 4.00 (dd, J� 7.0, 6.0 Hz, 1H;
H-2), 3.84 (t, J� 3.4 Hz, 1 H; H-4), 3.42, 3.41 (2s, 6 H; 2 OMe), 2.36 (s, 3H;
MeCOS), 2.09, 2.07, 2.05, 2.05, 2.01 (5s, 15 H; 5MeCO), 1.44, 1.39 (2s, 6H;


CMe2); 13C NMR (CDCl3): d� 194.2, 170.7, 170.5, 170.2, 169.6, 110.8, 105.7,
98.5, 80.3, 78.1, 70.6, 70.5, 69.9, 68.5, 68.2, 62.9, 61.7, 57.0, 54.7, 45.0, 30.6, 27.4,
26.8, 20.9, 20.7; MS (CI� ): m/z : 681 [M��1], 637 [M�ÿCH3], 331
[C14H19O9]; C29H44O16S (680.72): calcd C 51.16, H 6.51, S 4.71; found C
51.26, H 6.61, S 4.37.


6-O-Acetyl-5-S-acetyl-4-O-[2'',3'',4'',6''-tetra-O-acetyl-b-dd-glucopyranosyl]-
2,3-O-isopropylidene-5-thio-aldehydo-ll-idose dimethyl acetal (35 d): Col-
umn chromatography (ether/hexane 3:1) gave 35 d (0.61 g, 87 %) isolated
as a syrup. [a]22


D �ÿ14.0 (c� 1, chloroform); IR (neat): nÄ � 1749, 1696,
1227, 1041 cmÿ1; 1H NMR (CDCl3): d� 5.30 (dd, J� 9.5, 9.3 Hz, 1 H; H-3'),
5.17 (dd, J� 9.7, 9.6 Hz, 1 H; H-4'), 5.08 (dd, J� 9.5, 8.1 Hz, 1 H; H-2'), 4.94
(d, J� 8.1 Hz, 1H; H-1'), 4.38 ± 4.00 (m, 7 H; H-1,2,3,6,6,6',6'), 4.00 (m, 1H;
H-5), 3.87 (br d, J� 4.4 Hz, 1 H; H-4), 3.81 (ddd, J� 10.0, 4.1, 2.5 Hz, 1H;
H-5'), 3.38 (s, 6 H; 2 OMe), 2.38 (s, 3 H; MeCOS), 2.08, 2.08, 2.06, 2.05, 2.03
(5s, 15 H; 5 MeCO), 1.39, 1.38 (2s, 6H; CMe2); 13C NMR (CDCl3): d�
194.4, 170.7, 170.5, 170.3, 169.5, 169.2, 111.0, 105.2, 98.8, 76.5, 75.7, 75.2, 73.1,
71.9, 71.2, 68.4, 61.8, 55.6, 52.7, 44.9, 30.8, 27.6, 26.3, 20.9, 20.7, 20.5; HR-MS
(FAB� ) C29H44O17NaS: calcd for [M��Na] 719.2197; found 719.2170.


4-O-[2'',3'',4'',6''-Tetra-O-pivaloyl-a-dd-glucopyranosyl]-2,3-O-isopropyli-
dene-aldehydo-dd-xylo-hex-5-ene dimethyl acetal (45 a) and 6-O-Acetyl-5-
S-acetyl-4-O-[2'',3'',4'',6''-tetra-O-pivaloyl-a-dd-glucopyranosyl]-2,3-O-iso-
propylidene-5-thio-aldehydo-dd-glucose dimethyl acetal (46 a): Column
chromatography (ether/hexane 1:1) gave first unreacted 44a (208 mg,
27%). Compound 45 a (310 mg, 31 %) was eluted second and isolated as a
syrup [a]22


D ��61.0 (c� 1.0, chloroform); IR (neat): nÄ � 1735, 1281, 1138,
1037 cmÿ1; 1H NMR (CDCl3): d� 6.00 (ddd, J� 17.3, 10.2, 8.7 Hz, 1H;
H-5), 5.60 (dd, J� 10.2, 9.4 Hz, 1H; H-3'), 5.32 (br d, J� 17.4 Hz, 1 H; H-6),
5.26 (dd, J� 10.2, 1.4 Hz, 1 H; H-6), 5.25 (d, J� 3.6 Hz, 1 H; H-1'), 5.15 (dd,
J� 10.2, 9.4 Hz, 1H; H-4'), 4.88 (dd, J� 10.2, 3.7 Hz, 1 H; H-2'), 4.32 (d, J�
5.5 Hz, 1 H; H-1), 4.17 (ddd, J� 10.2, 3.0, 2.7 Hz, 1H; H-5'), 4.10 (dd, J�
7.0, 5.4 Hz, 1H; H-2), 4.07 ± 4.04 (m, 3H; H-6',6',4), 3.99 (dd, J� 7.0, 4.3 Hz,
1H; H-3), 3.45, 3.43 (s, 6H; 2OMe), 1.48, 1.41 (2s, 6 H; CMe2), 1.23, 1.19,
1.15, 1.12 (4s, 36H; 4CMe3); 13C NMR (CDCl3): d� 178.2, 177.8, 176.5,
135.8, 118.7, 110.4, 105.4, 96.2, 81.6, 81.0, 76.5, 71.2, 69.8, 67.9, 61.7, 56.6, 54.6,
38.9, 27.4, 27.3, 27.2, 27.1, 27.0; HR-MS (FAB� ) C37H62O14Na: calcd for
[M��Na] 753.4037; found 753.4029.
Compound 46a (490 mg, 42 %) was eluted third and isolated as a syrup.
[a]22


D ��51.0 (c� 1.0, chloroform); IR (neat): nÄ � 1735, 1689, 1281, 1140,
1037 cmÿ1; 1H NMR (CDCl3): d� 5.49 (dd, J� 10.3, 9.6 Hz, 1 H; H-3'), 5.47
(d, J� 4.0 Hz, 1 H; H-1'), 5.20 (dd, J� 10.1, 9.6 Hz, 1H; H-4'), 4.91 (dd, J�
10.3, 4.0 Hz, 1H; H-2'), 4.37 ± 4.11 (several m, 9H; H-1,2,3,4,6,6,5',6',6'),
3.95 (dd, J� 7.3, 2.0 Hz, 1H; H-5), 3.45, 3.44 (2 s, 6H; 2OMe), 2.37 (s, 3H;
MeCOS), 2.12 (s, 3H; Ac), 1.39, 1.25 (2s, 6 H; CMe2), 1.24, 1.18, 1.15, 1.12
(4s, 36H; 4CMe3); 13C NMR (CDCl3): d� 192.9, 178.3, 178.1, 177.5, 177.1,
167.4, 105.3, 96.6, 78.9, 70.6, 69.8, 68.1, 67.7, 62.0, 61.4, 57.1, 54.2, 44.3, 31.5,
30.3, 29.8, 27.4, 27.3, 27.2, 20.9; HR-MS (FAB� ) C41H68O17NaS: calcd for
[M��Na] 887.4075; found 887.4066.


6-O-Acetyl-5-S-acetyl-4-O-[2'',3'',4'',6''-tetra-O-pivaloyl-b-dd-glucopyrano-
syl]-2,3-O-isopropylidene-5-thio-aldehydo-dd-glucose dimethyl acetal (46b):
Column chromatography (ether/hexane 1:1) gave first unreacted 44b
(560 mg, 73%). Compound 46 b (190 mg, 22%) was eluted second and
isolated as a syrup. [a]22


D �ÿ4.0 (c� 1.2, chloroform); IR (neat): nÄ � 1745,
1687, 1138 cmÿ1; 1H NMR (CDCl3): d� 5.33 (t, J� 9.4 Hz, 1 H; H-3'), 5.16
(dd, J� 10.0, 9.4 Hz, 1 H; H-4'), 5.09 (dd, J� 9.5, 7.9 Hz, 1H; H-2'), 4.79 (d,
J� 7.9 Hz, 1H; H-1'), 4.58 (dd, J� 11.0, 4.5 Hz, 1 H; H-6), 4.38 ± 4.32 (m,
2H; H-1,6), 4.23 ± 4.01 (several m, 6 H, H-2,3,4,5,6,6'), 3.72 (ddd, J� 10.0,
4.6, 1.6 Hz, 1 H; H-5'), 3.40, 3.39 (2 s, 6H; 2OMe), 2.35 (s, 3H; MeCOS),
2.04 (s, 3 H; Ac), 1.39, 1.35 (2s, 6 H; CMe2), 1.22, 1.17, 1.15, 1.111 (4 s, 36H,
4CMe3); 13C NMR (CDCl3): d� 194.7, 110.8, 105.2, 98.3, 78.2, 75.5, 73.5,
72.8, 72.6, 71.6, 67.9, 62.8, 61.7, 55.7, 53.6, 44.7, 30.7, 30.3, 27.5, 27.3, 27.2, 26.5,
20.8; HR-MS (FAB� ) C41H68O17NaS: calcd for [M��Na] 887.4075; found
887.4071.


6-O-Acetyl-5-S-acetyl-4-O-[2'',3'',4'',6''-tetra-O-acetyl-a-dd-glucopyranosyl]-
2,3-O-isopropylidene-5-thio-aldehydo-dd-glucose dimethyl acetal (46 c):
Column chromatography (ether/hexane 2:1) gave first 36c (90 mg, 16%).
Compound unreacted 44c (300 mg, 50%) was eluted second. Compound
46c (120 mg, 18%) was eluted third and isolated as a syrup. [a]22


D ��60.0
(c� 1.0, chloroform); IR (neat): nÄ � 1749, 1697, 1665, 1619, 1158 cmÿ1;
1H NMR (CDCl3): d� 5.43 (dd, J� 10.0, 9.9 Hz, 1H; H-3'), 5.35 (d, J�
3.8 Hz, 1 H; H-1'), 5.12 (dd, J� 9.9, 9.6 Hz, 1H; H-4'), 4.89 (dd, J� 10.5,
3.8 Hz, 1H; H-2'), 4.42 ± 3.85 (several m, 10 H; H-1,2,3,4,5,6,6,5',6',6'), 3.45
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(s, 6 H; 2 OMe), 2.37 (s, 3H; MeCOS), 2.12, 2.11, 2.07, 2.02, 2.01 (5 s, 15 H; 5
Ac), 1.40, 1.38 (2s, 6 H; CMe2); 13C NMR (CDCl3): d� 195.3, 170.7, 170.5,
170.1, 169.9, 169.4, 110.5, 105.3, 97.4, 82.8, 78.9, 76.4, 70.2, 69.7, 68.2, 67.8,
62.1, 61.4, 56.9, 54.0, 44.4, 30.6, 27.1, 26.4, 20.7, 20.6, 20.2, 19.5; HR-MS
(FAB� ) C29H44O17NaS: calcd for [M��Na] 719.2197; found 719.2195.


6-O-Acetyl-5-S-acetyl-4-O-[2'',3'',4'',6''-tetra-O-acetyl-b-dd-glucopyranosyl]-
2,3-O-isopropylidene-5-thio-aldehydo-dd-glucose dimethyl acetal (46 d):
Column chromatography (ether ) gave first unreacted 44 d (230 mg,
40%). Compound 46 d (365 mg, 52 %) was elusted second and isolated as
a syrup. [a]22


D �ÿ14.0 (c� 2.0, chloroform); IR (neat): nÄ � 1752, 1687, 1232,
1041 cmÿ1; 1H NMR (CDCl3): d� 5.20 (t, J� 9.3 Hz, 1H; H-3'), 5.11 (dd,
J� 9.6, 9.3 Hz, 1H; H-4'), 5.03 (dd, J� 9.4, 7.9 Hz, 1 H; H-2'), 4.76 (d, J�
7.9 Hz, 1H; H-1'), 4.55 ± 4.05 (several m, 8 H; H-2,3,4,5,6,6,6',6'), 4.34 (d,
J� 6.3 Hz, 1H; H-1), 3.69 (ddd, J� 9.6, 4.1, 2.6 Hz, 1 H; H-5'), 3.41, 3.39
(2s, 6H; 2 OMe), 2.36 (s, 3H; MeCOS), 2.08, 2.07, 2.05, 2.02, 2.00 (5s, 15H;
5 Ac), 1.39, 1.37 (2s, 6 H; CMe2); 13C NMR (CDCl3): d� 194.6, 170.7, 170.5,
170.3, 169.4, 169.2, 110.8, 105.6, 99.6, 78.6, 76.7, 75.4, 73.0, 71.8, 71.4, 68.4,
62.6, 61.8, 56.1, 53.3, 45.5, 30.7, 30.4, 27.5, 26.4, 20.9, 20.7; HR-MS (FAB� )
C29H44O17NaS: calcd for [M��Na] 719.2197; found 719.2198.


Synthesis of 1,2,3-tri-O-acetyl-4-O-[2'',3'',4'',6''-tetra-O-acetyl-b-dd-galacto-
pyranosyl]-6-deoxy-5-thio-a,b-ll-idopyranose (37): A solution of 34 e
(90 mg, 0.19 mmol) in 80 % aqueous acetic acid (20 mL) was heated at
70 8C for 4 h. After cooling the reaction mixture was evaporated and
coevaporated with toluene (2� 20 mL). The crude product was kept
overnight with acetic anhydride (5 mL) and pyridine (3 mL) at RT.
Standard work-up and purification by column chromatography (ether/
hexane 4:1) gave first 37 (b anomer; 63 mg, 51.6%) as a solid. M.p. 180 ±
181 8C; [a]22


D ��68.0 (c� 1.0, methanol); IR (KBr): nÄ � 1749, 1222, 1081,
1045 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 6.08 (d, J� 3.6 Hz, 1H; H-1),
5.47 (t, J� 10.0 Hz, 1 H; H-3), 5.35 (d, J� 3.3 Hz, 1 H; H-4'), 5.17 (dd, J�
10.2, 3.6 Hz, 1H; H-2), 5.09 (dd, J� 10.4, 7.8 Hz, 1H; H-2'), 4.97 (dd, J�
10.4, 3.4 Hz, 1 H; H-3'), 4.51 (d, J� 7.8 Hz, 1H; H-1'), 4.13 ± 4.06 (m, 3H;
H-4,6',6'), 3.89 (t, J� 6.7 Hz, 1H; H-5'), 3.05 (dq, J� 7.2, 5.4 Hz, 1 H; H-5),
2.13, 2.11, 2.04, 2.03, 2.01, 1.97, 1.95 (7s, 21 H; 7 MeCO), 1.49 (d, J� 7.4 Hz,
3H; Me); 13C NMR (100 MHz, CDCl3): d� 170.5, 170.2, 169.9, 169.8, 169.4,
168.9 (7CO), 99.9 (C-1'), 80.6 (C-4), 73.1 (C-2), 72.1 (C-1), 71.1 (C-3'), 70.9
(C-5'), 69.2 (C-2'), 67.0 (C-4'), 66.5 (C-3), 61.2 (C-6'), 37.3 (C-5), 21.2, 20.9,
20.8, 20.7 (7 MeCO), 17.4 (C-6); MS (CI� ): m/z : 577 [M��1ÿ
CH3COOH], 517 [M��1ÿ 2CH3COOH], 331 [C14H19O9]; C26H36O16S
(636.62): calcd C 49.05, H 5.70, S 5.04; found C 49.46, H 5.77, S 4.70.
Compound 37 (a-anomer containing � 15 % of the b-anomer; 42 mg,
32.8 %) was eluted second and isolated as a syrup. 1H NMR (CDCl3): d�
5.87 (d, J� 5.8 Hz, 1H; H-1), 5.37 (d, J� 3.5 Hz, 1H; H-4'), 5.36 (t, J�
6.0 Hz, 1H; H-3), 5.19 (dd, J� 10.3, 8.0 Hz, 1 H; H-2'), 5.09 (t, J� 5.8 Hz,
1H; H-2), 5.01 (dd, J� 10.4, 3.45 Hz, 1 H; H-3'), 4.60 (d, J� 7.9 Hz, 1H;
H-1'), 4.20 ± 4.10 (m, 2 H; H-6',6'), 3.95 (br t, J� 7.0 Hz, 1 H; H-5'), 3.85 (dd,
J� 6.0, 3.1 Hz, 1 H; H-4), 3.34 (dq, J� 7.3, 3.1 Hz, 1 H; H-5), 2.13, 2.11, 2.08,
2.07, 2.06, 2.03, 1.98 (7s, 21H; 7 MeCO), 1.31 (d, J� 7.3 Hz, 3H; Me);
13C NMR (CDCl3): d� 170.6, 170.2, 170.1, 169.5, 169.3, 169.0, 168.8
(7MeCO), 102.0, 79.1, 71.5, 71.0, 71.0, 69.2, 69.0, 68.6, 67.1, 61.2, 33.2, 20.8,
20.6, 15.6.


Synthesis of thio sugars 38 ± 40: general procedure : A solution of the S-
acetyl derivative (35a ± d ; 0.5 mmol) in 70 % aqueous acetic acid (20 mL)
was heated at 80 8C until TLC showed complete disappearance of the
starting material (4 h). After cooling, the reaction mixture was concen-
trated and coevaporated with toluene (2� 20 mL). The crude product was
dissolved in anhydrous methanol (25 mL) and a 0.5n solution of sodium
methoxide in methanol (0.5 mL) was added. The reaction mixture was left
at RT for 2 h. Neutralisation with acetic acid followed by concentration
under vacuum gave a crude product that was acetylated with acetic
anhydride-pyridine (10:8 mL) at RT overnight. Methanol (10 mL) was
added and the solution was coevaporated with toluene to give a crude
product, which was purified by column chromatography.


1,2,3,6-Tetra-O-acetyl-4-O-[2'',3'',4'',6''-tetra-O-acetyl-b-dd-galactopyrano-
syl]-5-thio-a,b-ll-idopyranose (38): Column chromatography (ether) first
gave 38 (b anomer; 192 mg, 55.3 %) as a solid. M.p. 173 ± 175 8C; [a]22


D �
�34.0 (c� 2, chloroform); IR (KBr): nÄ � 1749, 1220, 1049 cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 6.03 (d, J� 3.4 Hz, 1H; H-1), 5.42 (t, J� 10.1 Hz,
1H; H-3), 5.36 (d, J� 3.3 Hz, 1H; H-4'), 5.19 (dd, J� 10.2, 3.5 Hz, 1H;
H-2), 5.09 (dd, J� 10.4, 7.7 Hz, 1 H; H-2'), 4.99 (dd, J� 10.4, 3.4 Hz, 1H;
H-3'), 4.66 (t, J� 11.2 Hz, 1H; H-6), 4.62 (d, J� 7.8 Hz, 1 H, H-1'), 4.27 (dd,


J� 11.4, 4.3 Hz, 1 H; H-6), 4.23 (dd, J� 10.0, 5.4 Hz, 1 H; H-4), 4.15 (dd,
J� 11.2, 6.6 Hz, 1 H; H-6'), 4.09 (dd, J� 11.2, 6.8 Hz, 1H; H-6'), 3.91 (t, J�
6.7 Hz, 1 H; H-5'), 3.33 (m, 1 H; H-5), 2.15, 2.13, 2.06, 2.05, 2.04, 2.03, 1.98,
1.96 (8 s, 24H; 8MeCO), 1.49 (d, J� 7.4 Hz, 3 H; Me); 13C NMR (100 MHz,
CDCl3): d� 170.3, 170.1, 169.8, 169.7, 169.3, 169.1 (8CO), 99.8 (C-1'), 79.2
(C-4), 72.8 (C-2), 71.7 (C-1), 71.0 (C-3'), 71.0 (C-5'), 69.1 (C-2'), 66.9 (C-4'),
66.8 (C-3), 62.6 (C-6), 61.6 (C-6'), 41.8 (C-5), 21.1, 20.8, 20.7, 20.6 (8 MeCO);
MS (CI� ): m/z : 635 [M��1ÿCH3COOH], 575 [M��1ÿ 2 CH3COOH],
515 [M��1ÿ 3 CH3COOH], 347 [C14H19O8S], 331 [C14H19O9]; C28H38O18S
(694.66): calcd C 48.41, H 5.47; found C 48.50, H 5.56.


A mixture of the a and b anomers of 38 in a 1:1 proportion (61 mg, 17.7%)
was eluted second and isolated as a syrup. 1H NMR (CDCl3; selected
signals for a-anomer) d� 5.97 (d, J� 5.4 Hz, 1H; H-1), 4.64 (d, J� 8.0 Hz,
1H; H-1'), 3.58 (m, 1 H; H-5); 13C NMR (CDCl3; selected signals for a-
anomer) d� 102.0 (C-1'), 37.1 (C-5).


1,2,3,6-Tetra-O-acetyl-4-O-[2'',3'',4'',6''-tetra-O-acetyl-a-dd-glucopyranosyl]-
5-thio-a,b-ll-idopyranose (39): Column chromatography (ether/hexane 4:1)
gave 39 (b anomer; 177 mg, 55 %) as a syrup. [a]22


D ��314.0 (c� 1.0,
chloroform); IR (KBr): nÄ � 1752, 1700, 1228, 1158, 1126, 1043 cmÿ1;
1H NMR (CDCl3): d� 6.05 (d, J� 3.4 Hz, 1 H; H-1), 5.58 (t, J� 10.2 Hz,
1H; H-3), 5.38 (dd, J� 10.2, 9.6 Hz, 1 H; H-3'), 5.31 (d, J� 4.0 Hz, 1H;
H-1'), 5.14 (dd, J� 10.2, 3.4 Hz, 1 H; H-2), 5.02 (t, J� 9.8 Hz, 1 H; H-4'),
4.85 (dd, J� 10.3, 4.0 Hz, 1 H; H-2'), 4.62 (dd, J� 11.6, 8.1 Hz, 1 H; H-6'),
4.59 (dd, J� 11.7, 5.7 Hz, 1H; H-6'), 4.34 (dd, J� 10.1, 5.5 Hz, 1 H; H-4),
4.25 (dd, J� 11.6, 5.5 Hz, 1 H; H-6), 4.17 (m, 1 H; H-5'), 4.10 (dd, J� 11.7,
2.0 Hz, 1H; H-6), 3.40 (m, 1H; H-5), 2.18, 2.16, 2.08, 2.07, 2.03, 2.03, 2.00,
1.98 (8s, 24H; 8 MeCO); 13C NMR (CDCl3): d� 170.5, 169.8, 169.6, 169.5,
169.2 (8 CO), 96.7 (C-1'), 77.0 (C-4), 73.5 (C-2), 71.4 (C-1), 70.6 (C-2'), 69.7
(C-3'), 68.8 (C-3), 68.6 (C-4'), 68.5 (C-5'), 64.2 (C-6), 62.2 (C-6'), 42.7 (C-5),
20.8, 20.7, 20.6, 20.5 (8MeCO); HR-MS (FAB� ) C28H38O18SNa: calcd for
[M��Na] 717.1677; found 717.1686; C28H38O18S (694.66): calcd C 48.41, H
5.51, S 4.62; found C 48.11, H 5.70, S 4.49.


1,2,3,6-Tetra-O-acetyl-4-O-[2'',3'',4'',6''-tetra-O-acetyl-b-dd-glucopyranosyl]-
5-thio-a,b-ll-idopyranose (40): Column chromatography (ether) gave first
40 (b anomer; 53 mg, 15.5 %) as a solid. M.p. 196 ± 197 8C; [a]22


D ��15.0,
[a]22


436��33.0 (c� 1.0, chloroform); IR (KBr): nÄ � 1747, 1233, 1042 cmÿ1;
1H NMR (CDCl3): d� 6.05 (d, J� 3.4 Hz, 1 H; H-1), 5.44 (dd, J� 10.2,
10.0 Hz, 1 H; H-3), 5.22 (dd, J� 10.2, 3.5 Hz, 1H; H-2), 5.20 (dd, J� 9.5,
9.3 Hz, 1 H; H-3'), 5.10 (dd, J� 9.8, 9.5 Hz, 1H; H-4'), 4.90 (dd, J� 9.3,
7.9 Hz, 1 H; H-2'), 4.70 (d, J� 7.9 Hz, 1 H; H-1'), 4.68 (dd, J� 11.2, 10.0 Hz,
1H; H-6), 4.35 (dd, J� 12.4, 4.5 Hz, 1H; H-6'), 4.30 (dd, J� 11.4, 4.2 Hz,
1H; H-6), 4.25 (dd, J� 10.0, 5.5 Hz, 1 H; H-4), 4.09 (dd, J� 12.4, 2.3 Hz,
1H; H-6'), 3.70 (ddd, J� 9.8, 4.5, 2.3 Hz, 1H; H-5'), 3.36 (ddd, J� 10.2, 5.5,
4.6 Hz, 1 H; H-5), 2.17, 2.09, 2.08, 2.05, 2.04, 2.03, 2.00, 2.00 (8 s, 24H;
8MeCO); 13C NMR (CDCl3): d� 170.3, 169.7, 169.6, 169.2 (8 CO), 99.2 (C-
1'), 79.3 (C-4), 72.9 (C-3'), 72.8 (C-2), 72.1 (C-5'), 71.7 (C-1), 71.6 (C-2'), 68.0
(C-4'), 66.7 (C-3), 62.7 (C-6), 61.7 (C-6'), 41.7 (C-5), 21.1, 20.8, 20.7, 20.6,
20.5 (8 MeCO); MS (CI� ): m/z : 635 [M��1ÿCH3COOH], 575 [M��1ÿ
2 CH3COOH], 515 [M��1ÿ 3 CH3COOH], 347 [C14H19O8S], 331
[C14H19O9]; C28H38O18S (694.66): calcd C 48.41, H 5.47, S 4.61; found C
48.23, H 5.50, S 4.25.


A mixture of the a and b anomers of 40 in a 1:5 proportion (0.142 g, 41%)
was eluted second and isolated as a syrup. 1H NMR (CDCl3; selected
signals for a-anomer): d 6.01 (d, J� 6.2 Hz, 1 H; H-1), 3.49 (m, 1H; H-5).


1,2,3,6-Tetra-O-acetyl-4-O-[2'',3'',4'',6''-tetra-O-acetyl-a-dd-glucopyranosyl]-
5-thio-a,b-dd-glucopyranose (47 c): Column chromatography (ether/hexane
2:1) gave 47c (280 mg, 83%; 3:1 a :b mixture) as a syrup. IR (neat): nÄ �
1735, 1665, 1281 cmÿ1; 1H NMR (CDCl3): d� 6.08 (d, J� 3.0 Hz, 1H; H-1
a-anomer), 5.86 (d, J� 5.1 Hz; H-1 b-anomer), 5.51 (t, J� 9.7 Hz; H-3 a-
anomer), 5.47 (d, J� 3.9 Hz; H-1' a-anomer), 5.38 (dd, J� 10.2, 9.9 Hz;
H-3' a-anomer), 5.14 (dd, J� 10.3, 3.4 Hz; H-2 a-anomer), 5.08 (t, J�
9.8 Hz; H-4' a-anomer), 4.91 (dd, J� 10.5, 3.9 Hz; H-2' a-anomer), 4.52
(dd, J� 12.0, 3.2 Hz; H-6 a-anomer), 4.39 (dd, J� 12.0, 4.5 Hz; H-6 a-
anomer), 4.30 ± 4.00 (m, 10 H; H-1,2,3,4,5,6,6,5',6',6'), 3.59 (dt, J� 10.2, 3.8,
3.8 Hz; H-5 a-anomer), 3.4 (m; H-5 a-anomer), 2.20, 2.13, 2.11, 2.10, 2.03,
2.02, 2.02, 1.97 (8 s; 8 Ac a-anomer), 2.55, 2.35, 2.26, 2.25, 2.15, 2.09, 2.08
(7s; 7Ac b-anomer); 13C NMR (CDCl3): d� 170.6, 170.3, 169.9, 169.8,
169.7, 169.5, 169.2, 96.1, 77.0, 73.5, 72.8, 70.4, 70.3, 69.5, 68.8, 68.1, 61.9, 61.7,
41.0, 21.0, 21.0, 20.8, 20.6, 20.5; HR-MS (FAB� ) C28H38O18NaS: calcd for
[M��Na] 717.1676; found 717.1670.







Disaccharides 1512 ± 1525
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1,2,3,6-Tetra-O-acetyl-4-O-[2'',3'',4'',6''-tetra-O-acetyl-b-dd-glucopyranosyl]-
5-thio-a,b-dd-glucopyranose (47 d): Column chromatography (ether/hexane
5:1) gave 47d (120 mg, 35%; a :b mixture) as a syrup. IR (neat): nÄ � 1735,
1665, 1281 cmÿ1; 1H NMR (CDCl3): d� 6.34 (d, J� 3.8 Hz, 1 H; H-1 a-
anomer), 5.73 (d, J� 8.3 Hz; H-1' a-anomer), 5.48 (t, J� 9.8 Hz; H-3 a-
anomer), 5.26 (t, J� 9.3 Hz; H-3' a-anomer), 5.18 ± 5.08 (m, H-2,2',4' a-
anomer, 4.33 ± 4.11 (m, H-4,6,6,6',6'), 4.10 (ddd, J� 9.5, 5.0, 2.2 Hz; H-5' a-
anomer), 3.85 (ddd, J� 9.8, 4.4, 2.2 Hz; H-5 a-anomer), 2.19, 2.12, 2.10,
2.09, 2.05, 2.04, 2.02 (7s; 8 Ac a-anomer); 13C NMR (CDCl3): d� 169.4,
91.8, 89.1, 72.9, 72.8, 70.3, 69.9, 69.2, 68.0, 67.8, 61.5, 61.5, 30.4, 21.1, 20.9,
20.7, 20.6, 20.5; HR-MS (FAB� ) C28H38O18NaS: calcd for [M��Na]
717.1677; found 717.1671.
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A General Buffer-Acid-Catalyzed CÿO Cleavage Reaction in the Hydrolysis
of Phenyl N-(Phenoxycarbonyl)sulfamate Ester


Patrick Blans and Alain Vigroux*[a]


Abstract: Rate constants and products
are reported for the aqueous decompo-
sition (pH 0 ± 14) of phenyl N-(phenoxy-
carbonyl)sulfamate (pKa� 1.18) at
50 8C. The pH ± rate profile indicates a
rate law that includes three terms: two
pH-independent terms, ka in acid and kp


around neutral pH, with ka> kp, and a
hydroxide-ion-dependent term, kOH.
The observation of non-first-order be-
havior in the pH range between 1.6 and
4.1 points to the accumulation of a non-
steady-state intermediate that is con-
cluded to be phenyl sulfamate. The
latter result, coupled with the observa-
tion at low pH of general acid catalysis


by buffers, reveals that each of the
hydrolytic paths involves i) the anionic
form specifically and ii) carbon ± oxygen
bond fission. Buffer catalysis is assumed
to be the result of the nonexistence of
the zwitterionic species PhOSO2N


ÿ
CO ±


O
�


(H)Ph. Comparison with previously
studied phenyl N-(phenylsulfonyl)car-
bamate[7] indicates that the Brùnsted a


value associated with such a mechanism


increases sharply as the CÿO bond
which is cleaved becomes stronger (a
change in reactivity of ca. 2.3 kcal molÿ1


gives rise to a change in a of about 0.3).
In contrast to CÿO cleavage, SÿO and
PÿO fissions involved in related systems
such as N-(methoxycarbonyl)sulfamate
esters and phosphate and sulfate mono-
esters with good leaving groups do not
exhibit buffer-acid catalysis. It is con-
cluded that unambiguous distinction
between inter- and intramolecular gen-
eral acid catalysis is not currently possi-
ble for those compounds.


Keywords: acid ± base catalysis ´ hy-
drolyses ´ reaction mechanisms ´
sulfamate esters ´ zwitterionic inter-
mediates


Introduction


The [(carbonyl)amino]sulfonyl moiety, -SO2NHCO-, has
recently been introduced to biological and medicinal chem-
istry as a possible surrogate (bioisostere) for the diphosphate
group.[1±4] Interestingly, the OSO2NHCOO isostere of uridine
5'-diphosphate glucose (UDP-Glc) was found to interfere
with protein glycosylation, inhibiting the glycosylation of viral
proteins to a greater extent than the glycosylation of cellular
proteins.[1] Furthermore, studies of structurally related com-
pounds within this series showed that the nucleotide-like 5'-O-
sulfamoyluridine moiety is an important component for the
maintenance of antiviral activity, and it was suggested that this
moiety and/or its metabolites could be responsible for the


observed inhibition of DNA synthesis and protein glycosyla-
tion.[2]


More recently, lipophilic nucleotide mimics in which 2',3'-
dideoxynucleoside (ddN) residues were linked to a glucopyr-
anosyl moiety by the OSO2NHCOO group were shown to
exhibit anti-HIV-1 activity in MT-4 cells at concentrations
well below the toxicity threshold.[3] In this case, it was
suggested that these compounds do not release the free
ddN�s, which are known to be potent and selective inhibitors
of HIV replication (by inhibiting HIV reverse transcriptase),
but may act in their own right.


In recent therapeutic strategies, the extended use of the -
SO2NHCO- moiety (as a replacement for the diphosphate or
sulfate group of a variety of critical biomolecules) proved
successful as well.[4, 5] Finally, the ionized form of this spacer
was also used to design an unusual water-soluble ACAT
inhibitor that is well absorbed and thus exhibits improved
bioavailability.[6]


The mechanisms of the aqueous reactions of N-(oxycarbo-
nyl)sulfamate esters OSO2NHCOO, although of interest to
both chemists and biochemists, have not yet been systemati-
cally investigated. Preliminary accounts of some of our work
into the chemistry of [(carbonyl)amino]sulfonyl-linked de-
rivatives suggest that the -SO2NHCO- group may be viewed
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as an attractive analogue of the phosphodiester link of nucleic
acid backbones.[7±8] If this group can indeed be used in such a
way, it opens the door to novel approaches to putative
antisense agents.[9] However, this would demand a fundamen-
tal understanding of the chemistry in aqueous media of the
OSO2NHCOO linkage. In the present paper, an investigation
of the hydrolysis of phenyl N-(phenoxycarbonyl)sulfamate
(pKa� 1.18,[10] Scheme 1) is reported.


Scheme 1.


This work sets out to study the mechanistic basis of the
aqueous decomposition pathway of the title compound,
hydrolysis of which is expected to proceed exclusively with
CÿO bond cleavage. In fact, from literature precedent, CÿO
cleavage is easier than SÿO by a factor of ca. 109.[11] However,
hydrolysis of N-(oxycarbonyl)sulfamate esters may occur with
SÿO bond-breaking if the leaving group on sulfur is much
better than that on carbon, as previously observed with
certain aryl N-(methoxycarbonyl)sulfamates, ArOSO2NH-
CO2Me.[8] In the latter case, no buffer catalysis was detected
in acid for SÿO cleavage, while the analogous CÿO breaking
reaction previously reported for phenyl N-(phenylsulfonyl)-
carbamate anion (PhSO2N


ÿ
COÿOPh) was unambiguously


demonstrated to be general buffer-acid-catalyzed.[7] The


different behaviors observed in acid between the CÿO and
SÿO cleavage reactions of N-(oxycarbonyl)sulfamate esters
are discussed.


Results and Discussion


Rate law: The pH ± rate constant profile, logkobsd vs pH, for
hydrolysis at 50 8C and m� 1.0m of phenyl N-(phenoxycarbo-
nyl)sulfamate is shown in Figure 1 (*). It is characterized by


Figure 1. Plot of log k0 , the buffer-independent rate constant for hydrolysis
of phenyl N-(phenoxycarbonyl)sulfamate (*) and phenyl sulfamate (*),
against pH in aqueous solutions, 50 8C, m� 1.0m (with KCl). The solid line is
fit to Equation (1) using constants ka , kp, kOH, and Kapp, given in the text.


four distinct regions: i) the appearance of a plateau below pH
1 (ka) followed by ii) a decrease of log kobsd with increasing pH,
then iii) a pH-independent region (kp) preceding iv) a
hydroxide-ion-catalyzed hydrolysis reaction (kOH) at high
pH. The last reaction is characterized by a linear plot of
logkobsd vs pH with a slope of �1.0.


The hydrolysis reaction of phenyl N-(phenoxycarbonyl)-
sulfamate was followed in the pH regions 0 ± 3 and 12 ± 14 up
to at least 90 % completion by spectrophotometric monitoring
of either the formation of phenol at l� 270 nm (pH< 3) or
the disappearance of the substrate at l� 240 nm (pH> 12).
Excellent pseudo-first-order kinetics were obtained in those
pH ranges, except in the region extending about 1.5 units to
either side of pH 3, where two kinetic processes were
observed (see below). Between pH 4 and 11 the hydrolysis
reaction was followed at l� 270 nm (buffer concentration
0.05m) to only ca. 10 % completion owing to the very slow
hydrolysis of the title compound in this pH region. The
pseudo-first-order rate constants kobsd were determined in this
pH portion by the method of initial rates [Eq. (5) in the
Experimental Section]. The experimental data points (Fig-
ure 1, *) were fit to Equation (1), where aH is the hydrogen-


kobsd� (kaa2
H� kpKappaH�kOHKWKapp)/(a2


H�KappaH) (1)


ion activity measured at 50 8C, KW is the autoprotolysis
constant of water at 50 8C, and Kapp the apparent acid
dissociation constant of the substrate at the same temper-
ature. The values of the constants ka , kp, kOH, and Kapp


required to fit the experimental rate constants kobsd to
Equation (1) are: ka� (8.23� 0.4)� 10ÿ4 sÿ1, kp� (9.36�


Abstract in French: L�eÂtude de l�hydrolyse du N-(pheÂnoxy-
carbonyl)sulfamate de pheÂnyle (pKa� 1,18) a eÂteÂ reÂaliseÂe aÁ
50 8C entre pH 0 et 14. Le profil de vitesse kobs ± pH obtenu
comprend deux termes indeÂpendants du pH, ka en milieu acide
et kp en milieu neutre, avec ka> kp, et un terme deÂpendant de la
concentration en ion hydroxyde, kOH. Les cineÂtiques obtenues
entre pH 1,6 et 4,1 ne sont pas du premier ordre, ce qui indique
l�accumulation d�un intermeÂdiaire reÂactionnel qui, par ailleurs,
a eÂteÂ identifieÂ au sulfamate de pheÂnyle. Ce reÂsultat, associeÂ au
fait que l�on observe en milieu acide une catalyse acide geÂneÂrale
par les tampons, indique que la reÂaction d�hydrolyse s�effectue,
quel que soit le pH, uniquement sur la forme anionique du
substrat avec rupture de la liaison carbone ± oxygeÁne. La
catalyse geÂneÂrale observeÂe est vraisemblablement la conseÂ-
quence de la non-existence en milieu aqueux de l�espeÁce
zwitteÂrionique PhOSO2N


ÿ
COÿO


�
(H)Ph. Une comparaison


avec l�hydrolyse du N-(phenylsulfonyl)carbamate de pheÂnyle
preÂceÂdemment eÂtudieÂ[7] montre que la valeur a de Brùnsted
associeÂe aÁ ce type de reÂaction croît fortement avec l�eÂnergie de
la liaison CÿO aÁ rompre (une stabilisation da la liaison CÿO
d�environ 2,3 kcal molÿ1 se traduit par une augmentation de a


d�environ 0,3). Contrairement aÁ la rupture CÿO, les coupures
des liaisons SÿO et PÿO mises en jeu dans des systeÁmes
apparenteÂs tels que les esters de N-(methoxycarbonyl)sulfa-
mate et les monoesters de phosphate et de sulfate avec de bons
groupes partants s�effectuent sans catalyse apparente des
tampons. En conclusion, la distinction sans eÂquivoque entre
une catalyse acide geÂneÂrale inter- et intramoleÂculaire n�est pas
actuellement possible pour ces composeÂs.
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0.4)� 10ÿ7 sÿ1, kOH� (8.02� 0.4)� 10ÿ5mÿ1 sÿ1, and Kapp�
(2.73� 0.2)� 10ÿ2m. The second-order rate constant value
for hydroxide ion determined at 50 8C from the linear plot of
kobsd vs [OHÿ] in the alkaline pH-dependent region (pH�
11 ± 13) is kOH� (8.42� 0.3)� 10ÿ5mÿ1 sÿ1. The value of Ka


determined spectrophotometrically at 25 8C and m� 1.0m
(with KCl) is Ka� (6.61� 0.2)� 10ÿ2m.


Mechanisms : The overall mechanistic pathway for hydrolysis
(pH range 0 ± 14) of phenyl N-(phenoxycarbonyl)sulfamate is
depicted in Scheme 2. Each of the hydrolytic paths of
Scheme 2 involves i) the anionic form specifically and ii)
carbon ± oxygen bond fission.


O


SPhO N


H


O


C OPh


O O


SPhO N


O


C OPh


O


OH-kOH


kH H+


kp


uncatalyzed


C-O cleavage products


Ka


C-O cleavage products


C-O cleavage 
products


Scheme 2. Overall mechanistic pathway for hydrolysis of phenyl N-
(phenoxycarbonyl) sulfamate ester in the entire pH range 0 ± 14.


a) pH-Independent hydrolysis (kp): From the dissociation
constant Ka , simple calculation shows that, at pH> 3.2, more
than 99 % of the title compound is present as the anion. In
agreement with our expectation, namely, that anion break-
down is much more likely to take place through the carbonyl
group (CÿO cleavage) than through the sulfonyl group (SÿO
cleavage) when there are two possible oxy leaving groups of
identical pKa attached one on each side of the -SO2N


ÿ
CO-


moiety,[11] we found that the spontaneous hydrolysis reaction
in the pH range 5 ± 11 (kp in Scheme 2) occurs like that of
previously studied aryl N-(phenylsulfonyl)carbamate esters,[7]


that is, by way of a dissociative E1cB mechanism with CÿO
bond cleavage leading to phenyloxysulfonyl isocyanate as
intermediate (Scheme 3).


Scheme 3.


The observation of non-first-order behavior in the pH range
between 1.6 and 4.1 indicates the accumulation of a non-
steady-state intermediate that is concluded to be phenyl
sulfamate. The latter compound results from the rapid
addition of water on the electrophilic phenyloxysulfonyl
isocyanate intermediate followed by fast decarboxylation.


This conclusion is based on the coincidence of the pH ± rate
profile for hydrolysis of phenyl sulfamate (Figure 1, *) with
part of the pH ± rate profile for the title compound (Figure 1,
*). The non-first-order kinetic behavior between pH 1.5 and
4.5 is expected for a system such as that in Scheme 4 when


Scheme 4.


kA� kB, and is quantitatively consistent with the interpreta-
tion in terms of Scheme 4. Kinetic expression for the
appearance of phenol is given in Equation (2), in which r�


At�A1� 0.5 (A1ÿA0) [(rÿ 1)ÿ 1 eÿ rkAt� (1ÿ 2r)(rÿ 1)ÿ 1 eÿ kAt] (2)


kB/kA, and where At , A1 , and A0 represent the observed
absorbance at time t, t�1 , and t� 0, respectively, at l�
270 nm. Values of kA for the hydrolysis of phenyl N-
(phenoxycarbonyl)sulfamate were computed from excellent
fit of the data to Equation (2) using the experimental values of
A1 and A0 as just defined, and kB, the rate constant for
hydrolysis of phenyl sulfamate (measured directly at l�
270 nm from an authentic sample of phenyl sulfamate under
the same conditions used in the hydrolysis of phenyl N-
(phenoxycarbonyl)sulfamate[12]).


The hydrolysis reaction at pH� 4.60 in acetate buffer 0.5
fraction base (i.e. in the pH region where kobsd� kp, see
Figure 1) is characterized by DH 6� � 29.3� 0.4 kcal molÿ1 and
DS6� ��5.3� 1.3 calKÿ1 molÿ1.


It is of interest to note that phenolate expulsion from
phenyl N-(phenoxycarbonyl)sulfamate anion resulting from
the CÿO cleavage reaction (kp, this work) occurs 35 times
more slowly than that from phenyl N-(phenylsulfonyl)carb-
amate anion (kp� 3.27� 10ÿ5 at 50 8C[7]). Thus, the presence
of an additional oxygen atom at the sulfonyl moiety has a
stabilizing effect of ca. 2.3 kcal molÿ1 at 50 8C.


b) Hydroxide ion reaction (kOH): As previously observed with
aryl N-(methoxycarbonyl)sulfamate esters,[13] the OHÿ reac-
tion observed with phenyl N-(phenoxycarbonyl)sulfamate
very likely involves attack of OHÿ at the carbonyl moiety of
the anion. The increased reactivity of the title compound
compared to phenyl N-(methoxycarbonyl)sulfamate,[8] by a
factor of ca. 4 at 50 8C, is as expected for a mechanism
involving a rate-limiting nucleophilic attack at the carbonyl
center with different leaving groups such as phenol and
methanol. It should be noted that in the case of aryl N-
(phenylsulfonyl)carbamates, no hydroxide ion reaction was
detected up to pH 13 at 50 8C.[7] This is consistent with the fact
that the negative charge of N-(sulfonyl)carbamate esters,
which is less extensively delocalized to the sulfonyl moiety
than in N-(oxycarbonyl)sulfamate esters, should provide
more electrostatic repulsion toward OHÿ attack at the
carbonyl center.
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c) Acid-catalyzed hydrolysis (ka): The mechanism shown in
Scheme 5 is consistent with the observed rate law in acid, and
is supported by the observation at low pH of general buffer-
acid catalysis.


Scheme 5.


The observation of buffer-acid catalysis at pH< 5 requires
that the anionic form of the substrate, Sÿ, is the reactive
species in acid. In the pH region 0 ± 5 one may then interpret
Equation (1) in terms of Equation (3), the explicit rate law for
the mechanism of the reaction in Scheme 5. According to
Equation (3), the observed pH-independent rate constant ka


kobsd� kHaHKapp/(aH�Kapp) (3)


is equal to kHKapp when aH�Kapp (i.e. at pH< 1, Figure 1, *);
kH in Equation (3) refers to the second-order rate constant for
hydronium ion (Scheme 2). As shown in Scheme 5, the
catalytic role of hydronium ion is to assist departure of the
leaving group PhOÿ during the course of the rate-limiting
CÿO cleavage. Consistent with this picture is the relatively
large isotopic dependence measured in 1.0m LCl solutions at
50 8C (kH2O/kD2O� 1.53).


The effect of the buffer concentrations on the rate of
hydrolysis of phenyl N-(phenoxycarbonyl)sulfamate was
determined by varying the total buffer concentration over a
tenfold range at constant pH values (see Table S1 in the
Supporting Information). With the more acidic buffers of
pKa< 5, that is, CCl3COOH, CCl2HCOOH, NCCH2COOH,
and CH3COOH, a significant buffer catalysis was observed.
Typically the values of kobsd changed, linearly, by ca. 40 % with
changes in buffer concentration that routinely ranged from
0.05 to 0.5m. The pseudo-first-order rate constants kobsd were
determined in trichloroacetic acid buffer (pH range 0.4 ± 1.1)
by means of complete kinetic runs, while Equation (2) had to
be used in dichloro- and cyanoacetic acid buffers owing to the
non-first-order behavior observed in the pH portion 1 ± 3
(vide supra). In acetic acid buffer (pH 4 ± 5), the rate constants
kobsd were obtained from the method of initial rates by means
of Equation (5) (given in the Experimental Section). The data
were analyzed by least-squares fitting of Equation (4). The


kobsd� k0� k '
cat[buffer] (4)


rate constants k0 were then obtained for the acidic pH region
(0 ± 5) by extrapolation of kobsd values to zero buffer concen-
tration or else by direct measurements carried out in HCl
solutions at several concentrations (kobsd� k0).


In order to obtain a linear relationship between the buffer
catalytic coefficient, kcat , and the fraction of buffer present in
the acid form, fA, it is necessary to divide k '


cat in Equation (4)
by a, the molar fraction of Sÿ present at a given pH value {a�
Ka/(aH�Ka)} (the detailed kinetic analysis employed to
determine the catalytic coefficients kcat is given in the


Supporting Information). The kcat values so obtained are
summarized in Table S1 (Supporting Information) and are
plotted against the molar fraction fA of the acid form of the
buffer; an example of such an analysis is shown in Figure 2.


Figure 2. Dependence of the second-order rate constant kcat for buffer
catalysis of hydrolysis of phenyl N-(phenoxycarbonyl)sulfamate on the
fraction of cyanoacetic buffer present in the acid form, fA. The slope of the
line is kHA� (1.14� 0.03)� 10ÿ4mÿ1 sÿ1.


For all the buffers examined, the straight lines obtained are
characterized by a zero intercept at 0 % free acid and positive
slopes equal to kHA. When the spectrophotometrically deter-
mined pKa of phenyl N-(phenoxycarbonyl)sulfamate at 25 8C
(pKa� 1.18) is used to calculate the molar fraction a, the
resulting catalytic constants kHA (Table 1) plotted against the


pKa of the corresponding acids lead to an a Brùnsted
parameter of 0.78� 0.04.[14]


The Brùnsted plot for general acid catalysis by carboxylic
acid buffers is illustrated in Figure 3. The value of the slope
(a� 0.78) is probably not directly comparable with that
previously obtained with phenyl N-(phenylsulfonyl)carba-
mate (a� 0.46) insofar as in the latter case the Brùnsted line
was established with different classes of catalysts including
hydronium ion. Nevertheless, allowing for H3O� in the
Brùnsted correlation[15] gives a smaller a value (a� 0.67)
which still remains significantly larger than that of phenyl N-
(phenylsulfonyl)carbamate anion. This variation of a value


Table 1. General acid catalytic coefficients for the hydrolysis of phenyl N-
(phenoxycarbonyl)sulfamate at 50 8C (m� 1.0m with KCl).


catalyst HA pKHA, 50 8C[a] (25 8C)[b] kHA [mÿ1 sÿ1][c]


H3O� ÿ 1.74 (ÿ1.74) (3.01� 0.4)� 10ÿ2 [d]


Cl3CCO2H 0.69 (0.70) (2.21� 0.06)� 10ÿ3


Cl2CHCO2H 1.45 (1.48) (7.43� 0.2)� 10ÿ4


CNCH2CO2H 2.63 (2.65) (1.14� 0.03)� 10ÿ4


CH3CO2H 4.55 (4.75) (2.28� 0.02)� 10ÿ6


[a] Apparent pKa values determinedÐexcept for H3O�Ðat ionic strength
1.0m and 50 8C from either the pH of half-neutralized solutions or the
degree of neutralization and the pH. [b] pKa values at 25 8C from D. R.
Lide, Handbook of Chemistry and Physics, 71st ed., CRC, 1990 ± 1991.
[c] See text and Supporting Information for determination. [d] Calculated
from the rate constant value ka corresponding to the acidic plateau of the
pH ± rate profile of Figure 1 (*) divided by Ka , the ionization constant of
the title compound determined at 25 8C (see text and ref. [14]).
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Figure 3. Statistically corrected Brùnsted plot for the general acid-
catalyzed hydrolysis of phenyl N-(phenoxycarbonyl)sulfamate by carbox-
ylic acid buffers at 50 8C. The linear regression equation is: log (kHA/p)�
(ÿ0.78� 0.04)(pKHA� log(p/q))ÿ (2.26� 0.1). The position of hydronium
ion relative to the solid line obtained is indicated in the graph. Data are
from Table 1.


follows closely what would be predicted from the discussion of
More O�Ferrall.[16] Indeed, inspection of a two-dimensional
reaction coordinate diagram[17] for the general buffer acid-
catalyzed decomposition of phenyl N-(phenylsulfonyl)carb-
amate anion in which the transition state contains a reason-
able diagonal component (a� 0.46) indicates that the change
to the less reactive title compound should increase the value
of Brùnsted a.


General buffer acid-catalyzed E1cB reaction for CÿO cleav-
age : As far as we are aware, the CÿO bond fission involved in
the hydrolysis of both the title compound and phenyl N-
(phenylsulfonyl)carbamate ester provides the first example of
an (E1cB)rev reaction that is general buffer acid-catalyzed.
Indeed, extensive studies[18] performed on dissociative mech-
anisms involving rate-limiting anion decomposition in aque-
ous media indicate that (E1cB)rev mechanisms are not
typically general buffer acid-catalyzed.[19]


Buffer-acid catalysis observed for the above-mentioned
CÿO cleavages is assumed to be the result of the nonexistence
of hypothetical zwitterionic species. In fact, extrapolation of
the Brùnsted plot logkp vs pKlg obtained for the uncatalyzed
decomposition of the anions of aryl N-(phenylsulfonyl)carba-
mates,[7] as indicated in ref. [8], suggests that the zwitterionic
species PhSO2N


ÿ
COÿO


�
(H)Ar (I) do not exist as discrete


species for leaving groups of pKa< ca.13.4 (at 50 8C), that is,
for all leaving phenols.[21] Similarly, taking into account the
stabilizing effect (ca. 2.3 kcal molÿ1) due to the presence of an
additional oxygen atom at the sulfonyl moiety (vide supra),
one may roughly estimate this pKa limit to be ca. 12.2 (at
50 8C) for the corresponding zwitterionic species PhOS-
O2N


ÿ
COÿO


�
(H)Ar (II). Thus, according to the notions devel-


oped by Jencks about enforced general acid ± base cataly-
sis,[22, 23] the concerted general acid catalysis of Scheme 5
appears to be enforced by the disappearance of the barrier for
leaving group expulsion from the zwitterionic species in
Scheme 6 (i.e., kz> 1013 sÿ1).


Scheme 6.


Absence of buffer catalysis in related systems involving SÿO
and PÿO cleavages : The requirement for the involvement of
general buffer-acid catalysis for the above CÿO cleavage
reactions is without precedent in the aqueous reaction
chemistry of any structurally related system. Indeed, the
aqueous decompositions of weakly basic anions proceeding
with CÿO bond breaking are notable by comparison with
those proceeding with SÿO (Schemes 7 and 9 below) or PÿO
(Scheme 8) bond cleavage, in that where there is evidence for
an enforced general acid ± base catalysis (because of the
nonexistence of a putative intermediate), these other bond-
breaking reactions (i.e., SÿO and PÿO cleavages) are not
buffer-catalyzed.


From our earlier study of aryl N-(methoxycarbonyl)sulfa-
mate esters[8] it was concluded that the zwitterionic species in
Scheme 7 probably do not exist as discrete species (i.e., kz>


1013 sÿ1) for leaving phenols of pKa<� 9.4 (at 50 8C) and,
therefore, that only a concerted mechanism is possible for the
observed acid-catalyzed SÿO cleavage reaction. With the


Scheme 7.


objective of detecting buffer-acid catalysis, a number of
experiments were carefully conducted in various buffered
solutions. However, no buffer effect was detected at any pH
for this reaction. Analogously, scrutiny of the literature for the
aqueous decompositions of aryl phosphate[24] and aryl sul-
fate[25] monoesters suggests that for those esters with good
leaving groupsÐthat is, for leaving phenols of pKa<� 10 in
the case of phosphates and of pKa<� 8 in the case of
sulfates[26]Ðthe zwitterionic species in Schemes 8 and 9 no


Scheme 8.


Scheme 9.


longer have an energy barrier to decomposition (kz> 1013 sÿ1)
so that the acidic hydrolysis reactions presumably proceed
through enforced concerted mechanisms.[27] However, as in
the case of aryl N-(methoxycarbonyl)sulfamate esters, no
buffer catalysis was reported for those reactions.


Thus, because of the absence of observed buffer effects in
acid for SÿO and PÿO cleavages, an unequivocal choice
between two paths, a and b in Scheme 10, is not presently
possible. Paths a and b represent the two types of enforced
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Y = SO2, X = N-CO2CH3: N-(Methoxycarbonyl)sulfamate esters


.ROH


Y = SO2, X = O: Sulfate monoesters


Y = PO(O-), X = O: Phosphate monoesters


Scheme 10. Schematic view of the mechanisms that may be involved in the
acidic hydrolysis reactions of phosphate and sulfate monoesters and aryl N-
(methoxycarbonyl)sulfamate esters. Paths a and b represent the two types
of enforced inter- and intramolecular general acid catalyses, respectively,
that may be considered when kz (path c) approaches the upper limit of
1013 sÿ1. The rate constant ki (path b) refers to the cyclic intramolecular
proton transfer with the transition state III or IV.


general acid catalysis that may be considered when kz in
Scheme 10 (path c) approaches the upper limit of 1013 sÿ1.[21]


While the observation of buffer catalysis would unambigu-
ously support intermolecular acid catalysis (path a) with a
transition state such as that shown in Scheme 5 for CÿO
breaking, the absence of buffer effect cannot be taken as
proof of intramolecular acid catalysis (i.e. path b) with a
transition state III or IV.


Indeed, it is possible that buffer catalysis which, in principle,
should be associated with the mechanism of path a becomes
unobservable merely because the a Brùnsted values for SÿO
and PÿO fissions are close to unity.[22] One way of regarding
the change in the a value observed for CÿO fission (a change
in reactivity of ca. 2.3 kcal molÿ1 gives rise to a change in a of
about 0.3, vide supra) is to say that the less easily the CÿO
bond is broken the more proton transfer there is in the
transition state. This trend presumably also holds for SÿO or
PÿO bond cleavage reactions. Given that the SÿO and PÿO
bonds are much stronger than the CÿO bond, it is then
possible that the oxygen leaving groups of the anions of
Scheme 10 have to be almost completely protonated to lead to
the commencement of SÿO and PÿO fissions (complete
protonation cannot occur without triggering fission of the
SÿO and PÿO bonds when kz in Scheme 10 is assumed to be
on the order of a bond vibration frequency, i.e. ca. 1013 sÿ1).
Therefore, it is not unlikely that for N-(methoxycarbonyl)-
sulfamate esters and phosphate and sulfate monoesters with
good leaving groups the Brùnsted a value associated with the
mechanism of path a approaches a value of 0.9 ± 1, and hence,
that buffer catalysis becomes unobservable.


On the other hand, the absence of intermolecular proton
transfer, as suggested by the absence of general buffer-acid


catalysis, may be a function of the geometry of tetrahedral
phosphorus and sulfur centers. Indeed, it is possible that the
tetrahedral geometry of -PO(Oÿ)- and -SO2- groups is the key
to rendering the intramolecular proton transfer of path b (via
III or IV) energetically more favorable than the intermolec-
ular one of path a. Accordingly, the planar geometry of the
carbonyl group would explain why intermolecular acid
catalysis of weakly basic anions is only observed for CÿO
bond cleavage reactions.


Conclusions


The present study shows that, in the entire pH range, phenyl
N-(phenoxycarbonyl)sulfamate (pKa� 1.18) hydrolyzes by
way of its anionic form with 100 % CÿO bond cleavage
(Scheme 2). This result confirms the prediction that the two
possible decomposition fates, CÿO versus SÿO cleavage, for
the nitrogen anion of N-(oxycarbonyl)sulfamate esters be-
come completely unbalancedÐin favor of CÿO cleavageÐ
when the leaving groups on S and C sites are identical or, at
least, do not differ too much in terms of their pKa value.


In addition, it is confirmed that weakly basic nitrogen
anions whose acidic decomposition occurs through CÿO bond
cleavage exhibit an unusually general buffer-acid catalysis for
leaving group expulsion (Scheme 5) which is assumed to be
the result of the nonexistence of the zwitterionic species I and
II. Comparison with the previously studied compound phenyl
N-(phenylsulfonyl)carbamate[7] indicates that the Brùnsted a


value associated with such a mechanism increases sharply as
the CÿO bond which undergoes fission becomes stronger (a
change in reactivity of ca. 2.3 kcal molÿ1 gives rise to a change
in a of about 0.3).


In contrast to CÿO cleavage, SÿO and PÿO fissions
involved in such related systems as N-(methoxycarbonyl)sul-
famate esters and phosphate and sulfate monoesters with
good leaving groups (Scheme 10) are not buffer-acid-cata-
lyzed. The lack of any observed buffer effect could result from
the large value (�0.9) of Brùnsted a associated with SÿO and
PÿO bond fissions by path a. On the other hand, the absence
of buffer catalysis might suggest that a concerted cyclic
mechanism is energetically preferred (path b) because of
some geometric characteristics of tetrahedral phosphorus and
sulfur centers. Hence, an unequivocal choice between inter-
(path a) and intramolecular (path b) general acid catalysis is
not presently possible for those compounds. Unambiguous
distinction between paths a and b in Scheme 10 may have
some important implications with conclusions that can be
reached for the aqueous decompositions of phosphate and
sulfate monoesters in acid.


Experimental Section


Materials : In general, chemicals were purchased as the best available
commercial grade. Organic chemicals were purified by distillation or
recrystallization prior to use. Inorganic chemicals were generally used
without further purification. Water for analytical procedures was distilled
and deionized on a Milli-Q water purification system (Millipore). Melting
points were measured on a Kofler hot-stage apparatus and are uncorrected.
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Elemental analysis was performed by the Analytical Service of the
University Paul Sabatier. IR spectra were recorded with a Perkin ± Elmer
883 spectrometer. 13C NMR spectra were obtained with a Bruker AC-250
spectrometer (50.32 MHz).


Synthesis : Phenyl N-(phenoxycarbonyl)sulfamate was synthesized in 56%
yield by treating phenoxysulfonyl isocyanate, prepared from chlorosulfonyl
isocyanate and phenol,[30] with phenol according to the method described
by G. Lohaus.[30]


Phenyl N-(phenoxycarbonyl)sulfamate : M.p. 85 8C; 13C NMR (50.32 MHz,
CDCl3, 25 8C, TMS): d� 121.09 ± 130.32 (aryl CIII), 148.23 ± 149.86 (aryl CIV


and C�O); IR (CHCl3): nÄ � 3382 cmÿ1 (NÿH), 1785 (C�O), 1592 and 1489
(aryl C�C), 1439 (SO2NCO), 1386 and 1148 (SO2); C13H11NO5S (293.3):
calcd C 53.24, H 3.78, N 4.78; found C 52.96, H 3.63, N 4.76.


Kinetics : The decomposition reaction of phenyl N-(phenoxycarbonyl)sulf-
amate in aqueous media was monitored at 50 8C by UV/vis spectropho-
tometry. The solutions employed were HCl (pH 0 ± 2.0),[31] trichloroacetate
(pH 0.5 ± 1.1), difluoroacetate (pH 0.9 ± 1.5), dichloroacetate (pH 1 ± 1.5),
cyanoacetate (pH 2.1 ± 3.2), acetate (pH 4 ± 5.3), phosphate (pH 5.9 ± 7.2),
borate (pH 8.3 ± 9.6), at 0.5m, and NaOH (pH 11 ± 14). The strongest acid
buffers used here gave solutions whose pHs varied significantly with
concentration that spanned from 0.0625 to 0.5m. For the diluted solutions
0.0625, 0.125, and 0.250m, pH values were fit to the pH value measured for
the highest buffer concentration (0.5m) by addition of negligible volumes
of concentrated HCl solution. The pH of the reaction mixtures was
measured upon initiation and after completion of the runs by means of a
Tacussel pH meter (TT processor 2) with XC 111 or U402-M3-S7/60 Ingold
combination electrodes calibrated with commercially available standards at
50 8C. Kinetic runs exhibiting pH drift greater than �0.02 unit were
discarded. The kinetic runs in D2O were carried out under the same
conditions as described for H2O.


Between pH 4 and 11 the hydrolysis reaction of phenyl N-(phenoxycarbo-
nyl)sulfamate (at 50 8C) was so slow that it was followed to only ca. 10%
completion by following the formation of phenol at l� 270 nm. The
pseudo-first-order rate constants kobsd were determined by the method of
initial rates using Equation (5), in which s is the slope of absorbance versus
time, [S] the concentration of substrate, and ep the molar extinction
coefficient of product phenol and its anion measured at 270 nm at a
given pH value between 4 and 11. The values employed for ep are: 1500
between


kobsd� 0.5s/([S]ep) (5)


pH 4 and 7, and 1450 at pH 7.7. Those values were obtained from curves of
optical density versus concentration for a standard solution of phenol
diluted within reaction mixture. The coefficient 0.5 in Equation (5) arises
from the fact that phenol is formed both by kA (1 equiv) and kB (1 equiv)
(see Scheme 4 in Results and Discussion) and from the fact that the
intermediate phenyl sulfamate (see explanations in Results and Discus-
sion) is a steady state intermediate (i.e. kB�kA) at pH> 4.2. The latter
statement was checked by conducting complete kinetic runs at higher
temperature (75 8C) in acetate buffer at pH� 4.2: good pseudo-first-order
kinetics were obtained in each case. The hydrolysis of phenyl N-
(phenoxycarbonyl)sulfamate (1 equiv) gave, after completion of the first-
order kinetic runs performed at 75 8C and pH� 4.2, 2 equiv phenol,
whereas only 1 equiv was formed immediately after completion of the first-
order kinetic runs carried out at 50 8C and pH< 1.5.


Supporting information: Supporting information for this article is available
on the WWW under http://www.wiley-vch.de/home/chemistry/ or from the
authors; it comprises details of the kinetic analysis employed to determine
the catalytic coefficients kHA and Table S1, containing kinetic data for the
general acid-catalyzed hydrolysis reaction.
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Density Functional Studies on Conjugate Addition of (Me2CuLi)2 to
Cyclohexenone: Stereoselectivity and Rate-Determining Step


Seiji Mori[b] and Eiichi Nakamura*[a]


Abstract: The reaction pathway of the
conjugate addition of a dimeric cuprate
(Me2CuLi)2 to 2-cyclohexenone has
been studied by means of the B3LYP
hybrid density functional method, and
intermediates and transition structures
(TSs) on the potential surface of the
reaction have been determined. A lith-
ium/carbonyl coordination complex
(CPli), a copper/olefin complex retain-
ing a closed cuprate structure (CPcl), a
copper/olefin complex with an open
cuprate structure (CPop), and the TS
of CÿC bond formation (TScc) have
been located along the gas-phase path-
way leading to the conjugate addition
product (PD). We studied two diaster-


eoisomeric pathways, and found that the
pathway that results in the axial place-
ment of the nucleophilic methyl group in
the product was favored throughout the
course of the reaction, except in the
product complex. Thus, the stereoselec-
tivity of the conjugate addition to cyclo-
hexenone originates from the stereo-
chemical preference of the final, rate-
limiting CÿC bond formation stage that
mainly reflects the steric factors in the
formation of 3-methylcyclohexanone


enolate in its half-chair form (TSccax).
Comparison of the calculated and ex-
perimental values for 13C NMR chem-
ical shift and kinetic isotope effects
strongly suggests that the copper/olefin
complex of the CPop structural type is
the reactive intermediate that directly
forms the product. Thus, the open com-
plex CPop, rather than the closed com-
plex CPcl hitherto considered, is a direct
precursor of the product and crucial for
the stereoselectivity of the conjugate
addition. On the basis of theory and
experiments, transition-state models for
the conjugate addition to substituted
cyclohexenones are provided.


Keywords: conjugate additions ´
cuprates ´ density functional calcu-
lations ´ enones


Introduction


Conjugate addition of organocuprate occupies a uniquely
important position in organic synthesis because of its ability to
stereoselectively deliver a carbanionic center to create a new
chiral center. Numerous syntheses of complex natural prod-
ucts[1] crucially rely on diastereoselectivity of the conjugate
additions, as illustrated by the stereoselective synthetic step in
our cortisone synthesis (Scheme 1).[2] Scheme 2 illustrates the
simplest, textbook examples of high diastereoselectivities.[3, 4]


In spite of the critical importance of stereoselectivity in
synthetic applications, understanding of the origin of the
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selectivity has been very poor, and no consensus has been
achieved.[5]


Upon a low-level analysis, the diastereoselectivity in
Schemes 1 and 2 a appears to reflect the product stability.
However, the selectivity in Scheme 2 b apparently defies this
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hypothesis. On a more advanced level of analysis, the
selectivity in Scheme 2 b has been rationalized in two ways.
One interpretation assumes a transition state A which gives
the trans diastereomer (Scheme 3).[6] While this interpretation


OLi


H


R2


Cu
CH3H3C


R2


OLi


Cu
H3C


CH3


O


R2


A B


Scheme 3.


is accepted in one community, a different opinion may be held
in another, where a boatlike structure (cf. B) is assumed.[7, 8]


While the analysis of the stereoselectivity has remained
speculative, the kinetics and thermodynamics of the reaction
have been studied in considerable depth. The kinetic studies
by Krauss and Smith revealed a mechanism [Scheme 4,
Eqs (1) and (2)),[9] where an intermediate D (or kinetically
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indistinguishable multiple intermediates) formed in equili-
brium with the starting material goes through an irreversible
step (including CÿC bond formation) to give the conjugate
adduct F.[10] A lithium/carbonyl complex C forming in
equilibrium with starting materials does not directly give the
product, and instead a copper/olefin complex (conventionally
formulated as) D goes to the product though a CuIII


intermediate or a transition state represented by a general
structure E. This picture was supported by subsequent NMR
studies (cf. Scheme 10)[11±13] including the notable recent
studies by Krause who identified intermediates related to
D.[14] Enone/cuprate complexes of closed nature, such as D,
have often been assumed to exist, based on intuition and
computational results.[11 d, 15] The relative magnitude of the
rate constants was also assessed (k1/kÿ1� 1.5, kÿ1> k2).[13]


Using their elegant method, Singleton et al. recently deter-
mined the kinetic isotope effects in the conjugate addition to
cyclohexenone and concluded that the rate-limiting step is
CÿC bond formation by reductive elimination of a copper(iii)
intermediate such as E.[16] This step must correspond to the
Krauss/Smith second energy barrier (k2).


Unfortunately, it has so far not been possible to consolidate
the mechanistic studies on simple substrates and the stereo-
chemical questions in larger systems. To do so, quantum-
mechanical calculations of a system close enough to reality
are needed, which combine structural, energetic, and theo-
retical information. Our recent theoretical studies on the
simplest substrate (acrolein) provided the first step toward
this goal.[17] We now address a system involving a lithium
cuprate cluster and 2-cyclohexenone, which provides the first
opportunity to study the stereochemistry and the physico-
chemical characteristics of the conjugate addition in reference
to the known experimental data.[18]


In the present studies, we will discuss the origin of the
diastereoselectivity of the conjugate addition of a Me2CuLi
dimer to cyclohexenone in terms of energetics and structures
obtained for the most realistic models studied by high-level
quantum-mechanical calculations (density functional theory,
DFT). The present studies revealed the identity of the
intermediate in solution which goes directly into the product
(as CPop), and provided a concrete molecular picture of the
rate- and stereochemistry-determining step of the conjugate
addition (as TScc). The transition-state models for the
diastereoselective conjugate addition will be provided based
on theoretical and experimental results.


Chemical Models and Computational Details


We have chosen 2-cyclohexenone as our model substrate. The conjugate
additions to 2-cyclohexenone derivatives have been the most widely
studied experimentally because of the defined conformation of six-
membered rings, as well as the abundance of six-membered rings in natural
products. It is rather unfortunate that the physical organic studies on the
conjugate addition have been undertaken for unreactive,[9, 11±13] highly
substituted 2-cyclohexenone derivatives. The parent compound is too
reactive to be studied in detail for the mechanism.


As a cuprate model, we mainly studied Me2CuLi dimer, and also briefly
examined a small cluster EtMeCuLi for comparison (which did not affect
the conclusion, hence the data will not be shown). Our previous theoretical
studies[17] indicated that other cluster models (Me2CuLi and Me2CuLi ´
LiCl) will also show reactivities similar to [Me2CuLi]2.


There are two olefinic faces available for substituted 2-cyclohexenone to
receive the attack of a cuprate reagent (see Scheme 5): an attack eventually
placing the nucleophilic methyl group at the axial site of the C3 carbon atom
in the final products in its stable chair conformation (conventionally called
axial attack), and one placing it at the equatorial site (equatorial attack).


O
H


R2


O
H


R2


O
H


R2


O
H


R2


O
H


R2


R


R


"axial attack"


R–


R–


"R2CuLi"


"equatorial attack"


1


32


Scheme 5.







FULL PAPER S. Mori and E. Nakamura


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0505-1536 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 51536


We considered the two pathways for the parent cyclohexenone. (Note that
the experimental conformational marker group (R2) is not necessary in the
theoretical studies.)


Computational and theoretical analyses followed the protocol previously
discussed in great detail.[19] The calculations were performed by the
Gaussian 94 program[20] with DFT using the restricted B3LYP method.[21, 22]


The 321A basis set[19, 23, 24] was used for structure optimization, normal
coordinate analysis for all stationary points, and the 631A basis set[19, 23, 24]


was used for single-point energy evaluation and natural population
analysis.[25] For two important transition structures (TSs), TSccax and
TScceq, the structure optimization and normal coordinate analysis were
also carried out with the 631A basis set to obtain essentially the same
results.[26] Note that the energetic error associated with comparison of
conformational isomers, which we will give for axial and equatorial
pathways, is small enough to make the results reliable for comparison with
experimental selectivity.[27] TSccax and TScceq were also examined with
the MP4SDQ single-point calculations with the Ahlrichs SVP all-electron
basis set[24]for the copper element and 6-31G basis sets[23] for the other
elements.


Kinetic isotope effects[28] were computed by the Bigeleisen ± Mayer
equation[29] with Wigner tunnel correction [Eq. (3)], based on the
calculated frequencies scaled by 0.945 at the B3LYP/321A level and by
0.9614 at the B3LYP/631A level,[30] respectively. In this equation, ui� hni/
kT, ni is frequencies in cmÿ1, n 6�i is the imaginary frequency for the transition
states in cmÿ1, T is absolute temperature in K, h is Planck�s constant, and k
stands for the Boatsman constant. The original Bigeleisen ± Mayer
equation without tunnel effect consideration [Eq. (4)] was also used to
evaluate the tunneling effect. The largest and the second largest deviations


of ÿ0.007 (Ca) and ÿ0.002 (C3), respectively (for carbon numbering, see
Table 1) were noted for TSccax in reference to CPopax. The scale factor of
0.945 was derived from the product of the scale of 0.9614 for B3LYP/6-
31G(d) frequencies[30] and the ratio of B3LYP/631A frequencies with
B3LYP/321A frequencies for the TS in the addition of (Me2CuLi)2 to
acrolein.[17]


For NMR chemical shift calculations, we used gauge-including atomic
orbital (GIAO)-B3LYP method[31] combined with the Ahlrichs DZP basis
set[24] for the copper atoms and 6-311�G(d) basis sets[23] for the others
(denoted as B3LYP/6311A). The isotropic value of Me4Si was 182.0 ppm.
The maximum deviation of the GIAO 13C chemical shift of 2-cyclo-
hexenone from the experimental values[32] was 11.4 ppm, which indicates
that the absolute value of the calculated chemical shift was not exact.


Results and Discussion


Energetics and pathway : Figure 1 shows the B3LYP/631A//
B3LYP/321A energy profile of the reaction for the axial and
equatorial pathways. The stationary points in the axial
pathway will be denoted as ax (e.g. TSccax) and those in the
equatorial pathway as eq (e.g. TScceq). In agreement with the
experiments,[1±3] the axial product formation is favored at all
stages of the reaction except in the product complex (PD).
The structures of the stationary points are shown in schematic
representation (Scheme 6), and in 3D pictures (Figure 3 for
the axial attack pathway, and in the Supporting Information
for the equatorial attack pathway). Figure 2 shows geometric
parameters (a and b) and natural charges (c) for the
representative stationary points in the axial pathway at the


Figure 1. Energy changes in the conjugate addition of 2-cyclohexenone
with (Me2CuLi)2 (B3LYP/631A//B3LYP/321A). Values given below the
stationary structures are energy relative to reactants (RT1�RT2) in
kcal molÿ1 and values besides dashed lines are energy changes in kcal molÿ1.
Bars with open circles are for ªaxialº attack and those with closed circles
are for ªequitorialº attack.
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Figure 2. Change of a) C3 ± Ca length in �; b) representative atomic
distances in �; c) natural charges of representative atoms and groups in the
axial pathway (B3LYP/631A//B3LYP/321A).


B3LYP/631A//B3LYP/321A level (and at the B3LYP/631A//
B3LYP/631A level in parentheses). The energetics and
structures of the cyclohexenone reaction are similar to those
of the acrolein reaction reported earlier.[17]


As in the case of acrolein,[17] conjugate addition to cyclo-
hexenone (RT2) under gas-phase conditions was found to
take place in four stages, namely: oxygen/lithium complex-
ation (CPli), olefin/copper closed complex formation
(CPclax, eq), open complex formation (CPopax, eq), and
product formation (PDax, eq). It was previously shown that
CPcl having the pentacoordinated CaH3 group cannot directly
go to PD without first achieving tetracoordination of the
carbon atom as in CPop. The energy profile indicates that
three energy barriers exist, olefin/copper p-bond formation
(TSiso1, where the cuprate sits on one face of the olefin),
cluster reorganization from closed to open complex (TSiso2),
and CÿC bond formation (TScc).[33] Note that the extremely
large exothermicity of CPli formation (Figure 1 and
Scheme 7) is the artifact of the lack of solvent. The formation
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of CPli is simply a ligand ± exchange process in solution.
Indeed, as shown in Scheme 8, the ligand exchange between
Me2O and acrolein is almost thermoneutral. Under such
conditions, CPli is just as stable as the starting materials. In
solution, Li1 must also be coordinated by a solvent mole-
cule.[34, 35] Note that the lack of kinetic importance of the
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lithium/carbonyl complexation was also shown experimental-
ly (cf. Scheme 4). It is also notable that solvent coordination
on Li2 in CPcl will significantly weaken the Li2 ± oxygen (p-)-
coordination in this intermediate.


The last energy barrier (TSccax) represents the highest
point on the potential energy surface of the reaction. This
energy profile is consistent with experimental kinetics and
kinetic isotope effects as discussed later.[36] The calculated
energy barrier of about 11 kcal molÿ1 (B3LYP/631A//B3LYP/
321A) may become a few kcal molÿ1 higher with a higher
theoretical model (i.e., CCSD(T)[19, 37]). The product PD is a
copper-complexed lithium enolate, and this structure prob-
ably reflects only part of the reality. If the cuprate is
specifically Me2CuLi, the MeCu product precipitates quanti-
tatively as polymeric material, leaving pure lithium eno-
late.[38, 39]


As seen in the charge data shown in Figure 2c (B3LYP/
631A//B3LYP/321A), two events are involved in the con-
jugate addition with respect to the electron flow between
cuprate and cyclohexenone (also previously found for acro-
lein).[17] At the first stage, electron donation from the copper
atom to the enone generates a CuIII state, which reverts to a
CuI state in the second stage (see box in Scheme 6 for a
schematic representation of the CuIII intermediate.) In the
first event from RT1 to CPopax, the electron density at C3H2


and carbonyl oxygen increases, and that at Cu1 decreases
because of back-donation from Cu1 to 2-cyclohexenone. The
negative charge on the oxygen atom increased to ÿ0.95 e
during conversion. In conjunction with this change, CPopax
already shows the enolate character (long C1ÿO and short
C1ÿC2) (Figure 3), and the C2 enolate carbon acts as a
stabilizing basic ligand to the CuIII atom.[40]


Some details of the stationary points are described below
for the axial attack path (Figure 3). The complex CPclax is a
two-point binding complex, wherein the dimer and the enone
are bound together through Cu1 and Li2 (front view in
Figure 3). The Ca ± Cu1-Cb bond is bent and the Cu1 atom is
tightly bound to the olefin. Thus, the four Cu ± C bonds on Cu1


are of nearly equal length (2.032 ± 2.085 �), and the Cu1 atom
has a near square planar geometry, that is, a geometry
conforming to the d8 CuIII formalism.[41, 42] These structural
changes coincide with electron donation from copper to
enone (cf. Cu1 and C3H in Figure 2c). The olefinic bond
(1.412 �) is elongated halfway from the enone (RT2, 1.340 �)
to the product (PDax, 1.530 �), which is consistent with the
Krause results of the reported 13C NMR spin coupling data.[14]


In CPopax, the Li2 atom is totally detached from the Cb


methyl group. This bond reorganization frees the Ca methyl
group from lithium coordination. Being electrostatic in
nature, the bond between the dicoordinated lithium atom
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and the pentacoordinated alkyl group in cuprate in solution is
short, but is not a static bond.[43]


The major event in TSccax that directly follows CPopax is
the C3ÿCa bond formation (see also Figure 2a). In addition,
the Cu1 atom is datively coordinated by the C1�C2 p bond of
the enolate.[17, 44] The formation of the product PD is a highly
exothermic process.


The issue of axial/equatorial preference : The calculations
show that the equatorial pathway is consistently 0.5 ±
1.7 kcal molÿ1 higher in energy than the axial pathway
throughout the reaction course except in PD (Figure 1). The
origin of the energy difference is examined in this section.


Since the Curtin ± Hammett boundary condition is satisfied,
the energy profile indicates that the diastereofacial selectivity
is determined at the last CÿC bond-forming step. The axial
preference amounts to 1.61 kcal molÿ1 (B3LYP/631A//B3LYP/
631A level, translating to a 98:2 ratio at ÿ70 8C), which is a
reasonable value (Scheme 1). The axial preference at the
MP2/631A//B3LYP/631A level is 2.47 kcal molÿ1, and that at
the MP4SDQ level (see section on Chemical Models and
Computational Details) is 1.81 kcal molÿ1.


To see where this energy difference comes from, we
removed the organometallic part from TScc, extracted the
cyclohexenone�CaH3 moiety, and generated structures G
and H shown in Figure 4. The axial/equatorial energy differ-
ence for these models was 2.1 kcal molÿ1. Thus, most of the
axial preference comes from the cyclohexenone �CaH3 part,
since the cluster moiety is flexible enough not to contribute


much to the diastereomeric en-
ergy difference. This energy
difference can be related con-
ceptually to the difference
(�6.3 kcal molÿ1) between an
axially substituted chair cyclo-
hexane I and an equatorially
substituted boat cyclohexane J.
Note that the structural details
such as the elongated C3ÿCaH3


bonds in G and I are important
for them to exist as different
entities, since simple structure
optimization from G and I led
to the same 3-methylcyclohex-
anone enolate. It is important
to note also that the axial/equa-
torial difference decreases to
0.08 kcal molÿ1 (equatorial
preference) if only the cyclo-
hexenone part (i.e. without
CaH3) is extracted from TScc.
The above analysis also ac-
counts for puzzling cases such
as Scheme 1, wherein the dia-
stereoselectivity appears to re-
flect the product stability.
Clearly, the angular methyl
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Figure 4. Origin of the energy difference in axial and equatorial attacks
(B3LYP/631A//B3LYP/631A). The energies of the structures on the right
relative to those on the left are in kcal molÿ1.


group in the steroidal CD ring system in Scheme 1, which is
equivalent to substitution of H* in TSccax (and G), desta-
bilizes the axial TS because of 1,3-diaxial interaction. Details
will be discussed in the Conclusion section.


Comparison of TSs between acrolein and cyclohexenone
reactions : In this section, we will compare the TSs of rate-


Figure 3. Reactants, intermediates, and TSs in the conjugate addition of (Me2CuLi)2 to 2-cyclohexenone. Bond
lengths [�] are at the B3LYP/321A level (those in parentheses are at the B3LYP/631A level). Values of imaginary
frequencies of TSiso1ax, TSiso2ax, and TSccax are 117.5i, 48.9i, and 323.7i cmÿ1, respectively. Total energies of
RT1 and RT2 at the B3LYP/631A//B3LYP/321A level are ÿ3455.479138 and ÿ308.665269 hartrees, respectively.
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limiting CÿC bond formation for acrolein and cyclohexenone
reactions. This comparison of structural parameters revealed
rather remarkable insensitivity of the TS geometry to the
substrate. Since the TS structure is also rather insensitive to
the nature of the cuprate model (i.e. Me2CuLi ´ LiI and
(Me2CuLi)2),[17] we expect that realistic systems will be easily
modeled by a combined MO/MM method.[45]


Thus, we compared the partial structures for C1, C2, C3 and
the carbonyl oxygen between acrolein and cyclohexenone, as
shown in Figure 5 (both at the B3LYP/631A level). The O ±
C1 ± C2 ± C3 angle with acrolein is ÿ165.08, while it is ÿ167.68


Figure 5. Differences of geometries of TSs in the a) conjugate addition of
acrolein; b) conjugate addition of 2-cyclohexenone with (Me2CuLi)2; and
c) addition of acetylene with MeCu (B3LYP/631A).


with cyclohexenone. This constancy of angle must be caused
by the electronic features of CuIII reductive elimination,
namely, dative coordination of the enolate olefin to CuIII and
the enolate nature of O ± C1 ± C2 moiety. In addition, the
trajectory of the CaH3 group was similar in the two cases. An
angle q was defined as the deviation of the incoming Ca from
the normal plane (defined as a plane dividing the two planes
made by the olefinic C2�C3 bond, CH2, and H).[46] The angle q


is 10.18 for acrolein, and 14.48 and 16.88 for TSccax and
TScceq. The incoming angle f is 128.58 or 123.98. It is
interesting to note that f is also 128.58 in the TS of MeCu
addition to acetylene,[19] which further illustrates the general
persistence of the Bürgi ± Dunitz principle.[47]


Having obtained the structures of intermediates and
transition states, we will next compare their calculated
physical properties with the experimental data.


13C NMR chemical shifts : Although experimental NMR
measurements of the intermediates of conjugate addition
provided valuable information on the structures occupied by
the NMR-measurable nuclei, they offered no molecular
pictures of the whole structure. Comparison of computational
and experimental 13C NMR chemical shift values offers a
valuable reference point for probing the nature of intermedi-
ates in the reaction pathway.[48]


Unlike highly reactive 2-cyclohexenone itself (with which
equilibrium concentrations of the intermediates are too
reactive to be detected), b,b-substituted a,b-enones such as
10-methyl-D1,9-2-octalone (Scheme 9)[12] and 2,2,5-trimethyl-
hex-4-en-3-one (Scheme 10)[13] are sterically hindered around
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the olefinic region, and hence unreactive enough to allow
detection of cuprate complexes. Thus, mixing (Me2CuLi)2


with the former enone in [D10]diethyl ether at ÿ78 8C has
been reported to result in quantitative conversion of the
enone to a mixture of species considered to be lithium/
carbonyl (K), copper/olefin (L), and lithium-coordinated
copper/olefin (M) complexes (Scheme 9), and mixing Me2-


CuLi ´ LiI with the latter enone quantitatively afforded two
complexes K'' and M'' (Scheme 10). Notably, lithium carbonyl
complex K'' did not produce the product, and only M'' went
directly to the product at ÿ60 8C. This is consistent with the
Smith/Krauss picture (Scheme 4).[9] The intermediates such as
K, L, and M probably correspond to CPli, CPcl, and CPop,
respectively.


Spectral comparison of the starting enone with the enone/
cuprate complex was made for two real enones (Figure 6a ± d)
and the present theoretical models (Figure 6e, f). The exper-
imental spectra of the complex and the theoretical spectra
calculated for CPop showed good agreement, indicating that
K and K'' are likely to be the CPop species. This assignment
was consistent with the experimental and theoretical con-
clusions (vide infra) that these copper/olefin complexes were
direct precursors to the product. Thus, the spectral character-
istics of K and K'' compared with the starting enones
(Figure 6a, b and 6c, d, respectively) were such that the
carbonyl carbon underwent a small upfield shift (7 ± 9 ppm)
and the olefinic carbon a large upfield shift (75 ± 95 ppm). A
similar upfield shift was calculated for CPop. From the charge
and structure analysis (vide supra), the upfield shift of the
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Figure 6. Experimental 13C NMR chemical shift values for: a) 2,2,5-
trimethylhex-4-en-3-one; b) its 1-complex with Me2CuLi ´ LiI in [D10]di-
ethyl ether; c) 10-methyl-D1,9-2-octalone; and d) its p complexes with
(Me2CuLi)2 in [D10]diethyl ether, and calculated 13C NMR chemical shift
values (B3LYP/6311A//B3LYP/321A) for: e) 2-cyclohexenone (axial path-
way); and f) 1-complexes of 2-cyclohexenone with (Me2CuLi)2.


carbonyl carbon was due to charge build-up, and that of the
olefinic carbons was due to sp2 to sp3 rehybridization. The
magnitude of the upfield shift of the carbonyl carbon in the
experiments was smaller than the calculated data (6b, d vs.
6 f); this may be due to the small equilibrium contribution of
CPcl, which has a downfield shift (owing to electrophilic
coordination of Li2).


Kinetic isotope effects : Experimental KIE investigations
provide valuable information on the nature of the transition
state. Recent experimental studies[16] on the conjugate addi-
tion of Bu2CuLi ´ LiI and Bu2CuCNLi (Table 1, entries 1
and 2) showed a large KIE for
the two carbon atoms associat-
ed with the s-bond formation,
C3 and Ca. The KIE values for
the latter carbon atom depend
on the cuprate structures (1.014
and 1.020). Other carbon atoms
on the enone showed KIE val-
ues indicative of small changes
of bonding state between the


rate-limiting steps and the starting material. The identity of
this starting material was shown, by NMR studies and energy
profile, to be the copper/olefin complex CPop that exists as a
predominant stable intermediate in solution. Calculation of
the KIE of TSccax based on CPopax showed good agreement
with the experimental values, especially for the enone carbon
atoms including C3 (Table 1, entry 3). The KIE value for the
incoming methyl group (1.032) was slightly larger than the
experimental value (1.014 ± 1.020) obtained for butyl cuprates,
and this discrepancy may have arisen from experimental and
theoretical factors (e.g. theoretical method, model, difference
of the cuprate reactants).[49, 50]


Conclusion


In the present studies, we have examined two diastereomeric
pathways of the conjugate addition of (Me2CuLi)2 to 2-cyclo-
hexenone in the gas phase and determined intermediates and
TSs lying on the pathway leading to the conjugate addition
product. The studies have provided the first solid correlation
between the physicochemical data and the concrete molecular
structures.


Among various models suggested thus far in the literature,
the present models are the closest to the experimental
examples, and provide the first molecular picture of the
nature of the diastereoselectivity of the cuprate addition.
Translation of preferred TSccax in Figure 4 into the arche-
typal experimental case of Scheme 2 b and Scheme 3 gener-
ates a model for axial attack P (Scheme 11. The 1,2-
diastereoselectivity in Scheme 2a was probably due to the
axial attack Q (Scheme 12) where the 4-methyl group is in the
axial position owing to the presence of the flat sp2 carbons in
the ring. When there is steric hindrance disfavoring the axial
attack, as in Scheme 1, the reaction may take place via a boat
TS S (i.e. TScceq) rather than a chair TS R (Scheme 13).


Table 1. Experimental KIE and theoretical KIE calculated for TSccax
against CPopax with the Bigeleisen ± Mayer equation with Wigner tunnel
correction (B3LYP/321A).
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The present studies have shown that the intermediate
similar to CPop directly goes to the transition state leading to
the conjugate adduct (the box in Scheme 14). The stereo-
selectivity of the addition reflects the conformation energy of
the TS, having little to do with the starting material
(cyclohexenone), despite the high exothermicity of the
reaction. This was another illustration of the inappropriate-
ness of straightforward application of Hammond�s postu-
late to organometallic reactions.[51] Given the known frac-
tional behavior of lithium cuprate in solution,[43a, b] we can
now draw the following scheme for the pathway of con-
jugate addition (Scheme 14; solvent participation was ne-
glected for clarity). Thus, one can consider an extreme case
of the associative pathway (top left) leading to CPop as


suggested by the gas-phase cal-
culations, as well as a dissocia-
tive process (bottom left) in-
volving prior opening of the
cuprate cluster (N) which goes
directly to CPop without going
through CPli or CPcl. Linear
polymers of lithium cuprates
found in crystals (including the
higher-order cuprate)[43c±e, 52]


will also serve as the source of
the open complex in solution. A copper/olefin one-point
binding complex O may also lie on the pathway. The overall
energetic surface was rather flat, with the highest point at
TScc, which was also the face-selectivity-determining step.
The effect of Me3SiCl in accelerating the conjugate addition
that we first reported in 1984[53, 54] was probably to lower the
energy of this final CÿC bond-forming step by reducing the
electron-donating power of the lithium enolate moiety by in-
situ conversion to the corresponding enol silyl ether (bottom
right).


On the basis of this information on the face-selectivity step,
we consider that the role of effective chiral ligands reported
recently[55] is to selectively accelerate reductive elimination of
the CPop intermediate, most likely through complexation of
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the phosphorus moiety of the ligand to the CuIII atom in TScc.
Note that this view is quite different from the prevailing views
on enantiofacially selective conjugate addition that focus on
the copper/olefin 1-complexation stage (e.g. CPcl) as the
crucial face-selective step (Scheme 15).[56]
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Supporting information : Supporting information for this article is available
on the WWW under http://www.wiley-vch.de/home/chemistry/ or from the
authors, who can supply a directory; it contains Cartesian coordinates of
the stationary points, representative frequencies of TSs, and 3D structures
on the stationary points on the equatorial attack pathway in the conjugate
addition of 2-cyclohexenone with (Me2CuLi)2 at the B3LYP/321A level.
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Trimerisation of the Cationic Fragments [(h-ring)M(Aa)]�
((h-ring) M� (h5-C5Me5)Rh, (h5-C5Me5)Ir, (h6-p-MeC6H4iPr)Ru; Aa�a-amino
acidate) with Chiral Self-Recognition: Synthesis, Characterisation, Solution
Studies and Catalytic Reactions of the Trimers [{(h-ring)M(Aa)}3](BF4)3


Daniel Carmona,*[a] Fernando J. Lahoz,[a] Reinaldo Atencio,[a] Luis A. Oro,*[a]


M. Pilar Lamata,[b] Fernando Viguri,[b] Emilio San JoseÂ ,[b] Cristina Vega,[b] Josefa Reyes,[c]


Ferenc JooÂ ,*[d] and AÂ gnes KathoÂ [d]


Abstract: The mononuclear neutral
chlorides [(h-ring)M(Aa)Cl] ((h-ring)-
M� (h5-C5Me5)Rh, (h5-C5Me5)Ir, (h6-p-
MeC6H4iPr)Ru; Aa�a-amino acidate)
were treated with AgBF4 to yield the
corresponding new chiral trimers [{(h-
ring)M(Aa)}3](BF4)3. Compounds [{(h5-
C5Me5)Ir(Ala)}3](BF4)3 (1 b) and [{(h6-p-
MeC6H4iPr)Ru(l-Pro)}3](BF4)3 (6c) were
characterised by X-ray diffraction. Tri-
merisation takes place by chiral self-
recognition: the trimers RMRMRM (1


isomer) or SMSMSM (s isomer), which


have equal configuration at the metal
centre, were the only diastereomers
detected. In solution, a diastereomerisa-
tion process between both isomers oc-
curs, where the equilibrium constant
depends on the solvent, amino acidate,
and metal. The different localisation of
the polar groups (NH or NH2 moieties)


on the molecular surface of the two
diastereomers (1 and s) provides a
qualitative explanation for the different
diastereomer stability observed in solu-
tion. The new chiral trimers catalyse the
reduction of unsaturated aldehydes to
unsaturated alcohols by hydrogen trans-
fer from aqueous sodium formate and
the reduction of acetophenone by hy-
drogen transfer from 2-propanol with up
to 75 % ee.


Keywords: amino acids ´ asymmet-
ric catalysis ´ iridium ´ rhodium ´
ruthenium


Introduction


The previously reported[1] chiral-at-metal a-amino acidate
chloride complexes [(h-ring)M(Aa)Cl] ((h-ring)M� (h5-


C5Me5)Rh, (h5-C5Me5)Ir, (h6-p-MeC6H4iPr)Ru; Aa�a-ami-
no acidate) act as ionic conductors in polar solvents such as
methanol or water, with molar conductances greater than
60 ohmÿ1 cm2 molÿ1 in water.[1b] The 1H NMR spectra of the
ruthenium chloride compounds [(h6-p-MeC6H4iPr)Ru(Aa)-
Cl] (Aa�Ala, l-Pro) in D2O were affected by the presence of
LiCl. This behaviour was explained by the assumption of a
reversible ionisation of the chloride ligand from the two
possible epimers at the metal centre.[1b, 2] However, the
1H NMR spectra of the related rhodium and iridium chloride
compounds [(h5-C5Me5)M(Aa)Cl] (M�Rh, Ir; Aa�Ala, l-
Pro) in the same solvent, showed only one set of resonances
which were not affected by the addition of excess lithium salt.
Additionally, conductance measurements in water gave
values for the slope of the Onsager equation that clearly
pointed to a molecular complexity greater than that of
univalent electrolytes.[3]


In order to obtain further insights into the actual nature of
these complexes in solution, the reaction of a variety of
chlorides of the three metals with AgBF4 was carried out,
which resulted in the preparation of a family of chiral-at-metal
trimers of the general formula [{(h-ring)M(Aa)}3](BF4)3. One
member of this family, [{(h5-C5Me5)Rh(Phe)}3](BF4)3 (Phe�
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phenylalaninate), has been previously prepared by Beck
et al.[4]


Herein we report the preparation, characterisation and
solution studies of these trimers. The trinuclear nature of the
metal complexes together with the complete configurational
characterisation of the different diastereomers was confirmed
by a single-crystal X-ray diffraction study of two representa-
tive complexes and comparative analysis of the 1H NMR and
circular dichroism spectra for all synthesised complexes.


Furthermore, investigation of the catalytic properties of the
new complexes, together with those of the mononuclear
analogues prepared earlier, was undertaken for two equally
important reasons. With a few exceptions, these compounds
are soluble in water and have the potential for application in
aqueous/organic biphasic processes which are the objects of
intensive current research.[5] Secondly, the chirality of these
complexes, both on the ligand and the metal, could provide
the means for asymmetric catalytic transformations.


For our complexes, the retention of chirality during a
catalytic reaction requires that the metal bonding of both the
arene and amino acidate ligands is maintained. For that
reason, reactions which can proceed without the need for
simultaneous coordination of three new ligands, were at-
tempted, namely i) reduction of unsaturated aldehydes by
hydrogen transfer from aqueous sodium formate and ii)
reduction of acetophenone by hydrogen transfer from 2-prop-
anol. In addition, some experiments were also done on olefin
isomerisation. Selective reduction of unsaturated carbonyl
compounds to unsaturated alcohols[6a] and the stereoselective
reduction of ketones[6b,c] are important practical processes and
can be effected by several Ru, Rh, and Ir complexes, while the
transfer hydrogenation of acetophenone[7] is a standard
reaction to characterise the catalytic activity and enantiose-
lectivity of new catalysts.


Results


Synthesis and spectroscopic characterisation : Abbreviations
of the amino acidate ligands and metallic fragments are given
in Scheme 1. The configuration of the amino acidate is stated
for l-Pro (or d-Pro) only; otherwise Aa indicates l-Aa.


The new trimers were prepared, in methanol, in accordance
with Equation (1).


[(h-ring)M(Aa)Cl] � AgBF4 ! 1�3[{(h-ring)M(Aa)}3](BF4)3 � AgCl (1)


Aa�Ala (h-ring)M� [Rh] 1 a, [Ir] 1 b, [Ru] 1 c


Abu [Rh] 2 a


Val [Rh] 3 a, [Ir] 3 b, [Ru] 3 c


Tle [Rh] 4 a, [Ir] 4 b, [Ru] 4 c


Phe [Rh] 5 a, [Ir] 5 b, [Ru] 5 c


l-Pro [Rh] 6 a, [Ir] 6 b, [Ru] 6 c


d-Pro [Rh] 7 a, [Ir] 7 b, [Ru] 7 c


Me-Pro [Rh] 8 a, [Ir] 8 b


Hyp [Rh] 9 a, [Ir] 9 b, [Ru] 9 c


Microanalysis of the isolated solids (see Experimental Sec-
tion) were consistent with a 1:1:1 ratio of metallic fragment
[M], a-amino acidate, and BF4 anion. The FAB mass spectra


Scheme 1. Abbreviations of the amino acidate ligands and metallic
fragments. Ala� alaninate; Abu� 2-amino butirate; Val� valinate;
Tle� tertleucinate; Phe� phenylalaninate; l-Pro� l-prolinate; Me-
Pro�N-methyl-l-prolinate; Hyp� 4-hydroxy-l-prolinate.


showed, in all cases, a peak at the m/z ratio calculated for the
fragment [{(h-ring)M(Aa)}3(BF4)2]� , with the appropriate
isotopic distribution, along with peaks assignable to di- and
monometallic species. Conductance measurements at differ-
ent concentrations, in acetone or methanol, gave values for
the slope in the Onsager equation (see Experimental Section)
that pointed to 3:1 electrolytes, although for the ruthenium
compounds, this parameter shows very variable values (from
695.1 (5 c) to 1566.4 (3 c)).[3, 8] Table 1 contains 1H NMR data
for the new compounds. As expected, the 1H NMR spectra of
1 b, 6 a and 6 b in D2O were identical to those measured in the
same solvent, for the parent chlorides [(h5-C5Me5)Ir(Ala)Cl],
[(h5-C5Me5)Rh(l-Pro)Cl], and [(h5-C5Me5)Ir(l-Pro)Cl],
which confirms that complete dissociation of the chloride
ligand occurred in water. The IR spectra of solids 1 ± 9 showed
strong n(NH) bands in the 3200 cmÿ1 region,[9] the character-
istic bands of the uncoordinated BF4 anion with Td symme-
try,[10] and a very strong n(CO) absorption at 1530 ± 1590 cmÿ1


that, interestingly, was shifted 35 ± 95 cmÿ1 to lower energies
with respect to the parent chlorides. All these data strongly
suggested a polymeric formulation involving the COO
functionality. In order to elucidate their molecular structure,
complexes 1 b and 6 c were studied by X-ray diffraction
methods.


Molecular structures of [{(h5-C5Me5)Ir(Ala)}3](BF4)3 (1 b)
and [{(h6-p-MeC6H4iPr)Ru(ll-Pro)}3](BF4)3 ´ 3 CH3OH (6 c):
The crystalline structures of 1 b and 6 c constitute trimeric
cationic complexes [{(h-ring)M(Aa)}3]3� with BFÿ4 counter-
ions. In the case of 6 c, methanol solvent molecules are also
present in the crystals. The trinuclear metal complexes of 1 b
and 6 c exhibit analogous molecular structures, with the amino
acidate ligands acting in both cases as tridentate bridging
groups (Figures 1 and 2). The entire cationic complex of 1 b
has crystallographically imposed three-fold symmetry relating
the geometrical parameters of the three metal centres, while
this symmetry is only apparent in the structure of 6 c. The
nitrogen atom and one of the carboxylic oxygen atoms of
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Table 1. 1H NMR data[a] for complexes 1 ± 9.


Complex C5Me5 C*H R1 NH2


1b[b] 1.60 (s) 3.95 (m) 1.27 (d, J� 6.9) (Me) 3.61 (m), 4.74 (d, J� 11.1)
3a[c] 1.94 (s) 3.03 (m) 0.96 (d, J� 7.1) (Me), 3.93 (m), 4.84 (m)


0.98 (d, J� 7.0) (Me),
2.34 (m) (CH)


3b[b] 1.73 (s) 3.55 (m) 1.00 (d, J� 6.9) (Me), 4.20 (m), 4.35 (m)
1.11 (d, J� 7.0) (Me),
2.20 (m) (CH)


4a[c] 1.95 (s) 2.51 (dd, J� 11.2, 5.6) 1.08 (s) (tBu) 4.38 (pt, J� 11.2), 5.15 (bs)
4b[c] 1.89 (s) 3.14 (dd, J� 10.5, 6.8) 1.14 (s) (tBu) 4.92 (pt, J� 10.5), 5.71 (dd, J� 10.5, 6.8)
5a[c] 1.88 (s) 3.02 (m) 2.9 ± 3.3 (m) (CH2), 4.55(m), 4.8 (m)


7.2 ± 7.4 (m) (Ph)
5b[c] 1.82 (s) 3.84 (m) 3.02 (dd, J� 14.6, 10.6) (CHH), 5.05 (m), 5.38 (m)


3.36 (dd, J� 14.6, 3.65) (CHH),
7.2 ± 7.5 (m) (Ph)


p-cymene
Complex Me iPr AB systems C*H R1 NH2


1c[c] 2.45 (s) 1.34 (d, J� 7.0) 5.81, 6.12 (J� 5.8) 3.40 (m) 1.29 (d, J� 7.3) (Me) 5.71 (pt, J� 9.6),
1.36 (d, J� 7.0) 5.98, 6.16 (J� 5.9) 4.91 (pt, J� 9.6)
2.82 (sp)


3c[c] 2.41 (s) 1.36 (d, J� 6.8) 5.84, 6.33 (J� 5.8) 3.40 (m) 0.94 (d, J� 7.1) (Me) 4.69 (m), 5.70 (m)
1.42 (d, J� 6.9) 5.97, 6.25 (J� 5.7) 0.99 (d, J� 6.8) (Me)
2.95 (sp) 2.32 (m) (CH)


4c[c] 2.37 (s) 1.43 (d, J� 6.8) 5.98, 6.02 (J� 6.1) 2.16 (m) 1.04 (s) (tBu) 5.05 (dd, J� 11.2, 7.0)
1.48 (d, J� 6.8) 6.20, 6.42 (J� 5.9) 5.77 (pt, J� 10.9)
3.07 (sp)


5c[c] 2.42 (s) 1.32 (d, J� 6.6) 5.87, 6.00 (J� 5.9) 2.85 (m) 2.95 (d, J� 14.1) 4.98 (m), 5.72 (m),
1.34 (d, J� 6.3) 6.10, 6.14 (J� 5.9) 3.18 (dd, J� 14.1, 3.6)
2.85 (sp) 7.3 (m) (Ph)


Complex C5Me5 NC*H R1R2
[d] NR3


6a[b] 1.82 (s) 4.38 (m) 1.10 (m), 1.6 ± 2.1 (m) (CH2CH2), 5.95 (m)
3.12 (m), 3.42 (m) (CH2N)


6b[b] 1.71 (s) 4.72 (m) 1.26 (m), 1.98 (m), 2.18 (m) (CH2CH2), 6.64 (m)
3.26 (m), 3.44 (m) (CH2N)


8a[c] 1.90 (s) 3.42 (d, J� 10) 2.0 ± 2.3 (m) (CH2CH2), 2.85 (s)
3.34 (m), 4.0 (m) (CH2N)


8b[b] 1.71 (s) 3.95 (d, J� 8.2) 2.0 ± 2.55 (m) (CH2CH2), 2.90 (s)
3.4 (m), 3.62 (m) (CH2N)


p-cymene
Complex Me iPr AB systems NC*H R1R2


[d] NR3


6c[c] 2.42 (s) 1.32 (d, J� 6.9), 5.77, 6.25 (J� 6.0), 3.32 (m) 1.65 ± 2.15 (m) (CH2CH2), 5.47 (m)
1.39 (d, J� 7.0), 5.97, 6.25 (J� 6.1) 3.37 (m), 4.25 (m) (CH2N)
2.90 (sp)


9c[c] 2.41 (s) 1.38 (d, J� 6.6), 5.86, 6.31 (J� 5.8), 3.65 (m) 1.90 -2.10 (m) (CH2CHOH), 5.53 (m)
1.45 (d, J� 6.8), 5.98, 6.27 (J� 6.0) 4.14 (dd, J� 12.0, 5.1) (CH2CHOH),
3.00 (sp) 3.60 (m), 4.45 (bs) (CH2N),


4.09 (bs) (OH)


[a] Measured at room temperature. Chemical shifts in d from TMS as external standard. J values in hertz. Abbreviations s, singlet; bs, broad singlet; d,
doublet; dd, double doublet; pt, pseudotriplet; sp, septet; m, multiplet. [b] In CD2Cl2. [c] In (CD3)2CO. [d] See Scheme 1. Assignment of protons given
below.
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Figure 1. Molecular representation of the trinuclear cation of 1 b [{(h5-
C5Me5)Ir(Ala)}3]3�. Primed and double-primed atoms are related to the
non-primed ones by the symmetry transformations ÿx�y, ÿx�1, z, and
ÿy�1, xÿ y�1, z, respectively. Only the hydrogen atom on the asymmetric
C(2) has been included for clarity.


Figure 2. View of the trinuclear cation of 6c with the atom numbering
scheme. Only hydrogen atoms bonded to the two asymmetric atoms of each
proline ring have been included in the drawing for clarity.


each amino acidate are bonded to a metal centre in a chelated
fashion to form a five-membered metallocycle; the remaining
oxygen atom coordinates to a second, different metal centre
and confers an additional intermetallic bridging nature to the
amino acidate ligand.


The (N,O,O')-bridging tridentate coordination of a-amino
acidates in transition metal complexes is rather unusual. Only
two other cyclic structures have been determined previously:
one is the tetramer [(cod)RuCl(d,l-Phe)]4 (cod� cycloocta-
diene; d,l-Phe� d,l-phenylalaninate),[11] and the second
species is the trinuclear complex [{(h5-C5Me5)Rh(Phe)}3]-
(BF4)3,[4] closely related to 1 b.


The metal coordination environments could be described as
pseudo-octahedral where, in addition to the three coordina-
tion sites occupied by the amino acidate donor atoms, a p-
bonded ring (pentamethylcyclopentadienyl in 1 b, or p-
MeC6H4iPr in 6 c) completes the metal coordination sphere.
Such coordination environments confer a chiral nature to
each metal centre of both complexes. Interestingly, applica-


tion of the ligand priority sequence rules to each cationic
trimer[12] shows that all three metal centres in both complexes
exhibit the same R configuration, that is for the three iridium
atoms in 1 b, and for the three ruthenium atoms in 6 c.


The entire configurational characterisation of the trinuclear
molecules also requires the description of the remaining chiral
centres present in these molecules. The chirality of the a-
carbon atom of both amino acidate ligands has been fixed in
the substrate amino acid (S) and should not be modified under
the reaction conditions. A third chiral centre appears in 6 c at
the nitrogen atom of the amino acidate after coordination to
the metal. According to previously determined structures,[13]


and with a conformational analysis carried out for chelate
prolinate complexes based on the interdependence of tor-
sional bond angles on both five-membered fused rings
(metallocycle and prolinate),[14] the chirality observed at the
nitrogen atoms (S) is in all cases identical to that exhibited by
the a-carbon of the amino acidate ligand. As a summary, we
can characterise the diastereomers obtained in the solid state
with the chiral descriptors RIrRIrRIrSCSCSC for 1 b and RRu-
RRuRRuSCSCSCSNSNSN for 6 c. An identical configuration, RRh-
RRhRRhSCSCSC, is present in the solid state for the closely related
phenylalaninate complex [{(h5-C5Me5)Rh(Phe)}3]3�.[4, 15]


Within the trinuclear cation 1 b, both IrÿO bonding
interactions are apparently of a similar strength as reflected
by the statistically identical bond lengths observed, 2.130(7)
and 2.116(9) � (Table 2). The IrÿN bond length is also in this


range, 2.122(13) �. These coordination bond lengths of the
alaninate ligand compare well with the values observed in the
related rhodium phenylalaninate complex [{(h5-C5Me5)-
Rh(Phe)}3]3� (mean values of 2.115(3), 2.137(3) and
2.136(4) �, respectively). However, the IrÿO bond lengths
in these bridging carboxylato complexes are slightly longer
than the values observed in mononuclear (h5-C5Me5)IrIII


compounds where a-amino acidates are coordinated in a
bidentate N,O-chelated fashion, such as in [(h5-C5Me5)IrCl(l-
pro)] (IrÿO: 2.086(5) and IrÿN: 2.136(6) �),[1] [(h5-
C5Me5)Ir(allylglicinato)] (2.085(8) and 2.107(7) �),[16] [(h5-
C5Me5)Ir(C�CCMe3)(l-pro)] (2.105(5) and 2.135(6)�)[17]


and [(h5-C5Me5)IrCl(2-methyl-3-dimethylaminobutanoato)]
(2.076(9) and 2.158(11) �),[18] probably as a consequence of


Table 2. Selected bond lengths [�] and angles [8] for the trimeric cation of
1b.[a]


Ir ± N(1) 2.122(13) Ir ± C(7) 2.16(2)
Ir ± O(1) 2.130(7) Ir ± C(8) 2.147(14)
Ir ± O(2) 2.116(9) Ir ± G[b] 1.76(2)
Ir ± C(4) 2.123(13) N(1)-C(2) 1.51(2)
Ir ± C(5) 2.144(14) C(1)-O(1) 1.24(2)
Ir ± C(6) 2.16(2) C(1)-O(2') 1.27(2)
N(1)-Ir-O(1) 78.4(6) Ir-O(1)-C(1) 116.2(10)
N(1)-Ir-O(2) 77.8(5) Ir-N(1)-C(2) 111.0(9)
N(1)-Ir-G[b] 134.1(7) O(1)-C(1)-O(2') 124.4(13)
O(1)-Ir-O(2) 86.8(4) O(1)-C(1)-C(2) 119.9(13)
O(1)-Ir-G[b] 131.0(7) O(2')-C(1)-C(2) 115.8(13)
O(2)-Ir-G[b] 129.1(6) C(1)-C(2)-C(3) 109.2(13)


[a] The symmetry transformation used to generate primed atoms is: ÿx�
y, ÿx� 1, z. [b] G represents the centroid of the coordinated pentame-
thylcyclopentadienyl ring.
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the greater electron density withdrawing occasioned by the
bridging bonding mode of the carboxylate ligand.


The bridging coordination of the l-prolinate ligand in 6 c to
the isoelectronic '(h6-p-MeC6H4iPr)Ru' moiety generates
bond lengths and angles around the metal analogous to those
reported for 1 b (Table 3). The RuÿAa bond lengths (av
RuÿN 2.116(6), av RuÿO(1) 2.096(5), av RuÿO(2)


2.121(5) �) are in good agreement with the average values
observed in N,O-chelate a-amino acidato ± RuII complexes
(av RuÿN 2.128(9), av RuÿO 2.096(7) �).[19] Interestingly,
within experimental error, the carboxylate group acts in both
complexes as a symmetrical bridging ligand.


Taking into account the trimeric nature of these complexes
and assuming that the nitrogen atom of the prolinate
compounds 6 ± 9 adopt only the same configuration as the
asymmetric carbon atom of the amino acidate ligand,[13, 14, 20]


these compounds could exist as four diastereomers, depend-
ing on the configuration at the metal atoms: SMSMSMSCSC-
SC(SNSNSN), SMSMRMSCSCSC(SNSNSN), SMRMRMSCSCSC(SNSNSN),
and RMRMRMSCSCSC(SNSNSN).[20] However, their 1H NMR
spectra showed only the presence of one or two of the four
possible diastereomers (see below) and, interestingly, in both
isomers only one set of resonances for the protons of the h-
ring (the most intense 1H NMR signals) appeared. Thus, the
two observed isomers must have the same configuration at the
three metals, that is SMSMSMSCSCSC(SNSNSN) or RMRMRM-
SCSCSC(SNSNSN) (these are designated hereafter as s and 1


isomers for simplification) because three sets of resonances of
equal intensity would be expected for the other two isomers
with different configuration at the metal centres.


Keeping in mind the different solution behaviour of the 1


and s diastereomers (see below) we have examined the crystal
structure of complex 1 b to try to obtain some information to
aid understanding of this behaviour. We have considered the
local supramolecular environment of a reference trimer
molecule (RM)[21] by evaluating the packing potential energy
(ppe) through an atom ± atom interaction contribution[22] and
with the inclusion of a hydrogen-bonding system. It should be
stressed that the pairwise potential energy method is used
only as a means to investigate qualitatively the different
contributions of environment molecules (EM) around the
reference, with no pretensions of obtaining true crystal
potential energy values.[23]


The nearly spherical shape of the trimers permits pseudo
hexagonal close packing. Each trimer molecule is surrounded
by fourteen identical trinuclear molecules in an ABABA
sequence (1/3/6/3/1 molecules). The detailed analysis of the
relative contribution of each EM shows the six molecules in
the same plane of the reference molecule (A layer, ab
crystallographic plane) contribute less than 10 % to the
calculated ppe. Within this plane, the molecules (cation �
anions) are well separated with intermolecular distances
among non-hydrogen atoms longer than 7.17 � (9.35 � for
cation ± anion and 6.01 � for anion ± anion separations). This
indicates that the interactions among molecules in the ab
plane are weak and, presumably, do not exert an appreciable
influence on the RM.


The most intense contributions to the ppe appear between
the RM and symmetry-related molecules along the c axis,
which belong to consecutive close-packed layers (Figure 3).
Those molecules, numbered between 2 and 7 (6 and 7 not
shown in Figure 3) (B layers), account for more than 67 % of


Figure 3. Space-filling model of the pseudohexagonal close-packing
(ABABA) in 1 b ; molecules in the plane of the reference molecule (RM)
have been omitted for clarity. (shaded spheres: reference molecule (RM);
black spheres: fluorine atoms of the BF4 groups; open spheres: environ-
ment molecules).


the interatomic contacts and make a significant contribution
to the estimated packing energy. Interestingly, the two
molecules in consecutive A layers (8 and 9 in Figure 3)
exhibit a repulsive contribution to the ppe, which is inter-
preted by the presence of cation ± anion ionic contributions
that are not considered in the ppe calculation program.[24] In


Table 3. Selected bond lengths [�] and angles [8] for the trimeric cation of
6c.[a]


(1)[a] (2)[a] (3)[a]


Ru ± N 2.109(9) 2.109(10) 2.131(9)
Ru ± O(1) 2.098(7) 2.089(7) 2.101(8)
Ru ± O(2) 2.132(8) 2.121(8) 2.109(9)
Ru ± C(6) 2.231(12) 2.168(14) 2.207(13)
Ru ± C(7) 2.137(12) 2.147(14) 2.162(12)
Ru ± C(8) 2.145(14) 2.176(13) 2.204(13)
Ru ± C(9) 2.164(12) 2.175(13) 2.201(12)
Ru ± C(10) 2.155(13) 2.165(13) 2.182(12)
Ru ± C(11) 2.188(12) 2.181(12) 2.175(12)
Ru ± G[b] 1.652(5) 1.650(6) 1.669(5)
N ± C(2) 1.50(2) 1.51(2) 1.494(14)
N ± C(5) 1.48(2) 1.51(2) 1.48(2)
C(1) ± O(1) 1.258(14) 1.239(13) 1.275(15)
C(1) ± O(2) 1.252(14) 1.267(14) 1.263(14)
N-Ru-O(1) 76.4(3) 78.3(4) 77.3(3)
N-Ru-O(2) 82.0(3) 78.4(4) 77.9(3)
N-Ru-G[b] 134.0(3) 134.8(3) 134.2(3)
O(1)-Ru-O(2) 83.1(3) 85.4(3) 85.7(3)
O(1)-Ru-G[b] 130.1(3) 129.8(3) 130.5(3)
O(2)-Ru-G[b] 131.1(3) 130.4(3) 130.9(3)
O(1)-C(1)-O(2) 123.3(10) 124.9(11) 122.1(11)
O(1)-C(1)-C(2) 119.9(10) 120.7(11) 119.9(11)
O(2)-C(1)-C(2) 116.7(10) 114.4(10) 117.9(11)


[a] Each column collects related geometrical parameters for the three ana-
logousÐbut crystallographically independentÐmoieties '(p-MeC6H4iPr)-
Ru(l-pro)'. The atom labelling scheme used has been systematized adding
1, 2 or 3 to the numbering shown in this table (see Figure 1). [b] G
represents the centroid of the coordinated six-membered p-MeC6H4iPr
rings.
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fact, a search for short interatomic distances, potentially
indicative of the presence of hydrogen bonding, has only
revealed the existence of this type of interaction between F
atoms of the BF4 anions and aminic hydrogen atoms (Figure 4,
Table 4).


Figure 4. Space-filling model of 1-1 b showing the location of the aminic
hydrogen atoms (H(1N) and H(2N)), which are hydrogen-bonded to the
chiral C(2) carbon (H(2)). The relative location of one BF4 group is also
included. (Shaded spheres: carbon atoms; open spheres: hydrogen atoms;
black spheres: fluorine atoms of the BF4 anions).


As a whole, crystal packing in 1 b seems to be fundamen-
tally controlled by a great number of hydrophobic (non-polar)
interactions among most atoms situated on the surface of the
trimer molecules and a reduced number of hydrogen bonds
(polar interactions) between fluorine atoms of the BF4 anions
and the aminic hydrogen atoms. The tridentate coordination
of amino acidate ligands, together with the relative low
conformational freedom of the trimers, force the oxygen
atoms of the carboxylate groupsÐpotentially excellent hydro-
gen-bond acceptorsÐto be on the internal side of the
molecule, which makes their participation in interatomic
intermolecular interactions impossible.


Iridium and rhodium compounds: solution studies[25]


In dichloromethane or acetone : The proton NMR spectra of
the iridium trimers in [D2]dichloromethane consisted of only
one set of signals, attributable to the presence of only one


isomer. In this solvent, NOE difference spectra for the iridium
l-prolinate complex 6 b, showed enhancement of the signal
due to the NH proton (4.6 %) and to the C*H proton of the
amino acidate (5.3 %) and no NOE effect for the CH2 protons
adjacent to the asymmetric carbon, while the C5Me5 protons
were irradiated (Figure 5). These results support that complex


Figure 5. Selected NOE effects (%)
for the iridium l-prolinate trimer 6b,
in dichloromethane. Only one mono-
mer is shown for the sake of clarity.


6 b exists as the s isomer in CH2Cl2. Correlations of metal
configuration among the series of iridium trimers can be
inferred from solution chiroptical properties. The circular
dichroism spectrum of compound 6 b in CH2Cl2 (Figure 6),
consisted of two main absorption maxima, with a positive
Cotton effect for the higher energy band and negative for the
other. No CD transitions have been observed for the parent a-
amino acid ligands above 230 nm. This suggests that the
measured absorptions are mostly due to metal transitions. The
CD spectra in Figure 6 (bottom) clearly indicate a pseudo-


Figure 6. Circular dichroism spectra of iridium trimers in dichlorome-
thane. Top: [{(h5-C5Me5)Ir(l-Pro)}3](BF4)3 (6 b). Bottom: [{(h5-C5Me5)-
Ir(Ala)}3](BF4)3 (1 b), [{(h5-C5Me5)Ir(Val)}3](BF4)3 (3b), [{(h5-C5Me5)-
Ir(Phe)}3](BF4)3 (5 b), and [{(h5-C5Me5)Ir(Me-Pro)}3](BF4)3 (8b).


Table 4. Potential hydrogen bonds[a] observed in the crystal structure of 1 b.


Atoms[b] d(D ± H) [�] d(D ´´´ A) [�] d(H ´´´ A)[�] a(D ± H ´´ ´ A) [8]


N(1) ± H(1N) ´´´ F(4c) [1] 1.00(2) 2.96(4) 2.05(5) 143(2)
N(1) ± H(1N) ´´´ F(1d) [1] 1.00(2) 3.20(4) 2.21(5) 169(2)
N(1) ± H(1N) ´´´ F(2d) [1] 1.00(2) 3.26(5) 2.45(5) 137(2)
N(1) ± H(1N) ´´´ F(3d) [1] 1.00(2) 3.26(6) 2.49(5) 133(2)
N(1) ± H(1N) ´´´ F(2c) [1] 1.00(2) 3.14(4) 2.21(4) 154(2)
N(1) ± H(2N) ´´´ F(2a) 0.99(2) 3.54(4) 2.56(4) 171(2)
N(1) ± H(2N) ´´´ F(2b) 0.99(2) 3.09(7) 2.17(7) 155(2)
C(3) ± H(3a) ´´ ´ F(2c) [1] 0.97(3) 3.17(5) 2.34(5) 142(2)


[a] Only distances shorter than 2.70 � were considered (0.2 � over the sum of Van der Waals radii). [b] All
disordered BF4 groups were included in the calculation. [c] Symmetry transformation labelled with [1] refers to
x, y, zÿ 1.
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enantiomorphic relationship between the optically pure
iridium trimers 1 b, 3 b, 5 b, and 8 b versus 6 b, since similar
morphologies but opposite Cotton effects were observed. This
observation leads to the assignment of 1 configuration to the
aforementioned iridium trimers in dichloromethane solution.


The proton NMR spectra of the iridium trimers in
[D6]acetone solution consisted of only one set of signals,
except for the prolinate complexes 6 b and 7 b, which showed
the presence of two diastereomers in a 73/27 molar ratio.[26]


NOE difference spectra for the iridium phenyl alaninate
complex 5 b, showed enhancement of the signal due to the
phenyl protons (4.3%) and no NOE effect for the proton
bound to the asymmetric carbon atom of the amino acidate,
while the C5Me5 protons were irradiated. These results
support that the 1 isomer of complex 5 b was present in
acetone solution (Figure 7). The circular dichroism spectrum


Figure 7. Selected NOE effects for the iridium phenyl alaninate trimer 5b,
in acetone. The observed interaction between the C5Me5 group and the
C*H proton for the s diastereomer are outlined. Only one monomer is
shown for sake of clarity.


of compound 5 b in acetone (Figure 8) consisted of one main
absorption maximum, with a positive Cotton effect, centred at
333 nm. The iridium trimers 1 b, 3 b, 4 b, 6 b, and 8 b showed
CD spectra similar to that described for 5 b (Figure 8 bottom).
On the basis of the NOE measurements for 5 b and the
similarity of the CD spectra of compounds 1 b, 3 b, 4 b, 6 b, and
8 b to that of 5 b, we propose that the 1 isomer was either the
only or the major diastereomer observed. Evidently, the two
observed isomers for complex 7 b are the two enantiomers of
those observed for 6 b, as was easily derived from NMR and
CD spectra.


The configuration of all compounds remained unchanged
for days, in both solvents. In particular, the diastereomer
molar ratio for the l-prolinate complex 6 b, in CD2Cl2,
remains at 73/27 for seven days at room temperature, as
assayed by NMR and CD spectroscopies.


Following a similar methodology,[27] we have determined
the absolute configuration for the rhodium compounds,
solubility permitting.[25] In general, the behaviour is similar
to that reported for the iridium ones. The only diastereomers
of the rhodium trimers [{(h5-C5Me5)Rh(Tle)}3](BF4)3 (4 a) and
[{(h5-C5Me5)Rh(Me-Pro)}3](BF4)3 (8 a) detected in dichloro-
methane, and of the [{(h5-C5Me5)Rh(Val)}3](BF4)3 (3 a), [{(h5-
C5Me5)Rh(Tle)}3](BF4)3 (4 a), [{(h5-C5Me5)Rh(Phe)}3](BF4)3


(5 a), and [{(h5-C5Me5)Rh(Me-Pro)}3](BF4)3 (8 a) in acetone,


Figure 8. Circular dichroism spectra of iridium trimers in acetone. Top:
[{(h5-C5Me5)Ir(Phe)}3](BF4)3 (5 b). Bottom: [{(h5-C5Me5)Ir(Ala)}3](BF4)3


(1b) [{(h5-C5Me5)Ir(Val)}3](BF4)3 (3 b), [{(h5-C5Me5)Ir(Tle)}3](BF4)3 (4b),
[{(h5-C5Me5)Ir(l-Pro)}3](BF4)3 (6b), and [{(h5-C5Me5)Ir(Me-Pro)}3](BF4)3


(8b).


were the 1 isomers. The prolinate complex 6 a again was an
exception; in dichloromethane only the s diastereomer was
observed and, in acetone, this isomer was the major compo-
nent of an approximately 27/73 mixture of 1 and s isomers. As
stated for the iridium compounds, their rhodium analogues
are also configurationally stable in both solvents. In particular,
complexes 3 a, 5 a, 6 a, and 8 a do not isomerise in (CD3)2CO
over a period of seven days at room temperature.


In methanol : All the trimers underwent diastereomerisa-
tion processes in methanol. At room temperature, freshly
prepared solutions contained mixtures of the 1 and s isomers.
The concentration of the s diastereomer increased slowly with
time and, in general, equilibrium was not reached after three
hours at room temperature.[28, 29] The rate of diastereomerisa-
tion was greater for the rhodium than for the iridium trimers.
In all cases, the equilibrium was reversibly shifted to the s


isomers at higher temperatures (to the 1 isomers for the
prolinate complexes), as assayed by 1H NMR and CD
spectroscopies. As representative cases, after three hours in
methanol at approximately 28 8C, the 1/s ratios for the iridium
alaninate compound 1 b and for the phenyl alaninate analogue
5 b were 81/19 and 34/66, and the values of this ratio changed
to 73/27 and 20/80, after the solutions were maintained for
three additional hours at approximately 47 8C. The ratio
reverted to 79/21 and 27/73 after the temperature was lowered
to 28 8C.


For reasons of rate and solubility convenience, the constant
for the equilibrium (a) was determined in the range 270 ±
318 K, by integration of peaks in the 1H NMR spectra of the


tbcrules=noneÏRRhRRhRRhSCSCSC-4 a > SRhSRhSRhSCSCSC-4a (a)
1 s
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equilibrated solutions. The equilibrium obeyed a simple van�t
Hoff dependence with the temperature, with DH8� 23.4�
0.5 kJ molÿ1 and DS8� 80.6� 1.7 J Kÿ1 molÿ1 (Figure 9).


Figure 9. Van't Hoff plot for the diastereomerisation of [{(h5-C5Me5)-
Rh(Tle)}3](BF4)3 (4a) in methanol.


On the other hand, the rate of the isomerisation of the
iridium compound [{(h5-C5Me5)Ir(Me-Pro)}3](BF4)3 (8 b) at


RIrRIrRIrSCSCSCSNSNSN-8b�k1


kÿ1


SRhSRhSRhSCSCSCSNSNSN-8b


51 8C was adequate to be monitored by 1H NMR spectroscopy
. Integration of the C5Me5 resonances assignable to the 1 and
s isomers affords the kinetic data. A first-order rate law was
obtained (Figure 10)[30] with a rate constant k of 2.45� 0.01�
10ÿ5 sÿ1. The value of the equilibrium constant for (b) at 51 8C,


ln{([1-8b]0ÿ [1-8b]e) / ([1-8b]tÿ [1-8 b]e)}� kt� (k1 � kÿ1)t


determined by integration of the 1H NMR spectra of
equilibrated solutions, was 0.389.


Figure 10. Kinetic plot for the diastereomerisation of [{(h5-C5Me5)Ir(Me-
Pro)}3](BF4)3 (8b) in methanol.


In water : The 1H NMR spectra of the water soluble rhodium
or iridium complexes 1 b, 4 a, 4 b, 6 a, 6 b, and 8 b showed the
presence of only one set of signals. The N-methyl-l-prolinate
rhodium compound 8 a showed two sets of signals assignable
to two diastereomers in a 95/5 molar ratio. In contrast to the
dichloromethane or acetone solutions, the CD spectra in


water were uninformative, showing no noticeable maxima in
the 200 ± 600 nm region. These experimental facts could be
explained by the assumption that a rapid interconversion, on
the proton NMR time scale, between the 1 and s diaster-
eomers took place. In order to confirm or discard this
proposal, a drop of D2O was added to a 81/19 1/s diastereo-
meric mixture of the iridium alaninate trimer [{(h5-C5Me5)-
Ir(Ala)}3](BF4)3 (1 b) in CD3OD, and the resulting solution
was monitored by proton NMR spectroscopy. The addition
produced an instantaneous partial isomerisation from the 1 to
the s diastereomer and the s isomer was the only species
present when the amount of water added was increased to
approximately 15 % of the total volume of the solution.[31]


Analogously, it was shown that only the s diastereomer of the
complexes 4 a and 4 b was present in water. However, the
unique or major diastereomer for the prolinate complexes 6 a,
6 b, 8 a, and 8 b was the 1 isomer. Complexes 8 a and 8 b
underwent a slow diastereomerisation process from the 1 to
the s isomer (8 a : from 95/5 to 79/21, six days, 22 8C; 8 b : from
100/0 to 87/13, 13 hours, 90 8C).[32] These results excluded the
existence of a rapid isomerisation process and indicated that
the species were rigid under these experimental conditions.
With respect to the measured CD spectra, strong solvent
effects on the circular dichroism transitions have been
previously reported and it has been pointed out that they
could arise from conformational changes and solvent inter-
actions with the electric transition dipole moments.[33]


It is worthy of mention that from different solvents and
solution compositions, the crystallised products were always
the pure 1 diastereomers for both iridium and rhodium
trimers (the s isomers for the prolinate compounds). Thus,
when an aqueous solution containing pure alaninate iridium
trimer s-1 b was evaporated to dryness and the resulting
yellow microcrystals were completely redissolved in dichloro-
methane, the 1H NMR and CD spectra showed the presence
of only the 1-1 b diastereomer. Similarly, the residue obtained
when an aqueous solution of the tertleucinate rhodium
complex s-4 a is dried, consisted of pure 1-4 a as shown by
its 1H NMR and CD spectra in acetone.


Ruthenium compounds : solution studies[25]


In dichloromethane : The X-ray single-crystal study carried out
on the l-prolinate ruthenium trimer 6 c proved that the 1


isomer only was present in the crystal (see above). A sample
of these single crystals was dissolved in CD2Cl2, and the
1H NMR spectrum showed that only one diastereomer was
present in solution. The corresponding CD spectrum con-
sisted of one main absorption peak, with positive Cotton
effect, centred at about 405 nm, with a shoulder shifted to
higher energies. NOE difference spectra showed enhance-
ment of the signal due to the CH2N protons and no NOE
effect for the proton bound to the asymmetric carbon atom of
the amino acidate, while the aromatic protons of the p-
MeC6H4iPr ligand were irradiated. These results indicated
that, as in the solid, the isomer of complex 6 c observed in
dichloromethane was the 1 diastereomer. In this solvent,
complex 1-6 c isomerised slowly to s-6 c. The evolution, at
room temperature, of the CD spectra is depicted in Figure 11.
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Figure 11. CD spectra of the ruthenium trimer [{(h6-p-MeC6H4iPr)Ru(l-
Pro)}3] (BF4)3 ´ H2O (6 c) in dichloromethane: a) immediately after disso-
lution, b) three and, c) seven days later.


Furthermore, the 1H NMR spectra measured three and seven
days later revealed 1/s ratios of 40/60 and 23/77, respective-
ly.[26] Because this composition remained unchanged seven
days later, we assume that the room temperature 1-6 c> s-6 c
equilibrium constant is 77/23 and the s l-prolinate ruthenium
trimer is the thermodynamically favoured isomer in this
solvent. The tertleucinate and phenyl alaninate ruthenium
compounds 4 c and 5 c were the only remaining ruthenium
trimers soluble enough in dichloromethane to enable solution
measurements.[25] In both cases, the 1H NMR spectra showed
the presence of only one diastereomer and, on the basis of the
similarity of their CD spectra to that of the 1-6 c isomer
(Figure 12), we assigned it 1 configuration. In contrast to the


Figure 12. CD spectra of the ruthenium trimers [{(h6-p-MeC6H4iPr)-
Ru(Tle)}3](BF4)3 ´ H2O (4c) and [{(h6-p-MeC6H4iPr)Ru(Phe)}3](BF4)3 ´
H2O (5c) in dichloromethane.


solution behaviour of complex 6 c, complexes 4 c and 5 c did
not diastereomerise in dichloromethane; the spectra re-
mained unchanged after four and seven days, respectively, at
room temperature.


In acetone or methanol : In these solvents, 1H NMR spectra
revealed the presence of only one diastereomer for the
valinate (3 c) and tertleucinate (4 c) ruthenium compounds
and mixtures of the s and 1 isomers, enriched (>80 %) in one
of the two components, for 1 c, 5 c ± 7 c, and 9 c. At room
temperature, the composition of complexes 3 c and 4 c did not
change with time while the others isomerised slowly to the
more abundant diastereomer which then became the only
species detectable by 1H NMR spectroscopy after four to ten
days. As a representative example, Figure 13 shows the CD


Figure 13. CD spectra of the ruthenium trimer [{(h6-p-MeC6H4iPr)Ru(l-
Pro)}3](BF4)3 ´ H2O (6 c) in acetone: a) immediately after dissolution, b) six
and, c) twenty days later.


spectra of the l-prolinate complex of ruthenium 6 c in
acetone, immediately after dissolution, six, and twenty days
later. The evolution of the spectra clearly shows the pro-
gressive increment in the optical purity of the sample. The
absolute configuration of the isomers was confirmed by NOE
difference spectra for an optically pure sample of the l-
prolinate complex 6 c in acetone. As in dichloromethane,
NOE difference spectra showed enhancement of the signal
due to the CH2N protons and no NOE effect for the proton
bound to the asymmetric carbon atom of the amino acidate
when the aromatic protons of the p-MeC6H4iPr ligand were
irradiated. This result indicated that the 1 isomer of complex
6 c was the final product of isomerisation. Figure 14 clearly


Figure 14. CD spectra of the ruthenium trimers [{(h6-p-MeC6H4iPr)-
Ru(Ala)}3](BF4)3 ´ H2O (1c), [{(h6-p-MeC6H4iPr)Ru(Val)}3](BF4)3 ´ H2O
(3c), [{(h6-p-MeC6H4iPr)Ru(Tle)}3](BF4)3 ´ H2O (4c), [{(h6-p-MeC6H4iPr)-
Ru(Phe)}3](BF4)3 ´ H2O (5 c), and [{(h6-p-MeC6H4iPr)Ru(Hyp)}3](BF4)3 ´
H2O (9c) in acetone.


shows the similarity between the CD spectra of the final
isomerisation products 1 c, 3 c ± 5 c, and 9 c with respect to that
of pure 1-6 c.[34] In all cases, the main feature was a maximum,
with positive Cotton effect, centred at about 410 nm, with a
shoulder shifted to higher energies. Consequently, we assign
to all of them the 1 configuration.


In water: A crystalline sample of the l-prolinate 6 c was
dissolved in D2O and the 1H NMR spectrum showed that only
one diastereomer was present in solution. The corresponding
CD spectrum consisted of one main absorption peak, with
positive Cotton effect, centred at about 400 nm, with a
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shoulder shifted to higher energies. The 1 configuration was
assigned to the isomer of 6 c in aqueous solution on the basis
of the X-ray crystallographic results for 1-6 c and the
similarity of the CD spectra in the four measured solvents.
Complex 1-6 c isomerised slowly to s-6 c, the 1/s ratio being
70/30 after seven days.[26] This ratio remained unchanged
twelve days later and we assumed that the room temperature
1-6 c> s-6 c equilibrium constant is 30/70. The 1H NMR
spectra of the ruthenium trimers 1 c, 3 c, 5 c, and 9 c consisted
of two sets of resonances with 58/42, 75/25, 65/35, and 80/20
intensity ratios.[26] Their CD spectra (Figure 15) showed


Figure 15. CD spectra of the ruthenium trimers [{(h6-p-MeC6H4iPr)-
Ru(Val)}3](BF4)3 ´ H2O (3c), [{(h6-p-MeC6H4iPr)Ru(Phe)}3](BF4)3 ´ H2O
(5c), [{(h6-p-MeC6H4iPr)Ru(l-Pro)}3](BF4)3 ´ H2O (6c), and [{(h6-p-Me-
C6H4iPr)Ru(Hyp)}3](BF4)3 ´ H2O (9 c) in water.


similar features to those of 1-6 c and, consequently, we
assigned to the more abundant isomer the 1 configuration.
Whereas compounds 1 c, 3 c, and 5 c did not isomerise, the 1/s
ratio for the 4-OH-prolinate compound 9 c reached a constant
value of 60/40 after seven days in solution.


On the other hand, a solution of pure prolinate ruthenium
trimer 1-6 c in dichloromethane was left to isomerise to
achieve a 60/40 1/s ratio. During this process, a small number
of yellow needles were formed. The mixture was evaporated
to dryness and the residue was redissolved in CD2Cl2. The
1H NMR spectrum exhibited a 68/32 1/s ratio. In another
related experiment, an aqueous solution of a 65/35 1/s ratio
mixture of the phenylalaninate ruthenium trimer 5 c was
evaporated to dryness. The composition of the residue in
CD2Cl2 was the same as in the aqueous solution, within
experimental error. Thus, in contrast to the rhodium and
iridium trimers behaviour, the solid-state composition of the
ruthenium trimers depends on the composition of the
solutions from which they originated. Table 5 summarises
the equilibrium compositions for complexes 1 ± 9 in the four
solvents investigated.


Exchange processes : An equimolar mixture of the tertleuci-
nate rhodium and iridium complexes [{(h5-C5Me5)M(Tle)}3]-
(BF4)3 (M�Rh (4 a), Ir (4 b)) was dissolved in CD3OD at
ÿ77 8C and monitored by 1H NMR spectroscopy. An initial
1H NMR spectrum was immediately recorded atÿ84 8C and it
revealed that only the two starting compounds were present in
the solution but, five minutes later at the same temperature,
new signals emerged in the C5Me5 region. At room temper-
ature, the spectrum showed nine new resonances in this region


and a FAB� mass spectrum of the solution revealed peaks at
m/z values of 828, 1196, and 1285, assignable to [(h5-C5Me5)2-
RhIr(Tle)2]� , [(h5-C5Me5)3Rh2Ir(Tle)3]� , and [(h5-C5Me5)3-
RhIr2(Tle)3]� fragments, respectively.


Transfer hydrogenation of aldehydes : Most of the experi-
ments were carried out with citral (a 64/36 mixture of geranial/
neral) and trans-cinnamaldehyde as substrates and with [{(h5-
C5Me5)Rh(l-Pro)}3](BF4)3 (6 a) and [{(h6-p-MeC6H4iPr)Ru(l-
Pro)}3](BF4)3 (6c) as catalysts. HCOONa and 2-propanol
acted as hydrogen donors, but dioxane was completely
unreactive.


Catalysis by [{(h6-p-MeC6H4iPr)Ru(l-Pro)}3](BF4)3 (6c): So-
dium formate served as a good H-donor in water/toluene
biphasic systems for the reduction of citral. In one hour at
100 8C, 25.6 % geraniol and 10.5 % nerol were produced (total
turnover 65). However, further heating did not result in a
noteworthy change of the composition of the reaction mixture
and it was shown that the reaction had stopped. It was not
possible to reduce the aldehydes with 2-propanol as the sole
reducing agent. Thus, a solution of citral in 2-propanol when
refluxed at 83 8C in the presence of the Ru complex did not
yield any saturated product in two hours and the geranial/
neral ratio also remained unchanged. Addition of solid
sodium formate (2 ± 30 times excess over Ru) to the above
solution in 2-propanol triggered a fast reaction of citral.
Typically, in one hour, 70 ± 146 turnovers could be achieved in
refluxing 2-propanol with formate:Ru ratio as low as 2:1.
Consequently, this is a formate-assisted hydrogen transfer
from 2-propanol to citral. Similar results are obtained with
cinnamaldehyde. In all cases, the reaction is selective for the
formation of unsaturated alcohols and in most reactions the
products of C�C hydrogenation hardly amount to 1 % of the
substrate. Moreover, the cis :trans composition (64:36 in citral)
remained unchanged in the product even at high conversions
(Scheme 2).


Table 5. Equilibrium diastereomer ratio (1/s)[a] for complexes 1 ± 9 in
different solvents


Metal Rh Ir Ru


dichloromethane
amino acidate[b] > 98/2 > 98/2 > 98/2
l-Pro < 2/98 < 2/98 23/77


acetone
amino acidate[b] > 98/2 > 98/2 > 98/2
l-Pro 27/73 73/27 > 98/2


methanol:
amino acidate[c] [d] [d] > 98/2


water :
Tle < 2/98 < 2/98 [e]


Ala ± < 2/98 [e]


l-Pro > 98/2 > 98/2 70/30
Me-Pro [f] [f] ±
Hyp ± ± 60/40


[a] The ratio values >98/2 or <2/98 are quoted when only one of the two
isomers was detected, at equilibrium, by 1H NMR spectroscopy. [b] All the
measured amino acidates except the l-prolinate. [c] All the measured
amino acidates. [d] Variable 1/s ratio values. The proportion of the s


isomer increases with temperature. [e] Variable 1/s ratio values (see text).
[f] The equilibrium was not achieved.
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An intriguing unwanted feature of these catalytic reactions
is that in most cases they stop at low total turnovers.
Therefore, we checked several possibilities of inhibition and
catalyst deactivation. In separate experiments it was estab-
lished that:


i) there is no inhibition by the alcohol products,
ii) there is no inhibition by acetone,


iii) water is neither inhibitory nor advantageous for the
reaction (up till 2 % v/v),


iv) neat 2-propanol is much more efficient than a propanol/
toluene� 1/9 mixture.


Special attention was paid to the possible effects of
HCOONa. Typically, ratios of formate/ruthenium of 2, 10,
and 20 were used. No striking difference could be seen in the
turnovers of the various reactions due to the change in the
formate concentration. Pretreatment of the Ru complex with
2 equiv of HCOONa in boiling 2-propanol prior to the
addition of substrate, resulted in a solution of somewhat
diminished catalytic activity (total turnover in one hour was
110 compared to the usual 146).


The reaction proved sensitive to temperature. At 58 8C,
1.46 mmol citral was reduced with 81.6 % conversion in nine
hours as opposed to the one hour or less reaction time at
83 8C. The reaction was preceded by an induction period of
about one hour. Following the induction period, the reaction
proceeded at a uniform rate until the consumption of most of
the substrate.


In reduction of cinnamaldehyde, exclusive selectivity
towards the formation of cinnamyl alcohol was observed
both with [{(h6-p-MeC6H4iPr)Ru(l-Pro)}3](BF4)3 (6 c) and
with [{(h6-p-MeC6H4iPr)Ru(Phe)}3](BF4)3 (5 c). The latter
complex proved more active (such as in acetophenone
reductions, see below); conversions in one hour under stand-
ard conditions were 30.3 and 40.9 %, respectively.


Catalysis by [{(h5-C5Me5)Rh(l-Pro)}3](BF4)3 (6 a). Reaction
with a five times excess of HCOONa in refluxing 2-propanol
gave a clear light brown solution which reduced citral to
geraniol and nerol with total turnovers of 30 ± 60 in 30 ±
60 min. Heating the catalyst dissolved in the formate-con-
taining 2-propanol solution for 10 min prior to the addition of
the substrate led to almost complete deactivation and only
seven turnovers were observed in 30 min. An interesting
feature of these reactions is in that no hydrogenation of the
C�C bonds in the substrate took place. This is in contrast to


the selectivity in favour of C�C
double bond reduction usually
observed for Rh ± phosphane
catalysts.[5d]


Enantioselective transfer hy-
drogenation of acetophenone.
General features of the catalytic
reaction: Many of the new
trimers 1 ± 9 as well as the
previously reported monomeric
complexes [(h6-p-MeC6H4iPr)-
Ru(l-Pro)Cl], [(h6-p-MeC6H4-
iPr)Ru(Phe)Cl], [(h5-C5Me5)-
Rh(d-Pro)Cl], [(h5-C5Me5)Ir(l-


Pro)Cl], and [(h5-C5Me5)Ir(Me-Pro)Cl] were studied as
catalysts for this reaction (Scheme 3). With the exception of
the N-methyl-prolinate complex of iridium, all the above
complexes actively catalyse hydrogen transfer from 2-prop-
anol to acetophenone (see Tables 6 and 8). The reaction


Scheme 3. Enantioselective transfer hydrogenation of acetophenone.


requires the addition of a base of suitable basicity. Under the
standard conditions (see Experimental Section) 8 to 80 %
conversion of the starting material can be achieved in one
hour (corresponding to 17 ± 170 turnovers of the catalyst) to
yield 1-phenylethanol with up to 75 % enantiomeric excess.
With l-amino acids, the major product is (R)-(�)-1-phenyl-
ethanol.


The fast reaction of acetophenone is preceded by an
induction period. At 83 8C, with [(h6-p-MeC6H4iPr)Ru(l-
Pro)Cl], this lasts about 10 min but can be as long as 60 min
at 61 8C (Figure 16). During the induction period, complexes
of all three metals undergo characteristic changes in colour.
The originally yellow solutions of the Ru complexes become
red towards the end of the induction period and a tobacco


Scheme 2. Transfer hydrogenation of trans-cinnamaldehyde and citral with [{(h5-C5Me5)Rh(l-Pro)}3](BF4)3 (6a)
and [{(h6-p-MeC6H4iPr)Ru(l-Pro)}3](BF4)3 (6c) as catalysts.


Table 6. Catalytic transfer hydrogenation[a] of acetophenone with 2-prop-
anol.


Entry Catalyst Conv.[c] [%] ee[d] [%]


1 [{(h6-p-MeC6H4iPr)Ru(l-Pro)}3](BF4)3 69.9 71
2 [{(h6-p-MeC6H4iPr)Ru(d-Pro)}3](BF4)3 69.3 70[e]


3 [{(h6-p-MeC6H4iPr)Ru(l-Pro)}3](BF4)3
[b] 67.0 71


4 [{(h6-p-MeC6H4iPr)Ru(Phe)}3](BF4)3 86.3 22
5 [(h6-p-MeC6H4iPr)Ru(Phe)Cl] 87.5 23
6 [(h6-p-MeC6H4iPr)Ru(l-Pro)Cl] 43.3 70
7 [{(h5-C5Me5)Rh(l-Pro)}3](BF4)3 8.7 60
8 [{(h5-C5Me5)Rh(l-Pro)}3](BF4)3


[b] 8.0 61
9 [{(h5-C5Me5)Ir(l-Pro)}3](BF4)3 15.6 59


10 [{(h5-C5Me5)Ir(l-Pro)}3](BF4)3
[b] 20.6 64


11 [(h5-C5Me5)Ir(l-Pro)Cl] 17.0 58
12 [(h5-C5Me5)Ir(Me-Pro)Cl] 1.8 2


[a] Standard conditions, see Experimental Section. [b] 1 equiv HCOONa.
[c] Conversion of acetophenone in 1 hour. [d] Enantiomeric excess of (R)-
(�)-1-phenylethanol. [e] Enantiomeric excess of (S)-(ÿ)-1-phenylethanol.
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Figure 16. Conversion of the substrate and enantiomeric excess of the
product (R)-(�)-1-phenylethanol as a function of time in transfer hydro-
genation of acetophenone catalysed by [(h6-p-MeC6H4iPr)Ru(l-Pro)Cl] at
61 8C, 0.01 mmol Ru, 2.14 mmol acetophenone, 5 mL 2-propanol, 100 mL
0.2M aqueous HCOONa.


brown colour develops at high conversion. Pale yellow Ir
solutions become strong yellow and the light yellow solutions
of Rh-complexes gain an orange tint during the hydrogen
transfer reactions. Both the yields and enantioselectivities
depend strongly on the catalyst and base used and, therefore,
a systematic study of the effect of reaction variables was
undertaken.


Comparison of the catalysts: The comparison of the catalysts
are given in Tables 6 and 8. In general, the catalytic activity in
a series with the same aminoacidate ligand varies in the order
Ru> Ir>Rh. With the same metal, the use of less bulky and
more flexible aminoacidate ligands generally results in
increased rates with a concomitant loss in enantioselectivity.
There is no substantial difference in the catalytic activity of
the trimeric complexes (introduced as tetrafluoroborate salts)
and the monomeric chloride compounds. Furthermore, com-
plexes with l and d isomers of the same amino acid show the
same activity and degree of enantioselectivity; with d-amino
acid ligands, the expected (S)-(ÿ)-1-phenylethanol is pro-
duced (Table 6, entries 1, 2).


Effect of base, chloride, or amino acid addition : It is clearly
seen from the data of Table 7 that the reaction requires a mild
base instead of KOH or NaOH, which are widely utilised to
promote hydrogen transfer from 2-propanol with various
catalysts. Actually, following the experimental protocol
(strongly alkaline conditions, 0.01 mmol catalysts, 10 mmol
acetophenone) successfully used with [RuCl2(PPh3)3],[7b] only
1.3 % conversion was achieved in one hour which corresponds
to thirteen turnovers of the [{(h6-p-MeC6H4iPr)Ru(l-Pro)}3]-
(BF4)3 (6 c) catalyst.


The most suitable base additives are Na2CO3 and HCOONa
which both promoted the reaction with equal efficiency for all


the complexes investigated. These two bases also led to the
highest enantioselectivities. Conversely, (NH4)2CO3 was ef-
fective only in the case of [{(h5-C5Me5)Rh(l-Pro)}3](BF4)3


(6 a); however, the increased activity was accompanied by a
substantial decrease in enantioselectivity. NaOH gave lower
but still acceptable rates with complexes of all three metals
but the enantioselectivity remained high only in combination
with [{(h6-p-MeC6H4iPr)Ru(l-Pro)}3](BF4)3.


Taking into account its effect on the rates and selectivities in
combination with all the complexes investigated, sodium
formate was found to be the most suitable base and was
applied in most cases. Both the rates and enantioselectivities
are insensitive to small changes in the concentration of water
or HCOONa (2 ± 4 % v/v, 1 or 2 equiv of formate/metal; see,
for example, Table 6, entries 3, 8, 10).


Addition of l-proline strongly inhibits catalysis by [{(h6-p-
MeC6H4iPr)Ru(l-Pro)}3](BF4)3; 1.6 equiv per ruthenium al-
most completely stop the reaction (4.2 % conversion in one
hour). It is important to note, however, that the enantiose-
lectivity (74% ee) remains unaffected (see Table 2SP in
Supporting Information available from the authors). Chloride
has a pronounced inhibitory effect on the reaction rate
(Table 6) both with [(h6-p-MeC6H4iPr)Ru(l-pro)Cl] and with
[{(h6-p-MeC6H4iPr)Ru(l-Pro)}3](BF4)3. With the former cata-
lyst, at a Clÿ/Ru ratio of 15.5, hardly any reaction was
observed (2.9% conversion in one hour) and the reaction
mixture remained yellow throughout; the usual colour
transition to red was not apparent.


Enantioselectivity as a function of reaction time: Although the
reactions of medium duration (1 ± 3 h) showed high and
reproducible enantioselection, it was observed that when
larger amounts of acetophenone were subjected to reduction
by hydrogen transfer over long reaction times the enantio-
meric composition of the final mixture was adversely effected
(see Table 1SP in Supporting Information available from the
authors). However, no direct inverse relationship could be
found between catalyst turnover and enantioselectivity and
this phenomenon may be due to secondary processes which
gain significance over time. It is also noteworthy that the
enantioselectivity could not be increased by accelerating the
reaction with more catalyst.


The change of enantioselectivity as a function of reaction
time was investigated with [(h6-p-MeC6H4iPr)Ru(l-pro)Cl] at
83, 71 and 61 8C (Figure 16; see Figures 1SP and 2SP in the
Supporting Information available from the authors). A


Table 7. Effect of bases on the transfer hydrogenation of acetophenone.[a]


Base Ru[b] Rh[c] Ir[d]


conv.[e] [%] ee[f] [%] conv.[e] [%] ee[f] [%] conv.[e] [%] ee[f] [%]


none 0.0 ± 1.8 n. d. 5.5 55
Na2CO3 67.8 71 10.6 52 16.6 60
(NH4)2CO3 1.3 37 15.7 8 4.5 n. d.
NaOH 30.8 71 8.8 40 10.3 20
HCOONa 69.9 71 8.7 60 15.6 59


[a] Standard conditions, see Experimental Section. [b] Ru� [{(h6-p-Me-
C6H4iPr)Ru(l-Pro)}3](BF4)3. [c] Rh� [{(h5-C5Me5)Rh(l-Pro)}3](BF4)3.
[d] Ir� [{(h5-C5Me5)Ir(l-Pro)}3](BF4)3. [e] Conversion of acetophenone in
1 hour. [f] Enantiomeric excess of (R)-(�)-1-phenylethanol.







FULL PAPER D. Carmona, L. A. Oro, F. JooÂ et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0505-1556 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 51556


striking feature of the reaction at all temperatures is a sharp
rise of the enantiomeric excess during the induction period.
At 61 8C, the enantiomeric excess increases from 46 %
(20 min, 0.9 % conversion) to 69 % (60 min, 6.4 % conversion)
and this change is accompanied by the characteristic colour
change of the catalyst from yellow to red. In the later phase of
the reaction, the enantiomeric excess reaches a saturation
value (75 % at 150 min) but starts slowly decreasing at longer
reaction times. This decrease is more strongly expressed at
83 8C where the ee falls back from its highest value, 72 % at
20 min to 66 % in two hours.


Pretreatment of the catalysts: Since it was known that, in most
cases, the catalyst complexes change their configuration
around the metal ion as a function of solvent, temperature
and time (see solution studies), experiments were carried out
in which the catalysts were pretreated for 30 min in aqueous
2-propanol (16.7 % v/v H2O) at 83 8C in the absence of both
acetophenone and base.


In the majority of cases, this pretreatment moderately
decreased the activity of the catalyst accompanied by no or


only a slight change (mostly increase) in enantioselectivity
(Table 8). However, the activities of both [{(h6-p-MeC6H4iPr)-
Ru(l-Pro)}3](BF4)3 and [{(h6-p-MeC6H4iPr)Ru(Ala)}3](BF4)3


were strongly affected (conversion of 22.9 % instead of 67.0,
and 25.4 % instead of 86.6 %), while the enantiomeric excess
changed only moderately (71 % instead of 70 %, and 14 %
instead of 7 %). Similar to solutions with added chloride, the
pretreated Ru catalysts did not show the characteristic yellow
to red colour change during the hydrogen transfer reactions.


Enantiomerically pure (R)-(�)-1-phenylethanol under hy-
drogen transfer conditions with [{(h6-p-MeC6H4iPr)Ru(l-
Pro)}3](BF4)3 catalyst did not show dehydrogenation or
racemisation. Similarly, addition of 1 ± 5 equiv of (R)-(�)-1-
phenylethanol (per ruthenium) did not modify the enantio-
selectivity of acetophenone reduction.


Heterogenisation of the catalysts : Since it was conceivable that
less coordination flexibility or decreased rotational freedom
of the ligands attached to the metal ion may lead to an
increase in enantioselectivity of the catalysts, [{(h6-p-Me-
C6H4iPr)Ru(l-Pro)}3](BF4)3, [{(h6-p-MeC6H4iPr)Ru(d-Pro)}3]-
(BF4)3, [{(h6-p-MeC6H4iPr)Ru(Ala)}3](BF4)3, [{(h5-C5Me5)-
Rh(Tle)}3](BF4)3, and [{(h5-C5Me5)Ir(Tle)}3](BF4)3 were in-


corporated into sol gel glasses[35] prepared by hydrolysis of
tetramethoxysilane and condensation of the resulting silanols
in the presence of the said compounds. The finely ground
glasses were used as solid catalysts under otherwise identical
conditions as described in the Experimental Section for the
soluble complexes. In general, they showed lower activities as
expected and the optical yields were also markedly lower in
comparison to the homogeneous systems. As an example,
glass-encapsulated [{(h6-p-MeC6H4iPr)Ru(d-Pro)}3](BF4)3


yielded (S)-(ÿ)-1-phenylethanol with 17.7 % conversion
(2 h) and 38 % ee compared to 69.3 % conversion (1 h) and
70 % ee in a homogeneous system.


Other observations : Dioxane proved completely unsuitable as
hydrogen donor for acetophenone reduction with these
catalysts. As an example, [{(h6-p-MeC6H4iPr)Ru(l-Pro)}3]-
(BF4)3 did not undergo a colour change and did not catalyse
the reaction, either in presence or absence of HCOONa.
Other ketone substrates such as pulegone and carvone were
subjected to the same reaction conditions as acetophenone.
No reaction was detected in any of these experiments. [(h6-p-


MeC6H4iPr)Ru(l-pro)Cl] and
[{(h6-p-MeC6H4iPr)Ru(Ala)}3]-
(BF4)3 (the latter showed the
highest activity in hydrogen
transfer) were tested as cata-
lysts of acetophenone hydroge-
nation with molecular H2. De-
pending on the solvent, temper-
ature and reaction time, 1.4 % ±
2.8 % conversions were ob-
served with enantioselectivities
in the 52 % ± 66 % range at
1 bar total pressure.


Discussion


Synthesis, characterisation, and solution studies : A general
reaction for a-amino acidate rhodium, iridium or ruthenium
chloride complexes of the formula [(h-ring)M(Aa)Cl] is the
trimerisation of the derived cationic fragment by abstraction
of the chloride by a halogen scavenger such as silver
tetrafluoroborate. Following this synthetic method, a series
of trimers with a family of a-amino acidate as chiral auxiliary
ligand of general formula [{(h-ring)M(Aa)}3](BF4)3 was
prepared for the three metals. Interestingly, only the two
diastereomers with the same absolute configuration for the
three metals were detected: the RMRMRM, 1 diastereomer, or
the SMSMSM, s diastereomer. Thus, the cyclisation process to
form these trinuclear complexes occurs with chiral self-
recognition among the mononuclear metal fragments. In
general, in solvents of low polarity, such as dichloromethane
or acetone, the 1 isomer is the thermodynamically preferred
product. For the ruthenium compounds, this isomer is also
preferred in more polar solvents such as methanol or water.
Thus, in methanol, it was the only isomer observed by
1H NMR spectroscopy and, in water, the equilibrium diaster-
eomer ratio 1/s was always greater than one. For the rhodium


Table 8. Effect of the pretreatment of the catalyst[a,b] on the rate and the enantioselectivity of catalytic hydrogen
transfer from 2-propanol to acetophenone.


Entry Catalyst No pretreatment Pretreated
conv.[c] [%] ee[d] [%] conv.[c] [%] ee[d] [%]


13 [(h6-p-MeC6H4iPr)Ru(Ala)]3(BF4)3 86.6 7 25.4 14
14 [(h6-p-MeC6H4iPr)Ru(l-Pro)]3(BF4)3 67.0 71 22.9 70
15 [(h5-C5Me5)Ir(l-Pro)]3(BF4)3 20.6 64 16.7 60
16 [(h5-C5Me5)Ir(Tle)]3(BF4)3 33.5 43 15.3 42
17 [(h5-C5Me5)Ir(Ala)]3(BF4)3 57.5 15 35.3 19
18 [(h5-C5Me5)Rh(l-Pro)]3(BF4)3 8.0 61 15.5 66
19 [(h5-C5Me5)Rh(Tle)]3(BF4)3 35.1 16 28.0 29


[a] Standard conditions, with 1 equiv HCOONa, see Experimental. [b] Pretreatment as described in the text.
[c] Conversion of acetophenone in 1 hour. [d] Enantiomeric excess of (R)-(�)-1-phenylethanol.
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and iridium trimers in methanol, depending on the amino
acidate, the 1 or the s diastereomer was the thermodynami-
cally preferred product; the s isomer was favoured at higher
temperatures. In water, the s isomer was the only isomer
detected by 1H NMR spectroscopy at equilibrium. The
prolinate derivatives behaved differently. Thus, for example,
in dichloromethane, the s isomer is more stable than the 1


isomer for all three metals, and only the 1 isomers of the
rhodium and iridium prolinate trimers were detected in water.
At a fixed temperature, the rates of diastereomerisation were
strongly metal-dependent, increasing in the sequence Ru�
Ir<Rh.


The structural analysis carried out at a supramolecular level
for 1 b gave us a reasonable justification for the different
stability of 1 and s diastereomers in solution. Thus, the low
number and the relatively restrained localisation of the polar
groups (aminic hydrogen atoms) on the molecular surface of 1


diastereomers (Figure 4) could sterically constrain the acces-
sibility of solvent molecules to this area reducing, conse-
quently, the number of polar trimer solvent intermolecular
interactions formed. On the other hand, for the s diaster-
eomer, the change of metal configuration is also associated
with a change in the localisation of aminic hydrogen atoms on
the surface of the molecule. Figure 17 shows a molecular


Figure 17. Molecular model of the RIrRIrRIrRCRCRC diastereomer (enan-
tiomer of s-1 b). Hydrogen atoms of the aminic nitrogen atoms are labelled
as H(1N) and H(2N). (Shaded spheres: carbon atoms; open spheres:
hydrogen atoms).


model of a RIrRIrRIrRCRCRC trinuclear complex built up from
the molecular structure of 1 b after changing the configuration
at the chiral C(2) atom. This model is an enantiomeric form of
the SIrSIrSIrSCSCSC trimer and could be considered to establish
geometric arguments for s-1 b. The most important feature, in
the context of diastereomer stability, concerns the position of
polar aminic hydrogen atoms; thus in s-1 b diastereomer, the
aminic hydrogen atoms are spread out on the molecular
surface which allows interaction with solvent molecules when
dissolved, with no apparent steric constrain.


This major accessibility of the polar groups in the s-
diastereomer compared to that of the 1 isomer seems to be
responsible of the greater stability of the s diastereomer in
solution with increasing solvent polarity (see Table 5).


The results of the exchange reaction, along with the
thermodynamic and kinetic data reported above, strongly
supported a dissociative mechanism for the diastereomerisa-
tion of the 1 into the s isomers or vice versa. The cleavage of
the bridging MÿO bonds of the trimers afforded mononuclear
intermediates of formula [(h-ring)M(Aa)]� . These intermedi-
ates could retain or invert their configuration but, in any case,
they trimerise with chiral self-recognition leading only to
homochiral-at-metal complexes; trimeric species with the
same configuration at the three metal atoms.


In a polar solvent, such as water, the diastereomerisations
occur at higher rates, most probably due to the good solvating
properties of water which stabilises the proposed monomeric
intermediate.


It is also interesting to note that the 1H NMR and CD
spectra for all rhodium and iridium compounds revealed the
same solid composition and optical purity, regardless of
crystallisation solvent or composition of the solution from
which the solids were isolated. All these compounds have
been prepared in methanol and, in this solvent, showed
variable compositions but always included both diastereom-
ers. However, the isolated solids, in CH2Cl2, showed only the
presence of the 1 isomer (the s isomer in the case of the l-
prolinate ligand). Consequently, crystallisation of these trim-
ers implies an asymmetric transformation of the second
kind,[36] scarcely documented for organometallic com-
pounds.[37] Nevertheless, the composition of the ruthenium
compounds depends on the pretreatment of the solution. It is
possible to prepare solid ruthenium trimers of different
diastereomeric composition and, eventually, separate one
diastereomer, by adequate choice of the composition of the
solution and/or crystallisation solvent.


The actual nature of compounds 1 ± 9, in the solid state and
in solution, deserves some further comments. From the X-ray
diffraction and IR measurements, as well as the conductivity
and FAB� mass spectrometry data, it seems clear that all the
compounds crystallise as trimers. Furthermore, the trimeric
nature persists in all cases in low polarity solvents such as
dichloromethane or acetone. The reported results for the
rhodium or iridium species in methanol or water also support
a trimeric formulation in these two, more polar, solvents.
However, the reversibility of chloride dissociation from the
mononuclear ruthenium compounds [(h6-p-MeC6H4iPr)-
Ru(Aa)Cl] in the presence of LiCl in water, along with the
values of the B coefficient in the Onsager equation, point to
the presence of solvated monomers of the formula [(h6-p-
MeC6H4iPr)Ru(Aa)S]� . We suggest that for the ruthenium
complexes in water and probably in methanol, an equilibrium,
rapid on the NMR time scale, between the monomers and
trimers, with equal configurated metals, could operate
([Eq. (2) and (3)]).


3(RRu,SC)[(h6-p-MeC6H4iPr)Ru(Aa)S]�>1-[{(h6-p-MeC6H4iPr)Ru(Aa)}3]3�


(2)


3(SRu,SC)[(h6-p-MeC6H4iPr)Ru(Aa)S]�>s-[{(h6-p-MeC6H4iPr)Ru(Aa)}3]3�


(3)


However, interconversion between RRu and SRu solvated
mononuclear species should be slow on the NMR time scale in
order to account for the NMR observations. Support for this
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proposal stems from the relatively slow rates of epimerisation
observed for the ruthenium compounds, as well as from the
isolation of trimers with different 1/s ratio from solutions of
different composition.


Catalytic properties


Hydrogenation of unsaturated aldehydes : Hydrogenation of
an unsaturated aldehyde or ketone exclusively at the oxo
group is an important reaction, but in most catalytic systems
the reverse selectivity is observed. It has been described[38]


that [RuCl2(PPh3)3] in combination with ethylendiamine and
KOH serves as a generally applicable, highly active and
chemoselective catalyst for carbonyl reduction in the presence
of olefinic or acetylenic moieties. The water-soluble analogues
of this ruthenium complex, [RuCl2(tppms)2] (tppms� (3-sulfo-
phenyl) diphenylphosphane sodium salt) and [RuCl2(pta)4]
(pta� 1,3,5-triaza-7-phosphaadanantane), were shown previ-
ously to reduce a,b-unsaturated aldehydes to the correspond-
ing alcohols with high activity and complete selectivity, either
with aqueous sodium formate[39] or with H2


[40] as reductant.
Importantly, [RhCl(tppms)3] also showed high activity but
preferential reduction of the olefinic double bond was
observed.[39, 40]


In our case, with a toluene/aqueous sodium formate
biphasic system, [{(h6-p-MeC6H4iPr)Ru(l-Pro)}3](BF4)3 ac-
tively catalysed the reduction of citral, while [{(h5-
C5Me5)Rh(l-Pro)}3](BF4)3 decomposed under such condi-
tions. A genuine formate-assisted hydrogen transfer from
2-propanol could be initiated by addition of HCOONa to
solutions of both complexes in this solvent at reflux temper-
ature. The reaction can also be triggered by the addition of
small amounts of K2CO3 and NaOH, which demonstrates that
in the HCOONa/2-propanol system, formate serves as a base
rather than a reductant. Since, in general, hydrogen transfer
from 2-propanol requires substantial amounts of strong base
(usually KOH)[7] this modification allows transfer hydro-
genation in nearly neutral media. Indeed, no side reactions of
citral were observed in HCOONa/2-propanol in contrast to
the fast non-metal-catalysed condensation reactions in KOH/
2-propanol. It is again emphasised that the isomeric ratio of
cis- and trans-olefins remained the same in the product
alcohol as in the substrate aldehyde mixture.


Another noteworthy feature is that in the hydrogen transfer
from 2-propanol to citral, catalysed by [{(h5-C5Me5)Rh-
(l-Pro)}3](BF4)3 exclusive formation of unsaturated alcohols
resulted. This is a rather unusual selectivity among the
reactions catalysed by rhodium complexes.[5d, 6a, 39, 40]


The possible mechanism of aldehyde reductions both with
2-propanol and with aqueous HCOONa can be incorporated
into the general reaction mechanism (see below). In the case
of aqueous HCOONa as hydrogen donor, the apparent
hydride intermediate is generated by coordination and
decomposition of HCOOÿ (not shown on the scheme) as
demonstrated earlier.[39b] Exclusive carbonyl reduction both
with the Ru- and the Rh-based catalyst can be rationalised by
the preferential coordination of carbonyl oxygen to the rather
hard RuII and RhIII metal ions. Indeed, weak olefin coordi-
nation is indicated by the results of isomerisation reactions:


allylic alcohols did not undergo redox isomerisation and
allylbenzene was isomerised only very slowly with the same
catalytic system ([{(h6-p-MeC6H4iPr)Ru(l-Pro)}3](BF4)3,
2-propanol, 2 equiv of HCOONa; 17 turnovers in 4.5 h) that
gave good rates for reduction of citral. This is also in
accordance with the unmodified cis/trans isomer ratio ob-
served in the reduction of citral. The role of HCOONa in the
formate-assisted hydrogen transfer is discussed in connection
with transfer hydrogenation of acetophenone.


Transfer hydrogenation of acetophenone : Hydrogenation of
ketones and aldehydes by hydrogen transfer from 2-propanol
is one of the most widely studied reactions.[6, 7, 41] Furthermore,
enantioselective reduction of prochiral ketones and imines is
of fundamental importance in synthetic organic chemis-
try.[7, 41±43] There are several active systems for such trans-
formations, including the recently disclosed systems which use
ruthenium(ii) complexes with P,N,O-terdentate ligands (no
enantioselectivity)[44] and the RuII ± phosphane/chiral dia-
mine/KOH catalyst system[43] which gave 99 % enantioselec-
tivity in the reduction of most aromatic ketones investigated.
To date only a few neutral catalytic systems of high activity
and selectivity are known.[6b, 41] However, in general, the
highest optical yields of acetophenone reduction with 2-prop-
anol, catalysed by Rh ± , Ru± and Ir ± phosphane or chelating
diamine catalysts are in the range of 70 ± 80 %.[41]


The results presented above show that a highly enantiose-
lective reduction of acetophenone can be achieved via
hydrogen transfer from 2-propanol catalysed by [(h-ring)-
M(aminoacidate)Cl] and [{(h-ring)M(aminoacidate)}3](BF4)3


complexes (M�Ru, Rh, and Ir). These are the first hydrogen
transfer reactions catalysed by this type of chiral metal
compound and, in fact, the rates and enantioselectivities
compare favourably with those reported with metal phos-
phane or amine complexes.[7, 41]


There are several features which should be taken into
consideration when devising a possible scheme for the
reaction mechanism:


i) The reaction requires a mild base but is adversely affected
by strong ones.


ii) There is no substantial difference in the catalytic proper-
ties of the monomeric and trimeric complexes.


iii) The reaction is strongly inhibited by excess amino acid
and chloride.


iv) Both the rate and the extent of enantioselectivity depend
largely on the amino acidate ligand, for all three metal ions;
the bigger the steric bulk of the aminoacidate ligand the
slower the reaction and the higher the enantioselectivity.


v) The reaction is preceded by an induction period during
which the enantiomeric excess increases sharply.


vi) At long reaction times (with the corresponding larger
conversions) the enantiomeric excess slightly decreases
despite the further increase in conversion.


A tentative suggestion for a reaction mechanism which
would lead to the above experimental findings is as follows:
(Schemes 4 and 5). Chloride dissociation from the monomers
(I) or solvolysis of the trimers (II) leads to formation of
monomeric cationic complexes (III) with one easily accessible
coordination site. This process was independently studied and
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Scheme 4. Formation of chiral metal hydrides.


is strongly evidenced in the solution studies section. Base-
assisted coordination of a 2-propoxy ligand gives a neutral
metal compound (IV) with release of a proton. The latter is
picked up by the base. In principle, the carboxylate ligand
could serve as an internal proton acceptor. However, it does
not seem basic enough to assist the deprotonation/coordina-
tion of 2-propanol, albeit there is some slow reaction with Rh
and Ir complexes but not with the Ru-containing complexes in
the absence of any base. Strong bases such as NaOH or KOH
may lead to the formation of stable hydroxo-complexes of the
[{(h-ring)M}2(m-OH)3]� type,[45] which would supposedly be
less or not active in catalysis because of the lack of available
coordination sites.


At first glance, b-H abstraction from the 2-propoxy ligand
could proceed through two distinct pathways. The required
coordination site for the hydride ligand can freed either by
opening the chelate ring through transient protonation of the
carboxylate donor group or, perhaps more likely, by expan-
sion of the coordination sphere. The latter implies an unusual
twenty electron species that has been previously proposed for
related pentamethylcyclopentadienyl rhodium derivatives.[46]


By dissociation of acetone (and concomitant recoordination
of the carboxylate in the case of the opening chelate ring


mechanism) the coordinatively saturated monohydrides, Va
and V b can be formed.


Independent of the actual sequence of the molecular steps,
the final solution may contain both the (R) and (S) epimers
(with relation to metal configuration) of the supposed mono-
hydrido-metal complex since epimerisation can take place in
all the complexes II ± V. The steric bulk of the aminoacidate
ligand may restrict such stereochemical reorganisation. Un-
fortunately, only the epimerisation of the starting metal
complexes could be studied independently (see solution
studies) and those data are not applicable to the case of the
supposed hydride complexes under different conditions.
Assuming no change in the configuration of the N and C
stereocentres of the amino acidate ligand, the high enantio-
selectivity seems to indicate that, under our experimental
conditions, formation of Va or Vb is highly diastereoselective.


Thus, hydrides V would be the real catalysts (Scheme 5).
Hydrogen transfer from isopropyl alcohol to acetophenone by
hydrido complexes usually implies the initial formation of a
1-phenylethoxy intermediate (VII a) followed by exchange of
alkoxy groups (VII a!IV).[6, 7, 41] The formation of VII a from
VI a, a critical step to account for the observed enantioselec-
tivity, deserves some comment. Either h1- or h2-coordination
of acetophenone requires a free coordination site on the metal
ion, which again can be made available by expansion of the
coordination sphere or by the opening of the amino acidate
chelate ring. Assuming h1 coordination, the intermediate
should be VI a, which could explain the formation of (R)-(�)-
1-phenylethanol as the major product of the acetophenone
reduction. In this context, steric repulsion between the phenyl
ring of acetophenone and the large C5Me5 (h6-p-MeC6H4iPr)
and/or the amino acidate ligand leads to the highly selective
production of (R)-(�)-1-phenylethanol in subsequent steps of
the catalytic cycle (e.g. VI a!VII a!IV).


Another attractive possibility is that the hydrogen transfer
occurs through a six-membered cyclic structure, as shown in
VI a'', recently proposed by Noyori et al.[6b, 47] Consistent with
this view, in which the NH linkage can stabilise the transition
state by the formation of a hydrogen bond, practically no
reaction was observed with the N-methylprolinatoiridium
complex (entry 12, Table 6). The possible participation of
intermediates VI a or VIa'' could be modulated by the nature
of the hydrido ligand and is strongly influenced by the type of
metal. Further work in this subject is needed.


It is remarkable that, in spite of these diverse possibilities of
coordination, a high degree of enantioselectivity is observed
in the transfer hydrogenation of acetophenone. The suggested
catalytic cycle is in accord with most of the findings mentioned
earlier:


i) A base is required to assist the heterolytic activation of
2-propanol but in order to avoid formation of stable
hydroxo complexes, a mild base is preferred; moreover, if
decoordination/recoordination of the carboxylate ligand
is important, the system cannot be strongly basic.


ii) Monomeric and trimeric complexes give the same sol-
volysed species (III) and therefore show the same
catalytic properties.


iii) Added chloride shifts the I> III equilibrium in favour of
I for the most active ruthenium species and excess amino
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acid may be strongly coordinated, most probably also in
III.


iv) The steric bulk of the amino acidate ligand is important in
that it restricts the coordination of acetophenone to one (a
few) of the possible geometries, leading to lower catalytic
activity but higher enantioselectivity.


v) Replacement of l-amino acidate ligands with the respec-
tive d-enantiomers results in the formation of enantio-
meric metal complexes with the same reactivity; these
catalyse the formation of (S)-(ÿ)-1-phenylethanol with
the same activity and enantioselectivity.


An intriguing feature of the reaction is the sharp rise of
enantioselectivity in the first period of the reaction. The
pretreatment experiments (Table 8) were undertaken with the
aim of establishing any stereochemical equilibria in advance
which would be established anyway during this time. Based on
the results of the solution studies, it was anticipated that a
pretreatment and running the reaction in 16,67 % aqueous
2-propanol could strongly influence the stereochemical out-
come of the catalytic reaction compared to the selectivity
obtained under standard reaction conditions (1.87 % water,
v/v). However, the enantiomeric excesses did not change
significantly with one exception where the rate was consid-
erably decreased. These results show that the catalytically
active complex can be formed less readily under such
conditions; indeed the solutions of Ru complexes, which
show a characteristic yellow to red transition in catalytically
active systems, remained yellow in case of catalysis with
pretreated complexes. Unfortunately, these data do not allow


deeper elaboration of the molecular events during the
induction period of the reaction.


In order to increase the coordination rigidity around the
metal ion, some of the complexes were encapsulated inside
the cavities of sol ± gel glasses in the hope of a further increase
in enantioselectivity. However, in addition to the anticipated
lower reaction rates due to diffusion barriers, the enantiose-
lectivities decreased as well. This is most probably a conse-
quence of a specific pretreatment of the catalyst in a highly
aqueous medium during the preparation of the glasses.


In summary, all the discussed features suggest that, during
the induction period, a single active catalyst is formed which is
capable of discriminating between the two enantiotopic faces
of the substrate. This catalytic species still has some coordi-
nation flexibility and is very much influenced by the nature of
the aminoacidate ligand. However, on prolonged reaction, it
is gradually replaced by either a non-selective metal complex
or by a mixture of complexes, the components of which may
independently catalyse the selective formation of both
enantiomeric alcohols.


Although the mechanism of aldehyde reduction with
hydrogen transfer from 2-propanol was not examined in
detail, coordination through the carbonyl function would lead
to formation of intermediates of the same type as with
acetophenone, that is VI and VII. Weak coordination of the
C�C unsaturated bond in a,b-unsaturated aldehydes explains
the selectivity towards the formation of the unsaturated
alcohol and is in accordance with the lack of isomerisation,
both in case of the unsaturated aldehydes and of simple


Scheme 5. Proposed catalytic cycles.
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olefins, such as allylbenzene. Other steps of the mechanism
can also be assumed to be the same as in the case of
acetophenone reduction.


Conclusions


A family of trinuclear amino acidate cations [{(h-ring)-
M(Aa)}3]3� can be readily prepared from the corresponding
mononuclear chlorides [(h-ring)M(Aa)Cl]. The stereochem-
ical properties of the new compounds can be studied by
judicious combination of X-ray, NMR, and CD measure-
ments. Trimerisation takes place with chiral self-recognition to
afford exclusively trimers with the same configuration at the
three metal atoms. In general, the trimers isomerise in highly
polar solvents, the rates of diastereomerisation being strongly
metal dependent. These rates increase in the sequence Ru�
Ir<Rh. The different diastereomer stability observed in
solution can be qualitatively explained by consideration of the
localisation of the polar groups on the molecular surface.


These compounds are highly enantioselective catalysts for
the reduction of acetophenone by means of hydrogen transfer
from 2-propanol (up to 75 % ee) and for the selective
reduction of a,b-unsaturated aldehydes to a,b-unsaturated
alcohols. The reaction requires the presence of a mild base
and therefore is also applicable for base-sensitive substrates.
The water solubility of the complexes allows their use as
catalysts in aqueous/organic biphasic systems.


Experimental Section


General comments : Infrared spectra were recorded on Perkin-Elmer 783
and 1330 spectrophotometers (range 4000 ± 200 cmÿ1) with Nujol mulls
between polyethylene sheets or dichloromethane solutions between NaCl
plates. Carbon, hydrogen, and nitrogen analyses were performed with a
Perkin-Elmer 240B microanalyser. NMR data were recorded on a Varian
UNITY 300 spectrometer operating at 299.95 (1H) and 75.4 (13C) MHz.
Chemical shifts are expressed in ppm upfield from SiMe4. Coupling
constants J are given in Hertz. Mass spectra were measured on a VG
Autospec double-focusing mass spectrometer operating in the FAB� mode.
Ions were produced with the standard Cs� gun at about 30 KV and
3-nitrobenzyl alcohol (NBA) was used as matrix. CD spectra were
determined in a 0.1 or 1 cm path length cell with a Jasco-710 apparatus,
at concentrations of approximately 5� 10ÿ3 M. Conductivities were meas-
ured with a Philips 9501/01 conductimeter at concentrations from 10ÿ4 to
10ÿ3 M. Acetophenone and citral were purchased from Aldrich, cinnamal-
dehyde from Schuchardt and were used as received. Reagent grade
2-propanol was purified with standard methods.


Preparation of the complexes [{(h-ring)M(Aa)}3](BF4)3 (1 ± 9): An equi-
molar amount of AgBF4 was added to a 0.05 M solution of the
corresponding [(h-ring)M(Aa)Cl] compound in methanol. The mixture
was stirred for 1 h in the absence of light, and the precipitated AgCl was
filtered off. The resulting solution was concentrated at reduced pressure to
about 2 mL. Addition of Et2O completed the precipitation of an orange
(Rh compounds) or yellow (Ir and Ru compounds) solid which was filtered
off, washed with Et2O, and vacuum-dried. All the ruthenium trimers
crystallise with one molecule of water.


1a : Yield: 80%. IR (Nujol): n(CO) 1545 (vs); n(NH) 3325 (s), 3280
(s) cmÿ1; elemental analysis: calcd for C39H63N3B3F12O6Rh3 (%): C 37.8, H
5.1, N 3.4; found: C 37.4, H 5.2, N 3.4; FAB MS: m/z (%): 1152
([{[Rh](Ala)}3(BF4)2]� , 20), 651 ([{[Rh](Ala)}2]� , 67). 1b : Yield: 91 %. IR
(Nujol): n(CO) 1575 (vs); n(NH) 3320 (s), 3265 (s) cmÿ1; elemental
analysis: calcd for C39H63N3B3F12O6Ir3 (%): C 31.1, H 4.2, N 2.8; found: C


30.7, H 4.4, N 2.6; FAB MS (%): m/z (%): 1420 ([{[Ir](Ala)}3(BF4)2]� , 5),
829 ([{[Ir](Ala)}2]� , 60), 416 ([[Ir](Ala)]� , 100); conductivity:[48] (acetone)
B� 1647.5. 1 c : Yield: 78%. IR (Nujol): n(CO) 1575 (vs); n(NH) 3320 (m)
3280 (m); n(OH) 3620 (m) cmÿ1; elemental analysis calcd for
C39H62N3B3F12O7Ru3 (%): C 36.5, H 5.2, N 3.3; found: C 36.4, H 5.3, N
3.4; conductivity: (acetone) B� 841.5; (methanol) B� 816.2. 2a : Yield:
93%. IR (Nujol): n(CO) 1530 (vs); n(NH) 3330 (s), 3279 (s) cmÿ1;
elemental analysis calcd for C42H69N3B3F12O6Rh3 (%): C 39.4, H 5.4, N
3.3; found: C 38.8, H 5.4, N 3.3; FAB MS: m/z (%): 1195
([{[Rh](Abu)}3(BF4)2]� , 10), 679 ([{[Rh](Abu)}2]� , 62). 3a : Yield: 80%.
IR (Nujol): n(CO) 1560 (vs); n(NH) 3280 (s), 3160 (s) cmÿ1; elemental
analysis calcd for C45H71N3B3F12O6Rh3 (%): C 40.8, H 5.7, N 3.2; found: C
40.3, H 5.7 N 3.4; FAB MS: m/z (%): 1236 ([{[Rh](Val)}3(BF4)2]� , 20), 707
([{[Rh](Val)}2]� , 98), 354 ([[Rh](Val)]� , 100). 3b : Yield: 74%. IR (Nujol):
n(CO) 1575 (vs); n(NH) 3340 (s), 3300 (s) cmÿ1; elemental analysis calcd for
C45H71N3B3F12O6Ir3 (%): C 34.0, H 4.8, N 2.6; found: C 33.6, H 4.9, N 2.5;
conductivity: (acetone) B� 1632.3. 3c : Yield: 72%. IR (Nujol): n(CO)
1570 (vs); n(NH) 3320 (m), 3280 (m); n(OH) 3625 (m) cmÿ1; elemental
analysis calcd for C45H70N3B3F12O7Ru3 (%): C 40.6, H 5.6, N 3.1; found: C
40.6, H 5.5, N 3.1. FAB MS: m/z (%): 1229 ([{[Ru](Val)}3(BF4)2]� , 7), 702
([{[Ru](Val)}2]� , 30), 530 [[Ru](Val)(BF4)2]� , 15). Conductivity: (acetone)
B� 1566.4; (methanol) B� 1134.5. 4a : Yield: 98%. IR (Nujol): n(CO)
1565 (vs); n(NH) 3310 (s), 3260 (s) cmÿ1; elemental analysis calcd for
C48H81N3B3F12O6Rh3 (%): C 42.2, H 6.0, N 3.1; found: C 41.4, H 5.9, N 3.0;
FAB MS: m/z (%): 1279 ([{[Rh](Tle)}3(BF4)2]� , 5), 736 ([{[Rh](Tle)}2]� ,
47), 368 ([[Rh](Tle)]� , 100). 4 b : Yield: 91 %. IR (Nujol): n(CO) 1565 (vs);
n(NH) 3350 (s), 3260 (s) cmÿ1; elemental analysis calcd for
C48H81N3B3F12O6Ir3 (%): C 35.3, H 5.0, N 2.6; found: C 35.8, H 4.6, N
2.5; FAB MS: m/z (%): 1546 ([{[Ir](Tle)}3(BF4)2]� , 2), 915 ([{[Ir](Tle)}2]� ,
12), 458 ([[Ir](Tle)]� , 100). 4c : Yield: 78%. IR (Nujol): n(CO) 1570 (vs);
n(NH) 3290 (m); n(OH) 3590 (m) cmÿ1; elemental analysis calcd for
C48H80N3B3F12O7Ru3 (%): C 41.9, H 5.9, N 3.0; found: C 41.7, H 5.8; N 3.0;
conductivity: (acetone) B� 773.2; (methanol) B� 610.0. 5 a : Yield: 79%.
IR (Nujol): n(CO) 1575 (vs); n(NH) 3320 (s), 3270 (s) cmÿ1; elemental
analysis calcd for C57H75N3B3F12O6Rh3(%): C 46.7, H 5.2, N 2.9; found: C
46.0, H 5.0, N 2.8; FAB MS: m/z (%): 1380 ([{[Rh](Phe)}3(BF4)2]� , 12), 803
([{[Rh](Phe)}2]� , 57). 5b : Yield: 80%. IR (Nujol): n(CO) 1575 (vs); n(NH)
3310 (s), 3270 (s) cmÿ1; elemental analysis calcd for C57H75N3B3F12O6Ir3


(%): C 39.5, H 4.4, N 2.4; found: C 39.0, H 4.4, N 2.3; FAB MS: m/z (%):
1648 ([{[Ir](Phe)}3(BF4)2]� , 3), 981 ([{[Ir](Phe)}2]� , 44), 492 ([[Ir](Phe)]� ,
100). 5 c : Yield: 72%. IR (Nujol): n(CO) 1590 (vs); n(NH) 3340 (m), 3290
(m); n(OH) 3625 (m) cmÿ1; elemental analysis calcd for
C57H74N3B3F12O7Ru3 (%): C 46.4, H 5.0, N 2.9; found: C 46.5, H 4.9, N
2.9; FAB MS: m/z (%): 1373 ([{[Ru](Phe)}3(BF4)2]� , 5), 799
([{[Ru](Phe)}2]� , 38), 400 [[Ru](Phe)]� , 44); conductivity: (acetone) B�
695.1; (methanol) B� 412.3. 6 a : Yield: 82%. IR (Nujol): n(CO) 1580 (vs);
n(NH) 3270 (s) cmÿ1; elemental analysis calcd for C45H69N3B3F12O6Rh3 (%):
C 41.0, H 5.3, N 3.2; found: C 40.5, H 5.4, N 3.4; FAB MS: m/z (%): 1230
([{[Rh](Pro)}3(BF4)2]� , 18), 703 ([{[Rh](Pro)}2]� , 100), 352 ([[Rh](Pro)]� ,
78). 6b : Yield: 65%. IR (Nujol): n(CO) 1575 (vs); n(NH) 3260 (s) cmÿ1;
elemental analysis calcd for C45H69N3B3F12O6Ir3 (%): C 34.1, H 4.4, N 2.7;
found: C 33.8, H 4.5, N 2.4; FAB MS: m/z (%): 1498 ([{[Ir](Pro)}3(BF4)2]� ,
2), 881 ([{[Ir](Pro)}2]� , 56), 442 ([[Ir](Pro)]� , 100); conductivity: (acetone)
B� 1729.0; 6 c : Yield: 71%. IR (Nujol): n(CO) 1580 (vs); n(NH) 3285 (m);
n(OH) 3620 (m) cmÿ1; elemental analysis calcd for C45H68N3B3F12O7Ru3


(%): C 40.8, H 5.2, N 3.2; found: C 41.0, H 5.1, N 3.2; FAB MS: m/z (%):
1222 ([{[Ru](Pro)}3(BF4)2]� , 10), 698 ([{[Ru](Pro)}2]� , 36), 350
[[Ru](Pro)]� , 40); conductivity: (acetone) B� 1036.1; (methanol) B�
1012.9. 7a : Yield: 88 %. IR (Nujol): n(CO) 1580 (vs); n(NH) 3270
(s) cmÿ1; elemental analysis calcd for C45H69N3B3F12O6Rh3 (%): C 41.0, H
5.3, N 3.2; found: C 40.7, H 5.2, N 3.3. 7b : Yield: 80%. IR (Nujol): n(CO)
1575 (vs); n(NH) 3260 (s) cmÿ1; elemental analysis calcd for
C45H69N3B3F12O6Ir3 (%): C 34.1, H 4.4, N 2.7; found: C 33.7, H 4.7, N 2.5;
FAB MS: m/z (%): 1498 ([{[Ir](Pro)}3(BF4)2]� , 4), 881 ([{[Ir](Pro)}2]� , 30),
442 ([[Ir](Pro)]� , 100). 7c : Yield: 71 %. IR (Nujol): n(CO) 1580 (vs);
n(NH) 3285 (m); n(OH) 3620 (m) cmÿ1. Elemental analysis calcd for
C45H68N3B3F12O7Ru3 (%): C 40.8, H 5.2, N 3.2; found: C 40.5, H, 5.1, N 3.4;
conductivity: (acetone) B� 1199.0; (methanol) B� 886.7. 8 a : Yield: 87%.
IR (Nujol): n(CO) 1565 (vs) cmÿ1; elemental analysis calcd for
C48H75N3B3F12O6Rh3 (%): C 42.4, H 5.6, N 3.1; found: C 42.2, H 5.4, N
3.0; FAB MS: m/z (%): 1272 ([{[Rh](Me-Pro)}3(BF4)2]� , 8), 732
([{[Rh](Me-Pro)}2]� , 38), 366 ([[Rh](Me-pro)]� , 89). 8b : Yield: 82%. IR
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(Nujol): n(CO) 1560 (vs) cmÿ1; elemenetal analysis calcd for
C48H75N3B3F12O6Ir3 (%): C 35.4, H 4.7, N 2.6; found: C 35.1, H 4.3, N 2.4;
FAB MS: m/z (%): 1540 ([{[Ir](Me-Pro)}3(BF4)2]� , 2), 912 ([{[Ir](Me-
Pro)}2]� , 7), 456 ([[Ir](Me-Pro)]� , 100); conductivity: (acetone) B� 1555.4.
9a : Yield: 90 %. IR (Nujol): n(CO) 1565 (vs); n(NH) 3300 (m) cmÿ1;
elemental analysis calcd for C45H69N3B3F12O9Rh3 (%): C 39.6, H 5.1, N 3.1;
found: C 40.1, H 5.2, N 3.3; FAB MS: m/z (%): 1278 ([{[Rh](Hyp)}3-
(BF4)2]� , 12), 735 ([{[Rh](Hyp)}2]� , 100), 368 ([[Rh](Hyp)]� , 80). 9b :
Yield: 86 %. IR (Nujol): n(CO) 1575 (vs); n(NH) 3250 (m) cmÿ1; elemental
analysis calcd for C45H69N3B3F12O7Ir3(%): C 33.1, H 4.3, N 2.6; found: C
32.7, H 4.3, N 2.5. 9 c : Yield: 73 %. IR (Nujol): n(CO) 1557 (vs); n(NH) 3280
(m); n(OH) 3615 (m) cmÿ1; elemental analysis calcd for
C45H68N3B3F12O8Ru3 (%): C 46.4, H 5.0, N 2.9; found: C 46.5, H 4.9, N
2.9; FAB MS: m/z (%): 1270 ([{[Ru](Hyp)}3(BF4)2]� , 24), 731
([{[Ru](Hyp)}2]� , 90), 366 [[Ru](Hyp)]� , 90); conductivity: (acetone)
B� 1142.6; (methanol) B� 722.5.


X-ray structure analysis of 1 b and 6c ´ 3 CH3OH : Crystals were obtained by
slow diffusion of diethyl ether into methanolic solutions of the complexes.
The orientation matrix and unit cell dimensions were determined by least-
squares fit from a set of high-angle, carefully centred, reflections (40 for 1b,
and 25 for 6 c) on a Siemens-Stoe AED-2 four-circle diffractometer with
graphite-monochromated MoKa radiation (l� 0.71073 �). Data collection
for both crystals was carried out with the w/2q scan technique to a
maximum of 45 (1b) or 478 (6c). Three standard reflections were measured
every hour as a check on crystal and instrument stability. A linear
correction based on these standards was applied to account for the intensity
decay. All data were corrected for absorption, Lorentz and polarisation
effects. In the case of 1b, a semi-empirical method was applied for the
absorption correction;[49] for 6 c the best results were obtained with an
empirical approach[50] (see Table 9). Both structures were solved by
standard Patterson and difference Fourier methods.[51] The positions and
anisotropic thermal parameters of all non-hydrogen atoms were refined
satisfactorily by full-matrix least-squares calculations (SHELXL-93 pro-
gram[52]) except those of the disordered tetrafluoroborate anion in 1b. In
this crystal, the BF4 anions occupied two different zones of the asymmetric
unit with, in both cases, a spherical distribution of the electron density. In
both spatial regions, the anions were observed to be statically disordered
and were modelled on the basis of two groups of atoms in each case,
including complementary occupancy factors (0.52(3) for B(1), F(1a), F(2a);
0.22(3) for B(2), F(1b), F(2b); 0.37(3)
for B(3), F(1c) ± F(4c); 0.38(3) for
B(4), F(1d) ± F(4d)) and restrained
positional and thermal parameters.
The BF4 anions in 6c also showed a
large dispersion of their electron den-
sity; however, no clear model of static
disorder could be established and,
eventually, dynamic disorder was as-
sumed. Hydrogen coordinates were
found in difference Fourier maps for
those atoms bonded to the chiral
centres of the aminoacidate ligands
(N(1) and C(2)); all the remaining
atoms were included in both structures
at their ideal positions. All hydrogen
atoms were refined riding at their C or
N atoms with one (1 b) or six (6c)
common thermal parameters. The ab-
solute structure was checked in both
structures by the estimation of the
Flack parameter x in the final cycles of
refinement, 0.00(3) (1 b) and 0.04(7)
(6c).[53] Final agreement parameters
are collected in Table 9, together with
some crystallographic data and addi-
tional experimental details. Crystallo-
graphic data (excluding structure fac-
tors) for the structures reported in this
paper have been deposited with the
Cambridge Crystallographic Data
Center as supplementary publication


nos. CCDC-10218 (1b) and CCDC-102219 (6c). Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit@
ccdc.cam.ac.uk).


Transfer hydrogenation experiments, standard reaction conditions : Cata-
lyst (0.01 mmol metal), base (0.02 mmol; as 100 mL 0.2m aqueous solution),
acetophenone (0.25 mL, 2.14 mmol) or citral (1.46 mmol), 2-propanol
(5 mL), reflux (83 8C), argon atmosphere. In experiments with cinnamal-
dehyde (0.25 mL, 2.0 mmol) solid HCOONa (3.4 mg, 0.05 mmol) was used
instead of the aqueous solution. All the components of the reaction were
mixed under argon at room temperature in a Schlenk tube which was then
equipped with a reflux condenser and immersed to an oil bath of 83 8C after
complete dissolution of the solid complex. The mixture was stirred
magnetically and a slow argon flow (5 ± 8 bubbles per min) was maintained
through the tube during the reaction. The reactions were monitored by gas-
liquid chromatography (HP-Innowax column, 30M, i.d. 0.53 mm, film
thickness 1.0 mm, 140 8C, isotherm, FID, carrier: He) and the products were
identified by their retention times compared to those of authentic samples.
Enantiomeric composition of the product 1-phenylethanol was determined
using a Cyclodextrin column (CP-Cyclodex-B 236-M, 50 m� 0.25 mm�
0.25 mm film, 110 8C)
Immobilisation by the sol ± gel method followed the procedure given in
ref [35].
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A Substrate-Based Methodology That Allows the Regioselective Control of
the Catalytic Aminohydroxylation Reaction


Hyunsoo Han,* Chang-Woo Cho, and Kim D. Janda*[a]


Abstract: Analogous to the Sharpless
osmium-catalyzed asymmetric dihy-
droxylation (AD) reaction, structure I
is proposed as the catalytically active
species for the asymmetric aminohy-
droxylation (AA) reaction. Based on
this model, the regiochemistry of the
reaction can be inferred from the cata-
lyst ± substrate complex and is termed
either mode A or B (Figure 1). In an
effort to control the regiochemical out-
come of the AA reaction, steric, elec-
tronic, and substrate ± catalyst shape
complimentarity were investigated. It


was determined that each of these
interactions has a modest influence on
controlling the regiochemistry of the
reaction (Table 1), however, the combi-
nation of these factors can greatly con-
trol the regioselectivity of the reaction
(Tables 2 and 3). Thus, olefin 10 showed
greater than a 20:1 preference when
both steric and substrate ± catalyst shape


complimentarity reinforced each other.
Furthermore, with a,b-unsaturated car-
boxylates, the aggregate effect of steric,
electronic, and substrate ± catalyst shape
complimentarity not only increased re-
gioselectivity, but it also reversed AA
regioselectivity. Considering the natural
abundance of vicinal amino alcohols/
amino acids and the effectiveness of the
Sharpless AA reaction, substrate-based
regioselective control should further in-
crease the synthetic utility of this im-
portant process.


Keywords: amino alcohols ´ amino-
hydroxylations ´ osmium ´ oxida-
tions ´


Introduction


Considering the number of vicinal amino alcohols that can be
found embedded in natural and manmade compounds,[1] a
catalytic regioselective aminohydroxylation reaction of an
unsymmetrical olefin could constitute an extremely valuable
synthetic transformation. Historically the aminohydroxyla-
tion of an olefin dates back to late 1970s.[2] Yet, little attention
was paid to this process until Sharpless and co-workers
reported an osmium-catalyzed asymmetric aminohydroxyla-
tion (AA) reaction using phthalazine (PHAL)-based cincho-
na alkaloid ligands, chloramine-T as a nitrogen source and
oxidant.[3] Subsequently, new nitrogen sources were devel-
oped that greatly increased the synthetic utility of this process
with respect to both enantioselectivity and substrate specific-
ity.[4] However, little has been done to control the regiochem-
istry of the catalytic AA reaction, especially with unsym-
metrical olefins.[4c, 5] Herein, we report that the regioselectiv-
ity of the Sharpless AA reaction of unsymmetrical olefins can


be controlled in a highly systematic manner. Our tact in
engaging this problem has been to utilize a substrate-based
control of the regioselectivity.[6]


Results and Discussion


Since the Sharpless AA reaction opts to use the same metal/
ligands as the asymmetric dihydroxylation (AD) reaction, it
would not be unreasonable to assume that the structure of the
active complex in both reactions might be very similar. Taking
this minimalist approach structure I can be proposed for the
catalytically active Ac ± N�OsO3 ± (DHQD)2PHAL complex
(Figure 1).[7] In this complex, the Ac ± N�OsO3 would be
coordinated to the tert-nitrogen atom of the quinuclidine ring
in a distorted trigonal-bipyramid geometry,[8] wherein the two
nitrogen ligands occupy axial positions. Based on this model,
binding of an olefin would trigger transfer of the axial N-
acetyl group and one of the equatorial oxygen atoms (Ob in
Figure 1) in a [3�2] cycloaddition fashion.[7b, 9] If it is assumed
that I is a catalytically active species, then the regioselectivity
should be programmable as dictated by how an olefin binds to
the catalyst. In accordance with this substrate directed AA
model two binding modes (A and B) can be drawn to depict
the formation of opposite regioisomers (Figure 1).


Based on these binding modes we set out to examine
substrate ± catalyst specificity. Table 1 shows the regioselec-
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Figure 1. Proposed structure of the Ac ± N�OsO3 ± (DHQD)2PHAL cata-
lyst.


tivity obtained with some representative olefins. Each alkene
was carefully chosen so as to examine steric, electronic, and/or
substrate ± catalyst shape complimentarity for the regioselec-
tivity of the reactions. For compounds 1 and 2, a sterically
demanding tert-butyldiphenylsilyl group was appended to the
olefin. In accordance with the model this moiety would not be
expected to fit into the relatively narrow U-shape binding
pocket of the catalyst, and thus would tend to point into
solvent (mode A). Therefore, the difference in regioselectivity
as seen for olefins 1 and 2 could be rationalized in terms of the
relative size of R1. Olefins 3 and 4 collectively showed an
electronic influence on the regiochemistry. In both cases the
more nucleophilic nitrogen ligand of the osmium complex
prefers to add to the more electrophilic b-carbon atom of the
a,b-unsaturated ester, and the oxygen atom to the a-carbon
atom. It should also be noted that hydrophobicity might also
play some role in orienting the substrate molecule to mode A
as the polar ester group seeks a more hydrophilic environ-
ment away from the binding cleft. Olefins 5, 6, and 7
demonstrate a more subtle interplay between substrate ± ca-
talyst binding. Considering just simple steric considerations it
could be argued that the p-methoxyphenoxy moiety would
prefer mode A. The p-methoxyphenoxy functionality is much
larger than any of the R1 moieties found in 5 ± 7, yet,
regioselectivities observed were opposite to what might be
predicted based on simple steric considerations. These
apparently contradicting results could be rationalized if
aryl ± aryl interactions between the substrate and the cleft of
the catalyst prevail, thus mode B would be favored over mode
A.[7b, 10] From Table 1, it is clear that steric, electronic, and shape
complimentarity all have some influence on the regioselec-
tivity of the Sharpless AA reaction. Furthermore, it suggests
that a proper combination of these interactions could be
utilized to greatly increase regioselectivity of the AA reaction.


Table 2 presents data, wherein the olefin was designed so as
to contain both steric and substrate ± catalyst shape compli-
mentarity which would reinforce each other. Thus 8 and 9
display the p-methoxyaryl group for binding and a sterically
demanding moiety enforcing steric constraints. Mode B type
binding is expected and this prediction was borne out with
these olefins, showing very good regioselectivity. To further
extend this �additive� effect compound 10 was synthesized and
examined. Here regioselectivity was further increased by
added aryl ± aryl interactions. Interestingly, when the carbonyl
group of 10 is replaced by a simple methylene unit, 11, the
regioselectivity drops considerably. We believe this result is
due to increased freedom of rotation and a potential loss of
aryl ± aryl interactions.[9a] Based on these results other addi-
tive combinations of steric, electronic, and shape complimen-
tarity were retooled into new substrates (Table 3). With
olefins 12 ± 15, shape complimentarity and electronic inter-
action were used to direct the regioselectivity of the reaction.
Based on these factors mode A binding is expected and 12 and
13 showed excellent regioselectivity. A comparison between
olefins 3, 4 (Table 1), 12, 13 (Table 3) clearly demonstrates not
only the importance of binding, but also the cooperative
influence between binding and electronic effects on the
regiochemistry. As seen with 11, alkenes 14 and 15 displayed
lower regioselectivity due to increased mobility.


Table 1. AA Reaction with selected olefins.[a]


R2


R2


HN


OH


Ac


R2


OH


HN
Ac


R1


R1


R1


AA


with (DHQD)2PHAL


II


III


Olefins Regioselectivity (II :III)[b]


1 R1�H, R2� > 20.0:1


2 R1�Et, R2� 2.0:1


3 R1�H, R2� 15.2:1


4 R1�Me, R2� 1.4:1


5 R1�H, R2� 1.2:1


6 R1�Me, R2� 1:3.2


7 R1�Et, R2� 1:3.5


[a] Os� 4 mol %, ligand� 5 mol %, tBuOH:H2O� 2:3, LiOH ´ H2O�
1.1 equiv, olefin� 1 mmol, and N-bromoacetamide� 1.0 equiv. [b] Regio-
selectivity was determined by measuring relative peak heights of the
corresponding 1H NMR spectra for the two regioisomers.
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In contrast to the previous examples presented olefins 16,
17, and 18 (Table 3) provide test cases where both steric and
shape complimentarity combine in a positive manner and
electronic effects detract from the system. With this type of
�push ± pull� system 16 display a slight reversal in regioselec-
tivity compared with 12 ± 15. Encouraged by this finding we
replaced the tert-butyl group in 16 by the bulkier tert-
butyldiphenylsilyl (TBDPS) functionality to give 17, which
now shows enhanced regioselectivity for the formation of VI


as was evidenced by 6.0:1 ratio.
If now shape complimentarity
between substrate and catalyst
are further enhanced as is the
case with 18, then regioselectiv-
ity can be further skewed to-
wards amino alcohol VI versus
VII. Consequently, we see that
a judicious choice of function-
alities appended to the olefin
can strongly impact the orien-
tation of substrate binding to
the catalyst and thus the regio-
selectivity of the AA reaction.
Finally, since these R groups
are in essence typical protecting
groups their manipulation to
more recognizable biologically
and/or chemically relevant ma-
terials or their precursors is
eminently evident.


In summary, a proposed
working model for the active
catalyst conformation in the
Sharpless AA reaction was put
forth. Based on this model, it
has been shown for the first
time that regiochemistry of the
Sharpless AA reaction can be
controlled by a combination of
steric, electronic, and/or shape
complimentarity of suitable
protecting groups. This work
highlights the ability to control
the regioselectivity of the AA
reaction not by an extensive
catalyst redesign but rather by
simple substrate alterations.


Experimental Section


NMR spectra were recorded in CDCl3


at 250, 400, or 600 MHz. Flash chro-
matography was carried out with Mal-
linckrodt silica gel 60 (230-400 mesh).
Analytical TLC was performed on
Merck glass plates coated with
0.25 mm silica. Chloroform and di-
chloromethane were distilled from
calcium hydride, and THF was dis-


tilled from sodium metal. Trans-4-(tert-butyldiphenylsiloxy)but-2-en-1-
ol,[11] trans-4-(tert-butyldiphenylsiloxy)but-2-enoic acid,[11, 12] 3-(4-meth-
oxyphenoxy)-1-butene (5),[10a] and trans-5-(4-methoxyphenoxy)-3-hexene
(7)[10a] were prepared according to literature procedures. Synthetic
procedures for all other olefins used in this study are detailed below.


4-(tert-Butyldiphenylsiloxy)-1-butene (1):[13] 60 % Sodium hydride (0.180 g,
4.50 mmol) was suspended in THF, and to the mixture was added 3-buten-
1-ol (0.324 g, 4.49 mmol). The resulting mixture was stirred for 30 min at
room temperature. Then, tert-butyldiphenyl silyl chloride (1.24 g,
4.51 mmol) was added, and vigorous stiring was continued until 3-buten-
1-ol disappeared as judged by TLC. The mixture was partitioned between


Table 2. AA reaction with trans-disubstituted olefins.[a]


O
O


R2


O
O


R2
OH


HN


O
O


R2
NH


OH


Ac


Ac
R1


R1


R1


AA


with (DHQD)2PHAL


IV


V


Olefins Regioselectivity (IV:V)[b] ee [%][c] Yield [%][d]


8 R1�TBDPS
R2�p-methoxybenzoyl 11.9:1 > 95 59e


9 R1� tert-butyl
R2�p-methoxybenzoyl 14.2:1[f] > 95 67


10 R1�TBDPS
R2� 2-naphthoyl > 20.0:1 > 95 83


11 R1�TBDPS
R2� (2-naphthyl)methyl 3.0:1 ND 23[e]


[a] Os� 5 mol %, ligand� 6 mol %, tBuOH:H2O� 2:1, LiOH ´ H2O� 1.1 equiv, olefin� 0.5 mmol, and N-
bromoacetamide� 1.0 equiv. [b] Regioselectivity was determined by measuring the relative peak heights of
the corresponding 1H NMR spectra for the two regioisomers. [c] Enantioselectivity was determined by 1H NMR
analysis of the Mosher ester derivative. [d] Combined yield of two regioisomers. [e] The reaction did not go to
completion even after 48 h. [f] tBuOH:H2O� 2:3 solvent.


Table 3. AA reactions with a,b-unsaturated carboxylic acid esters.[a]


O
O


R2


O
O


R2
OH


HN


O
O


R2
NH


OH


Ac


Ac
O


O


O
R1


R1


R1


AA


with (DHQD)2PHAL


VI


VII


Entry Regioselectivity (VI:VII)[b] ee [%][c] Yield [%][d]


12 R1� p-methoxybenzoyl
R2� ethyl 1:> 20.0 > 95 79


13 ethyl trans-cinnamate 1:> 20.0 > 95 65
14 R1� benzyl


R2� ethyl 1:2.4 ND 51
15 R1� (2-naphthyl)methyl


R2� ethyl 1:4.3 ND 53
16 R1� tert-butyl


R2� p-methoxybenzyl 1.5:1 ND 60
17 R1�TBDPS


R2� p-methoxybenzyl 6.0:1 83 (>95) 36[e]


18 R1�TBDPS
R1� (2-naphthyl)methyl 17.0:1 92 (>95) 63


[a, b, c, d, and e] See footnotes a, b, c, d, and e, respectively, in Table 2. In note c, numbers in parentheses are ee
values after one recrystallization from ethyl acetate/hexane.







FULL PAPER H. Han, C.-W. Cho, K. D. Janda


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0505-1568 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 51568


diethyl ether and 10 % aqueous K2CO3. The ether layer was washed with
brine, dried over anhydrous MgSO4, and concentrated. The resulting oil
was purified by column chromatography (hexane:ethyl acetate� 70:30)
(1.22 g, 3.93 mmol, 87.5 %): 1H NMR (250 MHz, CDCl3): d� 1.06 (s, 9H),
2.33 (q, J� 6.7 Hz, 2 H), 3.72 (t, J� 6.7 Hz, 2 H), 5.03 (m, 2 H), 5.83 (m,
1H), 7.41 (m, 6H), 7.67-7.79 (m, 4 H); HR-MS: FAB [M�Na�]: calcd for
C20H26OSiNa 333.1651, found 333.1658.


trans-6-(Butyldiphenylsiloxy)-3-hexene (2): This compound was prepared
according to the procedure described for 1 (1.31 g, 3.87 mmol, 86.2 %):
1H NMR (250 MHz, CDCl3): d� 0.96 (t, J� 7.5 Hz, 3H), 1.05 (s, 9H), 1.99
(q, J� 7.4 Hz, 2H), 2.26 (q, J� 6.8 Hz, 2H), 3.67 (t, J� 6.8 Hz, 2 H), 5.45
(m, 2 H), 7.30-7.54 (m, 6 H), 7.66-7.70 (m, 4H); HR-MS: FAB [M�Na�]:
calcd for C22H30OSiNa 361.1964, found 361.1674.


trans-5-(4-Methoxyphenoxy)-2-pentene (6):[10a] Diethyl azodicarboxylate
(2.20 g, 12.6 mmol) was slowly added to a mixture of 3-buten-1-ol (0.838 g,
9.73 mmol), 4-methoxyphenol (3.62 g, 29.2 mmol), and triphenylphos-
phane (3.30 g, 12.6 mmol) in THF at room temperature. The resulting
mixture was refluxed for 3 h, and cooled to room temperature. After all
volatiles were removed, the residue was purified by column chromatog-
raphy (hexane:ethyl acetate� 90:10) (1.59 g, 8.28 mmol, 85.1 %): 1H NMR
(250 MHz, CDCl3): d� 1.76 (d, J� 6.1 Hz, 3 H), 3.82 (s, 3H), 4.69 (d, J�
6.2 Hz, 2 H), 5.61 ± 5.91 (m, 2H), 6.88 (d, J� 8.8 Hz, 2 H), 7.98 (d, J�
8.8 Hz, 2 H); HR-MS: FAB [M�H�]: calcd for C12H17O2 193.1229, found
192.1239.


trans-4-(tert-Butyldiphenylsiloxy)-2-buten-1-yl 4-methoxybenzoate (8):[10b]


A mixture of trans-4-(tert-butyldiphenylsiloxy)but-2-en-1-ol (1.27 g,
3.89 mmol) and triethylamine (0.433 g, 4.28 mmol) in dichloromethane
was added to 4-methoxybenzoyl chloride (0.730 g, 4.28 mmol) in dichloro-
methane at 4 8C. After stirring overnight at room temperature, the reaction
mixture was diluted with dichloromethane, washed with 1n HCl and
saturated sodium bicarbonate solutions. The organic layer was dried over
magnesium sulfate. Removal of the solvent and purification of the residue
by column chromatography (hexane:ethyl acetate� 70:30) gave the
desired product (1.52 g, 3.30 mmol, 84.8 %): 1H NMR (250 MHz, CDCl3):
d� 1.06 (s, 9H), 3.86 (s, 3 H), 4.24 (s, 2H), 4.79 (d, J� 4.9 Hz, 2H), 5.86-6.05
(m, 2H), 6.92 (d, J� 8.8 Hz, 2H), 7.33 ± 7.45 (m, 6 H), 7.66 ± 7.73 (m, 4H),
8.02 (d, J� 8.9 Hz, 2H); HR-MS: FAB [M�Na�]: calcd for C28H32O4SiNa
483.1968, found 483.1984.


trans-4-(tert-Butyldiphenylsiloxy)-2-buten-1-yl 2-naphthoate (10): This
compound was prepared according to the procedure described for 8
(0.820 g, 1.71 mmol, 88.1 %): 1H NMR (250 MHz, CDCl3): d� 1.08 (s, 9H),
4.27 (m, 2H), 4.89 (m, 2 H), 5.94-6.10 (m, 2H), 7.37-8.08 (m, 16H), 8.64 (s,
1H); HR-MS: FAB [M�Na�]: calcd for C31H32O3SiNa 503.2018, found
503.2008.


trans-4-Hydroxy-2-buten-1-yl 4-methoxybenzoate (19):[11] nBu4NF
(2.60 mL of 1m solution in THF) was added to a solution of 8 (1.00 g,
2.08 mmol) in THF. The reaction mixture was stirred until 8 had
disappeared as judged by TLC at room temperature. The mixture was
then diluted with ethyl acetate, and washed with a saturated ammonium
chloride solution. Drying over magnesium sulfate, followed by removal of
the solvent, and purification of the residue by column chromatography
(hexane:ethyl acetate� 80:20) gave the desired product (0.383 g,
1.73 mmol, 83.2 %): 1H NMR (250 MHz, CDCl3): d� 2.43 (s, 1H), 3.80 (s,
3H), 4.15 (d, J� 4.1 Hz, 2 H), 4.75 (d, J� 4.7 Hz, 2 H), 5.82 ± 6.01 (m, 2H),
6.87 (d, J� 8.9 Hz, 2H), 7.95 (d, J� 8.8 Hz, 2H); HR-MS: FAB [M�H�]:
calcd for C12H15O4 223.0971, found 223.0980.


trans-4-tert-Butoxy-2-buten-1-yl 4-methoxybenzoate (9):[14] Compound 19
(0.340 g, 1.53 mmol) and tert-butyl trichloroacetimidate (0.463 g,
1.68 mmol) were dissolved in a dichloromethane/cyclohexane co-solvent,
and then a catalytic amount of boron trifluoride etherate (40 mL,
0.326 mmol) was added. After the mixture had been stirred for 24 h at
room tempertaure, solid sodium bicarbonate was added, and the precip-
itate formed was removed by filtration. The filtrate was purified by column
chromatography (hexane:ethyl acetate� 80:20) (0.276 g, 0.993 mmol,
64.9 %): 1H NMR (250 MHz, CDCl3): d� 1.19 (s, 9 H), 3.82 (s, 3 H), 3.92
(s, 2 H), 4.76 (d, J� 2.0 Hz, 2H), 5.91 (m, 2 H), 6.88 (d, J� 8.8 Hz, 2 H), 7.98
(d, J� 8.8 Hz, 2H); HR-MS: FAB [M�H�]: calcd for C16H23O4 279.1596,
found 279.1600.


4-Methoxybenzyl trans-4-(tert-butyldiphenylsiloxy)-2-butenoate (17):[15]


trans-4-(tert-Butyldiphenylsiloxy)-2-butenoic acid (1.50 g, 4.41 mmol) was


added to a suspension of cesium carbonate (1.44 g, 4.42 mmol) in DMF, and
stirred for 10 min at room temperature. 4-Methoxybenzyl chloride (0.668 g,
4.27 mmol) was then added, and the resulting mixture was stirred overnight
at room temperature. The reaction mixture was partitioned between water
and ethyl acetate. The organic layer was washed with brine, and dried over
magnesium sulfate. The solvent was removed, and the remaining residue
was purified by column chromatography (hexane:ethyl acetate� 70:30)
(1.79 g, 3.89 mmol, 88.2 %): 1H NMR (250 MHz, CDCl3): d� 1.06 (s, 9H),
3.81 (s, 3H), 4.33 (m, 2H), 5.14 (s, 2 H), 6.32 (dt, J� 15.6 and 2.4 Hz, 1H),
6.90 (d, J� 6.9 Hz, 2 H), 7.00 (dt, J� 15.5 and 3.3 Hz, 1 H), 7.32 ± 7.46 (m,
8H), 7.62 ± 7.66 (m, 4H); HR-MS: FAB [M�Na�]: calcd for C28H32O4SiNa
483.1968, found 483.1984.


(2-Naphthyl)methyl trans-4-(tert-butyldiphenylsiloxy)-2-butenoate (18):
This compound was prepared according to the procedure described for
17 (1.24 g, 2.58 mmol, 87.8 %): 1H NMR (250 MHz, CDCl3): d� 1.09 (s,
9H), 4.37 (m, 2 H), 5.39 (s, 2 H), 6.38 (dt, J� 15.5 and 2.3 Hz, 1H), 7.08 (dt,
J� 15.4 & 3.2 Hz, 1H), 7.37 ± 7.87 (m, 17H); HR-MS: FAB [M�Na�]:
calcd for C31H32O3SiNa 503.2018, found 503.2006.


4-Methoxybenzyl trans-4-tert-butoxy-2-butenoate (16): This compound
was prepared from 17 according to the procedure described for 9 (0.265 g,
0.953 mmol, 43.9 % from 17): 1H NMR (250 MHz, CDCl3): d� 1.56 (s, 9H),
4.16 (s, 3H), 4.42 (m, 2H), 5.47 (s, 2 H), 6.49 (dt, J� 15.4 & 2.0 Hz, 1H), 7.24
(d, J� 8.4 Hz, 2 H), 7.37 (dt, J� 15.4 & 4.0 Hz, 1 H), 7.67 (d, J� 8.5 Hz,
2H); HR-MS: FAB [M�Na�]: calcd for C16H22O4Na 301.1416, found
301.1426.


Ethyl trans-4-(4-methoxybenzoyloxy)-2-butenoate (12):[15] This compound
was prepared from p-anisic acid (1.00 g, 6.57 mmol) and 75% ethyl
4-bromocrotonate (1.64 g, 6.37 mmol) according to the procedure descri-
bed for 17 (1.45 g, 5.49 mmol, 86.2 %): 1H NMR (400 MHz, CDCl3): d�
1.27 (t, J� 7.1 Hz, 3 H), 3.82 (s, 3H), 4.17 (q, J� 7.1 Hz, 2H), 4.92 (dd, J�
4.4 & 2.0 Hz, 2H), 6.07 (dt, J� 15.8 and 2.0 Hz, 1H), 6.90 (d, J� 6.8 Hz,
2H), 7.01 (dt, J� 15.8 and 4.4 Hz, 1H), 7.98 (d, J� 6.8 Hz, 2H); HR-MS:
FAB [M�Na�]: calcd for C14H17O5 265.1076, found 265.1081.


Ethyl trans-4-benzyloxy-2-butenoate (14):[16] Benzyl alcohol (0.964 g,
8.91 mmol), ethyl 2-butynoate (1.00 g, 8.92 mmol), triphenylphosphane
(0.117 g, 0.446 mmol), and acetic acid (0.107 g, 1.78 mmol) were dissolved
in toluene. The resulting mixture was heated at 80 8C overnight. All
volatiles were removed, and the residue was purified by column chroma-
tography (hexane:ethyl acetate� 70:30) (1.67 g, 7.59 mmol, 85.2 %):
1H NMR (250 MHz, CDCl3): d� 1.28 (t, J� 7.3 Hz, 3H), 4.10 ± 4.26 (m,
4H), 4.55 (s, 2 H), 6.13 (dt, J� 15.7 & 2.1 Hz, 1H), 6.96 (dt, J� 15.7 &
4.4 Hz, 1H), 7.32 (m, 5 H); HR-MS: FAB [M�Na�]: calcd for C13H17O3


221.1178, found 221.1184.


Ethyl trans-4-(2-naphthyl)methyl-2-butenoate (15): This compound was
prepared according to the procedure described for 14 (2.00 g, 7.41 mmol,
83.2 %): 1H NMR (250 MHz, CDCl3): d� 1.30 (t, J� 7.1 Hz, 3 H), 4.17 (m,
2H), 4.23 (q, J� 7.1 Hz, 2H), 4.68 (s, 2H), 6.20 (dt, J� 15.7 and 2.0 Hz,
1H), 7.03 (dt, J� 15.7 & 4.3 Hz, 1H), 7.44 ± 7.52 (m, 3 H), 7.77-7.85 (m, 4H);
HR-MS: FAB [M�Na�]: calcd for C17H19O3 271.1334, found 271.1342.


General procedure for the Sharpless catalytic asymmetric aminohydrox-
ylation (AA) reaction :[4c] Basically the methodology of Sharpless was
followed with the following modifications: i) for Table 1, K2OsO2(OH)4


(4 mol %), (DHQD)2PHAL (5 mol %), tert-BuOH:H2O� 6 mL:9 mL, and
1.0 mmol olefin and ii) for Tables 2 and 3, K2OsO2(OH)4 (5 mol %),
(DHQD)2PHAL (6 mol %), tert-BuOH:H2O� 12 mL:6 mL, and 0.5 mmol
olefin. The regioselectivity of the Sharpless AA reaction was determined
by measuring relative peak heights of corresponding 1H NMR spectra for
the two regioisomers. The optical purity (ee) of the major regioisomers
was determined from the 1H NMR spectrum of their Mosher ester
derivatives.
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Spectroscopic and Theoretical Investigations of
Electrophilic Bromination Reactions of Alkynes:
The First Evidence for p Complexes as Reaction Intermediates


Roberto Bianchini,*[a] Cinzia Chiappe,[d] Giacomo Lo Moro,[d] Dieter Lenoir,*[b]


Peter Lemmen,[e] and Norman Goldberg*[c]


Abstract: A bromine ± alkyne p com-
plex (lmax� 294 nm) of 1:1 stoichiometry
has been observed for the first time in
the course of the bromination of 1-phe-
nylpropyne by means of a diode-array
stopped-flow technique. The formation
enthalpy and entropy (DH �ÿ�
ÿ2.95 kcal molÿ1, DS25


�ÿ �ÿ15.4 eu) of
this species are similar to those of
charge-transfer complexes observed be-
tween bromine and alkenes. A negative
apparent activation energy is found in
the reaction of Br2 with 1-phenylpro-
pyne (DH=�ÿ0.61 kcal molÿ1); this
demonstrates that the complex is actual-
ly an essential intermediate on the
reaction coordinate. The bromination
of a series of nine alkynes has been
studied. Bromination reactions with


negative apparent activation parameters
lead to mixtures of E and Z vinyl
dibromides, whereas reactions with pos-
itive activation energy yield the E iso-
mers exclusively. The reason for the
difference in reactivity of these alkynes
compared with structurally similar al-
kenes most likely lies in the stability of
these 1:1 charge-transfer complexes.
Usually open arylvinyl cations corre-
spond to the energetically favored prod-
uct-determining intermediates; bridged
bromirenium ions are formed from de-


activated alkynes and react to give E
isomers. The kinetic effect of alkyl
groups and of p-OCH3, p-CN, and
p-NO2 substituents at the aryl group on
the bromination of arylalkylacetylenes
is discussed. Density functional calcula-
tions provide insight into the geometries,
energies, and bonding of the intermedi-
ate 1:1 and 2:1 Br2 ± acetylene com-
plexes involved. These theoretical inves-
tigations demonstrate that the most
stable trimolecular Br2 ± Br2 ± acetylene
adduct possesses a structure very similar
to a crystallographically characterized
Br2 ± Br2 ± alkene species, which can di-
rectly yield the ionic products, Brÿ3 and
vinyl cation, driven by the heterolytic
action of a solvent.


Keywords: alkynes ´ bromination ´
charge transfer ´ density functional
calculations ´ electrophilic additions
´ reaction mechanisms


Introduction


Addition reactions of electrophiles to unsaturated molecules
have been extensively studied, especially during the last 10 ±
15 years. These investigations have significantly changed the
hitherto accepted view of the mechanism of this reaction.
Direct experimental evidence for the intermediacy of a 1:1
charge-transfer complex (Br2 ± alkene p complex I) between
bromine and an alkene during the bromination of olefins is
now available,[1] and it is also generally accepted that the
reaction proceeds with a third-order rate law (second-order
with respect to the halogen concentration). Thus, a second
halogen atom is necessary for the halogenation reaction to
proceed. Some time ago such an intermediate structure was, in
fact, directly observed in the reaction between two equiv-
alents of bromine and the sterically hindered adamantylidene-
adamantane. This alkane cannot react to give the final 1,2-
dibromide owing to steric crowding; however, the addition of
halogen atoms leads to the formation of a solid adduct which
has been amenable to crystallographic characterization. The
structure of this compound ((Br2)2-adamantylidene-adaman-
tane adduct II) is generally viewed as the first stable
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bromonium ion and regarded as an alkene ± Br� species which
is weakly coordinated to a Brÿ3 counterion.[1]


Subsequent investigations successfully demonstrated the
reversibility of this bromonium ion formation[2] and since then
the influence of the nature of the nucleophile on the reaction
path has been widely investigated.[3] Recently 1:1 adducts
between alkenes and dihalogen molecules have been shown to
be p complexes,[4] and during the bromination of another
highly congested alkene, tetraneopentylethylene, the partic-
ipation of a second species, a 2:1 complex between two


halogen molecules and an alkene molecule, was observed
directly.[5] This experimental work demonstrates that the 2:1
charge-transfer complex must be an intermediate between the
p complex I and the charged bromonium ion. The influence of
the solvent on the rate-limiting ionization that leads to these
bromonium ions has been found to be especially pronounced
in protic solvents[6] and updated general discussions of all
these results, including the treatment of solvation effects on
the bromination reactions according to the Winstein ± Grun-
wald correlation, are available.[7]


These recent investigations have dealt exclusively with the
halogenation of alkenes; mechanistic investigations of the
electrophilic addition of halogens to triple bonds have not
been reported over the last two decades.[8] We were therefore
interested as to whether these results were restricted to the
chemistry of olefins, or whether they represented general
characteristics for electrophilic additions of halogens to
unsaturated systems. The participation of 1:1 p complexes in
alkyne halogenation reactions has already been postulated in
the case of ethyne,[9] and a number of p complexes between
halogens and alkynes have been experimentally characterized
in the gas phase and at low temperatures by matrix-isolation
spectroscopy.[10] These species have also been proposed as
reaction intermediates in general reaction schemes[11] and the
significantly reduced reactivity of alkynes in bromination
reactions, as compared to those of structurally similar alkenes,
was explained by the different stabilities of the corresponding
bimolecular p complexes.[9, 12]


In this study, we report the first direct detection of a 1:1
Br2 ± alkyne complex as an intermediate during the addition
reaction of Br2 to alkynes. Spectroscopic, thermodynamic, and
structural features of this charge-transfer complex are re-
ported, and its occurrence on the reaction coordinate is
demonstrated. The participation of either an open b-bromo-
vinyl cation or a cyclic bromirenium cation as the intermedi-
ate in the addition reactions is discussed on the basis of
product distributions and kinetic data. Furthermore, we
report the results of density functional calculations for the
parent acetylene ± Br2 system in order to elucidate the
structural and energetic features along with the bonding in
the experimentally observed bimolecular Br2 ± HCCH and the
trimolecular Br2 ± Br2 ± HCCH charge-transfer complexes.


Results and Discussion


Bromination of several alkynes, phenylacetylene (1), three
phenylalkylacetylenes (2 ± 4), four arylalkylacetylenes (5 a ±
d), diphenylacetylene (6), and the dialkylacetylene 2-hexyne
(7) was examined in 1,2-dichloroethane (DCE) (Scheme 1).
We chose this solvent to enable direct comparison with the
results for the bromination of alkenes. Most of the earlier
studies of alkyne halogenation reactions have been conducted
in protic solvents like water, methanol, or acetic acid, and only
minimal kinetic data are available from a single study of a
halogenation carried out in the chlorinated solvent 1,1,2-
trichlorotrifluoroethane.[12] Since almost all measured stability
constants for early 1:1 bromine ± alkene complexes were


Abstract in German: Zum ersten Mal konnte im Verlaufe der
Bromierung von 1-Phenylpropinen ein intermediär gebildeter
1:1-p-Komplex zwischen einem Alkin und Br2 (lmax� 294 nm)
durch Stopped-Flow-Technik direkt beobachtet werden. Die
Werte für die Bildungsenthalpie und -entropie (DH �ÿ�
ÿ2.95 kcal molÿ1, DS25


�ÿ �ÿ15.4 eu) dieser Spezies liegen in
derselben Gröûenordnung wie die der bereits beschriebenen
Charge-Transfer-Komplexe zwischen Brom und Alkenen. Für
die Reaktion von Br2 mit 1-Phenylpropin wurde eine schein-
bare negative Aktivierungsenergie (DH=�ÿ0.61 kcal molÿ1)
bestimmt, die darauf hindeutet, daû der p-Komplex eine für die
Produkte notwendige Zwischenstufe auf der Reaktionskoor-
dinate ist. Die Bromierung von neun verschiedenen Alkinen
wurde untersucht. Bromierungsreaktionen mit negativen Akti-
vierungsenergien liefern E- und Z-Gemische der entsprechen-
den vicinalen Dibromide. Dagegen führen Reaktionen mit
positiven Aktivierungsenergien ausschlieûlich zu E-Isomeren.
Der Grund für die im Vergleich zu strukturell ähnlichen
Alkenen unterschiedliche Reaktivität der 1:1-Komplexe dieser
Alkine liegt wahrscheinlich in deren verschiedenen Stabilitäten.
Normalerweise sind Arylvinyl-Kationen die energetisch gün-
stigeren, produktbestimmenden Zwischenstufen bei der Bro-
mierung von Alkinen; verbrückte Bromirenium-Ionen bilden
sich aus deaktivierten Alkinen und reagieren dann ausschlieû-
lich zum E-isomeren Dibromid. Der kinetische Einfluû von
Alkylgruppen und p-OCH3-, p-CN- sowie p-NO2 Substituen-
ten an der Arylgruppe auf die Bromierung von Arylalkylace-
tylenen wird erläutert. Dichtefunktionalrechungen werden
herangezogen, um Einblicke in die Geometrien und Energien
sowie die Bindungsverhältnisse der an den Reaktionen betei-
ligten Br2-Acetylen Komplexe mit 1:1- und 2:1-Stöchiometrie
zu erhalten. Wie die theoretischen Untersuchungen zeigen,
besitzt das stabilste trimolekulare Br2-Br2-Acetylen-Addukt
eine Struktur, die dem einzigen bisher kristallographisch
charakterisierten Br2-Br2-Alken sehr ähnlich ist und aus der
die im weiteren Verlauf der Reaktion durch heterolytischen
Einfluû des Lösungsmittels gebildeten ionischen Folgeproduk-
te, Brÿ3 und Carbokation, direkt entstehen können.
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Scheme 1. Bromination of several phenylalkynes 1 ± 6.


obtained in 1,2-dichlorethane,[13] a direct comparison with the
1:1 Br2 ± alkyne case should be possible.


Br2 ± alkyne 1:1 complexes: The bromination of 1 ± 6 leads to
the corresponding styrene or stilbene dibromides (with E or Z
stereochemistry), which absorb much more strongly in the
UV region than the starting materials. We therefore decided
to use a diode-array stopped-flow apparatus to register the
absorption spectra a few milliseconds after the start of the
reaction and prior to the formation of the final products.[14]


After 1-phenylpropyne (2) and Br2 were mixed, we observed a
differential absorbance in the range 290 ± 390 nm. The results
of two such experiments are shown in Figure 1. Solid lines


Figure 1. UV spectra of the alkyne ± Br2 p complex recorded with a diode-
array stopped-flow apparatus. The spectra of the complex with a Br2


concentration of 1� 10ÿ3m and a concentration of alkyne 2 of 0.025m
(- - - -, *), and a concentration of 0.05m alkyne 2 (- - - -, &), were obtained
by subtraction of the contributions of alkyne (ÐÐ, *) and free Br2 (ÐÐ, *)
from the experimental curves.


represent the experimental spectra of 0.05 and 0.025m
solutions of 2 mixed with a 1� 10ÿ3m solution of Br2


(recorded 3 ms after mixing). The lower, dashed curves
represent the result from the subtraction of the contributions
of the spectra of alkyne and Br2 from the experimental curves.
We conclude that a new intermediate species is formed due to
the appearance of a new UV band, centered at lmax� 294 nm.
Attempts to complex all the halogen with an appropriate
excess of alkyne failed.[15] The strong absorbance of the
unsaturated species prevented all attempts to obtain reliable
spectrophotometric data for the evaluation of a formation
constant and molar absorption coefficients of the newly
formed transient species.


Therefore, we had to use a different approach: the stability
constant of this complex was calculated from the concen-


tration of free Br2 at equilibrium measured at 560 nm. Since
the concentration [complex]� [Br2]Tÿ [Br2]free, where [Br2]T is
the total stoichiometric bromine concentration, it follows that
Kf� [complex]/([Br2]free[alkyne]), on the basis of the plausible
hypothesis that the complex has a 1:1 stoichiometry. In
Table 1 the results of measurements obtained shortly after
mixing the two reaction partners (3 ms elapsed time) in the
stopped-flow apparatus are summarized. The alkyne does not
absorb at this wavelength and the complex is also supposed to
be transparent in the visible region, an assumption that is
based on the similarity of lmax in the complexes of Br2 with
alkenes and alkynes. The lmax of the most bathochromically
shifted 1:1 complex between an olefin and bromine is known to
be centered at 272 nm and the absorption stops at 450 nm.[16]


On the basis of the linear van�t Hoff plot of the data shown
in Table 1 (Figure 2) we can calculate the enthalpy of formation
for the charge-transfer complex as DH �ÿ�ÿ2.95 kcal molÿ1,


Figure 2. van�t Hoff plot of the equilibrium constants reported in Table 1
(the dotted line corresponds to a confidence interval of 95%).


and an entropy value, DS �ÿ�ÿ15.4 eu. These values are
similar to those of a number of Br2 ± alkene 1:1 charge-
transfer complexes and are consistent with the results of our
quantum-chemical calculations. The detailed structural and
electronic features of this species are discussed below. From
the Kf value at 25 8C (Table 1), the equilibrium concentration
of the complex of 2 (0.05m solution) is calculated to be 3.2�
10ÿ6 mol (Figure 1), so that an emax� 7� 104 molÿ1 cmÿ1 can be


estimated for the Br2 ± alkyne charge-transfer complex. This
value is slightly higher than that of the Br2 ± adamantylidene-
adamantane complex (emax� 2� 104 molÿ1 cmÿ1).[16]


However, detection of a 1:1 complex with thermodynamic
and spectroscopic properties similar to those of the corre-
sponding complexes of alkenes with Br2 and measured in the
same solvent, does not automatically imply an involvement of
this species along the reaction coordinate. To address this


Table 1. Formation constants of the Br2 ± 1-phenylpropyne 1:1 complex
determined at 560 nm by the stopped-flow measurements.


T [8C] Abs. total Br2 Abs. free Br2 Kf [mÿ1]


ÿ17.5 0.700 0.475 0.157 (0.015)
ÿ 9.0 0.700 0.510 0.124 (0.015)


1.0 0.700 0.539 0.1 (0.01)
10.9 0.877 0.682 0.095 (0.02)
25.0 0.877 0.733 0.065 (0.015)


20.0 toluene 50 % 0.80 0.79 ±
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problem we studied the reaction kinetics of compounds 1 ± 7
with molecular Br2 in DCE. In principle, radical processes
may compete with electrophilic addition; however, this should
be detectable from deviations from a linear kinetic plot. To
ensure linearity of the 1/absorbance versus time plots, an
excess of isoamyl nitrite, a compound that is known to
efficiently trap free radicals, was added to the solvent.[17]


Kinetics of the bromination reaction : All additions of Br2 to
alkynes were performed in DCE or in chloroform. The
reactions follow an overall third-order kinetic law (second-
order with respect to the bromine concentration), which is
similar to the reaction order of alkene halogenations and
demonstrates that two bromine molecules are involved in the
process:


ÿd�Br2�
dt


� k3[Br2]2[alkyne]


The reactions were monitored either with a spectropho-
tometer or, in the case of fast-reacting alkynes, with a stopped-
flow apparatus (see Experimental Section) and the kinetic
parameters were calculated from the slope of 1/absorbance
versus time. All the reactions were followed for at least two
half-lives and the experiments were repeated three times at all
indicated temperatures. Activation parameters were obtained
from the Arrhenius equation. The kinetic constants (sum-
marized in Table 2) indicate that the arylalkylacetylenes react
considerably faster than the dialkyl derivatives, so the size and


electronic nature of the alkyl group thus influences the
reaction rate.


Substituent effects : A methyl group (in 2) accelerates the
bromination reaction by a factor of 1.6 relative to that in 1.
More pronounced acceleration (7 and 3.7 times, respectively)
was found for the ethyl and propyl derivatives 3 and 4. Since
the effect of increased alkyl substitution, which is expected to
inductively stabilize a neighboring cationic center, is smaller
than one order of magnitude, it can be concluded that very
little positive charge develops at the acetylenic carbon C2.
This is consistent with an open-ion-like structure in addition
reactions of 1 ± 4.[17] The observed acceleration is of the same
order of magnitude as that found in a-arylvinyl cations
generated by solvolysis of the corresponding bromides, which
can be explained by a small stabilizing inductive effect of the
b-methyl group on the vinyl cation.[18] Normal a-arylvinyl
cations are stabilized by (a-aryl)-p-p� conjugation.[19] A
similar trend has been observed in the bromination of alkyl-
substituted phenylacetylenes in other solvents like methanol,
acetic acid, and water ± acetone mixtures; this demonstrates
that the bromine in the b-position does not interfere with the
stabilization of the phenyl group of the vinyl cation.[20]


Furthermore, kinetic data for bromination reactions of a-
methylstyrene derivatives in acetic acid have shown that the
rate increases significantly only where the methyl and phenyl
groups are geminal, while in the vicinal orientation no
significant change is observed.[21] All these findings indicate
that the positive charge has to develop mainly on the C1


carbon atom of the intermedi-
ate. This conclusion is also con-
firmed by the striking effect of
the p-substituent in the arylpen-
tylacetylene derivatives of type
5 : the methoxy group (in 5 a)
causes an acceleration of the
reaction of about six orders of
magnitude with respect to the
unsubstituted 5 b, while the cy-
ano group (5 c) depresses the
rate constant by three orders of
magnitude. This is underlined
by the most negative apparent
activation energy (Ea(obsd)) and
DH= for 5 a while positive val-
ues of both parameters were
obtained for 5 c. An intermedi-
ate situation is found for the
unsubstituted derivative 5 b. It
is worth noting that the diphen-
yl derivative 6 reacts slowly
compared with compounds 1 ±
5. This effect of the second
phenyl group in tolane has al-
ready been noted and tentative-
ly attributed to an inductive
electron-withdrawing effect.[20]


Bromination of 7 is slow as
expected of a substrate in which


Table 2. Kinetic constants and activation parameters for the reaction of Br2 with alkynes 1 ± 7 in dichloroethane,
DCE.


Alkyne T [8C] k3 [molÿ2 sÿ1] Ea (obsd) [kcal molÿ1] DH= [kcal molÿ1] DS= [eu]


1 10 11.22
1 25 11.10 ÿ 0.13 (0.02) ÿ 0.73 ÿ 56
1 40 10.98
2 10 19.25
2 25 18.32 ÿ 0.61 (0.08) ÿ 1.21 ÿ 56
2 40 17.35
3 10 83.3
3 25 78.7 ÿ 0.67 (0.09) ÿ 1.27 ÿ 54
3 40 74.3
3[a] 10 8.03
3[a] 25 8.95 � 1.17 (0.2) � 0.58 ÿ 52
3[a] 40 9.81
4 10 42.5
4 25 40.5 ÿ 0.55 (0.07) ÿ 1.14 ÿ 55
4 40 38.7
5a 12.5 1.44� 107


5a 26 1.26� 107 ÿ 1.73 (0.3) ÿ 2.32 ÿ 33.9
5a 35 1.15� 107


5b (p-H) 10 51.2
5b 25 50.0 ÿ 0.28 (0.02) ÿ 0.87 ÿ 53.7
5b 40 48.8
5c 10 0.021
5c 18 0.031 � 8.71 (0.3) � 8.12 (0.3) ÿ 37.3 (1)
5c 25 0.046
6 10 0.4
6 25 0.6 � 4.34 (0.8) � 3.77 ÿ 47
6 40 0.84
7 10 0.31
7 25 0.63 � 7.2 (1.0) � 6.6 ÿ 37.5
7 40 1.05


[a] Reaction in CHCl3.
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no open, stabilized vinyl cation is formed. Here the bridged,
unstable bromirenium ion is favored.


As discussed above, electronic effects of p-substituents
strongly influence the rate of bromine addition in the series
5 a ± c. A Hammett treatment of compounds 5 a ± c with
Brown�s s�(p) constants yields 1�ÿ5.9 as the reaction
constant. The correlation (R2� 0.99) is quite good, although
unfortunately only three points are available (a less pro-
nounced linear correlation was found when the corresponding
s constants were used). This large, negative value confirms a
developing positive charge on the intermediate.[8, 11] A possi-
ble change in the mechanism with increasing s�(p) substitu-
ents, as has been postulated to occur in the bromination
reactions of styrenes,[22] cannot be determined from the
limited number of values. Reported reaction constants for
substituents in solvolysis of a-arylvinyl derivatives lie in the
order of ÿ4 to ÿ6.[19] In contrast to b-alkyl groups, which
inductively stabilize the a-arylvinyl cation, b-bromo substitu-
tion destabilizes the positive charge and a possible stabiliza-
tion by anchimeric formation of the bromirenium ion can thus
be excluded. Therefore, the energy of the bromirenium ion is
higher than that of the isomeric b-bromovinyl cation. Only in
those cases where electron-withdrawing substituents on the
aromatic moiety strongly destabilize the positive charge of the
a-arylvinyl cation may the bromirenium ion possibly become
the product-determining intermediate, especially in a non-
ionizing solvent like DCE.


For the bromination of 1 ± 4, a small, negative value for the
apparent activation energy was observed. This observation is
new in alkyne bromination and similar to reports on electro-
philic bromine additions to cyclohexene[1] and (E)-2,2,3,4,5,5-
hexamethylhex-3-ene in DCE,[23] and provides conclusive
evidence that the 1:1 charge-transfer complex between Br2


and the alkyne is an essential intermediate.[24] As has been
previously reported, the reaction of an olefin with Br2 that
involves a p complex as the reaction intermediate can be
described by a bimolecular rate law as shown in Equation (1);
the apparent activation energy Ea(obsd) is related to the p-
complex formation constant and enthalpy (Kf and DHT) by
Equation (2), where Ea(2) is the true activation energy for the
transformation of the p complex into the product.


ÿd�Br2�
dt


� k2[Br2][Br2 ± alkyne] (1)


Ea(obsd)�Ea(2)�DHT
1


1�Kf �alkyne�


 !
(2)


Therefore, if DH< 0, this equation can give a negative value
of Ea(obsd), provided that jDH j>Ea(2) and Kf[alkyne]< jDH j /
Ea(2) . These requirements are certainly met in the case
described here, since the value of Kf is very low. The
thermodynamic scheme and the energetics of the 1:1 species
together with the reaction enthalpy suggest a second, 2:1
bromine ± alkyne complex as an intermediate. This is quite
similar to results obtained from bromination reactions of
olefins, where the second bromine molecule helps in the
formation of the charged intermediates by electrophilic
catalysis.[5]


The behavior of alkyne 3 deserves a further remark. The
measured rate constant k3 in CHCl3 is lower by one order of


magnitude than in DCE. This, however, is not too surprising
since the direct influence of the polarity of the chlorinated
solvent on the reaction rate had already been noted and
discussed in earlier studies.[25] In fact, the far less polar solvent
chloroform probably decelerates the formation of the charged
intermediate. CHCl3 also leads to a significant change in the
activation parameters. Ea (obsd) is positive in this solvent, and
1.8 kcal molÿ1 higher than in DCE.


The generally accepted mechanism of alkyne bromination
involves the rate-determining formation of a cationic inter-
mediate, which then reacts further with the nucleophile to
give the final addition product, the more stable[26] (E)- and/or
the (Z)-dibromo derivative. In chlorinated solvents and at
moderate halogen concentrations, this nucleophile normally
corresponds to a trihalide species.[3, 27] The cationic inter-
mediate can be either a cyclic bromirenium or a b-bromovinyl
cation as has been reported by Modena and co-workers
(Scheme 2).[9, 11]


Scheme 2. The generally accepted mechanism of alkyne bromination:
formation of a cationic intermediate (either a cyclic bromirenium or a b-
bromovinyl cation), which then reacts further with the nucleophilic
trihalide species to give the final addition product, the (E)- and/or (Z)-
dibromo derivative.


The nature of the cationic intermediate can then be deduced
from the stereochemical outcome of the reaction: the inter-
mediacy of the bridged bromirenium ion can be reasonably
assumed if the (E)-dibromo adduct is found, while a more or
less pronounced formation of Z isomer will indicate an open-
ion intermediate. Therefore we have also investigated the
product distribution of the reaction of alkynes 1 ± 7 with Br2.


Study of the product distribution : (E)- or (Z)-dibromoalkene
derivatives were identified by the use of the (E)-dibromo-
alkenes as reference compounds. These were synthesized
selectively by reaction of alkynes with tetra-n-butylammoni-
um tribromide (TBAT). The tribromide is known to react with
alkenes through a concerted mechanism, and no charged
intermediate like a bromonium ion or a b-bromo cation (see
Scheme 2) occurs in this reaction. Products derived from
stereoselective anti-addition are formed exclusively.[28] A
similar mechanism has been demonstrated in the reaction of
tribromide (and triiodide) with alkynes.[29] In the present
investigation we actually obtained a single dibromo adduct by
reaction of TBATwith each of the unsaturated compounds 1 ±
7. On the basis of these reference products, the ratio of E and
Z products in the reaction mixtures was determined by GLC
and NMR techniques (Table 3).
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Bromine adds stereospecifically to alkynes 5 c, 5 d, and 7.
For 5 c and 7, positive activation parameters have been
determined (Table 2); however, for 5 d no kinetic results could
be obtained since an impurity underwent fast reaction with
Br2. Dependence of the product distribution on the concen-
tration of the reagents, as is known to occur in the
halogenation of stilbene derivatives,[30] can be ruled out on
the basis of the results obtained for 4 since variation of
reagent concentration by two orders of magnitude did not
lead to any significant changes in the E :Z ratio.


Z adducts were formed (22 to 43%) from the bromination of
all the other alkynes, with the exception of 5a where, surpris-
ingly, the reaction was stereoselective (95% E adduct). The
presence of both diastereoisomeric products from the bromina-
tion of 1, 2, 3, 4, and 5 b indicates that open vinyl cations must
therefore occur as the product-determining reaction intermedi-
ates. Interestingly, these product mixtures are in accord with
the calculated negative activation parameters (see Table 2). The
assumption that aryl acetylenes react via b-bromovinyl cations
parallels previous results obtained in acetic acid and other
protic solvents.[31] It is known that both the benzylic and the
vinylic nature of the intermediate allows efficient delocaliza-
tion of the positive charge over the phenyl ring through allenic
conjugation.[32] This finding also explains the lower energy of
this intermediate with respect to the bridged bromiranium ion,
whose presence is indicated by the exclusive stereospecific
formation of the E dibromides during bromination of dialkyl-
acetylenes[9] and arylalkynes with electron-withdrawing sub-
stituents, such as in 5 c and 5 d. Positive activation parameters
were found only in these latter derivatives. But a further factor
exists that may influence the product distribution: according
to the above interpretation it is not clear why bromination of
5 a leads to 95 % of the E product. Here a very stable open ion
must be involved, as can be concluded from recently reported
NMR spectroscopic measurements of similar vinyl cations[33]


and the formation of significant amounts of Z isomer would
be expected as a consequence of syn attack of the tribromide
(the nucleophile) on the b-bromo cation. This unexpected
behavior is most likely due to the stability of the charged
intermediate. The nucleophile can probably undergo a
favorable translation process prior to attack that leads to
trans stereochemistry, as depicted in Scheme 3.


Scheme 3. Favorable translation of the nucleophile prior to attack,
resulting in trans stereochemistry.


The bromination of alkyne 6 gives rise to a mixture of E and
Z products, which indicates an open intermediate, but with a
positive activation energy. Besides the electronic and steric
effect of the second phenyl substituent, two further factors
may be responsible for this nonselective addition. Firstly there
will be considerable steric repulsion between the geminal
phenyl ring and the bromine substituents at C2. The second
factor, probably much more important, is the stabilization of 6
due to conjugation of the two phenyl rings with the tolane
triple bond. During the development of the charge on C1, this
conjugation will be lost, and the step therefore requires
additional energy.


Finally, we propose a reaction profile for the bromination
reactions of alkynes as shown in Figure 3. The reaction starts
with the exothermic formation of the reactive, essential 1:1


Figure 3. Proposed reaction profile for the electrophilic addition of
bromine to alkynes.


Br2 ± alkyne complex, which is lower in energy than the
reagents. This leads to a second 2:1 complex, from which a
trihalide anion and two different cationic intermediates can
form, depending on alkyne structure: aryl-substituted acety-
lenes most likely give rise to an open b-bromovinyl cation[32] at
an energy comparable to that of the reactants, whereas the
deactivated phenylacetylenes and the dialkyl derivatives
probably form the irenium species. Final attack of the
nucleophilic trihalide anion then leads to the formation of
(E)- or, alternatively, (Z)-1,2-dibromoalkenes.


The question of reversibility of the formation of the charged
intermediate cannot be answered in the present investigation
and further investigations are also required to show whether
the positive charge can lie on the bridging bromine atom, as
found in the case of the bromirenium ion[34] in these solution
reactions. Investigations carried out so far[34, 35] do not tackle


Table 3. Concentrations of reagents after mixing and product distribution
(ratio of (E)- and (Z)-dibromoalkene) for the reaction of Br2 with the
alkynes 1 ± 7 in DCE.


Alkyne [Alkyne] [m] [Br2] [m] E :Z [%]


1 0.1 0.1 57:43
2 0.2 0.2 78:22
3 0.07 0.07 70:30
4 5� 10ÿ3 5� 10ÿ3 66:34
4 5� 10ÿ2 5� 10ÿ2 67:33
4 5� 10ÿ2 5� 10ÿ1 70:30
4 5� 10ÿ2 2.5� 10ÿ2 66:34
4 0.5 0.5 77:23
5a 0.1 0.1 95:5
5b 0.5 0.5 72:28
5c 0.1 0.1 100:0
5d 0.1 0.1 100:0
6 0.1 0.1 60:40
7 0.1 0.05 100:0
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this problem. However, it seems reasonable to assume that
the reversible steps in this reaction can only be restricted up to
the formation of the irenium intermediates.


Theoretical analysis of the bonding in the charge-transfer
complex Br2 ± HCCH and trimolecular complexes (Br2)2 ±
HCCH: To probe the nature and energetics of the exper-
imentally observed complexes of Br2 and alkynes, we have
investigated the parent system HCCH ± Br2 as well as the
trimolecular (Br2)2 ± HCCH complexes invoked in the addi-
tion reactions by means of hybrid (B3LYP) and pure density
functional calculations (BLYP) (see Computational Method-
ology in the Experimental Section for details). The reliability
of density functional calculations for the elucidation of such


weak charge-transfer com-
plexes has recently been dem-
onstrated.[5, 36] We started with
an analysis of the bonding in
the T-shaped complex Br2 ±
HCCH (structure III) and then
proceeded to analyze the geo-
metrical and electronic features
of the trimolecular complexes
(Br2)2 ± HCCH.


Table 4 shows the results of
the B3LYP and BLYP calcula-


tions for the axial-perpendicular 1:1 complex III between Br2


and HCCH (C2v symmetry). The Br2 ± HCCH complex can be
regarded as an archetypal charge-transfer complex. The
nature of these weak intermolecular complexes was described
qualitatively a long time ago by Mulliken in his seminal
contributions on the interactions of electron donors and
acceptors.[37, 38] In Mulliken�s classification scheme, these
halogen p complexes are generally termed weak outer
complexes, since the interactions do not involve a significant
amount of charge transfer.[39] However, it should be noted
here that the distinction between inner and outer complexes is
often used in a confusing manner in the current literature. As
Mulliken stated,[37] formation of a strong inner complex will
generally require a dissociative action that usually occurs only
with environmental assistance, that is in a solvent that will
lead to dissociation of the complex into two ionic entities. Use


of the terms outer or inner complex for a gas-phase system can
thus be misleading.


We found that in the Br2 ± HCCH charge-transfer complex
both the BrÿBr distance and the CÿC distance are slightly
elongated compared to the separate molecules. Using BLYP,
the CÿC distance of 1.195 � is stretched by a marginal 0.004 �
compared to acetylene, and the BrÿBr bond is 0.038 � longer
than in free Br2 (2.348 �). This can be readily understood by
taking a closer look at the orbital interactions that are
responsible for holding the complex together. Figure 4 shows


Figure 4. FMO diagram of the interaction of a Br2 molecule with acetylene
to give the charge-transfer complex III (only the important orbital
interactions are shown).


a fragment molecular orbital (FMO) interaction diagram for
Br2 ± HCCH. This donor ± acceptor interaction corresponds to
a typical three-level system, similar to that found in the
classically hypervalent trihalides, Xÿ


3 (X�F, Cl, Br, I),[40] and
other molecular complexes.[41] The three orbitals are formed
by the interaction of one of the corresponding p levels of the
HCCH fragment, the bonding s orbital and the low-lying,
antibonding s* level of the Br2 fragment. The lower orbital of
the set (5a1) of three is maximally bonding, the central orbital
(6a1) is practically nonbonding, and the unoccupied high-lying
orbital, 7a1, is antibonding. The calculated charges on the Br2


fragment serve as a good measure of the actual strength of the
interaction between the two molecules. The BLYP results
indicate that ÿ0.08 electrons have been transferred from the
acetylene molecule to the two bromine atoms in the complex.
The central and terminal Br atoms have charges of ÿ0.01 and
ÿ0.07, respectively. This charge transfer arises from the
mixing of the unoccupied s* orbital of Br2 into the central
orbital 6a1. The occupation of this s* orbital is exactly 0.08
(BLYP result), which indicates that other interactions be-
tween the two closed-shell Br2 and HCCH fragments must be
very weak. Table 4 shows the corresponding bonding energies
(B3LYP/6-31�G* and BLYP(triple-z) calculations). The
temperature-corrected bond enthalpy (at 298 K) amounts to
2.6 kcal molÿ1 at the BLYP level of theory. This value is in very
good agreement with the experimentally determined value of
2.95 kcal molÿ1 for the phenylpropyne ± Br2 complex (see
above). We do not expect this number to change dramatically


Table 4. Results for the density functional calculations on the Br2 ± HCCH
species III. Bonding energy E corresponds to the zero-point energy
corrected DE values between the separate Br2 and HCCH molecules and
the charge-transfer complex, Br2 ± HCCH. Occ(LUMO) of Br2 is the
calculated occupation of the LUMO of the Br2 fragment; Q(Brcent) and
Q(Brterm) correspond to the calculated charges on the terminal (Brterm) and
central Br atom (Brcent), respectively. The reported charges are natural
(B3LYP) and Hirshfeld charges (BLYP), respectively.


B3LYP/6-31�G* BLYP/triple-z


bonding E [kcal molÿ1] ÿ 4.1 ÿ 3.3
R (Br-Br) [�] 2.353 2.386
R (C-Br) [�] 3.001 2.981
R (C ± C) [�] 1.210 1.195
a [8] 179.0 178.5
Occ(LUMO of Br2) 0.07 0.08
Q(Brcent) 0.0 ÿ 0.01
Q(Brterm) ÿ 0.06 ÿ 0.07
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from acetylene to phenylpropyne; however, p conjugation
may increase the bonding energy slightly.


The analysis of the kinetic results points to a reactive
complex that consists of two Br2 molecules and one HCCH
molecule. What are the structures of these experimentally
predicted trimolecular (Br2)2HCCH complexes? We located
three weakly bound charge-transfer minima, structures IV, V,
and VI, on the Br2 ± Br2 ± HCCH surface (see Table 5 for
distances and bond lengths).


Structures IV and V[42] both possess Cs symmetry while
species VI corresponds to a C2v-symmetric structure. Qual-
itatively, they are all donor ± acceptor complexes of the
T-shaped Br2 ± HCCH complex III, with a second Br2


molecule. All three structures are stationary points on the
potential energy surface and can be readily understood by
taking a closer look at the levels in the T-shaped complex III.
This p complex can act as both an acceptor (through the only
slightly populated s* orbital of the weakly coordinated Br2


entity) or as a donor, either using the remaining, unperturbed
p-levels of the acetylene moiety or the lone pairs of the Br2


unit. In structures IV and VI, the bimolecular HCCH ± Br2


complex acts as a donor, while the second Br2 molecule is the
acceptor. Structure V, however, corresponds to a species
where the central Br2 molecule acts as a double acceptor: on
one end for the HCCH p electrons and on the other end for a
lone pair from the second Br2 molecule. We find that the
structure IV is the most stable complex, at both levels of
theory employed (Table 6). The bond energy of a Br2 ± HCCH
complex that reacts with a further Br2 molecule amounts to
ÿ4.8 (BLYP) and 4.0 kcal molÿ1 (B3LYP). This can be
rationalized by the better donor ability of Br2, as compared
to the HCCH p orbitals and the fact that the s* system in the
Br2 entity of complex III is already slightly populated. Thus
the second Br2 molecule acts as an acceptor, rather than
further populating this orbital. In line with this argument, we
find that both Br2 units in complex IV are elongated by 0.017


(d3) and 0.021 � (d4) compared to the bimolecular p complex
III and free Br2.


Figure 5 shows the fragment molecular orbital diagram for
the interaction of a Br2 molecule with p complex III,
corresponding to structure IV. As we can see, the picture is
slightly more complicated than in the simple bimolecular


Figure 5. FMO diagram of the interaction of a Br2 molecule with the Br2 ±
HCCH p complex III to give rise to species V (only the important orbital
interactions are shown).


charge-transfer complex. The Br2 ± HCCH system actually
donates electron density into the empty s orbital of the second
Br2 molecule through the p and p* orbitals. Thus, we obtain a
four-level scheme. However, the fundamental features of the
donor ± acceptor scheme remain unchanged and arise from
population of the s* level of Br2. The important orbitals (4a',
5a', 9a', and 12a') are shown in Figure 6. 4a' is the bonding
orbital, 5a' and 9a' are now essentially nonbonding between
the Br2 and HCCH ± Br2, and 12a' is the antibonding
combination.


Interestingly, structure IV is very similar to the trimolecular
complex between two Br2 molecules and the sterically
hindered alkene adamantylidene-adamantane (II) which was
structurally characterized by Brown et al.[43] This species is
generally viewed as a bromonium ion, but in the 2:1 complex


Table 5. Bond lengths [�] and angles [8] for the optimized (Br2)2 ± HCCH complexes corresponding to structures IV, V and VI.


d1 d2 d3 d4 d5 q1 q2 q3 q4


IV (BLYP) 1.195 2.935 2.403 2.988 2.401 179.2 176.4 101.9 178.8
IV (B3LYP) 1.211 2.921 2.362 3.170 2.347 178.8 179.2 90.12 177.2
V (BLYP) 1.193 3.050 2.400 3.197 2.350 179.3 178.9 176.7 100.8
V (B3LYP) 1.210 3.031 2.359 3.324 2.321 179.3 180.3 178.8 88.8
VI (BLYP) 1.198 3.077 2.374 ± ± 178.7 126.2 180.0 ±
VI (B3LYP) 1.212 3.05 2.344 ± ± 179.5 95.2 179.7 ±


Table 6. Relative energies [in kcal molÿ1, ZPE-corrected] of the trimolec-
ular (Br2)2HCCH species with respect to formation of Br2 and the p


complex Br2 ± HCCH (III).


B3LYP BLYP


2 ÿ 4.0 ÿ 4.8
3 ÿ 1.4 ÿ 3.7
4 ÿ 2.3 ÿ 3.5
Br2�HCCH ± Br2 (1) 0.0 0.0
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IV we have no charge separa-
tion. In fact, heterolytic bond
cleavage is extremely unlikely
to be observed in these gas-
phase calculations. This might
indicate that Brown�s 2:1 al-
kene-bromine complex is really
much more closely related to a
donor-acceptor species than to
the actual bromonium ion,
which is readily formed in an
ionizing solvent.


Still we need to ask why such
trimolecular complexes are in-
volved in electrophilic bromi-
nation reactions? If we assume
that the electrophilic addition
in solution proceeds by a non-
concerted, ionic mechanism
that involves a solvated brom-
irenium ion Br ± HCCH�, the
calculated heterolytic dissocia-
tion energy of the Br2 ± HCCH
p complex that forms the brom-
irenium ion and a Brÿ anion has


to be compensated by the solvation energy of the resulting
Brÿ and cyclo-BrHCCH� ions. The energy for this heterolytic
bond cleavage in the gas phase is 161.4 kcal molÿ1 (BLYP
results). However, the enthalpy of formation of Brÿ3 from Brÿ


and Br2 lies around 40 kcal molÿ1,[43] which reduces the energy
required for heterolytic dissociation significantly. Thus, the
formation of the classically hypervalent trihalide anions Xÿ3
via such trimolecular complexes lowers the barrier for the
ionic pathways in electrophilic halogenation reactions signifi-
cantly.


Conclusions


A 1:1 complex of Br2 and phenylmethylacetylene was
detected in DCE by UV spectroscopic measurements of
halogen and alkyne reaction mixtures by means of diode-
array stopped-flow methods. The stability of this complex has
been determined and its thermodynamic data measured. The
lmax of this species is red-shifted by 15 ± 25 nm with respect to
similar p complexes formed by alkenes, while emax is slightly
increased.


The present investigation furnishes the first direct kinetic
evidence for the intermediacy of an early 1:1 Br2 ± alkyne
complex in the reaction profile. This is consistent with results
from quantum-chemical calculations. The negative apparent
activation energies which have been measured in the bromi-
nation reactions of arylalkylacetylenes in DCE are only
compatible with the formation of a reactive complex that
precedes the rate-determining step.


A tribromide salt, TBAT, was used to obtain reference (E)-
dibromoalkenes. Comparison of these species with the
mixtures from the reactions of molecular bromine with the
alkynes enabled reliable product distributions to be deter-


mined. We have found that the reactions with negative
activation energies lead to E:Z mixtures. In these cases, it can
be concluded that the ionic intermediate corresponds to an
open b-bromovinyl cation. For reactions that possess positive
activation energies, the E isomer is obtained stereospecifi-
cally, and a bridged bromirenium ion appears to be the
intermediate. A consistent reaction profile for these reactions
has been proposed.


On the basis of the present results, the question of the
possible influence of the stability of the 1:1 p complex on the
low reactivity of alkynes compared with alkenes[8, 12] can be
addressed as follows: We believe that the bromination of aryl-
alkylacetylenes, which possess negative apparent activation
energies, most likely passes through an open intermediate.
The difference in the stability of the early 1:1 complexes may
account for the different reactivities. The formation constant
of the Br2 ± 2 complex (Kf� 0.065 L molÿ1) is lower, by orders
of magnitude, than for all Br2 ± alkene complexes reported so
far. Also, in these cases, the difference in reactivity is
relatively small, quite in contrast to dialkylacetylenes, or
deactivated aryl substrates. With regard to these latter
alkynes, the low stability of the complex can contribute to,
but not fully explain, the difference. So a decisive contribution
must come from bromirenium intermediates which lie higher
in energy and whose formation is accompanied by high,
positive activation energies.[44]


Detailed density functional calculations yield further in-
sight into the structures and energetics of these charge-
transfer complexes. We find that the Br2 entity in the
bimolecular halogen ± acetylene charge-transfer complex
preferably functions as a donor for a second Br2 molecule,
which gives rise to a trimolecular complex that is structurally
very similar to a stable Br2 ± Br2 ± alkene adduct that was
reported some time ago.


Experimental Section


Instruments and materials : Melting points were determined on a Kofler
apparatus and are uncorrected. 1H and 13C NMR spectra were recorded in
CDCl3 with TMS as the internal reference on a Bruker AC 200 instrument.
Kinetic measurements were performed with a Cary 2200 spectrophotom-
eter or with a previously described[14] stopped-flow instrument equipped
with a parallel diode-array detector. GLC analyses were carried out with a
DANI 3800 HR instrument equipped with a 30 m DB17 megabore column
under the following conditions: nitrogen flow 1 mL minÿ1, evaporator and
detector 240 8C, column temperature 130 8C. Bromine (1 mL sealed
ampoules, C. Erba, >99.5 %) and 1,2-dichloroethane (Fluka, >99.5 %)
were used as supplied.


Compounds 5a ± d were prepared by palladium-mediated coupling of
appropriate aryl halides and 1-heptyne.[45] The preparation of 5a by this
procedure, however, led to a mixture of isomers. Reaction of heptynyl zinc
reagent with p-iodo anisole in analogy to ref. [46] gave rise to a uniform
product. All products were purified by flash chromatography and
subsequently by kugelrohr distillation. However, 5d could not be separated
from a brownish impurity, which was not visible in the NMR spectra.
(The NMR data of compounds 5 a ± d, along with their boiling points and
yields, are available as supporting information on the WWW under
http://www.wiley-vch.de/home/chemistry/ or from the author.)


Bromination procedure: measurement of the kinetics and stability of the p
complexes: Br2 solutions in 1,2-dichloroethane with a fivefold excess of
isoamyl nitrite were prepared shortly before use, and were adjusted to
twice the initial concentrations in the kinetic runs and protected from


Figure 6. The MOs of (Br2)2 ±
HCCH (V) involved in the
donor-acceptor interaction of a
Br2 molecule with the charge-
transfer complex Br2 ± HCCH
(III).
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daylight. Aliquots of these solutions, kept at the temperatures reported in
Table 1, were mixed with equal volumes of thermally equilibrated solutions
of alkynes 1 ± 7 of suitable concentration. The kinetic measurements for the
bromination of alkynes 1 ± 4, 5 c ± d, and 3 ± 7 were carried out with the
conventional spectrophotometer, those of 5a and b with the stopped-flow
apparatus. All the kinetics of bromination with TBAT were determined in
the conventional spectrophotometer. Temperature control was ensured by
a mixing device, a Sf-3L Hi-Tech support unit. The kinetic constants were
calculated at several wavelengths from the disappearance of the free
bromine absorption band in the 350 ± 450 nm interval. The absorbance/time
data were fitted to the appropriate third-order, pseudo-second-order rate
equation. All reactions were carried out a minimum of three times. The
kinetic constants are reported in Table 2. The apparent activation
parameters, also reported in Table 2, were obtained from Arrhenius plots.
The initial absorbance at 560 nm of 7� 10ÿ2 M solutions of Br2 and 3 M
(after 1:1 mixing) in the unsaturated species was measured in triplicate at
different temperatures (see Table 1). At the end of the reactions, the
solvent was evaporated, and the reaction mixtures were analyzed by GLC.


Product distribution : 1,2-Dichloroethane solutions of Br2 were rapidly
mixed with equal volumes of solutions of alkynes 1 ± 7 in the same solvent.
The reaction mixtures were maintained in the dark until colorless and, after
solvent removal, analyzed by NMR in CDCl3, and eventually by GLC. The
concentrations of reagents after mixing are reported in Table 3. Each
alkyne was also treated with TBAT by the same procedure. In this case, the
residual bromide was washed out from the solution before solvent removal.
The E :Z ratios were determined on the basis of the allylic signals in the
1H NMR spectra (except for products 1�Br2 and 6�Br2). All reactions
were carried out in duplicate. The ratios reported in Table 3 were
reproducible within �2 %. All product ratios were independent of
conversion. The stability of dibromides in the presence of halogen was
checked by exposure of the dibromide mixtures to Br2 under conditions
identical to those employed in the bromination reactions, followed by
NMR analysis.


From alkyne 1: The E:Z ratio was determined from the signals of the vinyl
protons. (Z)-1,2-dibromostyrene: 1H NMR: d� 7.02 (6.98)[46] 3 %; (E)-1,2-
dibromostyrene: d� 6.77 (6.75)[46] 93%.


From alkyne 2 : (E)-1,2-dibromo-1-phenylpropene. 1H NMR: d� 7.50 (m, 5
aromatic protons), 2.60 (s, 3 H, CH3); (Z)-1,2-dibromo-1-phenylpropene;
d� 7.35 (m, 5 aromatic protons); 2.26 (s, 3 H, CH3).


From alkyne 3 : (E)-1,2-dibromo-1-phenylbutene: 1H NMR: d� 7.35 (m, 5
aromatic protons), 2.84 (q, 2 H, CH2), 1.22 (t, 3 H, CH3); (Z)-1,2-dibromo-1-
phenylbutene: d� 7.35 (m, 5 aromatic protons), 2.40 (q, 2 H, CH2), 1.10 (t,
3H, CH3).


From alkyne 4 : (E)-1,2-dibromo-1-phenylpentene: 1H NMR: d� 7.16 (m, 5
aromatic protons), 2.80 (m, 2 H, CH2), 1.70 (m, 2 H, CH2), 1.00 (t, 3 H, CH3);
(Z)-1,2-dibromo-1-phenylpentene: d� 7.16 (m, 5 aromatic protons), 2.32
(m, 2 H, CH2), 1.55 (m, 2 H, CH2), 0.77 (t, 3 H, CH3).


From alkyne 5 a : (E)-1,2-dibromo-1-(p-methoxyphenyl)heptene: 1H NMR:
d� 7.30 ± 6.87 (AA'BB' system, 4 aromatic protons), 3.80 (s, 3 H, CH3O),
2.82 (m, 2H, CH2), 1.70 (m, 2H, CH2), 1.38 (m, 2 H, CH2), 0.94 (t, 3H, CH3);
(Z)-1,2-dibromo-1-(p-methoxyphenyl)heptene: d� 2.38 (m, 2H, CH2).


5b : (E)-1,2-dibromo-1-phenylheptene: 1H NMR: d� 7.33 (m, 5 aromatic
protons), 2.84 (m, 2 H, CH2), 1.70 ± 0.85 (m, 9H, alkyl protons); (Z)-1,2-
dibromo-1-phenylheptene: d� 2.37 (m, 2 H, CH2).


From alkyne 5 c : (E)-1,2-dibromo-1-(p-cyanophenyl)heptene: 1H NMR:
d� 7.66 ± 7.46 (AA'BB' system, 4 aromatic protons), 2.84 (m, 2H, CH2),
1.74 ± 0.94 (m, 9H, alkyl protons); (Z)-1,2-dibromo-1-(p-cyanophenyl)hep-
tene: d� 2.36 (m, 2 H, CH2).


From alkyne 5d : (E)-1,2-dibromo-1-(p-nitrophenyl)heptene: 1H NMR:
d� 8.22 ± 7.52 (AA'BB' system, 4 aromatic protons), 2.85 (m, 2H, CH2),
1.74 ± 0.94 (m, 9H, alkyl protons); (Z)-1,2-dibromo-1-(p-nitrophenyl)hep-
tene: d� 2.38 (m, 2 H, CH2).


From alkyne 6 : (E)-1,2-dibromo-1,2-diphenylethene: 13C NMR: d� 125.66
(CBr�C); (Z)-1,2-dibromo-1,2-diphenylethene: d� 118.05 (CBr�C).


From alkyne 7: (E)-1,2-dibromo-2-hexene: 1H NMR: d� 2.42 (s, 3H,
C�CCH3), 2.64 (t, 2H, C�CCH2), 1.60 (m, 2H, CH2), 0.94 (t, 3H, CH3).


Computational methodology : The quantum mechanical calculations were
carried out with the Amsterdam Density Functional (ADF) program[47±49]


and the Gaussian 94 suite of programs.[50] Within ADF the gradient


corrections were performed with the Becke (exchange)[51] and Lee ± Yang ±
Parr (correlation)[52±54] formulations (commonly known as BLYP func-
tional). A triple-z basis set with one polarization function was employed for
bromine and triple-z basis sets with two added polarization functions were
used for carbon and hydrogen atoms. The core orbitals of the atoms were
frozen out to 1s (C), and 3p (Br), respectively.[55] The charges reported for
the ADF results were calculated with the Hirshfeld analysis.[56] Contour
plots of orbitals from ADF were generated with the YAeHMOP progam.[57]


The B3LYP results were obtained with the GAUSSIAN 94 program with
the standard 6ÿ 31�G* basis set. For these results, the reported charges
correspond to natural charges obtained within the natural bond orbital
scheme (NBO).[58] All reported structures were fully optimized and
characterized as local minima on the corresponding surfaces by frequency
analysis. The reported energy values are all corrected for zero-point energy
(ZPE).
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Abstract: Photolysis of the silyl-substi-
tuted 1H-phosphirene 3 a proceeds se-
lectively with cleavage of a silicon ± sili-
con bond and ring expansion to furnish
the 1,2-dihydro-1,2-phosphasilete 4 a.
The corresponding heterocyclic germa-
nium product, 4 b, is prepared analo-
gously from 3 b. The preparative signifi-
cance of 4 a is reflected not only in its
numerous addition reactions to multi-


ple-bond systems, such as alkynes 8 and
12 and ketene 10, but also in its sub-
stitution reactions with the chloro com-
pounds 15, 18, and 21. The latter reac-
tions proceed through the formation of


chlorotrimethylsilane and the novel 1,2-
dihydro-1,2-phosphasiletes (16, 19, and
22) which, depending on the substitution
pattern at the phosphorus atom, under-
go various isomerization reactions
(16!17, 19!20). The hydrolysis of 4 a
to 23 by mere traces of water in carefully
purified tetrahydrofuran demonstrates
the extreme sensitivity of this compound
towards moisture.


Keywords: electrophilic additions ´
phosphorus heterocycles ´ photoly-
sis ´ ring enlargement ´ silicon


Introduction


We accomplished the synthesis of 1-chloro-1H-phosphirenes,
such as 1, by the addition of chlorocarbenes, generated in situ,
to l3s1-phosphaalkynes in 1989.[1, 2] In these reactions the
corresponding 2H-phosphirenes must be considered as inter-
mediates that undergo a rapid 1,3-chlorine shift to afford the
thermodynamically more favorable 1H-phosphirenes.[3] In the
meantime, the enormous synthetic potential of the 1-chloro-
1H-phosphirenes has been investigated intensively and has
been the subject of several review articles.[4±6] In particular,
the substitution of the chlorine atom on the phosphorus by
nucleophiles leads to a whole series of novelly substituted 1H-
phosphirenes.[7] In this way, for example, the syntheses of
cyano-, azido-, imido-, and phosphaalkene-substituted 1H-
phosphirenes became possible.[1, 2, 7, 8] Reactions with organo-


metallic compounds, such as 2 a and 2 b, proceed under
formation of lithium chloride to afford the 1-silyl- and
1-germyl-1H-phosphirenes 3 a and 3 b, respectively (Sche-
me 1).[8, 9]


Scheme 1. Synthesis of the 1-silyl- and 1-germyl-1H-phosphirenes 3 a and
3b.


While the 1-chloro-1H-phosphirenes preferentially take
part in substitution reactions and only exhibit ring open-
ing[10, 11] or ring expansion[5] behavior in isolated cases, we now
report the first ring expansion reactions of the 1-silyl- and
1-germyl-1H-phosphirenes 3 a and 3 b.[9]
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Results and Discussion


The rearrangement 3!4 : When the 1H-phosphirenes 3 a,b
are irradiated in benzene they undergo isomerization to
furnish the 1,2-dihydro-1,2-phosphasilete 4 a and the 1,2-
dihydro-1,2-phosphagermete 4 b, respectively, within 40 hours
(Scheme 2). Ring opening occurs specifically at the phenyl-
substituted carbon ± phosphorus bonds of 3. The isomers 7,


Scheme 2. Irradiation and ring opening of the 1H-phosphirenes 3a,b to
give the 1,2-dihydro-1,2-phosphasiletes 4 a,b.


which would arise through the opening of the tert-butyl-
substituted carbon ± phosphorus bonds in 3, could not be
detected. The alkyne 5 and the disilane 6 are formed as further
photolysis products. This photolysis is extremely dependent


on the solvent: if the reaction is performed in n-pentane the
molecule undergoes fragmentation so that only the alkyne 5
can be detected. Benzene presumably functions as a UV filter
for light with wavelengths shorter than 280 nm[12] and thus
prevents further decomposition of 3.


The NMR spectroscopic data of 4 a,b differ distinctly from
those of the isomeric starting materials 3 a,b and are discussed
below for the example of product 4 a. The shift of a silyl group
from silicon to phosphorus is apparent in the 1H NMR
spectrum from the splitting of a signal in the characteristic
region for trimethylsilyl protons with a 3J(H,P) coupling
constant of 4.0 Hz; this is a typical value for silylphos-
phanes.[13] The two silyl groups on the heterocyclic silicon do
not show separate signals at room temperature, while in the
low-temperature 1H NMR spectrum there are two singlets for
these now magnetically nonequivalent groups. When the
sample is warmed up again, these two signals become broader
and migrate towards a central position; coalescence occurs at
314 K. At temperatures above 363 K only a sharp singlet is
observed for the two groups on account of a rapid inversion at
the phosphorus atom. The inversion barrier for the phospho-
rus atom in 4 a can thus be determined as 67.7 kJ molÿ1


(16.2 kcal molÿ1).[14] This value clearly shows the influence of
two effects in 4 a : the substitution of carbon by silicon at the
phosphorus atom generally lowers the inversion barrier,[15±17]


while the incorporation of the inversion center in a small ring
tends to increase the barrier.[18] In the case of the heterocyclic
germanium compound 4 b, two separate signals are observed
for the protons of the silyl groups on germanium even at room
temperature. This is indicative of a higher barrier to inversion
at phosphorus. The ring expansion in 4 a is apparent from the
marked shift of the 31P NMR signal to low field: from d�
ÿ205 in 3 a[7] to d�ÿ131 in 4 a. The 13C NMR data provide
further evidence for the constitution of the products: the
signals of the sp2 skeletal carbon atoms C3 and C4 are shifted
by more than 30 ppm to lower field in comparison with those
of 3 a.[7] Additionally, the J(C,P) coupling constant for the
signal of C4 is only 22.1 Hz. Small coupling constants of this
type are a general feature of diphospha- and phosphacyclo-
butenes with l3s3 phosphorus atoms.[19, 20] The X-ray crystallo-
graphic analysis of 4 a has already been described in a short
communication.[9]


The ring expansion 3!4 can be considered to be a
diotropic rearrangement which may be followed by a radical
fragmentation (3 a!alkyne 5� disilane 6).


The dihydrophosphasilete 4 a represents the starting point
for numerous transformations, for example, insertions into a
P/Si bond or substitutions at the silylated phosphorus atom
with subsequent reactions, as described below.


Addition to electron-poor multiple bond systems : The
reactions of the dihydrophosphasilete 4 a with the electron-
poor alkynes 8 a ± d are exothermic (Scheme 3). The 1-alken-
yl-1,2-dihydro-1,2-phosphasiletes 9 a ± d are isolated in very
good yields (�90 %) after workup by distillation. Products
9 a ± c are colorless crystalline solids and 9 d is a yellow oil.
Compounds 9 proved to be very stable: isomerization or
subsequent reactions did not occur, even after heating at
200 8C for several days.


Abstract in German: Die Photolyse des silylsubstituierten 1H-
Phosphirens 3a verläuft selektiv unter Spaltung einer Silicium-
Silicium-Bindung und Ringerweiterung zum 1,2-Dihydro-1,2-
phosphasilet 4a. Der entsprechende Germaniumheterocyclus
4b wird analog aus 3b erhalten. Die präparative Bedeutung
von 4a spiegelt sich nicht nur in den zahlreichen Additions-
reaktionen an Mehrfachbindungssysteme wie etwa Alkine 8
und 12 sowie Ketene 10 wider sondern auch in Substitutions-
reaktionen mit den Chlorverbindungen 15, 18 und 21. Die
letztgenannte Reaktion verläuft unter Bildung von Chlortrime-
thylsilan und der neuartigen 1,2-Dihydro-1,2-phosphasilete
(16, 19, 22), die in Abhängigkeit vom Substitutionsmuster
am Phosphoratom verschiedene Isomerisierungsreaktionen
eingehen (16!17, 19!20). Die Hydrolyse von 4a zu 23
durch Spuren von Wasser selbst in sorgfältig gereinigtem
Tetrahydrofuran demonstriert die extreme Empfindlichkeit
dieser Verbindung gegenüber Feuchtigkeit.
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Scheme 3. Addition reactions of the dihydrophosphasilete 4 a to electron-
poor multiple bond systems.


The composition of the 1:1 addition products 9 was
confirmed by elemental analysis. The absence of 3J(H,P)
couplings in the 1H NMR spectra of 9 demonstrates the
cleavage of the exocyclic phosphorus ± silicon bond (cf. 4 a);
only singlet signals are observed in the expected region. The
integration ratios also reveal the construction from one
molecule of alkyne and one molecule of dihydrophosphete.


The 13C NMR spectra clearly show the characteristic signals
of the skeletal carbon atoms, C3 and C4, in the olefinic region
at d� 151.3 ± 169.9, with the corresponding coupling constants
[2J(C,P)� 19.0 ± 20.1 Hz, 1J(C,P)� 14.7 ± 23.2 Hz] (cf. 4 a).
Furthermore, the carbonyl carbon atoms of the ester groups
give rise to signals at d' 165. By comparison of the 3J(C,P)
coupling constants of C2' in 9 a ± d [3J(C,P)� 14.6 ± 16.7 Hz]
with the corresponding values for phosphane-substituted
maleates and fumarates,[21] the formation of the Z isomers
may be deduced. The carbon atoms of the exocyclic alkene
unit, C1' and C2', give rise to signals between d� 142.9 and


164.6. The occurrence of 1J(C,P) couplings of �46 Hz for the
hydrogen-substituted carbons C1' in 9 c and 9 d confirm the
direction of addition. The formation of a 1-allenyl-substituted
dihydrophosphasilete (the product of a 1,4-addition) is
excluded by the signal for the carbonyl carbon atom in the
benzoyl group of 9 d at d� 199.1 [3J(C,P)� 16.2 Hz].[22] The
31P NMR signals are shifted to lower field on account of the
alkenyl substitution by�70 ppm for 9 a,b and by�50 ppm for
9 c,d as compared to the signals of the starting material 4 a.


The reaction of diphenylketene (10) with 4 a also proceeds
through 1,2-addition. After the dropwise addition of the
ketene to a solution of the dihydrophosphasilete at ÿ78 8C,
the pure 1-alkenyl-1,2-dihydro-1,2-phosphasilete 11 was iso-
lated upon workup by distillation. Addition to the carbonyl
function of 10 is demonstrated by the absence of CO bands in
the IR spectrum of 11.


The remaining spectroscopic data of 11 are very similar to
those of the 1-alkenyl-1,2-dihydro-1,2-phosphasiletes 9 and
therefore do not need to be discussed in detail. Even so, a
characteristic effect for enol ethers was observed in the
13C NMR spectrum of 11: in comparison with the signals of the
other doubly bonded carbon atoms (C3, C4, and C1') the
signal for C2' (d� 134.1) is shifted to higher field; this can be
attributed to the shielding effect of the oxygen atom in the b-
position to C4.[23] Also, the heterocyclic product 11 does not
undergo any further isomerization under thermal conditions.


When the 1,2-dihydro-1,2-phosphasilete 4 a is cooled to
ÿ78 8C with dibenzoylacetylene (12) and the mixture sub-
sequently allowed to warm up, a reaction occurs and the
bicyclic compound 14 is obtained after crystallization from n-
pentane at ÿ20 8C; the novel product possesses the structural
unit of a cyclic 3-phosphahexa-1,3,5-triene that also contains a
1-phospha-1,3-diene unit. Open-chain 1-phosphabutadienes
are extremely reactive and can behave not only as dienes but
also as dienophiles. However, systems of this type have been
stabilized by the introduction of sterically demanding sub-
stituents.[24] This and the incorporation of the reactive moiety
in a bicyclic system are apparently sufficient to prevent
further reaction of 14.


The first information on the structure of 14 was provided by
the 31P NMR spectrum in which the conversion of a l3s3- to a
l3s2-phosphorus atom is indicated by the shift of the signal
(d� 214) to lower field. Additionally, there are no CO
absorptions shown in the IR spectrum.


The expansion of the four-membered ring is also revealed
by the 13C NMR spectrum: the carbon ± phosphorus couplings
of the C atoms originating from the double bond of the four-
membered ring are clearly changed. While C4 (d� 165.8) in
14 has a 1J(C,P) coupling constant of 53.9 Hz, that is, almost
twice as large as the corresponding coupling constant in 4 a
[1J(C,P)� 22.1 Hz], the splitting pattern at C3 (d� 153.3)
breaks down completely. The acetal carbon C8a gives a signal
at d� 111.6 [2J(C,P)� 13.2 Hz]. The signals for the carbon
atoms of the second alkene unit, C6 and C7, are seen at d�
115.6 (C6) and d� 168.6 (C7). The 2J(C,P) coupling constant
of 31.7 Hz for C6 is appreciably larger than those for C8a and
C3; this is due to the effect of the free electron pair on
phosphorus. In fixed bonds it increases the 2J(C,P) coupling if
the carbon atom involved is in a cis position.[25±27] Finally, the
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signal of the skeletal phosphaalkene carbon atom C5 appears
at d� 193.5 with the typical doublet structure for a phos-
phaalkene [1J(P,C)� 51.3 Hz].


The crystals of 14, obtained from a cold n-pentane solution,
were analyzed by X-ray crystallography (Figure 1). This
confirmed the proposed constitutional assignments. Within


Figure 1. Molecular structure of 14 in the solid state. Selected bond lengths
[�] and angles [8]: Si2 ± C3 1.890(5), C3 ± C4 1.338(7), C4 ± P5 1.841(6), P5 ±
C5a 1.675(5), C5a ± C8a 1.527(7), C5a ± C6 1.449(7), C6 ± C7 1.349(7), C7 ±
O8 1.356(6), O8 ± O8a 1.455(6), C8a ± O1 1.390(6), O1 ± Si2 1.670(3); O1-
Si2-C3 108.9(2), Si2-C3-C4 121.8(4), C3-C4-P5 120.5(4), C4-P5-C5a
108.9(3), P5-C5a-C8a 128.9(4), P-C5a-C6 124.2(4), C5a-C8a-O1 111.6(4),
C5a-C8a-O8 104.3(4), C5a-C6-C7 106.2(4), C6-C7-O8 115.3(4), C7-O8-C8a
108.1(4), O8-C8a-O1 104.3.


the limits of the standard deviations, the five-membered ring
is planar and the phosphorus atom also lies in the same plane,
thus providing the prerequisites for the interaction of the p


system with the 1-phosphabutadiene unit. This is, however,
not the case for the second phosphabutadiene increment
(C5a-P5-C4-C3) since C3 does not lie in the plane defined by
C4-P5-C5a; the dihedral angle C5a-P5-C4-C3� 58.48. The
C7 ± O8 bond [135.6(6) pm] is significantly shorter than the
C8a ± O8 bond [145.5(6) pm; average: 143.6 pm].[28] The C6 ±
C7 bond length of 134.9(7) pm is in the typical range (average:
135.4 pm) for enol ethers.[28] The significantly shorter C6 ± C5a
bond length of 144.9(7) pm is in accord with its position in a
conjugated 1-phosphabutadiene system (C7-C6-C5a-P5).


The formation of 14 can only be explained by the formation
of the intermediate 13 through the insertion of the triple bond
of 12 into the P ± Si bond of 4 a ; insertions of this sort are
known in principle.[29] The further reaction in the direction of
the arrows (see Scheme 3) requires a cis configuration of the
two benzoyl groups at the alkene unit of 13. The driving force
for this process is most certainly the formation of the silicon ±
oxygen bond.


Reactions with cleavage of the exocyclic P-silyl group :
Reactions of the P-chlorophosphaalkenes 15 a,b with the
dihydrophosphasilete 4 a proceed with the formation of
chlorotrimethylsilane to yield the phosphaalkene-substituted
heterocyclic compounds 16 a,b as yellow oils in quantitative
yields (Scheme 4). These products cannot be distilled; how-
ever, they can be stored for several weeks at ÿ20 8C without
decomposition.


Scheme 4. Hydrolysis and cleavage reactions of the 1,2-dihydro-1,2-
phosphasilete 4 a.


Compounds 16 are unequivocally characterized by their
spectral data which, as far as the four-membered ring is
concerned, correspond closely to the data for the products 4 a,
9, and 11. However, the presence of a second phosphorus
atom does give rise to some special features. Two doublet
signals are observed in the 31P NMR spectra: the signal for
each skeletal phosphorus atom experiences a paramagnetic
shift of �80 ppm compared to that of the starting material 4 a
(16 a : d�ÿ38; 16 b : d�ÿ66), while the signals of the l3s2-
phosphorus atoms at d��459.0 (16 a) and d��352.9 (16 b)
are in the region typical for phosphane-substituted phos-
phaalkenes.[30] The presence of the P ± P bond is clearly
documented by the occurrence of 1J(P,P) couplings of
�271 Hz. Since the 31P NMR spectrum of 16 b contains only
one set of signals, it may be assumed that only one isomer,
presumably the E isomer, has been formed.[31]


The 13C NMR signals for the ring carbon atoms, C3 and C4,
are similar to those of the starting material 4 a except for the
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splitting to a double doublet structure on account of the
presence of a further phosphorus atom. The sp2 carbon atoms
of the phosphaalkene unit give rise to doublet signals at
significantly low field (16 a : d� 211; 16 b : d� 207.6). The
typically large phosphaalkene P,C-coupling constants amount
to 96.5 (16 a) and 83.3 Hz (16 b). Surprisingly, no other
couplings with the l3s3-phosphorus atom were observed.


In contrast to the alkenyl-substituted heterocyclic com-
pounds 9 and 11, the products 16 a,b do undergo thermal
isomerization: when heated for 2 hours at 180 8C, they
transform into the bicyclic diphosphiranes 17 a,b which were
isolated in 80 and 95 % yields by distillation.


This rather unexpected transformation of the phosphane-
substituted phosphaalkenes 16 a,b to the diphosphiranes
17 a,b is reflected in a dramatic shift to high field of the 31P
NMR signal of the original l3s2-phosphorus atom by more
than 600 ppm.[32] The signal at higher field (17 a : d�ÿ261.5;
17 b : d�ÿ283.5) is assigned to P1 on account of the silicon
substitution. The P ± P coupling of�185 Hz is of the magnitude
expected for a 1J(P,P) coupling in a diphosphirane.[33, 34]


The final configurational elucidation of the bicyclic prod-
ucts 17 a,b was based on the 1H and 13C NMR data. In the
1H NMR spectrum of the bicyclic compound 17 a signals for
the four trimethylsilyl groups appear at d� 0.20, 0.35, 0.45,
and 0.50. The signal at d� 0.35 is split by 1.8 Hz into a
pseudotriplet. A similar situation is observed in the spectrum
of 17 b where the trimethylsilyl signal at d� 0.30 is split by
1.2 Hz into a pseudotriplet. Since in phosphiranes only those
trimethylsilyl groups in a cis orientation to the free electron
pair on phosphorus exhibit a P,H coupling, in contrast to trans-
trimethylsilyl groups that do not experience any coupling,[35, 36]


the cis orientation of one of the trimethylsilyl groups to both
free electron pairs on the phosphorus may safely be assumed.


The 13C NMR spectral data are similar: the signals for the
cis-trimethylsilyl group have a pseudotriplet structure [17 a :
3J(C,P)� 8.1; 17 b : 3J(C,P)� 4.8 Hz], whereas that for the
trans-trimethysilyl group in 17 a does not exhibit any coupling.
The proposed bicyclic structure of 17 is further supported by
the values for the ring carbon atoms: the signals for C3 and C4
appear in the olefinic region; those for C3 (17 a : d� 151.4;
17 b : d� 148.4) are not split by any carbon ± phosphorus
couplings and are diamagnetically shifted compared to the
signals of C4 (17 a : d� 165.5; 17 b : d� 160.4).[36] The signals
for C4 are each split into doublets by 1J(C,P) couplings of
�70 Hz. The signal for the carbon atom of the three-
membered ring, C6, appears, as expected, at high field.[37] As
a result of the two neighboring phosphorus atoms, the signal
at d� 16.4 (17 a) is split into a pseudotriplet by a 1J(C,P)
coupling of 88 Hz [17 b : d� 30.6, 1J(C,P)� 67.7 Hz].


The formation of 17 from 16 can formally be explained in
terms of a 1,2-shift of the ring silyl fragment in 16 with
subsequent ring closure to afford the bicyclic species 17. This
process requires the attack of the phosphaalkene phosphorus
atom at the silicon. The different reactivity of the phosphaal-
kenyl-substituted heterocyclic system 16 in comparison to the
alkenyl-substituted compounds 9 and 11 is thus caused by the
heteroatom in the vinyl unit.


Another example for the influence exerted on the 1-vinyl-
1,2-dihydro-1,2-phosphasilete isomerization by heteroatoms


in the double bond moiety is provided by the reactions of 4 a
with the acyl chlorides 18 a ± c : the P-acyldihydrophospha-
siletes 19 a ± c, most certainly formed initially along with
chlorotrimethylsilane, are not detectable, in contrast to the
situation with 16 a,b. Instead spontaneous isomerization with
1,3-migration of the Si(Tms)2 moiety from phosphorus to the
carbonyl oxygen atom in 19 a ± c takes place to furnish the
dihydrooxaphosphasilines 20 a ± c, heterocyclic species con-
taining a 2-phospha-1,3-butadiene unit which have already
been reported.[38]


Spectral and analytical data for 20 a ± c strongly support the
proposed structures. The transition from a l3s3 phosphorus to
a l3s2 phosphorus is reflected in a pronounced downfield shift
of the 31P NMR signal to d� 91.0 and 92.0 for 20 a and 20 b,
respectively. This is a typical region for phosphaalkenes with
oxygen substitution on the sp2 carbon atom.[24, 28] The excep-
tionally low-field position of the 31P NMR signal for the
acceptor-substituted derivative 20 c (d� 172.0) may be attrib-
uted to a considerable participation of conceivable mesomeric
forms with negative partial charge on the oxygen atom.[39] This
assumption is also supported by the diamagnetic shift of the
13C NMR signal of C2 in 20 c in comparison to the
corresponding signals for 20 a,b as well as the shift to low
field of the signal for C5. The positions of the signals for the
olefinic carbon atom C4 in 20 a ± c are almost identical.


The expansion from a four- to a six-membered ring
becomes apparent on consideration of the C,P coupling
constants: while the signal for the tert-butyl-substituted C4 in
4 a exhibits only a small coupling (1J(C,P)� 22.1 Hz), those of
C4 in 20 have 1J(C,P) coupling constants in the range 54.8 ±
58.2 Hz. On the other hand, the 2J(C,P) couplings of 6.2 ±
7.8 Hz are conspicuously small. Final confirmation of the
constitutions of products 20 was provided by the single-crystal
X-ray crystallographic analysis of 20 b (Figure 2).


Figure 2. Molecular structure of 20 b in the solid state. Selected bond
lengths [�] and angles [8]: P3 ± C2 1.678(4), C2 ± O1 1.339(3), O1 ± Si6
1.692(2), Si6 ± C5 1.866(4), C5 ± C4 1.336(4), C4 ± P3 1.845(2); C4-P3-C2
105.5(1), P3-C2-O1 129.1(2), C2-O1-Si6 117.5(2), O1-Si6-C5 105.0(1), Si6-
C5-C4 119.4(2), C5-C4-P3 123.0(3).


The phosphorus ± carbon bond lengths agree very well with
the average values of 167 pm for P ± C double bonds and
185 pm for P ± C single bonds.[40] The ring skeleton is not
planar but has a slight boat conformation.
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As a consequence of the strong oxophilicity of silicon, the
formation of 20 from 19 can be explained by the migration of
1,3-Si(Tms)2 from phosphorus to oxygen and ring closure. The
same driving force is responsible for the reaction of acyl
chlorides with silylphosphanes where the acylphosphane
primary products, which are difficult to detect, undergo
isomerization to phosphaalkenes by 1,3-silyl migration.[38]


When an equimolar amount of chloro(diphenyl)phosphane
(21) is added to 4 a, the silyl group at phosphorus is again
replaced by the phosphane substituent to furnish product 22.
Ring opening (cleavage of the endocyclic P ± Si bond),
however, does not take place, as is clearly apparent from
the spectral data of 22. The 1H NMR spectrum no longer
shows any 3J(H,P) coupling and contains signals for only two
trimethylsilyl groups at d� 0.20 and d� 0.50. A 1J(P,P)
coupling of 186 Hz in the 31P NMR spectrum unequivocally
confirms the exchange of a silyl fragment on the ring
phosphorus atom for a phosphorus group (d�ÿ10.8 and
ÿ79.6). Retention of the dihydrophosphasilete skeleton is
demonstrated by a comparison of the 13C NMR data for the
ring carbon atoms with the corresponding values for 4 a.
Although the former have double doublet structures on
account of the presence of two phosphorus atoms, the signals
occur in the same regions and reveal the characteristically
small 2J(C,P) coupling constants.


Hydrolysis of the 1,2-dihydro-1,2-phosphasilete 4 a : The four-
membered heterocyclic product 4 a proved to be extremely
sensitive to hydrolysis. Cleavage of the P-silyl group occurred
even in absolute tetrahydrofuran on moderate heating for a
few hours. The resultant hydrogen-substituted 1,2-dihydro-
1,2-phosphasilete 23 is obtained as a colorless, extremely
moisture-sensitive oil. For this reason only NMR data were
available for the elucidation of its structure and these
exhibited the already sufficiently discussed characteristic
features of a 1,2-dihydro-1,2-phosphasilete (see the Exper-
imental Section). The presence of the PH function results in a
splitting of the signal in the proton-coupled 31P NMR
spectrum by a 1J(P,H) coupling of 160 Hz (d�ÿ173.0), which
is also seen in the 1H NMR signal at d� 3.40.


Experimental Section


General : All experiments were carried out under argon (purity>99.998 %)
in previously evacuated and baked Schlenk vessels. The solvents were
anhydrous and stored under argon until used. Melting points were
determined on a Mettler FP61 apparatus (heating rate 2 8Cminÿ1) and
are uncorrected. NMR spectra were recorded on Varian EM 360, Varian
EM 390, Bruker WP 200, and Bruker AM 400 instruments. Chemical shifts
for 1H and 13C are reported in ppm relative to tetramethylsilane as the
internal standard; the chemical shifts for 31P are expressed relative to
external 85% orthophosphoric acid. Elemental analyses were performed
on Perkin ± Elmer analysers EA 240 and 2400 CHN. Bulb-to-bulb distil-
lations were carried out in a Büchi GKR 50 apparatus (temperatures given
refer to the heating mantle). IR spectra were determined on Perkin ± Elmer
710 B or Perkin ± Elmer IR394 spectrophotometers. Mass spectra were
recorded on a Finnigan MAT90 spectrometer. Compounds 3a,b[7] were
prepared by published methods. All other starting materials were
purchased from commercial sources.


General procedure for the photolytic isomerization of 3a,b : A solution of
1-silyl-1H-phosphirene 1 in benzene (5 mL) in an NMR tube was irradiated


with an Hg lamp (TQ 150, Heraeus) for 40 h. The reaction was monitored
by 31P NMR. The solvent was removed at 20 8C (10ÿ2 mbar) and the red-
brown oily residue was purified by bulb-to-bulb distillation. Recrystalliza-
tion from n-pentane at ÿ78 8C yielded colorless crystals.


4-tert-Butyl-3-phenyl-1,2,2-tris(trimethylsilyl)-1,2-dihydro-1,2-phosphasilete
(4a): From 3 a (1.5 g, 3.4 mmol); to furnish 4a (0.5 g, 34%) as colorless
crystals. M.p. 75 8C; b.p. 150 8C (10ÿ3 mbar); 1H NMR (CD2Cl2): d� 0.2 ±
0.4 [br, 18H, Si(CH3)3], 0.45 [d, 3J(H,P)� 4.0 Hz, 9 H, P-Si(CH3)3], 1.10 (s,
9H, tBu), 7.0 ± 7.2 (m, 5 H, phenyl-H); 13C NMR (CD2Cl2): d� 0.1, 1.2 [each
br, Si-Si(CH3)3], 2.0 [d, 2J(C,P)� 10.3 Hz, P-Si(CH3)3], 31.5 [d, 3J(C,P)�
5.0 Hz, C(CH3)3], 40.9 [d, 2J(C,P)� 13.7 Hz, C(CH3)3], 124.6, 126.5, 127.5
(each s, phenyl-C), 145.2 [d, 3J(C,P)� 4.5 Hz, ipso-C], 149.3 [d, 2J(C,P)�
13.3 Hz, C3], 166.2 [d, J(P,C)� 22.1 Hz, C4]; 31P NMR (C6D6): d�ÿ130.7
(s); IR (film): nÄ � 3050 (w), 2950 (vs), 2900 (s), 1600 (m), 1480 (m), 1360
(m), 1250 (vs), 1190 (w), 1050 (s), 850 (vs), 760 (s), 690 (s), 620 (s) cmÿ1;
inversion barrier at phosphorus (toluene): Tc� 314 K, DG=(Tc)�
67.7 kJ molÿ1; C21H41PSi4 (436.9): calcd C 57.73, H 9.46; found C 57.4, H 9.4.


4-tert-Butyl-3-phenyl-1,2,2-tris(trimethylsilyl)-1,2-dihydro-1,2-phosphager-
mete (4 b): From 3 b (1.1 g, 2.3 mmol); to furnish 4 b (50 mg, 5 %) as
colorless crystals. M.p. 90 8C; b.p. 180 8C (10ÿ3 mbar); 1H NMR (C6D6): d�
0.25, 0.37 [each s, 9 H, Si(CH3)3], 0.5 [d, 3J(H,P)� 4.0 Hz, 9H, P-Si(CH3)3],
1.2 (s, 9H, tBu), 7.0 ± 7.2 (m, 5H, phenyl-H); 13C NMR (C6D6): d� 0.3 [s,
Ge-Si(CH3)3], 0.6 [d, 3J(C,P)� 2.6 Hz, Ge-Si(CH3)3], 1.9 [d, 2J(C,P)�
7.0 Hz, P-Si(CH3)3], 31.7 [d, 3J(C,P)� 6.2 Hz, C(CH3)3], 40.8 [d, 2J(C,P)�
13.3 Hz, C(CH3)3], 125.1 ± 128.2 (phenyl-C), 146.9 [d, 3J(C,P)� 4.8 Hz,
ipso-C], 151.3 [d, 2J(C,P)� 14.1 Hz, C3], 163.7 [d, 1J(C,P)� 23.4 Hz, C4];
31P NMR (C6D6): d�ÿ92 (s).


General procedure for the reaction of 1,2-dihydro-1,2-phosphasilete 4a
with acceptor-substituted alkynes 8a ± d : A solution of alkyne 8 in diethyl
ether was added to a solution of 4 a in diethyl ether at ÿ78 8C. The mixture
was allowed to warm to room temperature and was then stirred for 4 h. The
reaction was exothermic and the color of the solution became darker. The
solvent was removed at 20 8C (10ÿ2 mbar) and the oily residue then purified
by bulb-to-bulb distillation.


Dimethyl 1-[4-tert-butyl-3-phenyl-2,2-bis(trimethylsilyl)-1,2-dihydro-1,2-
phosphasilet-1-yl]-2-trimethylsilylmaleate (9 a): From 8a (66 mg,
0.46 mmol) and 4 a (200 mg, 0.46 mmol). Crystallization from n-pentane
atÿ20 8C yielded 9 a (240 mg, 90%) as colorless crystals. M.p. 116.0 8C; b.p.
200 8C (10ÿ3 mbar); 1H NMR (C6D6): d� 0.4, 0.5, 0.55 [each s, 9H,
Si(CH3)3], 1.2 (s, 9H, tBu), 3.55, 3.6 (each s, 3 H, CO2Me), 7.0 ± 7.3 (m, 5H,
phenyl-H); 13C NMR (C6D6): d� 0.14 [d, J(C,P)� 2.7 Hz, Si(CH3)3], 0.4 [d,
J(C,P)� 10.9 Hz, Si(CH3)3], 1.2 [s, Si(CH3)3], 31.0 [d, 3J(C,P)� 4.7 Hz,
C(CH3)3], 40.6 [d, 2J(C,P)� 13.1 Hz, C(CH3)3], 51.1, 51.3 (each s, CO2CH3),
125.5, 126.2, 127.7 (each s, phenyl-C), 144.7 [d, 3J(C,P)� 5.3 Hz, ipso-C],
150.5 [d, 2J(C,P)� 43.3 Hz, C2'], 152.8 [d, 1J(C,P)� 60.9 Hz, C1'], 157.5 [d,
2J(C,P)� 19.7 Hz, C3], 163.7 [d, 3J(C,P)� 15.9 Hz, CO2CH3], 165.7 [d,
2J(C,P)� 6 Hz, CO2CH3], 169.9 [d, 1J(C,P)� 20.5 Hz, C4]; 31P NMR
(C6D6): d�ÿ63.5 (s); IR (film): nÄ � 2950 (vs), 2900 (q), 1720 (vs), 1600
(w), 1530 (m), 1430 (s), 1360 (w), 1230 (vs), 1070 (m), 1020 (w), 850 (vs), 770
(s), 710 (s), 630 (m) cmÿ1; C27H47O4PSi4 (578.0): calcd C 56.0, H 8.1; found C
55.9, H 8.1.


Di-tert-butyl [4-tert-butyl-3-phenyl-2,2-bis(trimethylsilyl)-1,2-dihydro-1,2-
phosphasilet-1-yl)-trimethylsilylmaleate (9b): From 8b (52 mg, 0.23 mmol)
and 4 a (100 mg, 0.23 mmol). Crystallization from n-pentane at 0 8C yielded
9b (130 mg, 86%) as colorless crystals. M.p. 153.5 8C; b.p. 250 8C
(10ÿ3 mbar); 1H NMR (C6D6): d� 0.4, 0.5 [each s, 9 H, Si(CH3)3], 0.55 [d,
J(H,P)� 2 Hz, 9 H, Si(CH3)3], 1.3, 1.5, 1.7 (each s, 9H, tBu), 7.0 ± 7.3 (m, 5H,
phenyl-H); 13C NMR (C6D6): d� 0.3 [s, Si(CH3)3], 1.4 [d, J(C,P)� 12 Hz,
Si(CH3)3], 1.7 [s, Si(CH3)3], 28.6 [s, C(CH3)3], 31.2 [d, 3J(C,P)� 3.2 Hz,
C(CH3)3], 41.3 [d, 2J(C,P)� 13.8 Hz, C(CH3)3], 80.8, 82.1 [each s,
CO2C(CH3)3], 125.8, 126.4, 127.7 (each s, phenyl-C), 145.5 [d, 3J(C,P)�
5 Hz, ipso-C], 149.2 [d, 2J(C,P)� 45.6 Hz, C2'], 153.8 [d, 1J(C,P)� 58.4 Hz,
C1'], 157.8 [d, 2J(C,P)� 18.7 Hz, C3], 164.3 [d, 3J(C,P)� 16.7 Hz, CO2tBu],
166.0 [d, 2J(C,P)� 5.5 Hz, CO2tBu], 168.9 [d, 1J(C,P)� 23.2 Hz, C4]; 31P
NMR (C6D6): d�ÿ60.2 (s); IR (KBr): nÄ � 2900 (vs), 1710 (vs), 1600 (w),
1540 (w), 1425 (w), 1350 (w), 1240 (s), 1050 (m), 840 (s), 770 (m), 710 (m),
630 (w) cmÿ1; C33H59O4PSi4 (663.1): calcd C 59.77, H 9.0; found C 57.8, H 8.7.


Methyl (Z)-3-[4-tert-butyl-3-phenyl-2,2-bis(trimethylsilyl)-1,2-dihydro-1,2-
phosphasilet-1-yl)-2-trimethylsilylprop-2-enoate (9c): From 8c (40 mg,
0.48 mmol) and 4a (200 mg, 0.46 mmol), to afford 9 c (220 mg, 90%) as
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colorless crystals. M.p. 95 8C; b.p. 200 8C (10ÿ3 mbar); 1H NMR (C6D6): d�
0.4, 0.5, 0.6 [each s, 9H, Si(CH3)3], 1.2 (s, 9H, tBu), 3.6 (s, 3H, CO2Me), 7.0 ±
7.3 (m, 5 H, phenyl-H), 8.7 [d, 2J(H,P)� 5 Hz, 1H, C�CH]; 13C NMR
(C6D6): d�ÿ0.2 [s, Si(CH3)3], 0.5 [s, Si(CH3)3], 1.0 [d, J(C,P)� 8.8 Hz,
Si(CH3)3], 31.3 [d, 3J(C,P)� 4.8 Hz, C(CH3)3], 41.4 [d, 2J(C,P)� 12.7 Hz,
C(CH3)3], 51.1 (s, CO2CH3), 125.8, 126.5, 128.4 (each s, phenyl-C), 142.9 [d,
2J(C,P)� 28.5 Hz, C2'], 144.9 [d, 3J(C,P)� 5.5 Hz, ipso-C], 151.3 [d,
2J(C,P)� 20.1 Hz, C3], 164.6 [d, 1J(C,P)� 46.3 Hz, 1J(C,H)� 154.0 Hz,
C�CH], 169.2 [d, 3J(C,P)� 14.6 Hz, CO2Me], 169.7 [d, 1J(C,P)� 17.0 Hz,
C4]; 31P NMR (C6D6): d�ÿ82 (s); IR (film): nÄ � 3050 (w), 2950 (s), 2900
(m), 1700 (s), 1590 (w), 1510 (w), 1430 (w), 1350 (w), 1250 (s), 1200 (s), 830
(vs), 760 (w), 700 (m) cmÿ1; C25H45O2PSi4 (521.0): calcd C 57.6, H 8.7; found
C 57.1, H 8.8.


(Z)-3-[4-tert-Butyl-3-phenyl-2,2-bis(trimethylsilyl)-1,2-dihydro-1,2-phospha-
silet-1-yl)-2-trimethylsilyl-1-phenylpropen-1-one (9d): From 8 d (45 mg,
0.35 mmol) and 4 a (150 mg, 0.35 mmol), to furnish 9 d (180 mg, 90%) as a
yellow oil. B.p. 200 8C (10ÿ3 mbar); 1H NMR (C6D6): d� 0.35, 0.4 [each s,
9H, Si(CH3)3], 0.6 [s, 9 H, Si(CH3)3], 1.2 (s, 9H, tBu), 7.1 ± 7.4 (m, 8H,
phenyl-H), 7.7 [d, 2J(H,P)� 4 Hz, 1 H, C�CH], 8.0 ± 8.2 (m, 2H, phenyl-H);
13C NMR (C6D6): d� 0.4 [d, J(C,P)� 8.1 Hz, Si(CH3)3], 0.8, 1.4 [each s,
Si(CH3)3], 31.4 [d, 3J(C,P)� 4.6 Hz, C(CH3)3], 41.4 [d, 2J(C,P)� 13 Hz,
C(CH3)3], 125.8, 126.4, 128.3, 128.5, 130.1, 132.6 (each s, phenyl-C), 138.0 (s,
ipso-C), 144.8 [d, 3J(C,P)� 6 Hz, ipso-C], 151.8 [d, 2J(C,P)� 19 Hz, C3],
155.3 [d, 1J(C,P)� 45.8 Hz, 1J(C,H)� 152.7 Hz, C�CH], 155.8 [d, 2J(C,P)�
27.7 Hz, C2'], 168.9 [d, 1J(C,P)� 14.7 Hz, C4], 199.1 [d, 3J(C,P)� 16.2 Hz,
COPh]; 31P NMR (C6D6): d�ÿ82.3 (s); IR (film): nÄ � 3080 (w), 2950 (s),
2900 (w), 1650 (m), 1600 (w), 1260 (s), 1250 (s), 1170 (m), 1050 (m), 830 (s),
770 (w), 700 (m) cmÿ1.


4-tert-Butyl-1-(2'',2''-diphenyl-1''-trimethylsiloxyethenyl)-3-phenyl-2,2-bis-
(trimethylsilyl)-1,2-dihydro-1,2-phosphasilete (11): A solution of diphenyl-
ketene (10) (70 mg, 0.36 mmol) in diethyl ether (2 mL) was added to a
solution of 4a (150 mg, 0.35 mmol) in diethyl ether (5 mL) at ÿ78 8C. The
mixture was allowed to warm to room temperature and was stirred for 12 h.
The solvent was removed at 20 8C (10ÿ2 mbar) and the residue then purified
by bulb-to-bulb distillation to afford 11 (130 mg, 60 %) as a yellow oil. B.p.
250 8C (10ÿ3 mbar); 1H NMR (CD2Cl2): d� 0.0, 0.1, 0.35 [each s, 9H,
Si(CH3)3], 1.0 (s, 9 H, tBu), 7.0 ± 7.3 (m, 15H, phenyl-H); 13C NMR
(CD2Cl2): d� 0.2 [d, J(C,P)� 3 Hz, Si(CH3)3], 1.5, 2.5 [each s, Si(CH3)3],
31.4 [d, 3J(P,C)� 4.6 Hz, C(CH3)3], 41.5 [d, 2J(C,P)� 15 Hz, C(CH3)3],
125.4 ± 131.0 (phenyl-C), 134.1 [d, 2J(C,P)� 38.1 Hz, C�CPh2], 124.6 [d,
3J(C,P)� 6.8 Hz, ipso-C], 144.1 [d, 3J(C,P)� 9.9 Hz, ipso-C], 145.6 [d,
3J(C,P)� 4.8 Hz, ipso-C], 153.3 [d, 1J(C,P)� 62.0 Hz, C�COTms], 153.4 [d,
2J(C,P)� 20.4 Hz, C3], 166.5 [d, 1J(C,P)� 19.6 Hz, C4]; 31P NMR (CD2Cl2):
d�ÿ58 (s); IR (film): nÄ � 3050 (w), 2950 (s), 2900 (m), 1600 (m), 1550 (w),
1440 (w), 1250 (s), 1200 (b), 960 (m), 800 (s), 700 (s) cmÿ1.


4-tert-Butyl-3,7-diphenyl-2,2,6-tris(trimethylsilyl)-2,8a-dihydrofuro[2,3-b]-
[1,4,7]oxaphosphasilaepine (14): A solution of dibenzoylacetylene (12)
(170 mg, 0.73 mmol) in dichloromethane (3 mL) was added to a solution of
4a (300 mg, 0.69 mmol) in dichloromethane (3 mL) at ÿ78 8C. The red
reaction mixture was allowed to warm to room temperature. The solvent
was removed at 20 8C (10ÿ2 mbar) and the residue was dissolved in n-
pentane (20 mL). Filtration through Celite and recrystallization from n-
pentane afforded 14 (280 mg, 60 %) as colorless crystals. M.p. 157.2 8C;
1H NMR (C6D6): d� 0.2, 0.55, 0.65 [each s, 9H, Si(CH3)3], 1.1 (s, 9 H, tBu),
6.8 ± 8.2 (m, 15H, phenyl-H); 13C NMR (C6D6): d�ÿ0.5 [s, Si(CH3)3], 1.3
[d, J(C,P)� 8.2 Hz, Si(CH3)3], 1.9 [d, J(C,P)� 4 Hz, Si(CH3)3], 32.6 [d,
3J(C,P)� 9.6 Hz, C(CH3)3], 42.4 [d, 2J(C,P)� 22.1 Hz, C(CH3)3], 111.6 [d,
2J(C,P)� 13.2 Hz, C8a], 115.6 [d, 2J(C,P)� 31.7 Hz, C6], 125.8, 126.8, 126.9,
127.9, 128.6, 129.6, 130.0, 133.0, 146.3 (each s, phenyl-C), 142.9 [d, J(C,P)�
6.1 Hz, ipso-phenyl-C], 153.3 (s, C3), 165.8 [d, 1J(C,P)� 53.9 Hz, C4], 168.6
[d, 3J(C,P)� 31.9 Hz, C7], 193.5 [d, 1J(C,P)� 51.3 Hz, C5a]; 31P NMR
(C6D6): d��214 (s); IR (KBr): nÄ � 3050 (w), 2950 (s), 1600 (w), 1580 (w),
1450 (m), 1370 (w), 1250 (s), 1050 (s), 950 (w), 830 (s), 760 (m), 690
(m) cmÿ1; C37H51O2PSi4 (671.1): calcd C 66.2, H 7.6; found C 65.3, H 7.5.


General procedure for the reaction of 4 a with chloromethylenephosphanes
15 : To a solution of 4a (200 mg, 0.46 mmol) in diethyl ether (3 mL) was added
an equimolar amount of chloromethylenephosphane 15. After stirring for
12 h at room temperature the solvent was removed at 20 8C (10ÿ2 mbar).


4-tert-Butyl-3-phenyl-2,2-bis(trimethylsilyl)-1-[bis(trimethylsilyl)methylene-
phosphanyl]-1,2-dihydro-1,2-phosphasilete (16 a): Yield: 240 mg, 93 % of


16a as a nondistillable red oil. 1H NMR (C6D6): d� 0.35 [s, 18 H, Si(CH3)3],
0.4 [d, J(H,P)� 2 Hz, 9 H, Si(CH3)3], 0.55 [s, 9H, Si(CH3)3], 1.2 (s, 9H, tBu),
7.0 ± 7.3 (m, 5H, phenyl-H); 13C NMR: d� 0.35, 1.4 [each s, Si(CH3)3], 1.9
[d, 3J(C,P)� 12.4 Hz, Si(CH3)3], 3.0 [d, 3J(C,P)� 8.9 Hz, Si(CH3)3], 31.6 [d,
3J(C,P)� 4.7 Hz, C(CH3)3], 41.5 [d, 2J(C,P)� 11.8 Hz, C(CH3)3], 125.8,
126.9, 128.2 (each s, phenyl-C), 145.2 [d, 3J(C,P)� 3.3 Hz, ipso-C], 152.4
[dd, 2J(C,P)� 14.6 Hz, 3J(C,P)� 5.8 Hz, C3], 168.9 [dd, 1J(C,P)� 23.7 Hz,
2J(C,P)� 6.8 Hz, C4], 211.2 [d, 1J(C,P)� 96.4 Hz, P�C]; 31P NMR (C6D6):
d��459.0, ÿ33.0 [each d, 1J(P,P)� 270.5 Hz].


4-tert-Butyl-3-phenyl-2,2-bis(trimethylsilyl)-1-(trimethylsilylbenzylidene-
phosphanyl)-1,2-dihydro-1,2-phosphasilete (16 b): Yield: 250 mg, 95% of
16b as a nondistillable red oil. 1H NMR (C6D6): d� 0.3 [s, 9H, Si(CH3)3],
0.4 [d, J(H,P)� 2 Hz, 9H, Si(CH3)3], 0.5 (s, 9H, Si(CH3)3], 1.25 (s, 9 H, tBu),
7.0 ± 7.4 (m, 10H, phenyl-H); 13C NMR (C6D6): d�ÿ0.2, ÿ0.1 [each s,
Si(CH3)3], 1.8 [d, J(C,P)� 2.8 Hz, Si(CH3)3], 31.6 [s, C(CH3)3], 41.5 [d,
2J(C,P)� 12 Hz, C(CH3)3], 125.2 ± 129.1 (phenyl-C), 145.2 [d, 2J(C,P)�
3 Hz, ipso-C], 147.6 [dd, J(C,P)� 11.6 Hz, J(C,P)� 12.6 Hz, ipso-C], 151.2
[d, 2J(C,P)� 12 Hz, C3], 167.5 [dd, 1J(C,P)� 21.6 Hz, 2J(C,P)� 6.6 Hz, C4],
207.6 [d, 1J(C,P)� 81.3 Hz, P�C]; 31P NMR (C6D6): d��352.9, ÿ66.2
[each d, 1J(P,P)� 271.6 Hz].


General procedure for the isomerization of 16 to 17: 1,2-Dihydro-1,2-
phosphasilete 16 was heated for 2 h at 175 ± 190 8C in a bulb-to-bulb
distillation apparatus. Distillation at 200 8C (10ÿ3 mbar) gave 17 as a
colorless oil. Product 17 b was crystallized from n-pentane at ÿ20 8C.


4-tert-Butyl-3-phenyl-2,2,6,6-tetrakis(trimethylsilyl)-1,5,2-diphosphasilabi-
cyclo[3.1.0]-hex-3-ene (17 a): From 16a (240 mg, 0.43 mmol), to afford 17a
(190 mg, 80%). B.p. 180 8C (10ÿ3 mbar); 1H NMR (C6D6): d� 0.20 [s, 9H,
Si(CH3)3], 0.35 [t, 4J(H,P)� 1.8 Hz, 9H, Si(CH3)3], 0.45 [s, 9 H, Si(CH3)3],
0.50 [s, 9H, Si(CH3)3], 1.35 (s, 9 H, tBu), 7.0 ± 7.3 (m, 5 H, phenyl-H);
13C NMR (C6D6): d� 1.7 [d, 3J(C,P)� 4.2 Hz, Si(CH3)3], 2.5 [dd, 3J(C,P)�
8.1 Hz, 3J(C,P)� 8.5 Hz, Si(CH3)3], 2.8 [s, Si(CH3)3], 6.8 [s, Si(CH3)3], 16.4
(pseudo-t, 1J(C,P)� 88 Hz, C6], 34.2 [d, 3J(C,P)� 10.1 Hz, C(CH3)3], 43.9
[d, 2J(C,P)� 27.2 Hz, C(CH3)3], 127.2 (s, para-phenyl-C), 129.7 (s, meta-
phenyl-C), 126.3, 129.7 (each br, ortho,ortho'-phenyl-C), 146.1 (s, ipso-C),
151.4 (s, C3), 165.5 [d, 1J(P,C)� 71.7 Hz, C4]; 31P NMR (C6D6): d�ÿ59.8,
ÿ261.5 [each d, 1J(P,P)� 195.3 Hz]; IR (film): nÄ � 3050 (w), 2950 (vs), 2900
(m), 1590 (m), 1470 (w), 1440 (w), 1400 (w), 1350 (w), 1250 (vs), 1070 (m),
1030 (m), 920 (s), 840 (vs), 760 (m), 700 (m), 690 (m) cmÿ1.


4-tert-Butyl-3,6(b)-diphenyl-2,2,6(b)-tris(trimethylsilyl)-1,5,2-diphosphasi-
labicyclo-[3.1.0]hex-3-ene (17 b): From 16b (200 mg, 0.36 mmol), to afford
17b (190 mg, 95 %) as colorless crystals. M.p. 78 8C; b.p. 200 8C (10ÿ3 mbar);
1H NMR (C6D6): d� 0.10 [s, 9H, Si(CH3)3], 0.30 [t, 4J(H,P)� 1.2 Hz, 9H,
Si(CH3)3], 0.50 [s, 9 H, Si(CH3)3], 1.5 [d, 4J(H,P)� 2 Hz, 9 H, tBu], 7.0 ± 7.6
(m, 10H, phenyl-H); 13C NMR (C6D6): d�ÿ1.3 [t, 3J(C,P)� 4.8 Hz,
Si(CH3)3], 0.7 [d, 3J(C,P)� 3.6 Hz, Si(CH3)3], 30.6 [pseudo-t, 1J(C,P)�
67.7 Hz, C6], 33.6 [d, 3J(C,P)� 12.2 Hz, C(CH3)3], 42.4 [d, 2J(C,P)�
25.8 Hz, C(CH3)3], 125.3 ± 134.6 (phenyl-C), 134.6, 140.9 (each s, ipso-C),
148.4 (s, C3), 160.4 [d, 1J(C,P)� 69.3 Hz, C4]; 31P NMR (C6D6): d�ÿ87.9,
ÿ283.5 [each d, 1J(P,P)� 177 Hz]; IR (film): nÄ � 3050 (m), 2950 (s), 2900
(s), 1590 (s), 1470 (w), 1430 (w), 1390 (m), 1350 (m), 1240 (s), 1070 (w), 1030
(w), 910 (w), 900 (w), 820 (s), 760 (m), 700 (s), 620 (w) cmÿ1; MS (70 eV, EI):
m/z (%)� 556 (25) [M�], 483 (15) [M�ÿTms], 396 (12) [M�ÿTmsÿ
PhC], 73 (100) [Tms�].


2,4-Di-tert-butyl-5-phenyl-6,6-bis(trimethylsilyl)-6H-1,3,6-oxaphosphasi-
line (20 a): A solution of 18a (42 mg, 0.35 mmol) in tetrahydrofuran (1 mL)
was added slowly to a solution of 4a (150 mg, 0.35 mmol) in tetrahydrofur-
an (1 mL) at ÿ78 8C. The reaction mixture was allowed to warm to room
temperature and was then stirred for 12 h at 20 8C. The solvent was
removed at 20 8C (10ÿ2 mbar) and the residue was purified by bulb-to-bulb
distillation to afford 20 a (80 mg, 51%) as a yellow oil. B.p. 200 8C
(10ÿ3 mbar); 1H NMR (CD2Cl2): d� 0.15 [s, 18H, Si(CH3)3], 1.15 (s, 9H,
tBu), 1.3 [d, 4J(H,P)� 2.0 Hz, 9 H, tBu], 7.0 ± 7.4 (m, 5 H, phenyl-H);
13C NMR (CD2Cl2): d�ÿ0.62 [s, Si(CH3)3], 29.1 [d, 3J(C,P)� 13.7 Hz,
C(CH3)3], 32.8 [d, 3J(C,P)� 14 Hz, C(CH3)3], 42.8 [d, 2J(C,P)� 27.3 Hz,
C(CH3)3], 43.1 [d, 2J(C,P)� 24.1 Hz, C(CH3)3], 125.6, 127.9, 128.2, 145.1
(each s, phenyl-C), 134.6 [d, 2J(C,P)� 7.3 Hz, C5], 161.5 [d, 1J(C,P)�
58.2 Hz, C4], 217.6 [d, 1J(C,P)� 79.3 Hz, C2]; 31P NMR (CD2Cl2): d�
�91.0 (s); IR (film): nÄ � 2950 (s), 2900 (w), 1700 (m), 1470 (w), 1400 (w),
1360 (w), 1250 (s), 1070 (s), 840 (s), 700 (m) cmÿ1.
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1-(4-tert-Butyl-5-phenyl-6,6-bis(trimethylsilyl)-6H-1,3,6-oxaphosphasilin-
2-yl)ferrocene (20 b): A solution of 18 b (87 mg, 0.36 mmol) in tetrahy-
drofuran (1 mL) was added slowly to a solution of 4a (150 mg, 0.35 mmol)
in tetrahydrofuran (1 mL) at ÿ78 8C. The reaction mixture was allowed to
warm to room temperature and was then stirred for 24 h at 20 8C. The
solvent was removed at 20 8C (10ÿ2 mbar) and the residue was purified by
chromatography (silica gel (12 g), n-pentane/diethyl ether 5:1) followed by
recrystallization from n-pentane at ÿ78 8C to afford 20 b (140 mg, 70%) as
red crystals. M.p. 135 8C; 1H NMR (C6D6): d� 0.4 [s, 18H, Si(CH3)3], 1.5 (s,
9H, tBu), 4.2 ± 4.5 (m, 7H, cyclopentadienyl-H), 5.1 (m, 2 H, cyclopenta-
dienyl-H), 7.1 ± 7.4 (m, 5H, phenyl-H); 13C NMR (C6D6): d�ÿ0.3 [s,
Si(CH3)3], 33.4 [d, 3J(C,P)� 14.1 Hz, C(CH3)3], 42.8 [d, 2J(C,P)� 25.8 Hz,
C(CH3)3], 67.7 [d, 3J(C,P)� 13.7 Hz, C2'], 70.5 (s, C4'), 70.6 (s, C3'), 86.7 [d,
2J(C,P)� 38.0 Hz, C1'], 125.8, 127.6, 128.5 (each s, phenyl-C), 136.0 [d,
2J(C,P)� 7.8 Hz, C5], 145.8 (s, ipso-C), 163.4 [d, 1J(C,P)� 57.3 Hz, C4],
204.3 [d, 1J(C,P)� 66.4 Hz, C2]; 31P NMR (C6D6): d��92.0 (s); IR (film):
nÄ � 3080 (w), 3060 (w), 3040 (w), 2950 (vs), 2895 (s), 1700 (w), 1650 (m),
1590 (m), 1476 (s), 1390 (m), 1360 (m), 1240 (vs), 1190 (m), 1160 (m), 1100
(s), 1060 (s), 1025 (s), 1000 (w), 980 (w), 910 (w), 885 (s), 840 (vs), 770 (s),
750 (s), 700 (s) cmÿ1; C29H41FeOPSi3 (576.7): calcd C 60.4, H 7.2; found C
60.4, H 7.3.


Methyl 4-tert-butyl-5-phenyl-6,6-bis(trimethylsilyl)-6H-1,3,6-oxaphospha-
siline-2-carboxylate (20 c): A solution of 18c (30 mg, 0.25 mmol) in diethyl
ether (2 mL) was added dropwise to a solution of 4a (110 mg, 0.25 mmol) in
diethyl ether (3 mL) at ÿ78 8C. The color of the reaction mixture changed
to yellow. The solution was allowed to warm to room temperature, the
solvent was removed at 20 8C (10ÿ2 mbar), and the residue was dissolved in
n-pentane (10 mL). Filtration through Celite and recrystallization from n-
pentane gave 20c (80 mg, 72 %) as yellow crystals. M.p. 83 8C; 1H NMR
(C6D6): d� 0.3 [s, 18H, Si(CH3)3], 1.3 (s, 9H, tBu), 3.55 (s, 3 H, CO2Me),
7.0 ± 7.3 (m, 5 H, phenyl-H); 13C NMR (C6D6): d�ÿ0.36 [s, Si(CH3)3], 33.1
[d, 3J(C,P)� 13.5 Hz, C(CH3)3], 42.7 [d, 2J(C,P)� 27.1 Hz, C(CH3)3], 51.7
(s, CO2CH3), 126.3, 127.1, 128.6 (each s, phenyl-C), 142.6 [d, 2J(C,P)�
6.2 Hz, C5], 144.3 (s, ipso-C), 161.5 [d, 1J(C,P)� 54.8 Hz, C4], 165.3 [d,
2J(C,P)� 33.4 Hz, CO2Me], 187.1 [d, 1J(C,P)� 64.7 Hz, C2]; 31P NMR
(C6D6): d��172.0 (s); IR (film): nÄ � 2950 (s), 2900 (m), 1750 (s), 1720 (s),
1470 (w), 1430 (w), 1390 (w), 1360 (w), 1250 (s), 1070 (s), 1020 (s), 830 (vs),
700 (m), 620 (w) cmÿ1.


4-tert-Butyl-1-diphenylphosphano-3-phenyl-2,2-bis(trimethylsilyl)-1,2-di-
hydro-1,2-phosphasilete (22): Compound 21 (75 mg, 0.34 mmol) was added
to a solution of 4 a (150 mg, 0.35 mmol) in diethyl ether (3 mL) at 0 8C. The
reaction mixture was allowed to warm to room temperature and was then
stirred for 12 h at 20 8C. The solvent was removed at 20 8C (10ÿ2 mbar) and
the residue was purified by bulb-to-bulb distillation to furnish 22 (150 mg,
80%) as a yellow oil. B.p. 175 8C (10ÿ3 mbar); 1H NMR (C6D6): d� 0.20,
0.50 [each s, 9H, Si(CH3)3], 1.1 (s, 9 H, tBu), 7.0 ± 8.3 (m, 15H, phenyl-H);
13C NMR (C6D6): d� 0.06 [s, Si(CH3)3], 1.1 [d, 3J(C,P)� 4.9 Hz, Si(CH3)3],
31.6 [d, 3J(C,P)� 4.5 Hz, C(CH3)3], 41.1 [d, 2J(C,P)� 13.3 Hz, C(CH3)3],
125.6 ± 136.6 (phenyl-C), 141.4 [dd, 1J(C,P)� 22.6 Hz, 2J(C,P)� 5.8 Hz,
ipso-C], 142.2 [dd, 1J(C,P)� 28.8 Hz, 2J(C,P)� 9.8 Hz, ipso-C], 145.3 [d,
3J(C,P)� 4.4 Hz, ipso-C], 151.6 [dd, 2J(C,P)� 19.0 Hz, 3J(C,P)� 8.6 Hz,
C3], 167.9 [dd, 1J(C,P)� 27.1 Hz, 2J(C;P)� 8.6 Hz, C4]; 31P NMR (C6D6):
d�ÿ10.8, ÿ79.6 [each d, 1J(P,P)� 186.2 Hz]; IR (film): nÄ � 3050 (m), 2950
(vs), 2900 (s), 1600 (m), 1580 (w), 1570 (w), 1480 (s), 1430 (s), 1360 (w), 1250
(s), 1070 (w), 1030 (w), 840 (vs), 770 (m), 740 (s), 700 (s) cmÿ1.


4-tert-Butyl-3-phenyl-2,2-bis(trimethylsilyl)-1,2-dihydro-1,2-phosphasilete
(23): A solution of 4 a (100 mg, 0.23 mmol) in tetrahydrofuran (1 mL) was
stirred for 12 h at 70 8C. After removal of the solvent at 20 8C (10ÿ2 mbar),
the remaining oil was purified by bulb-to-bulb distillation to furnish 23
(70 mg, 80 %) as a colorless oil. Compound 23 is extremely sensitive to
moisture. B.p. 130 8C (10ÿ3 mbar); 1H NMR (C6D6): d� 0.20, 0.35 [each s,
9H, Si(CH3)3], 1.20 (s, 9H, tBu), 3.40 [d, 1J(H,P)� 160 Hz, 1 H, PH], 7.0 ±
7.3 (m, 5 H, phenyl-H); 13C NMR (C6D6): d�ÿ0.6,ÿ0.5 [each s, Si(CH3)3],
30.4 [d, 3J(C,P)� 4 Hz, C(CH3)3], 40.4 [d, 2J(C,P)� 13.3 Hz, C(CH3)3],
125.3, 126.4, 127.8 (each s, phenyl-C), 145.0 [d, 3J(C,P)� 5 Hz, ipso-C],
148.9 [d, 2J(C,P)� 18.9 Hz, C3], 164.8 [d, 1J(C,P)� 17 Hz, C4]; 31P NMR
(C6D6): d�ÿ173.2 [1J(P,H)� 160 Hz].


Crystallographic data : Data collection was performed on a four-circle
diffractometer (Enraf ± Nonius CAD4) with MoKa radiation (l�
0.71073 �) at room temperature. The structures were solved by direct
methods and refined by the full-matrix least-squares method on F with


SHELXTL (Vers. 4.2); molecule plots were obtained with the program XP
from SHELXTL.[41]


Data for 14 : C37H51O2PSi4 (Mr� 671.1), colorless prisms; a� 12.247(4), b�
15.282(5), c� 21.096(6) �, b� 96.20(2)8, V� 3925(2) �3, 1calcd�
1.136 g cmÿ3, monoclinic, P21/n (No. 14), Z� 4, F(000)� 1440, w-scan, m�
0.22 mmÿ1, no absorption correction. In the range 48� 2q� 488 4525
reflections were measured, of which 4386 (Rint� 0.0212) were independent
and 3835 [with I> 1.5s(I)] were used for the refinement; 397 parameters,
R� 0.0626, Rw� 0.1031, residual density: 0.36 and ÿ0.32 e �ÿ3.


Data for 20b : C29H41FeOPSi3 (Mr� 576.7), red prisms; a� 11.561(3), b�
15.343(5), c� 10.504(3) �, a� 99.25(2), b� 111.87(2), g� 106.55(2), V�
1581.1(8) �3, 1calcd� 1.211 g cmÿ3, triclinic, P1Å (No. 2), Z� 2, F(000)� 614, w-
scan, m� 0.66 mmÿ1, no absorption correction. In the range 48� 2 q� 488
4887 reflections were measured, of which 4601 (Rint� 0.0266) were
independent and 4295 [with I >1.5s(I)] were used for the refinement;
316 parameters, R� 0.0430, Rw� 0.0595, residual density: 0.41 and
ÿ0.41 e�ÿ3.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos. CCDC-103 016 (14)
and CCDC-103 015 (20 b). Copies of the data can be obtained free of charge
on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk].
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2H-Imidazol-2-ylidene: New Insights from a Matrix-Spectroscopic Study


Günther Maier* and Jörg Endres[a]


Abstract: Irradiation of 2-diazo-2H-
imidazole (1) in a matrix at 10 K with a
wavelength of l� 313 nm leads to the
rapid loss of nitrogen and the formation
of 2H-imidazol-2-ylidene (2). Upon
photoexcitation of 2H-imidazol-2-yli-
dene (2) with wavelengths longer than
570 nm, 1-cyano-1H-azirene (5) can be
detected, which can be effectively con-


verted into N-cyanoketenimine (4) by
irradiation with a wavelength of l�
254 nm. Irradiation of 2-diazo-2H-imi-
dazole (1) in a xenon matrix generates


the complex 2 ´ Xe between 2H-imida-
zol-2-ylidene and the matrix material. In
CO-doped argon matrices the trapping
product 2H-imidazol-2-ylideneketene
(7) can be observed. On the other hand,
flash vacuum pyrolysis of 1 yields only
imidazole. 2H-Imidazol-2-ylidene (2)
cannot be trapped under thermal con-
ditions.


Keywords: carbenes ´ heterocycles
´ matrix isolation ´ photochemistry
´ quantum-chemical calculations


Introduction


Azacyclopentadienylidenes (azolylidenes) represent an inter-
esting class of reactive intermediates. Several substituted
azolylidenes have been generated by the thermolysis and
photolysis of the corresponding diazo compounds, and their
chemical properties have been studied.[1] Additionally, several
theoretical studies on azolylidenes have been published.[2]


Trapping experiments of 2H-imidazol-2-ylidene (2), gen-
erated by thermolysis or photolysis of 2-diazo-2H-imidazole
(1), with benzene derivatives yielded only C ± H insertion
products, such as 3 (Scheme 1). A [2�1] cycloaddition


Scheme 1. Photolysis or thermolysis of 2-diazo-2H-imidazole (1) and
subsequent trapping with benzene derivatives.


resulting in a norcaradiene-type compound could not be
detected.[1b] 2H-Imidazol-2-ylidene (2) was regarded as a
highly reactive carbene with a strong singlet diradical
character with a very electrophilic carbon atom.[1b]


Matrix-isolation spectroscopy is a very useful tool for the
investigation of reactive intermediates, especially of carbenes,
which can be generated through photolysis from the corre-


sponding diazo compounds.[3] As a continuation of our studies
of 2,3-dihydroimidazol-2-ylidene,[4] we decided to use the
same technique in order to obtain a deeper insight into the
peculiar electronic properties of imidazol-2-ylidene (2).


Results and Discussion


Calculations : The question of the electronic ground state of
carbene 2 is of major interest. Calculations (two configuration
SCF calculations, (TC)SCF/6-31G(d)) performed by Olivella
and co-workers indicate that the electronic ground state of 2 is
a triplet state (3B1) lying 12.9 kcal molÿ1 below the first singlet
state (1A'). This singlet state shows a nonplanar folded
structure.[2a] Calculations carried out by Pasto (MP2/6-
31G(d)//HF/6-31G(d)) revealed that the electronic ground
state of 2 should be a singlet state, with a planar C2v geometry.
The triplet state, which also possesses a C2v geometry, was
calculated to be 9.0 kcal molÿ1 above the singlet state.[2b] More
recent calculations have been published by Whitehead and co-
workers in 1997; however, they used only semiempirical and
ab initio methods at the HF/6-31G(d,p) level.[2c]


Since the published calculations differ with regard to the
ground state of 2H-imidazol-2-ylidene (2), and because our
work is based on the comparison of the calculated with the
experimental matrix IR spectra, we have performed several
additional calculations at the Hartree ± Fock, BLYP, B3LYP,
and the MP2 levels of theory with a standard 6-311�G(d,p)
basis set to describe the ground-state multiplicity, the
geometry, and the vibrational spectrum of 2.[5]


Hartree ± Fock (HF) calculations (HF/6-311�G(d,p)) pre-
dict a triplet ground state (3B1), which lies 33.3 kcal molÿ1


[a] Prof. Dr. G. Maier, Dipl.-Chem. J. Endres
Institut für Organische Chemie der Justus-Liebig-Universität Giessen
Heinrich-Buff-Ring 58, D-35392 Giessen (Germany)
Fax: (�49) 641-99-34309
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beneath the singlet state. The hybrid Density Functional
Theory (DFT) Hartree ± Fock method B3LYP (B3LYP/
6-311�G(d,p)) predicts a singlet ± triplet gap of 1.7 kcal molÿ1


that favors the triplet state. The DFT method BLYP (BLYP/
6-311�G(d,p)) shows a singlet ± triplet gap (DESÿT) of
ÿ1.8 kcal molÿ1 that favors the singlet state.


As far as perturbation theory methods are concerned, MP4
single point calculations (MP4SDTQ(fc)/6-311�G(d,p)//
B3LYP/6-311�G(d,p)) also indicate a remarkable stabiliza-
tion of the singlet state (DESÿT�ÿ7.2 kcal molÿ1).[6]


In all the theoretical studies the calculated geometry of the
singlet state of 2H-imidazol-2-ylidene (S-2) is very similar
(Figure 1). All methods, except BLYP, predict a planar C2v


Figure 1. Calculated (6-311�G(d,p) basis set) distances [pm] and bond
angles [8] of singlet 2H-imidazol-2-ylidene (S-2) [HF values, B3LYP values
(bold), BLYP values (italic), and MP2 values (in parentheses)].


symmetry. The calculated geometry of S-2 is rather astonish-
ing: the wide NCN angle, the very short N ± C2 bond length
(numbering as in 2H-1,3-diazole), and the very small C-N-C
bond angle are conspicuous. The short distances between the
carbenic carbon atom and the carbon atoms in the backbone
(C4 and C5) are also noteworthy. These calculated geo-
metrical features indicate that S-2 is a rather interesting
molecule which cannot be easily described by normal valence
formulas. The calculated bond lengths in the NCN framework
suggest the presence of a cumulenic unit. On the other hand,
the situation is quite different from that of an open-chain
carbodiimide structure. The two bonds between the nitrogen
atoms and the carbon atoms, C4 and C5 cannot be perpen-
dicular but are forced into an eclipsed orientation by the rigid
structure of the five-membered ring. As a result of the
widened angle of the NCN segment one observes a shortening
of the bond distances between the carbenic carbon atom and
the olefinic backbone carbon atoms. In other words: S-2
should be regarded as a strained cumulene rather than a
normal carbene.


Only the DFT method BLYP predicts a nonplanar Cs


symmetry for S-2. The carbenic carbon atom C2 is twisted
out of the plane which is defined by all other atoms. The C2-
N-C4-C5 torsion angle is 5.38.


The geometries of the triplet
state of 2, calculated at the HF,
BLYP, and B3LYP levels of
theory, agree quite well. All
three methods predict a C2v


geometry for T-2 (Figure 2). The calculated structure can
best be described as a triplet carbene in which one of the


Figure 2. Calculated (6-311�G(d,p) basis set) distances [pm], bond angles
[8], and Mulliken spin densities of triplet 2H-imidazol-2-ylidene (T-2) [HF
values, BLYP values (italic), and B3LYP values (bold)].


two electrons is delocalized into the C�N double bonds.
The calculated Mulliken spin densities support this interpre-
tation.


At the MP2 level of theory the triplet state of 2H-imidazol-
2-ylidene (T-2) is still a planar molecule; however, the C2v


symmetry is disturbed. A planar molecule with Cs symmetry is
predicted and all the bonds lengths are different. The
calculated distances and bond angles of T-2 at this level of
theory describe more a triplet allylic diradical than a normal
triplet carbene. This interpretation is also supported by the
corresponding calculated Mulliken spin densities.


C3H2N2 energy hypersurface : Numerous isomers of the
composition C3H2N2 are conceivable, and a few of them have
been calculated within the scope of this work (Figure 3). The
species relevant for the experiments discussed below are the
carbenes 2 and 6, as well as ketenimine 4 and azirene 5.


Photolysis of 2-diazo-2H-imidazole (1) in argon matrices : The
matrix UV spectrum of 2-diazo-2H-imidazole (1) shows only
one absorption at l� 310 nm. In spite of the yellow color of 1,
an absorption in the visible region could not be detected in the
matrix UV spectrum.


Photolysis of 1 with light of the wavelength l� 313 nm
initiated a rapid decrease in the IR absorptions of 1. Some of
the new IR absorptions which resulted are significantly
broader than others. Remarkable are two new absorptions
at nÄ � 1684.7 and 1707.3 cmÿ1, which agree very well with the
strongest calculated IR absorption of singlet 2H-imidazol-2-
ylidene (S-2) (nÄ � 1797 cmÿ1) (Figure 4, Table 1).
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Figure 3. Relative energies (MP4SDTQ(fc)/6-311�G(d,p)//B3LYP/
6-311�G(d,p), zero-point vibrational energy not included) of selected
C3H2N2 isomers.


CIS calculations (CIS/6-311�G(d,p)//B3LYP/6-311�
G(d,p)) of carbene S-2 predict an electronic transition at
l� 401 nm (f� 0.0001). However, the matrix UV spectrum
did not show any absorptions after the photolysis of 2-diazo-
2H-imidazole (1).


On the other hand, secondary irradiation after the photol-
ysis (l� 313 nm) of 1 (formation of 2) with light of wave-
lengths greater than 570 nm resulted in a rapid decrease of the
broadened IR bands. The comparison of these bands with the
calculated IR spectra of triplet and singlet 2H-imidazol-2-
ylidene (2) shows a very good agreement only for the singlet
state (Figure 4, Table 1). It is noteworthy that irradiation of 2
with l> 570 nm or l> 700 nm produces remarkable amounts


of 1 (recapture of N2) and several other IR absorptions
(Figure 4).


Identification of N-cyano-1H-azirene (5): It is well known that
3H-pyrazolylidenes readily isomerize to the corresponding
2H-azirenes.[7] In analogy, it is possible that photoexcitation of
2 results in the formation of a 1H-azirene (5), either directly
or via the intermediate iminocarbene 6 (Scheme 2).


Regitz and co-workers showed that the photolysis of
alkoxy-substituted a-diazoimines yields a-iminocarbenes
of type 6 (alkoxy group at the imino carbon atom), which
can be identified by trapping with a solvent molecule
or by observation of the transformation products, namely


the corresponding ketenimines
or 2-alkoxy-1H-azirenes (de-
tected by matrix IR spectrosco-
py).[8]


In our matrix experiments we
found that after the disappear-
ance of the IR bands of 2H-
imidazol-2-ylidene (2) by irra-
diation (l> 570 nm), which ini-
tiates a partial backreaction to
1, the recorded matrix UV
spectrum shows, as well as the
strong absorption of 2-diazo-
2H-imidazole (1), an additional
absorption at l� 244 nm (Fig-
ure 5). CIS calculations (CIS/
6-311�G(d,p)//B3LYP/6-311�
G(d,p)) of N-cyano-1H-azirene
(5) predict an absorption at l�
208 nm (f� 0.084), which can
be assigned to the observed UV
band at l� 244 nm (Figure 5).


Figure 4. Comparison of a section (nÄ � 2500 ± 500 cmÿ1) of the experimental (Ar, 10 K; bottom) with the
calculated (B3LYP/6-311�G(d,p)) IR spectrum of S-2 (middle) and T-2 (top). The experimental spectrum is a
difference spectrum of the reaction 2!1� 4� 5 upon irradiation with light (l> 570 nm). IR bands with positive
values diminish, while those with negative values are formed during irradiation.


Table 1. Comparison of the calculated (B3LYP/6-311�G(d,p)) IR spec-
trum of 2H-imidazol-2-ylidene (S-2 and T-2) with the experimental (Ar,
10 K) IR absorptions of S-2 (derived from the disappearance of the bands
upon irradiation of S-2 with l> 570 nm).


S-2 T-2[b]


No. Sym. nÄexp [cmÿ1]
(Iexp)[a]


nÄcalcd [cmÿ1]
(Icalcd)


nÄcalcd [cmÿ1]
(Icalcd)


n1 A1 ns, CH ± 3259.8 (0.00) 3213.9 (0.09)
n11 B2 nas, CH ± 3240.1 (0.01) 3201.1 (0.00)
n12 B2 nas, NCN 1707.3/1684.7 (vs) 1797.2 (1.00)[c] 1453.5 (0.49)
n2 A1 nC�C ± 1454.0 (0.05) 1409.8 (0.25)
n3 A1 nNC� dCCN ± 1321.7 (0.01) 1289.6 (0.67)
n13 B2 das, CH (i.p.) 1207.3/1196.7 (m) 1222.1 (0.17) 1196.6 (0.67)
n4 A1 ds, CH (i.p.) 1077.8 (w) 1093.4 (0.06) 1178.2 (0.43
n14 B2 nas, CN ± 1000.7 (0.00) 984.8 (1.00)[d]


n5 A1 ns, CN 979.2/967.7 (s) 995.0 (0.26) 978.0 (0.01)
n7 A2 das, CH (o.o.p.) ± 792.2 (0) 881.5 (0.00)
n6 A1 dNCN 718.1 (m) 740.6 (0.18) 866.3 (0)
n15 B2 dring (i.p.) ± 717.8 (0.02) 783.3 (0.07)
n9 B1 dring (o.o.p.) 672.9/670.0 (s) 704.1 (0.21) 777.0 (0.45)
n8 A2 dring (o.o.p.) ± 584.4 (0) 676.0 (0.00)
n10 B1 dring (o.o.p.) ± 235.2 (0.12) 548.0 (0)


[a] vs�Very strong, s� strong, m�medium, w�weak; i.p.� in-plane,
o.o.p.� out-of-plane. [b] Numbering, symmetry, and approximate descrip-
tion are not suitable for the vibrations of T-2. [c] Calculated absolute
intensity: 263.8 km molÿ1. [d] Calculated absolute intensity: 79.6 km molÿ1.
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Scheme 2. Possible pathways to 1H-azirene (5) by the photoexcitation of 2.


Figure 5. Matrix UV spectrum (Ar, 10 K) after the secondary photolysis
(l> 570 nm) of 2.


Subsequent irradiation (l� 254 nm) results in a rapid
decrease of some of the IR bands which were present after
the irradiation of 2 with l> 570 nm. These diminishing IR
bands can be assigned to N-cyano-1H-azirene (5, Figure 6,
Table 2). The resulting photoproduct shows two very strong
absorptions at nÄ � 2049 and 734 cmÿ1, respectively, indicating
the formation of a ketenimine. The calculated IR spectrum of
N-cyanoketenimine (4) and the experimental matrix IR
spectrum are in very good agreement (Figure 6, Table 3).


Annealing experiments in ar-
gon matrices : 2-Diazo-2H-imi-
dazole (1) was photolyzed with
l� 313 nm until there were no
longer even traces of 1, but only
2, 4, and 5 were observed in the
IR spectrum. The matrix was
then annealed at 25 K for
30 min. The surprising result
was a nearly complete backre-
action of 2 to 1 (Figure 7).
Diffusion processes in argon
matrices can normally be ob-
served at temperatures above
30 K. In the present case the
photochemically generated 2 re-
captures the nitrogen which is in
the same matrix cage. In order
to exclude any photoexcitation
by normal daylight, the anneal-
ing experiments were carried
out in complete darkness.


Scheme 3. Photoreactions of 2 and its derivatives.


Obviously, the nitrogen molecule, which is evolved during
the photolysis of 1, forms a complex with 2, which can explain
the unusual halfwidth of the observed IR bands of 2.
Irradiation of 1 (l� 313 nm) at 30 K instead of 10 K was
performed in order to allow the split-off nitrogen molecule to
leave the matrix cage. This led to IR bands of 2 with a much
smaller halfwidth.


The main IR band of 2 (calcd: nÄ � 1797 cmÿ1) in the
experimental spectrum is split into two distinct bands at nÄ �
1685 and 1707 cmÿ1. This effect can be explained by Fermi
resonance between the combination signal of n6 and n14 and
the fundamental vibration n12.


Photolysis of 2-diazo-2H-imidazole (1) in nitrogen matrices :
Irradiation of 1 (l� 313 nm) in nitrogen matrices led to a


Figure 6. Comparison of the experimental (Ar, 10 K; middle) with the calculated (B3LYP/6-311�G(d,p)) IR
spectrum of 5 (bottom) and 4 (top). The experimental spectrum is a difference spectrum of the reaction 5!4
upon irradiation (l� 254 nm). IR bands with negative values diminish, while those with positive values are
formed during irradiation (*� 2� n7).
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decomposition of the precursor which was four times slower.
However, no traces of 2 were detected. The photolysis gave
only N-cyano-1H-azirene (5) and N-cyanoketenimine (4) as


observable products (Figure 8, Tables 2 and 3). The observed
photochemistry of 5 in nitrogen matrices (irradiation with l�
254 nm and conversion into 4) is the same as in argon
matrices. Obviously, 2H-imidazol-2-ylidene (2) attacks a
nitrogen molecule from the matrix material during the
irradiation with l� 313 nm, and the steady-state concentra-
tion of 2 remains too low for detection. The reaction with
nitrogen is typical for very reactive carbenes, such as
methylene.[9]


The use of 15N-labeled nitrogen as the matrix material
revealed that after a very short irradiation time (l� 313 nm,
<2 min), additional IR bands were observed, which can be
assigned to [15N2]-2-diazo-2H-imidazole ([15N2]1). This experi-
ment proves that 2 readily recaptures nitrogen from the
matrix material.


Photolysis of 2-diazo-2H-imidazole (1) in xenon matrices :
Irradiation (l� 313 nm) of 1 in xenon matrices led to several
new IR bands, from which one at nÄ � 707 cmÿ1 shows an
unusual broadness. After irradiation with l> 570 nm this IR
band decreased, as did some other IR bands (Figure 9,
Table 4). The products of the secondary photochemical
conversion with l> 570 nm are the same as those in an argon
matrix (N-cyano-1H-azirene (5) and N-cyanoketenimine (4)).


Evidently, the species of the primary photolysis of 1 in a
xenon matrix is also 2H-imidazol-2-ylidene (2). Our experi-
ments carried out in an argon matrix show a pair of bands for 2
at nÄ � 1685 and 1707 cmÿ1 (Table 1) which cannot be observed
in a xenon matrix. However, a pair of bands can be observed


at nÄ � 1496.1 and 1520.5 cmÿ1


(Table 4). The experiments in
an argon matrix clearly show
that 2 readily undergoes com-
plexation with electron donors,
such as nitrogen, which leads to
the broadening of the IR bands.
The calculations show that the
LUMO of 2 has a significantly
large coefficient at the carbenic
carbon atom, which allows the
facile formation of a donor ±
acceptor complex with elec-
tron-donating atoms or mole-
cules, such as xenon or nitro-
gen. It has recently been shown
that xenon also forms com-
plexes with electron acceptors,
such as C2


[10] or difluorvinyli-
dene.[11]


Our calculations strongly in-
dicate the formation of the
complex 2 ´ Xe. The calculated
stabilization energy for this 1:1
complex is ÿ3.3 kcal molÿ1


(B3LYP/LANL2DZ, Figure
10).[12] It is noteworthy that the


N-C-N angle becomes smaller through the complexation with
xenon. This effect causes a significant shift of the N-C-N
stretching vibration from �1707 cmÿ1 (2) to �1520 cmÿ1


Table 2. Comparison of the calculated (B3LYP/6-311�G(d,p)) IR spec-
trum of N-cyano-1H-azirene (5) with the experimental (Ar, N2, 10 K)
absorptions of 5 (derived from the disappearance of 5 upon irradiation with
l� 254 nm).


No. Sym. nÄexp [cmÿ1] (Iexp)[a] nÄcalcd [cmÿ1] (Icalcd)


n1 A' ns, CH Ar: 3235.1 (w) 3364.0 (0.07)
N2: 3233.6 (w)


n10 A'' nas, CH Ar: 3185.7/3183.1 (s) 3297.7 (0.46)
N2: 3183.7/3181.6 (s)


n2 A' nCN Ar: 2207.4 (s) 2300.0 (1.00)[b]


N2: 2217.6/2207.4 (vs)
n3 A' nC�C Ar: 1712.6 (w) 1792.0 (0.10)


N2: 1714.1 (w)
n4 A' nN±C Ar: 1051.8 (m) 1088.5 (0.60)


N2: 1049.0 (s)
n5 A' ds, CH (i.p.) Ar: 960.0 (w) 985.6 (0.06)


N2: 961.8 (w)
n11 A'' das, CH (i.p.) Ar: 958.0 (w) 982.6 (0.10)


N2: ±
n6 A' nN±C�ds, CH (i.p.) Ar: 803.2 (w) 822.2 (0.10)


N2: 803.2 (w)
n12 A'' das, CH (o.o.p.) ± 765.8 (0.01)
n13 A'' dNCN Ar: 636.7 (vw) 661.6 (0.05)


N2: 635.0 (w)
n7 A' dNCN� ds, CH (o.o.p.) Ar: 613.6 (m) 643.2 (0.31)


N2: 618.8 (w)
n8 A' dNCN� ds, CH (o.o.p.) Ar: 562.8 (m) 585.0 (0.62)


N2: 580.7/571.3 (m)
n14 A'' dring Ar: ± 475.0 (0.00)


N2: ±
n15 A'' dring ± 232.5 (0.02)
n9 A' dring ± 226.5 (0.11)


[a] vs�Very strong, s� strong, m�medium, w�weak. [b] Calculated
absolute intensity: 99.9 km molÿ1.


Table 3. Comparison of the calculated (B3LYP/6-311�G(d,p)) IR spectrum of N-cyanoketenimine (4) with the
experimental (Ar, N2, 10 K) absorptions of 5 (derived from the appearance of 4 upon irradiation of 5 with l�
254 nm).


No. Sym. nÄexp [cmÿ1] (Iexp)[a] nÄcalcd [cmÿ1] (Icalcd)


n11 A'' nas, CH Ar: 3136.4 (vw) 3234.5 (0.01)
N2: 3123.3 (vw)


n1 A' ns, CH Ar: 3044.7 (w) 3149.0 (0.04)
N2: 3035.4 (w)


n2 A' nCN Ar: 2267.0/2249.7/2232.8 (m) 2330.3 (0.18)
N2: 2253.8/2235.9 (m)


n3 A' nCCN Ar: 2048.9 (vs) 2128.7 (1.00)[b]


N2: 2041.8 (vs)
n4 A' dCH2


± 1441.1 (0.01)
n5 A' CH2 rock� dCNC Ar: 1222.0 (vw) 1276.8 (0.03)


N2: 1221.6 (w)
n12 A'' CH2 rock ± 971.5 (0.00)
n6 A' nCN� dCNC Ar: 857.9 (vw) 882.9 (0.02)


N2: 862.5 (vw)
n7 A' wCH2


Ar: 733.5 (m) 761.1 (0.15)
N2: 749.9/747.3 (m)


n13 A'' wCH2
�dNCN ± 638.8 (0.00)


n8 A' dNCN�dCCN Ar: 596.3 (vw) 606.9 (0.02)
N2: 601.4 (vw)


n9 A' dNCN�dCCN ± 465.0 (0.01)
n14 A'' CH2 def.�dCCN ± 404.1 (0.00)
n15 A'' CH2 def. ± 316.7 (0.01)
n10 A' dCCN ± 145.2 (0.00)


[a] vs�Very strong, s� strong, m�medium, w�weak, vw� very weak. [b] Calculated absolute intensity:
614.6 km molÿ1.
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(2 ´ Xe). The calculated IR spec-
trum for the complex 2 ´ Xe is in
acceptable agreement with the
observed IR spectrum of 2 in a
xenon matrix (Figure 9, Ta-
ble 4). The broad IR absorption
at nÄ � 707 cmÿ1 is the result of
an overlap of three bands,
which are broadened, like all
the other observed IR transi-
tions. This leads to the observed
unusual shape.


The identification of xenon
complex 2 ´ Xe is reminiscent of
the stable halonium ylides of
4,5-dicyano-2H-imidazol-2-yli-
dene, formed by the reaction of
the corresponding diazo com-
pound with C6H5X (X�Cl, Br,
I),[13] and of the same type of
ylides which result from accept-
or-substituted diazocyclopenta-
dienes.[14, 15]


Photolysis of 2-diazo-2H-imi-
dazole (1) in argon matrices
doped with CO : As we men-
tioned above, 2H-imidazol-2-
ylidene (2) has a low-lying LU-
MO. Therefore, 2 readily reacts
with electron donors so that it
should be possible to trap 2 with
CO to form ketene 7.


The photolysis (l� 313 nm)
of 1 in CO-doped argon matri-
ces (5 vol%) led to the rapid
decomposition of 1. In addition
to the absorptions of the usual
photoproducts (2H-imidazol-2-
ylidene (2), N-cyano-1H-azir-
ene (5), and N-cyanoketeni-
mine (4)) several new IR bands
could be registered. The most
characteristic one is an IR ab-
sorption nÄ � 2156.0 cmÿ1, which
can best be explained by the
formation of ketene 7 (Fig-
ure 11, Table 5).


Flash vacuum pyrolysis of 2-di-
azo-2H-imidazole (1): Com-
plete thermal deazotization of
1 was achieved at 700 8C. The
main product trapped on the
matrix window cooled to 10 K
was imidazole. Obviously, un-
der the conditions used two
hydrogen atoms are captured
by 2.


Figure 7. Experimental (Ar, 10 K) difference spectrum after annealing the matrix (15 min, 25 K). IR bands with
negative values diminish, while those with positive values are formed during the annealing process.


Figure 8. Experimental (nitrogen, 10 K) difference spectrum after irradiation (l� 313 nm, 10 min) of 1. IR bands
with negative values diminish, while those with positive values are formed during irradiation.


Figure 9. Comparison of a section (n� 2500 ± 500 cmÿ1) of the experimental (xenon, 10 K; bottom) with the
calculated (B3LYP/LANL2DZ) IR spectrum of 2 ´ Xe (top). The experimental spectrum is a difference spectrum
of the photoreaction 2!1� 4� 5 upon irradiation (l> 570 nm). IR bands with positive values diminish, while
those with negative values are formed during irradiation.
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Conclusions


The singlet ground state of 2H-imidazol-2-ylidene (2) pos-
sesses an unusual structure, which can best be represented by
formula S-2. It is possible to use the matrix IR spectrum to
determine its multiplicity. S-2 is a highly reactive electrophile,
as demonstrated, firstly, by the thermal addition of nitrogen at
25 K to give 1, secondly, by the addition of carbon monoxide
to yield 2H-imidazol-2-ylideneketene (7), and thirdly, by the
formation of the complex 2 ´ Xe in xenon matrices. Irradiation
(l> 570 nm) of 2 in the presence of a nitrogen molecule in the
same matrix cage also results in the recapture of nitrogen.
Parallel to this reaction, a photochemically induced rear-
rangement of S-2 to N-cyano-1H-azirene (5) occurs, which can
be transformed into N-cyanoketenimine (4) by subsequent
irradation (l� 254 nm).


Experimental Section


Matrix isolation spectroscopy : Cryo-
stat: displex closed cycle refrigeration
system HC-2 from APD. Spectrome-
ters: IR: FT-IR spectrometer IFS 55
from Bruker, resolution 0.7 cmÿ1; di-
ode array spectrometer HP 8453 from
Hewlett ± Packard (190 ± 1100 nm,
1 diode nmÿ1). Light sources: Mercury
high-pressure lamp HBO 200 from
Osram with monochromator or cutoff
filters and a mercury low-pressure
spiral lamp from Gräntzel.


2-Diazo-2H-imidazole (1): Prepared
according to the literature proce-
dure.[16] Imidazole 1 was used for the
matrix-isolation experiments without
further purification. Matrix-isolated
samples were prepared by sublimation
of 1 at ÿ30 8C and deposition on a CsI
window at 10 K together with a large
excess of inert gas.


Figure 10. Calculated (B3LYP/LANL2DZ) distances [pm] and bond
angles [8] of 2 ´ Xe (values of S-2 at the same level of theory in parentheses).


Flash vacuum pyrolysis : Imidazole 1 was evaporated from a trap at ÿ30 8C
and passed through a quartz tube (i.d.: 10 mm; length of heated zone:
50 mm) at 700 8C. The reaction products were matrix-isolated with a large
excess of argon at 10 K immediately after leaving the hot zone.
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n14 B2 nNCN 1520.5/1496.1 (w) 1493.8 (0.86)
n2 A1 nCC ± 1416.1 (0.00)
n15 B2 das, CH (i.p.) 1228.1 (w) 1248.7 (0.21)
n3 A1 dNCN� nNC 1173.3 (m) 1221.3 (1.00)[b]


n4 A1 das, CH (i.p.)� nCN ± 1102.3 (0.03)
n16 B2 nas, CN ± 1064.7 (0.00)
n5 A1 ds, CH (i.p.) 952.5 (m) 1049.5 (0.22)
n8 A2 das, CH (o.o.p.) ± 840.4 (0)
n17 B2 dring (i.p.) 707 (vs, br) 814.2 (0.19)
n10 B1 ds, CH (o.o.p.) 707 (vs, br) 779.3 (0.30)
n6 A1 dNCN 707 (vs, br) 755.8 (0.66)
n9 A2 dring (o.o.p.) ± 597.7 (0)
n11 B1 dring (o.o.p.) ± 336.3 (0.02)
n18 B2 dXe±ring (o.o.p.) ± 155.0 (0.00)
n12 B1 dXe±ring (o.o.p) ± 117.3 (0.01)
n7 A1 nXe±ring ± 100.5 (0.07)


[a] vs�Very strong, s� strong, m�medium, w�weak, vw� very weak,
br� broad. [b] Calculated absolute intensity: 301.9 km molÿ1.


Figure 11. Comparison of the experimental (Ar with 5 vol % CO, 10 K) difference spectrum after 2 min
irradiation of 1 with l� 313 nm (bottom) and the calculated (B3LYP/6-311�G(d,p)) IR spectrum of 7 (top). IR
bands with negative values diminish, while those with positive values are formed during the irradiation.
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Table 5. Comparison of the calculated (B3LYP/6-311�G(d,p)) IR spectrum of the 2H-imidazol-2-ylidene-
ketene (7) with the experimental (Ar, 10 K) observed IR absorptions of 7.


No. Sym. nÄexp [cmÿ1] (Iexp)[a] nÄcalcd [cmÿ1] (Icalcd)


n1 A' ns, CH ± 3223.2 (0.10)
n3 A' nas, CH ± 3208.1 (0.02)
n3 A' nCCO 2156.0 (vs) 2244.4 (17.60)
n4 A' nas, NC ± 1516.3 (0.08)
n5 A' nCC� ns, NC ± 1429.8 (0.01)
n6 A' ds, CH (i.p.) 1352.4 (m) 1379.2 (1.00)[b]


n7 A' ns, NC� nCC 1264.9 (m) 1300.2 (0.81)
n8 A' dNCN� das, CH (i.p.) 1220.8 (w) 1288.7 (0.04)
n9 A' das, CH (i.p.)�dNCN 1171.7 (w) 1192.5 (0.38)
n10 A' nCC 1009.7 (w) 1033.7 (0.36)
n11 A' dNCN 921.5 (m) 941.3 (0.75)
n12 A' dCCN ± 940.6 (0.20)
n16 A'' das, CH (o.o.p.) ± 918.0 (0.00)
n17 A'' ds, CH (o.o.p.) 848.9 (m) 867.0 (0.52)
n18 A'' dring ± 675.0 (0.05)
n13 A' dCCO (i.p.) 617.1 (m) 639.6 (0.32)
n19 A'' dring ± 625.7 (0.00)
n14 A' dNCN ± 605.2 (0.02)
n20 A'' dCCO (o.o.p.) 517.3 (w) 534.9 (0.24)
n15 A' dring ± 163.4 (0.00)
n21 A'' dring ± 152.2 (0.05)


[a] vs�Very strong, s� strong, m�medium, w�weak, vw� very weak. [b] Calculated absolute intensity:
72.4 km molÿ1.








A Computational Study of Two-State Conformational Changes in 16-Electron
[CpW(NO)(L)] Complexes (L�PH3, CO, CH2, HCCH, H2CCH2)


Kevin M. Smith,[a] Rinaldo Poli,*[a] and Peter Legzdins[b]


Abstract: Electronically and coordina-
tively unsaturated [Cp*W(NO)(L)]
complexes have been postulated as in-
termediates in several related systems.
Model [CpW(NO)(L)] compounds (L�
PH3, CO, CH2, H2CCH2, HCCH) have
been investigated theoretically by
means of density functional theory com-
putational techniques. The structural
parameters calculated for saturated
[CpW(NO)(PH3)(L)] complexes are in
good agreement with the solid-state
molecular structures determined crys-
tallographically for the corresponding
[Cp*W(NO)(PMe3)(L)] compounds. The
16-electron, singlet [CpW(NO)(L)] spe-
cies have geometries comparable to
those of the same fragment in the


phosphine adducts and include a highly
pyramidal conformation at W. The en-
ergy of the triplet spin state is calculated
to be close to or even lower than that of
the singlet state for these unsaturated
compounds, and depends largely on the
p-bonding capabilities of L (DEsÿt�
DEtÿDEs�ÿ3.3 kcalmolÿ1 (PH3), �2.8
(CO), �2.4 (CH2), �6.3 (H2CCH2),
ÿ2.3 (HCCH)). The optimization of
partially constrained structures in both
spin states allows for a conformational
analysis of the [CpW(NO)(L)] species.


The inversion of the conformation of the
pyramidal singlet [CpW(NO)(L)] com-
plexes via the planar-at-W triplet species
(two-state pathway) is calculated to be
competitive with the equivalent process
solely along the singlet spin hypersur-
face. Rotation of the W ± CH2 bond in
the singlet carbene species is also found
to proceed more readily via a two-state
pathway. The preferred alkyne confor-
mation, the unusually stable triplet
states, and the strong W-to-L p-donation
observed in these systems may all be
rationalized by the relatively high ener-
gies of the occupied orbitals of the
formally W0 compounds.


Keywords: density functional calcu-
lations ´ ligand effects ´ pi interac-
tions ´ spin crossover ´ tungsten


Introduction


The outcome of organometallic reactions often appears to be
dictated by a delicate balance of steric and electronic effects.
Seemingly minor variations can lead to disconcertingly
disparate modes of reactivity. When the key intermediate in
the reaction of interest cannot be directly observed by
spectroscopy, even identifying which factors may be impor-
tant can be difficult. In such cases, a combined experimental
and theoretical approach may provide valuable insights.
Recent developments in advanced computational techniques
have facilitated the study of transition metal containing
complexes by the use of models that accurately mimic the
actual compounds.[1] The theoretical analysis can help to


identify critical effects, which can then be probed experimen-
tally.


One such variable in organotransition-metal chemistry that
has recently been studied with this type of combined
computational and synthetic investigation is spin state.[2, 3]


Unsaturated, open-shell compounds capable of existing in
more than one spin state are often implicated as intermediates
in organometallic reactions, yet the relative energies of the
possible electronic configurations are only rarely consid-
ered.[4±7] The relationships between spin state and other
crucial factors, such as steric interactions, p-bonding effects,
and overall geometry of the complex, have also only begun to
be examined experimentally and theoretically.[8±13]


The computational studies described in this paper explore
these effects for [CpW(NO)(L)] compounds, where L�PH3,
CO, CH2, H2CCH2, and HCCH. The phosphine, alkyne, and
carbene complexes are models for postulated yet unobserved
[Cp*W(NO)(L)] species generated by the thermolytic reduc-
tive elimination of SiMe4 or CMe4 from [Cp*W(NO)(PMe3)-
(CH2SiMe3)H],[14] [Cp*W(NO)(CH2SiMe3)(CPh�CH2)],[15, 16]


[Cp*W(NO)(CH2CMe3)2],[17] or from the deorthometallation
of [Cp*W(NO)(h2-Ph2PC6H4)H].[18] Although analogous al-
kene compounds have not been generated directly, they have
been proposed as intermediates in the intermolecular CÿH
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bond activation reactions of the carbene and alkyne com-
plexes.[15, 17] The [CpW(NO)(CO)] model complex was exam-
ined in order to extend the range of p-bonding properties of L,
as well as to investigate the possible utility of the photolysis of
[Cp*W(NO)(CO)2] as an alternative route to reactive
[Cp*W(NO)(L)] species.[7]


The [CpW(NO)(PH3)(L)] compounds were investigated
first in order to compare ligand effects in a relatively
uncomplicated context. Subsequently, the geometries and
energies of [CpW(NO)(L)] species were optimized without
constraints in both the singlet and triplet spin states. The
energies and bonding character of the frontier orbitals of each
of these species were examined to rationalize the relative
energies and varying structural parameters of the two spin
states. Calculations were then performed on various partially
constrained structures in order to evaluate the effects of
ligand rotation and different degrees of pyramidalization at
the metal center, and the barriers to interconversion of the
singlet and triplet spin states were estimated. By this
combination of geometric and energetic optimization, con-
formational examination, and frontier orbital analysis, a more
complete understanding of the bonding in the critical
[Cp*W(NO)(L)] intermediates was obtained, which may
ultimately be employed to devise new synthetic strategies
for the selective tuning of the reactivity of these species.
Preliminary results on the [CpW(NO)(PH3)] system have
been recently communicated.[13]


Computational Details


All the electronic structure and geometry optimization calculations were
performed with Gaussian 94[19] on an SGI Origin 200 workstation. The
LanL2DZ basis set was employed to perform geometry optimizations with
a density functional theory (DFT) approach. The B3LYP functional
(B3LYP� the three-parameter form of the Becke, Lee, Yang, and Parr
functional)[20] was employed. The LanL2DZ basis set includes both
Dunning and Hay�s D95 sets for H and C[21] and the relativistic core
potential sets of Hay and Wadt for the heavy atoms.[22±24] Electrons outside
the core were all those for H, C, N, and O, the 5s, 5p, 5d, and 6s electrons for
W and the 3s and 3p electrons for P. The mean value of the first-order
electronic wavefunction, which is not an exact eigenstate of S2 for
unrestricted calculations on the triplet systems, was considered suitable
for the unambiguous identification of the spin state. Spin contamination
was carefully monitored and the value of < S2> for the UB3LYP
(UB3LYP�unrestricted B3LYP) calculations on the triplet [CpW(NO)(L)]
systems at convergence (L�PH3, 2.0262; CO, 2.0171; CH2, 2.0112;
H2CCH2, 2.0075; HCCH, 2.0071) indicated minor spin contamination.
The energies shown in the Results and Discussion section correspond to
UB3LYP calculations for the triplet [CpW(NO)(L)] species, and to
restricted B3LYP calculations for the singlet [CpW(NO)(L)] and
[CpW(NO)(PH3)(L)] species.


Ground-state energies for both singlet and triplet states were based on
complete geometry optimizations. For each complex, the geometry was
optimized starting from several different initial structures in order to avoid
convergence to a false minimum. For the ligand rotation studies of
[CpW(NO)(CH2)] and [CpW(NO)(HCCH)], the H-C-W-N or C-C-W-N
dihedral angle, respectively, was fixed and the remainder of the structure
was permitted to optimize freely. For the conformation-at-W studies of
[CpW(NO)(PH3)], [CpW(NO)(CO)], and [CpW(NO)(CH2)], several
approaches were evaluated. The geometries of the planar-at-W singlet
[CpW(NO)(L)] species were optimized with imposed Cs symmetry, and
converged successfully. For nonplanar singlet and triplet [CpW(NO)(L)]
complexes, however, single-point calculations based on appropriately
modified ground-state geometries gave unrealistically inflated energies:


for example, the inversion barrier for singlet [CpW(NO)(PH3)] was
calculated to be 20.0 kcal molÿ1, a value almost four times greater than that
obtained by the use of a less restrictive approach (vide infra). Next, the C5


ring of the Cp ligand was fixed as a regular pentagon with a dummy atom
set at CNT (CNT�midpoint of the Cp ring), the degree of pyramidaliza-
tion was set at a specific N-W-CNT-L angle (f), and the geometry was
optimized with no other restrained parameters. After our preliminary
report on the [CpW(NO)(PH3)] energies calculated with this fixed
pentagonal Cp method,[13] lower energies were obtained by imposing a
local Cs symmetry on the [CpW(NO)] fragment, fixing the L-CNT-W-N
angle (f), and allowing the remaining structural parameters to optimize
freely. Even this final, more flexible scheme imposes sizable restrictions on
the compounds which occasionally prevented the attainment of complete
geometric convergence. However, since these values were necessary in
order to estimate the spin-crossover geometries and were not otherwise
used in the analysis of the [CpW(NO)(L)] species, this admittedly
imperfect technique was employed as the best available option.


The energies, occupancies, and spatial plots of the molecular orbitals were
obtained from the B3LYP calculations with Moldenv3.2.[25] For the triplet
[CpW(NO)(L)] species, the orbital energies were taken as an average of
the a and b orbitals. For consistency, the bonding character of these orbitals
was assessed on the basis of the b orbital in each case for the triplet model
compounds.


Results and Discussion


[CpW(NO)(PH3)(L)]: 18-e phosphine adducts: Although
[Cp*W(NO)(L)] species have yet to be spectroscopically
observed, in several cases they have been trapped, isolated,
and structurally characterized as PMe3 adducts.[17, 18, 26] Two
decades ago, Hoffmann and co-workers described the theo-
retical basis for the conformational preferences exhibited by
such [CpM(L)(L')X] compounds.[27, 28] These preferences have
been extensively studied for [CpRe(NO)(PPh3)(L)]� com-
plexes,[29±31] and have recently been observed for [Cp*W-
(NO)(PPh3)(L)] compounds.[18] Calculations were therefore
performed on [CpW(NO)(PH3)(L)] in order to make com-
parisons with the previous crystallographic, theoretical, and
spectroscopic results. Employing 18-electron [CpW(NO)-
(PH3)(L)] models also allows the bonding properties of the
various L groups to be directly compared in the absence of
additional complicating factors due to the spin state or the
conformation at the metal (vide infra). Other [CpM(NO)]-
containing compounds (M�Mo, W) have previously been
examined with Fenske ± Hall molecular orbital calcula-
tions.[32±35]


The optimized geometries of the singlet [CpW(NO)-
(PH3)(L)] species are depicted in Figure 1. Only a minimal
variation in the geometry of the [CpW(NO)(PH3)] fragment
is observed between the various complexes, as shown by the
structural parameters given in Table 1. The structural param-
eters of the phosphine, carbene, and alkene complexes are
quite close to those found in the corresponding [Cp*W-
(NO)(PMe3)(L)] compounds which have been structurally
characterized by X-ray crystallography.[17, 18, 26] The W ± L, W ±
P, and W ± NO bond lengths are within �0.052 � of the
experimental values, while the bond angles are within �68.
The larger variation observed for the bond angles is likely to
be the result, at least in part, of the greater steric demands of
the ligands in the experimental [Cp*W(NO)(PMe3)(L)]
compounds, compared to the [CpW(NO)(PH3)(L)] model
complexes.
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Figure 1. Optimized geometries of [CpW(NO)(PH3)(L)] (L�PH3, CO,
CH2, H2CCH2, HCCH).


Of particular note is the relative orientation of the CH2 and
C2Hn (n� 2, 4) ligands with respect to the W ± NO axis, as
indicated by the H-C-W-N and C-X-W-N dihedral angles,
respectively (X�midpoint of C ± C vector). The preferred
orientations are the result of competition between ligands for
the available p-symmetry orbitals.[27, 28, 36] The energies and
bonding character of the frontier orbitals of the [CpW-
(NO)(PH3)(L)] compounds are depicted in Figure 2. The
three filled orbitals (represented schematically as A, B, and C
in Figure 3) are of p-symmetry with respect to the NO, PH3,
and L ligands, and are analogous to the t2g orbitals of
octahedral [ML6] compounds. All the 18-e [CpW(NO)-
(PH3)(L)] complexes display a large HOMO ± LUMO gap,
typical of stable, d6, pseudooctahedral [CpM(L)3] compounds.


The THOMO (THOMO� third-highest occupied molec-
ular orbital) and SHOMO (SHOMO� second-highest occu-
pied molecular orbital) of [CpW(NO)(PH3)2] are the mutually
orthogonal W ± NO p-back-bonding orbitals (B and C in
Figure 3) lying in and perpendicular to the pseudo-Cs plane of
the complex, respectively. The corresponding W± NO p-anti-
bonding orbitals are the LUMO and SLUMO (SLUMO�
second-lowest unoccupied molecular orbital) of the complex.
The HOMO of [CpW(NO)(PH3)2] lies on the plane orthog-
onal to the W ± NO axis (A in Figure 3), and has the highest


Figure 2. Frontier orbital energies of [CpW(NO)(PH3)(L)] (L�PH3, CO,
CH2, H2CCH2, HCCH).
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Figure 3. Schematic representation of frontier orbitals of [CpW(NO)-
(PH3)(L)] (L�CO, CH2, H2CCH2, HCCH) (metal-based component
only).


energy of all the [CpW(NO)(PH3)(L)] HOMOs in Figure 2.
Although the HOMO is of p-symmetry with respect to both
phosphine ligands, the PH3 groups are incapable of forming an
effective p-bonding interaction with the metal and thus the
orbital remains metal-centered, nonbonding, and relatively
high in energy.


[CpW(NO)(CO)(PH3)] lacks the Cs symmetry of [CpW-
(NO)(PH3)2] and, as expected, the orbitals of the carbonyl
species adopt a different orientation in response to this
electronic asymmetry.[28, 37] The HOMO still corresponds to A,
but is now engaged in p-bonding to the CO ligand. The
SHOMO and THOMO correspond to B and C, respectively.
All three occupied orbitals are lower in energy than the
bonding orbitals in [CpW(NO)(PH3)2], as a result of stabiliz-
ing p-backbonding interactions with both the nitrosyl and
carbonyl ligands. However, since the CO group has two
orthogonal p-acceptor orbitals, the LUMO is also lowered in
energy as it is W ± CO p bonding in character in addition to
being W ± NO p-antibonding (Figure 4). As a result, [CpW-
(NO)(CO)(PH3)] has a smaller HOMO ± LUMO gap than
the other [CpW(NO)(PH3)(L)] complexes.


Table 1. Selected bond lengths [�] and angles [8] for [CpW(NO)(PH3)(L)].


L�PH3 L�CO L�CH2 L�HCCH L�H2CCH2


CNT ± W 2.055 2.088 2.137 2.137 2.113
W ± PH3 2.455 2.493 2.503 2.507 2.496
W ± L 2.455 1.950 1.952 2.037 2.101
W ± NO 1.803 1.808 1.787 1.787 1.784
N ± O 1.250 1.239 1.252 1.255
C ± O 1.198
C ± C' 1.313 1.461


CNT-W-PH3 121.78 120.92 120.53 116.55 116.75
CNT-W-NO 128.03 129.17 130.81 123.99 126.70
CNT-W-L 121.78 120.74 118.08 120.21 121.89
PH3-W-L 88.82 90.68 92.66 97.93 96.62
PH3-W-NO 93.19 92.75 88.91 88.75 90.31
L-W-NO 93.19 92.91 96.61 102.56 96.85
W-N-O 175.49 175.96 177.86 176.69 175.77


N-W-CNT-L ÿ 124.6 124.1 129.3 ÿ 134.1 ÿ 129.7
N-W-CNT-P 124.6 ÿ 124.0 ÿ 118.7 107.9 112.5
H-C-W-N ÿ 166.9
C-C'-W-N 84.5 83.4
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This overabundance of ligand
p-bonding capability is not
present in [CpW(NO)(CH2)-
(PH3)], as the carbene group
possesses only one p-symmetry
orbital. The observed near-pla-
narity of the H2C-W-NO unit
allows the CH2 ligand to inter-
act with orbital A. This p inter-
action is apparently quite
strong and results in a very
low energy W ± CH2 p-bonding


combination (the THOMO of [CpW(NO)(CH2)(PH3)] in
Figure 2). The SHOMO and HOMO are p-bonding to NO,
and have approximately the same energy as the corresponding
nitrosyl p-backbonding orbitals in the 18-e diphosphine (the
THOMO and SHOMO of [CpW(NO)(PH3)2]). The W ± CH2


p-antibonding orbital forms the LUMO of [CpW(NO)-
(CH2)(PH3)], while the SLUMO is W ± NO p antibonding
in character.


A similarly neat division of the available p-symmetry
orbitals is also observed for [CpW(NO)(H2CCH2)(PH3)]. As
in the carbene species, the HOMO and SHOMO are W ± NO
p-bonding while the LUMO and SLUMO are W ± NO p-
antibonding. Again, the close energy match between the
alkene acceptor orbital and orbital A leads to an efficient p-
bonding interaction, to form the THOMO of the complex
(Figure 5). [CpW(NO)(H2CCH2)(PH3)] has the greatest
HOMO ± LUMO gap of all the compounds in Figure 2.


Figure 5. THOMO of [CpW(NO)(H2CCH2)(PH3)].


The bonding situation is more complicated for [CpW-
(NO)(HCCH)(PH3)] as a consequence of the filled alkyne
orbital, the p? orbital, which is of p symmetry with respect to
the tungsten ± alkyne bond.[38] As in [CpW(NO)(H2CCH2)-
(PH3)], the W ± L p-backbonding interaction is the THOMO
of the alkyne compound and has the lowest energy of all the
W ± L p orbitals in Figure 2. Although the SHOMO and
HOMO are both W ± NO p-bonding in character, the HOMO
(which corresponds to orbital C in Figure 3) is destabilized by
a p-antibonding interaction with the filled alkyne p? orbital,
which leads to a comparatively small HOMO ± LUMO gap.
As both bonding and antibonding combinations are occupied,
no net alkyne-to-W p-donation occurs.


[CpW(NO)(L)] (L�PH3, CO): Conformation at W: The
optimized geometries and relative energies of singlet and
triplet [CpW(NO)(L)] (L�PH3, CO) are shown in Figure 6,
and the structural parameters for these species are listed in


Figure 6. Optimized geometries and relative energies of singlet and triplet
[CpW(NO)(L)] (L�PH3, CO).


Table 2. For each [CpW(NO)(L)] complex, the difference in
energy between the singlet and triplet states is remarkably
small, with the triplet [CpW(NO)(PH3)] calculated to be


3.3 kcal molÿ1 more stable than the singlet, while the para-
magnetic electronic configuration is 2.8 kcal molÿ1 higher in
energy than the diamagnetic state for [CpW(NO)(CO)]. The
singlet [CpW(NO)(L)] structures closely resemble the corre-
sponding PH3 adducts after removal of the PH3 group
(Tables 1 and 2). The most significant difference between
the singlet and triplet [CpW(NO)(L)] structures is the
geometry at the metal center. While the triplet [CpW-
(NO)(L)] species are planar at W, as described by the N-W-
CNT-L dihedral angle f (i. e. the angle between the planes
defined by N-W-CNT and W-CNT-L, as illustrated in Fig-
ure 7), both singlet complexes are distinctly pyramidal at W


WL N WL


N
O


φ = 180°
Planar


φ = 120°
Pyramidal


O


Figure 7. Degree of pyramidalization-at-W in [CpW(NO)(L)], as descri-
bed by the N-W-CNT-L dihedral angle (f).


(f� 125.08 and 121.18 for the diamagnetic PH3 and CO
compounds, respectively). The same relationship between
conformation-at-metal and spin state has recently been


Table 2. Selected bond lengths [�] and angles [8] for [CpW(NO)(L)] (L�
PH3, CO).


L�PH3 L�PH3 L�CO L�CO
Singlet Triplet Singlet Triplet


CNT ± W 2.108 2.093 2.054 2.091
W ± L 2.482 2.522 1.954 1.999
W ± NO 1.791 1.794 1.804 1.809
N ± O 1.251 1.252 1.236 1.235
C ± O 1.195 1.190


CNT-W-L 121.38 132.82 120.0 133.42
CNT-W-NO 128.55 133.55 126.66 129.80
L-W-NO 93.33 93.63 93.43 96.79
W-N-O 175.34 176.71 173.98 174.98


N-W-CNT-L 125.0 180.0 121.1 ÿ 179.9


Figure 4. LUMO of
[CpW(NO)(CO)(PH3)].
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calculated for singlet and triplet [CpMn(CO)2] and [CpRe-
(CO)2].[7] The W ± P and W ± CNT bond lengths extend
slightly from singlet to triplet and the CNT-W-L angle is also
significantly greater in the paramagnetic species. While the
W ± NO structural parameters are essentially invariant with
spin state, the triplet [CpW(NO)(CO)] has a longer W± C bond
than that calculated for singlet [CpW(NO)(CO)] (Table 2).


Examination of the energies and bonding character of the
frontier orbitals of [CpW(NO)(PH3)] and [CpW(NO)(CO)]
(Figure 8) can help account for the observed differences


Figure 8. Frontier orbital energies of singlet and triplet [CpW(NO)(L)]
(L�PH3, CO).


between singlet and triplet species. As noted for the corre-
sponding PH3 adducts (Figure 2), each of the orbitals of
[CpW(NO)(PH3)] are higher in energy than the correspond-
ing orbitals of [CpW(NO)(CO)]. For both CO and PH3


compounds, the W ± NO p-bonding orbitals are slightly lower
in energy for the triplet compared to the singlet, and these
orbitals remain doubly occupied in both spin states. This latter
feature explains the constant W ± NO structural parameters,
in contrast to MII, d4 [CpM(NO)Cl2] compounds (M�Mo,
Cr), which have greater triplet M ± N bond lengths on account
of the depopulation of the metal ± nitrosyl p-backbonding
orbitals in the high-spin configuration.[11]


The difference in conformation-at-W between the two spin
states can be traced to the two next highest energy orbitals,
that is the HOMO and LUMO for singlet complexes and the
two SOMOs (SOMO� singly occupied molecular orbital) for
triplet compounds. In pyramidal-at-W complexes, mixing
between these two orbitals is allowed. For singlet
[CpW(NO)(L)] species, this process constitutes a second-
order Jahn ± Teller distortion that lowers the HOMO in
energy and raises the LUMO (an example of the result of
such a distortion is illustrated in Figure 9).[39, 40] For triplet
species, however, the planar-at-W geometry is preferred since
this reduces the orbital splitting between the two SOMOs,
decreases the energy of the highest (singly) occupied molec-


ular orbital, and allows both
unpaired electrons to occupy
essentially undistorted d-type
orbitals.


The energies, occupancies,
and bonding character of the
orbitals in Figure 8 may also be
used to explain how the elec-
tronic and steric properties of L
can affect the relative energies
of the singlet versus the triplet
spin state for [CpW(NO)(L)]
complexes. If L is a p acceptor,
then the relative stability of the
pyramidal-at-W geometry is
improved, since W ± L p-back-
bonding is enhanced in this
conformation compared to the
planar geometry.[39, 40] Additionally, the triplet state will be
disfavored by p-acceptor L groups because the triplet contains
one fewer electron in the W ± L p-bonding orbital (as
reflected in the W ± CO bond lengths shown in Table 2).
Intramolecular steric repulsions caused by the use of large L
ligands and/or substituted Cp derivatives would be expected
to favor larger CNT-W-L angles and the planar-at-W con-
formation, thereby decreasing the relative stability of the
singlet spin state.


The determination of the conformational stability of 16-e
[CpML2] complexes is of potential importance to the design of
unsaturated, chiral-at-metal complexes. Previous theoretical
studies have demonstrated that if the HOMO and LUMO of
such complexes are relatively close in energy, then efficient
orbital mixing can occur and the pyramidal conformation is
strongly preferred.[39, 40] However, a small HOMO ± LUMO
gap also raises the possibility of triplet species, which have a
planar-at-metal geometry for the [CpW(NO)(L)] complexes
we have examined. In order to investigate the barriers to
changes of conformation-at-metal for both singlet and triplet
spin states, the geometries and energies of [CpW(NO)(L)]
compounds were calculated at various fixed degrees of
pyramidalization (as measured by the N-W-CNT-L dihedral
angle, f, in Figures 10 and 11).


The barrier to interconversion of the pyramidal, diamag-
netic conformations of [CpW(NO)(L)] along the singlet spin
hypersurface is provided by the difference in energy between
the singlet minimum and the planar, Cs-imposed structure.
The values of 5.7 and 16.1 kcal molÿ1 for [CpW(NO)(PH3)]
and [CpW(NO)(CO)], respectively, are quite high: Ward,
Hofmann, and co-workers calculated barriers of up to
6.7 kcal molÿ1 for 16-electron [CpML2] compounds containing
one p-acceptor and one s-donor ligand, while the inversion
barrier for complexes with two p-acceptor groups ranged
between 10 and 15 kcal molÿ1.[40] Note, however, that the
planar triplet [CpW(NO)(L)] species are lower in energy than
the singlet maxima at f� 1808 by 9.0 kcal molÿ1 for L�PH3


and by 13.3 kcal molÿ1 for L�CO. This suggests that a low-
energy mechanism for the conformational inversion of
pyramidal singlet [CpW(NO)(L)] species might be available
via the triplet spin surface.


Figure 9. a) HOMO and
b) LUMO of singlet
[CpW(NO)(PH3)].
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Figure 10. Energies of optimized [CpW(NO)(PH3)] at various fixed
dihedral N-W-CNT-P angles.


Figure 11. Energies of optimized [CpW(NO)(CO)] at various fixed
dihedral N-W-CNT-C angles.


The energy required to change the spin state cannot be
directly evaluated by commercial computational programs
currently available, because the Franck ± Condon principle
requires that both states possess similar geometries and
energies for the spin-state crossing to occur, and this point is
difficult to locate without exploring the complete (3 Nÿ 6)-
dimensional conformational space.[41] At the crossover points
shown in Figures 10 and 11, the energy and one parameter
(the dihedral angle f) are identical, but the other 3 Nÿ 7
internal coordinates may be quite different. An upper limit to
the spin-flip barrier may be arrived at by calculating the
singlet and triplet vertical excitation energies, and adding the


smaller of these values to the energy difference between the
singlet minimum and the spin-crossover point. The vertical
excitation energies are obtained by the use of single-point
calculations of both partially optimized geometries at the
spin-crossover angle f and imposing the alternative spin state,
that is the triplet energy at the geometry of the singlet
minimum and the singlet energy at the geometry of the triplet
minimum.[4]


The singlet and triplet vertical excitation energies are larger
for [CpW(NO)(PH3)] (6.9 and 6.7 kcal molÿ1 higher than the
energy at the spin crossover points, respectively) than for
[CpW(NO)(CO)] (4.0 and 5.2 kcal molÿ1, respectively). This
translates into maximum spin-flip barriers of 7.4 and
7.5 kcal molÿ1 for PH3 and 9.3 and 8.5 kcal molÿ1 for L�CO.
Since the singlet maximum lies only 5.7 kcal molÿ1 higher in
energy than the singlet minimum for the phosphine complex,
that is slightly less than the calculated upper limits of the spin-
flip barrier, no conclusion can be reached about whether the
inversion will occur along a one-state or a two-state pathway.
For [CpW(NO)(CO)], however, the upper limits to the spin-
flip barrier are substantially less than the 16.1 kcal molÿ1


barrier associated with the singlet-only inversion pathway.
Thus, conformational inversion of singlet [CpW(NO)(CO)] is
expected to proceed along a two-state pathway via the triplet
spin hypersurface.


[CpW(NO)(L)] (L�CH2, H2CCH2, HCCH): Ligand rota-
tion: The optimized geometries and relative energies of
singlet and triplet [CpW(NO)(L)] (L�CH2, H2CCH2,
HCCH) are shown in Figure 12, and the structural parameters


Figure 12. Optimized geometries and relative energies of singlet and
triplet [CpW(NO)(L)] (L�CH2, H2CCH2, HCCH).


for these species are listed in Table 3.[42] As in the 16-e
phosphine and carbonyl compounds, the difference in energy
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between the singlet and the triplet electronic configurations is
remarkably small. For [CpW(NO)(HCCH)], the local mini-
mum triplet spin state is 1.6 kcal molÿ1 more stable than the
singlet, while the singlet is more stable than the triplet for
[CpW(NO)(CH2)] and [CpW(NO)(H2CCH2)] by 2.4 and
6.3 kcal molÿ1, respectively. The optimized triplet geometries
are again planar-at-W, while the singlet species are pyrami-
dalized and are structurally similar to the [CpW(NO)(L)]
fragments of the [CpW(NO)(PH3)(L)] compounds (Table 1).
The orientation of each L ligand with respect to the W ± NO
vector is comparable in the structures of the 18-e PH3 adducts
and the 16-e [CpW(NO)(L)] species in both spin states.


All three complexes in Figure 12 exhibit an increase in the
W ± NO bond length of about 0.04 � from the singlet to the
triplet spin state. The W ± L structural parameters also vary
with electronic configuration for the alkene and alkyne
compounds. The W ± alkene interaction is apparently weaker
in the triplet state, as indicated by the longer W ± X distance
and shorter C ± C bond for the paramagnetic species, while the
W ± alkyne interaction appears to be stronger in the triplet
(shorter W ± X distances and longer C ± C bond). The Cp ± W
lengths are relatively invariant of the spin-state for these
[CpW(NO)(L)] compounds, and the CNT-W-NO angle
increases from the singlet to the triplet spin states by varying
amounts in all three cases.


The relationship between the preferred conformation-at-W
and the spin state can be rationalized with the aid of the
energies, occupancies, and bonding character of the frontier
orbitals of [CpW(NO)(L)] (L�CH2, H2CCH2, HCCH;
Figure 13). As previously discussed for L�PH3 and CO (vide
supra), the degree of pyramidalization influences the orbital
splitting between the HOMO and LUMO. However, while
the LUMO is still of s symmetry with respect to NO and L,
the HOMO is no longer perpendicular to the W ± NO bond in
each case. This orbital is greatly stabilized as a result of the
excellent overlap with the p-bonding orbital of the carbene,
alkene, or alkyne ligand, and forms the THOMO in each of
these cases. As a result, the HOMO is NO p-bonding in
character for these singlet [CpW(NO)(L)] compounds. Con-
sequently, one of the NO p-bonding orbitals is only singly
occupied in the triplet state. The relative decrease in p-
bonding from singlet to triplet is reflected in the lengthened
W ± NO bond in the triplet.[11]


The slight preference for the
singlet spin state in the carbene
and alkene complexes can be
viewed as a result of the bond-
ing character of the HOMO,
SHOMO, and THOMO. Since
all three of the t2g-type orbitals
are p-bonding in nature, the
adoption of a triplet configura-
tion will necessarily lead to
diminished p-bonding com-
pared to the singlet state. The
enhanced relative stability of
the triplet state in [CpW-
(NO)(HCCH)] can be traced


Figure 13. Frontier orbital energies of singlet and triplet [CpW(NO)(L)]
(L�CH2, H2CCH2, HCCH).


to the additional p-bonding capabilities of the HCCH group.
As in the alkene complex, the alkyne ligand in
[CpW(NO)(HCCH)] aligns so that it can engage in p


backbonding with the orbital perpendicular to the W ± NO
axis. As observed for [CpW(NO)(HCCH)(PH3)], this ar-
rangement leaves the filled alkyne p? orbital positioned to
share a tungsten d orbital with the NO group. For singlet
[CpW(NO)(HCCH)], the HOMO is both p-bonding to NO
and p-antibonding to HCCH p?, which results in a 16-e
complex with a destabilized HOMO and no net alkyne-to-W
p-donation. For triplet [CpW(NO)(HCCH)], this orbital is
now singly occupied, which results in the loss of W ± NO p-
bonding and the gain of alkyne-to-W p-donation relative to
the singlet species. Both of these trends are reflected in the
differences in W ± NO and W ± alkyne structural parameters
between singlet and triplet [CpW(NO)(HCCH)] (Table 3).
These arguments can also be used to explain why [CpW-
(NO)(HCCH)] favors the triplet state: unlike [CpW(NO)-
(CH2)] or [CpW(NO)(H2CCH2)], the loss of an electron from
the W ± NO p-bonding orbital is mitigated by a partial gain in
L-to-W p-donation.


Table 3. Selected bond lengths [�] and angles [8] for [CpW(NO)(L)] (L�CH2, HCCH, H2CCH2).


Structural L�CH2 L�CH2 L�HCCH L�HCCH L�H2CCH2 L�H2CCH2


Parameter Singlet Triplet Singlet Triplet Singlet Triplet


CNT ± W 2.110 2.113 2.124 2.137 2.111 2.096
W ± X[a] 1.949 1.946 1.978 1.934 2.021 2.061
W ± NO 1.784 1.820 1.788 1.833 1.778 1.818
N ± O 1.248 1.258 1.251 1.251 1.249 1.258
C ± C 1.329 1.356 1.497 1.469


CNT-W-X 116.07 114.95 122.44 130.80 123.78 118.13
CNT-W-NO 128.97 144.24 119.03 123.23 126.15 139.08
X-W-NO 96.13 100.80 105.45 105.95 96.94 102.79
W-N-O 176.75 180.00 171.83 177.30 175.34 178.53


N-W-CNT-X 123.3 179.8 135.5 ÿ 179.9 132.0 ÿ 180.0
H-C-W-N ÿ 164.6 180.0
C-C-W-N ÿ 91.3 ÿ 95.1 ÿ 83.5 ÿ 94.2


[a] X�C for L�CH2 or center of C ± C bond for L�HCCH and H2CCH2.
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The barriers to conformational inversion for pyramidal,
singlet [CpW(NO)(CH2)] were evaluated by the method
described for the carbonyl and phosphine derivatives (vide
supra). Calculations at fixed N-W-CNT-C dihedral angles for
both singlet and triplet carbene compounds indicated a spin-
crossover geometry with f� 1458 (Figure 14). For all calcu-
lated intermediates the carbene ligand remained roughly


Figure 14. Energies of optimized [CpW(NO)(CH2)] at various fixed
dihedral N-W-CNT-C angles.


aligned with the W ± NO axis, as judged by the H-C-W-N
dihedral angles of ÿ170� 158. Calculation of the vertical
excitation energies at the spin-crossover point (f� 1458) gave
upper limits to the spin-flip barriers of 9.3 and 8.6 kcal molÿ1


relative to the ground-state singlet energy. Since the barrier to
conformational inversion of [CpW(NO)(CH2)] along the
singlet spin hypersurface is 10.0 kcal molÿ1, the two-state
pathway offers a lower energy alternative for the intercon-
version of the two pyramidal-at-W geometries of the singlet
carbene complex.


Unlike that in [CpW(NO)(PH3)] or [CpW(NO)(CO)],
rotation about the W ± L bond is expected to be difficult for
[CpW(NO)(CH2)] as a result of the attendant disruption of
the W ± CH2 p-bonding interaction.[28, 29] Carbene rotation was
examined in both spin states by fixing the H-C-W-N dihedral
angle at a specific value between 858 andÿ1658 and permitting
the other structural parameters to optimize freely (Figure 15).
Along the singlet spin surface, the energy rises steeply as the
carbene rotates away from the electronically preferred align-
ment with the nitrosyl ligand, and results in a barrier of
17.8 kcal molÿ1. The singlet [CpW(NO)(CH2)] species also
steadily becomes less pyramidal-at-W as the carbene rotates,
until the complex is essentially planar (f� 1798) when the
WCH2 plane is perpendicular to the W ± NO axis. Note that
although this species is planar-at-W, it lies 7.8 kcal molÿ1 above
the planar singlet carbene species discussed previously, which
indicates that this carbene rotation mechanism does not


Figure 15. Energies of optimized [CpW(NO)(CH2)] at various fixed
dihedral H-C-W-N angles.


provide a lower energy pathway for conformational inversion
of singlet, pyramidal [CpW(NO)(CH2)] (vide supra).


Triplet [CpW(NO)(CH2)] retains an approximately planar-
at-W conformation throughout the carbene rotation process
(f> 1718). The triplet compound is less sensitive to rotation
about the W ± CH2 bond, and so the triplet maximum lies only
12.8 kcal molÿ1 over the singlet minimum, and the spin-
crossover geometry (H-C-W-N� 1708) is close to the optimal
H2C-W-NO orientation. Although the energy of both spin
states is very close at this degree of ligand rotation, the overall
geometries are still quite different because of the varying
amounts of pyramidalization-at-W, to result in relatively large
vertical excitation energies between the two spin states.
However, the calculated maximum spin-flip barriers of 13.4
and 15.8 kcal molÿ1 (relative to the singlet minimum energy)
on changing from the triplet to the singlet state and vice versa,
respectively, are still lower than the 17.8 kcal molÿ1 barrier
associated with carbene rotation solely along the singlet
surface. Thus, rotation of the W ± CH2 bond in singlet
[CpW(NO)(CH2)] is predicted to occur via a triplet inter-
mediate.


In contrast to the case for the other [CpW(NO)(L)]
complexes, the triplet state does not appear to play a
significant role for the alkene compound. Singlet [CpW(NO)-
(H2CCH2)] is 6.3 kcal molÿ1 more stable than the triplet state,
the largest absolute difference between the diamagnetic and
paramagnetic ground states calculated for any of the
[CpW(NO)(L)] species. Even more significant is the relative
energy of the planar-at-W singlet geometry: the Cs-imposed
diamagnetic geometry with the alkene oriented perpendicu-
larly to the mirror plane lies only 5.8 kcal molÿ1 above the
singlet ground state. This places the energy maximum for the
geometry-inversion process via the singlet spin hypersurface
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slightly lower in energy than the triplet ground state. Thus, the
interconversion of the two chiral-at-metal, pyramidal, singlet
conformers of [CpW(NO)(H2CCH2)] is not expected to
involve the triplet electronic configuration. Similarly, the
triplet state does not appear to play an appreciable role in the
process of rotation about the tungsten ± alkene bond.[43]


The connection between conformation-at-W and W ± L
bond rotation is even more marked for [CpW(NO)(HCCH)]
than for the carbene compound (Figure 16). For the singlet


Figure 16. Energies of optimized [CpW(NO)(HCCH)] at various fixed
dihedral C-X-W-N angles.


species, the energy rises sharply and the degree of pyramid-
alization decreases as the alkyne is turned from its preferred
orientation, as observed for the singlet carbene species. As the
alkyne is rotated further, however, the energy decreases again
from a maximum of �9 kcal molÿ1 above the singlet ground
state to a structure that has a mirror plane containing the
tungsten, the nitrosyl, the alkyne, and the Cp centroid. Since
this species is much lower in energy than the planar-at-W
singlet complex with a perpendicular alkyne conformation,
this suggests that the lowest energy pathway for the inversion
of conformation of pyramidal [CpW(NO)(HCCH)] along the
singlet hypersurface may involve the concurrent rotation of
the tungsten ± alkyne bond.


The triplet [CpW(NO)(HCCH)] complex also possesses a
local minimum at the C-X-W-N dihedral angle of 1808,
although the energy well surrounding this geometry is not
nearly as deep or as wide as that calculated for the singlet
compound and lies only 3.1 kcal molÿ1 above the perpendic-
ular alkyne conformation. The energy of the triplet alkyne
complex decreases slightly as the orientation is changed from
the local minimum with the HCCH ligand perpendicular to
the W ± NO axis, to yield a global minimum at a C-X-W-N
dihedral angle of 108.58 (Figure 17). This geometry possesses
a slightly pyramidal-at-W conformation (f� 168.2), and an


energy 0.7 kcal molÿ1 lower
than the local minimum shown
in Figures 11 and 12. The triplet
geometries are essentially pla-
nar-at-W (f> 1668) throughout
the ligand rotation process, and
are lower in energy than the
corresponding singlet species
for all values of the C-X-W-N
dihedral angle.


Orbital energies, isolobal relationships, and periodic trends :
Closer examination of the energy profile of the alkyne ligand
rotation serves to illuminate several key points for the
[CpW(NO)(L)] system in general. Since the two frontier
orbitals not engaged in bonding to the nitrosyl ligand in
[CpW(NO)(L)] species lie on the same plane perpendicular to
the W ± NO axis, (e.g. the HOMO and LUMO of singlet
[CpW(NO)(PH3)], Figure 9) the two orthogonal p? and p*k
alkyne orbitals[38] cannot interact with both of these W orbitals
simultaneously. Instead, the orientation of the alkyne ligand
with respect to the W ± NO vector determines whether it will
act as a 4-electron (p-donor) or a 2-electron (p-acceptor)
ligand. This type of phenomenon was first recognized three
decades ago for another series of W0 alkyne complexes,
namely [W(RCCR)3(L)],[44] and has since been extended to
other p-loaded metal centers with three 1s,2p ligands.[45] The
singlet and triplet [CpW(NO)(HCCH)] complexes both
prefer the conformation with the alkyne lying in the plane
perpendicular to the W ± NO axis (2-electron, p-acceptor),
resulting in a 16-electron count for the complex. Such an
orientation is in contrast to the isolobal, 18-electron [Cp*Re(-
CO)(MeCCMe)] complex, which contains a 4-electron donor
alkyne ligand aligned with the ReÿCO bond.[46]


It has been noted previously by Bursten and co-workers
that the HOMO of 18-e [CpML2] complexes increases in
energy upon going from a late transition-metal CO complex
to a more electropositive metal containing NO groups (e.g.
from [CpCo(CO)2] to [CpMn(NO)2]), and that this high-
energy HOMO can result in the complex with an earlier
transition metal being relatively less stable.[47] Although
alignment of the alkyne ligand with the W ± NO bond would
result in an 18-electron, singlet
[CpW(NO)(HCCH)] complex
similar to the [Cp*Re(CO)-
(MeCCMe)] compound, the
high energy of the resultant
metal-centered, nonbonding
HOMO (Figure 18) apparently
destabilizes this complex with
respect to the alternative al-
kyne conformation depicted in
Figure 12. Thus, the M ± alkyne
conformational variation can
be ascribed to the higher energy
orbitals of the tungsten(00) nitro-
syl complex compared to the
isolobal rhenium(i) carbonyl
species. Related arguments


Figure 17. Optimized geome-
try of triplet
[CpW(NO)(HCCH)] (global
energy minimum).


Figure 18. HOMO of singlet
[CpW(NO)(HCCH)] with ver-
tical alkyne orientation (local
energy minimum).
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based on periodic trends and orbital energies have been
utilized by Eisenstein and co-workers to account for con-
formational and reactivity differences between ruthenium(00)
and rhodium(i) [ML4] d8 complexes.[48±50]


Similar considerations help to explain why the [CpW-
(NO)(L)] compounds possess such a remarkably accessible
triplet spin state. Generally, p-acceptor ligands, such as NO,
increase the energy gap between HOMO and LUMO, which
decreases the relative stability of high-spin electronic config-
urations.[51] Compared to isolobal complexes containing later
transition metals, however, the filled orbitals of the more
electropositive, lower valent W0 center are higher in energy,
thereby leading to a smaller HOMO ± LUMO gap, and
increasing the relative stability of the triplet spin state. For
example, at the MP2 and B3LYP DFT levels of theory, singlet
[CpRe(CO)2] was calculated to be 5.6 kcal molÿ1 more stable
than the triplet,[7] compared to the 2.8 kcal molÿ1 gap calcu-
lated in the present work for the isoelectronic [CpW(NO)-
(CO)] complex. These arguments are of potential importan-
ce for the design of configurationally stable, unsaturated,
chiral-at-metal [CpML2] species. Although energetically
proximate HOMO and LUMO orbitals are desirable for the
resulting Jahn ± Teller distortion which helps enforce the
requisite pyramidal-at-metal geometry,[39, 40] a small gap also
increases the relative stability of achiral, planar triplet
species.


The comparatively high energy of the filled W0 orbitals is
also likely to be responsible for the strong p-bonding
interactions found in the [CpW(NO)(PH3)(L)] and [CpW-
(NO)(L)] species. The filled orbital perpendicular to the W ±
NO axis, which is very high in energy for complexes such as
[CpW(NO)(PH3)2] that lack additional p-acceptor ligands,
exhibits excellent overlap with ligands, such as H2CCH2,
(Figure 5) which results in bonding combinations even lower
in energy than that of the two W ± NO p-bonding orbitals.
Experimentally, this is reflected by the ability of the
[Cp*W(NO)(PPh3)] fragment to bind even poor p-acceptor
ligands, such as esters, in an h2 fashion.[18] From the energies of
triplet [CpW(NO)(PH3)], the [CpW(NO)(PH3)(L)] com-
pounds, and the free energies of the various L ligands, it is
possible to estimate the tungsten ± L bond strengths in the 18-
electron phosphine adducts. The strength of the W ± L
interaction increases in the order PH3 (32.7)<H2CCH2


(48.2)<HCCH (54.6)<CO (70.8 kcal molÿ1), with the car-
bene complex giving unrealistically large W ± CH2 bond
dissociation energies (>110 kcal molÿ1) as a consequence of
the comparative instability of free CH2. While care must be
exercised in the interpretation of bond strengths, particularly
in complexes with multiple p-bonding interactions,[52] W-to-L
p-donation probably contributes, at least partially, to the very
large energies for the dissociation of the alkene, alkyne, and
CO ligands. The value obtained for the W ± CO bond is
particularly high, in agreement with recent theoretical and
experimental work and suggests that the standard homoleptic
carbonyl benchmarks for metal ± CO dissociation energies
may be misleadingly low.[53]


Conclusions


Several important features of the [CpW(NO)(L)] complexes
can be attributed to the relatively high occupied orbital
energies in these formally W0 species. The orbital not involved
in W ± NO p-bonding forms strong p interactions in
[CpW(NO)(PH3)(L)] compounds as a result of excellent
energy matching and overlap. The overall high energy of the
occupied orbitals in unsaturated [CpW(NO)(L)] complexes
leads to highly pyramidalized, Jahn ± Teller distorted geo-
metries for the spin singlet species because of good mixing
between the HOMO and the LUMO. However, the energetic
proximity of these two orbitals also enhances the relative
stability of the planar-at-W triplet [CpW(NO)(L)] com-
pounds. The conformation at W, the orientation of the L
group, and the p-bonding capabilities of L all influence the
relative energies of the singlet and triplet spin states. Both
inversion of conformation-at-W and W ± L rotation have the
possibility of proceeding by a two-state pathway, crossing over
from the singlet to the triplet state and back again.


Theoretical studies are currently underway to use the
[CpW(NO)(L)] complexes reported here to model the
intermolecular alkane CÿH bond activation reactions per-
formed by the [Cp*W(NO)(L)] species.
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Binding Behavior of Lysine-Containing Helical Peptides to DNA Duplexes
Immobilized on a 27 MHz Quartz-Crystal Microbalance


Kenichi Niikura, Hisao Matsuno, and Yoshio Okahata*[a]


Abstract: Binding behavior of alanine-
based oligopeptides containing four or
six cationic lysine residues (K4 and K6)
to a dA30 ± dT30 or dG30 ± dC30 duplex-
immobilized on a 27 MHz quartz-crystal
microbalance (QCM) were studied in an
aqueous buffer solution. Eight kinds of
alanine-based oligopeptides were pre-
pared systematically, in which positions
of K residues were changed in the helical
structure according to common features
in DNA recognition helices of the DNA
binding protein. The binding amount
(Dm) on a nanogram scale and binding


constant (Ka) could be obtained from
frequency decreases (mass increases) of
the DNA-immobilized QCM. Cationic
oligopeptides were confirmed, from cir-
cular dichroism (CD) spectra, to form a-
helical conformations as a result of the
binding to DNA strands with random
conformations. Dm and Ka values were
greatly affected by ionic strength and


the position of cationic K residues of
peptides. At the low ionic strength, all
peptides can bind with the almost same
affinity to DNA strands by electrostatic
interactions. At the high ionic strength
of 40 mm NaCl, oligopeptides with cat-
ionic K groups at the one side of the
a helix showed larger Dmmax (35�
5 ngcmÿ2) and Ka values (104mÿ1) than
those of oligopeptides having K groups
in random positions (Dm� 10� 5 ng
cmÿ2 and Ka� 103mÿ1).


Keywords: DNA recognition ´
lysine ´ oligomers ´ peptides ´
quartz-crystal microbalance


Introduction


It is important to know how proteins recognize the specific
sequence of double-stranded DNA in a gene transcription
process. To date, X-ray crystallographic studies revealed that
the sequence-specific DNA binding proteins such as tran-
scription factors have some similar DNA binding domains.
Many of these domains are classified to helix-turn-helix,[1] Zn
finger,[2] basic region helix-loop-helix,[3] and basic region
leucine zipper.[4] Suzuki[5] predicted from X-ray crystallo-
graphic studies that those DNA binding motifs have a
common DNA recognition helix, in which cationic lysine
(K) or arginine (R) residues at one side of the helix interact
with a major groove of DNA strands, and hydrogen-bonding
residues such as asparagine (N) and serine (S) at the same site
are involved in the selective recognition of DNA nucleobases
(see Figure 1A).


In addition to the static X-ray crystallographic studies of
DNA-peptide interactions, several papers report on studies
into the dynamic interactions between DNA strands and
cationic oligopeptides containing basic amino acid residues at


specific positions.[6] However, they did not focus on the
common position of basic amino acid residues and did not
give the relationship between the position and their binding
constants. The binding behavior of proteins or peptides to
DNA has been studied mainly by gel-mobility shift assay.[7]


This technique is widely used in molecular biology; however,
it is difficult to detect the binding of small oligopeptides to
small fragments of DNA and to evaluate quantitatively the
binding process and amount. Usually basic peptides contain-
ing lysines form a random structure due to the coulombic
repulsion between basic amino acid residues and form an a-
helical conformation after binding to DNA strands as a result
of the interaction with phosphate groups. Therefore, the
binding properties of these cationic oligopeptides to DNA can
be followed by the increase of a-helical content by circular
dichroism (CD) spectroscopic measurements or by changes in
the fluorescent spectra of tryptophan residues.[6] However,
CD or fluorescent spectra changes are not quantitative if the
formation of helical structures is not proportional to the
amount of DNA binding, and it is difficult to obtain the
absolute binding amount of oligopeptide to DNA. In order to
provide general rules on how helical peptides bind to a major
groove of DNA strand, systematic and quantitative studies are
achieved by the use of a new detection technique.


In this paper, we report quantitative studies of the binding
behavior of basic a-helical oligopeptides to a dA30 ± dT30 or
dG30 ± dC30 duplex immobilized on a highly sensitive 27 MHz
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QCM in an aqueous solution
(Figure 2). A QCM is known to
provide very sensitive mass
measurements in an aqueous
solution,[8, 9] as well as in gas
phase,[10, 11] because its reso-
nance frequency decreases lin-
early upon the increase of a
mass on the QCM electrode in
the nanogram range.[12] From
time courses of frequency de-
creases (mass increases) due to
the binding of oligopeptides to
the DNA-immobilized QCM,
the binding amount (Dm), at a
nanogram level, and binding
constant (Ka) could be ob-
tained. In order to investigate
the role of electrostatic inter-
action for the DNA binding
peptide, we have designed
eight kinds of alanine-based
16 ± 17 mer peptides containing
four or six cationic lysine (K)
residues; in these peptides
the position of K residues are
systematically changed. Cylin-
drical structures of prepared
oligopeptides are shown in Fig-
ure 1B. K4(a) ± K4(f), K6(d),
and K6(f) oligopeptides have
four or six K residues at differ-
ent positions. The N and C
terminals were acetylated and
amidated, respectively, and one
tyrosine (Y) at the N terminal
was introduced for the easy
detection by UV absorption
during preparations and purifi-
cation of peptides. We[9,11] and
other researchers[8, 10] have
used 5 ± 9 MHz QCMs as a
molecular detector for a bio-
sensor. The 27 MHz QCM
used in this study is about
10 times more sensitive than
our conventional 9 MHz
QCM,[13] and has a mass change
sensitivity of 0.6 ngcmÿ2 per
1 Hz of frequency decrease.[13,14]


This sensitivity is enough to
detect a mass change of 10 ±
50 ng cmÿ2 obtained by the
binding of relatively small 16 ±
17 mer oligopeptide to DNA.
Ward and coworkers have dem-
onstrated that a 30 MHz QCM
can be operated in the liquid
phase.[8g]


Figure 1. A) A cylindrical structure of common features of the DNA recognition helix (see ref. [5]).
B) Cylindrical structures of cationic lysine (K)-containing alanine (A)-based oligopeptides (16 ± 17 mer).
Tyrosine (Y) was introduced at the N terminal for easy detection by UV absorption, and the C and N terminals
were acetylated and amidated, respectively.


Figure 2. A schematic illustration of a 27 MHz QCM measurement system and chemical structures of
immobilized DNA strands on the Au electrode (4.9 mm2 area) of the QCM.
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Results


Immobilization of DNA strands : A schematic representation
of the immobilization of dA30 ± dT30 strands is shown in
Figure 2, according to our previous paper.[15, 16] First, avidin
molecules were covalently bound to carboxyl groups on the
one side of Au electrodes (4.9 mm2) of a 27 MHz QCM; the
other side of Au electrodes was sealed with a rubber casing to
avoid contact with buffer solution (see Experimental Sec-
tion).[13±16] The presence of a monolayer of avidin molecules
on the surface of the electrode was confirmed by the
frequency decrease (mass increase) of the QCM (480 ±
600 ng cmÿ2, 7� 10ÿ12 mol cmÿ2).


We also tried to immobilize avidin by physical adsorption
on a bare Au electrode.[8e] However, the physically adsorbed
avidin layer was not so stable as to get constant results and
was not suitable for re-use, compared with our covalently
bound avidin layer. Biotinylated dA30 hybridized with dT30


was immobilized on the covalently bound avidin layer on the
QCM surface by immersing the QCM for about 30 min. in the
aqueous buffer solution of DNA (120� 3 ngcmÿ2, ca. 6�
10ÿ12 mol cmÿ2). The biotinylated dA30 ± dT30 strand (3.2 nm2


area per molecule) can be calculated to cover about 15 % of
the Au electrode (area: 4.9 mm2), and it binds to one of four
binding sites of an avidin molecule. The immobilized amount
of DNA strands on the QCM was controlled so that the
coverage was about 15 % in order to keep the enough space
for oligopeptide binding. The immobilized amount of DNA
strands on the QCM could be controlled from 10 to 80 % by
the immersing period.


The dG30 ± dC30 strands could be also immobilized on a
QCM in the same amount in the same manner, instead of
dA30 ± dT30 strands.


Design of peptides : As shown in Figure 1B, six kinds of K4
peptides in which four basic lysine residues exist at different
positions in cylindrical forms were prepared, as well as two
K6(d) and K6(f) peptides with two additional K residues to
the K4(d) and K4(f) peptides, respectively. K4(a) and K4(b)
have four K groups perpendicular in the one side of a
cylindrical form. K4(c) has two lines of K groups, and K4(d)
has the four K groups in a v-shape formation, imitating
naturally occurring sites. K6(d) has two additional K groups at
the top of a v-shape formation, mimicking the cationic
position of bZIP peptide, one of typical DNA binding
motifs.[4, 5] Lysine groups in these peptides were confirmed,
from computer-aided CPK molecular modeling, to align on
one side of peptide helix (see Figure 8). In contrast, the lysine
groups in K4(e), K4(f), and K6(f) are placed at random in the
a helix. The reason why alanine-based 16 ± 17 mer peptides
were chosen as a simple helical peptide is that alanine can
form stable helical structures even in a short peptide.


Time courses of peptide binding : Figure 3A shows typical
time courses of frequency decreases (mass increases) of the
dA30 ± dT30 (or single-stranded dA30-immobilized 27 MHz
QCM) in response to the addition of K4(a) and K4(f)
peptides in the aqueous solution at 10 8C and pH 7.5, and
with 10 mm phosphate and 20 mm NaCl. The binding reached


Figure 3. Typical time courses of frequency decreases (mass increases) of a
dA30 ± dT30 or a single-stranded dA30-immobilized 27 MHz QCM respond-
ing to the addition of A) K4 peptides and B) K6 peptides in the aqueous
solution. a) dA30 ± dT30�K4(a); b) dA30 ± dT30�K4(f); c) dA30 (a single
strand)�K4(a); d) dA30 ± dT30�K6(d); e) dA30 ± dT30�K6(f); (10 8C,
pH 7.5, 10mm phosphate, 20 mm NaCl, [K4]� 5mm, [K6]� 2 mm).


equilibrium within 1 min, and the larger mass increase was
observed for the injection of K4(a) peptide, in which four K
groups aligned perpendicularly in the cylindrical structure,
than that for K4(f) peptide with four K groups at random
positions. Binding behavior was greatly dependent on the
position of cationic K groups in the K4 peptides. These
peptides showed similar binding behavior with the dG30 ± dC30


strands: K4(a) bound with Dm� 20� 5 ngcmÿ2 within 1 min,
but K4(f) showed a small amount of binding with Dm� 6�
2 ngcmÿ2 ; these results are very similar to those for the dA30 ±
dT30. Since these simple basic peptides did not show any
significant binding difference for AT or GC strands, the dA30 ±
dT30 strands were used for the following experiments.
Although raw data for binding to the dG30 ± dC30 strands are
not shown, the obtained maximum binding amounts (Dmmax)
and binding constants (Ka) are summarized in Table 1. In
Figure 3A, the curve (c) shows the binding of K4(a) peptide to
a dA30 single strand immobilized QCM. The K4 and K6
peptides did not bind to a single strand DNA. This indicates
that a simple electrostatic interaction between cationic
peptides and a single strand DNA as polyanions is not
important, and that the double helical structure forming a
major groove is important as a binding site for peptides. As
control experiments, peptides were confirmed to hardly bind
to avidin layers without DNA strands on the QCM.


Similar selective binding behavior was also observed for K6
peptides (see Figure 3B). K6(d), with six K residues in a
v-shape formation at the one side of the helix, also showed a
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large binding to DNA strands, but not K6(f), with K residues
in random positions. The K6(d) peptide mimics the cationic
positions of bZIP peptide, one of typical DNA binding
motifs.[4, 5]


Effect of salt concentration : Figure 4 shows the effect of
concentration of NaCl on the K4(a) peptide binding to the
dA30 ± dT30 on the QCM. When the NaCl concentration is


Figure 4. Effect of salt concentrations on the binding behavior of the
K4(a) peptide to a dA30 ± dT30 strand (10 8C, pH 7.5, 10mm phosphate,
[K4(a)]� 2 mm).


increased from zero to 40 mm in the 10 mm phosphate buffer
solution, the K4(a) binding decreased considerably owing to
diminished electrostatic interactions between cationic K4
peptides and anionic DNA phosphates. When the injected
concentration was increased to 400 mm, specific binding was
observed depending on concentrations even at the 40 mm
NaCl concentration.


Maximum binding amount and binding constant : Binding
amounts (Dm) showed simple saturation curves against
peptide concentrations in phosphate buffer at three different
NaCl concentrations (0, 20, and 40 mm) as shown in Figure 5.


Figure 5. Binding amounts of K4 peptides onto dA30 ± dT30 strands as a
function of peptide concentrations at [NaCl]� 0, 20, and 40mm. * K4(a),
& K4(c), ~ K4(d), ^ K4(e), and ~ K4(f), (10 8C, pH 7.5, 10mm phosphate).


These saturation binding behaviors are expressed as linear
correlations by Equation (1) as a reciprocal plot between
[peptide]/Dm and [peptide]. Binding constants (Ka) and


Table 1. Maximum binding amounts (Dmmax) and association constants (Ka) of K4 and K6 peptides to dA30 ± dT30 or dG30 ± dC30 strands immobilized on a
27 MHz QCM.[a]


Dmmax [ng cmÿ2] Ka [103mÿ1] a-Helical content at 20mm NaCl
[NaCl]� 0 mm 20mm 40mm [NaCl]� 0mm 20mm 40mm without DNA with [DNA]� 10mm ratio


K4(a) 46� 3 44� 3 35� 3 790� 40 190� 20 18� 2 18� 5 40� 5 2.2
± 38� 2[b] ± ± 20� 5[b]


K4(b) ±[c] ±[c] 40� 5 ±[c] ±[c] 10� 2 20� 5 34� 5 1.7
K4(c) 55� 2 28� 2 29� 5 550� 80 170� 30 23� 2 33� 5 60� 5 1.8


± 30� 5[b] ± ± 20� 3[b]


K4(d) 35� 5 27� 5 20� 3 610� 90 180� 30 12� 1 35� 5 48� 5 1.4
± ± 20� 5[b] ± ± 12� 1[b]


K4(e) 31� 5 31� 2 11� 3 600� 60 64� 3 1.6� 0.2 32� 5 37� 5 1.1
± 11� 3[b] ± ± 1.5� 0.3[b]


K4(f) 29� 4 24� 3 < 10 130� 20 30� 2 < 1 37� 5 42� 5 1.1
K6(d) ± ± 40� 5 ± 500� 50 110� 10 10� 3 30� 5[d] 3.0
K6(f) ± ± < 5 ± < 10 < 3 29� 5 33� 5[d] 1.1


[a] 10 8C, pH 7.5, 10mm phosphate. [b] Binding results for dG30 ± dC30 strands. [c] Addition of K4(b) peptide to dA30 ± dT30 strands resulted in the frequency
increase (mass decrease) in 0 and 20mm NaCl. This is explained that K4(b) peptide binds electrostatically to DNA and causes a large conformation change
(shrinking) of DNA strands and the mass apparently decreases. Therefore, it is difficult to calculate the binding amount from frequency changes.
[d] [DNA]� 2 mm.
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�peptide�
Dm


� �peptide�
Dmmax


� 1


Dmmax Ka


(1)


maximum binding amount (Dmmax) of K4 peptides to dA30 ±
dT30 strands were calculated from the slope and intercept of
Equation (1), respectively. Dmmax and Ka values at different
NaCl concentrations are summarized in Table 1, together with
the binding results for the dG30 ± dC30 strands.


The saturation binding behavior of the peptides K6(d) and
K6(f) to dA30 ± dT30 at [NaCl]� 40 mm are shown in Figure 6,
and the results are also summarized in Table 1.


Figure 6. Binding amounts of (*) K6(d) and (*) K6(f) peptides onto
dA30 ± dT30 strands as a function of added peptide concentration (10 8C,
pH 7.5, 10mm phosphate, 40 mm NaCl).


CD spectral changes : Binding behavior of K4 or K6 peptides
to DNA strands could be also confirmed from CD spectral
changes in the bulk solution.[6, 7] Since K4 and K6 peptides
have many positively charged K residues as shown in
Figure 1B, peptides exist in a random coil conformation in
the absence of DNA. When these K4 and K6 peptides bound
to DNA strands, they are expected to form an a-helical
conformation owing to the interaction with phosphate groups.
Figure 7 shows typical difference CD spectra indicating the
conformation change of K4(a), K4(f), K6(d), and K6(f)
peptides in the absence and presence of dA30 ± dT30 strands
in the buffer solution at 20 mm NaCl. CD spectra of peptides
with DNA strands were subtracted from that of DNA only. In
all cases, no precipitation and turbidity were observed. When
DNA strands were added to the peptide solution, the
molecular ellipticity at 223 nm (q223) increased greatly as a
reslut of the formation of a-helical structure of the K4(a) and
K6(d) peptides. Hippel and coworkers[6a] reported previously
changes in CD spectra of the K4(a) peptide upon addition of
DNA, and our results are in agreement with this. The a-helical
content of peptides could be calculated roughly from q223


values; the q223 value is taken to be ÿ33 000 degcm2 dmolÿ1


when peptides exist as 100 % a-helical structures.[6a] The
percentage of a-helix in peptides in the absence of DNA and
in the presence of DNA, and their ratio at 20 mm NaCl are
summarized in Table 1.


Discussion


Since 120� 3 ngcmÿ2 (ca. 6� 10ÿ12 mol cmÿ2) of biotin-dA30 ±
dT30 (Mw� 18 398) is immobilized on a QCM, a amss increase


Figure 7. Difference CD spectra of the K4(a), K4(f), K6(d), and K6(f)
peptides as a function of the concentration of the dA30 ± dT30 strands. The
spectrum of DNA was subtracted from the mixture of DNA and peptide.
Concentrations of added dA30 ± dT30 are given in figures. (10 mm phosphate,
pH 7.5, 20mm NaCl, [peptide]� 12mm).


of about 10 ± 12 ngcmÿ2 is expected if one peptide (Mw�
1510 ± 1702) binds to one DNA strand. In the absence of
NaCl (10 mm phosphate buffer), the maximum binding
amount (Dmmax) of K4 peptides is about 30 ± 55 ng cmÿ2,
which indicates 3 ± 5 peptide molecules bound to one DNA
strand (see Table 1). When the NaCl concentration is increased
to 40 mm in the solution, Dmmax value decreases to 10 ±
40 ngcmÿ2 (1 ± 3 peptides per one DNA) and differed greatly
(more than 10 times) depending on the position of K groups in
the peptide. A similar tendency was observed in Ka values.


The six K4 peptides can be classified to three groups (see
Figure 1B). K4(a) and K4(b) have four K groups perpendic-
ular to a cylindrical structure, and K4(c) and K4(d) have four
lysine groups in v-shape formation in the helix. In contrast,
K4(e) and K4(f) have lysine groups randomly placed. At low
salt concentration, all K4 peptides can bind electrostatically to
phosphates of DNA strands regardless of their conformations.
However, at high salt concentration, the nonselective electro-
static binding is reduced and multiple interactions between
phosphate anions around the major groove of DNA and the
cationic K groups on the specific side of the K4(a) ± K4(d)
peptides become more important. K4 and K6 peptides
showed a low affinity to a single strand DNA. This also
suggests the above idea. Thus, K4(a) ± K4(d) peptides with
cationic groups preferentially at the one side of the helix
showed larger Dmmax (20 ± 40 ng cmÿ2) and Ka values (1�
104mÿ1) than those of K4(e) and K4(f) with cationic groups
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scattered around the helix (Dmmax� 10 ± 11 ngcmÿ2 and Ka�
1� 103mÿ1) (see Table 1).


Padmanabhan and coworkers have investigated the binding
behavior of K4(a) and K4(e) peptides with calf thymus DNA
in the different salt concentration (6.4 ± 21.5 mm) from
changes in CD and fluorescent spectra.[6b] The binding
constants that they obtained for K4(a) and K4(e) with calf
thymus DNA are very close to our QCM data, but the effect
of salt concentration is different depending on the peptides.
Their results showed that the binding constants decreased
with increasing NaCl concentration independent on the K
position in the K4(a) and K4(e) peptides. Our QCM results
indicate that the binding constants for K4(a) ± K4(d) do not
decrease much with increasing NaCl concentration, but that
those of K4(e) and K4(f) decrease considerably. This differ-
ence reflects the selectivity at the high NaCl concentration
depending on the position of K groups in peptides. We assume
that the QCM method is more sensitive and suitable for these
quantitative binding measurements than the spectral method.


a-Helical contents of K4(a) and K4(b) peptides are very
small (18 ± 20 %) due to the strong electrostatic repulsion
between perpendicular aligned cationic groups. K4(c) and
K4(d) or K4(e) and K4(f) peptides exist as a helical structure
in 32 ± 37 %; this is probably a result of the weak repulsion of
K4 groups in v-shape or random positions. In the presence of
dA30 ± dT30 strands, the helical contents of K4(a) ± K4(d)
peptides increased 1.4 ± 2.2 times, but those of K4(e) and
K4(f) hardly changed. This means that K4(a) ± K4(d) peptides
showing the high affinity to DNA strands form a-helical
structures as a result of the binding of cationic K4 charges with
phosphate anions around the major groove of DNA strands.
K4(e) and K4(f) cannot form a helixes because the K4
positions in the cylindrical structure are not suitable to bind to
and neutralize the phosphate groups.


Figure 8 shows computer-aided CPK molecular models, in
which helical peptides are put in the major groove of dA30 ±
dT30 strands to interact cationic K groups with anionic
phosphates. K4(a) and K4(d) peptides showing the high
affinity to DNA seem to be able to bind three or four cationic
groups to the phosphate groups, as shown in arrows. In
contrast, cationic groups of K4(e) and K4(f) can not interact
with phosphate groups if the peptides form the a-helical
structure.


The addition of two cationic K groups at the top of K4(d)
peptide is very effective in increaseing the affinity to DNA
strands. The Ka value of the K6(d) peptide increased 10 times
compared with that of K4(d) peptide (see Tab1e 1, at 40 mm
NaCl). Since Ka value of K6(f) peptide hardly changed
compared with K4(f), the simple or random increase of two
cationic charges is not important in this conformation.
Selectivity between K6(d) and K6(f) was increased 30 times
in comparison with a tenfold increase between K4(d) and
K4(f). The a-helical content of K6(d) peptide also increased
in the presence of DNA strands, but not for K6(f). This large
increase in the affinity of K6(d) peptide suggests that the
additional two lysine groups at the top of the v shape in the
cylindrical form are very effective for phosphate binding in
the major groove of DNA. The v-shape formation of six lysine
groups in the cylindrical structure is similar to the position of


Figure 8. Computer assisted CPK models for interaction of helical K4
peptides with dA30 ± dT30 strands. Whites arrows indicate the strong
interaction between a cationic K of peptides and an anionic DNA
phosphate.


the DNA recognition helix of bZIP peptide of GCN4
protein[4] (see Figure 1B).


Conclusion


We synthesized six oligopeptides having 4 ± 6 lysine groups at
specific positions. Although the binding affinity did not
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depend on the positiond of K in the peptides at the low ionic
solution, the selective binding could be observed at high ionic
strength; K6(d), with six K groups at the v-shape formation,
showed the highest binding affinity (Ka� 1� 105mÿ1) to DNA
strands. The 27 Hz QCM method is highly sensitive and
quantitative for the detection of in situ binding of small helical
peptide molecules to DNA strands in the aqueous solution
without any labeling. From frequency changes, binding
parameters such as maximum binding amount (Dmmax) and
binding constant (Ka) could be obtained. Since it is otherwise
difficult to detect quantitatively binding process and amount
of small molecules such as oligopeptides to DNA strands, the
QCM technique should become a useful tool for the detection
of the binding behavior of DNA-binding peptides.


Experimental Section


Materials : Single-stranded oligonucleotides such as dT30 or dG30, and
biotinylated dA30 or biotinylated dC30 were ordered from Pharmacia
(Japan). Oligonucleotides were purified with anion-exchange chromatog-
raphy and their concentrations were determined by an optical-density
measurement taken at 260 nm. Peptides were prepared from a single
stepwise manual solid-phase peptide synthesis using Fmoc (9-fluorenyl-
methoxycarbonyl) amino acids: Fmoc-Ala-OH, Fmoc-Lys(Boc)-OH in
which the e-amino group was protected with a tert-butyloxycarbonyl group
(Boc), and Fmoc-Tyr(tBu)-OH in which the phenoxyl group was protected
with a tert-butyl group (tBu). Amino acid derivatives were purchased from
Watanabe Chemical Industries, Hiroshima. Coupling reactions were
performed with 250 mg of Fmoc-NH-SAL resin (0.13 mmol) and Fmoc
amino acid (0.4 mmole) in the presence of BOP (0.4 mmole), DIEA (N,N-
diisopropylethylamine) and 1-hydroxybenzotriazole (0.5 mmole) in NMP
for 40 min. Completion of the coupling was monitored by Kaiser test, and
the coupling reaction was repeated until completion. Removal of Fmoc
group was performed by treatment with 20 % piperidine-NMP. The amino
termini were acetylated with aceticanhydride and the peptides were
cleaved from the resin with a cleavage mixture containing thioanisole
(1.6 mL) and m-cresol (0.24 mL) in trifluoroacetic acid (10 mL). Purifica-
tion was done by reverse-phase HPLC with a Cosmosil 5C18AR-II column
(Nacarai Tesque; 10� 250 mm) and a linear gradient of acetonitrile-water
with 0.1 % trifluoroacetic acid (1 to 60 % acetonitrile in 30 min; flow rate:
3 mL minÿ1). The eluted oligopeptides were then lyophilized. Each peptide
was identified by matrix-assisted laser desorption ionization (MALDI)
mass spectrometry. Other chemicals were purchased from Tokyo Kasei and
Sigma, and used without further purification.


A 27 MHz QCM and it�s calibration: A 27 MHz, AT-cut QCM was
commercially available from Showa Crystals, Chiba (Japan). The diameter
of its quartz plate was 8 mm and Au electrodes were deposited on both
sides (diameter: 2.5 mm, area: 4.9 mm2).[13±16] The one side of the quartz
crystal was sealed with a rubber casing, maintaining it in an air environment
to avoid contact with the ionic aqueous solution, while the other was
exposed to an aqueous buffer solution.[9, 13±16] A cased 27 MHz QCM was
connected to an oscillation circuit designed to drive the quartz in aqueous
solution. The frequency changes were followed by a universal frequency
counter (Hewlett Packard, Tokyo, model 53131A) attached to a micro-
computer system (Macintosh Power Book 170, Apple).[9, 13±16] The Sauer-
brey equation [Eq. (2)] was obtained for the AT-cut shear mode QCM,[12]


in which DF is the measured frequency change (Hz), F0 the fundamental
frequency of the QCM (27� 106 Hz), Dm the mass change (g), A the
electrode area (4.9 mm2), 1q the density of quartz (2.65 gcmÿ3), and mq the
shear modulus of quartz (2.95� 1011 dyn cmÿ2).


DF�ÿ 2 F 2
0


A
p


1qmq


Dm (2)


Calibration of the 27 MHz QCM was carried out analogously to the
calibration of our conventional 9 MHz QCM.[9, 11] When a certain amount
of polymer solution was cast or LB film of lipid monolayers was deposited


on the bare Au electrode side of the QCM plate, a linear relationship was
observed between deposited amount of mass and frequency decrease of the
QCM that was independent of method and chemical compounds. The slope
of this curve yielded that a frequency decrease of 1 Hz corresponded to a
mass increase of 0.61� 0.1 ngcmÿ2 on the QCM electrode.[13±16] Thus, the
sensitivity for the mass change of a 27 MHz QCM was increased by about
10 times, in comparison with our conventional 9 MHz QCM (Dm�
6.5 ngcmÿ2).[9, 11] The noise level of the 27 MHz QCM was �2 Hz in buffer
solution at 20 8C, and the standard deviation of the frequency was �5 Hz
for 12 h in buffer solution at 20 8C. These values were the same order of
magnitude as the conventional 9 MHz QCM.[9, 11]


Immobilization of DNA on a 27 MHz QCM : Immobilization of a
biotinylated dA30 ± dT30 to an avidin-bound QCM is schematically shown
in Figure 1.[15] The cleaned bare Au electrode side of the QCM plate was
soaked into the aqueous solution (3 mL) of 3,3'-dithiodipropionic acid
(1mm) at room temperature, and the frequency decrease was saturated at
about 100 ± 150 Hz (mass increase of 60 ± 90 ng cmÿ2) after 20 min. This
means 3,3'-dithiodipropionic acid (area per molecule: 0.4 nm2) roughly
formed a monolayer on the Au electrode (4.9 mm2). Before drying, the
carboxylic acid on the QCM was treated with N-hydroxysuccinimide in the
presence of water-soluble carbodiimide [1-ethyl-3-(3-dimethylaminopro-
pyl)carbodiimide] in the aqueous solution. The frequency was roughly
equilibrated with a the decrease of 50 ± 100 Hz after 30 min. The QCM with
the activated carboxyl groups was immersed in 1 mL of the aqueous buffer
solution (pH 7.9, 10mm Tris-HCl, 0.2m NaCl) of avidin (10 mg, Mw�
68,000). The frequency decrease reached equilibrium at 800 ± 1000 Hz
(480 ± 600 ngcmÿ2) for 1 h. This means that avidin (section area: 80 nm2)
bound as a monolayer to the electrode (25 ± 30 ng on 4.9 mm2). Avidin was
not removed from the electrode after rinsing with aqueous solution several
times. Avidin bound nonspecifically to the bare Au electrode, but not to the
carboxylic acid-immobilized surface. The binding amount of avidin to the
bare electrode is not constant and not stable enough affect the measure-
ments in the following experiments. The QCM was immersed into the
aqueous solution (1 mL) of ethanolamine (1m) for 30 min to deactivate the
carboxyl group as b-hydroxyethylamide. The avidin-bound QCM was
immersed into 1 mL of the aqueous buffer solution (pH 7.9, 10mm Tris-
HCl, 0.2m NaCl) of biotinylated dA30 ± dT30 or dG30 ± dC30 (1mm) at 25 8C.
After 30 min, when the frequency decreased by abotu 200� 5 Hz (mass
increase of 120� 3 ng cmÿ2) in about 30 min, the QCM was picked up to
control the immobilization amount. The biotinylated dA30 ± dT30 strand was
calculated to cover about 15 % of the Au electrode and to bind to one of
four binding sites of an avidin molecule.


Binding of peptides to DNA strands on a QCM : A dA30 ± dT30- or dG30 ±
dC30-immobilized QCM was soaked in 8 mL of aqueous solution (10 8C,
pH 7.5, 10 mm phosphate, 0 ± 40 mm NaCl) and the resonance frequency of
the QCM was defined as zero position after equilibrium. The stability and
the drift of the 27 MHz QCM frequency in the solution were �5 Hz for
12 h at 10 8C. The frequency change of the QCM responding to the addition
of 10 ± 100 mL of aqueous solution of peptides was recorded with time. The
solution was stirred to avoid any effect of diffusion of peptides, and the
stirring did not affect the stability and the amount of frequency changes.


Circular dichroism (CD) spectra : Spectra were observed by use of a
J-720WI spectropolarimeter (Nippon Bunkou, Tokyo) with a quartz cell
(2 mm cell length, 10 8C, pH 7.5, 10mm phosphate, 20 mm NaCl). At first the
CD spectrum of DNA only was observed, and after incubation with peptide
for 10 min., the spectrum of peptide ± DNA was observed. The CD
differential spectrum of peptide was obtained by subtracting the DNA
spectrum from the peptide ± DNA spectrum.
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Cooperative Transformations of Small Molecules at a Dinuclear Nickel(ii) Site


Franc Meyer,* Elisabeth Kaifer, Peter Kircher, Katja Heinze, and Hans Pritzkow[a]


Abstract: Using the possibility of tuning
the metal ± metal distance in pyrazolate-
based bimetallic complexes by the
length of the chelating side arms attach-
ed to the heterocycle, we have synthe-
sized related dinickel(ii) complexes in
which either a hydroxide (1) or a H3O2


unit (2) spans the two metal centers
within the bimetallic pocket. Complex 1
exhibits strong antiferromagnetic cou-
pling mediated by the bridging hydrox-
ide unit (J�ÿ56.9 cmÿ1), while 2 shows
Curie ± Weiss behavior over a wide tem-
perature range. The H3O2 unit in 2 acts
like the resting form of an active metal-
bound hydroxide and allows the study of
cooperative transformations of small
molecules at a dinickel(ii) site relevant
to the active site of the metalloenzyme
urease. Firstly, it mediates the hydration
of various nitriles to give the respective


m-amidato-N,O-bridged complexes 3 a ±
c. Reaction of 2 with urea affords com-
plex 5 with an N,O-bridging deproto-
nated urea, which when heated releases
ammonia to yield the cyanato-bridged
dinickel(ii) compound 4. This product is
also obtained when 2 is treated with
dimethylcyanamide. Unactivated
amides dimethylformamide (DMF) and
dimethylamide (DMA) are hydrolyzed
by 2 only sluggishly, while the stoichio-
metric hydrolysis of esters such as ethyl
acetate and ethyl propionate runs more
cleanly to afford the carboxylato-bridg-
ed bimetallic complexes 10 b and c.
Likewise, hydrolytic cleavage occurs


with g-butyrolactone to give complex
10 d. We propose that these reactions
proceed by cooperative action of the two
metal ions within the bimetallic pocket
of the dinickel(ii) core. Possible alterna-
tives are addressed by investigation of
analogous mononuclear nickel(ii) com-
plexes 8 a and b in conjunction with a
corresponding dimeric compound 9 and
by the reaction of 2 with an excess of
acetate to yield the dinickel(ii) complex
11, in which a formerly chelating side
arm has been driven out of the coordi-
nation sphere. Complexes 1 ´ (BPh4)2, 2 ´
(BPh4)2, 3c ´ (ClO4)2, 4 ´ (BPh4)2, 8 b ´
(ClO4)2, 9 ´ (ClO4)2, 10 d ´ (ClO4)2, and
11 ´ (ClO4) have been characterized
structurally by X-ray crystallography.Keywords: bioinorganic chemistry ´


cooperative effects ´ dinuclear com-
plexes ´ enzyme mimetics ´ nickel


Introduction


Numerous enzymes that catalyze the hydrolysis of biologically
relevant substrates such as phosphate esters or amides
(peptides or urea) are known to employ two divalent metal
ions in close proximity within their active site.[1] Although
various specific mechanisms are most probably involved for
the individual catalytic processes, a dominant feature is
believed to be that one metal center acts as a Lewis acid to
increase the pKA of bound water and thus delivers the
hydroxide nucleophile to the substrate, which itself may be
bound to the adjacent second metal ion.[2] The prominent
nickel-containing enzyme urease that degrades urea to
ammonia and carbamate (and finally CO2) is assumed to
follow these lines,[3] as has been corroborated by a series of
crystallographic and functional studies.[4±6] Thus, the widely


accepted mechanism for urease activity suggests that urea is
activated by coordination to one nickel(ii) ion in conjunction
with extensive hydrogen bonding within the active site pocket
of the protein and is subsequently attacked by a nucleophilic
hydroxide bound to the opposite nickel(ii) center; the result-
ing carbamate then decomposes further to yield carbonic acid
and another molecule of ammonia.[3, 6] It should be noted,
however, that more recent structural findings of both native
and inhibited urease, together with structure-based molecular
modeling of the catalytic mechanism, point to the possibility
of a bridging coordination mode of both urea and hydroxide
at the active dinickel(ii) site, which underlines that the fine
details of substrate binding and enzyme activity of urease are
still far from being fully clarified.[7]


In order to elucidate structural and mechanistic aspects of
such dinuclear hydrolases and to mimic their hydrolytic
activity, various bimetallic complexes related to active-site
structures have been studied.[8, 9] On the basis of the urease
mechanism outlined above, it appears desirable to design
systems which contain a HOÿ nucleophile bound to one metal
ion and an accessible coordination site at a second, adjacent
metal center. We recently described a series of pyrazolate-
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based dinuclear complexes in which appropriate chelating
side arms attached to the heterocycle may enforce metal ±
metal separations large enough to prevent small monoatomic
units like HOÿ from spanning both metal centers, but instead
favor the formation of intramolecular H3O2


ÿ secondary
bridges.[10, 11] Extrusion of water from these moietiesÐa
process for which experimental evidence was obtained for a
FHO(H)-bridged dicobalt(ii) complex of this type[10]Ðor its
replacement by potential substrates might then create the
favorable geometry that facilitates hydrolysis. In the case of
some m-oxo-diiron(iii) complexes, an intramolecular secon-
dary H3O2


ÿ bridge has previously been shown to promote the
hydration of acetonitrile and the hydrolytic cleavage of
activated phosphate esters.[12] In the context of our model
studies for urease and related hydrolase metalloenzymes, and
our search for cooperative substrate transformations at
bimetallic sites,[10, 11, 13, 14] we report here the synthesis and
characterization of a dinickel(ii) complex which features an
intramolecular H3O2 moiety. Comparison with a related HO-
bridged compound and the hydrolytic transformation of
nitriles, urea, unactivated amides, and esters at the bimetallic
core are presented.


Results and Discussion


The ligands HL1 and HL2 were employed for the synthesis of
dinuclear nickel(ii) complexes. These ligands have previously
been shown to provide two adjacent tran-type coordination
compartments (tran� tris(aminoalkyl)amine) suitable for
N4X ligation of 3d transition metal ions (Scheme 1).[10, 15]


N N
NR2R2N


N NMe2


N
NEt2


2


HL2


NR2 = HL1


2
H


Scheme 1. Ligands HL1 and HL2 used in the synthesis of dinuclear
nickel(ii) complexes.


Treatment of these potential ligands each with two equiv-
alents of [Ni(H2O)6](ClO4)2 and LiOEt afforded the dinick-
el(ii) complexes [L1Ni2(OH)](ClO4)2 (1 ´ (ClO4)2) and [L2Ni2-
(O2H3)](ClO4)2 (2 ´ (ClO4)2), which were obtained in crystal-
line form as the respective BPh4


ÿ salts after anion exchange.
Their molecular structures were determined by X-ray dif-
fraction and the cations 1 and 2 are depicted in Figure 1.


As was the case for the analogous dizinc(ii) species,[11] in 1 a
hydroxide is found as a monoatomic bridge spanning two five-
coordinate nickel atoms with a metal ± metal separation of
d(Ni ´´ ´ Ni)� 3.643 �. In contrast, the shorter ligand side arms
of L2 pull the two metal centers back and apart [d(Ni ´´ ´ Ni)�
4.452 �] to prevent a bridging position for the small
hydroxide but induce incorporation of an additional water
molecule, and thus establish a H3O2


ÿ moiety with a very
strong[16] intramolecular hydrogen bridge [d(O1 ´´´ O2)�
2.433 �]. The terminal H atoms were located in weak
hydrogen bonds to two acetone solvent molecules incorpo-
rated in the crystal lattice [d(O1 ´´´ O3)� 2.933 �; d(O2 ´´ ´


Figure 1. Molecular structure of cation 1 (top) and 2 (bottom). In the
interests of clarity most of the hydrogen atoms have been omitted. Selected
interatomic distances [�] and bond angles [8] for 1: Ni1ÿO1 2.065(2),
Ni1ÿN1 1.947(2), Ni1ÿN3 2.239(2), Ni1ÿN4 2.061(2), Ni1ÿN5 2.125(2),
Ni2ÿO1 2.074(2), Ni2ÿN2 1.937(2), Ni2ÿN6 2.225(2), Ni2ÿN7 2.116(2),
Ni2ÿN8 2.080(2), N1ÿN2 1.351(3), Ni1 ´´ ´ Ni2 3.643; Ni1-O1-Ni2 123.28(9),
O1-Ni1-N3 156.54(8), N1-Ni1-N5 145.1(1), O1-Ni2-N6 158.09(8), N2-Ni2-
N7 142.5(1). For 2 : Ni1ÿO1 1.947(2), Ni1ÿN1 2.038(2), Ni1ÿN3 2.111(3),
Ni1ÿN4 2.222(3), Ni1ÿN5 2.169(3), Ni2ÿO2 1.966(2), Ni2ÿN2 2.057(2),
Ni2ÿN6 2.107(3), Ni2ÿN7 2.199(3), Ni2ÿN8 2.134(3), N1ÿN2 1.369(3), Ni1
´´ ´ Ni2 4.452, O1 ´´´ O2 2.433, O1 ´´´ O3 2.933, O2 ´´´ O4 2.928; O1-Ni1-N3
175.3(2), N1-Ni1-N4 134.0(2), O1-Ni2-N6 169.8(2), N2-Ni2-N7 133.9(2).


O4)� 2.928 �].The nickel ions in both complexes are five-
coordinate; however, they adopt a different geometry in the
continuum between a perfect trigonal-bipyramidal (TB-5)
and a square-pyramidal (SPY-5) structure. By means of the
angular structural parameter t� (bÿa)/60 introduced by
Addison et al.,[17] where a and b represent two basal angles
with b>a, the degree of trigonality in 1 and 2 can be
evaluated (a perfect TB-5 structure is associated with t� 1,
while t� 0 is expected for ideal SPY-5 geometry). While the
coordination sphere around the nickel ions in 2 (t� 0.60 and
0.69) exhibits marked TB-5 character with the branching
nitrogen donors N3 and N6 and the oxygen atoms of the H3O2


unit in the axial positions, the geometry in 1 is expressed by a
square pyramid (t� 0.19 and 0.26) due to the small size of the
secondary HO bridge, which forces the angles N3-Ni1-O1
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[156.54(8)8] and N6-Ni2-O1 [158.09(8)8] to be significantly
smaller than 1808.


Basic properties of the dinickel complexes 1 and 2 : The
different secondary bridges in 1 and 2 also manifest them-
selves in the different magnetic properties of these two
complexes. Magnetic susceptibility data at 10 kG were
recorded over the temperature range 10.4 ± 280 K [1 ´
(BPh4)2] and 5.7 ± 250 K [2 ´ (BPh4)2(acetone)2], and are
shown in Figure 2.


Figure 2. Temperature dependence of the molar magnetic susceptibility
(*) and magnetic moment (&) per nickel atom for 1 ´ (BPh4)2 (top) and 2 ´
(BPh4)2 (bottom). The solid line represents the calculated fit (see text).


While the data for 2 ´ (BPh4)2(acetone)2 are in accordance
with Curie ± Weiss behavior over a wide temperature range
(C� 2.93; q�ÿ7.33) and thus indicate no significant coupling
between the two paramagnetic centers, the susceptibility
curve for 1 ´ (BPh4)2 exhibits a broad maximum at around
150 K with the magnetic moment per nickel ion gradually
decreasing from 2.71 mB at 280 K to 0.51 mB at 10.4 K. This
behavior is indicative of strong antiferromagnetic exchange
between the two nickel(ii) centers, mediated predominantly
by the bridging hydroxide.[18] An increase of the susceptibility
values at very low temperatures is probably due to the
presence of small amounts of uncoupled paramagnetic
impurity. When the experimental data is fit to the theoretical
expression for the isotropic spin Hamiltonian H�ÿ2J ´ S1 ´ S2


(with S1� S2� 1) including a molar fraction p of uncoupled
paramagnetic impurity, Equation (1) yields J�ÿ56.9 cmÿ1,
g� 2.42 and p� 2.9 %.[18±20]


c� cdim(1ÿ p)� 2cmonop �2Na (1)


In principle, powder measurements are not ideally suited
for a thorough analysis of S� 1 dinuclear systems; however,
the intradimer exchange term J often proves to be the
dominant term in the spin Hamiltonian,[21] and accordingly
neglect of both a zero-field splitting parameter D and
interdimer interactions z'J' results in a fit of reasonable
quality in the present case (Figure 2). The value of J�
ÿ56.9 cmÿ1 in 1 ´ (BPh4)2 lies in the upper range of the
exchange interactions reported previously for OHÿ or pyr-
azolate-bridged nickel(ii) dimers.[13, 21, 22] Magnetostructural
relationships for dinuclear NiII systems are not yet as
elaborated as the detailed correlations noted in CuII/CuII


chemistry,[18, 23] but only recently a linear dependence of the
antiferromagnetic exchange coupling constant on Ni-O-Ni
bridge angles as well as on the intramolecular Ni ´´´ Ni
distances in a series of doubly phenoxy-bridged dinickel(ii)
complexes emerged.[24] From those studies it was concluded
that the antiferromagnetic exchange interaction increases
with an increase of the bridge angle Ni-O-Ni involved in the
superexchange pathway and that it becomes substantially
augmented on going from six-coordinate species to five-
coordinate square pyramidal species. Our observation of
a rather large coupling constant for the five-coordinate
nickel(ii) centers in 1 ´ (BPh4)2, which shows a large Ni-O-Ni
angle of 123.28(9)8 at the bridging OH group, is thus in good
agreement with the reported trend. However, we recently
reported a related m-hydroxo-m-pyrazolatodinickel(ii) com-
plex[13] that also features five-coordinate metal centers with a
nearly identical bridge angle Ni-O-Ni [123.4(2)8] and an even
shorter Ni ´´ ´ Ni distance [3.476 versus 3.643 � in 1] but which
nevertheless exhibits a somewhat smaller exchange coupling
constant of J�ÿ46.7 cmÿ1. Obviously the distinct coordina-
tion geometry of the individual nickel(ii) ions, such as the
degree of trigonality (t� 0.02/0.20[13] versus 0.19/0.26 in 1),
must be taken into account for a comprehensive understand-
ing of the magnetic properties of such nickel(ii) dimers.


Acetonitrile solutions of both complexes, 1 ´ (BPh4)2 and 2 ´
(ClO4)2, were studied by cyclic voltammetry in the potential
range ÿ1.8 to �1.5 V versus SCE (Table 1). All redox
chemistry, which we assume to be metal-centered, is found
to be electrochemically irreversible over the entire range of
scan rates studied (50 ± 1000 mV sÿ1) with oxidation peak
potentials Eox


p ��1.02 V (1) and �1.34 V (2) and reductions
at Ered


p �ÿ 1.7 V (1; broad featureless wave) and ÿ1.31 V (2).
It thus transpires that the longer and more flexible ligand side
arms in 1 are comparatively more favorable to support an
oxidized species than the smaller chelate rings enforced by the
shorter side arms in 2, in agreement with previous findings.[25]


Table 1. Cyclic voltammetry of the complexes in MeCN.


Ered
p (DE at 200 mV sÿ1) Eox


p (DE at 200 mV sÿ1)


1 ´ (BPh4)2 �ÿ 1.7 (irrev, broad) � 1.02 (irrev)
2 ´ (ClO4)2 ÿ 1.31 (irrev) � 1.34 (irrev)
3a ´ (ClO4)2 ÿ 1.37 (irrev) �� 1.5 (irrev, broad)
3c ´ (ClO4)2 ÿ 1.30 (172, quasirev) � 1.38 (irrev)
4 ´ (BPh4)2 ÿ 1.07 (140, quasirev) � 0.90 (irrev)
5 ´ (ClO4)2 ÿ 1.34 (irrev) �� 1.4 (irrev, broad)
10c ´ (ClO4)2 ÿ 1.22 (142, quasirev) � 1.67 (irrev)
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Transformation of nitriles and urea at 2 : The H3O2 entity in 2
may be viewed as a hydrated, that is, resting form of a Ni-OH
unit in close proximity to a second Lewis-acidic nickel center.
For a related FHO(H)-bridged dicobalt(ii) complex, evidence
could be obtained for the possibility of reversible extrusion of
the incorporated water molecule,[10] and this is further
corroborated by the mass spectrometric findings in the
present case. The FAB mass spectrum of 2 ´ (ClO4)2 reveals
dominant signals for both [L2Ni2(OH)(ClO4)]� and
[L2Ni(O2H3)(ClO4)]� (with the intensity of the latter increas-
ing at the expense of the former during higher scan numbers),
which suggests partial extrusion of water from 2 under the
conditions of the MS experiment.


In order to model hydrolytic reactions at dinuclear nickel(ii)
centers, we first tested the ability of 2 to hydrate nitriles to the
corresponding amides. Heating 2 ´ (ClO4)2 in acetonitrile,
acrylonitrile, or benzonitrile to 75 8C does not cause any
significant changes to the solution UV spectra (see Table 2),


but FAB mass spectra of the isolated materials display
dominant peaks that are in accordance with compositions
[L2Ni2{NH(O)CR}(ClO4)]� and [L2Ni2{NH(O)CR}]� [R�
CH3 (3 a), C2H3 (3 b), Ph (3 c)] with the expected isotopic
distribution pattern, which indicates conversion of 2 to the
respective m-(amidato-N,O) bridged complexes (3 a ± c ;
Scheme 2).


This is further confirmed by the appearance of character-
istic IR bands at 3300 ± 3365 cmÿ1 [assigned to n(NÿH) of the
amidato bridge] and in the 1450 ± 1630 cmÿ1 region [n(NCO)].
No products from attack at the alkene moiety are observed for
3 b. Complex 3 a can be prepared independently by treatment
of 2 with acetamide. This reaction is similar to the deproto-
nation of urea by 2 (vide infra) and expresses the ability of 2 to
act as a base. Final structural proof for the identity of 3 a ± c
comes from an X-ray crystallographic analysis of 3 c ´ (ClO4)2,
the result of which is shown in Figure 3.


The molecular structure of the cation reveals the presence
of the amidato unit which stems from the respective nitrile
within the coordination pocket of the bimetallic framework.
Both nickel ions have remained five-coordinate with geo-
metries intermediate between TB-5 and SPY-5 (t around
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Scheme 2. Synthesis of 3a ± c, 4, and 5.


0.50) while the Ni1 ´´´ Ni2 distance [4.285 �] is somewhat
shortened compared to the starting complex 2. The C30ÿO1
and C30ÿN9 bond lengths of the benzamidate are 1.275(5)
and 1.294(5) �, and the torsion angle between the plane of the
phenyl ring and those defined by the amidato unit (O1-C30-
N9) amounts to 33.98. These values are well within the range
expected for the anionic ligand when compared to those of the
free neutral benzamide [1.24 �, 1.31 �, 268].[26]


We assume that hydration of nitriles by 2 proceeds as
outlined in the upper part of Scheme 2. Replacement of an
exchangeable water molecule of the H3O2 unit by an
N-coordinated nitrile substrate places the carbon atom of
the latter in a well-situated position for nucleophilic attack by


Table 2. UV/Vis data of the complexes; l [nm] (e [mÿ1 cmÿ1]).


1 ´ (BPh4)2
[a] 390 (270), 621 (100)


2 ´ (BPh4)2
[b] 405 (290), 475 (sh), 653 (65)


3a ´ (BPh4)2
[a] 410 (310), 649(95)


3a ´ (ClO4)2
[b] 408 (265), 470 (sh), 650 (75)


3b ´ (ClO4)2
[b] 407 (195), 475 (sh), 650 (60)


3c ´ (ClO4)2
[b] 407 (225), 475 (sh), 653 (65)


4 ´ (BPh4)2
[b] 413 (275), 667 (92)


5 ´ (ClO4)2
[b] 408 (300), 477 (sh), 649 (70)


8a ´ (ClO4)2
[a] 368 (sh), 575 (15), 1040 (20)


8b ´ (ClO4)2
[a] 367 (sh), 575 (15), 1040 (20)


9 ´ (ClO4)2
[a] 403 (315), 630(90), 777 (40)


10a ´ (BPh4)2
[b] 412 (260), 655 (95)


10b ´ (BPh4)2
[b] 408 (290), 652 (95)


10b ´ (ClO4)2
[b] 414 (245), 660 (85)


10c ´ (ClO4)2
[b] 411 (250), 656 (80)


10d ´ (BPh4)2
[b] 414 (350), 657 (120)


[a] in MeCN. [b] In acetone.
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Figure 3. Molecular structure of cation 3c. In the interests of clarity most
of the hydrogen atoms have been omitted. Selected interatomic distances
[�] and bond angles [8]: Ni1ÿN9 2.001(3), Ni1ÿN1 1.993(3), Ni1ÿN3
2.131(4), Ni1ÿN4 2.132(4), Ni1ÿN5 2.05(2), Ni2ÿO1 1.985(3), Ni2ÿN2
2.021(3), Ni2ÿN6 2.119(3), Ni2ÿN7 2.199(3), Ni2ÿN8 2.094(3), N1ÿN2
1.388(5), Ni1 ´´ ´ Ni2 4.285; N3-Ni1-N9 171.9(2), N4-Ni1-N5 142.1(4), O1-
Ni2-N6 173.5(2), N2-Ni2-N7 143.8(2), N9-C30-O1 125.9(4).


the hydroxide group bound to the second, adjacent nickel ion.
A final proton shift then establishes the very stable m-
(amidato-N,O) bridges in 3 a ± c. Similar reaction mechanisms
have previously been suggested for nitrile hydration at
dinuclear iron(iii),[12] cobalt(iii),[27] copper(ii)[28] palladium(ii)[29]


and rhenium(iii)[30] sites. It should be pointed out that no such
reaction was observed for 1 under identical reaction conditions,
which underlines the deactivation of the metal-bound hydrox-
ide by its tight fixation in a bridging position between the two
metal ions.


When the amino-substituted nitrile dimethylcyanamide was
employed, the reaction took a different course and the
cyanato-bridged complex 4 was isolated in 42 % yield
(Scheme 2). In view of the formation of 3 a ± c, hydration of
the nitrile function of the cyanamide appears to be a first step,
generating a N',O-bridging deprotonated N,N-dimethylurea
which spans the two nickel ions and subsequently loses
dimethylamine to yield 4. The reaction of 2 with parent
cyanamide proceeds differently to yield a 2-cyanoguanidine
moiety that remains coordinated to the bimetallic core.[31]


Nevertheless, a bridging coordination mode of deprotonated
parent urea at a dinickel(ii) site that formed upon treatment of
2 with either urea or N,N-bis(trimethylsilyl)urea (Scheme 2)
was recently observed in 5 and confirmed crystallographically
for the first time.[14] However, only starting material was
recovered when a solution of 2 in acetone was treated with
N,N-dimethylurea; this is probably due to the lower acidity of
N-methylated urea compared to the parent urea. In contrast
to the presumed intermediate during the reaction of dime-
thylcyanamide with 2, the molecular arrangement in 5 exhibits
considerable stability.[14] We believe this to reflect the greater
ability of a pendant NMe2 to act as a leaving group, which
finally causes the more facile evolution of dimethylamine
after initial hydration of N-coordinated dimethylcyanamide
by 2. In order to assess suitable conditions for evolution of


ammonia from 5 ´ (ClO4)2 to analogously form 4 ´ (ClO4)2, a
differential scanning calorimetry (DSC) experiment was
performed (Figure 4). It revealed a slightly endothermic
process in the temperature range 98 ± 120 8C (peaking


Figure 4. DSC analysis of 5 ´ (ClO4)2 (9.2 mg; heating rate 5 8C minÿ1).


at 109 8C; the broad peak is detectable only at sufficiently slow
heating rates) in addition to the main decomposition at
around 255 8C. Mass spectrometry and IR spectroscopic data
from a DSC sample that was only heated to 170 8C confirmed
its conversion to 4 ´ (ClO4)2. These results were then applied
to corresponding reactions on a preparative scale. We found
that neat 5 (as the ClO4


ÿ or BPh4
ÿ salt) transforms to 4 upon


heating to elevated temperatures (�170 8C; Scheme 2) under
dynamic vacuum for prolonged periods, as evidenced and
monitored by the gradual appearance of a characteristic IR
band at 2195 cmÿ1 for the m-1,3 cyanato moiety (asymmetric
cyanate stretching vibration). Structural confirmation came
from an X-ray crystallographic analysis on a single crystal of
4 ´ (BPh4)2 (Figure 5) that was obtained by layering an acetone


Figure 5. Molecular structure of cation 4. In the interests of clarity the
hydrogen atoms have been omitted. Selected interatomic distances [�] and
bond angles [8]: Ni1ÿN9 2.042(8), Ni1ÿN1 2.000(7), Ni1ÿN3 2.073(7),
Ni1ÿN4 2.109(8), Ni1ÿN5 2.133(8), Ni2ÿO1 2.027(8), Ni2ÿN2 2.018(7),
Ni2ÿN6 2.087(7), Ni2ÿN7 2.155(8), Ni2ÿN8 2.099(8), N1ÿN2 1.367(9), Ni1
´´ ´ Ni2 4.383; N3-Ni1-N9 173.1(3), N4-Ni1-N5 153.9(3), O1-Ni2-N6
178.1(3), N2-Ni2-N8 119.8(3), N9-C30-O1 172(1), Ni1-N9-C30 110.6(8),
Ni2-O1-C30 123.4(8).
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solution of the product with light petroleum. In accordance
with the IR spectroscopy data, a nearly linear cyanato bridge
[N9-C30-O1� 172(1)8] spans the two nickel centers in an end-
to-end mode by the terminal atoms N9 and O1, which
increases the Ni ´´´ Ni distance to 4.383 � [d(Ni ´´ ´ Ni)�
4.257 � in 5[14]] . The two nickel ions have strongly differing
coordination environments [t� 0.32 (Ni1) and 0.97 (Ni2)] and
are located 0.273 � above (Ni2) and 0.377 � below (Ni1) the
plane defined by the pyrazolate heterocycle. With the C30
atom of the cyanate moiety situated close to this plane
(distance 0.166 �), the bond axis N9-C30-O1 intersects the
plane defined by the pyrazolate by an angle of around 188.
Only three nickel(ii) systems with end-to-end cyanato bridges
have previously been structurally characterized,[32] and consist
either of bis(cyanato) bridged dimeric units or one-dimen-
sional nickel cyanato chains. In those cases the coordination of
the cyanato bridges showed strongly asymmetric bond lengths
and angles: d(NiÿO)� 2.21 ± 2.34 � and Ni-O-C� 117 ± 1328
versus d(NiÿN)� 2.01 ± 2.08 � and Ni-N-C� 150 ± 1648,[32]


while the cyanato bridge is much more symmetrical in 4.
In particular, the distances d(Ni1ÿN9)� 2.042(8) and
d(Ni2ÿO1)� 2.027(8) � are very similar (the latter being
remarkably short) and the angle Ni1-N9-C30� 110.6(8) is
much smaller than in all previous cases. This particular
situation in 4 appears to be caused by the rigid pyrazolate-
based ligand framework, which enforces a comparatively
short Ni ´´ ´ Ni intradimer distance (4.383 � in 4 versus 5.38 ±
6.29 � in the previously characterized complexes[32]) and thus
brings about a major contribution of the resonance form B at
the expense of form A (Scheme 3).


N C ONi


Ni


N C O


Ni Ni


A B
Scheme 3. Resonance forms of the end-to-end cyanato bridge.


The elimination reaction which produces ammonia and
cyanic acid from urea is known to occur in the very slow
uncatalyzed decomposition of urea in aqueous solution.[33] In
addition, cyanato complexes have been observed after acid-
induced elimination of ammonium ion from N-coordinated
urea in mononuclear rhodium(iii), cobalt(iii), and palladi-
um(ii) compounds.[34, 35] The present work now demonstrates a
related thermal decomposition pathway for urea after fixation
of the substrate in the clamp of a dinuclear nickel(ii) complex.


Analogous mononuclear complexes : Although the two-metal-
ion mechanism postulated for the hydration of nitriles by 2
(Scheme 2) and by some other bimetallic systems is a
reasonable assumption, it should be emphasized at this point
that the cooperative involvement of both metal centers during
the hydration step is not directly proven. In order to address
this point we prepared the related mononucleating ligand
systems HL3 and HL4, which bear a single donor side arm only
(Scheme 4).


Relatively few unsymmetric pyrazole ligands attached to
polyamine moieties by the C3 atom only have been studied up
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Scheme 4. Mononucleating ligands HL3 and HL4, which bear only one
donor side arm.


to now.[36, 37] Our synthetic route starts from the 3-(chlorome-
thyl)pyrazole hydrochlorides 6 a and b (obtained in two steps
from the corresponding esters[38]). For the selective attach-
ment of the polydentate amine side arm by nucleophilic
substitution, a NH protecting group had to be introduced at
the pyrazole nucleus first. We chose the tetrahydropyran
(THP) group, which can easily be removed later from 7 a,b by
acidification. Owing to their polyamine nature, the resulting
potential ligands HL3 and HL4 proved difficult to purify by
chromatographic methods; however, careful control of the
reaction conditions gave material that was sufficiently pure
for all subsequent complexation purposes.


Reaction of solutions of HL3 or HL4 in MeCN with one
equivalent of [Ni(H2O)6](ClO4)2 in the absence of any addi-
tional external base afforded blue solutions of complexes 8 a
and b. These products were obtained in crystalline form by
slow diffusion of Et2O into the reaction mixtures. The
formation of coordination compounds was verified by mass
spectrometry, which showed dominant signals for
[HL3Ni(ClO4)]� and [HL4Ni(ClO4)]� . Characteristic bands
in the IR spectra of the crystalline material suggested the
presence of coordinated MeCN as well as a hydrogen-bonded
NH group. However, as already expected from the color, the
optical absorption spectra of 8 a and b in solution differed
fundamentally from those of all dinuclear complexes dis-
cussed above (Table 2), but showed weak ligand-field absorp-
tions at 1040 and 575 cmÿ1, and a shoulder (obscured by
intense intraligand absorptions) at around 368 cmÿ1. These
features are diagnostic for six-coordinate high-spin nickel(ii)
(assigned to the 3A2g!3T2g, 3A2g!3T1g(F), and 3A2g!3T1g(P)
transitions)[39] and this geometry is indeed preserved in the
solid state, as confirmed by an X-ray crystallographic analysis
of 8 b (Figure 6). The structure reveals that, apart from the
anticipated fourfold coordination of the nickel ion within the
tran-type compartment of HL4, two cis binding sites of a
distorted overall octahedral coordination sphere are occupied
by MeCN solvent molecules. The interatomic distances
NiÿN4 [2.293(2) �] and NiÿN5 [2.273(2) �] are significantly
longer than all equatorial bond lengths within the plane of the
pyrazolate (2.013 ± 2.094 �), thus indicating axial elongation
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Figure 6. Molecular structure of cation 8b. In the interests of clarity most
of the hydrogen atoms have been omitted. Selected interatomic distances
[�] and bond angles [8]: Ni1ÿN1 2.013(2), Ni1ÿN3 2.094(2), Ni1ÿN4
2.293(2), Ni1ÿN5 2.273(2), Ni1ÿN6 2.070(2), Ni1ÿN7 2.069(3), N1ÿN2
1.354(3); N1-Ni1-N7 177.0(1), N3-Ni1-N6 169.5(1), N4-Ni-N5 165.0(1).


of the OCÿ6 environment. The hydrogen atom H22 bound to
the pyrazolate N2 atom was located as a bridge to the O2
atom of one of the perchlorate counteranions [d(N2 ´´´ O2)�
2.972 �].


In contrast, if a solution of 8 a was treated with base or if the
complexation was carried out with the lithiated (deprotonat-
ed) ligand LiL3 and [Ni(H2O)6](ClO4)2, a green complex 9 was
formed, which exhibited UV spectroscopic properties similar
to those of the bimetallic complexes reported above (Table 2).
In addition, the mass spectrum featured dominant signals
corresponding to [(L3Ni)2(ClO4)]� in this case, and no IR
spectroscopic evidence for either coordinated acetonitrile or a
pyrazolate NH unit could be detected. The cause of these
findings was resolved by an X-ray crystallographic analysis of
green crystals of 9 (Figure 7) that were obtained by layering a
solution of this compound in MeCN with Et2O. The structure
illustrates that two L3Ni entities have dimerized by a bridging
coordination of both deprotonated pyrazolate heterocycles,


Figure 7. Molecular structure of cation 9. In the interests of clarity the
hydrogen atoms have been omitted. Selected interatomic distances [�] and
bond angles [8]: Ni1ÿN1 2.034(2), Ni1ÿN2' 1.996(2), Ni1ÿN3 2.122(2),
Ni1ÿN4 2.147(2), Ni1ÿN5 2.233(2), N1ÿN2 1.377(2), Ni1 ´´ ´ Ni2 4.009; N2'-
Ni1-N3 176.31(7), N1-Ni1-N5 134.20(7).


with the dinuclear assembly situated on a crystallographic
center of symmetry. The nickel atoms are each coordinated by
one L3 ligand in a tetradentate fashion and adopt an overall
fivefold coordination of distinct TB-5 character (t� 0.70),
where the branching N3 atom of one L3 ligand and the
pyrazolate N2 of the second subunit are located in the axial
positions. As imposed by the crystallographic restrictions, the
two pyrazolate planes are strictly parallel. The distance Ni ´´´
Ni amounts to 4.009 � and thus is somewhat longer than the
metal ± metal separation in several related bis(m-1,2-pyrazo-
lato)-bridged dinuclear complexes; this is presumably a result
of steric constraints of the pyrazolato-linked tran-type ligand
compartments which pull the metal centers back and apart
(compare with 2 and 1). Ample precedent exists for the strong
tendency of pyrazolate-based multidentate ligand systems to
accomplish dimerization by means of 1,2-m-pyrazolato bridges
upon deprotonation of the pyrazole NH, as also observed for
9.[37]


Interestingly, all dinuclear nickel(ii) complexes with L1 ± L3


ligand systems described up to this point (in this work and in
previous reports[13, 14]) exhibit fivefold coordination with no
evidence for any increase in coordination number, either in
the solid state (as confirmed by X-ray crystallography) or in
solution (based on the optical absorbance spectra). This
strongly supports the assumption of a synergetic effect of both
nickel ions for the hydration of nitriles by 2 (Scheme 2) or the
hydrolysis of other substrates (see below), as only one
coordination site is accessible at each metal center, located
within the bimetallic pocket of the dinuclear framework. An
alternative mechanism would involve binding of both the
substrate and the attacking hydroxide at one metal ion
(similar to the mechanism of nitrile hydration at some
mononuclear complexes[40]) followed by subsequent incorpo-
ration of the amidate product into a bridging binding mode
within the bimetallic pocket. This appears to be feasible only
if additional outer coordination sites are available for
substrate binding at the individual metal ions of the bimetallic
core. Unexpectedly, the mononuclear complexes 8 a and b do
indeed feature sixfold coordination, and the binding of the
second acetonitrile molecule even appears to be strong, as it
could not be removed under dynamic vacuum conditions for
prolonged periods. Therefore the alternative mechanism for
the nitrile hydration by 2, which proceeds by an intermediate
sixfold coordination of one nickel center due to exo substrate
binding, has likewise to be kept in mind.


As can be expected for a tran-type nickel(ii) complex with
two cis adjacent coordination sites accessible for substrate
binding,[41] the complexes 8 a and b are capable of trans-
forming nitriles to the corresponding amides in a catalytic
fashion. The presence of a possibly supporting NH-acidic
group close to the active metal ion, which has been recognized
as a functional principle in many hydrolytic enzymes[1] and has
been mimicked in recent model complexes,[42] adds an
interesting aspect to these mononuclear systems. A more
detailed investigation of their properties and hydrolytic
activity will be reported elsewhere.


Hydrolysis of unactivated amides and esters : The proposed
mechanism for nitrile hydration, as outlined in Scheme 2,







FULL PAPER F. Meyer et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0505-1624 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 51624


suggests that the Ni ± OH moiety of 2 might, in a similar way,
exhibit hydrolase activity towards a variety of other substrates
such as esters and amides. Cooperation between two metal
ions in functional biomimetic hydrolase models has been an
active area of research,[43] which mostly deals with the
hydrolytic cleavage of activated p-nitrophenyl esters. How-
ever, examples for the bimetallic hydrolysis of unactivated
carboxyesters and amides have hitherto remained rare.[8, 28]


It turns out that rather high temperatures have to be
employed to achieve reasonable rates of reaction of 2 with
DMF or DMA. Heating a solution of 2 ´ (ClO4)2 in either
DMF or DMA to 140 8C leads to the formation of the
respective carboxylato-bridged complexes 10 a and b
(Scheme 5), as evidenced by the mass spectra as well as by
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Scheme 5. Formation of the carboxylato-bridged complexes 10 a ± d.


the appearance of characteristic strong IR bands for the
carboxylato bridges at 1592 cmÿ1 (10 a) and 1566 cmÿ1 (10 b)
[nasym(CO2); the nsym(CO2) absorptions overlap with other
bands and can not be assigned unambiguously]. The identities
of these products were confirmed by comparison with
identical material prepared independently by treatment of 2
with one equivalent of sodium formate or potassium acetate.
However, these hydrolytic cleavages of amides such as DMF
and DMA by 2 are sluggish reactions that do not proceed
uniformly under the forcing conditions employed, and hence
the yields of isolated products 10 a and b are low. Unfortu-
nately, no other products could be identified unambiguously.


On the other hand, stoichiometric hydrolysis of the
unactivated carboxyesters ethyl acetate and ethyl propionate
by 2 runs more cleanly to yield the carboxylato-bridged
dinickel(ii) complexes 10 b and c. They are formed upon
heating a suspension of 2 ´ (ClO4)2 in an excess of the
respective carboxyester with subsequent evaporation of all
volatile material, as evidenced by the appearance of strong IR
features at around 1566 cmÿ1 characteristic for the carbox-
ylate bridges present within the products. The resulting by-
product, ethanol, could be detected by GC among the volatile
products of the reaction. The identity of 10 b and c was further
confirmed by mass spectrometry and elemental analyses and
by comparison of the physical properties of 10 b with those
obtained on a sample synthesized independently from 2 and
potassium acetate. In order to definitely exclude the possi-
bility that 10 b and c were formed from adventitious traces of


free acid or carboxylate within the carboxyester employed,
the reactants were first stirred at room temperature for 10 min
(conditions that proved to readily yield 10 b from 2 and
potassium acetate), and the absence of any carboxylate-
bridged product was checked by IR spectroscopy after
evaporation of all volatile material. A more detailed follow-
up of the course of the hydrolytic transformations by UV/Vis
spectroscopy is unfortunately hampered by the only marginal
changes in ligand field absorptions during the reactions
(Table 2).


The hydrolytic cleavage of the cyclic ester, g-butyrolactone,
upon treatment with 2 ´ (ClO4)2 proceeds more easily than in
the case of the acyclic carboxyesters to yield complex 10 d ´
(ClO4)2, which contains the liberated HOR function as part of
the product molecule. Its identity was verified by spectro-
scopic and analytical data and by an X-ray crystallographic
analysis (Figure 8). The molecular structure of the cation 10 d


Figure 8. Molecular structure of cation 10 d. In the interests of clarity most
of the hydrogen atoms have been omitted. Selected interatomic distances
[�] and bond angles [8]: Ni1ÿO2 2.022(2), Ni1ÿN1 2.009(2), Ni1ÿN3
2.120(2), Ni1ÿN4 2.165(3), Ni1ÿN5 2.101(3), Ni2ÿO1 1.977(2), Ni2ÿN2
1.993(2), Ni2ÿN6 2.104(3), Ni2ÿN7 2.145(3), Ni2ÿN8 2.176(3), N1ÿN2
1.374(3), Ni1 ´ ´ ´ Ni2 4.303; O2-Ni1-N3 171.7(1), N1-Ni1-N4 139.9(1), O1-
Ni2-N6 173.8(1), N2-Ni2-N7 131.2(2), O1-C100-O2 126.7(3).


confirms the presence of a 4-hydroxybutyrate secondary
bridge resulting from the hydrolytic opening of the lactone
substrate, which now spans the two nickel centers within the
bimetallic cavity. The hydrogen atom of its terminal dangling
hydroxo group was located as a hydrogen bridge to the O203
atom of one of the perchlorate counteranions [d(O3 ´´´
O203)� 2.831 �]. There is some similarity to the findings
for the amidato-bridged compound 3 c : the distance Ni1 ´´´
Ni2 is 4.303 �, while the nickel ions are found with
coordination geometries of somewhat more pronounced
TB-5 character [t� 0.53 (Ni1) and 0.71 (Ni2)] in 10 d. The
interatomic distances Ni1ÿO2 and Ni2ÿO1 differ only slightly
[2.022(2) versus 1.977(2) �], which indicates symmetric bind-
ing of the carboxylate moiety in accordance with the IR
spectroscopic results.
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Hydrolytic cleavage of carboxyesters by 2 as described
above is of strictly stoichiometric nature because of the high
tendency of the pyrazolate-based dinuclear entities to incor-
porate secondary bridges within the bimetallic pocket,
resulting in inhibition of the active bimetallic site by the
hydrolysis product. Nevertheless we were interested as to
whether the integrity of the bimetallic framework would
persist in the presence of an excess of potentially coordinating
carboxylate. Addition of several equivalents of potassium
acetate to 2 ´ (ClO4)2 in fact produced a crystalline compound,
11 ´ (BPh4), whose IR spectrum was different from that of
10 b ´ (ClO4)2 but indicated the presence of more than one type
of coordinating acetate. On the basis of the small separations
of the antisymmetric and symmetric acetate vibrations (1573/
1552 and 1447/1408 cmÿ1) a bidentate coordination mode for
both acetate groups could be predicted.[44] The reason for this
was elucidated by an X-ray crystallographic analysis (Fig-
ure 9). It revealed that besides the expected acetate bridge


spanning the two nickel ions, a second acetate anion is
coordinated to the Ni1 center in a bidentate fashion, thereby
driving out one of the side-arm amino donors of the primary
ligand core, which is now found uncoordinated and dangling.
The binding of the additional acetate is symmetric
[d(N1ÿO1)� 2.141(3), d(Ni1ÿO2)� 2.109(3) �] in accord-
ance with the IR spectroscopic findings. This leads to a
distorted octahedral sixfold coordination of Ni1, while the Ni2
center retains the usual fivefold coordination (t� 0.62). At
the same time the Ni ´´ ´ Ni separation is slightly compressed
(4.189 �), which induces considerable tilting of the planar
bridging acetate moiety with respect to the plane defined by
the pyrazolate heterocycle (42.58). As a consequence, the two
nickel ions are forced to displace rather drastically above and
below the pyrazolate plane by the unusually large values of
0.482 � (Ni1) and 0.701 � (Ni2).


The structural findings for 11 could also have implications
for the mechanism of the hydrolytic reactions described
above, as they may suggest the possibility of an intermediate
displacement of a primary ligand side arm by the incoming
substrate instead of the anticipated substrate binding within
the bimetallic pocket. However, we consider this alternative
unlikely because of the much weaker donor strength of the
ester or amide substrates compared to an anionic carboxylate.


Conclusions


The suitability of the present pyrazolate-based polyamine
ligands to form dinickel(ii) complexes that provide a secon-
dary coordination pocket between the two metal centers has
been demonstrated, with the metal ± metal separation tune-
able by appropriate changes of the chain length of the
chelating side arms attached to the heterocycle. While the Ni


´´´ Ni distance of around 3.5 �
in 1 is similar to that found in
the metalloenzyme urease,[5±7]


its secondary OH bridge is
hydrolytically inactive because
of its tight fixation within the
grip of the two metal ions. It
appears that particular geomet-
ric conditions have to prevail
within the active site of urease
in order to induce hydrolytic
attack of a potentially bridging
metal-bound water or hydrox-
ide on the urea substrate. This is
possibly enabled by favorable
preorganization due to a bridg-
ing coordination of both the
substrate and the nucleophile as
suggested recently.[7] In con-
trast, the H3O2 bridge in 2
obtained by pulling the two
metal ions back and apart to a
Ni ´´ ´ Ni distance of around
4.45 � is capable of transform-
ing various substrates within


the bimetallic pocket, which confirms the description of the
H3O2 moiety as a resting form of an active metal-bound
hydroxide. The most likely mechanism for the hydration of
nitriles by 2, which includes the replacement of a coordinated
water fragment of the H3O2 bridge by the substrate prior to
nucleophilic attack of the well-positioned nickel-bound hy-
droxide, closely resembles the previously proposed and
widely accepted cooperative mechanism for urease activi-
ty.[3±6] However, 2 exibits basic rather than nucleophilic
properties towards urea, and this leads to a bridging
coordination mode of the latter that may have relevance for
the more recent mechanistic proposal for the activation of this
substrate by the metalloenzyme.[7] Regardless of this, a
thermal decomposition pathway of deprotonated bridging
urea to form a coordinated cyanate is observed within the
tight clinch of the dinickel(ii) pincer, related to the slow


Figure 9. Molecular structure of cation 11. In the interests of clarity the hydrogen atoms have been omitted.
Selected interatomic distances [�] and bond angles [8]: Ni1ÿO1 2.141(3), Ni1ÿO2 2.109(3), Ni1ÿO3 2.080(3),
Ni1ÿN1 1.994(4), Ni1ÿN3 2.198(4), Ni1ÿN4 2.155(4), Ni2ÿO4 1.991(3), Ni2ÿN2 1.995(4), Ni2ÿN6 2.128(4),
Ni2ÿN7 2.155(4), Ni2ÿN8 2.125(4), N1ÿN2 1.360(5), Ni1 ´´ ´ Ni2 4.189; O1-Ni1-O2 62.1(2), N1-Ni1-O2 162.9(2),
N4-Ni1-O1 161.0(2), N3-Ni1-O3 172.0(2), O4-Ni2-N6 170.0(2), N7-Ni2-N8 133.1(2), O1-C17-O2 121.3(5), O3-
C32-O4 125.1(5).
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uncatalyzed decomposition of urea in aqueous solution. The
resulting complex 4 is also accessible directly from 2 and
dimethylcyanamide, in accordance with the inability to
coordinate any N-substituted urea in a way analogous to
parent urea within the bimetallic pocket of the present
dinickel(ii) complexes.


Unactivated amides and esters likewise undergo stoichio-
metric hydrolysis by 2, although this is a sluggish reaction in
the former case. The considerable thermal activation neces-
sary to reach reasonable rates of reaction is presumably
caused by the strong binding of the water molecule in the
H3O2 bridge, which counteracts its requisite release for the
coordination of the substrate within the bimetallic pocket.
Possible alternative mechanisms for these transformations
either include an intermediate increase in coordination
number at one nickel center due to substrate binding at an
additional outer site, or the intermediate displacement of a
coordinating ligand side-arm donor by the substrate. Both
alternatives still necessitate a break-up of the strongly hydro-
gen-bridged H3O2 unit in order to deliver the nucleophilic
nickel-bound hydroxide. While the latter mechanism seems
unlikely on the basis of the weak donor strength of the
substrates employed (at least in case of esters and amides), the
former possibility finds some corroboration in the unexpected
sixfold coordination observed for the related mononuclear
systems 8 a and b. However, no evidence for sixfold coordi-
nation of at least one metal ion could be obtained for any
dinuclear complex of the particular pyrazolate ligand systems
used in this or previous work,[13, 14, 15c] either in solution or in
the solid state, as long as the ligand side arms are not driven
out by more strongly coordinating ligands as in 11. The
present findings thus help to elucidate the factors that
determine cooperative reactivity at bimetallic complexes
reminiscent of the active sites of natural metalloenzymes like
urease, and should eventually assist in the design and
generation of more elaborate hydrolytically active hydroxo-
dimetal compounds.


Experimental Section


General procedures and methods : All manipulations were carried out
under an atmosphere of dry nitrogen with standard Schlenk techniques.
Solvents were dried by established procedures. Ligands HL1 and HL2 were
synthesized according to the reported method.[15c] Microanalyses were
performed by the Mikroanalytische Laboratorien des Organisch-Chem-
ischen Instituts der Universität Heidelberg. For compounds containing
BPh4


ÿ ions, the carbon values of the combustion analyses tend to be
somewhat low in some cases, presumably due to the formation of
intractable boron carbide. IR spectra: Perkin ± Elmer 983G, recorded as
KBr pellets; FAB-MS spectra: Finnigan MAT 8230; UV/Vis spectra:
Perkin ± Elmer Lambda 19; cyclic voltammetry: PAR equipment (poten-
tiostat/galvanostat 273), in 0.1m n-Bu4NPF6/MeCN, potentials in V on
glassy carbon electrode, referenced to a saturated calomel electrode (SCE)
at ambient temperature. NMR spectra: Bruker AC 200 at 200.13 (1H) and
50.32 MHz (13C). Magnetic measurements: Bruker Magnet B-E 15C8,
field-controller B-H 15, variable temperature unit ER4111VT, Sartorius
micro balance M 25D-S. Experimental susceptibility data were corrected
for the underlying diamagnetism.


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


Complex 1: A solution of HL1 (0.26 g, 0.56 mmol) in THF (25 mL) and
EtOH (1 mL) was treated with two equivalents of LiBu (2.5m in hexane)
and stirred for 5 min at room temperature. All volatile material was
removed under reduced pressure and the residue taken up in EtOH
(25 mL). [Ni(H2O)6](ClO4)2 (0.41 g, 1.12 mmol) was added in one portion
and the resulting green solution was stirred for 15 min. Then NaBPh4


(0.39 g, 1.14 mmol) was added to cause immediate formation of a
voluminous light green precipitate. This was filtered off, washed twice
with EtOH (10 mL), once with acetone (5 mL), and finally dried under
vacuum to yield a light green powder. Vapor diffusion of Et2O into a
solution of this material in MeCN afforded green crystals of
[L1Ni2(OH)](BPh4)2, 1 ´ (BPh4)2 (0.43 g, 0.35 mmol, 62%). IR (KBr): nÄ �
3577 (w), 3044 (m), 2973 (s), 2857 (w), 1469 (s), 1454 (s), 1419 (m) cmÿ1;
C73H94B2N8Ni2O (1238.6): calcd C 70.79, H 7.65, N 9.05; found C 70.56, H
7.83, N 8.95.


Complex 2 : A solution of HL2 (0.52 g, 1.00 mmol) in THF (30 mL) and
EtOH (1 mL) was treated with two equivalents of LiBu (2.5m in hexane)
and stirred for 5 min at room temperature. The solution was then reduced
to a volume of �5 mL under reduced pressure. After dilution with EtOH
(25 mL), [Ni(H2O)6](ClO4)2 (0.73 g, 2.00 mmol) was added in one portion
and the resulting green solution was stirred for 30 min. The reaction
mixture was again reduced to a volume of �5 mL under reduced pressure.
Addition of Et2O (25 mL) caused formation of a green oil, which was
separated by decantation and dried under vacuum. When a solution of this
material in acetone was layered with light petroleum, large green crystals of
[L2Ni2(O2H3)](ClO4)2, 2 ´ (ClO4)2 (0.65 g, 0.74 mmol, 74%) were obtained.
IR (KBr): nÄ � 3561 (br m), 3143 (w), 2968 (s), 2871 (m), 1524 (w), 1469 (s),
1381 (m), 1088 (vs) cmÿ1; MS (FAB, nibeol): m/z (%): 773 (100) [2 ´
(ClO4)�], 753 (52) [L2Ni2(OH)(ClO4)�], 672 (50) [2�]; C29H64Cl2N8Ni2O10


(873.2): calcd C 39.89, H 7.39, N 12.83; found C 39.95, H 7.36, N 12.84.
Treatment of a solution of 2 ´ (ClO4)2 (0.40 g, 0.46 mmol) in EtOH with
NaBPh4 (0.32 g, 0.94 mmol) caused the immediate formation of a light
green precipitate. This was filtered off, washed twice with EtOH (10 mL)
and dried under vacuum to give a light green powder. When a solution of
this material in acetone was layered with light petroleum, green crystals of
[L2Ni2(O2H3)](BPh4)2(acetone)2, 2 ´ (BPh4)2(acetone)2 (0.56 g, 0.39 mmol,
85%) were obtained. IR (KBr): nÄ � 3440 (br), 3046 (m), 2974 (s), 2872 (m),
1574 (m), 1472 (s), 1420 (m), 1380 (m) cmÿ1; MS (FAB, nibeol): m/z (%):
672 (100) [2�]; C83H116B2N8Ni2O4 (1428.9): calcd C 69.77, H 8.18, N 7.84;
found C 70.34, H 8.57, N 7.76.


Complex 3 a : A solution of 2 ´ (ClO4)2 (0.26 g, 0.30 mmol) in MeCN (2 mL)
was heated to 75 8C for 12 h. After cooling to room temperature, the
solvent was evaporated under reduced pressure, and the residue taken up in
acetone and layered with light petroleum to yield green crystals of
[L2Ni2{O(NH)CMe}](ClO4)2, 3 a ´ (ClO4)2 (0.24 g, 0.27 mmol, 89%); IR
(KBr): nÄ � 3329 (m), 2973 (s), 2871 (s), 1572 (s), 1477 (s), 1379 (m), 1087
(vs) cmÿ1; MS (FAB, nibeol): m/z (%): 796 (100) [3a ´ (ClO4)�], 695 (28)
[3a�]; C31H65Cl2N9Ni2O9 (896.2): calcd C 41.55, H 7.31, N 14.07; found C
41.44, H 7.16, N 13.95. Identical material was obtained by treating 2 ´
(ClO4)2 with one equivalent of acetamide in acetone. Complex 3 a ´
(BPh4)2 was prepared by an analogous procedure from 2 ´ (BPh4)2.
Crystalline material was obtained by layering a solution of the product in
MeCN with Et2O. IR (KBr): nÄ � 3440 (br), 3048 (m), 2975 (s), 2873 (w),
1575 (s), 1472 (s), 1421 (m), 1380 (m) cmÿ1; MS (FAB, nibeol): m/z (%): 695
(100) [3 a�]; C79H105B2N9Ni2O (1335.8): calcd C 71.04, H 7.92, N 9.44; found
C 69.31, H 7.92, N 10.12.


Complex 3b : The synthesis was carried out analogously to that of 3 a from
2 ´ (ClO4)2 (0.26 g, 0.30 mmol) and acrylonitrile (2 mL). Green micro-
crystals were obtained when a solution of the product [L2Ni2{O(NH)-
CC2H3}](ClO4)2, 3b ´ (ClO4)2, in acetone was overlayed with light petro-
leum (0.22 g, 0.24 mmol, 81 %). IR (KBr): nÄ � 3306 (m), 2969 (s), 2875 (s),
1630 (m), 1546 (s), 1467 (s), 1390 (m), 1379 (m), 1092 (vs) cmÿ1; MS (FAB,
nibeol): m/z (%): 808 (100) [3 b ´ (ClO4)�], 707 (33) [3 b�], 354 (10) [3 b2�];
C32H65Cl2N9Ni2O9 (908.2): calcd C 42.32, H 7.21, N 13.88; found C 42.01, H
7.11, N 13.63.


Complex 3 c : The synthesis was carried out analogously to that of 3 a from
2 ´ (ClO4)2 (0.26 g, 0.30 mmol) and benzonitrile (2 mL). Green crystals were
obtained when a solution of the product [L2Ni2{O(NH)CPh}](ClO4)2, 3 c ´
(ClO4)2, in acetone was overlayed with light petroleum (0.23 g, 0.24 mmol,
80%). IR (KBr): nÄ � 3362 (w), 2974 (m), 2876 (m), 1663 (w), 1586 (s), 1549
(s), 1454 (s), 1380 (m) cmÿ1; MS (FAB, nibeol): m/z (%): 858 (100) [3 c ´
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(ClO4)�], 757 (30) [3c�], 679 (22) [3 c�ÿC6H6]; C36H67Cl2N9Ni2O9 (958.3):
calcd C 45.12, H 7.05, N 13.15; found C 44.67, H 7.10, N 13.04.


Complex 4 : a) from 2 and dimethylcyanamide : A solution of 2 ´ (ClO4)2


(0.26 g, 0.30 mmol) in dimethylcyanamide (2 mL) was heated to 70 8C for
12 h. Most of the volatile material was then evaporated under reduced
pressure and the residue taken up in EtOH (15 mL). Addition of NaBPh4


(0.21 g, 0.61 mmol) caused immediate formation of a light green precipitate
which was filtered, washed twice with EtOH, and dried under vacuum.
When a solution of the resulting product in acetone was layered with light
petroleum, green crystals of [L2Ni2(OCN)](BPh4)2(acetone), 4 ´ (BPh4)2-
(acetone) (0.27 g, 0.20 mmol, 65%) were obtained. IR (KBr): nÄ � 3047 (m),
2976 (s), 2876 (w), 2217 (s), 2201(s), 1572 (m), 1469 (s), 1446 (m), 1419 (m),
1380 (m) cmÿ1; MS (FAB, nibeol): m/z (%): 679 (100) [4�];
C78H101B2N9Ni2O ´ acetone (1377.8): calcd C 70.61, H 7.83, N 9.15; found
C 69.98, H 8.14, N 8.64.


b) from 5 : A powdered sample of neat 5 ´ (ClO4)2 (0.22 g, 0.25 mmol) was
placed in a Schlenk tube and heated to 170 8C while being stirred under
dynamic vacuum. Occasionally samples were taken to monitor the
appearance of the band at 2195 cmÿ1 by IR spectroscopy, characteristic of
product formation. After 12 h the resulting material was cooled to room
temperature, taken up in acetone (7 mL) and filtered. When the green
solution was layered with light petroleum, green microcrystals of
[L2Ni2(OCN)](ClO4)2, 4 ´ (ClO4)2 (0.14 g, 0.16 mmol, 65%) slowly formed.
IR (KBr): nÄ � 2975 (m), 2877 (w), 2193 (s), 1465 (sh), 1453 (m), 1384 (m),
1088 (vs) cmÿ1; MS (FAB, nibeol): m/z (%): 780 (100) [4 ´ (ClO4)�], 679 (50)
[4�]; C30H61Cl2N9Ni2O9 (880.2): calcd C 40.94, H 6.99, N 14.32; found C
40.72, H 7.15, N 14.15. Anion exchange with NaBPh4 yielded material with
physical properties identical to those of [L2Ni2(OCN)](BPh4)2 obtained
from the reaction of 2 ´ (ClO4)2 and dimethylcyanamide described above.


Ligand HL3 : 3-Chloromethylpyrazole hydrochloride was prepared accord-
ing to the literature.[38] 1H NMR ([D6]DMSO): d� 4.72 (s, 2H, CH2), 6.34
(d, J� 1.8 Hz, 1H, H4), 7.70 (d, J� 1.8 Hz, 1H H5), 9.09 (br, 2H, NH);
13C NMR ([D6]DMSO): d� 38.5 (CH2), 104.8 (C4), 131.4 (C5), 146.1 (C3). A
solution of this material (3.0 g, 19.6 mmol) in CH2Cl2 (200 mL) was treated
with 3,4-dihydropyran (3.6 mL, 39.5 mmol) and stirred at room temper-
ature overnight. After evaporation of all volatile material, the residue was
recrystallized from CH2Cl2:light petroleum (1:20) at ÿ20 8C to yield 6a
(2.6 g, 13.0 mmol, 66%) as a sticky white solid. MS (EI): m/z (%): 201 (5)
[M��1], 85 (100) [THP�]; C9H13ClN2O (200.7): calcd C 53.87, H 6.53, N
13.96; found C 54.56, H 6.69, N 12.99. This material and Na2CO3 (14 g,
132 mmol; previously dried by heating to 100 8C under dynamic vacuum for
1 h) were added to a solution of bis[(diethylamino)ethyl]amine (2.8 g,
13.0 mmol) in MeCN (200 mL) and the reaction mixture was refluxed for
18 h. After cooling to room temperature and subsequent filtration, the
resulting clear solution was evaporated to dryness to yield crude 7a as a
slightly yellow oil. This was taken up in ethanolic HCl (40 mL) and stirred
for 1 h at room temperature. The volume of the solution was reduced to
30 mL under reduced pressure and addition of ether precipitated the
product as the hydrochloride salt, which was separated by decantation and
dried under vacuum. Aqueous NaOH (1m, 70 mL) was added and
extracted twice with CH2Cl2. The combined organic phases were dried
over MgSO4 and evaporated to dryness to afford HL3 (1.7 g, 5.8 mmol,
44%) as a slightly yellow oil. 1H NMR (CDCl3): d� 1.06 (t, J� 7.1 Hz, 12H,
CH3), 2.45 ± 2.67 (m, 16H, CH2), 3.80 (s, 2H, CH2), 6.01 (d, J� 1.6 Hz, 1H,
H4), 7.48 (d, J� 1.6 Hz, H5); 13C NMR (CDCl3): d� 11.4 (CH3), 47.1, 49.5,
51.5, 53.4 (CH2), 101.6 (C4), 127.9 (C5), 139.1 (C3); MS (EI): m/z (%): 294
(5) [M�ÿ 1], 209 (12) [M�ÿCH2NEt2], 86 (100) [CH2NEt2


�].


Ligand HL4 : The preparation was carried out in close analogy to that of
HL3 from 3-chloromethyl-5-methylpyrazole hydrochloride.[38] 1H NMR
([D6]DMSO): d� 2.25 (s, 3H, CH3), 4.70 (s, 2H, CH2), 6.22 (s, 1 H, H4);
13C NMR ([D6]DMSO): d� 10.7 (CH3), 37.8 (CH2), 104.5 (C4), 141.8 (C5),
146.1 (C3). Compound 6 b was obtained as a mixture of isomers and was
finally converted to HL4 as a slightly yellow oil (overall yield 37%).
1H NMR (CDCl3): d� 1.05 (t, J� 7.1 Hz, 12 H, CH3), 2.27 (s, 3 H, CH3),
2.48 ± 2.66 (m, 16H, CH2), 3.73 (s, 2H, CH2), 5.80 (s, 1H, H4); 13C NMR
(CDCl3): d� 11.2 (CH3), 13.1 (CH3), 47.2, 49.6, 51.4, 53.4 (CH2), 101.5 (C4),
C5/C3 not observed; MS (FAB, nibeol): m/z (%): 310 (100) [M��1], 223
(61) [M�ÿCH2NEt2].


Complex 8 a : One equivalent of [Ni(H2O)6](ClO4)2 (0.22 g, 0.61 mmol) was
added to a solution of HL3 (0.18 g, 0.61 mmol) in MeCN (20 mL) and the


resulting blue solution stirred for 2 h at room temperature. After the
volume of the reaction mixture was reduced to �8 mL under reduced
pressure, it was layered with Et2O. Blue-violet crystals of [HL3Ni(NC-
Me)2](ClO4)2, 8a ´ (ClO4)2, gradually formed (0.17 g, 0.27 mmol, 44%). IR
(KBr): nÄ � 3131 (w), 2979 (m), 2877 (w), 2311 (m), 2287 (m), 2248 (m), 1529
(m), 1461 (s), 1391 (m), 1090 (vs) cmÿ1; MS (FAB, nibeol): m/z (%): 452
(90) [8a ´ (ClO4)�ÿ 2 MeCN], 353 (100) [8 a�ÿ 2 MeCN]; C20H39Cl2N7NiO8


(635.2): calcd C 37.82, H 6.19, N 15.44; found C 38.10, H 6.14, N 15.91.


Complex 8b : This was prepared analogously to 8 a from HL4 (0.19 g,
0.61 mmol) to yield blue-violet crystals of [HL4Ni(NCMe)2](ClO4)2, 8b ´
(ClO4)2 (0.19 g, 0.29 mmol, 48 %). IR (KBr): nÄ � 3140 (vw), 2980 (m), 2877
(w), 2304 (m), 2278 (m), 1568 (m), 1468 (m), 1446 (m), 1392 (w), 1090
(vs) cmÿ1; MS (FAB, nibeol): m/z (%): 466 (100) [8b ´ (ClO4)�ÿ 2MeCN],
366 (39) [8a�ÿ 2MeCN]; C21H41Cl2N7NiO8 (649.2): calcd C 38.85, H 6.37, N
15.10; found C 38.57, H 6.30, N 14.95.


Complex 9 : One equivalent of BuLi (2.5m in hexane) was added to a
solution of HL3 (0.18 g, 0.61 mmol) in THF (20 mL). After the volume of
the solution was reduced to �10 mL under vacuum with subsequent
addition of MeCN (10 mL), [Ni(H2O)6](ClO4)2 (0.22 g, 0.61 mmol) was
added in one portion and the resulting green solution was stirred for 3 h at
room temperature. All volatile material was then removed under reduced
pressure and the remaining material taken up in MeCN and layered with
Et2O. Green crystals of [L3


2Ni2](ClO4)2, 9 ´ (ClO4)2, gradually formed
(0.23 g, 0.25 mmol, 83%). IR (KBr): nÄ � 2958 (m), 1461 (m), 1379 (m), 1335
(m), 1258 (s), 1090 (vs) cmÿ1; MS (FAB, nibeol): m/z (%): 805 (100) [9 ´
(ClO4)�], 704 (73) [9�], 352 (79) [L3Ni�]; C32H64Cl2N10Ni2O8 (905.2): calcd
C 42.46, H 7.13, N 15.47; found C 42.26, H 6.99, N 15.45.


Complex 10 a : a) by hydrolysis of DMF : A solution of 2 ´ (ClO4)2 (0.30 g,
0.34 mmol) in DMF (2 mL) was heated to 140 8C for 36 h. All volatile
material was then removed under reduced pressure at 30 8C and the residue
dissolved in EtOH (25 mL). Addition of NaBPh4 (0.24 g, 0.70 mmol)
caused precipitation of a green solid which was filtered off and washed
twice with small portions of EtOH. When a solution of this material in
acetone was layered with light petroleum, microcrystalline green
[L2Ni2(O2CH)](BPh4)2(acetone), 10a ´ (BPh4)2(acetone) (0.19 g, 0.14 mmol,
40%), was obtained. IR (KBr): nÄ � 3047 (m), 2975 (s), 2872 (w), 1704 (s,
acetone), 1592 (s), 1574 (s), 1473 (s), 1444 (m), 1420 (m), 1380 (m) cmÿ1;
MS (FAB, nibeol): m/z (%): 682 (100) [10a�]; C78H102B2N8Ni2O2 ´ acetone
(1380.8): calcd C 70.46, H 7.88, N 8.12; found C 69.73, H 7.56, N 8.34.


b) from 2 and formate : Identical material was obtained by treating a
solution of 2 ´ (ClO4)2 (0.20 g, 0.23 mmol) in EtOH (20 mL) with sodium
formate (0.017 g, 0.23 mmol) and subsequent anion exchange with NaBPh4


(0.16 g, 0.46 mmol). Crystallization from acetone/light petroleum afforded
green crystalline 10a ´ (BPh4)2(acetone) (0.28 g, 0.20 mmol, 88%); MS
(FAB, nibeol): m/z (%): 682 (100) [10 a�]; C78H102B2N8Ni2O2 ´ acetone
(1380.8): calcd C 70.46, H 7.88, N 8.12; found C 69.11, H 7.75, N 8.59.


Complex 10 b : a) by hydrolysis of DMA : A solution of 2 ´ (ClO4)2 (0.30 g,
0.34 mmol) in DMA (2 mL) was heated to 140 8C for 36 h. All volatile
material was then removed under reduced pressure at 30 8C and the residue
washed twice with small portions of Et2O. Crystallization of the remaining
material from MeOH/Et2O afforded green microcrystals of [L2Ni2(O2C-
Me)](ClO4)2, 10 b ´ (ClO4)2 (0.09 g, 0.10 mmol, 28 %). IR (KBr): nÄ � 2972
(m), 2876 (m), 1575 (s), 1449 (br m), 1427 (m), 1384 (m), 1094 (vs) cmÿ1; MS
(FAB, nibeol): m/z (%): 797 (100) [10 b ´ (ClO4)�], 696 (25) [10b�];
C31H64Cl2N8Ni2O10 (897.2): calcd C 41.50, H 7.19, N 12.49; found C 40.36, H
7.10, N 12.38. Alternatively, the raw material was taken up in EtOH
(25 mL) and treated with NaBPh4 (0.22 g, 0.64 mmol) to yield a green
precipitate. This was washed twice with EtOH, dissolved in acetone and
layered with light petroleum to afford green microcrystalline 10b ´
(BPh4)2(acetone)2 (0.20 g, 0.14 mmol, 41%). IR (KBr): nÄ � 3048 (m),
2975 (s), 2873 (w), 1705 (s, acetone), 1572 (s), 1566 (s), 1468 (s), 1444 (m),
1423 (s), 1381(m), 1354 (m) cmÿ1; MS (FAB, nibeol): m/z (%): 696 (100)
[10b�]; C79H104B2N8Ni2O2 ´ 2acetone (1452.9): calcd C 70.27, H 8.05, N 7.71;
found C 70.17, H 7.84, N 7.99.


b) from 2 and acetate : Identical material was obtained by treating a
solution of 2 ´ (ClO4)2 (0.20 g, 0.23 mmol) in EtOH (20 mL) with potassium
acetate (.023 g, 0.23 mmol) and subsequent anion exchange with NaBPh4


(0.16 g, 0.46 mmol). Crystallization from acetone/light petroleum afforded
green crystalline 10b ´ (BPh4)2(acetone)2 (0.25 g, 0.17 mmol, 75%) with
physical properties identical to those of the above compound.
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c) By hydrolysis of ethyl acetate : A suspension of 2 ´ (ClO4)2 (0.30 g,
0.34 mmol) in ethyl acetate (3 mL) was heated under reflux for 12 h. All
volatile material was then removed under reduced pressure, the residue
was dissolved in EtOH and NaBPh4 (0.22 g, 0.64 mmol) added. The green
precipitate that formed was filtered and washed twice with EtOH. When a
solution of this material in acetone was layered with light petroleum, green
microcrystals of 10b ´ (BPh4)2(acetone)2 (0.31 g, 0.21 mmol, 63%) were
obtained. MS (FAB, nibeol): m/z (%): 696 (100) [10b�];
C79H104B2N8Ni2O2 ´ 2acetone (1452.9): calcd C 70.27, H 8.05, N 7.71; found
C 69.62, H 8.23, N 7.88.


Complex 10 c : A suspension of 2 ´ (ClO4)2 (0.30 g, 0.34 mmol) in ethyl
propionate (3 mL) was heated to 75 8C for 12 h. All volatile material was
then removed under reduced pressure, and the residue was dissolved in
acetone and overlayed with light petroleum. Green microcrystals of the
product [L2Ni2(O2CEt)](ClO4)2, 10c ´ (ClO4)2, gradually formed (0.23 g,
0.25 mmol, 74%). IR (KBr): nÄ � 2974 (s), 2876 (m), 1565 (vs), 1516 (w),
1459 (s), 1420 (s), 1384 (m), 1092 (vs) cmÿ1; MS (FAB, nibeol): m/z (%): 809
(100) [10c ´ (ClO4)�], 710 (28) [10c�]; C32H66Cl2N8Ni2O10 (911.2): calcd C
42.18, H 7.30, N 12.30; found C 41.84, H 7.25, N 12.28.


Complex 10 d : A solution of 2 ´ (ClO4)2 (0.30 g, 0.34 mmol) in g-butyro-
lactone (2 mL) was heated to 75 8C for 3 h. All volatile material was then
removed under reduced pressure, the residue dissolved in acetone and
overlayed with light petroleum. Green crystals of the product {L2Ni2[O2C-
(CH2)3OH]}(ClO4)2, 10 d ´ (ClO4)2, gradually formed (0.27 g, 0.29 mmol,
84%). IR (KBr): nÄ � 3518 (br m), 2973 (s), 2874 (m), 1565 (s), 1445 (s), 1414
(s), 1379 (m), 1082 (vs) cmÿ1; MS (FAB, nibeol): m/z (%): 841 (100) [10d ´
(ClO4)�], 741 (55) [10d�]; C33H68Cl2N8Ni2O11 (941.2): calcd C 42.11, H 7.28,
N 11.90; found C 41.82, H 7.17, N 11.76.


Complex 11: A solution of 2 ´ (BPh4)2 (0.49 g, 0.34 mmol) in acetone
(20 mL) was treated with potassium acetate (0.09 g, 0.92 mmol) and stirred
at room temperature for 6 h. All volatile material was then removed under
reduced pressure, the residue again dissolved in acetone and filtered. When
the resulting solution was layered with light petroleum, green crystals of the
product [L2Ni2(O2CCH3)2](BPh4) ´ (acetone)0.6 , 11 ´ (BPh4)(acetone)0.6


(0.20 g, 0.18 mmol, 52%) were obtained. IR (KBr): nÄ � 3046 (m), 2969
(s), 2868 (m), 1708 (m, acetone), 1573 (vs), 1552 (sh), 1447 (s), 1418 (m),
1408 (s), 1376 (m) cmÿ1; MS (FAB, nibeol): m/z (%): 755 (55) [11�], 696
(55) [11�ÿO2CCH3]; C57H87BN8Ni2O4 ´ 0.6 acetone (1111.4): calcd C 63.55,
H 8.22, N 10.08; found C 62.26, H 7.92, N 9.68.


X-ray crystallography : The measurements were carried out on a Siemens
P4 four-circle diffractometer [complex 1 ´ (BPh4)2] or a Siemens CCD
diffractometer [complex 2 ´ (BPh4)2] or a Nonius Kappa CCD diffractom-
eter [complexes 3 c ´ (ClO4)2, 4 ´ (BPh4)2, 8b ´ (ClO4)2, 9 ´ (ClO4)2, 10d ´
(ClO4)2, 11 ´ (BPh4)] with graphite-monochromated MoKa radiation. For
1 ´ (BPh4)2 the intensities of three reference reflections (measured every
100 reflections) remained constant throughout the data collection, which
indicated crystal and electronic stability. All calculations were performed
with the SHELXT PLUS software package. Structures were solved by
direct methods with the SHELXS-97 and refined with the SHELXL-97
program.[45] The program XPMA[46] was used for graphical handling of the
data. For 1 ´ (BPh4)2 an absorption correction (y scan, Dy� 108) was
applied to the data. Atomic coordinates and thermal parameters of the
non-hydrogen atoms were refined in fully or partially anisotropic models by
full-matrix least-squares calculation based on F 2. In general, the hydrogen
atoms were placed at calculated positions and allowed to ride on the atoms
they are attached to. In the case of 2 ´ (BPh4)2, the hydrogen atoms H100,
H200, and H300 of the H3O2 bridge were located in the difference fourier
synthesis and refined isotropically. The same is valid for the N-bound H22
in 8 b ´ (ClO4)2 and for the O-bound H3 in 10d ´ (ClO4)2. Owing to the poor
quality of the crystals, the structure analysis of 4 could only be refined to a
final (poor) agreement value of R� 0.105. The data for the structure
determinations is compiled in Tables 3 and 4. Crystallographic data
(excluding structure factors) for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication nos. CCDC-111 410 ± CCDC-111 417. Copies of
the data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit
@ccdc.cam.ac.uk).
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Table 3. Crystal structure data and refinement details for complexes 1, 2, 3 c, and 4.


1 ´ (BPh4)2 2 ´ (BPh4)2 ´ 2acetone 3c ´ (ClO4)2 4 ´ (BPh4)2 ´ acetone


formula C73H94B2N8Ni2O C77H104B2N8Ni2O2 ´ 2C3H6O C36H67Cl2N9Ni2O9 C78H101B2N9Ni2O ´ C3H6O
Mr 1238.6 1428.9 958.3 1377.8
crystal size [mm] 0.40� 0.40� 0.50 0.24� 0.30� 0.36 0.20� 0.20� 0.30 0.20� 0.15� 0.15
crystal system triclinic monoclinic monoclinic monoclinic
space group P1Å P 21/c P21/n P 21/n
a [�] 11.725(2) 12.426(1) 14.956(3) 12.508(3)
b [�] 14.629(2) 12.778(1) 19.683(4) 21.335(4)
c [�] 20.095(3) 49.439(1) 15.197(3) 28.858(6)
a [8] 100.53(1) 90 90 90
b [8] 100.21(1) 93.60(1) 107.86(3) 94.06(3)
g [8] 100.78(1) 90 90 90
V [�3] 3248(1) 7834(1) 4258(1) 7682(3)
1calcd [gcmÿ3] 1.266 1.211 1.454 1.177
Z 2 4 4 4
F(000) [e] 1324 3072 1928 2888
T [K] 200 200 200 200
m (MoKa) [mmÿ1] 0.631 0.53 1.071 0.541
hkl range ÿ 13 to 14, ÿ17 to 16, ÿ24 to 23 � 15, �14, �56 � 18, �24, �18 ÿ 13 to 12, �26, �35
2q range [8] 3.6 ± 51.0 3.2 ± 51.4 3.3 ± 52.1 3.4 ± 52.0
measured refl. 12662 60049 71810 78539
unique refl. (Rint) 12035 (0.032) 13689 (0.037) 8419 (0.096) 13835 (0.269)
observed refl. I> 2s(I) 9074 10892 5469 4675
refined parameters 788 914 583 528
resid. electron dens. [e �ÿ3] 0.588/ÿ 0.450 1.25/ÿ 0.38 1.35/ÿ 0.69 0.856/ÿ 0.550
R1 0.044 0.053 0.056 0.105
wR2 (refinement on F 2) 0.105 0.131 0.168 0.336
goodness-of-fit 1.024 1.085 0.989 0.960
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Structure ± Magnetism Relationships in a-Nitronyl Nitroxide Radicals


MerceÁ Deumal,[a] Joan Cirujeda,[b] Jaume Veciana,*[b] and Juan J. Novoa*[a]


Abstract: The crystal packing of a-ni-
tronyl nitroxide radicals that have dom-
inant ferromagnetic or antiferromagnet-
ic interactions is analyzed in order to test
if there are characteristic orientations of
their functional groups that can be
associated with these magnetic interac-
tions. From a large crystalline structural
database of compounds containing a-
nitronyl nitroxide radical units
(143 structures), 23 representative cases
with dominant intermolecular ferromag-
netic interactions, and 24 cases exhibit-
ing dominant antiferromagnetic interac-


tions were selected. The spatial distribu-
tion of the NÿO ´´´ OÿN, C(sp3)ÿH ´´´
ON, and C(sp2)ÿH ´´´ ON contacts
whose distance is smaller than 10 �
was analyzed, with special emphasis on
the 0 ± 5 � region for the NÿO ´´´ OÿN
contacts and 0 ± 3.8 � for the CÿH ´´´
OÿN contacts. No correspondence is


found between the presence of intermo-
lecular ferro- or antiferromagnetic in-
teractions and the geometry of any of
the previous isolated contacts. There-
fore, there is a need to change the way in
which some structure ± magnetism cor-
relations are obtained in a-nitronyl
nitroxide crystals. These results also
show that the intermolecular magnetic
interaction is related to the relative
orientation of the nearby molecules as
a whole, that is, with the collection of
intermolecular contacts made by them.


Keywords: crystal engineering ´ hy-
drogen bonds ´ magnetic properties
´ noncovalent interactions ´ radicals
´ solid-state structures


Introduction


The design of purely organic magnetic materials has been the
goal of many research groups during the last decade.[1] A
systematic synthetic effort has provided different kinds of
organic free radicals whose crystals present interesting
magnetic properties, even bulk ferromagnetism in very
exceptional cases.[2] The most extensively studied family of
purely organic persistent radicals are the a-nitronyl nitroxide
(or a-nitronyl aminoxyl) radicals,[3] whose general formula is
shown at the top of Schemes 1 and 2.


The analysis of the magnetic properties and packing in the
a-nitronyl nitroxide crystals shows that the presence of bulk
ferromagnetism is strongly related to the relative disposition
of the radicals in the crystal. This result is consistent with the
commonly accepted theoretical models about intermolecular
magnetism.[1, 2, 4] For instance, the McConnell-I model,[4]


probably the one most employed today due to its simplicity,


predicts the presence of intermolecular ferromagnetic inter-
actions between neighboring molecules only when there are
short contacts between atoms that have a considerable atomic
spin population of opposite sign (otherwise, the interaction
would be antiferromagnetic or negligible).


The preparation of molecular organic crystals that show
spontaneous magnetization below a certain critical temper-
ature, TC, is possible for persistent free radicals whose crystal
packing allows for the presence of intermolecular ferromag-
netic interactions propagating all over the crystal.[5, 6] This is
only possible if each spin containing molecule is capable of
making one or more ferromagnetic interactions with its
nearest neighbor molecules with strengths larger than kTC,
the thermal energy at TC.[7] Consequently, one of the most
important points in this field is to recognize the relative
arrangements of neighboring molecules giving rise to inter-
molecular ferromagnetic interactions, and those generating
antiferromagnetic ones.[8] Rationalization of the crystal pack-
ing of organic molecules can be achieved in terms of crystal-
packing patterns,[9] also known as synthons,[10] the basic
intermolecular units from which the rest of the crystal can
be generated. Patterns for radical crystals with dominant
ferromagnetic interactions can be called ferromagnetic pat-
terns. Similarly antiferromagnetic patterns are these present
in the crystals of radicals with dominant antiferromagnetic
interactions.


The exact geometries of these patterns are still not known, a
fact that has greatly limited the design of new organic magnets
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and the development of molecular magnetism. Up to now, the
usual way of obtaining information about the structure of the
ferro- and antiferromagnetic patterns has been by a detailed
inspection of the molecular packing of individual crystals
showing a well-characterized magnetic behavior. Although
qualitative, several useful conclusions have been obtained
using this methodology. For instance, it indicates that short
NO ´´´ ON contacts are associated with antiferromagnetic
patterns.[1, 11, 12] Also, some short NO ´´´ HÿC contacts are
indicative of ferromagnetic patterns.[1, 11, 12] This methodolog-
ical approach has two major drawbacks: first of all, the
structural information achieved on the magnetic patterns is
very limited and, second, the conclusions are in many cases
contaminated by preconceptions.[13] Therefore, a systematic
and quantitative analysis of the crystal packing of a-nitronyl
nitroxides presenting dominant magnetic interactions is
required to find their structure ± magnetism relationships.


In this work we try to establish the presence of magnetic
patterns by looking at the geometry of the NÿO ´´´ OÿN
contacts, the most important magnetic ones according to the
McConnell-I model, and also of the C(sp3)ÿH ´´´ ON and
C(sp2)ÿH ´´´ ON contacts, given the claims of the presence of
magnetic interactions through these hydrogen bonds.[12] We
have performed an analysis on 47 a-nitronyl nitroxide crystals
that clearly show dominant ferromagnetic or antiferromag-
netic intermolecular interactions; these were obtained from
the literature or our own work.


Methodology


A total of 143 crystal structures containing substituted a-nitronyl nitroxide
radical units were used initially. The majority were retrieved from the
Cambridge Structural Database (CSD),[14] and the rest from our own
research, directly from the literature, or supplied by other authors. The
criteria employed to select the final set of structures were as follows:


1) The 26 structures with R factors greater than 0.10, or which were
determined from very limited data, or which exhibit disorder or large
molecular distortions, were discarded. 2) Then, the 45 structures containing
both transition metal atoms and large closed-shell organic molecules
cocrystallized were discarded (thus leaving 72 purely organic crystal
structures), since intermolecular magnetic interactions between radicals
could be complicated in these cases by the existence of other magnetic
pathways through the metal atoms or the closed-shell molecules and the
radical units. 3) Finally, we also discarded all the crystals whose magnetic
interactions are not clearly dominated by ferro- or antiferromagnetic
interactions.[15] It is convenient to exclude all crystals with nondominating
magnetic behavior because they can show both types of crystal packing
patterns and, in consequence, it would make impossible the identification
of the ferro- and antiferromagnetic patterns. The nature of the dominant
magnetic interactions is clearly manifested by the temperature dependence
of the magnetic susceptibility, c, in the temperature range of 2 ± 300 K.[16]


Radicals with dominant ferromagnetic interactions, grouped in the FM
subset, show a characteristic continuous increase of cT as T decreases;
radicals with dominant antiferromagnetic interactions have the opposite
trend and were collected in the AFM subset. Of the remaining 47 purely
organic crystals, 23 belonged to the FM subset[17] and 24 to the AFM
subset.[18] The molecular structure of the parent radicals for each crystal is
shown in Schemes 1 and 2.
Crystals whose structures were found in the CSD (27) are located in the
lower part of both schemes. Under each drawing we have indicated the
refcode given in the CSD database to the crystal (when more than one
polymorph is present, all the refcodes are indicated). The equivalent
information is provided in the upper part of Schemes 1 and 2 for the non-
CSD crystals. In this case, an arbitrary refcode was generated by us for
identification purposes and for compatibility with the crystal analysis codes.
The 47 crystals of the combined FM and AFM subsets belong to the
following space groups: P1Å (3), P21 (2), Cc (2), P21/c (25), C2/c (2), P212121


(2), Pca21 (1), Ib2a (1), Pbca (4), Fdd2 (1), I41/a (1), P42bc (1), and P3c1 (2).
Most of the analyzed crystal structures were determined at room temper-
ature, where the thermal energy largely overcomes the strength of the
magnetic interactions. Therefore, we are trying to correlate a physical
property whose magnitude is only clearly observed at low temperatures,
with the crystal packing at room temperature. This is a common practice in
molecular magnetism that, unfortunately, cannot be avoided since only
very few crystal structures have been determined at low temperatures. At
first glance such objection may look serious, but a detailed analysis of this
problem reveals that it has minor consequences for our magneto ± struc-
tural correlations. Except for those cases where a first-order structural
phase transition occur,[19] the crystal packing patterns of molecular crystals
show only small changes with the temperature due to the thermal
contraction. These changes do not turn the relative disposition of the
molecules (the data of interest here) to such an extent as to reverse the
nature of the dominant intermolecular magnetic interaction.[20] Therefore,
it can be assumed without too much risk that the values of the distances and
angles defining each contact would only change slightly with the temper-
ature, and the differences in the geometrical distribution within the two
subsets will still be of statistical significance.
One possible form of characterizing the relative positions of neighboring
radicals is by looking at the relative geometry of the X ´´ ´ Y contacts which
dominate the packing, together with those expected to give rise to the
strongest magnetic interactions. Concerning the first type, the crystal
packing of the a-nitronyl nitroxides is energetically dominated by the NÿO
´´´ OÿN and CÿH ´´´ OÿN contacts made among neighboring mole-
cules.[21, 22] On the other hand, according to the McConnell-I model, the
dominant magnetic interactions present in the a-nitronyl nitroxide crystals
are expected to be directly related to the spatial orientation and proximity
of the ONCNO groups (these are the atoms in which most of the electronic
spin distribution is located in the a-nitronyl nitroxide radicals).[23] There-
fore, we have investigated the statistical differences in the relative spatial
dispositions of the NÿO ´´´ OÿN and CÿH ´´´ OÿN contacts within the FM
and AFM subsets, searching for differences which later on could be used as
signatures for the presence of a type of magnetic interaction in other a-
nitronyl nitroxide crystals.
The statistical analysis of the geometry was done using the CSD module[14]


QUEST to locate the intermolecular contacts within each crystal, and the
CSD-module VISTA for the visualization and a preliminary statistical
treatment of the data. The CSD module PREQUEST was used to generate


Abstract in Spanish: Se ha analizado el empaquetamiento
cristalino de los radicales a-nitronil nitroÂxido que presentan
interacciones dominantes ferro o antiferromagneÂticas, para ver
si hay orientaciones de sus grupos funcionales características
de cada tipo de interaccioÂn magneÂtica. De entre un conjunto
inicial de 143 cristales de radicales radicales a-nitronil
nitroÂxido, se seleccionan 23 casos con interacciones dominan-
tes ferromagneÂticas y 24 con interacciones dominantes anti-
ferromagneÂticas. La distribucioÂn espacial de los contactos
NÿO ´´´ OÿN, C(sp3)ÿH ´´´ ON and C(sp2)ÿH ´´´ ON cuya
distancia es menor de 10 � se ha analizado, haciendo un
eÂnfasis especial en la regioÂn 0 ± 5 � para los contactos NÿO ´´´
OÿN, y 0 ± 3.8 � para los CÿH ´´´ OÿN. No se encuentra una
relacioÂn entre la presencia de ferro o antiferromagnetismo y la
geometría de ninguno de dichos contactos. Debido a ello, es
necesario cambiar la forma en que se realizan muchas de las
correlaciones magneto-estructurales en los cristales de radicales
a-nitronil nitroÂxido. Estos resultados tambieÂn muestran que las
interacciones magneÂticas intermoleculares estaÂn relacionadas
con la orientacioÂn relativa de las moleculas vecinas como un
todo, es decir, con el conjunto de contactos intermoleculares
que producen entre ellas.
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structures suitable for their posterior treatment with QUEST for the non-
CSD crystals. These crystal structures were added to the a-nitronyl
nitroxide crystals recovered from the CSD. The factor and cluster analysis
of the data were done with computer programs written in our laboratories.
The number of intermolecular NO ´´´ ON and CÿH ´´´ OÿN contacts found
in the 47 crystals of the combined FM and AFM is as follows: 1312 NO ´´´
ON contacts at O ´´´ O distances smaller than 10 �, and 6039 C(sp3)ÿH ´´´
OÿN and 2286 C(sp2)ÿH ´´´ OÿN contacts at the same H ´´´ O cutoff. These
three sets are large enough to allow a statistical analysis of the geometrical
distribution of the parameters involved.


Results and Discussion


Spatial distributions of the NÿO ´´´ OÿN contacts : A prelimi-
nary statistical analysis of the geometry of the a-nitronyl
nitroxide molecules of the 47 crystals included in the FM and


AFM subsets, and of other
crystals with no definite, rele-
vant, or complex magnetic be-
havior, showed that the spatial
distribution of all the atoms
present in the five-membered
ring is nearly the same, and that
the five ONCNO atoms lie in
the same plane.[24] This behav-
ior can be attributed to the sp2


hybridization of the a-C atom,
which allows the delocalization
of the p electrons over the five
ONCNO atoms through vari-
ous resonant forms. Given this
fact, we do not have to worry
about small distortions in the
geometry of the ONCNO
group and all the atoms of the
imidazolidine ring, including
the four methyl groups. There-
fore, we can consider the inter-
nal geometry of imidazolidine
ring and its ONCNO group as
fixed. Consequently, given two
ONCNO groups within a crys-
tal, whose atoms are labeled as
O12N12C1N11O11 and O22N22C2-
N21O21, the relative geometric
position of the N11ÿO11 ´´´
O21ÿN21 contact is completely
defined by the following six
internal coordinates (see Fig-
ure 1): three to define the posi-
tion of the terminal O21 atom
relative to the O12N12C1N11O11


group (the O21 ´´ ´ O11 distance,
the O21 ´´ ´ O11ÿN11 angle, and
the O21 ´´ ´ O11ÿN11ÿC1 torsion
angle), two for the position of
the N21 atom for a fixed NÿO
distance (N21ÿO21 ´´ ´ O11 angle
and the N21ÿO21 ´´´ O11ÿN11 tor-
sional angle), and one to fix the


O22N22C2N21O21 group plane (C2ÿN21ÿO21 ´´ ´ O11 torsional
angle, as the C2ÿN21 distance and the C2ÿN21ÿO21 angle are
fixed). To simplify the notation, we will identify these six
parameters as D, A1, A2, T1, T2 , and T3 (see Figure 1). There
are many other possible choices for this six coordinate space,
but all of them are related by linear transformations. The
coordinate set selected here is the one that allows an easier
visualization and clearer physical interpretation of the geo-
metric parameters.


The duplicities found during the geometric analysis of the
contacts and the random spatial distributions of some angular
parameters were taken into account by processing the geo-
metrical data a) to discard those with nearly identical
parameters, and b) to force the values of the angles A1 and
A2 to be smaller than 1808 and, at the same time, to impose


Scheme 1. Chemical formulas of the R substituents for the a-nitronyl nitroxide radicals included in the FM
subset. Lower part corresponds to those crystals whose structure has been deposited in the CSD.
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Figure 1. Geometrical parameters employed to define the relative position
of two ONCNO groups.


that A1xA2. This second con-
dition was imposed because
there is no way to force one
ONCNO group to be the sec-
ond group in the analysis car-
ried out by using the QUEST
program. No other restrictions
were imposed in our data anal-
ysis.


We can begin the analysis of
the geometry of the NO ´´´ ON
contacts in the FM and AFM
subsets by looking at their
number as a function of the
O ´´´ O distance (D parameter).
There is a similar number of
contacts in both subsets in the
0 ± n (nx10) � distance range
analyzed (see Table 1). Such a
long cutoff value is selected to
allow the inclusion in our study
of patterns in which the shortest
contact between the neighbor-
ing molecules involves a bulky
R substituent (like an aromatic
ring) of one molecule and an
OÿN or other group of the
second molecule. This forces
the NO groups to lie far away.


The proportion of contacts in
the FM and AFM subsets (see
Table 1) is nearly constant for
any cutoff distance within the
0 ± 10 � range (on average,
44 % are from the FM subset,
with low and high values of
39 % and 47 %). These values
suggest that the number of
ONCNO ´´´ ONCNO contacts
that each NO group is making


is similar in both subsets. Consequently, it is not true that the
presence of short NO ´´´ ON contacts is indicative of dominant
antiferromagnetic interactions, as sometimes stated in the
literature.[1, 11, 12] This fact is better illustrated in Table 2, which


Scheme 2. Chemical formulas of the R substituents for the a-nitronyl nitroxide radicals included in the AFM
subset. Lower part corresponds to those crystals whose structure has been deposited in the CSD.


Table 1. List of ONCNO ´´´ ONCNO contacts for crystals of the FM and
AFM subsets within the range of distances indicated. Percentages of cases
with intermolecular ferro- and antiferromagnetic interactions are also
given.


FM subset AFM subset
distance total number number % number %
range [�] of contacts of contacts of contacts


[0!3] 0 0 0 0 0
[0!4] 24 10 42 14 58
[0!5] 92 36 39 56 61
[0!6] 204 90 44 114 56
[0!7] 378 167 44 211 56
[0!8] 608 274 45 334 55
[0!9] 901 416 46 485 54
[0!10] 1312 611 47 701 53
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gives the geometrical parameters of the FM and AFM crystals
showing the shortest NO ´´´ ON contacts. Interestingly
enough, the shortest NO ´´´ ON contact in the two subsets


are nearly identical, 3.158 � in the crystal of the FM subset
and 3.159 � in that of the AFM one (refcodes LICMIT and
WILVIW10, respectively). Figure 2 shows the geometrical
arrangement of the radicals in which these contacts are found.
The arrangement is of the up-down type in the FM case and
up-up type in the AFM case, but as it is also shown in Figure 2,
there are also up-down arrangements within the AFM crystals
presenting very short NO ´´´ ON contacts (Table 2). Thus, it is
impossible to define the magnetic character of a crystal by
looking only at the presence or absence of short NO ´´´ ON
contacts.


We also performed a more detailed analysis evaluating the
angular dependence. Comparing only the NO ´´´ ON distance
distributions is like averaging the angular distribution for each
distance value (see, for instance, the angle values given
Table 2). Furthermore, as mentioned before, the McConnell-I
model indicates that the angular orientation between nearby
ONCNO groups is important to define the magnetic nature of
the interaction. We first looked at the angular distribution in
the FM and AFM subsets in the short end of our distance


analysis, the 3 ± 5 � range, as this
is the most important region if
the magnetic interaction is due
to the direct overlap of the spin-
density-containing groups (the
NO groups). The scattergram of
the values of D and T2 for the
FM and AFM subsets in the 3 ±
10 � region (Figure 3a) shows
that there is a remarkable sim-
ilarity in the two distributions
along the 0 ± 10 � range. Scatter-
grams of other pairs of values
show a similar behavior as that
plotted in Figure 3a. To test if it
is merely a consequence of the
pair of parameters selected, we
have also plotted (Figure 3b) the
position of the O21 atom relative
to the N11ÿO11 group for all the
contacts of the FM and AFM
subsets within the 3 ± 5 � range.
A direct observation of Fig-
ure 3b proves that: a) the O21


atom is placed all over the space
in the FM and AFM subgroups,
and b) there is no difference
between the spatial distributions
of the FM and AFM subsets.


The similarity in the geomet-
rical distribution of the FM and
AFM NÿO ´´´ OÿN contacts is
also found when the analysis is
done in the 0 ± 10 � range. Sim-
ilar scattergrams to those in
Figure 3 are obtained, but with
many more points. The similar-
ity is clearly manifested by the
average values of the parameters


Figure 2. Geometrical disposition of the dimers found in the two crystals of the FM (a) and AFM subsets (b)
presenting the shortest NO ´´´ ON contacts. Also shown (c) is the dimer with the shortest NO ´´´ ON contact
among the dimers presenting a head-tail conformation in the AFM subset.


Table 2. Values of the geometrical parameters defining the ONCNO ´´´
ONCNO contact for the five crystals of the FM and AFM subsets showing
the shortest D distances. The distances are given in � and the angles in
degrees. The refcodes of crystals in which these interactions are found are
given in Schemes 1 and 2.


Refcode D A1 A2 T1 T2 T3


FM subset
LICMIT 3.158 146.8 146.8 180.0 ÿ 0.1 0.1
ZORHIX 3.168 126.9 71.5 119.0 46.5 ÿ 76.2
MMEPYC 3.429 153.2 68.0 173.3 ÿ 40.1 70.1
000MPY 3.499 127.5 76.4 ÿ 162.1 104.2 ÿ 92.1
PEYPUA 3.719 114.6 59.0 172.9 ÿ 114.0 ÿ 66.5


AFM subset
WILVIW10 3.159 117.2 134.1 139.0 134.3 77.9
5CL2OH 3.369 82.6 82.6 180.0 75.6 ÿ 75.6
0000AH 3.431 120.0 75.8 ÿ 38.9 75.1 62.7
SUKBOP 3.522 77.7 77.7 180.0 ÿ 66.7 66.7
ZIPTAT 3.589 79.2 79.2 180.0 ÿ 82.7 82.7
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D, A1, A2 , T1, T2 , and T3. Within the 0 ± 10 � range, the
average values of these parameters for the FM subset are
7.9 �, 748, 1158, 138, 38, andÿ58, while the corresponding ones
for the AFM subset are 7.8 �, 738, 1138, 88,ÿ68, and 28, These
two sets of average values differ by less than their computed
standard deviation.[25] When the analysis was performed in the
0 ± 4 � range, the corresponding parameters also had similar
average values for the FM and AFM subsets (in the same
order as above, 3.6 �, 928, 1378, 188, ÿ228, and ÿ378 for the
FM subset, and 3.6 �, 888, 938, 328, 448, and 108 in the AFM
subset). Once again, the FM and AFM average values differ
by less than their standard deviation. Furthermore, the average
value of the angular parameters found within the 0 ± 4 and 0 ±
10 � ranges also differ by less than their standard deviation.


Therefore, even when the angular orientation is taken into
account the presence of short NO ´´´ ON contacts does not
imply that the crystal has dominant antiferromagnetic inter-
actions. Consequently, one should change the way in which
some magneto ± structural analyses are done, as it is not


possible in general to define the
nature of the dominant inter-
molecular magnetic interaction
just by looking at the geomet-
rical disposition of the closest
NO ´´´ ON contacts.


Factor and cluster analysis of
the geometry of the NÿO ´´´
OÿN contact : At this point,
we tested to see if the conclu-
sions obtained in the previous
section were due to the coordi-
nate set employed, to inconsis-
tencies or hidden trends in the
data, or to the presence of
hidden variables. To discard
these options, one can perform
a correlation and factor analysis
of the data set, which constists
of the geometries of the 611 and
701 ONCNO ´´´ ONCNO con-
tacts found in the FM and
AFM subsets, respectively.[26, 27]


As a final check we performed
a cluster analysis, searching for
possible clusters in the geomet-
rical distribution of the six geo-
metrical parameters, with the
help of a well-defined mathe-
matical procedure. This proce-
dure allows the identification of
particular regions in the rela-
tive orientation of the NO
groups in which the ferro- or
antiferromagnetic contacts are
grouped, regardless of their
strength. These regions would
be associated with the existence
of ferro- and/or antiferromag-
netic interactions. For such a


cluster analysis, we considered the geometry of each contact
as a six-component vector (V), each component being one of
the six parameters employed to define the NÿO ´´´ OÿN
contact geometry, that is, V(1)�D, V(2)�A1, and so on. The
values of the V components were renormalized to have a
similar weight by giving the angles in radians.


As a first step, we investigated, independently in the FM
and AFM subsets, our previous conclusions to see if they were
a consequence of the coordinate set used in our study. The
correlation matrix[26] was then computed. In both subsets the
off-diagonal elements always have an absolute value smaller
that 0.17 (their average is 0.07 and 0.06 in the FM and AFM
subsets), except for the A1 and A2 correlation, which has a
value of 0.36. Therefore, there is a small correlation between
the A1 and A2 angles, probably due to the tendency of many of
these radicals to pack as stacks of planes.[21, 22] No other
correlation is found for any other pair of parameters
employed in this study.


Figure 3. a) Scattergrams of the indicated pair of parameters characterizing the NO ´´´ ON contacts in the FM
(left) and AFM (right) crystal subsets. b) Position of the O21 atoms relative to the O11ÿC11ÿC1 group for all
contacts of the FM (left) and AFM (right) crystal subsets within the 0 ± 5 � range.







Structure ± Magnetism Relationships 1631 ± 1642


Chem. Eur. J. 1999, 5, No. 5 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0505-1637 $ 17.50+.50/0 1637


We also carried out a factor analysis[27] of the 611� 6 data
matrix of the FM subset by computing the eigenvalues of the
6� 6 covariance matrix, obtained from the data matrix by
premultiplication by its transpose. The initial FM covariance
matrix is nearly diagonal, thus indicating the linear independ-
ence of the coordinate set. Its eigenvalues are 4.096, 3.479,
3.246, 2.590, 0.374, and 0.177, the first three mostly associated
to the three dihedral angles, the fourth to the distance D, and
the last two to the A1 and A2 angles. Similar conclusions are
found when the factor analysis is done on the AFM subset.
Furthermore, in the AFM covariance matrix the eigenvalues
and eigenvectors are nearly identical to those obtained in the
FM subset, an indication of the similarity of their contacts,
thus confirming our previous conclusions. In summary, these
results indicate that six is the number of independent
parameters needed in order to treat the NO ´´´ ON geo-
metrical data. Therefore, the frequent use of three, or worse,
two geometrical parameters when searching for structure-
magnetism relationships is not correct.


As a final test on the validity of our data we carried out a
cluster analysis[28] of the ONCNO ´´´ ONCNO geometrical
data. Specifically, we wanted to know whether the ONCNO
´´´ ONCNO contacts of the FM and AFM subsets are located
in different regions of the six dimensional coordinate space.
As a clustering criterion we used the single linkage method,[28]


also known as the nearest neighbor technique. Within this
criterion, a cluster is defined as a set of connected elements,
and one element i is said to be connected to its nearest
neighbor j when the distance between both elements, dij


[29] is
equal or smaller than a threshold value, e, that is, dij� e. This is
a direct connection. If the element j is also connected to
another element k, then i and k are indirectly connected and
the cluster is constituted by the elements i, j, and k. Thus, a
new element l is added to this cluster when the shortest
distance to any element of the cluster is smaller than the
threshold e, a parameter which characterizes the cluster. If
two clusters A and B are present in our data, they are
characterized by two internal threshold values eA and eB, and
the shortest distance between the elements of cluster A and
cluster B must be larger than any of these two thresholds (see
the upper part of Figure 4 for a graphical illustration).


To test if there are clusters of FM and/or AFM geometries,
we applied the cluster analysis to the combined subsets of
geometries. One can foresee three possible extreme situa-
tions, shown in Figure 4. In the first one, the FM and AFM
subsets of contacts are disjoint, that is, the two sets of crystals
pack in totally different forms. In the second case, there are
common elements shared by the FM and AFM subsets. In the
third case, the two sets of contacts are totally interpenetrated
and indistinguishable, in fact forming only one set. As
illustrated in Figure 4, one can mathematically differentiate
among these three situations by comparing the shortest
distance within the FM and AFM subsets (eFM and eAFM),
with the shortest distance between the pairs of elements, one
from each subset (eFMÿAFM). The subset in which each point is
included is also known. If eFMÿAFM> eFM and, simultaneously,
eFMÿAFM> eAFM the two subsets are disjoint, while if any of
these two conditions are not fulfilled there is an overlap
between the two sets and it is not possible to find two subsets


Figure 4. Types of clusters expected in our statistical analysis of FM and
AFM subsets of crystals.


in a cluster analysis. One can differentiate between cases 2 and
3 mentioned above in the following way. The common
elements between the FM and AFM subsets are those whose
eFMÿAFM is smaller than eFM and eAFM. If this number totals all
the elements in the FM and AFM subsets, we are dealing with
case 3, otherwise it is case 2.


The analysis of the FM and AFM geometrical data indicates
that eFM and eAFM are 1.980 and 2.130, respectively. At the
same time, eFMÿAFM< eFM and eFMÿAFM< eAFM. Cluster analysis
limited to NO ´´´ ON contacts shorter than 5 � yielded the
same conclusion as that done in the 0 ± 10 � region. Con-
sequently, our sets of contacts are distributed according to the
third possibility, that is, the two sets are nearly identical,
interpenetrated, and indistinguishable. Thus, mathematically
we find that there is no statistically significant difference in
the relative disposition of the NO ´´´ ON contacts for the FM
and AFM subsets. Notice here that the previous cluster analysis
does not depend on the coordinate set employed, because the
Cartesian distance between two vectors is invariant to the
coordinate set in which these vectors are represented.


Spatial distributions of the C(sp3)ÿH ´´´ OÿN and C(sp2)ÿH
´´´ OÿN contacts : The absence of a general connection
between the geometry of the individual NO ´´´ ON contacts of
neighboring molecules and the presence of dominant ferro- and
antiferromagnetic interactions could be easily understood if
there were other relevant magnetic interactions in the a-nitronyl
nitroxide crystals. There have been some reports in the literature
about the possibility of magnetic interactions through hydrogen
bonds[12] and the relevance of this implication in our crystals is
obvious if one looks at Figure 2 for a while. Therefore, it is
worthwhile to undertake the analysis of the distribution of
hydrogen bonds in the a-nitronyl nitroxide crystals.


We focused our attention in the C(sp3)ÿH ´´´ OÿN and the
C(sp2)ÿH ´´´ OÿN hydrogen bonds, as they constitute the
majority of the H ´´´ OÿN noncovalent interactions. The H
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atoms of CH3 and aromatic groups posses a small amount of
spin.[30] Therefore, accepting that the McConnell-I model can
be extended to the H ´´´ OÿN case, they are expected to give
very weak magnetic interactions having a ferromagnetic
nature when the spin density on the H atoms is negative
and antiferromagnetic when it is positive.[1, 4] Owing to their
weakness, these kind of contacts are not expected to be the
determinant ones in defining the dominant magnetic inter-
action in the crystal, although if their number is large enough,
they could compensate the stronger ones. We have analyzed
the geometry of all the C(sp3)ÿH ´´´ OÿN and the C(sp2)ÿH ´´´
OÿN contacts whose H ´´´ O distances are smaller or equal than
3.8 �.[31] This cutoff is longer than the usual one employed in
the identification of hydrogen bonds, the reason being that the
possible magnetic interactions generated though these bonds
can be manifested at longer distances than these in which the
hydrogen bonds present their minimum-energy distance, and
we do not want to discard the presence of long-range magnetic
contacts through hydrogen bonding.


A systematic search on the geometry of a general CÿH ´´´
OÿN contact requires six independent internal coordinates.
However, given the quasi-cylindrical symmetry of the electron
density around the CÿH group, we can disregard two
dihedrals and use the four parameters indicated in Figures 5


Figure 5. Geometrical parameters employed to define the relative position
of one C(sp3)ÿH group respect to a ONCNO group.


Figure 6. Geometrical parameters employed to define the relative position
of one C(sp2)ÿH group located in ortho, meta or para position of an
aromatic ring respect to a ONCNO group.


and 6 for the C(sp3)ÿH ´´´ OÿN and C(sp2)ÿH ´´´ OÿN con-
tacts, respectively. They will be called D, A1, A2 , and T1 for
simplicity. In the C(sp2)ÿH ´´´ OÿN case, one can distinguish
between ortho, meta, and para C(sp2)ÿH ´´´ OÿN contacts
relative to the a-C atom of the five-membered ring. We have
identified them by adding the suffix o, m and p after the name
of the parameter (for instance A1o, A1m and A1p ).


All the crystals included in the two magnetic subsets have
12 hydrogen atoms bonded to the methyl C(sp3) atoms, which
have a negative spin density.[12a, 30] A proportion of 49 % ferro-
versus 51 % antiferromagnetic C(sp3)ÿH ´´´ OÿN contacts
should be expected according to the number of crystals in
the FM and AFM subsets. However, not all the crystals
analyzed have functionalized aromatic groups in their R
substituent (Schemes 1 and 2), and the proportion of ferro
versus antiferromagnetic C(sp2)ÿH ´´´ OÿN contacts will de-
pend on the number of crystals having aromatic groups and on
the number of hydrogens in ortho, meta, or para positions.


A search within the FM and AFM subsets for H ´´´ O
distances smaller or equal to 3.8 �[31] gives 364 C(sp3)ÿH ´´´


OÿN contacts and 102 C(sp2)ÿH ´´´ OÿN contacts, as indicat-
ed in Table 3, separated into ortho, meta, and para compo-
nents. Within the 364 C(sp3)ÿH ´´´ OÿN contacts, 43 % belong
to the FM subset and 57 % to the AFM one, a similar
proportion to the number of crystals in each subset. Similar
proportions are found for the C(sp2)ÿH ´´´ OÿN contacts in
the FM and AFM subsets for hydrogens in the ortho, meta,
and para positions. The contacts are distributed along D in a
similar form for the FM and AFM subsets, as one can


Table 3. Number of C(sp3)ÿH ´´´ ON and C(sp2)ÿH ´´´ ON contacts (split-
ted into ortho, meta and para contributions) within the FM and AFM
subsets whose O ´´´ H distances are less or equal than 3.8 �.


FM subset AFM subset
Type of contact total number number of % number %


of contacts contacts of contacts


C(sp3)ÿH ´´´ ON 364 157 43 207 57
C(sp2)ÿH ´´´ ON
ortho 35 20 57 15 43
meta 51 32 63 19 37
para 16 6 38 10 62


Table 4. Values of the geometrical parameters defining the C(sp3)ÿH ´´´
OÿN contacts for the five crystals of the FM and AFM subsets showing the
shortest D distances. The distances are given in � and the angles in degrees.
The refcodes of crystals in which these contacts are found are also
indicated.


Refcode D A1 A2 T1


FM subset
HAFXOB 2.339 137.9 167.2 ÿ 145.3
YOMYII 2.382 111.9 162.2 94.9
000MPY 2.419 118.0 168.6 160.5
ZORHIX 2.582 126.8 148.1 169.2
00GPNP 2.600 124.1 132.1 ÿ 150.9


AFM subset
0000AH 2.295 88.9 158.0 54.5
YISCIM 2.343 162.6 161.5 ÿ 109.3
SUKBIJ 2.442 142.1 161.2 ÿ 148.0
0000BR 2.447 126.3 149.6 112.3
YOXMED 2.489 131.3 157.7 ÿ 157.8
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appreciate by comparing the
values for the shortest contacts
in the two subsets in Tables 4
and 5. One always finds
C(sp3)ÿH ´´´ OÿN contacts in
the FM and AFM subsets, irre-
spective of the range analyzed
(for instance, there are 2 FM
and 2 AFM C(sp3)ÿH ´´´ OÿN
contacts in [2.2 ± 2.4] range,
and similar numbers are found
for the C(sp2)ÿH ´´´ OÿN con-
tacts), although the percentage
of FM versus AFM can change
a bit with the range (for in-
stance, if the cutoff is 3.0 �
65 % of the C(sp3)ÿH ´´´ OÿN
contacts are in the FM subset).
The presence of C(sp3)ÿH ´´´
OÿN contacts in both subsets
at all ranges does not depend on
the H ´´´ O cutoffs or range
employed. All of this is clearly
manifested in the scattergrams
shown in Figures 7 and 8.


A more complete idea of the
distribution of these contacts in
space requires the inclusion of
the angular distribution. We
can do so by means of the
scattergrams of Figures 7 and
8, which represent views of the


values of the D, A1, and A2 parameters for the CÿH ´´´ OÿN
contacts in the two magnetic subsets. Similar behavior is
found when one looks at other pairs of parameters. Although
the number of points in Figures 7 and 8 is not large enough to
allow generalizations, the C(sp2)ÿH ´´´ OÿN contacts are
distributed in a similar way for the FM and AFM subsets,
within the 80 ± 1808 range, for the angles, and the 2.2 ± 3.8 �
range for the distances. The use of cutoffs shorter than 3.8 �
does not change our conclusions. Thus, we can conclude that
no differences are found in the geometrical distribution of the
CÿH ´´´ OÿN contacts of the FM and AFM subsets.


Conclusion


Our analysis indicates that there are no statistically significant
differences in the relative disposition of the NO ´´´ ON and
CÿH ´´´ OÿN contacts found within the FM and AFM subsets.
This experimental observation is consistent with the fact that
the packing of a-nitronyl nitroxide radicals is driven by the
same intermolecular forces in the FM and AFM crystals.
Consequently, it is not possible to determine the nature
(ferro- or antiferromagnetic) of the dominant magnetic
interaction in a crystal just by looking at the geometry of
one type of intermolecular contact. This assertion breaks
some accepted ideas, such as the association of the dominant


Table 5. Values of the geometrical parameters defining the C(sp2)ÿH ´´´
OÿN contacts for the three crystals within the FM / AFM subsets showing
the shortest contact distances. The values are grouped into three different
sets according to the positions (ortho, meta, and para) of the H atoms that
make the indicated contacts. The distances are given in � and the angles in
degrees. The refcodes of crystals in which these contacts are found are also
indicated.


Refcode Do A1o A2o T1o


FM 00GPNP 2.559 157.5 123.6 ÿ 103.3
00DPNP 2.569 158.3 123.0 118.6
KAXHAS 2.800 123.1 101.7 ÿ 82.7


AFM SUKBOP 2.645 125.8 125.1 ÿ 134.5
2N5OHP 2.698 101.6 124.9 ÿ 152.8
YOMYUU 2.791 157.9 125.5 100.7


Refcode Dm A1m A2m T1m


FM YISNIX 2.239 150.7 147.8 102.0
00DPNP 2.421 132.4 130.6 ÿ 143.7
HAFXOB 2.496 143.0 128.1 ÿ 171.9


AFM 0PCF3P 2.412 140.6 137.0 120.9
3CL4OH 2.647 143.2 127.9 ÿ 95.0
YOMYOO 2.648 153.5 145.2 ÿ 131.9


Refcode Dp A1p A2p T1p


FM YOMYII 2.613 135.1 163.3 ÿ 92.0
LICMIT 2.892 139.2 127.4 88.1
YISCOS 2.940 112.3 118.4 156.6


AFM 5CL2OH 2.220 137.0 157.0 ÿ 95.6
YISCIM 2.325 148.2 142.7 ÿ 157.6
003CLP 2.465 152.3 127.7 179.6


Figure 7. Scattergrams of A1 vs. D and A2 vs. D for the C(sp3)ÿH ´´´ OÿN contacts of the FM (upper) and AFM
(lower) subsets.
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magnetic character of a crystal with the presence of short NO
´´´ ON distances. We have also found that six is the number of
independent parameters needed to represent the NO ´´´ ON,
thus invalidating the frequent use of three or two geometrical
parameters when searching for structure ± magnetism rela-
tionships.


Now we need to address an interesting point: if the crystals
of a magnetic subset must have dominant interactions of its
subset class, and these interactions clearly depend on the
relative geometrical arrangement of the radicals, why are
these differences not seen in the previous statistical analysis?.
Two different answers can be given to this question. First, the
McConnell-I model might not be valid and could be just an
oversimplification of the experimental operative mecha-
nism.[32] Second, it could be that we have looked at individual
intermolecular connections, assuming that magnetism in these
solids is associated to the relative position of an individual
contact, while the experimental intermolecular interactions
are collective, that is, associated to the relative disposition of
all magnetically active functional groups. The second idea can
be illustrated by looking at the differences in the packing
patterns of Figure 2: the relative orientations of the NO ´´´ ON
contacts are not so different in these geometrical arrange-
ments, but the geometrical dispositions of the molecules and
all the functional groups in the molecule is very different (that


is, one is dealing with different
packing patterns). Our statisti-
cal study does not rule out any
of these options and further
studies are necessary for such
a task.[33]
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The Importance of Micro Segregation for Mesophase Formation:
Thermotropic Columnar Mesophases of Tetrahedral and other
Low-Aspect-Ratio Organic Materials


Annegret Pegenau,[a] Torsten Hegmann,[a] Carsten Tschierske,*[a] and Siegmar Diele[b]


Abstract: Several low-aspect-ratio or-
ganic molecules [tetrahedral pentaery-
thritol derivatives, peracylated polyhy-
droxy compounds and aminoalcohols, a
tetraphenylmethane derivative, a tetra-
phenylstannane, and a tetrahedral zinc
bis(1,3-diketonate) all carrying long ali-
phatic chains] have been synthesized.
These compounds were investigated by
polarizing optical microscopy and differ-
ential scanning calorimetry, and some of
them by X-ray diffraction. Most com-
pounds show columnar liquid-crystalline
mesophases. Their mesogenic properties
are neither caused by a specific aniso-
metric shape of these molecules nor by a
strong amphiphilicity as known from


conventional liquid crystals. Instead
their mesogenity is mainly driven by
micro segregation of the incompatible
molecular parts (polar central regions
and lipophilic alkyl chains) into well-
organized different microdomains. It is
shown that, in analogy to block copoly-
mers, the mesophase stability rises on
enlarging the number of repeat units
connected with each other and on in-
creasing the degree of incompatibility


between the incompatible segments.
During the process of self-organization
the average conformation of the mole-
cules is changed in such a way that it
allows a most efficient packing of the
molecules. Consequently, rigid mole-
cules with a fixed tetrahedral geometry
are not mesogenic. The molecules de-
scribed herein can be regarded as the
most simple star-shaped low-aspect-ra-
tio block molecules that form liquid-
crystalline phases. They bridge the gap
between classical amphiphilic mesogens,
several nonconventional dendritic and
oligomeric liquid crystals, and mesomor-
phic block copolymers.


Keywords: block molecules ´ liquid
crystals ´ micro segregation ´ non-
covalent interactions ´ supramolec-
ular chemistry


Introduction


The combination of order and mobility on a molecular level is
a typical feature of the liquid-crystalline (LC) state. It leads to
many applications, such as electro-optical displays and
temperature sensors, and it is an important prerequisite for
the existence of life (e.g. cell membranes). Therefore novel
LC materials are of great interest. Additionally, liquid-
crystalline mesophases are of general scientific interest
because they represent typical examples of artificial self-
organizing systems on a supramolecular level.[1]


According to the molecular order nematic, smectic, colum-
nar, and cubic mesophases can be distinguished. These


mesophases can be found in different classes of compounds.
Most common are anisometric rod-shaped or disc-shaped
molecules, which consist of an anisometric central unit grafted
with flexible chains. Usually these chains are alkyl chains and
provide the mobility, whereas the order is provided by the
packing arrangement of the anisometric groups. Liquid-
crystalline phases are also formed by amphiphilic molecules
either in the pure state (thermotropic mesophases) or in their
aqueous solutions (lyotropic systems). Here supermolecular
aggregates are built up by the attractive forces between the
strongly polar groups of the amphiphiles, which can organize
in ordered structures. Most liquid-crystalline materials syn-
thesized up to now belong to one of these two rough structural
guidelines.


However, in the recent years mesomorphic properties have
been reported for some nonconventional molecules; these
have neither an anisometric shape nor belong to classical
amphiphiles. Their mesomorphic properties could not be
explained on the basis of these classical concepts. For
example, some linear and branched oligoamides and poly-
amides,[2, 3] and some dendritic molecules[4, 5] display thermo-
tropic liquid-crystalline behavior. Columnar mesomorphism
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was found for a few octahedral metal complexes[6] and for the
so called diabolo compounds.[7] We have synthesized pentaer-
ythritol tetrabenzoates, such as compound 1 d, which can form
columnar mesophases.[8] These molecules can be regarded as
consisting of a tetrahedral central core to which a varying
number of alkyl chains is grafted through aromatic linking
units. In a preliminary communication we have pointed out the
importance of micro segregation for their mesomorphic proper-
ties and proposed a cylinder model for the organization of the
molecules in the columnar mesophases of these compounds.[8]


In the meanwhile the same model was used to explain the
mesomorphism of polyamides and some dendrimers.[3d, 4, 5]


Though micro segregation was realized to be a main reason
for the transition from the nematic phase to the smectic
phases and it is well known as driving force for the formation
of lyotropic and thermotropic mesophases of strongly amphi-
philic molecules.[9] The directed design of mesogenic materials
without anisometric rigid units and without a strong amphi-
philicity is a new approach in liquid crystal chemistry.


Herein we report on systematic structural variations at
these novel low-aspect-ratio materials. For this purpose we
have synthesized molecules related to 1 d. We have changed


the number and length of the alkyl chains. The ester groups in
the polar centers of these molecules were replaced by more-
polar amide groups or by less-polar ether units. Furthermore,
we have changed the number of repeat units and the topology
of their connection and we have synthesized some rigid
tetrahedral molecules. These investigations were carried out
to evaluate the importance of micro segregation for meso-
phase formation of low-molecular-weight organic molecules.


Results and Discussion


Synthesis : Most compounds (1, 3, 12 ± 14, and 17 ± 26) were
obtained in a straight forward manner by acylation of commer-
cially available polyhydroxy compounds and polyhydroxy-
amines with an excess of substituted benzoic acid by the use of
a water-soluble carbodiimide [N-cyclohexyl-N'-(2-morpholi-
noethyl)carbodiimide methyl-p-toluenesulfonate, CMC] in
the presence of 4-(dimethylamino)pyridine (DMAP).[10]


The amide 2 was synthesized according to Scheme 1. Ethyl-
5-cyano-2-nonyl-1,3-dioxan-5-carboxylate[11] (I) was reduced
to 5-aminomethyl-5-hydroxymethyl-2-nonyl-1,3-dioxan II. Af-
ter acylation of the amino group and the hydroxy group, the
protecting acetal group was cleaved and the diol III was
benzoylated to give the amide 2.


Scheme 1. Synthesis of the amide 2. Reagents and conditions: i) LiAlH4,
Et2O, 20 8C, 4 h, then H2O; ii) 3,4-(C10H21O)2PhCOOH, CMC, DMAP,
CH2Cl2, 20 8C, 72 h; iii) EtOH, H2O, PPTS, reflux, 5 h.


The pentaerythritol derivative 4, which combines three
acyloxy groups with one ether unit, was prepared according to
Scheme 2. At first, selective protection of three of the hydroxy


Scheme 2. Synthesis of compound 4. Reagents and conditions:
i) CH3C(OEt)3, TosOH, PhMe, reflux, 5 h; ii) 1. NaH, 3,4-
(C10H21O)2PhCH2Br, DMF, 5 h, 50 8C, then 20 8C, 12 h; 2. HCl, H2O,
EtOH, 20 8C, 1 h; iii) 3,4-(C10H21O)2PhCOOH, CMC, DMAP, CH2Cl2,
20 8C, 72 h.


groups of pentaerythritol was achieved by formation of the
bicyclic orthoacetate IV.[12] Etherification with 3,4-didecyloxy-
benzyl bromide[13] (obtained from ethyl 3,4-didecyloxyben-
zoate by reduction with LiAlH4


[14] and subsequent treatment
with PBr3


[15]) followed by acidolytic cleavage of the protecting
group afforded the triol V, which after acylation gave the
triester 4.







Micro Segregation 1643 ± 1660


Chem. Eur. J. 1999, 5, No. 5 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0505-1645 $ 17.50+.50/0 1645


The compounds 5 ± 7, 15, and 16 were prepared as outlined
in Scheme 3. At first the spiroacetal VI was synthesized,[16]


which was subsequently cleaved to give the dibenzyl ether VII
by reduction with NaBH4 in the presence of trifluoro acetic
acid.[17] The diol VII was acylated with appropriately sub-
stituted benzoic acids to give the compounds 5, 15, and 16.
Etherification of VII with three equivalents of 3,4-didecyloxy-
benzyl bromide yields a mixture of the triether VIII (from
which compound 6 was obtained) and the tetraether 7, which
could be separated by preparative centrifugal thin-layer
chromatography with a Chromatotron (Harrison Research).


The tetraphenylmethane derivative 9 was obtained by
Pd0-catalyzed cross-coupling[18] of tetrakis(4-bromophenyl)-
methane[19] with 3,4-didecyloxyphenylboronic acid[20] as shown
in Scheme 4. To synthesize the tetraphenylstannane 10, 3,4-
didecyloxyphenyl bromide was subjected to a metal halogen
exchange that afforded the corresponding lithiated species,
which afterwards was treated with SnCl4 to yield 10.[21] For the
preparation of 11, the sodium salt of 1,3-bis(3,4-didecyloxy-
phenyl)-1,3-propanedione[22] was treated with ZnCl2 ´ Et2O in
refluxing glyme.


Pentaerythritol tetrakis(3,4-dialkoxybenzoates): The phase
transition temperatures and associated enthalpy values of the
pentaerythritol 3,4-dialkoxybenzoates 1 are given in Table 1.
Most of the compounds 1 show liquid-crystalline properties.
On cooling of these compounds from the isotropic liquid state
a spherulithic texture can be observed between crossed
polarizers, which on slight shearing turns into a nonspecific
birefringent texture. These are typical features of columnar
mesophases.


Scheme 4. Synthesis of the tetraphenylmethane derivative 9. Reagents and
conditions: i) Br2, cat. Fe, CCl4, 30 ± 35 8C, 8 h, then 20 h, reflux; ii) 3,4-
(C10H21O)2PhB(OH)2, Pd(PPh3)4, NaHCO3, DME, reflux, 8 h.


Scheme 3. Synthesis of the pentaerythritol derivatives 5 ± 7 , 15 and 16. Reagents and conditions i) 3,4-(C10H21O)2PhCHO, PPTS, benzene, reflux, 20 h; ii) 1.
NaBH4, CF3COOH, THF, 0 8C, then 20 8C, 4 h; 2. KOH, H2O, 20 8C, 5 min; iii) 4-R1-3-R2-5-R3PhCOOH, CMC, DMAP, CH2Cl2, 20 8C, 72h; iv) NaH, 3,4-
(C10H21O)2PhCH2Br, DMF, 50 8C, 5 h, then 20 8C, 12 h; v) 3,4-(C10H21O)2PhCOOH, CMC, DMAP, CH2Cl2, 20 8C, 72 h.







FULL PAPER C. Tschierske et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0505-1646 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 51646


The appearance of mesomorphic properties, however,
strongly depends on the length of the alkyl chains. The hexyl
derivative 1 a was obtained as an oily liquid that can be
supercooled to ÿ30 8C without a phase transition. Crystal-
lization sets in after storage for several months at room
temperature (m.p. 45 8C). The mesophase stability continu-
ously rises with elongation of the chains and then decreases
again. The melting temperatures increase at first (maximum
at compounds 1 b and 1 c), then they decrease (minimum at
compound 1 e) and finally strongly rise again. This leads to
enantiotropic mesophases for compounds 1 e and 1 f. Re-
markably, the long-chain compounds 1 e ± 1 g crystallize much
more rapidly than the short-chain compounds 1 a ± 1 d. While
the liquid-crystalline samples of compounds 1 a ± 1 d can be
stored for several days at room temperature without crystal-
lization, the crystalline state of the hexadecylderivative 1 g can
only be supercooled to 46 8C by rapid cooling. Above this
temperature no mesophase was detected. Therefore, we con-
clude that a maximum of mesophase stability (538C) is reached
for compounds 1 e and 1 f, and that the clearing temperatures
decrease on further elongation of the alkyl chains.


The didecyloxybenzoate 1 d was investigated in more detail.
The DSC (differential scanning calorimetry) heating and
cooling traces of this compound are shown in Figure 1.
Though its liquid-crystalline phase is monotropic (metasta-
ble), the crystalline state can easily be supercooled down to
ÿ30 8C without crystallization (see cooling curve). Slow
crystallization occurs only after prolonged storage at room
temperature.


The X-ray diffraction pattern of its mesophase is charac-
terized by a diffuse scattering in the wide-angle region cor-


Figure 1. DSC heating and cooling traces of compound 1d (10 K minÿ1).


responding to 0.45 nm and three sharp scatterings in the
small-angle region with a ratio of their positions 1:30.5:2 which
confirms a hexagonal columnar organization in this meso-
phase (Colh). The lattice parameter ahex is nearly independent
on the temperature and has been determined to be ahex�
3.3 nm at 25 8C.


The question arises, how these molecules with a tetrahedral
central core could organize into columns. Typically, thermo-
tropic hexagonal columnar phases are formed by anisometric
disclike molecules[23] or by amphiphilic or polymeric taper-
shaped molecules.[24±26] However, no flat disclike molecular
shape or taper shape is provided by the tetrahedral central
core of the pentaerythritol tetrabenzoates. Rather, these
molecules can adapt different conformations with the alkyl
chains more or less randomly distributed around the central
tetrahedral linking unit. The CPK models of two selected
conformations of the pentaerythritol tetrabenzoate 1 d are
shown in Figure 2. A conformer with a tetrahedral shape is
shown in Figure 2a. A rather flat arrangement of the 3,4-
dialkoxybenzoyl units is also possible as shown in Figure 2b,
but it is impossible to arrange all four 3,4-dialkoxybenzoyl
units in such a way that they form a really over-all flat disc.
Furthermore, energy is necessary to force the molecules into
the flat conformation and, additionally, any restriction of the
number of conformations would be entropically disfavored.
This situation is different from molecules with a flat and rigid
core in which the disclike shape is inherently given.


More detailed inspection of the molecular models reveals
that in the center of the molecules the polar building blocks
(ÿCOOÿ, phenyl, ÿOÿ) are concentrated, thus creating
distinct polar regions. In these polar regions a large part of
the cohesive energy is provided by polar forces, whereas the
cohesive forces in the periphery result exclusively from the
dispersion forces between the alkyl chains. Therefore, the
polar regions of neighboring molecules should preferably
interact with each other, rather than be distributed between
the aliphatic chains. This leads to the aggregation of the polar
groups with formation of segregated regions. During the
process of self-organization the average conformation of the
individual molecules is influenced. Conformers with a rather
flat shape, similar to that one shown in Figure 2b should be
favored in respect to other conformers, because they enable
the most efficient interaction of their polar regions with those
of neighboring molecules (induced fit). Thus, the central polar
units can aggregate with formation of extended cylinders.


Table 1. Phase transition temperatures (T [8C]) and transition enthalpies
DH [kJ molÿ1] (italics) of the pentaerythritol tetrakis(3,4-dialkoxybenzoa-
tes) 1.


R K Col I


1a OC6H13 ´ 45 ± ± ´
35.3


1b OC8H17 ´ 55 (´ 31) ´
88.9 3.9


1c OC9H19 ´ 55 (´ 42) ´
68.6 4.2


1d OC10H21 ´ 54 (´ 47) ´
102.3 5.4


1e OC11H23 ´ 14 ´ 53 ´
22.0 6.0


1 f OC12H25 ´ 24 ´ 53 ´
40.4 6.1


1g OC16H33 ´ 58 ± ± ´
241.9
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a)


b)


Figure 2. CPK models of possible conformations of compound 1d : a) con-
former with a tetrahedral preorganization of the 3,4-didecyloxyphenyl
groups; b) conformer with most flat, disclike arrangement of the 3,4-
didecyloxyphenyl units.


Furthermore, in these conformers the alkyl chains are radially
preorganized around the central cores; this additionally
favors their organization in cylinders. As shown in Figure 3


Figure 3. Core-shell model of the organization of the compounds 1 in their
hexagonal columnar mesophases.[8]


these cylinders are surrounded by the liquidlike aliphatic
chains and organize into a hexagonal 2D-lattice, which allows
the most efficient space filling.


The diameter of the molecule 1 d in the disclike conforma-
tion as shown in Figure 2b with all-trans-conformations of the
alkyl chains amounts to D� 4.2 nm. Taking into account the
molten disordered state of the alkyl chains and the possibility
of interdigitation of the alkyl chains of neighboring molecules
in the liquid-crystalline state, the hexagonal lattice parameter
(ahex� 3.3 nm) corresponds very well (ahex/D� 0.79) with the
proposed arrangement of the molecules.


Thus, the thermotropic liquid-crystalline properties of these
molecules are not caused by a well-defined anisometric
molecular shape, instead their mesogenity is mainly driven
by micro segregation of distinct incompatible molecular
parts.[27] In this respect the molecules described here can be
regarded as (starlike) block molecules, that is, as low-
molecular-weight analogues of block-copolymers.[28]


As in block copolymers, the incompatibility of different
molecular parts gives rise to the segregation of chemically
slightly different segments into well-organized different
microdomains. In AB-diblock copolymers, consisting of two
different polymer chains A and B, the micro segregation is
determined by the size of the blocks (number of statistical
segments in the blocks N�NA�NB) and the degree of
chemical and structural difference between the blocks. The
latter is described by the segment interaction parameter
cAB,[29, 30] which is related to the difference of cohesive energy
in the different blocks and can be estimated according to
cAB�VR(dAÿ dB)2/RT from the solubility parameter dA and
dB. The morphology of the micro-segregated regions is
influenced by the volume fractions of the blocks (f) and the
difference in conformational properties of the two blocks (e).
Since c depends on temperature, micro segregation is temper-
ature dependent and occurs below a certain order ± disorder
transition temperature.


In analogy to block-copolymers the stability of the meso-
phases of the molecules under discussion (measured as their
clearing temperatures) should depend on the size of the
distinct regions and on the degree of difference between them.
Thus the mesophases should be stabilised either by enlarging
the molecules, that is, on increasing the number of segments
covalently bound to each other, and/or by increasing the
intramolecular polarity contrast, that is, by enhancing the
polarity in the polar region. At first we changed the intra-
molecular polarity contrast by structural variations in the
central linking unit.


Molecules incorporating amide groups : In order to evaluate
the importance of the polarity of the central regions, we at
first replaced one of the carboxyl groups of the tetraester 1 d
by an amide group (Table 2), which is more polar and
provides additional cohesive forces by hydrogen bonding.
The amide 2 and also compound 3,[8c] which has the amide
group directly attached to the central quaternary carbon
atom, have enantiotropic liquid-crystalline phases. The meso-
phases of both compounds have the same spherulitic texture
as the ester compounds 1. However, only one (compound 2)
or two (compound 3) equidistant reflections (see Table 3)
were detected in the small-angle region of the X-ray
diffraction pattern beside a diffuse scattering in the wide-
angle range. These reflections do not allow an assignment of a
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columnar mesophase from the X-ray results, but it should be
emphasized that the 30.5 reflection is often not observed in the
scattering diagrams because of its low intensity. Therefore, on
the basis of the observed textures and because of the complete
miscibility of the mesophases of 2 and 3 with the Colh phase of
compound 1 d, we assume that the mesophases of the amides 2
and 3 are hexagonal columnar mesophases.


Both amides 2 and 3 show enhanced stabilities of their
liquid-crystalline phases in comparison with the tetrabenzoate
1 d ; this is in accordance with the proposed model. It shows
that the mesophases of the pentaerythritol tetrabenzoates can
indeed be stabilized by enhancing the intramolecular polarity
contrast. However, in these amides intermolecular hydrogen
bonding also contributes to the mesophase stabilization.
Therefore we did not synthesize other molecules of this type
with a further increased number of amide groups. Instead we
asked what would happen, if we decrease the polarity in the
central region.


Tetrahedral molecules incorporating ether groups : In order to
achieve this the carboxyl groups of the tetrabenzoate 1 d were
replaced step by step by less polar CH2O groups. Compounds
4 ± 7 (see Table 4) are all liquid-crystalline materials. The


polarized-light optical microscopic textures of their meso-
phases are again spherulitic textures as observed for the other
tetrahedral molecules. As a typical example, the texture of 4 is
shown in Figure 4. X-Ray diffraction proved the hexagonal


Figure 4. Optical texture of the hexagonal columnar mesophase of
compound 4 as obtained by cooling from the isotropic melt (crossed
polarizers) at 30 8C.


columnar structure (see Table 3) of the mesophases of
compounds 4 and 5 b.


Replacement of only one carboxyl group of the tetraben-
zoate 1 d by a CH2O group lowers the mesophase stability
considerably. The effect of the second ether group is less
pronounced (compound 5 b). The diether 5 b and the triether 6
have nearly the same clearing temperature as the tetraether 7,
in which all ester group are replaced by the less-polar ether
groups. The more-polar ester groups clearly stabilize the
mesophases, but they are not necessary for mesogenity.
Obviously, the intramolecular polarity contrast provided by
the aromatic units, together with the ether oxygens (both
benzyl ethers and phenyl ethers) is sufficient to enable micro


Table 2. Phase transition temperatures (T [8C]) and transition enthalpies
DH [kJ molÿ1] (italics) of compounds 1d, 2 and 3.


X K Col I


1d COOCH2 ´ 54 (´ 47) ´
102.3 5.4


2 CONHCH2 ´ ±[a] ´ 72 ´
5.9


3 CONH ´ 47 ´ 66 ´
29.5 7.6


[a] Crystallization has not yet been observed.


Table 3. Scattering vectors (d1ÿd3 [nm]) and hexagonal lattice parameter
(ahex) of the mesophases of selected compounds; ahex values in square brackets
are calculated from the (10) reflection assuming a hexagonal lattice.


d [nm]
T [8C] (10) (11) (20) ahex [nm]


1d 25 2.89 1.65 1.43 3.33
2 25 2.88 1.47 [3.33]
3 25 2.82 [3.24]
4 25 2.89 1.70 1.46 3.40
5b 25 2.98 1.77 1.53 3.53
17 25 diffuse
18 25 2.84 [3.35]
25 25 2.81 [3.24]
26 40 2.88 [3.32]


Table 4. Comparison of the phase transition temperatures (T [8C]) of the
pentaerythritol derivatives 1d, 4, 5b, 6 and 7 (italics refer to the transition
enthalpies DH [kJ molÿ1]).


X1 X2 X3 X4 K Col I


1d COO COO OOC OOC ´ 54 (´ 47) ´
102.3 5.4


4 COO COO OOC OCH2 ´ 7 ´ 32 ´
10.6 5.1


5b COO COO OCH2 OCH2 ´ 10 ´ 24 ´
34.5 5.0


6 COO CH2O OCH2 OCH2 ´ 11 ´ 23 ´
59.7 6.1


7 CH2O CH2O OCH2 OCH2 ´ 14 ´ 21 ´
54.1 6.8
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segregation for these molecules. Though the observed de-
pendence of the mesophase stability on the polarity of the
central core unit is in line with the proposed model based on
micro segregation, we have to take into account that also
other molecular parameter are changed by these structural
variations that can also influence the mesomorphic properties.
This is discussed in the next section.


The interplay of polarity and rigidity : In order to evaluate the
cohesive energy provided by the distinct molecular parts we
have estimated the solubility parameter of the central units by
using the group contributions and equations proposed by Hoy
for amorphous polymers (Table 5).[31] The solubility parame-
ter dt represents the square root of the total cohesive energy


density, whereas dd, dp, and dh represent the dispersion, polar,
and hydrogen bonding components, respectively. Clearly the
cohesive forces between the alkyl chains are exclusively
dispersion forces, whereas dispersion and polar forces are
found in the region of the benzoate groups. Because the 3,4-
didecyloxyphenyl groups are identical constituents of the
molecules 1 d, 2, and 4 ± 7, their contribution should be
constant. Therefore, we have considered only the central
C(CH2ÿX)4 units (X�OOC, NHCO, OCH2) without the
aromatic rings. The dp values of the central units decrease in
the same way as the stability of their liquid-crystalline phases
decreases; this is in agreement with the proposed model. The
especially strong increase of mesophase stability by introduc-
tion of the amide group should largely be caused by the
additional hydrogen bonding.


As mentioned above, by means of structure variations it is
impossible to change one parameter exclusively. Also other
molecular parameters, such as bond angles, bond lengths, the
rotational barriers, and the conformational energies, are
changed. Therefore these effects can additionally contribute
to the total effect. The rigidity of the connecting units between
the central tetrahedral core and the aromatic rings, for
example, should increase in the order CH2OCH2<


COOCH2<CONHCH2<CONH. In this order tetrahedral
shaped conformers that inhibit mesophase formation (Fig-
ure 2a) should be favored, whereas deformation of the
molecules to give a more disclike shape becomes increasingly
more difficult. Because the adaptation of a disclike shape
facilitates molecular self-organization in columns, columnar
mesophases should be stabilized by reducing the rigidity of
the connecting units. Since the polarity of the connecting units
rises in the same direction as the rigidity increases, the
mesophase stabilization gained by increased polarity com-


petes with the mesophase destabilizing effect of the increased
rigidity. Thus, polarity and rigidity compete with each other in
these molecules. The decreased mesophase stability of the
amide 3 in comparison with the amide 2 is probably a result of
the increased rigidity of the ÿCONHÿ connecting unit
(compound 2) in comparison with the ÿCONHCH2ÿ unit of
3. It is also possible that the plateau like behavior of the
clearing temperatures of the ether compounds 4 ± 7 could be
the result of a competition between rigidity (and other
molecular parameter) and micro segregation. In any case,
segregation tendency and rigidity act in different directions in
these pentaerythritol derivatives.


In contrast to these molecules with tetrahedral cores, in
classical disclike mesogens increased rigidity of the disc-
shaped central units favors mesophase formation. There are
also some cases of mesogens with a rather flexible central core
forming columnar mesophases. One example is provided by
the mesogenic azacrown derivatives.[32] Acylated azacrowns
form columnar mesophases, whereas the related alkyl deriv-
atives do not. Here, rigidification of the molecules by the
amide groups is assumed to stabilize disclike conformers and
thus stabilizes columnar mesophases. However, not only the
rigidity, but also the polarity contrast is much larger in the
acylated azacrowns (amides) than in the alkylated azacrowns
(amines), and therefore micro segregation should also con-
tribute to mesophase formation. Here, both effects act in the
same direction and therefore no decision can be made
concerning the importance of micro segregation in these
molecules. However, in the tetrahedral molecules described
herein, both effects are in competition to each other,
uncovering the importance of micro segregation for their
mesophase formation.


Tetrahedral biphenyl derivatives : We have tried to further
evaluate the influence of rigidity on mesophase formation.
Therefore the ester compound 8 (Figure 5), in which the
phenyl rings of the tetrabenzoate 1 d are replaced by rodlike
biphenyl units, was synthesized.[33] This compound displays a
monotropic mesophase with a nonspecific texture. It occurs
on cooling at 72 8C and immediately crystallizes. Due to the
rapid crystallization no X-ray studies could be performed. In
the contact region with the hexagonal columnar phase of the
pentaerythritol tetrabenzoate 1 d, a broad isotropic region
occurs. This indicates the incompatibility of the hexagonal
columnar phase of 1 d with the unknown phase of 8.


The tetraphenylmethane derivative 9, in which the rather
flexible CH2OOC groups of 1 d are formally replaced by rigid
1,4-phenylene units, is only a crystalline solid (m.p.
74 8C).[34, 35] The isotropic melt can be supercooled to 42 8C
without formation of a mesophase.


Additionally we have synthesized compound 10, in which
the tetrahedral central unit is directly connected to the phenyl
rings. For preparative reasons a tetrahedral tin atom instead of
a tetrahedral carbon was used. This compound is also
nonmesogenic. Another example of a rigid tetrahedral
molecule is provided by the zinc acetylacetonate 11. Here,
rigidity is combined with a polar center, but this compound is
also only a crystalline solid. It seems, that indeed no
mesophases can be obtained in rigid tetrahedral molecules.[36]


Table 5. Solubility parameter dt and their polar (dp), hydrogen bonding
(dh) and dispersion (dd) components of the central building blocks of the
compounds 1d, 2 and 4 ± 7 as calculated according to the method of Hoy
[J0.5 cmÿ1.5] .[31]


central unit dt dp dh dd


ÿCONHCH2C(CH2OOCÿ)3 26.6 15.7 16.6 13.7
C(CH2OOCÿ)4 24.2 14.3 ± 13.2
ÿCH2OCH2C(CH2OOCÿ)3 23.5 13.3 ± 13.8
(ÿCH2OCH2)2C(CH2OOCÿ)2 22.9 12.2 ± 14.6
(ÿCH2OCH2)3CCH2OOCÿ 22.2 10.9 ± 15.1
C(CH2OCH2ÿ)4 21.5 9.4 ± 15.8
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Figure 5. Phase transition temperatures (T [8C]) of the tetrahedral
compounds 8 ± 11.


Influence of the number and position of the chains : As
mentioned above, the mesomorphic properties of the pen-
taerythritol tetrakis(2,3-dialkoxybenzoates) occur at a certain
length of the alkyl chains. The reason may be that in short-
chain compounds the number of repeat units (CH2) in the
lipophilic regions is not large enough for micro segregation,
but additionally space filling effects are responsible. In order


to clarify this we have changed the number of alky chains
attached to the polar central regions. Grafting additional alkyl
chains to the phenyl benzoate moieties of the pentaerythritol
tetrabenzoates 1 decreases the mesophase stability (Table 6).
Compound 12 b with twelve lipophilic decyloxy chains has a


considerably lower mesophase stability than 1 d bearing only
eight of these chains. Obviously the space required by the
twelve alkyl chains is larger than necessary for the efficient
surrounding of the polar cylindrical regions. Thus, the polar
interactions between the central regions of neighboring
molecules are disturbed for steric reasons. This shows, that
the molecules must be able to interact efficiently through both
of their incompatible parts in order to form liquid-crystalline
phases.


Also the 4-alkoxybenzoates 13, which carry only four
instead of eight alkoxy chains, are not mesomorphic (13 a can
be supercooled to ÿ25 8C, 13 b to �25 8C). Interestingly, no
smectic phases were found as could be expected from the
nearly equivalent space filling of polar and lipophilic regions
in these molecules. Probably the tetrahedral preorganization
of the substituents around the pentaerythritol central units
disfavors the formation of layer structures and instead
mesomorphic properties get lost.


In the following we have combined different building
blocks. In the series 5 a ± c the length of four alkyl chains was
changed keeping the other four chains constant. Compound
5 a which combines hexyl and decyl chains has a significantly
lower mesophase stability than compound 5 b with eight decyl
chains (Table 7). Again, the hexadecyl substituted compound
5 c is a rather high-melting crystalline solid which cannot be
supercooled.


In compound 15 two double chain and two triple chain units
are combined, whereas in compound 16 double chain and


Table 6. Phase transition temperatures (T [8C]) and transition enthalpies
DH [kJ molÿ1] (italics) of the pentaerythritol tetrabenzoates 12 ± 14.


R1 R2 K Col I


12a OC6H13 OC6H13 ´ < 20 ± ± ´
12b OC10H21 OC10H21 ´ 41 (´ 8) ´


121.9 5.9
12c OC16H33 OC16H33 ´ 50 ± ± ´


236.1
13a OC10H21 H ´ 42 ± ± ´


72.7
13b OC16H33 H ´ 72 ± ± ´


180.1
14 H OC10H21 ´ 35 (´ 7) ´


96.3 9.3
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single chain units are connected. In both cases the mesophase
stability is lower than that one of the compound 5 b with four
3,4-didecyloxyphenyl groups. It seems, that in this class of
compounds a number of eight alkyl chains grafted to the
central core represents an optimum for mesophase formation.


Interestingly, the optimal number of alkyl chains can also be
realized very simply by mixing two pentaerythritol derivatives
that have a different number of alkyl chains. In the contact
region between the 3,4,5-tridecyloxybenzoate 12 b and the
nonmesogenic 4-decyloxybenzoate 13 a the columnar meso-
phase of 12 b is slightly stabilized (Tcl,max� 12 8C). This means
that in the contact region the optimal conditions for meso-
phase formation is realized. This behavior is reminiscent of
lyotropic systems and of thermotropic phases of mixed
systems of amphiphilic polyhydroxy compounds.[25]


These results show that an appropriate number and length
of the aliphatic chains is important for mesophase formation
in this class of compounds. However, the position of the
alkoxy chains is also of importance. The 3,5-didecyloxyben-
zoate 14, which is an isomer of the 3,4-didecyloxybenzoate 1 d
that differs exclusively in the position of the alkyl chains to
each other, has a clearing temperature similar to the 3,4,5-
trisubstituted compound 12 b. One explanation could be that
the space required by the two chains in 3,5-position is
approximately the same as that required by the three chains
of the trialkoxy benzoates. On the other hand, it is often
observed that 3,5-dialkoxybenzoates have lower mesophase
stabilities than the corresponding 3,4-dialkoxybenzoates.[25c, 37]


Linear tetrabenzoates : In a next step we investigated the
influence of the topology of connection of the 3,4-dialkoxy-
benzoate units. For this purpose the tetrahedral pentaery-
thritol linking unit was replaced by central units that allow the
3,4-dialkoxybenzoate groups to be fixed in a more linear
fashion. The tetrakis(3,4-didecyloxybenzoates) of erythritol
17 and d-threitol 18[8c] (Figure 6) form monotropic meso-


Figure 6. Phase transition temperatures (T [8C]) and transition enthalpies
DH [kJ molÿ1] (italics) of the erythritol and d-threitol tetrabenzoates 17
and 18.


phases. The clearing points are slightly decreased in compar-
ison with the pentaerythritol derivative 1 d.


In the X-ray diffraction pattern of the mesophases of both
compounds a diffuse scattering in the wide-angle region
indicates the liquidlike organization of the alkyl chains. Only
one reflection corresponding to a d value of 2.84 nm is found
in the small-angle region of the diffraction pattern of the
threitol derivative 18 (see Table 3). Therefore the assignment
of the mesophase is based on the spherulitic texture and the
uninterrupted miscibility with the pentaerythritol tetraben-
zoate 1 d ; these both point to a hexagonal columnar meso-
phase. In the case of the erythritol tetrabenzoate 17, only a
diffuse scattering is found in the small-angle region. Its
position corresponds to that found in the small-angle scatter-
ing of the diastereomer 18. Though this diffraction pattern is
reminiscent of nematic phases, this can be excluded from the
observed spherulithic texture. Additionally, there is an unin-
terrupted miscibility with the columnar phase of the proven
hexagonal columnar mesophase of the pentaerythritol tetra-
benzoate 1 d. Probably, the unusual X-ray pattern of this
compound can be explained by a partial loss of long-range
positional order of the columns due to the slightly elongated
shape of the molecules.[38]


Tribenzoates : In a next step we asked, what would happen if
the number of 3,4-dialkoxybenzoyl groups connected with
each other is changed. In compound 19 one of the 3,4-
dialkoxybenzoyl units of the pentaerythritol tetrabenzoate 1 d
is removed. The tribenzoate of tris(hydroxymethyl)methane
is a rather high melting solid without mesomorphic properties
(supercooled to 55 8C). Also on cooling the glycerol ester 20 to
30 8C no liquid crystalline phases were found (see Table 8). It
seems, that in this class of compounds a minimum number of
at least four 3,4-dialkoxybenzoyl groups must be connected
with each other to observe liquid-crystalline properties.


Interestingly, the replacement of one carboxyl group of the
glycerol ester 20 by an amide group (increased polarity and
additional hydrogen bonding) can produce liquid crystallinity
(compound 21, see Table 8).[8c] However, only the amide 21
can be supercooled to sufficiently low temperatures that
allows the observation of the mesophase.


Table 7. Phase transition temperatures (T/ 8C) and transition enthalpies
DH/ kJmolÿ1 (italics) of the desymmetrized compounds 5, 15 and 16.


R1 R2 R3 K Col I


5a C6H13O C6H13O H ´ ±[a] ´ 5 ´
3.2


5b C10H21O C10H21O H ´ 10 ´ 24 ´
34.5 5.0


5c C16H33O C16H33O H ´ 42 ± ± ´
112.2


15 C10H21O C10H21O C10H21O ´ ÿ 8 ´ 14 ´
12.6 7.6


16 C10H21O H H ´ 1 ´ 3 ´
26.9 2.9


[a] Crystallization has not yet been observed.







FULL PAPER C. Tschierske et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0505-1652 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 51652


Pentabenzoates and hexabenzoates : The adonitol derivative
23, the d-mannitol derivative 24,[8c] and the dipentaerythritol
derivative 26 are molecules in which five or six 3,4-didecyloxy-
benzoate units are connected (Figure 7). All three compounds
exhibit liquid crystalline properties. The highest mesophase
stability is found for compounds 24 and 26 with the largest
number of phenyl benzoate units. The increased clearing
temperature of the d-mannitol derivative 24 in comparison
with the d-threitol derivative 18 indicates, that the meso-
phases can be stabilized by increasing the number of 3,4-
dialkoxybenzoyl groups connected with each other (i.e., by
increasing the number of nonmesogenic repeat units). An
especially high clearing temperature was found for the
dipentaerythritol derivative 26. Compound 26 was investigat-
ed by X-ray diffraction. As in the cases of other polybenzoates
with nontetrahedral central linking units its X-ray diffraction
pattern is characterized by a diffuse scattering in the wide-
angle range and only two equidistant reflections in the small-
angle region. Again, the optical textures (spherulitic textures)
of the mesophases of compounds 23, 24, and 26 and the
uninterrupted miscibility of the mesophases of these com-
pounds with the Colh phase of the pentaerythritol tetraben-
zoate 1 d suggest that the mesophases of these compounds are
also hexagonal columnar phases.


As expected, replacing one carboxyl group of the mannitol
hexabenzoate 24 by an amide group (compound 25) signifi-
cantly stabilizes the liquid crystalline phase.


Conclusion


The compounds described herein belong to a novel class of
thermotropic liquid-crystalline compounds forming columnar
mesophases. Their mesogenic properties are neither caused
by a specific anisometric shape of these molecules as known
from classical disc-shaped mesogens nor by a strong amphi-
philicity as known from ionic amphiphiles and polyhydroxy
amphiphiles. Instead their mesogenity is mainly driven by
micro segregation of incompatible molecular parts.[27] As in
block copolymers[28] the incompatibility of different molecular
parts gives rise to the segregation of the chemically slightly


Figure 7. Phase transition temperatures (T [8C]) and transition enthalpies
DH [kJ molÿ1] (italics) of the compounds 23 ± 26.


different segments into well-organized different microdo-
mains. The micro segregation can be observed below a certain
order ± disorder temperature, the clearing temperature, and
depends on the size of the incompatible segments and on the
degree of incompatibility between them. For example, the
ethyl 3,4-didecyloxybenzoate 27 (see Figure 8), which repre-
sents a monomeric segment of the liquid crystalline com-
pound 1 d, is a nonmesomorphic compound. If the ester group
of 27 is replaced by more polar groups, such as a polyhydroxy
group[24a±d, 25] in the pentaerythritol ether V (an intermediate
in the synthesis of compound 4) a stronger amphiphilicity is
generated and columnar liquid-crystalline properties can be
found for this small but strongly amphiphilic tapered mole-
cule (Figure 8). Another way to reinforce micro segregation


Table 8. Phase transition temperatures (T [8C]) and transition enthalpies
DH [kJ molÿ1] (italics) of tris(3,4-didecyloxybenzoates) 19 ± 22.


X Y K Col I


19 OCH2 O ´ 75 ± ± ´
95.4


20 O O ´ 98 ± ± ´
103.9


21 O NH ´ 97 (´ 64) ´
85.6 2.6


22 NH O ´ 94 ± ± ´
87.7







Micro Segregation 1643 ± 1660
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Figure 8. Structural variations at the nonmesogenic dialkoxybenzoate 27
which could lead to mesomorphic properties (Cub� cubic mesophase).


consists in the enlargement of the antagonistic molecular
parts by linking them together covalently. This is realized in
the compounds described herein. In this way the phenyl
benzoate units become preorganized; this enables them to
interact cooperatively forming a polar region that is able to
segregate from the regions of the lipophilic alkyl chains. The
relative space filling of the segregated regions and the
preorganization of the lipophilic chains around the central
linking units favor columnar aggregates.


The compounds reported in this paper are related to other
nonconventional mesogens reported recently, such as open
chain oligoamides[2, 3, 4] , some DOBOB-esters of 2-hydroxy-
methyl-2-nitro-1,3-propanediol[39] and pentaerythritol,[40] and
diabolo mesogens.[7] Cone-shaped dendritic 3,4,5-tris-(3,4,5-
trialkoxybenzyloxy)benzene derivatives and related dendrons
of higher generation also can self-organize to columnar and
cubic mesophases and provide an alternative approach to
reinforce micro segregation (see Figure 8).[5] Here the polar
regions are enlarged by dendritic branching. Also higher
generation dendrimers consisting of branched oligoamine
polar regions, peripherally surrounded by 3,4-dialkoxyben-
zoate groups, have recently been reported.[4]


In summary, the molecules described herein can be
regarded as the most simple starlike low-aspect-ratio block
molecules that form liquid-crystalline phases. They bridge the


gap between classical amphiphilic mesogens, several non-
conventional dendritic and oligomeric liquid crystals, and
mesomorphic block copolymers. Most importantly, they
provide a novel designing principle for liquid crystals that
could lead to interesting new materials in the near future.


Experimental Section


General : 1H, 13C, and 119Sn NMR spectra were obtained on Varian
Gemini 200, Varian Unity 400, and Varian Unity 500 spectrometers. Mass
spectra were recorded on an AMD 402 Intectra (70 eV) instrument and on
a Hewlett ± Packard LD-TOF-system G2025A. Microanalyses were per-
formed with a CHNF-932 (Leco) elemental analyzer. Infrared spectro-
scopy was performed with a Perkin-Elmer Spektrum 1000 spectrometer.
Thin-layer chromatography was performed on aluminium TLC plates
(silica gel 60 F254) from Merck. For the preparative centrifugal thin-layer
chromatography a Chromatotron from Harrison Research Europe (Mut-
tenz) was used. Transition temperatures were measured by the use of a
Mettler FP 82 HT hot stage and control unit in conjunction with a Nikon
Optiphot 2 polarizing microscope, and these were confirmed from differ-
ential scanning calorimetry (Perkin Elmer DSC-7). Tetrahydrofuran,
diethyl ether, and benzene were distilled from sodium/benzophenone
ketyl; dichlormethane was distilled from P4O10; DMF was distilled from
CaH2; ethanol and glyme were used as obtained. Adonitol (Acros),
1-amino-1-deoxy-d-sorbitol (Aldrich), 2-amino-1,3-propanediol (Aldrich),
1-amino-2,3-propanediol (Merck), ethyl 4-bromobenzoate (Aldrich), N-
cyclohexyl-N'-(2-morpholinoethyl)carbodiimide methyl-p-toluenesulfon-
ate (CMC, Fluka), 4-(dimethylamino)pyridine (Merck), dipentaerythritol
(Aldrich), meso-erythritol (Acros), glycerol (Ferak Berlin), 2-(hydroxy-
methyl)-1,3-propanediol (Aldrich), d-mannitol, pentaerythritol (Merck),
phosphorus tribromide (Merck), pyridinium 4-toluenesulfonate (Merck),
4-toluene sulfonic acid (Chemapol), d-threitol (Fluka), trifluoro acetic acid
(Merck), and tris(hydroxymethyl)aminomethane (Serva) were used with-
out further purification. Sodium hydride (80 % suspension in paraffin) was
washed three times with dry hexane under an argon atmosphere and dried
under a stream of argon. Substituted benzoic acids[25c] , 3,4-didecyloxybenz-
aldehyde,[41] 3,4-didecyloxybenzyl bromide,[15] 3,4-didecyloxyphenylboron-
ic acid,[20] 4-(hydroxymethyl)-1-methyl-2,6,7-trioxabicyclo[2.2.2]octane,[12]


tetrakis(4-bromophenyl)methane,[19] 3,4-didecyloxybromobenzene,[20, 42] 1,3-
bis(3,4-didecyloxyphenyl)-1,3-propanedione,[22] and Pd(PPh3)4


[43] were syn-
thesized according to literature procedures.


Acylation of polyhydroxy compounds and amino alkoholsÐgeneral
procedure : At 20 8C a suspension of the appropriate polyhydroxy
compound or amino alcohol was stirred in dry CH2Cl2 (70 mL per mmol).
Two equivalents of the appropriately substituted benzoic acid, 2.4 equiv-
alents of CMC per XH group to be acylated, and a catalytic amount of
DMAP (20 mg) were added, and the mixture was stirred for 72 hours at
20 8C. The reaction mixture was washed once with water (70 mL). The
aqueous phase was extracted with CHCl3 (20 mL), and the organic layer
was dried over Na2SO4. The solvent was removed in vacuo to give the crude
product, which was purified by preparative centrifugal thin-layer chroma-
tography (Chromatotron). The complete acylation was proved by infrared
spectroscopy of the final products (absence of nÄOÿH).


1,3-Bis(3,4-dihexyloxybenzoyloxy)-2,2-bis(3,4-dihexyloxybenzoyloxymethyl)-
propane (1a): Synthesized from pentaerythritol (0.136 g, 1 mmol) and 3,4-
dihexyloxybenzoic acid (2.6 g, 8 mmol). Purified twice by chromatography
with petroleum ether/ethyl acetate (10:1.5 ± 2). Yield: 0.27 g (20 % ); m.p.
45 8C; 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d� 0.86 ± 0.90 (m, 24H;
CH3), 1.31 ± 1.36 (m, 32 H; CH2), 1.43 ± 1.47 (m, 16 H; O(CH2)2CH2), 1.76 ±
1.84 (m, 16 H; OCH2CH2), 3.98 (t, 3J(H,H)� 6.6 Hz, 8 H; OCH2), 4.00 (t,
3J(H,H)� 6.6 Hz, 8 H; OCH2), 4.60 (s, 8H; CCH2), 6.77 (d, 3J(H,H)�
8.5 Hz, 4H; ArÿH), 7.47 (d, 4J(H,H)� 2.0 Hz, 4 H; ArÿH), 7.56 (dd,
3J(H,H)� 8.5 Hz, 4J(H,H)� 2.0 Hz, 4H; ArÿH); MS (MALDI-TOF,
DHB): m/z : 1375.5 [M�Na]� , 1392.1 [M�K]� ; C81H124O16 (1353.7): calcd
C 71.87, H 9.22; found C 71.91, H 9.33.


1,3-Bis(3,4-dioctyloxybenzoyloxy)-2,2-bis(3,4-dioctyloxybenzoyloxymethyl)-
propane (1b): Synthesized from pentaerythritol (0.136 g, 1 mmol) and 3,4-
dioctyloxybenzoic acid (3.1 g, 8 mmol). Purified twice by chromatography
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with petroleum ether/ethyl acetate (10:1.5). Yield: 0.46 g (29 %); K 55 8C
Col 31 8C I; 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d� 0.86 (t,
3J(H,H)� 7.0 Hz, 12H; CH3), 0.87 (t, 3J(H,H)� 7.0 Hz, 12H; CH3), 1.26 ±
1.34 (m, 64H; CH2), 1.42 ± 1.48 (m, 16H; O(CH2)2CH2), 1.76 ± 1.84 (m,
16H; OCH2CH2), 3.97 (t, 3J(H,H)� 7.0 Hz, 8H; OCH2), 4.00 (t, 3J(H,H)�
7.0 Hz, 8 H; OCH2), 4.60 (s, 8H; CCH2), 6.77 (d, 3J(H,H)� 8.6 Hz, 4H;
ArÿH), 7.47 (d, 4J(H,H)� 2.1 Hz, 4 H; ArÿH), 7.55 (dd, 3J(H,H)� 8.6 Hz,
4J(H,H)� 2.1 Hz, 4 H; ArÿH); MS (MALDI-TOF, DHB): m/z : 1579.3
[M�H]� , 1602.2 [M�Na]� , 1618.7 [M�K]� ; C97H156O16 (1578.1): calcd C
73.83, H 9.95; found C 73.81, H 9.96.


1,3-Bis(3,4-dinonyloxybenzoyloxy)-2,2-bis(3,4-dinonyloxybenzoyloxymethyl)-
propane (1c): Synthesized from pentaerythritol (0.136 g, 1 mmol) and 3,4-
dinonyloxybenzoic acid (3.2 g, 8 mmol). Purified twice by chromatography
with petroleum ether/ethyl acetate (10:1.5). Yield: 0.39 g (23 %); K 55 8C
Col 42 8C I; 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d� 0.86 (t,
3J(H,H)� 7.1 Hz, 12H; CH3), 0.87 (t, 3J(H,H)� 6.8 Hz, 12 H; CH3),
1.25 ± 1.34 (m, 80 H; CH2), 1.42 ± 1.47 (m, 16H; O(CH2)2CH2), 1.76 ± 1.84
(m, 16H; OCH2CH2), 3.97 (t, 3J(H,H)� 6.6 Hz, 8 H; OCH2), 4.00 (t,
3J(H,H)� 6.6 Hz, 8H; CH2), 4.60 (s, 8H; CCH2), 6.76 (d, 3J(H,H)� 8.6 Hz,
4H; ArÿH), 7.47 (d, 4J(H,H)� 2.0 Hz, 4 H; ArÿH), 7.55 (dd, 3J(H,H)�
8.6 Hz, 4J(H,H)� 2.0 Hz, 4H; ArÿH); MS (MALDI-TOF, CHC): m/z :
1712.0 [M�Na]� , 1728.2 [M�K]� ; C105H172O16 (1690.3): calcd C 74.61, H
10.25; found C 74.42, H 10.20.


1,3-Bis(3,4-didecyloxybenzoyloxy)-2,2-bis(3,4-didecyloxybenzoyloxymethyl)-
propane (1d): Synthesized from pentaerythritol (0.136 g, 1 mmol) and 3,4-
didecyloxybenzoic acid (3.5 g, 8 mmol). Purified twice by chromatography
with petroleum ether/ethyl acetate (10:0.7 ± 1.5). Yield: 0.41 g (22 %); K
54 8C Col 47 8C I; 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d� 0.85 ± 0.87
(m, 24H; CH3), 1.25 ± 1.34 (m, 96 H; CH2), 1.42 ± 1.48 (m, 16 H;
O(CH2)2CH2), 1.76 ± 1.83 (m, 16H; OCH2CH2), 3.97 (t, 3J(H,H)� 6.6 Hz,
8H; OCH2), 4.00 (t, 3J(H,H)� 6.6 Hz, 8H; OCH2), 4.60 (s, 8 H; CCH2),
6.77 (d, 3J(H,H)� 8.5 Hz, 4H; ArÿH), 7.48 (d, 4J(H,H)� 1.9 Hz, 4H;
ArÿH), 7.57 (dd, 3J(H,H)� 8.5 Hz, 4J(H,H)� 1.9 Hz, 4 H; ArÿH);
13C NMR (125 MHz, CDCl3): d� 14.07, 22.67, 25.99, 26.05, 29.11, 29.25,
29.34, 29.35, 29.40, 29.45, 29.56, 29.59, 29.61, 29.64, 31.91, 43.23 (CCH2),
63.34 (CCH2), 69.08, 69.35, 112.06, 114.44, 121.75, 123.68, 148.73, 153.58,
165.94 (C�O); IR (Nujol): nÄ � 1721 cmÿ1 (C�O); MS (MALDI-TOF,
DHB): m/z : 1803.5 [M�H]� , 1826.3 [M�Na]� , 1843.2 [M�K]� ; C113H188O16


(1802.5): calcd C 75.30, H 10.50; found C 75.19, H 10.41.


1,3-Bis(3,4-diundecyloxybenzoyloxy)-2,2-bis(3,4-diundecyloxybenzoyloxy-
methyl)propane (1 e): Synthesized from pentaerythritol (0.136 g, 1 mmol)
and 3,4-diundecyloxybenzoic acid (3.7 g, 8 mmol). Purified twice by
chromatography with petroleum ether/CHCl3 (1:1 ± 2). Yield: 0.59 g
(31 %); K 14 8C Col 53 8C I; 1H NMR (400 MHz, CDCl3, 25 8C, TMS):
d� 0.87 (t, 3J(H,H)� 7.1 Hz, 12H; CH3), 0.88 (t, 3J(H,H)� 7.3 Hz, 12H;
CH3), 1.26 ± 1.33 (m, 112 H; CH2), 1.42 ± 1.48 (m, 16H; O(CH2)2CH2), 1.77 ±
1.86 (m, 16 H; OCH2CH2), 3.99 (t, 3J(H,H)� 6.6 Hz, 8 H; OCH2), 4.02 (t,
3J(H,H)� 6.6 Hz, 8 H; OCH2), 4.62 (s, 8H; CCH2), 6.78 (d, 3J(H,H)�
8.5 Hz, 4H; ArÿH), 7.48 (d, 4J(H,H)� 1.9 Hz, 4 H; ArÿH), 7.57 (dd,
3J(H,H)� 8.5 Hz, 4J(H,H)� 1.9 Hz, 4H; ArÿH); MS (MALDI-TOF,
DHB): m/z : 1914.5 [M�H]� , 1936.1 [M�Na]� , 1952.7 [M�K]� ; C121-
H204O16 (1914.7): calcd C 75.90, H 10.73; found C 75.96, H 10.85.


1,3-Bis(3,4-didodecyloxybenzoyloxy)-2,2-bis(3,4-didodecyloxybenzoyloxy-
methyl)propane (1 f): Synthesized from pentaerythritol (0.102 g,
0.75 mmol) and 3,4-didodecyloxybenzoic acid 2.9 g (6 mmol). Purified
twice by chromatography with petroleum ether/ethyl acetate (10:0.7 ± 1.5).
Yield: 0.18 g (12 %); K 24 8C Col 53 8C I; 1H NMR (500 MHz, CDCl3,
25 8C, TMS): d� 0.84 ± 0.87 (m, 24H; CH3), 1.24 ± 1.33 (m, 128 H; CH2),
1.42 ± 1.47 (m, 16H; O(CH2)2CH2), 1.76 ± 1.83 (m, 16H; OCH2CH2), 3.97 (t,
3J(H,H)� 6.6 Hz, 8H; OCH2), 4.00 (t, 3J(H,H)� 6.6 Hz, 8 H; OCH2), 4.60
(s, 8 H; CCH2), 6.76 (d, 3J(H,H)� 8.6 Hz, 4 H; ArÿH), 7.46 (d, 4J(H,H)�
2.0 Hz, 4 H; ArÿH), 7.55 (dd, 3J(H,H)� 8.6 Hz, 4J(H,H)� 2.0 Hz, 4H;
ArÿH); MS (MALDI-TOF, DHB): m/z : 2049.7 [M�Na]� , 2066.5 [M�K]� ;
C129H220O16 (2026.9): calcd C 76.44, H 10.93; found C 76.15, H 10.94.


1,3-Bis(3,4-dihexadecyloxybenzoyloxy)-2,2-bis(3,4-dihexadecyloxybenzoyl-
oxymethyl)propane (1g): Synthesized from pentaerythritol (0.102 g,
0.75 mmol) and 3,4-dihexadecyloxybenzoic acid (3.6 g, 6 mmol). Purified
by chromatography with CHCl3 and recrystallization from ethyl acetate.
Yield: 0.15 g (8%); m.p. 58 8C; 1H NMR (400 MHz, CDCl3, 25 8C, TMS):
d� 0.87 (t, 3J(H,H)� 6.8 Hz, 24H; CH3), 1.21 ± 1.46 (m, 208 H; CH2), 1.76 ±


1.86 (m, 16 H; OCH2CH2), 3.98 (t, 3J(H,H)� 6.4 Hz, 8 H; CH2), 4.01 (t,
3J(H,H)� 6.6 Hz, 8 H; OCH2), 4.61 (s, 8H; CCH2), 6.78 (d, 3J(H,H)�
8.6 Hz, 4H; ArÿH), 7.48 (d, 4J(H,H)� 2.0 Hz, 4 H; ArÿH), 7.57 (dd,
3J(H,H)� 8.6 Hz, 4J(H,H)� 2.0 Hz, 4H; ArÿH); MS (MALDI-TOF,
DHB): m/z : 2475.7 [M�H]� , 2496.3 [M�Na]� , 2512.8 [M�K]� ;
C161H284O16 (2475.7) calcd C 78.10, H 11.55; found C 77.75, H 11.35.


1,3-Bis(3,4,5-trihexyloxybenzoyloxy)-2,2-bis(3,4,5-trihexyloxybenzoyloxy-
methyl)propane (12 a): Synthesized from pentaerythritol (0.136 g, 1 mmol)
and 3,4,5-trihexyloxybenzoic acid (3.4 g, 8 mmol). Purified twice by
chromatography with petroleum ether/ethyl acetate (10:1). Yield: 0.55 g
(31 %); m.p. < ÿ 20 8C; 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d�
0.85 ± 0.89 (m, 36 H; CH3), 1.27 ± 1.35 (m, 48H; CH2), 1.42 ± 1.48 (m, 24H;
O(CH2)2CH2), 1.68 ± 1.80 (m, 24H; OCH2CH2), 3.94 (t, 3J(H,H)� 6.6 Hz,
16H; OCH2), 3.98 (t, 3J(H,H)� 6.6 Hz, 8H; OCH2), 4.58 (s, 8H; CCH2),
7.19 (s, 8H; ArÿH); 13C NMR (50 MHz, CDCl3): d� 13.84, 22.48, 22.54,
25.59, 25.67, 29.24 29.59, 30.21, 31.50, 43.39 (CCH2), 63.02 (CCH2), 69.27,
73.52, 108.33, 123.99, 143.18, 153.11, 165.98 (C�O); MS (MALDI-TOF,
DHB): m/z : 1755.0 [M]� , 1777.1 [M�Na]� , 1794.1 [M�K]� ; C105H172O20


(1754.3).


1,3-Bis(3,4,5-tridecyloxybenzoyloxy)-2,2-bis(3,4,5-tridecyloxybenzoyloxy-
methyl)propane (12 b): Synthesized from pentaerythritol (0.136 g, 1 mmol)
and 3,4,5-tridecyloxybenzoic acid (4.7 g, 8 mmol). Purified twice by
chromatography with petroleum ether/ethyl acetate (10:0.7). Yield:
0.43 g (18 %); K 41 8C Col 8 8C I; 1H NMR (500 MHz, CDCl3, 25 8C,
TMS): d� 0.86 (t, 3J(H,H)� 7.1 Hz, 24 H; CH3), 0.87 (t, 3J(H,H)� 7.1 Hz,
12H; CH3), 1.25 ± 1.33 (m, 144 H; CH2), 1.42 ± 1.48 (m, 24H; O(CH2)2CH2),
1.68 ± 1.79 (m, 24 H; OCH2CH2), 3.93 (t, 3J(H,H)� 6.4 Hz, 16 H; OCH2),
3.97 (t, 3J(H,H)� 6.4 Hz, 8 H; OCH2), 4.58 (s, 8 H; CCH2), 7.18 (s, 8H;
ArÿH); MS (MALDI-TOF, CHC): m/z : 2449.0 [M�Na]� , 2465.7 [M�K]� ;
C153H268O20 (2427.5): calcd C 75.70, H 11.12; found C 75.93, H 11.18.


1,3-Bis(3,4,5-trihexadecyloxybenzoyloxy)-2,2-bis(3,4,5-trihexadecyloxy-
benzoyloxymethyl)propane (12 c): Synthesized from pentaerythritol
(0.068 g, 0.5 mmol) and 3,4,5-trihexadecyloxybenzoic acid (3.7 g, 4 mmol).
Purified twice by chromatography with CHCl3/petroleum ether (6:10 ± 0)
and recrystallization from ethyl acetate. Yield: 0.47 g (27 %); m.p. 50 8C;
1H NMR (500 MHz, CDCl3, 25 8C, TMS): d� 0.86 (t, 3J(H,H)� 6.8 Hz,
36H; CH3), 1.24 ± 1.31 (m, 288 H; CH2), 1.41 ± 1.50 (m, 24H; O(CH2)2CH2),
1.68 ± 1.79 (m, 24 H; OCH2CH2), 3.93 (t, 3J(H,H)� 6.6 Hz, 16 H; OCH2),
3.97 (t, 3J(H,H)� 6.6 Hz, 8 H; OCH2), 4.57 (s, 8 H; CCH2), 7.18 (s, 8H;
ArÿH); MS (MALDI-TOF, DHB): m/z : 3457.6 [M�Na]� ; C225H412O20


(3437.3): calcd C 78.62, H 12.07; found C 78.72, H 12.24.


1,3-Bis(4-decyloxybenzoyloxy)-2,2-bis(4-decyloxybenzoyloxymethyl)pro-
pane (13 a): Synthesized from pentaerythritol (0.204 g, 1.5 mmol) and
4-decyloxybenzoic acid (3.4 g, 12 mmol). Purified twice by chromatography
with petroleum ether/ethyl acetate (10:0.2 ± 1). Yield: 0.31 g (18 %); m.p.
42 8C; 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d� 0.86 (t, 3J(H,H)�
6.8 Hz, 12 H; CH3), 1.26 ± 1.40 (m, 48 H; CH2), 1.42 ± 1.46 (m, 8 H;
O(CH2)2CH2), 1.74 ± 1.80 (m, 8 H; OCH2CH2), 3.96 (t, 3J(H,H)� 6.4 Hz,
8H; OCH2), 4.62 (s, 8 H; CCH2), 6.82 (d, 3J(H,H)� 8.8 Hz, 8H; ArÿH),
7.91 (d, 3J(H,H)� 8.8 Hz, 8 H; ArÿH); MS (MALDI-TOF, CHC): m/z :
1199.5 [M�Na]� , 1216.2 [M�K]� ; C73H108O12 (1177.5): calcd C 74.46, H
9.24; found C 74.10, H 9.14.


1,3-Bis(4-hexadecyloxybenzoyloxy)-2,2-bis(4-hexadecyloxybenzoyloxy-
methyl)propane (13 b): Synthesized from pentaerythritol (0.136 g, 1 mmol)
and 4-hexadecyloxybenzoic acid (2.9 g, 8 mmol). Purified by chromatog-
raphy with petroleum ether/ethyl acetate (10:1) and recrystallization from
ethyl acetate. Yield: 0.33 g (22 %); m.p. 72 8C; 1H NMR (500 MHz, CDCl3,
25 8C, TMS): d� 0.86 (t, 3J(H,H)� 6.9 Hz, 12 H; CH3), 1.24 ± 1.40 (m, 96H;
CH2), 1.42 ± 1.46 (m, 8H; O(CH2)2CH2), 1.74 ± 1.80 (m, 8 H; OCH2CH2),
3.96 (t, 3J(H,H)� 6.6 Hz, 8 H; OCH2), 4.62 (s, 8 H; CCH2), 6.83 (d,
3J(H,H)� 8.8 Hz, 8 H; ArÿH), 7.91 (d, 3J(H,H)� 8.8 Hz, 8 H; ArÿH); MS
(MALDI-TOF, DHB): m/z : 1536.0 [M�Na]� , 1552.9 [M�K]� ; C97H156O12


(1514.1): calcd C 76.94, H 10.37; found C 76.74, H 10.20.


1,3-Bis(3,5-didecyloxybenzoyloxy)-2,2-bis(3,5-didecyloxybenzoyloxymethyl)-
propane (14): Synthesized from pentaerythritol (0.136 g, 1 mmol) and 3,5-
didecyloxybenzoic acid (3.5 g, 8 mmol). Purified twice by chromatography
with petroleum ether/ethyl acetate (10:0.4 ± 0.6). Yield: 0.74 g (41 %); K
35 8C Col 7 8C I; 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d� 0.86 (t,
3J(H;H)� 7.1 Hz, 24H; CH3), 1.24 ± 1.38 (m, 96H; CH2), 1.40 ± 1.43 (m,
16H; O(CH2)2CH2), 1.71 ± 1.76 (m, 16H; OCH2CH2), 3.89 (t, 3J(H,H)�







Micro Segregation 1643 ± 1660


Chem. Eur. J. 1999, 5, No. 5 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0505-1655 $ 17.50+.50/0 1655


6.4 Hz, 16 H; OCH2), 4.60 (s, 8 H; CCH2), 6.58 (t, 4J(H,H)� 2.2 Hz, 4H;
ArÿH), 7.06 (d, 4J(H,H)� 2.2 Hz, 8H; ArÿH); MS (MALDI-TOF, DHB):
m/z : 1801.9 [M]� , 1824.2 [M�Na]� , 1840.6 [M�K]� ; C113H188O16 (1802.5):
calcd C 75.30, H 10.50; found C 75.24, H 10.63.


2-(3,4-Didecyloxybenzoylamino)-1,3-bis(3,4-didecyloxybenzoyloxy)-2-(3,4-
didecyloxybenzoyloxymethyl)propane (3): Synthesized from tris(hydroxy-
methyl)aminomethane (0.121 g, 1 mmol) and 3,4-didecyloxybenzoic acid
(3.5 g, 8 mmol). Purified twice by chromatography with CHCl3/methanol
(10:0 ± 0.5). Yield: 0.3 g (17 %); K 47 8C Col 66 8C I; 1H NMR (500 MHz,
CDCl3, 25 8C, TMS): d �0.86 (t, 3J(H,H)� 6.8 Hz, 24 H; CH3), 1.26 ± 1.40
(m, 96H; CH2), 1.42 ± 1.45 (m, 16H; O(CH2)2CH2), 1.73 ± 1.82 (m, 16H;
OCH2CH2), 3.91 (t, 3J(H,H)� 6.4 Hz, 6H; OCH2), 3.98 ± 4.02 (m, 10H;
OCH2), 4.94 (s, 6 H; CCH2), 6.76 (d, 3J(H,H)� 8.5 Hz, 3H; ArÿH), 6.83 (d,
3J(H,H)� 8.6 Hz, 1H; ArÿH), 7.31 (dd, 3J(H,H)� 8.6 Hz, 4J(H,H)�
2.2 Hz, 1H; ArÿH), 7.36 (s, 1 H; NH), 7.38 (d, 4J(H,H)� 2.2 Hz, 1H;
ArÿH), 7.46 (d, 4J(H,H)� 2.0 Hz, 3 H; ArÿH), 7.56 (dd, 3J(H,H)� 8.5 Hz,
4J(H,H)� 2.0 Hz, 3 H; ArÿH); 13C NMR (200 MHz, CDCl3): d� 14.08,
22.67, 25.97, 26.07, 29.08, 29.22, 29.37, 29.48, 29.57, 29. 62, 31.91, 59.94
(CCH2), 63.94 (CCH2), 69.05, 69.20, 111.93, 112.29, 114.30, 119.76, 121.52,
123.80, 126.53, 148.64, 148.98, 152.09, 153.63, 166.51 (COO), 167.17
(CONH); IR (Nujol): nÄ � (NÿH), 1714 (C�O), 1667 (C�O), 1513 cmÿ1


(NÿH); MS (MALDI-TOF, DHAP): m/z : 1788.7 [M�H]� ; C112H187NO15


(1787.5): calcd C 75.26, H 10.53, N 0.78; found C 75.30, H 10.70, N 0.76.


Tetrakis-O-(3,4-didecyloxybenzoyl)erythritol (17): Synthesized from meso-
erythritol (0.122 g, 1 mmol) and 3,4-didecyloxybenzoic acid (3.5 g, 8 mmol).
Purified twice by chromatography with CHCl3/petroleum ether (1:1 ± 0).
Yield: 0.42 g (24 %); K 57 8C Col 39 8C I; 1H NMR (500 MHz, CDCl3,
25 8C, TMS): d� 0.83 ± 0.88 (m, 24 H; CH3), 1.26 ± 1.34 (m, 96H; CH2),
1.40 ± 1.47 (m, 16H; O(CH2)2CH2), 1.74 ± 1.84 (m, 16H; OCH2CH2), 3.91 ±
3.96 (m, 8H; OCH2), 3.97 ± 4.02 (m, 8H; OCH2), 4.52 (dd, 2J(H,H)�
12.1 Hz, 3J(H,H)� 5.8 Hz, 2H; CHCHAHB), 4.82 (dd, 2J(H,H)� 11.8 Hz,
3J(H,H)� 2.9 Hz, 2H; CHCHAHB), 5.85 ± 5.87 (m, 2 H; CH), 6.79 (d,
3J(H,H)� 8.5 Hz, 2 H; ArÿH), 6.80 (d, 3J(H,H)� 8.5 Hz, 2 H; ArÿH), 7.46
(d, 4J(H,H)� 2.0 Hz, 2H; ArÿH), 7.47 (d, 4J(H,H)� 2.0 Hz, 2H; ArÿH),
7.58 (dd, 3J(H,H)� 8.5 Hz, 4J(H,H)� 2.0 Hz, 2H; ArÿH), 7.60 (dd,
3J(H,H)� 8.5 Hz, 4J(H,H)� 2.0 Hz, 2H; ArÿH); MS (MALDI-TOF,
DHB): m/z : 1789.4 [M�H]� , 1812.0 [M�Na]� , 1828.3 [M�K]� ;
C112H186O16 (1788.5): calcd C 75.21, H 10.47; found C 75.48, H 10.43.


Tetrakis-O-(3,4-didecyloxybenzoyl)-dd--threitol (18): Synthesized from d-
threitol (0.122 g, 1 mmol) and 3,4-didecyloxybenzoic acid (3.5 g, 8 mmol).
Purified twice by chromatography with CHCl3/petroleum ether (1:1 ± 0).
Yield: 0.35 g (20 %); K 44 8C Col 40 8C I; 1H NMR (500 MHz, CDCl3,
25 8C, TMS): d� 0.86 (t, 3J(H,H)� 6.1 Hz, 24 H; CH3), 1.25 ± 1.33 (m, 96H;
CH2), 1.40 ± 1.45 (m, 16 H; O(CH2)2CH2), 1.73 ± 1.83 (m, 16H; OCH2CH2),
3.93 (t, 3J(H,H)� 7.1 Hz, 4 H; OCH2), 3.95 (t, 3J(H,H)� 6.4 Hz, 4H;
OCH2), 3.99 (t, 3J(H,H)� 6.6 Hz, 8 H; OCH2), 4.59 (dd, 2J(H,H)� 12.0 Hz,
3J(H,H)� 6.1 Hz, 2H; CHCHAHB), 4.68 (dd, 2J(H,H)� 11.8 Hz,
3J(H,H)� 3.9 Hz, 2H; CHCHAHB), 5.84 ± 5.88 (m, 2 H; CH), 6.78 (d,
3J(H,H)� 8.5 Hz, 2 H; ArÿH), 6.79 (d, 3J(H,H)� 8.5 Hz, 2 H; ArÿH), 7.45
(d, 4J(H,H)� 2.0 Hz, 2H; ArÿH), 7.49 (d, 4J(H,H)� 2.0 Hz, 2H; ArÿH),
7.56 (dd, 3J(H,H)� 8.5 Hz, 4J(H,H)� 2.0 Hz, 2H; ArÿH), 7.61 (dd,
3J(H,H)� 8.5 Hz, 4J(H,H)� 2.0 Hz, 2H; ArÿH); MS (MALDI-TOF,
DHB): m/z : 1790.9 [M�H]� , 1812.9 [M�Na]� , 1829.5 [M�K]� ;
C112H186O16 (1788.5): calcd C 75.21, H 10.47; found C 75.05, H 10.31.


1,3-Bis(3,4-didecyloxybenzoyloxy)-2-(3,4-didecyloxybenzoyloxymethyl)-
propane (19): Synthesized from 2-(hydroxymethyl)-1,3-propanediol
(0.16 g, 1.5 mmol) and 3,4-didecyloxybenzoic acid (3.9 g, 9 mmol). Purified
twice by chromatography with CHCl3/petroleum ether (1:1 ± 0). Yield:
0.56 g (28 %); m.p. 76 8C; 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d�
0.84 ± 0.87 (m, 18 H; CH3), 1.25 ± 1.41 (m, 72H; CH2), 1.43 ± 1.46 (m, 12H;
O(CH2)2CH2), 1.76 ± 1.85 (m, 12H; OCH2CH2), 2.80 (t, 3J(H,H)� 5.7 Hz,
1H; CH), 3.97 ± 4.03 (m, 12 H; OCH2), 4.51 (d, 3J(H,H)� 5.8 Hz, 6H;
CCH2), 6.80 (d, 3J(H,H)� 8.6 Hz, 3H; ArÿH), 7.50 (d, 4J(H,H)� 2.0 Hz,
3H; ArÿH), 7.59 (dd, 3J(H,H)� 8.6 Hz, 4J(H,H)� 2.0 Hz, 3 H; ArÿH); MS
(MALDI-TOF, DHB): m/z : 1356.5 [M]� , 1379.7 [M�Na]� ; C85H142O12


(1355.9): calcd C 75.29, H 10.54; found C 75.31, H 10.49.


1,2,3-Tris(3,4-didecyloxybenzoyloxy)propane (20): Synthesized from dry
glycerol (freshly destilled, 0.138 g, 1.5 mmol) and 3,4-didecyloxybenzoic
acid (3.9 g, 9 mmol). Purified twice by chromatography with CHCl3 and
crystallized once from ethyl acetate. Yield: 0.55 g (27 %); m.p. 98 8C;


1H NMR (500 MHz, CDCl3, 25 8C, TMS): d� 0.86 (t, 3J(H,H)� 6.8 Hz,
18H; CH3), 1.25 ± 1.33 (m, 72H; CH2), 1.40 ± 1.45 (m, 12H; O(CH2)2CH2),
1.74 ± 1.84 (m, 12H; OCH2CH2), 3.95 (t, 3J(H,H)� 6.6 Hz, 2 H; OCH2), 3.96
(t, 3J(H,H)� 6.8 Hz, 4 H; OCH2), 3.99, 4.02 (m, 6 H; OCH2), 4.57 (dd,
2J(H,H)� 11.7 Hz, 3J(H,H)� 6.1 Hz, 2H; CHCHAHB), 4.67 (dd,
2J(H,H)� 11.7 Hz, 3J(H,H)� 4.6 Hz, 2H; CHCHAHB), 5.71 ± 5.76 (m,
1H; CH), 6.81 (d, 3J(H,H)� 8.5 Hz, 3 H; ArÿH), 7.49 (d, 4J(H,H)�
2.0 Hz, 2H; ArÿH), 7.50 (d, 4J(H,H)� 2.2 Hz, 1 H; ArÿH), 7.60 (dd,
3J(H,H)� 8.5 Hz, 4J(H,H)� 2.0 Hz, 2H; ArÿH), 7.62 (dd, 3J(H,H)�
8.5 Hz, 4J(H,H)� 2.2 Hz, 1H; ArÿH); MS (MALDI-TOF, DHB): m/z :
1363.8 [M�Na]� , 1380.4 [M�K]� ; C84H140O12 (1341.8): calcd C 75.19, H
10.51; found C 75.19, H 10.52.


3-(3,4-Didecyloxybenzoylamino)-1,2-bis(3,4-didecyloxybenzoyloxy)pro-
pane (21): Synthesized from 3-amino-1,2-propanediol (0.136 g, 1.5 mmol)
and 3,4-didecyloxybenzoic acid (3.9 g, 9 mmol). Purified twice by chroma-
tography with CHCl3/methanol (10:0 ± 0.05) and recrystallization from
ethyl acetate. Yield: 0.22 g (11 %); K 97 8C M 65 8C I; 1H NMR (500 MHz,
[D6]acetone, 25 8C, TMS): d� 0.85 ± 0.88 (m, 18H; CH3), 1.28 ± 1.36 (m,
72H; CH2), 1.45 ± 1.53 (m, 12H; O(CH2)2CH2), 1.71 ± 1.82 (m, 12 H;
OCH2CH2), 3.82 ± 3.99 (m, 8H; OCH2, CH2NH), 4.01 ± 4.06 (m, 6H;
OCH2), 4.48 (dd, 2J(H,H)� 12.0 Hz, 3J(H,H)� 6.6 Hz, 1H; CHCHAHB),
4.71 (dd, 2J(H,H)� 12.0 Hz, 3J(H,H)� 3.7 Hz, 1 H; CHCHAHB), 5.55 ± 5.60
(m, 1H; CH), 6.93 (d, 3J(H,H)� 9.0 Hz, 1H; ArÿH), 6.96 (d, 3J(H,H)�
8.5 Hz, 1 H; ArÿH), 6.98 (d, 3J(H,H)� 8.5 Hz, 1 H; ArÿH), 7.44 (d,
4J(H,H)� 2 Hz, 1H; ArÿH), 7.44 (dd, 3J(H,H)� 9.0 Hz, 4J(H,H)� 2 Hz,
1H; ArÿH), 7.47 (d, 4J(H,H)� 2.0 Hz, 1 H; ArÿH), 7.51 (d, 4J(H,H)�
2.0 Hz, 1 H; ArÿH), 7.58 (dd, 3J(H,H)� 8.5 Hz, 4J(H,H)� 2.0 Hz, 1H;
ArÿH), 7.62 (dd, 3J(H,H)� 8.5 Hz, 4J(H,H)� 2.0 Hz, 1H; ArÿH), 7.97 (t,
3J(H,H)� 6.1 Hz, 1H; NÿH); MS (MALDI-TOF, DHAP): m/z : 1340.8
[M]� ; C84H141NO11 (1340.9): calcd C 75.24, H 10.59, N 1.04; found C 75.45,
H 10.58, N 0.95.


2-(3,4-Didecyloxybenzoylamino)-1,3-bis(3,4-didecyloxybenzoyloxy)pro-
pane (22): Synthesized from 2-amino-1,3-propanediol (0.136 g, 1.5 mmol)
and 3,4-didecyloxybenzoic acid (3.9 g, 9 mmol). Purified twice by chroma-
tography with CHCl3/methanol (10:0 ± 0.05) and recrystallization from
ethyl acetate. Yield: 0.47 g (23 %); m.p. 94 8C; 1H NMR (500 MHz,
[D6]acetone, 25 8C, TMS): d� 0.88 (t, 3J(H,H)� 6.4 Hz, 18H; CH3), 1.30 ±
1.41 (m, 72H; CH2), 1.47 ± 1.51 (m, 12H; O(CH2)2CH2), 1.73 ± 1.83 (m,
12H; OCH2CH2), 3.95 ± 3.98 (m, 6 H; OCH2), 4.04 (t, 3J(H,H)� 6.4 Hz,
2H; OCH2), 4.07 (t, 3J(H,H)� 6.3 Hz, 4H; OCH2), 4.55 (dd, 2J(H,H)�
11.2 Hz, 3J(H,H)� 6.6 Hz, 2 H; CHCHAHB), 4.62 (dd, 2J(H,H)� 11.4 Hz,
3J(H,H)� 5.6 Hz, 2H; CHCHAHB), 4.91 ± 4.92 (m, 1 H; CH), 6.95 (d,
3J(H,H)� 8.8 Hz, 1 H; ArÿH), 6.97 (d, 3J(H,H)� 8.5 Hz, 2 H; ArÿH), 7.46
(s, 1H; ArÿH), 7.47 (d, 3J(H,H)� 2 Hz, 1H; NÿH), 7.54 (d, 4J(H,H)�
2.0 Hz, 2 H; ArÿH), 7.62 (dd, 3J(H,H)� 8.5 Hz, 4J(H,H)� 2.0 Hz, 2H;
ArÿH), 7.68 (d, 3J(H,H)� 8.8 Hz, 1H; ArÿH); MS (MALDI-TOF, DHB):
m/z : 1343.3 [M�H]� , 1364.9 [M�Na]� , 1381.3 [M�K]� ; C84H141NO11


(1340.9): calcd C 75.24, H 10.59, N 1.04; found C 75.24, H 10.58, N 0.89.


Pentakis-O-(3,4-didecyloxybenzoyl)adonitol (23): Synthesized from ado-
nitol (0.076 g, 0.5 mmol) and 3,4-didecyloxybenzoic acid (2.2 g, 5 mmol);
Purified twice by chromatography with CHCl3/petroleum ether (1:1 ± 0).
Yield: 0.09 g (8 %); K 54 8C Col 36 8C I; 1H NMR (500 MHz, CDCl3, 25 8C,
TMS, 25 8C, TMS): d� 0.82 ± 0.88 (m, 30H; CH3), 1.24 ± 1.38 (m, 120 H;
CH2), 1.42 ± 1.44 (m, 20 H; O(CH2)2CH2), 1.71 ± 1.83 (m, 20H; OCH2CH2),
3.89 ± 3.93 (m, 10H; OCH2), 3.95 ± 4.02 (m, 10 H; OCH2), 4.49 (dd,
2J(H,H)� 12.0 Hz, 3J(H,H)� 6.6 Hz, 2H; CHCHAHB), 4.85 (dd,
2J(H,H)� 12.1 Hz, 3J(H,H)� 3.9 Hz, 2H; CHCHAHB), 5.91 ± 5.94 (m,
2H; CHCHCH), 6.04 (t, 3J(H,H)� 5.4 Hz, 1H; CHCHCH), 6.72 (d,
3J(H,H)� 8.5 Hz, 2 H; ArÿH), 6.79 (d, 3J(H,H)� 8.5 Hz, 1H; ArÿH), 6.80
(d, 3J(H,H)� 8.5 Hz, 2H; ArÿH), 7.43 (d, 4J(H,H)� 2.0 Hz, 2H; ArÿH),
7.46 (d, 4J(H,H)� 2.0 Hz, 1 H; ArÿH), 7.47 (d, 4J(H,H)� 2.0 Hz, 2H;
ArÿH), 7.53 (dd, 3J(H,H)� 8.5 Hz, 4J(H,H)� 2.0 Hz, 2H; ArÿH), 7.59 (dd,
3J(H,H)� 8.5 Hz, 4J(H,H)� 2.0 Hz, 1H; ArÿH), 7.61 (dd, 3J(H,H)�
8.5 Hz, 4J(H,H)� 2.0 Hz, 2H; ArÿH); MS (MALDI-TOF, DHB): m/z :
2234.9 [M]� , 2257.7 [M�Na]� , 2273.0 [M�K]� ; C140H232O20 (2235.1): calcd
C 75.23, H 10.45; found C 75.31, H 10.44.


Hexakis-O-(3,4-didecyloxybenzoyl)-dd-mannitol (24): Synthesized from d-
mannitol (0.091 g, 0.5 mmol) and 3,4-didecyloxybenzoic acid (2.6 g,
6 mmol). Purified twice by chromatography with CHCl3/petroleum ether
(1,5:1). Yield: 0.35 g (26 %); K ? Col 55 8C I; 1H NMR (500 MHz, CDCl3,
25 8C, TMS): d� 0.84 ± 0.88 (m, 36H; CH3), 1.25 ± 1.48 (m, 168 H; CH2),
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1.67 ± 1.83 (m, 24 H; OCH2CH2), 3.82 ± 3.93 (m, 20 H; OCH2), 3.98 (t,
3J(H,H)� 6.6 Hz, 4 H; OCH2), 4.45 (dd, 2J(H,H)� 12.3 Hz, 3J(H,H)�
5.7 Hz, 2H; CHCHAHB), 4.86 (dd, 2J(H,H)� 12.2 Hz, 3J(H,H)� 3.4 Hz,
2H; CHCHAHB), 5.75 ± 5.77 (m, 2H; CHCHCHCH), 6.10 (virtual br d, 2H;
CHCHCHCH), 6.59 (d, 3J(H,H)� 8.5 Hz, 2 H; ArÿH), 6.60 (d, 3J(H,H)�
8.5 Hz, 2 H; ArÿH), 6.73 (d, 3J(H,H)� 8.5 Hz, 2 H; ArÿH), 7.38 (d,
4J(H,H)� 2.0 Hz, 2 H; ArÿH), 7.42 (d, 4J(H,H)� 2.0 Hz, 4 H; ArÿH), 7.45
(dd, 3J(H,H)� 8.5 Hz, 4J(H,H)� 2.0 Hz, 2H; ArÿH), 7.49 (dd, 3J(H,H)�
8.5 Hz, 4J(H,H)� 2.0 Hz, 2H; ArÿH), 7.56 (dd, 3J(H,H)� 8.5 Hz,
4J(H,H)� 2.0 Hz, 2 H; ArÿH); MS (MALDI-TOF, DHB): m/z : 2682.2
[M]� , 2705.2 [M�Na]� ; C168H278O24 (2681.7): calcd C 75.24, H 10.44; found
C 74.86, H 10.21.


1-(3,4-Didecyloxybenzoylamino)-1-deoxypentakis-O-(3,4-didecyloxyben-
zoyl)-dd-sorbitol (25): Synthesized from 1-amino-1-deoxy-d-sorbitol
(0.135 g, 0.75 mmol) and 3,4-didecyloxybenzoic acid (3.9 g, 9 mmol).
Purified twice by chromatography with CHCl3/petroleum ether (1,5:1).
Yield: 0.71 g (35 %); K ? Col 78 8C I; 1H NMR (500 MHz, CDCl3, 25 8C,
TMS): d� 0.86 ± 0.89 (m, 36H; CH3), 1.27 ± 1.53 (m, 168 H; CH2), 1.70 ± 1.86
(m, 24H; OCH2CH2), 3.63 ± 3.66 (m, 1H; CHAHBNH), 3.84 ± 4.02 (m, 24H;
OCH2), 4.16 ± 4.23 (m, 1 H; CHAHBNH), 4.42 (dd, 2J(H,H)� 12.2 Hz,
3J(H,H)� 5.6 Hz, 1 H; CHAHBCH), 4.78 (dd, 2J(H,H)� 12.1 Hz,
3J(H,H)� 3.5 Hz, 1 H; CHAHBCH), 5.62 ± 5.64 (m, 1H; CH), 5.74 ± 5.78
(m, 1H; CH), 5.96 (dd, 2J(H,H)� 5.3 Hz, 3J(H,H)� 3.9 Hz, 1 H; CH), 6.18
(dd, 2J(H,H)� 6.9 Hz, 3J(H,H)� 3.7 Hz, 1H; CH), 6.52 (d, 3J(H,H)�
8.6 Hz, 1 H; ArÿH), 6.60 (d, 3J(H,H)� 8.6 Hz, 1 H; ArÿH), 6.71 ± 6.77 (m,
5H; ArÿH), 7.16 ± 7.19 (m, 1 H; NH), 7.37 ± 7.60 (m, 11 H; ArÿH); MS
(MALDI-TOF, DHB): m/z : 2683.5 [M]� ; 2705.3 [M�Na]� ; C168H279NO23


(2680.7): calcd C 75.27, H 10.48, N 0.52; found C 75.15, H 10.50, N 0.50.


Bis[3-(3,4-didecyloxybenzoyloxy)-2,2-(3,4-didecyloxybenzoyloxymethyl)-
propyl]ether (26): Synthesized from dipentaerythritol (0.19 g, 0.75 mmol)
and 3,4-didecyloxybenzoic acid (3.9 g, 9 mmol). Purified twice by chroma-
tography with CHCl3/petroleum ether (1:1 ± 0). Yield: 0.27 g (13 %); K ?
Col 79 8C I; 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d� 0.86 (t,
3J(H,H)� 7.0 Hz, 18H; CH3), 0.87 (t, 3J(H,H)� 7.3 Hz, 18H; CH3), 1.25 ±
1.34 (m, 144 H; CH2), 1.40 ± 1.47 (m, 24H; O(CH2)2CH2), 1.74 ± 1.82 (m,
24H; OCH2CH2), 3.67 (s, 4H; CH2OCH2), 3.94 (t, 3J(H,H)� 6.7 Hz, 12H;
OCH2), 3.95 (t, 3J(H,H)� 6.5 Hz, 12H; OCH2), 4.50 (s, 12H; CCH2), 6.68
(d, 3J(H,H)� 8.6 Hz, 6H; ArÿH), 7.42 (d, 4J(H,H)� 2.1 Hz, 6H; ArÿH),
7.46 (dd, 3J(H,H)� 8.6 Hz, 4J(H,H)� 2.1 Hz, 6H; ArÿH); MS (MALDI-
TOF, DHB): m/z : 2776.8 [M�Na]� , 2791.7 [M�K]� ; C172H286O25 (2753.8):
calcd C 75.02, H 10.46; found C 75.07, H 10.59.


Synthesis of 2


5-Aminomethyl-5-hydroxymethyl-2-nonyl-1,3-dioxane (II): A solution of
I[11] (6.2 g, 20 mmol) in dry diethyl ether (50 mL) was slowly added at 20 8C
under an argon atmosphere to a stirred suspension of LiAlH4 (0.9 g,
23.6 mmol) in dry diethyl ether (30 mL). The mixture was stirred for 4 h at
this temperature. Afterwards water (30 mL) was slowly added drop by drop
at 0 ± 5 8C (CAUTION, exothermic reaction). The white precipitate formed
was removed and washed with diethyl ether (30 mL). The combined
organic phases were dried over Na2SO4. The solvent was removed in vacuo
and the residue was recrystallisized from ethyl acetate/petroleum ether
(10:1). Yield: 3.2 g (51 %); m.p. 148 8C; 1H NMR (500 MHz, CDCl3, 25 8C,
TMS): d� 0.86 (t, 3J(H,H)� 7.0 Hz, 3H; CH3), 1.24 ± 1.37 (m, 14 H; CH2),
1.56 ± 1.60 (m, 2H; CH2CH), 3.24 (s, 2 H; CH2NH2), 3.46 (s, 2H; CH2OH),
3.47 (d, 2J(H,H)� 11.9 Hz, 2H; CHÿ4,6ax), 3.93 (d, 2J(H,H)� 11.9 Hz, 2H;
CHÿ4,6eq), 4.42 (t, 3J(H,H)� 5.1 Hz, 1H; CH); 13C NMR (100 MHz,
CDCl3): d� 13.90, 22.53, 23.80, 29.18, 29.04, 29.43, 31.78, 34.78, 36.99
(CCH2), 44.47 (CH2NH2), 67.67 (CH2OH), 70.81 (CHOCH2), 103.08 (CH);
IR (Nujol): nÄ � 3371 (OH), 3134 cmÿ1 (NH); MS: m/z (%): 273 (6) [M]� ,
230 (40), 146 (56), 115 (37), 100 (30), 88 (44), 82 (46), 70 (78), 57 (100);
C15H31NO3 (273.3).


2-(3,4-Didecyloxybenzoylaminomethyl)-2-(3,4-didecyloxybenzoyloxy-
methyl)-1,3-propanediol (III): 5-(3,4-Didecyloxybenzoylaminomethyl)-5-
(3,4-didecyloxybenzoyloxymethyl)-2-nonyl-1,3-dioxane was synthesized
from II (0.82 g, 3 mmol) and 3,4-didecyloxybenzoic acid (5.2 g, 12 mmol)
according to the general procedure. Purified by chromatography with
CHCl3/methanol (10:0.5). Yield: 1.54 g (46 %); m.p. 15 8C; 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d� 0.86 ± 0.89 (m, 15 H; CH3), 1.27 ± 1.49
(m, 70H; CH2), 1.62 ± 1.68 (m, 2H; CH2CH), 1.79 ± 1.88 (m, 8H;
OCH2CH2), 3.15 (d, 3J(H,H)� 6.4 Hz, 2H; CH2NH), 3.73 (d, 2J(H,H)�


11.9 Hz, 2 H; CHÿ4,6ax), 3.98 (d, 2J(H,H)� 11.9 Hz, 2H; CHÿ4,6eq),
4.01 ± 4.08 (m, 8H; OCH2), 4.50 (t, 3J(H,H)� 5.1 Hz, 1 H; CH), 4.77 (s,
2H; CH2OOC), 6.86 (d, 3J(H,H)� 8.4 Hz, 1 H; ArÿH), 6.89 (d, 3J(H,H)�
8.4 Hz, 1H; ArÿH), 7.24 (t, 3J(H,H)� 6.4 Hz, 1H; NÿH), 7.37 (dd,
3J(H,H)� 8.4 Hz, 4J(H,H)� 2.2 Hz, 1H; ArÿH), 7.47 (d, 4J(H,H)�
2.2 Hz, 1H; ArÿH), 7.56 (d, 4J(H,H)� 2.0 Hz, 1 H; ArÿH), 7.69 (dd,
3J(H,H)� 8.4 Hz, 4J(H,H)� 2.0 Hz, 1H; ArÿH); MS: m/z (%): 1105 (8)
[M]� , 487 (25), 447 (17), 434 (25), 417 (100), 277 (43), 154 (47), 137 (30), 71
(17), 57 (37); C69H119NO9 (1106.5): calcd C 74.89, H 10.82, N 1.26; found C
74.75, H 10.52, N 1.25.


The obtained 5-(3,4-didecyloxybenzoylaminomethyl)-5-(3,4-didecyloxy-
benzoyloxymethyl)-2-nonyl-1,3-dioxane (1.24 g, 1.12 mmol) was dissolved
in ethanol (70 mL). After addition of water (1 mL) and a catalytic amount
of PPTS (20 mg) the solution was heated at reflux temperature for 5 h. The
solution cooled to 0 ± 5 8C and the white precipitat formed was removed
and recrystallisized twice from methanol. Yield: 0.84 g (77 %); K 72 8C Col
97 8C I; 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 0.84 ± 0.88 (m, 12H;
CH3), 1.25 ± 1.34 (m, 48 H; CH2), 1.42 ± 1.46 (m, 8 H; O(CH2)2CH2), 1.79 ±
1.86 (m, 8 H; OCH2CH2), 3.48 (d, 3J(H,H)� 6.4 Hz, 2 H; CH2NH), 3.53 (s,
4H; CH2OH), 4.00 ± 4.06 (m, 8 H; OCH2), 4.23 (s, 2H; CH2OOC), 6.85 (d,
3J(H,H)� 8.5 Hz, 1 H; ArÿH), 6.88 (d, 3J(H,H)� 8.5 Hz, 1 H; ArÿH), 7.14
(br t, 3J(H,H)� 6.4 Hz, 1 H; NÿH), 7.35 (dd, 3J(H,H)� 8.5 Hz, 4J(H,H)�
2.1 Hz, 1 H; ArÿH), 7.44 (d, 4J(H,H)� 2.1 Hz, 1H; ArÿH), 7.52 (d,
4J(H,H)� 2.1 Hz, 1H; ArÿH), 7.64 (dd, 3J(H,H)� 8.5 Hz, 4J(H,H)�
2.1 Hz, 1 H; ArÿH); 13C NMR (100 MHz, CDCl3): d� 13.95, 22.55, 25.85,
25.90, 28.94, 29.01, 29.12, 29.22, 29.24, 29.28, 29.31, 29.47, 29.52, 31.81, 38.09
(CCH2), 46.62 (CH2NH), 62.24 (CH2OH), 62.70 (CH2OOC), 69.08, 69.17,
69.35, 69.43, 112.06, 112.47, 112.87, 114.58, 120.04, 121.30, 124.20, 125.40,
148.91, 149.26, 152.73, 154.17, 167.95 (COO), 169.30 (CONH); IR (Nujol):
nÄ � 3389 cmÿ1 (OH, NH), 1698 (C�O), 1575 cmÿ1 (NH); MS: m/z (%): 967
(12) [M]� , 840 (32), 533 (31), 434 (45), 417 (88), 294 (28), 277 (42), 154
(100), 137 (34), 57 (29); C59H101NO9 (968.3).


2-(3,4-Didecyloxybenzoylaminomethyl)-1,3-bis(3,4-didecyloxybenzoyl-
oxy)-2-(3,4-didecyloxybenzoyloxymethyl)propane (2): Synthesized from
III (0.29 g, 0.3 mmol) and 3,4-didecyloxybenzoic acid (0.52 g, 1.2 mmol)
according to the general procedure. Purified by chromatography with
CHCl3/methanol (10:0 ± 0.1). Yield: 0.46 g (85 %); K ? Col 72 8C I; 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d� 0.84 ± 0.88 (m, 24 H; CH3), 1.25 ± 1.46
(m, 112 H; CH2), 1.75 ± 1.84 (m, 16H; OCH2CH2), 3.70 (d, 3J(H,H)�
6.4 Hz, 2H; CH2NH), 3.97 ± 4.03 (m, 16H; OCH2), 4.54 (s, 6 H; CH2O),
6.78 (d, 3J(H,H)� 8.7 Hz, 3 H; ArÿH), 6.84 (d, 3J(H,H)� 8.5 Hz, 1H;
ArÿH), 7.23 (t, 3J(H,H)� 6.4 Hz, 1H; NÿH), 7.35 (dd, 3J(H,H)� 8.5 Hz,
4J(H,H)� 2.3 Hz, 1 H; ArÿH), 7.45 (d, 4J(H,H)� 2.3 Hz, 1 H; ArÿH), 7.51
(d, 4J(H,H)� 1.9 Hz, 3 H; ArÿH), 7.60 (dd, 3J(H,H)� 8.5 Hz, 4J(H,H)�
1.9 Hz, 3 H; ArÿH); MS (MALDI-TOF, DHAP): m/z : 1801.6 [M]� ;
C113H189NO15 (1801.2): calcd C 75.35, H 10.55, N 0.78; found C 75.25, H
10.47, N 0.79.


Synthesis of 4


2-(3,4-Didecyloxybenzyloxymethyl)-2-hydroxymethyl-1,3-propanediol
(V): A suspension of IV[12] (1.12 g, 7 mmol) and NaH (0.19 g, 7.9 mmol) in
dry DMF (30 mL) was stirred for 2 h at 20 8C. 3,4-Didecyloxybenzyl
bromide [crude product as obtained from 3,4-didecyloxybenzyl alkohol
(4.2 g, 10 mmol) by treatment with PBr3 in dry benzene[15]] dissolved in dry
DMF (70 mL) was added dropwise. The mixture was stirred for 5 h at 50 8C
and for 12 h at 20 8C and then poured into ice water (100 mL). The mixture
was extracted three times with diethyl ether (70 mL), and the organic
extracts were washed with water (40 mL) and brine (40 mL). The solvent
was removed in vacuo, and the residue was dissolved in ethanol (100 mL).
After addition of hydrochloric acid (0.01m ; 20 mL) the solution was stirred
for 1 h at 20 8C. Then NaHCO3 (0.7 g) was added, and the mixture was
stirred for an additional 1 h at 20 8C. The solvent was removed in vacuo and
the residue was purified by chromatography with CHCl3/methanol
(10:0.2 ± 50). Yield: 0.3 g (8%); K 64 8C Col 79 8C I; 1H NMR (400 MHz,
CDCl3, 25 8C, TMS): d� 0.86 (t, 3J(H,H)� 6.8 Hz, 6H; CH3), 1.25 ± 1.44
(m, 28 H; CH2), 1.75 ± 1.82 (m, 4 H; OCH2CH2), 3.46 (s, 2 H; CH2OCH2Ph),
3.70 (s, 6 H; CH2OH), 3.96 (t, 3J(H,H)� 6.5 Hz, 4 H; OCH2), 4.40 (s, 2H;
CH2Ph), 6.77 ± 6.83 (m, 3 H; ArÿH); IR (Nujol): nÄ � 3345 cmÿ1 (OH); MS:
m/z (%): 538 (100) [M]� , 419 (33), 404 (12), 279 (64), 263 (13), 139 (37), 123
(53), 111 (10), 83 (16), 71 (14 ), 57 (26); C32H58O6 (538.7): calcd C 71.34, H
10.84; found C 71.13, H 10.82.







Micro Segregation 1643 ± 1660
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1,3-Bis(3,4-didecyloxybenzoyloxy)-2-(3,4-didecyloxybenzoyloxymethyl)-2-
(3,4-didecyloxybenzyloxymethyl)propane (4): Synthesized from V (0.134 g,
0.25 mmol) and 3,4-didecyloxybenzoic acid (0.65 g, 1.5 mmol) according to
the general procedure. Purified by chromatography with CHCl3/petroleum
ether (1:1 ± 0). Yield: 0.165 g (37 %); K 7 8C Col 32 8C I; 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d� 0.84 ± 0.87 (m, 24 H; CH3), 1.25 ± 1.44
(m, 112 H; CH2), 1.70 ± 1.84 (m, 16 H; OCH2CH2), 3.64 (s, 2 H;
CH2OCH2Ph), 3.84 (t, 3J(H,H)� 6.6 Hz, 2H; CH2OPhCH2), 3.85 (t,
3J(H,H)� 6.5 Hz, 2H; CH2OPhCH2), 3.96 (t, 3J(H,H)� 6.4 Hz, 6 H;
CH2OPhCOO), 4.00 (t, 3J(H,H)� 6.6 Hz, 6 H; CH2OPhCOO), 4.40 (s,
2H; PhCH2), 4.51 (s, 6H; CH2OOC), 6.67 (d, 3J(H,H)� 8.0 Hz, 1H;
ArÿH), 6.73 ± 6.77 (m, 5 H; ArÿH), 7.45 (d, 4J(H,H)� 2.0 Hz, 3H; ArÿH),
7.49 (dd, 3J(H,H)� 8.6 Hz, 4J(H,H)� 2.0 Hz, 3 H; ArÿH); 13C NMR
(100 MHz, CDCl3): d� 13.94, 22.57, 25.91, 25.96, 29.05, 29.17, 29.24, 29.26,
29.32, 29.37, 29.41, 29.48, 29.50, 29.52, 29.55, 29.58, 31.83, 43.65 (CCH2),
63.58 (CCH2OOC), 68.65 (CCH2OCH2), 69.06, 69.16, 69.33, 69.40, 73.62,
112.13, 113.65, 113.90, 114.53, 120.40, 122.18, 123.66, 130.62, 148.83, 148.97,
149.47, 153.60, 166.20 (C�O); IR (Nujol): nÄ � 1714 cmÿ1 (C�O); MS
(MALDI-TOF, CHC): m/z : 1810.8 [M�Na]� , 1827.4 [M�K]� ; C113H190O15


(1788.5): calcd C 75.88, H 10.69; found C 75.79, H 10.76.


Synthesis of the pentaerythritol ethers 5, 6, 7, 15, and 16


3,9-Bis(3,4-didecyloxyphenyl)-2,4,8,10-tetraoxaspiro[5.5]undecane (VI): A
mixture of pentaerythritol (1.36 g, 0.01 mol), 3,4-didecyloxybenzaldehyde
(8.4 g, 0.02 mol) and a catalytic amount of PPTS (20 mg) was refluxed in
benzene (80 mL) for 20 h with a water separator. The solution was cooled
to 20 8C and was washed with saturated aqueous solution of NaHCO3


(30 mL). The organic phase was dried over Na2SO4, and the solvent was
removed in vacuo. The residue was recrystallisized from acetone. Yield:
6.5 g (69 %); K 40 8C SA 48 8C I; 1H NMR (200 MHz, CDCl3, 25 8C, TMS):
d� 0.86 (t, 3J(H,H)� 6.4 Hz, 12H; CH3), 1.25 ± 1.43 (m, 56 H; CH2), 1.70 ±
1.83 (m, 8 H; OCH2CH2), 3.61 (d, 2J(H,H)� 11.5 Hz, 2H; CHÿ5ax,
CHÿ11ax), 3.78 (br d, 2J(H,H)� 11.5 Hz, 2H; CHÿ5eq, CHÿ11eq), 3.80 (d,
2J(H,H)� 11.7 Hz, 2H; CHÿ1ax, CHÿ7ax), 3.96 (t, 3J(H,H)� 6.8 Hz, 4H;
OCH2), 3.98 (t, 3J(H,H)� 6.6 Hz, 4 H; OCH2), 4.84 (br d, 2J(H,H)�
10.2 Hz, 2 H; CHÿ1eq, CHÿ7eq), 5.37 (s, 2H; PhÿCH), 6.84 (d, 3J(H,H)�
8.2 Hz, 2H; ArÿH), 6.98 (dd, 3J(H,H)� 8.2 Hz, 4J(H,H)� 1.8 Hz, 2H;
ArÿH), 7.01 (d, 4J(H,H)� 1.8 Hz, 2 H; ArÿH); MS: m/z (%): 936 [M]�


(100), 796 (10), 138 (15), 85 (16), 71 (18), 57 (38); C59H100O8 (937.3): calcd C
75.60, H 10.74; found C 75.68, H 10.51.


2,2-Bis(3,4-didecyloxybenzyloxymethyl)-1,3-propanediol (VII): Com-
pound VI (4.7 g, 5mmol) was dissolved in dry THF (100 mL) and cooled
to 5 8C. NaBH4 (2 g, 52 mmol) was added and a solution of trifluoro acetic
acid (40 mL, 52 mmol) in dry THF (50 mL) was added dropwise with
stirring over 1.5 h at this temperature. The mixture was allowed to warm to
20 8C within 4 h while stirring and then it was poured into 10% aqueous
KOH (300 mL). The solution was extracted three times with diethyl ether
(100 mL). The organic extracts were washed with brine (50 mL) und dried
over Na2SO4. The solvent was removed in vacuo, and the residue was
purified by recrystallization from ethanol and chromatography with CHCl3/
methanol (10:0.1). Yield: 3,7 g (79 %); K 40 8C Col 51 8C I; 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d� 0.86 (t, 3J(H,H)� 6.8 Hz, 12H; CH3),
1.25 ± 1.29 (m, 48 H; CH2), 1.40 ± 1.45 (m, 8H; O(CH2)2CH2), 1.75 ± 1.82 (m,
8H; OCH2CH2), 3.49 (s, 4 H; CCH2), 3.64 (s, 4H; CH2OH), 3.95 (t,
3J(H,H)� 6.6 Hz, 8H; OCH2), 4.38 (s, 4 H; OCH2Ph), 6.76 (dd, 3J(H,H)�
8.2 Hz, 4J(H,H)� 1.8 Hz, 2 H; ArÿH), 6.79 (d, 4J(H,H)� 1.8 Hz, 2H;
ArÿH), 6.80 (d, 3J(H,H)� 8.2 Hz, 2H; ArÿH); 13C NMR (100 MHz,
CDCl3): d� 14.08, 22.67, 26.06, 26.08, 29.35, 29.38, 29.44, 29.46, 29.58, 29.64,
31.91, 44.84 (CCH2), 65.08 (CH2OH), 69.38, 69.41, 71.84 (CCH2OCH2),
73.68 (CCH2OCH2), 113.66, 113.80, 120.41, 130.49, 148.98, 149.30; IR
(Nujol): nÄ � 3362 cmÿ1 (OH); MS: m/z (%): 940 (6) [M]� , 537 (100), 419
(47), 279 (37), 263 (18), 139 (25), 123 (38), 83 (17), 57 (27).


1,3-Bis(3,4-dihexyloxybenzoyloxy)-2,2-bis(3,4-didecyloxybenzyloxymethyl)-
propane (5a): Synthesized from VII (0.376 g, 0.4 mmol) and 3,4-dihexyloxy-
benzoic acid (0.52 g, 1.61 mmol) according to the general procedure.
Purified twice by chromatography with CHCl3. Yield: 0.29 g (46 %); K ?
Col 5 8C I; 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 0.86 ± 0.92 (m,
24H; CH3), 1.26 ± 1.49 (m, 80 H; CH2), 1.70 ± 1.87 (m, 16 H; OCH2CH2),
3.61 (s, 4 H; CH2OCH2Ph), 3.88 (t, 3J(H,H)� 6.6 Hz, 4 H; CH2OPhCH2),
3.90 (t, 3J(H,H)� 6.8 Hz, 4H; CH2OPhCH2), 3.97 (t, 3J(H,H)� 6.6 Hz, 4H;
CH2OPhCOO), 4.02 (t, 3J(H,H)� 6.6 Hz, 4H; CH2OPhCOO), 4.40 (s, 4H;
PhCH2), 4.45 (s, 4 H; CH2OOC), 6.72 (d, 3J(H,H)� 8.1 Hz, 2 H; ArÿH),


6.75 (dd, 3J(H,H)� 8.1 Hz, 4J(H,H)� 1.7 Hz, 2H; ArÿH), 6.78 (d,
3J(H,H)� 8.3 Hz, 2 H; ArÿH), 6.79 (d, 4J(H,H)� 1.7 Hz, 2 H; ArÿH),
7.45 (dd, 3J(H,H)� 8.3 Hz, 4J(H,H)� 2.1 Hz, 2H; ArÿH), 7.47 (d,
4J(H,H)� 2.1 Hz, 2H; ArÿH); MS (MALDI-TOF, DHB): m/z : 1571.7
[M�Na]� , 1588.3 [M�K]� ; C97H160O14 (1550.1): calcd C 75.16, H 10.39;
found C 74.84, H 10.37.


1,3-Bis(3,4-didecyloxybenzoyloxy)-2,2-bis(3,4-didecyloxybenzyloxymethyl)-
propane (5b): Synthesized from VII (0.282 g, 0.3 mmol) and 3,4-didecyloxy-
benzoic acid (0.52 g, 1.2 mmol) according to the general procedure.
Purified twice by chromatography with CHCl3/methanol (10:0 ± 0.2). Yield
0.42 g (79 %); K 10 8C Col 24 8C I; 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d� 0.87 (t, 3J(H,H)� 6.4 Hz, 12 H; CH3), 0.88 (t, 3J(H,H)� 7.1 Hz,
12H; CH3), 1.27 ± 1.49 (m, 112 H; CH2), 1.70 ± 1.86 (m, 16H; OCH2CH2),
3.61 (s, 4 H; CH2OCH2Ph), 3.88 (t, 3J(H,H)� 6.6 Hz, 4 H; CH2OPhCH2),
3.89 (t, 3J(H,H)� 6.6 Hz, 4H; CH2OPhCH2), 3.97 (t, 3J(H,H)� 6.6 Hz, 4H;
CH2OPhCOO), 4.02 (t, 3J(H,H)� 6.6 Hz, 4H; CH2OPhCOO), 4.40 (s, 4H;
PhCH2), 4.45 (s, 4 H; CH2OOC), 6.71 (d, 3J(H,H)� 8.2 Hz, 2 H; ArÿH),
6.75 (dd, 3J(H,H)� 8.2 Hz, 4J(H,H)� 1.6 Hz, 2H; ArÿH), 6.77 (d,
3J(H,H)� 8.4 Hz, 2 H; ArÿH), 6.79 (d, 4J(H,H)� 1.6 Hz, 2 H; ArÿH),
7.44 (dd, 3J(H,H)� 8.4 Hz, 4J(H,H)� 1.8 Hz, 2 H; ArÿH), 7.47 (d,
4J(H,H)� 1.8 Hz, 2 H; ArÿH); 13C NMR (100 MHz, CDCl3): d� 13.94,
22.56, 25.93, 25.96, 26.00, 29.08, 29.17, 29.26, 29.34, 29.38, 29.40, 29.42, 29.49,
29.52, 29.53, 29.57, 31.83, 44.20 (CCH2), 63.85 (CCH2OOC), 68.91
(CCH2OCH2), 69.04, 69.18, 69.30, 69.41, 73.50, 112.11, 113.63, 113.91,
114.52, 120.27, 122.50, 123.55, 131.04, 148.77, 148.87, 149.42, 153.46, 166.26
(C�O); IR (Nujol): nÄ � 1714 cmÿ1 (C�O); MS (MALDI-TOF, DHB): m/z :
1797.0 [M�Na]� , 1813.7 [M�K]� ; C113H192O14 (1774.5): calcd C 76.48, H
10.89; found C 76.33, H 10.82.


1,3-Bis(3,4-dihexadecyloxybenzoyloxy)-2,2-bis(3,4-didecyloxybenzyloxy-
methyl)propane (5c): Synthesized from VII (0.312 g; 0.33 mmol) and 3,4-
dihexadecyloxybenzoic acid (0.8 g, 1.33 mmol) according to the general
procedure. Purified twice by chromatography with CHCl3/petroleum ether
(1:1 ± 0). Yield: 0.37 g (53 %); m.p. 42 8C; 1H NMR (500 MHz, CDCl3,
25 8C, TMS): d� 0.85 ± 0.88 (m, 24H; CH3), 1.24 ± 1.47 (m, 160 H; CH2),
1.70 ± 1.83 (m, 16H; OCH2CH2), 3.59 (s, 4H; CH2OCH2Ph), 3.86 (t,
3J(H,H)� 6.7 Hz, 4H; CH2OPhCH2), 3.88 (t, 3J(H,H)� 6.7 Hz, 4 H;
CH2OPhCH2), 3.95 (t, 3J(H,H)� 6.6 Hz, 4 H; CH2OPhCOO), 4.00 (t,
3J(H,H)� 6.6 Hz, 4H; CH2OPhCOO), 4.38 (s, 4 H; PhCH2), 4.43 (s, 4H;
CH2OOC), 6.70 (d, 3J(H,H)� 8.3 Hz, 2 H; ArÿH), 6.73 (dd, 3J(H,H)�
8.3 Hz, 4J(H,H)� 1.8 Hz, 2H; ArÿH), 6.75 (d, 3J(H,H)� 8.6 Hz, 2H;
ArÿH), 6.77 (d, 4J(H,H)� 1.8 Hz, 2H; ArÿH), 7.43 (dd, 3J(H,H)� 8.6 Hz,
4J(H,H)� 1.8 Hz, 2H; ArÿH), 7.45 (d, 4J(H,H)� 1.8 Hz, 2H; ArÿH); MS
(MALDI-TOF, DHB): m/z : 2132.1 [M�Na]� , 2149.1 [M�K]� ; C137H240O14


(2111.1): calcd C 77.94, H 11.45; found C 77.92, H 11.42.


1,3-Bis(3,4,5-tridecyloxybenzoyloxy)-2,2-bis(3,4-didecyloxybenzyloxymethyl)-
propane (15): Synthesized from VII (0.29 g, 0.31 mmol) and 3,4,5-
tridecyloxybenzoic acid (0.73 g, 1.24 mmol) according to the general
procedure. Purified twice by chromatography with CHCl3/petroleum ether
(1:2 ± 0). Yield: 0.56 g (87 %); K ÿ8 8C Col 14 8C I; 1H NMR (400 MHz,
CDCl3, 25 8C, TMS): d� 0.84 ± 0.87 (m, 30 H; CH3), 1.25 ± 1.43 (m, 140 H;
CH2), 1.68 ± 1.79 (m, 20H; OCH2CH2), 3.59 (s, 4 H; CH2OCH2Ph), 3.84 ±
3.91 (m, 16 H; CH2OPhCOO, CH2OPhCH2), 3.97 (t, 3J(H,H)� 6.6 Hz, 4H;
CH2OPhCOO), 4.38 (s, 4H; PhCH2), 4.45 (s, 4H; CH2OOC), 6.69 (d,
3J(H,H)� 8.2 Hz, 2 H; ArÿH), 6.72 (dd, 3J(H,H)� 8.2 Hz, 4J(H,H)�
1.6 Hz, 2H; ArÿH), 6.76 (d, 4J(H,H)� 1.6 Hz, 2 H; ArÿH), 7.15 (s, 4H;
ArÿH); MS (MALDI-TOF, DHB): m/z : 2108.8 [M�Na]� , 2125.5 [M�K]� ;
C113H232O16 (2087.0): calcd C 76.54, H 11.19; found C 76.56, H 11.34.


1,3-Bis(4-decyloxybenzoyloxy)-2,2-bis(3,4-didecyloxybenzyloxymethyl)-
propane (16): Synthesized from VII (0.376 g, 0.4 mmol) and 4-decyloxy-
benzoic acid (0.45 g, 1.6 mmol) according to the general procedure.
Purified twice by chromatography with CHCl3/petroleum ether(1:1 ± 0).
Yield: 0.36 g (62 %); K 1 8C Col 3 8C I; 1H NMR (500 MHz, CDCl3, 25 8C,
TMS): d� 0.85 ± 0.88 (m, 18H; CH3), 1.25 ± 1.47 (m, 84H; CH2), 1.69 ± 1.80
(m, 12H; OCH2CH2), 3.58 (s, 4 H; CH2OCH2Ph), 3.86 (t, 3J(H,H)� 6.5 Hz,
4H; CH2OPhCH2), 3.88 (t, 3J(H,H)� 6.7 Hz, 4H; CH2OPhCH2), 3.96 (t,
3J(H,H)� 6.5 Hz, 2H; CH2OPhCOO), 4.38 (s, 4 H; PhCH2), 4.43 (s, 4H;
CH2OOC), 6.69 (d, 3J(H,H)� 8.3 Hz, 2 H; ArÿH), 6.74 (dd, 3J(H,H)�
8.3 Hz, 4J(H,H)� 1.8 Hz, 2 H; ArÿH), 6.77 (d, 4J(H,H)� 1.8 Hz, 2H;
ArÿH), 6.81 (d, 3J(H,H)� 8.8 Hz, 4 H; ArÿH), 7.81 (d, 3J(H,H)� 8.8 Hz,
4H; ArÿH); MS (MALDI-TOF, DHB): m/z : 1484.1 [M�Na]� , 1500.8
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[M�K]� ; C93H152O12 (1462.0): calcd C 76.40, H 10.47; found C 76.22, H
10.44.


3-(3,4-Didecyloxybenzyloxy)-2,2-bis(3,4-didecyloxybenzyloxymethyl)pro-
panol (VIII): A suspension of VII (0.94 g, 1 mmol) and NaH (53 mg,
2.2 mmol) in dry DMF (15 mL) was stirred 2 h at 20 8C under an argon
atmosphere. 3,4-Didecyloxybenzyl bromide [crude product as obtained
from 3,4-didecyloxybenzyl alkohol (1.3 g, 3 mmol) by treatment with PBr3


in dry benzene[15]] dissolved in dry DMF (40 mL) was added drop by drop.
The mixture was stirred for 5 h at 50 8C and 12 h by 20 8C and then poured
into ice water (50 mL). The solution was extracted three times with diethyl
ether (30 mL), and the organic extracts were washed with water (30 mL)
and brine (30 mL), and dried over Na2SO4. The solvent was removed in
vacuo and the purification of the residue by chromatography with CHCl3


gave the crude products VIII and 7. VIII was further purified by
chromatography with CHCl3/petroleum ether (1:1.0); Yield: 0.33 g
(24 %); K 11 8C Col 29 8C I; 1H NMR (400 MHz, CDCl3, 25 8C, TMS):
d� 0.84 ± 0.87 (m, 18H; CH3), 1.25 ± 1.40 (m, 72 H; CH2), 1.42 ± 1.45 (m,
12H; O(CH2)2CH2), 1.73 ± 1.81 (m, 12H; OCH2CH2), 3.50 (s, 6 H;
CH2OCH2Ph), 3.72 (s, 2 H; CH2OH), 3.93 (t, 3J(H,H)� 6.6 Hz, 4 H;
OCH2), 3.94 (t, 3J(H,H)� 6.6 Hz, 4H; OCH2), 4.36 (s, 6 H; CH2Ph), 6.75
(dd, 3J(H,H)� 8.2 Hz, 4J(H,H)� 1.6 Hz, 3H; ArÿH), 6.78 (d, 3J(H,H)�
8.2 Hz, 3 H; ArÿH), 6.79 (d, 4J(H,H)� 1.6 Hz, 3 H; ArÿH); 13C NMR
(100 MHz, CDCl3): d� 13.94, 22.56, 25.97, 26.00, 29.24, 29.25, 29.31, 29.36,
29.38, 29.50, 29.49, 29.54, 31.82, 44.96 (CCH2), 66.19 (CCH2OH), 69.34,
69.44, 70.84 (CCH2OCH2), 73.50 (CCH2OCH2), 113.71, 113.95, 120.27,
131.21, 148.94, 149.39; IR (Nujol): nÄ � 3454 cmÿ1 (OH).


1-(3,4-Didecyloxybenzoyloxy)-3-(3,4-didecyloxybenzyloxy)-2,2-bis(3,4-di-
decyloxybenzyloxymethyl)propane (6): Synthesized from VIII (0.208 g,
0.155 mmol) and 3,4-didecyloxybenzoic acid (0.13 g, 0.31 mmol) according
to the general procedure. Purified by chromatography with CHCl3/
petroleum ether (10:2 ± 0). Yield: 0.198 g (75 %); K 10 8C Col 23 8C I;
1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 0.84 ± 0.87 (m, 24H; CH3),
1.25 ± 1.42 (m, 112 H; CH2), 1.70 ± 1.85 (m, 16 H; OCH2CH2), 3.54 (s, 6H;
CH2OCH2Ph), 3.88 (t, 3J(H,H)� 6.6 Hz, 6H; CH2OPhCH2), 3.90 (t,
3J(H,H)� 6.6 Hz, 6H; CH2OPhCH2), 3.95 (t, 3J(H,H)� 6.6 Hz, 2 H;
CH2OPhCOO), 4.00 (t, 3J(H,H)� 6.6 Hz, 2 H; CH2OPhCOO), 4.36 (s,
8H; CH2OOC, PhCH2), 6.71 ± 6.78 (m, 10H; ArÿH), 7.36 (dd, 3J(H,H)�
8.4 Hz, 4J(H,H)� 1.9 Hz, 1H; ArÿH), 7.45 (d, 4J(H,H)� 1.9 Hz, 1H;
ArÿH); 13C NMR (100 MHz, CDCl3): d� 13.97, 22.58, 25.98, 26.01, 29.10,
29.17, 29.27, 29.33, 29.37, 29.40, 29.42, 29.52, 29.58, 31.84, 44.84 (CCH2),
64.13 (CCH2OCH2), 68.99 (CCH2OCH2), 69.18, 69.39, 73.38, 111.98, 113.53,
113.82, 114.40, 120.12, 122.74, 123.42, 131.38, 148.64, 148.72, 149.29, 153.26,
166.28 (C�O); IR (Nujol): nÄ � 1713 cmÿ1 (C�O); MS (MALDI-TOF,
DHB): m/z : 1782.4 [M�Na]� , 1798.7 [M�K]� ; C113H194O13 (1760.5): calcd
C 77.09, H 11.10; found C 76.98, H 11.03.


1,3-Bis(3,4-didecyloxybenzyloxy)-2,2-bis(3,4-didecyloxybenzyloxymethyl)-
propane (7): Purified by chromatography with petroleum ether/ethyl
acetate (10:0.05); Yield: 90 mg (5%); K 14 8C Col 21 8C I; 1H NMR
(400 MHz, C6D6, 25 8C, TMS): d� 0.91 ± 0.96 (m, 24H; CH3), 1.29 ± 1.34 (m,
96H; CH2), 1.44 ± 1.48 (m, 16H; O(CH2)2CH2), 1.71 ± 1.78 (m, 16 H;
OCH2CH2), 3.84 (t, 3J(H,H)� 6.4 Hz, 8 H; OCH2), 3.87 (t, 3J(H,H)�
6.4 Hz, 8 H; OCH2), 3.97 (s, 8 H; CCH2), 4.54 (s, 8 H; CH2Ph), 6.81 (d,
3J(H; H)� 8.2 Hz, 4H; ArÿH), 6.98 (dd, 3J(H; H)� 8.2 Hz, 4J(H; H)�
1.8 Hz, 4 H; ArÿH), 7.03 (d, 4J(H; H)� 1.8 Hz, 4H; ArÿH); 13C NMR
(100 MHz, C6D6): d� 14.11, 22.89, 26.42, 26.45, 29.61, 29.64, 29.73, 29.76,
29.84, 29.87, 29.89, 29.93, 29.96, 32.14, 32.16, 46.26 (CCH2), 69.17, 69.27,
69.90 (CCH2), 73.72, 114.04, 114.26, 120.45, 132.22, 149.54, 150.15; MS
(MALDI-TOF, DHAP): m/z : 1745.8 [M]� ; C113H196O12 (1746.6): calcd C
77.71, H 11.30; found C 77.60, H 11.22.


Synthesis of 8


4-(3,4-Didecyloxyphenyl)benzoic acid : Ethyl 4-bromobenzoate (2.5 g,
11.5 mmol) was dissolved in glyme (25 mL) at 20 8C. After addition of
Pd(PPh3)4 (0.4 g, 35 mmol) the mixture was stirred for 15 min. 3,4-
Didecyloxyphenylboronic acid (4.0 g, 9.2 mmol) dissolved in glyme
(100 mL) and saturated aqueous solution of NaHCO3 (35 mL) was added,
while stirring was continued. The reaction mixture was heated at reflux
temperature under an argon atmosphere for 8 h and then it was cooled to
0 ± 5 8C. The ethyl 4-(3,4-didecyloxyphenyl)benzoate precipitated and was
removed and recrystallisized twice from methanol. Yield: 3.2 g (65 %); m.p.
63 ± 65 8C; 1H NMR (200 MHz, CDCl3): d� 0.85 ± 0.92 (m, 6 H; CH3),


1.28 ± 1.52 (m, 31 H; CH2, OCH2CH3), 1.81 ± 1.88 (m, 4H; OCH2CH2),
4.01 ± 4.11 (m, 4 H; OCH2CH2), 4.40 (q, 2H; OCH2CH3), 6.96 (d,
3J(H,H)� 8.8 Hz, 1H; ArÿH), 7.15 ± 7.19 (m, 2 H; ArÿH), 7.61 (d,
3J(H,H)� 8.6 Hz, 2H; ArÿH), 8.08 (d, 3J(H,H)� 8.6 Hz, 2 H; ArÿH); IR
(Nujol): nÄ � 1706 cmÿ1 (C�O); MS: m/z (%): 538 (58) [M]� , 398 (15), 258
(60), 213 (10), 57 (20), 43 (100); C35H54O4 (538.7): calcd C 78.03, H 10.09;
found C 78.15, H 10.29.
A suspension of ethyl 4-(3,4-didecyloxyphenyl)benzoate (3.0 g, 5.5 mmol)
and KOH (0.7 g, 11 mmol) in ethanol (100 mL) was heated at reflux for 3 h,
during which the mixture became clear. After acidification of the hot
solution with hydrochloric acid (2m ; 15 mL), the mixture was cooled to 0 ±
5 8C. The white precipitat was removed and recrystallisized twice from
acetone. Yield: 2.6 g (93 %); M.p 153 8C; 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d� 0.87 ± 0.90 (m, 6H; CH3), 1.28 ± 1.37 (m, 24H; CH2), 1.46 ±
1.51 (m, 4H; O(CH2)2CH2), 1.81 ± 1.89 (m, 4H; OCH2CH2), 4.05 (t,
3J(H,H)� 6.6 Hz, 2H; OCH2), 4.08 (t, 3J(H,H)� 6.6 Hz, 2 H; OCH2), 6.97
(d, 3J(H,H)� 8.2 Hz, 1H; ArÿH), 7.16 ± 7.20 (m, 2 H; ArÿH), 7.65 (d,
3J(H,H)� 8.4 Hz, 2H; ArÿH), 8.14 (d, 3J(H,H)� 8.4 Hz, 2 H; ArÿH); IR
(Nujol): nÄ � 3250 (OH), 1841 cmÿ1 (C�O); MS: m/z (%): 510 (63) [M]� ,
370 (18), 230 (100), 71 (15), 57 (40), 43 (68); C33H50O4 (510.7): calcd C 77.61,
H 9.86; found C 77.80, H 10.00.


1,3-Bis[4-(3,4-didecyloxyphenyl)benzoyloxy]-2,2-bis[4-(3,4-didecyloxy-
phenyl)benzoyloxymethyl]propane (8): Synthesized from pentaerythritol
(0.068 g, 0.5 mmol) and 4-(3,4-didecyloxyphenyl)benzoic acid (2.04 g,
4 mmol) according to the general procedure. Purified by chromatography
with CHCl3/methanol (1:0 ± 0.05). Yield: 0.52 g (49 %); K 92 8C M 72 8C I;
1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 0.84 ± 0.88 (m, 24H; CH3),
1.25 ± 1.34 (m, 96 H; CH2), 1.42 ± 1.48 (m, 16H; O(CH2)2CH2), 1.77 ± 1.85
(m, 16H; OCH2CH2), 4.00 (t, 3J(H,H)� 6.6 Hz, 8 H; OCH2), 4.01 (t,
3J(H,H)� 6.6 Hz, 2 H; OCH2), 4.74 (s, 8H; CCH2), 6.89 (d, 3J(H,H)�
8.2 Hz, 4H; ArÿH), 7.06 ± 7.09 (m, 8 H; ArÿH), 7.54 (d, 3J(H,H)� 8.4 Hz,
8H; ArÿH), 8.02 (d, 3J(H,H)� 8.4 Hz, 8 H; ArÿH); MS (MALDI-TOF,
DHB): m/z : 2108.5 [M�H]� ; C137H204O16 (2106.9): calcd C 78.10, H 9.75;
found C 78.13, H 9.87.


Tetrakis[4-(3,4-didecyloxyphenyl)phenyl]methane (9): Tetrakis(4-bromo-
phenyl)methane[19] (0.16 g, 0.25 mmol) was dissolved at 20 8C in Glyme
(20 mL). After addition of Pd(PPh3)4 (35 mg, 0.03 mmol) the mixture was
stirred for 15 min. 3,4-Didecyloxyphenylboronic acid[20] (0.6 g, 1.38 mmol)
dissolved in glyme (30 mL) and saturated aqueous solution of NaHCO3


(5 mL) were added while stirring was continued. The reaction mixture was
heated at reflux under an argon atmosphere for 8 h. The solvent was
removed in vacuo and CHCl3 (50 mL) was added. The organic phase was
separated, washed with water (20 mL), dried over Na2SO4, and concen-
trated by rotary evaporation. The residue was purified by chromatography
with petroleum ether/CHCl3 (2:0.5 ± 2); Yield: 0.04 g (8%); m.p. 74 8C;
1H NMR (500 MHz, CDCl3, 25 8C, TMS): d� 0.84 ± 0.88 (m, 24H; CH3),
1.25 ± 1.34 (m, 96 H; CH2), 1.43 ± 1.47 (m, 16H; O(CH2)2CH2), 1.78 ± 1.84
(m, 16H; OCH2CH2), 4.01 (t, 3J(H,H)� 6.8 Hz, 8 H; OCH2), 4.02 (t,
3J(H,H)� 6.8 Hz, 8H; OCH2), 6.91 (d, 3J(H,H)� 8.3 Hz, 4H; ArÿH),
7.10 ± 7.12 (m, 8 H; ArÿH), 7.33 (d, 3J(H,H)� 8.5 Hz, 8 H; ArÿH), 7.46 (d,
3J(H,H)� 8.5 Hz, 8H; ArÿH); 13C NMR (100 MHz, CDCl3): d� 14.11,
22.68, 26.04, 27.00, 29.31, 29.34, 29.43, 29.58, 29.63, 30.94, 31.90, 41.94, 69.37,
69.43, 112.92, 114.05, 119.44, 125.78, 131.42, 133.64, 138.44, 145.32, 148.72,
149.22; MS (MALDI-TOF, DHB): m/z : 1873.3 [M]� ; 1897.0 [M�Na] � ;
C129H196O8 (1874.7).


Tetrakis(3,4-didecyloxyphenyl)stannane (10): 3,4-Didecyloxybromoben-
zene (5.2 g, 11 mmol) was dissolved in dry diethyl ether (100 mL) and
cooled to ÿ20 8C. Under an argon atmosphere butyllithium (6.8 mL of a
1.6 molar solution in n-hexane, 11 mmol) was added slowly with stirring.
The mixture was stirred at this temperature for 2 h. A solution of SnCl4


(0.3 mL, 2.5 mmol) in dry benzene (20 mL) was added slowly. When
addition was complete the mixture was allowed to warm to 20 8C, while
stirring was continued. Afterwards the mixture was heated at reflux for 5 h.
After cooling to 0 8C a saturated aqueous solution of NH4Cl (50 mL) was
added at 0 ± 5 8C. The organic layer was washed with brine and dried over
Na2SO4. The solvent was removed in vacuo to give the crude product,
which was purified by chromatography with petroleum ether/ethyl acetate
(10:1.5) and recrystallization from acetone. Yield: 170 mg (4 %); m.p.
53 8C; 1H NMR (400 MHz, C6D6, 25 8C, TMS): d� 0.91 (t, 3J(H,H)�
6.8 Hz, 12 H; CH3), 0.92 (t, 3J(H,H)� 7.0 Hz, 12 H; CH3), 1.27 ± 1.44 (m,
112 H; CH2), 1.64 ± 1.74 (m, 16 H; OCH2CH2), 3.82 (t, 3J(H,H)� 6.4 Hz,
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8H; OCH2), 3.86 (t, 3J(H,H)� 6.2 Hz, 8 H; OCH2), 6.98 (d, 3J(H,H)�
7.6 Hz, 4H; ArÿH), 7.60 (d, 3J(H,H)� 7.6 Hz, 4H; ArÿH), 7.65 (s, 4H;
ArÿH); 13C NMR (100 MHz, C6D6): d �14.47, 23.22, 26.67, 29.96, 30.04,
30.16, 32.45, 69.06, 69.41, 114.94, 122.70, 130.04, 131.10, 150.80, 151.42; 119Sn
NMR (149 MHz, C6D6): d�ÿ108.12; MS (MALDI-TOF, DHAP): m/z :
1677.8 [M]� ; C104H180O8Sn (1677.0): calcd C 74.48, H 10.81; found C 74.42, H
10.57.


Zinc bis[1,3-bis(3,4-didecyloxyphenyl)-1,3-propanedionate] (11): A solu-
tion of sodium hydride (0.28 mg, 80 per cent dispersion in mineral oil,
0.0118 mmol) in dimethoxyethane (1 mL) was added dropwise to an
solution of 1,3-bis(3,4-didecyloxyphenyl)-1,3-propanedione[22] (10.0 mg,
0.0118 mmol) and ZnCl2 (0.81 mg, 0.0059 mmol) in dimethoxyethane
(5 mL). The mixture was refluxed for 6 h, during which a white precipitate
was formed. The precipitate was filtered off and washed with cold
dimethoxyethane. Column chromatography (chloroform/ethanol 10:0.3 ±
1) afforded a white solid in 19 % yield (2 mg). M.p. 118 8C; 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d� 0.86 (t, 3J(H,H)� 6.9 Hz, 24H; CH3),
1.49 ± 1.25 (m, 112 H; CH2), 1.84 ± 1.77 (m, 16 H; OCH2CH2), 3.44 (s, 2H;
CH), 4.03 (2t, 16H; OCH2), 6.87 (d, 3J(H,H)� 8.5 Hz, 4H; ArÿH), 7.56 (d,
4J(H,H)� 2 Hz, 4H; ArÿH), 7.69 (dd, 3J(H,H)� 8.5, 4J(H,H)� 2 Hz, 4H;
ArÿH).
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